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In the Netherlands, high traffic density and inten-
sive animal husbandry have led to high emissions
of reactive nitrogen (N) into the environment. This
leads to a series of environmental impacts, includ-
ing: (1) nitrate (NO;) contamination of drinking
water, (2) eutrophication of freshwater lakes, (3)
acidification and biodiversity impacts on terres-
trial ecosystems, (4) ozone and particle formation
affecting human health, and (5) global climate
change induced by emissions of N,O. Measures
to control reactive N emissions were, up to now,
directed towards those different environmental
themes. Here we summarize the results of a study
to analyse the agricultural N problem in the Neth-
erlands in an integrated way, which means that
all relevant aspects are taken into account simul-
taneously. A simple N balance model was devel-
oped, representing all crucial processes in the N
chain, to calculate acceptable N inputs to the farm
(so-called N ceiling) and to the soil surface (appli-
cation in the field) by feed concentrates, organic
manure, fertiliser, deposition, and N fixation. The
N ceilings were calculated on the basis of critical
limits for NO; concentrations in groundwater, N
concentrations in surface water, and ammonia
(NH;) emission targets related to the protection
of biodiversity of natural areas. Results show that
in most parts of the Netherlands, except the west-
ern and the northern part, the N ceilings are lim-
ited by NH; emissions, which are derived from
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critical N loads for nature areas, rather than lim-
its for both ground- and surface water. On the
national scale, the N ceiling ranges between 372
and 858 kton year' depending on the choice of
critical limits. The current N import is 848 kton
year'. A decrease of nearly 60% is needed to reach
the ceilings that are necessary to protect the en-
vironment against all adverse impacts of N pollu-
tion from agriculture.
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INTRODUCTION

Human interferencein nutrient cycleshasincreased greatly over
the last 2 centuries. Compared to the preindustrial era, human
activities (i.e., agriculture, industry, and traffic) have roughly
doubled the amount of nitrogen (N) that entersthe biosphere{1,2].
Industrialisation and increasing traffic have rapidly increased
fossil fuel consumption during the last century, also contributing
toincreased levelsof N in the environment. In various countries
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in western Europe, nutrient inputs and outputs have even more
than doubled as aresult of the intensification of the agriculture
through increases in fertiliser consumption and animal produc-
tion, and by industrialisation and increasing traffic[3,4]. On a
global scale, the intensification of agricultural production will
continue to increase further, as the quest for food and animal
protein continues in response to the increasing human popula-
tion and the increasing prosperity of a great part of the human
population[5].

Human interference with the biogeochemical nutrient cycles
generally leads to imbalances in nutrient budgets. The recogni-
tion that imbalances are not sustainablein thelong term hasgiven
the impetus to use nutrient budgets as indicators and policy in-
strumentsfor nutrient management planning. The Netherlandsis
one of the countries with the highest reactive N emissions den-
sity in the world, where reactive N stands for all forms of oxi-
dized and reduced N except for N,. Theanimal manure production
inthe Netherlandsis approximately fivetimesthe average Euro-
pean value per unit of agricultural area[6]. These enhanced lev-
els of reactive N in the environment (in air, soil, ground-, and
surface water) lead to a cascade of effecty[7]. Observed effects
in the Netherlands, for which different targets are defined, in-
clude[8]:

1. Pollution of groundwater and drinking water due to nitrate
(NOs) leaching (focuson N application and N loss targets);

2. Eutrophication of surface waters, including excess algal
growth and a decrease in natural diversity (focus on N
application and N loss targets);

3. Decreased species diversity and acidification of non-
agricultural soils(focuson NH; and NO, ammoniaemission
targets);

4. Impactson human health and plants due to ozone for which
NO, isa precursor (focus on NO, emission targets); and

5. Global warming (focus on N,O emission targets).

At present, different targets are thus defined in the Nether-
lands, directed towards different environmental themes. To de-
creasetheleaching of NO; to groundwater and the runoff of N to
surface waters, targets for N losses have been set, where N loss
standsfor the difference between inputsand outputsat farmlevel.
Annual N loss targets are 60 to 100 kg N ha? for arable and
maize land for fodder production and 140 to 180 kg N ha for
grassland by the year 2003, depending on the soil drainage status
and soil type. These mean N surpluses at farm level have been
agreed upon as “ satisfactory”[9]. These targets aim to fulfil the
EU nitrate directive. The aim is that N leaching and runoff are
such that the NO, concentration in upper groundwater stays be-
low the EU quality criterion of 50 mg -t and the N concentration
in stagnant surface waters below a target concentration of
2.2 mg It. A Minera Accounting System (MINAS) has been
introduced asaregulatory policy instrument in agricultureto reach
the above-mentioned N |oss targets and also a phosphate target
loss of 20 kg hat year™. MINAS is a“regulatory policy instru-
ment” because farmers have to pay sizeable levies when target
surpluses have been succeeded. Furthermore, the EU proposed
that the maximum animal manure application should be 170 kg
ha year.

Theoriginal Dutch policy objectivesfor NH; emissionswere
a decrease of 50% by the year 2000 and of 70% by the year
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2005, compared to the emissions in the year 1980 of 200 Gg
NH;-N[10]. Recently, the Dutch Ministry of Environment has
set national NH; emission targetsin Gg NH; year of 100 for the
year 2010, 50 for the year 2020, and 30 for the year 2030 to
avoid adverse impacts (specifically in view of biodiversