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Abstract Nitrogen contamination of ground and surface 
water in the Seine, Somme and Scheldt watersheds, as well 
as in the receiving coastal marine zones, results in severe 
ecological problems. Previous modelling results showed 
that the implementation of classical management measures 
involving improvement of wastewater purification and 
“good agricultural practices” are not sufficient to obviate 
these problems. A more radical scenario was therefore 
established, consisting of a generalised shift to organic 
agriculture of all agricultural areas in the three basins, with 
the additional constraints that livestock is fed only on local 
fodder production. This scenario involves an increased 
livestock density in the Seine and Somme and a decrease in 
livestock in the Scheldt basin. It leads to a significant 
reduction of agricultural production that finally brings the 
three basins closer to autotrophy/heterotrophy equilibrium. 
Nitrate concentrations in most of the drainage network 
would drop below the threshold of 2.25 mgN/1 in the most 
optimistic hypothesis. The excess of nitrogen over silica 
(with respect to the requirements of marine diatoms) 
delivered into the coastal zones would be decreased by a 
factor from 2 to 5, thus strongly reducing, but not entirely 
eliminating the potential for marine eutrophication.
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Introduction

For the 50 last years, the rapid development of modern 
agriculture in industrialised countries has considerably 
affected the quality of water resources, to the point of 
jeopardising the capacity of rural territories to produce 
drinking water. With respect to the early traditional agri­
cultural systems of north-western Europe, modern agro­
systems are characterised by strong decoupling of crop and 
animal farming. While the essence of traditional agricul­
ture was the synergy between animal husbandry and cereal 
cultivation (the former providing manure to the latter) 
without chemical inputs, the trend is nowadays, since the 
last three decades, to spatially separate these two activities, 
some regions restricting themselves to crop production 
entirely sustained by synthetic fertilisation, while other 
regions specialise in animal husbandry largely based on the 
importation of fodder from distant areas. In the former 
regions, leaching of mineral fertilisers and herbicides has 
induced severe alteration of ground and surface water, 
while in the latter, manure produced in excess over local 
grass- and cropland plant growth requirements has led to 
considerable nitrogen and phosphorus soil surpluses and 
water contamination. Once transported to marine areas, 
nutrients in excess sustain the development of algal 
blooms, causing anoxia, fish kill or other harmful mani­
festations (Camargo and Alonso 2006; Diaz and Rosenberg 
2008).

The three adjacent watersheds of the Seine, Somme and 
Scheldt rivers offer textbook examples of the situations 
described earlier. The Somme watershed, with a low pop­
ulation density (101 inhab/km2), is an intensive agricul­
tural basin mostly dedicated to cereal and industrial crops. 
The Seine (202 hab/km2) is in the same situation as far the 
central Parisian basin regions are concerned, characterised
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by an increase in arable land at the expense of grassland 
(Mignolet et al. 2007), while mixed farming areas still exist 
at the eastern and western fringes of the watershed. The 
Scheldt basin, with a much higher population density 
(497 hab/km~), is characterised by very intensive animal 
farming activities (Table 1). Changes in nutrient export in 
response to human activities within these watersheds over 
the last 50 years are characterised by opposite trajectories 
for nitrogen and phosphorous. While phosphorous has 
recently begun a rapid decline (Billen et al. 2001, 2005, 
2007), the advent of industrialised agriculture has increased 
the amount of nitrogen transported to coastal areas (Billen 
et al. 2001) or has stabilised at a higher level (Billen et al.
2005), threatening the supply of good-quality drinking 
water (Ledoux et al. 2007). Moreover, both the total 
amount and the proportions of the nutrients (N, P, Si) 
discharged at the outlet of the three basins into the coastal 
zones of the English Channel and the southern North Sea 
are the cause of severe eutrophication of these areas, which 
results in massive blooms of undesirable algal species 
(Lancelot et al. 2005, 2007, 2009).

Recent modelling work on these three watersheds has 
shown that phosphate contamination will continue to go 
down owing to the on-going improvement of waste water 
P-treatment (Thieu et al. 2010). Also, the establishment of 
the N budget within the three basins (Billen et al. 2009a;

Thieu et al. 2009) emphasised the minor contribution of N 
point source emissions, making diffuse agricultural sources 
the main target to mitigate nitrogen emission. However, 
implementation of current “good agricultural practices” 
(GAP) included in the Common Agricultural Policy, such 
as introduction of catch crops (like ryegrass or mustard), 
reduction of fertilisation rate, extensification of cattle 
farming would not be sufficient to meet the requirements of 
European regulations for both surface and groundwater 
contamination (Directive 2000/60/EC 2000; Thieu et al. 
2010) and the balance of winter N:P ratios (Lancelot et al. 
2007; OSPAR 2005). The critical delay of groundwater 
response to changes in agricultural practices complicates 
the assessment of short-term mitigation measures. The low 
sensitivity of nitrate contamination in the Seine aquifers to 
agro-environmental measures was mentioned by Ledoux 
et al. (2007), who showed that stopping new N inputs could 
significantly reduce nitrate concentrations, while imple­
menting “good agricultural practices” only stabilised them 
on the horizon of 2050-2100.

This paper explores a more radical scenario consisting in 
a complete conversion of the agriculture of the three basins 
to organic agriculture (OA), defined, according to Stanhill 
(1990), as agricultural production practices “which seek to 
minimize the flow of inputs and outputs which sequester 
non renewable resources across the boundaries of the

Table 1 Estimation of Anthropogenic N-autotrophy and heterotrophy scenarios o f shifting to organic agriculture o f the entire present
of the Seine, Somme and Scheldt watersheds in the current situation agricultural area (b and c)
(a) (as described in Billen et al. 2009a) and according to the two

Seine Somme Scheldt 3S

Total area (km2) 76,370 6,190 19,860 102,420

Agricultural area (km2) 50,487 5,237 13,039 68,763

Human population density (inhab./km2) 202 101 496 253

(a) Present situation (Billen et al. 2009a)

Autotrophy (kgN/km2/year) 6,855 10,500 5,355 6,784
Livestock (LU/km2) 15.6 23.3 69.2 26.5

Heterotrophy (kgN/km2/year) 2,561 2,591 9,697 3,947

Export potential (A-H) (kgN/km2/year) 4,294 7,909 -4 ,3 4 2 2,838

(b) Generalised OA scenario (6 rngN/l)

Autotrophy (kgN/km2/year) 5,498 7,193 5,131 5,529
Livestock (LU/km2) 30.5 38.8 29.8 30.9

Heterotrophy (kgN/km2/year) 3,622 3,732 5,198 3,934

Export potential (A-H) (kgN/km2/year) 1,876 3,461 - 6 8 1,595
(c) Generalised OA scenario (3 rngN/l)

Autotrophy (kgN/km2/year) 4,583 5,915 4,296 4,608

Livestock (LU/km2) 21.75 27 21.25 22.0

Heterotrophy (kgN/km2/year) 2,900 2,768 4,489 3,200

Export potential (A-H) (kgN/km2/year) 1,683 3,147 -1 9 3 1,408

3S Seine, Somme and Scheldt watersheds
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production area” , thus excluding the use of synthetically 
compounded fertilisers and the importation of livestock 
feed.

We are aware that such a scenario has a low level of 
short-term socio-economic realism. Although there is an 
increasing demand for organic food products by Western 
European consumers (Bonny 2006), massive conversion to 
organic farming does not seem to be on the current French 
or Belgian political agenda. Our scenario is therefore 
conceived more as a hypothetical and idealised one than as 
the assessment of a realistic management program or as an 
evaluation of policy changes. Our goal here is simply to 
evaluate the potential of a drastic change in agriculture, 
starting from its ability to sustain food production for local 
populations, but also to meet with regulation expectancies 
in terms of freshwater quality and coastal ecosystem health.

Characterising the current N-status of the three 
watersheds

The present biogeochemical functioning of the Seine, 
Somme and Scheldt is characterised by a highly perturbed 
nitrogen cycle (Billen et al. 2009a). Three aspects of 
these perturbations are successively examined hereafter, in 
terms of the balance between production and consump­
tion, the deterioration of freshwater quality within the 
drainage network, and the impact on the coastal marine 
eutrophication.

Auto-heterotrophy status of the watershed

Billen et al. (2009a, 2010) proposed to define the 
“anthropogenic N-autotrophy” of a given territory as 
its production of food and feed (harvested and grazed 
products), expressed as N content, and “anthropogenic 
N-heterotrophy” as the N content of food and feed required 
to sustain the local population and livestock. Urban areas, 
where food is consumed but not produced, are obviously 
purely heterotrophic. Rural regions specialised in crop 
production are predominantly autotrophic and export 
nitrogen as food and/or feed, while those characterised by 
intensive animal farming sustained by imported feed are 
predominantly heterotrophic. The net commercial export— 
or import— of agricultural products (i.e., the surplus— or 
shortage— of agricultural production over the requirements 
of the local population and livestock) can be calculated as 
the balance between autotrophy and heterotrophy. The 
Seine and Somme basins are typical examples of auto­
trophic territories (Billen et al. 2009a) with a potential 
export of nitrogen of, respectively, 4,294 and 7,909 kgN/ 
km2/year, while the Scheldt presents a high degree of 
heterotrophy (—4,342 kgN/km2/year). The negative value

for the Scheldt watershed indicates a large flux of food and 
feed importation as a consequence of its high population 
density and its intensive livestock farming activity 
(Table la).

Deterioration of freshwater quality

As a result of the introduction of large amounts of reactive 
nitrogen by intensive cropping and farming activities, 
nitrate leaching from agricultural areas considerably affects 
the quality of water resources. We used the Seneque- 
Riverstrahler model (Ruelland et al. 2007) to calculate 
nutrient transfers and transformations in the three drainage 
networks, using meteorological constraints as well as point 
and non-point sources of nutrient as inputs. The reference 
simulation is derived from Thieu et al. (2009) and corre­
sponds to the hydrological conditions and the anthropo­
genic nutrient inputs of the year 2000. Running the 
Seneque-Riverstrahler model with these constraints allows 
one to calculate the resulting nitrogen concentration within 
the drainage network of the three basins, figure la  shows 
that the status of contamination is medium quality (i.e., 
2.25-5.65 mgN/1) in most areas, with the intensive agri­
cultural zones of the central part of the Parisian basin, 
including the French part of the Scheldt basin presenting 
poor quality (5.65-11.3 mgN/1). To illustrate the critical 
nitrogen issue, we similarly derived inputs provided, 
respectively, by Thieu et al. (2010) to calculate in stream 
nitrogen concentration under a “good-agricultural-prac- 
tices” scenario (GAP, Fig. lb), a Pristine scenario (PR, 
Fig. le) and a Business-As-Usual scenario (BAU, Fig. If). 
The pristine scenario corresponds to completely forested 
watersheds, with no anthropogenic modifications of the 
drainage networks morphology. The BAU scenario con­
siders the statu quo in wastewater treatment and the pursuit 
of the present agricultural practices with groundwater 
nitrate concentrations continuing to increase until they 
reach equilibrium with infiltrating sub-root water (Fedoux 
et al. 2007). It results in the worsening of surface water 
nitrate contamination in the central Paris basin. The GAP 
scenario stabilises the nitrate contamination at medium 
level quality.

Balance of riverine fluxes: redfield ratios and N-ICEP 
indicator

To assess the potential of riverine nitrogen delivery to 
induce coastal eutrophication, a relevant indicator is the 
excess of nitrogen over silica with respect to the Redfield 
et al. (1963) molar ratios N:Si =  16:20. Indeed, excess 
nitrogen delivered may lead to new production of non- 
siliceous, often harmful algal blooms. The indicator of 
coastal eutrophication potential (ICEP: Billen and Gamier
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present state 
2000

organic farm ing 
avg. 6 mg/l

Table 2 Calculated values o f the indicator of coastal eutrophication 
potential (N-ICEP) for the different scenarios considered in this 
paper, under dry and wet conditions

organic farm ing 
avg. 3 mg/l

pristine state

N itrate eo n e ., mgN/1

< 0.45, very good 

—  0.45 - 2.25, good

business as usual

2.25 - 5.65, medium 

5.65 - 11.3, poor 
- > 11.3, very poor

Fig. 1 Distribution of yearly mean concentration of nitrogen over the 
three drainage networks for different scenarios, as calculated by the 
Riverstrahler model. REF  present situation (a), GAP good agricultural 
practices ( b ) ,  OA organic agriculture scenarios with the assumption of 
a sub-root nitrate concentration of 6 mgN/1 (c) and 3 mgN/1 ( d ) ,  PRIS 
pristine state (e) and BAU : Business as Usual (f)

ICEP (kgC/knr/d) 

Hydrology

Seine Somme Schledt

Dry Wet Dry Wet Dry Wet

REF*, present situation 18.2 28.9 7.1 21.2 13.1 21.0

PRIS*, Pristine state - 1 .8 -4 .1 - 1 .4 -4 .5 -2 .8 -5 .3

GAP *, Good Agrie. 12.4 19.8 5.5 14.1 8.9 12.9
Practices

BAU*, Business as usual 20.2 34.1 10.2 27.7 13.9 22.6

OA 6 mg/l. Organic 8.6 12.2 3.0 6.8 7.8 10.5
agriculture

OA 3 mg/l. Organic 5.7 6.2 1.4 1.9 5.2 5.8
agriculture

* Calculated from Thieu et al. (2010)

Negative values of the N-ICEP (as observed for Pristine 
condition, see Table 2 ‘PRIS’) indicate that silica is present 
in excess over nitrogen, i.e., that there is “potentially” no 
eutrophication problem. On the contrary, positive values 
indicate that the amount of nitrogen is in excess of the 
requirement of siliceous algae, possibility leading to the 
development of non-siliceous (undesirable) algae.

This indicator appears to be sensitive to hydrological 
conditions, showing higher potential for coastal eutrophi­
cation during wet years; however, both wet and dry sim­
ulations show high positive ICEP values even for the 
scenarios with generalisation of ‘good agricultural prac­
tices’ (Thieu et al. 2010) (Table 2). This reinforces the 
view that additional drastic measures to control nitrogen 
sources from agriculture are required to control eutrophi­
cation at the coastal zone.

Construction of an idealised OA scenario

Agronomical constraints

2007) defines the production of non-siliceous algae, 
expressed in carbon biomass units (kgC/knr/day), poten­
tially sustained by riverine nutrient delivered in excess over 
silica at the coastal zone. Calculation of the N-ICEP indi­
cator (on the basis of N only) for the different scenarios 
mentioned earlier is presented in Table 2, using the fol­
lowing equation:

N-ICEP =  [NFlx/(14 * 16) -  SiFlx/(28 * 20)] * 106 * 12

where NFlx, and SiFlx are, respectively, the mean specific 
fluxes of total nitrogen and dissolved silica (expressed as 
kgN/km2/day and kgSi/km2/day) delivered at the outlet of 
the river basins.

The detailed implementation of organic farming techniques 
can vary greatly from one region to another, as the essence 
of this alternative agriculture is to adapt itself to local 
conditions by choosing the locally most suitable plant 
varieties, crop rotations and livestock species. Our idea­
lised scenario considers that all areas of the three basins 
presently devoted to agriculture (both as cropland and as 
grassland) are converted to organic farming practices 
without changing the total agricultural area. The scenario 
implies that the only sources of fertilisation for croplands 
are (1) soil N2 fixation and green manure provided by 
legume crops inserted within rotations with cereals crops 
and (2) animal manure produced by livestock fed with

good agricultural 
practices
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locally produced grass or fodder crops (see Fig. 2). It also 
imposes the constraint that cattle’s feeding is ensured by 
local production because the import of fodder is out of our 
hypothesis. Therefore, given a certain cattle density (in 
livestock units, LU), the proportion of agricultural area 
devoted to fodder production is calculated assuming that 
cattle consumption equals the sum of cattle excretion 
(82 kgN/LU/year) and meat/milk production (17 kgN/LU/ 
year) and using a mean yield of 110 kgN/ha/year for 
N2-fixing fodder crops. These tig lire s correspond to the 
mean values currently observed in the three basins, based 
on official agricultural statistics (Agreste 2000; NIS 2000), 
and conversion coefficients (cf. Table 1, in Billen et al. 
2009b). The area devoted to cereal cultivation is then 
calculated by assuming that a certain proportion of the 
agricultural area not devoted to fodder crops is used for 
N2-fixing green man lire production. Theoretically, the 
percentage of green manure with respect to total non-fodder 
area may vary from 0 to 50%, the latter value corre­
sponding to a bi-annual rotation. The total N-fertilisation of 
cereal cropland is then estimated using the calculated 
amount of livestock excreta plus green manure. The 
resulting production of cereal is calculated using the rela­
tionship between yield and total N-fertilisation, observed in 
the three basins in the present and past situations (Fig. 3).

This procedure implicitly assumes that organic farming 
techniques produce yields similar to conventional agricul­
ture, when similar levels of total (organic and mineral) 
fertilisation are applied. A number of studies have com­
pared the yield of organic and conventional agriculture for

200  —

Scheldt, 2000 O

>, 150 —
Somme, 2000

Seine, 2000

O Seine, 1955
O Scheldt, 195050 —

Somme, 1955

0 100 200 300 400 500 600
total fertilisation, k g N .h a fy r 1

Fig. 3 Relationship observed between mean cereal crop yield and 
total (synthetic and organic) N-fertilisation observed in the three 
basins in 2000 and 1955 (grey circles, as calculated from French and 
Belgian agricultural statistics). The mean yields reported for organic 
farms in the Centre region of France (Glachant 2009) are also plotted 
for comparison (dark grey squares)

different crops within the same pedo-climatic context in 
industrial countries (Badgley et al. 2007; Stanhill 1990): 
they concluded that the former is approximately a mean 
10% lower than the latter. This can be explained by lower 
fertilisation as well as by a lower control of pests and 
adventices. Available detailed data for organic farms in the 
Centre region of France (Glachant 2009) show a crop yield 
versus fertiliser relationship quite similar to that estab­
lished for conventional agriculture in our three basins 
(Fig. 3), thus supporting our assumption.

Fig. 2 Conceptual 
representation of the nitrogen 
circulation in an idealised 
organic agricultural system
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Figure 4a, b shows the theoretical cereal yield and total 
cereal production calculated for the three basins as a 
function of livestock density and percentage of green 
manure used in crop successions, taking into account the 
constrained land allocation for fodder, green man lire and 
cereal crops. With increasing livestock density, cereal yield 
increases rapidly, both because the absolute amount of 
fertilisation increases and because this amount is concen­
trated on a decreasing cropland area, which also explains 
why the total cereal production decreases after reaching a 
maximum. By comparison, the cereal yield actually 
observed in organic farming systems in France and Bel­
gium ranges between 45 and 100 kgN/ha/year (France- 
AgriMer 2009; Glachant 2009), thus probably restricting 
the realistic part of the graphs in Fig. 4a to the left half of 
the cattle density range.

N-leaching under OA

For the sake of evaluating the diffuse nutrient emissions of 
organic agriculture, we have examined the data reported in 
the literature concerning nitrogen concentrations in surface 
or sub-root water from organic farms.

Drinkwater et al. (1998) showed that substituting syn­
thetic fertiliser with either animal or green manure to 
maize-soybean rotations in the north-eastern US reduced 
nitrate leaching by 30% and increased the soil organic 
matter pool. In the Bavarian Tertiary Hills region, with 
drained loamy soils, Honish et al. (2002) reported mean 
sub-root water nitrate concentration of 4.5-6.5 mgN/1 for 
an organic farming domain, while concentrations twice as 
high were found in conventional agriculture. Korsaeth and 
Eltun (2000) compared conventional and ecological farm­
ing practices in central south-eastern Norway, including a 
complex rotation alternating root crops, cereal and ley. 
Nitrate drainage runoff was reduced from 30-35 to
20-21 kgN/ha/year, with mean nitrate concentrations in the 
range 4 -6  mgN/1. Hansen et al. (2000) used a modelling 
approach to evaluate nitrogen leaching from different 
organic farming systems (including arable crop, pig and 
dairy-beef production) in Denmark on both loamy and 
sandy soils. The calculated mean nitrate concentration 
under the root zone varied in the range of 7.7-14 mgN/1 for 
sandy soils and 5.5-8.6 mgN/1 for loamy soils. For the 
entire experimental INRA domain of Mirecourt (East of 
Parisian Basin, France), which has been reconverted into 
organic farming since 1994, Benoît and Larramendy (2003) 
calculated the mean nitrate concentration of drained water, 
based on measurements in suction-pipes, to 5.5-6.5 mgN/1, 
about half being caused by the ploughing of temporary 
alfalfa meadows used in the crop rotation before cereals. 
All these data converge toward a range of 3-6 mgN/1 as 
a reasonable value for the mean nitrate concentration in

the sub-root water produced by organic agriculture. This 
range will be used in our scenario to define the diffuse 
sources of nitrate. Interestingly, this is exactly the range 
(3.4—5.8 mgN/1) reported by Sabatier (1890) for the agri­
cultural systems of the Paris basin at the end of the nine­
teenth century.

To check the consistency of this range of concentrations 
with the agronomical constraints discussed in the preceding 
section, we calculated the nitrogen losses from arable land 
as the excess of N-fertilisation over N crop uptake; we then 
converted it into maximum sub-root nitrate concentration 
considering the mean annual runoff values of the respective 
watersheds, namely 260 mm for the Seine, 240 mm for the 
Somme and 330 mm for the Scheldt (Thieu et al. 2009). 
This approach obviously ignores the possible other losses 
through denitrification and ammonia volatilisation at the 
plot scale; more specifically, these loss processes are 
lumped within a landscape retention term of the Seneque- 
Riverstrahler model as discussed elsewhere. For pastures 
and green manure areas, a mean nitrogen loss of 5 kgN/ha/ 
year was considered based on observations reported by 
Benoît et al. (1995). The resulting mean nitrate sub-root 
concentration at the scale of these mixed-agricultural areas 
calculated for the three basins as a function of livestock 
density and green manure proportion are shown in Fig. 4c. 
Setting the proportion of green manure in succession to a 
value of 25%, the above-discussed range of 3-6 mgN/1 for 
sub-root nitrogen concentrations defines the allowed range 
of cattle densities to 22-30, 27-39 and 21-29 FU/km2 for 
the Seine, Somme and Scheldt, respectively.

Other constraints to the OA scenario

As for groundwater concentration, we will assume in this 
idealised scenario that aquifers have reached equilibrium 
with the infiltrating sub-root water concentration. As this 
equilibrium can require as long as 50 years, our scenario 
thus represents the long-term effect of organic agricultural 
practices. The Seneque-Riverstrahler model considers a 
landscape (or riparian) nitrate retention term, expressed as 
a percentage of nitrate flux emitted from the watershed at 
the plot scale. This term was assumed to be the same as in 
the reference scenario (Thieu et al. 2009). The scenario 
considered here uses the same hydrological constraints as 
in the latter study, namely those of a wet, a mean and a dry 
year (2001, 2000 and 1996, respectively). The point sour­
ces of nutrients (inputs of urban wastewater) correspond to 
the scenarios defined in Thieu et al. (2010) with 90% P 
removal and 70% N removal in all wastewater treatment 
plants with capacity over 20,000 inhabitant equivalents.

Data on the role of organic farming practices on the 
emissions of other nutrients (phosphorous, silica) and 
suspended matter are too scarce to support any hypothesis
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Fig. 4 Theoretical N yield of (a)
cereal (and other non-No-fixtng) 
crops (a), production of cereal 
crops (b) and nitrate sub-root
concentration (c) as a function v_
of organic fertilisation, here ,y
represented by cattle density
(manure) and the proportion of Ç,
non-fodder area devoted to ¿
legume crops (green manure) in 0
the Seine, Somme and Scheldt «o>
watersheds. The calculation a>o
considers no change with ^
respect to the current total 2
agricultural area o f the basins >>

(b ) ,
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about a change with respect to the presently observed sit­
uation, so that we have assumed the same diffuse sources 
for these nutrients as those discussed by Thieu et al. (2009).

Results

We here present the results of our idealised OA scenario, 
based on the three indicators used above to characterise the 
present situation in terms of balance between autotrophy 
and heterotrophy, freshwater quality in the drainage 
network, and impact on the coastal marine eutrophication. 
The results will also be compared with those of the 
previously described “pristine” , “business as usual” and 
“good agricultural practices” .

Reducing the gap between autotrophy and heterotrophy

Our organic farming scenario involves a significant 
reduction of agricultural production in both the Seine and 
the Somme basins, with a simultaneous increase in live­
stock density and heterotrophy (Table la, b, c). The Seine 
watershed becomes nearly equilibrated in terms of auto­
trophy (A) and heterotrophy (H), with only a small export 
of agricultural products, ranging from 1,680 to 1,880 kgN/ 
km2/year, respectively, for the 3 and 6 mgN/1 sub-root 
concentration scenarios. The Somme watershed can still 
export a larger part of its agricultural production (from 
3,150 to 3,460 kgN/km2/year). In the Scheldt basin, agri­
cultural production remains about the same, but the live­
stock density is greatly decreased from 70 Ll.7l< n r  in the 
current situation to less than 30 LU/km- in our organic 
farming scenarios. However, due to its high human popu­
lation density, the Scheldt remains a heterotrophic basin, 
importing from 60 to 190 kgN/km2/year as food and feed. 
The trends corresponding to our scenario are represented in 
Fig. 5 as an ANAH diagram ( ‘Anthropogenic Nitrogen 
Autotrophy and Heterotrophy’, see Billen et al. 2010), 
which also shows the long-term historical trajectories of 
the three basins. The organic agriculture scenario corre­
sponds to the reversal of the trends observed during the last 
30-50 years, and the return toward a closer balance 
between autotrophy and heterotrophy.

In addition to the overall status of autotrophy/hetero­
trophy, the satisfaction of human needs in terms of both 
animal and plant proteins should be assessed. The human 
daily N intake per capita in France and Belgium is esti­
mated at 15 gN/inhab/day, with a share of animal products 
(meat, milk and eggs) of about 65% (FAOstat 2006). The 
share of animal and cereal production implied by the 
construction of our organic agriculture scenario does not 
match this pattern. Regarding the cereal production by 
organic farming, although it would decrease in average by
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Fig. 5 Anthropogenic nitrogen autotrophy and heterotrophy of the 
three basins based on the assumption of a shift to organic agriculture. 
The range for the two OA scenarios defined is shown (see also 
Table 1 ) and compared with the present and historical situations 
(Billen et al. 2009a, b)

a factor of 3 with respect to their level in the current sit­
uation, this production remains in large excess compared to 
the consumption of the local population (Table 3). How­
ever, as far as animal products are concerned, the present 
conventional agriculture system, except within the Somme 
basin, does not cover the demand of local populations for 
meat and milk, which is presently largely imported from 
distant specialised areas. Our organic agriculture scenario 
slightly improves the self-sufficiency for animal products 
in the Seine basin (52-73% for the respective organic 
scenarios, compared with the current 37% value), while for 
the Scheldt basin the percentage of satisfaction of meat and 
milk demand decreases (21-29% for the organic scenarios, 
compared with a present level of 67%).

Improving the quality of the drainage network

Thieu et al. (2010) have demonstrated that improvement of 
urban waste water treatment in the Seine, Somme and 
Scheldt basins has a much greater effect on the restoration 
of phosphorus quality than on nitrogen because of the 
dominant part of diffuse sources in the total N loading. The 
short-term outcomes of the implementation of good agri­
cultural practices would be a decrease in nitrogen surface 
runoff fluxes with respect to the reference 2000 scenario by 
32, 40 and 35%, respectively, for the Seine, Somme and 
Scheldt (Thieu et al. 2010). In our organic agriculture
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Table 3 Human food production and consumption of the Seine, Somme and Scheldt watersheds in the current situation (a) and in the two 
organic agriculture scenarios considered (b and c)

Seine Somme Scheldt 3S

Needs Prod. (% needs) Needs Prod. (% needs) Needs Prod. (% needs) Needs Prod. (% needs)

(a) Present situation

Cereal (and vegetables) (kgN/knr/year) 387 6,189 (1,676%) 194 9,524 (4,927%) 950 5,535 (582%) 485 6,264 (1,293%!

Meat and m ilk (kgN/knr/year) 719 267 (37%) 359 484 (135%) 1,765 1,189 ( 67%) 900 459 (57%)

(b) Generalised OA (6 mgN/l)

Cereal (and vegetables) (kgN/knr/year) 387 2,460 (636%) 194 3,211 (1,659%) 950 2,137 (225%) 485 2,443 (504%)

Meat and m ilk (kgN/kirr/year) 719 522 (73%) 359 804 (224%) 1,765 512 (29%) 900 537 (60%)

(c) Generalised OA ('3 rngN/l)

Cereal (and vegetables) (kgN/knr/year) 387 2,417 (624%) 194 3,141 (1,623%1 950 2,157 (227%) 485 2,410 (497%)

Meat and m ilk (kgN/knr/year) 719 372 (52%) 359 560 (156%) 1,765 365 (27%) 900 382 (42%)

3S Seine, Somme and Scheldt watersheds

scenario, this reduction over the short term reaches 54-73, 
63-78 and 49-70%  for the three basins, respectively, when 
testing the range of 3-6 mgN/1 for the mean nitrate con­
centration in the sub-root water produced by organic 
agriculture. Under the same assumptions, the groundwater 
concentrations would decrease by 24—58, 39-67 and 
13-51% for the three basins, respectively, in the OA sce­
nario. By comparison, in the business-as-usual scenario, 
the groundwater nitrogen fluxes to the drainage network 
increases (by 82% in the Seine, 78% in the Somme and 
77% in the Scheldt) due to the equilibration of groundwater 
concentrations.

Figure le  and d show that the impact of good agricul­
tural practices is essentially significant in the more dam­
aged regions (Brie-Beauce for the Seine, Upper Scheldt) 
restoring medium water quality, except in small residual 
poor-quality areas. However, the (long term) assumption of 
a 6 mg/l (Fig. le) mean nitrate sub-root concentration with 
organic agriculture restores all poor-quality areas and 
results in a shift from medium to good water quality 
(0.45-2.25 mgN/1) for the Somme and the upstream basins 
of the Seine, which combine forest and agricultural use. By 
considering a lower sub-root nitrate concentration (3 mg/l), 
these areas become very good (<0.45 mg N -N O 3/I), and 
most of the three drainage networks gain good quality 
(Fig. le). Such an organic agriculture scenario is the only 
one tested able to achieve the good quality status in the 
downstream part of the three rivers. Only the pristine state 
scenario (Fig. le) produces better quality to the entire 
drainage networks, although this obviously does not rep­
resent a realistic target, as it ignores any human influence. 
At the other extreme of this prospective exercise, the 
business-as-usual scenario (Fig. If) shows severe worsen­
ing of freshwater contamination, characterised by an 
overall poor quality in the lower Seine River and several of

its tributaries. All these results support the urgent need to 
mitigate nitrogen emissions.

Limiting the potential for coastal eutrophication

For mean hydrological conditions (based on the year 2000), 
present reference nitrogen fluxes exported from the Seine 
to the sea are estimated at 1,975 kgN /knr/year (Fig. 6). 
This amount of nitrogen delivered decreases to 1,462, 
1,084 and 768 kgN/km2/year, respectively, for the short­
term good agricultural practices scenario (GAP) and the 
two long-term organic agriculture scenarios (OA3 and 
OA6), while the business-as-usual simulation provides a 
flux of 2,245 kgN/knr/year. For the Somme, characterised 
by a reference flux of 1,333 kgN/knr/year, these changes 
in agricultural practices reduce nitrogen export values to 
987, 663 and 436 kgN/knr/year, respectively, while 
1,623 kgN /knr/year is reached for the business-as-usual 
scenario (BAU). In the Scheldt, the smaller gap between 
surface and groundwater contaminations makes the BAU 
simulation (1,570 kgN/knr/year) closer to the current sit­
uation (1,464 kgN/knr/year). The impact of good agri­
cultural practices (GAP) is comparable to the effect of 
organic agriculture, with fluxes estimated, respectively, at 
1,071 and 974 kgN/knr/year. A further decrease, to 
737 kgN/knr/year, is simulated assuming a mean nitrate 
concentration of 3 mgN/1 below the root zone of arable 
soils in organic agriculture. Thus, whatever the hydrolog­
ical conditions are, organic agriculture appears as the most 
efficient scenario. It significantly reduces nitrogen fluxes 
by a factor of 2-3 at the outlet of the three basins. In 
comparison, the implementation of good agricultural 
practices reduces it by a factor of only 1.4.

The variability of nitrogen-diffuse sources depending on 
the hydrological conditions explains greater N-ICEP values
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Fig. 6 Mitigation o f the nitrogen fluxes exported to the coastal zone 
by the Seine, Somme and Scheldt rivers. Calculation made by the 
Seneque-Riverstrahler model for mean (central symbol), dry (nega­
tive bar plot) and wet (positive bar plot) hydrological conditions.

PRIS pristine scenario, REF  present situation, GAP good agricultural 
practices scenario, BAU  business-as-usual scenario, OA6 and OA3: 
generalised organic agriculture scenario with a mean of 6 and 3 mgN/ 
1 in sub-root water o f agricultural land respectively

during wet years for all scenarios (Table 2). The receiving 
coastal waters of the three basins are currently character­
ised by a high potential for eutrophication, with the 
N-ICEP value ranging for present situation ‘REF’ from 21 
to 29 kgC/km2/day under wet hydrological conditions, 
while the business-as-usual scenario increases these val­
ues to 23-34 kgC/knr/day. Good agricultural practices 
(GAP) would decrease the N-ICEP by wet conditions to 
13-20 kgC/km2/day, while the two organic agriculture 
scenarios would reach N-ICEP values as low as 6-12, 2-6 
and 6-10 kgC/kirr/day for the Seine, Somme, Scheldt, 
respectively, thus representing a quite significant reduction 
of the potential to sustain harmful algae development in the 
coastal area.

Discussion

The scenario discussed in this paper was developed after 
having concluded that realistic mitigation measures 
(improvement of wastewater treatment and so-called good 
agricultural practices) are not radical enough to obviate the 
environmental problems caused by nitrogen contamination 
of ground, surface and coastal waters. By constructing a 
scenario based on generalised organic farming practices at 
the scale of these three highly populated European water­
sheds, we were willing to test whether agriculture, by 
essence, can conciliate (1) the demand for food and feed by 
local populations, (2) a good ecological functioning of 
aquatic ecosystems and (3) a balanced nutrient status for 
the adjacent coastal area.

For the first point, it clearly appears that organic farming 
scenarios hold a closer equilibrium between autotrophy and 
heterotrophy, even though it preserves the original status of 
the three basins, with the Somme remaining the most auto- 
trophic territory, while the Scheldt stands with a shortfall in 
production with respect to its consumption needs.

Our results are valuable in the context of the recent 
controversy about the capability of organic agriculture to 
“feed the world” (Badgley and Perfecto 2007; Connor
2008). As a whole, the territory covered by the three 
basins— Seine, Somme and Scheldt—covering one of the 
most populated areas of the world, can largely produce the 
proteins required for human and animal consumption 
through organic farming, leaving even an exportable sur­
plus of over 1,500 kgN /knr/year (A-H, Table lb, c), i.e., 
more than half the amount currently exported by the three 
basins combined (Table la). When looking into the details, 
however, one can see that the present requirements in 
animal proteins for human consumption would not be 
covered by our organic farming scenario, which would still 
require the importation of 42-60%  of the current needs of 
meat and milk (respectively for the two OA scenarios and 
the three basins combined), compared with 50% in the 
current situation. This persisting requirement of long­
distance importation of meat and milk clearly emphasises 
the unsustainability of the increasing share of animal pro­
teins in the modem human diet, presently representing as 
much as 65% of total protein consumption in France and 
Belgium. Results of our organic scenarios are highly sen­
sitive to any hypothetic change in human diet. It can be 
calculated that the percentage of animal to total proteins in 
human diet required for our two OA scenarios (respectively 
6 and 3 mg/l) allowing self-sufficiency of the combined 
three basins for meat and milk consumption would be 
39-28%, i.e., about half the current value in France and 
Belgium. This is in line with the so-called demitarian 
option (a diet with half the current proportion of meat) 
recently advocated by a group of European scientists (http:// 
www.nine-esf.org/barsac-declaration). This also represents 
the current rate in most Mediterranean countries [(Italy 
54%, Tunisia 27%, Turkey 25% (FAOstat 2006)].

Regarding the ecological functioning of the three river 
systems, our results clearly show that a shift to organic
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agriculture allows reaching much lower nitrate concentra­
tions in surface water than any other mitigation measures. 
It is the only scenario able to bring the nitrogen concen­
tration in most rivers from the three basins below the level 
of 2.25 mgN/1 (10 mgNOyi), which is often considered a 
threshold for a good ecological status (Camargo and 
Alonso 2006).

At the coastal zones, this scenario also more than halves 
the nitrogen delivery with respect to the good agriculture 
practice scenario. Judging from the N-ICEP calculation, 
this is not enough, unfortunately, to eliminate all risk of 
harmful algal blooms in the receiving coastal waters; the 
risk is, however, very significantly reduced. Application of 
the MIRO model (Lancelot et al. 2009; C. Lancelot et al., 
unpublished) predicts that the maximum cell density of 
Phaeocystis blooms in the Belgian coastal zones would be 
reduced from 46 x  IO6 cells/1 in the present situation to
21-30 x  IO6 cells/1 in our organic agriculture scenario, 
while the duration of the blooms would be reduced from 
33 days to 18 and 25 days, respectively, for the two OA 
scenarios and for similar hydrological conditions (those of 
the year 2000). By comparison, the corresponding figures 
for the scenario of good agricultural practices are 
35 x  IO6 cells/1 for 27 days.

We are aware that our generalised organic farming 
scenario is certainly not a realistic short-term objective. 
Presently, organic farming only concerns 3.9% of the total 
agricultural area in Europe, with, however, large disparities 
between countries, from 11% in Austria to only 2% in 
Lrance (Bonny 2006). However, on the consumer side, the 
demand for food produced from organic farming is rapidly 
growing, by 10-15% per year in recent periods (Bonny
2006). This also might plead in favour of extending this 
mode of agriculture in the future, which over the long term 
appears to be the only way to preserve water resources 
while meeting the population’s food requirements.

Linally, coming back to the issue of the capability of 
organic farming to “feed the world” , we must admit that, 
compared to the current situation, our OA scenarios imply 
that the fertile areas of the Parisian Basin would decrease 
their capacity for exporting agricultural products to 
other, less fertile areas. It is outside the scope of the present 
paper to discuss the consequences at the global scale of 
such a restricted offer from highly productive areas. Note, 
however, that many authors consider that malnutrition 
problems in the world originate from the economic dis­
equilibrium created by the global offer of low price basic 
agricultural goods from industrialised countries, preventing 
small farmers in many poor countries to invest in more 
efficient techniques (Mazoyer 2001). In the global sce­
narios established by the Millennium Ecosystem Assess­
ment, the Adapting Mosaic option, which depicts a world 
developing locally based ecosystem management strategies

with simple technologies privileging local economic cir­
cuits, predicts much less food shortage, particularly in 
Africa and South America, than the ‘Business as Usual’ 
Global Orchestration scenario which maximises the 
development of international trade (Billen et al. 2010).
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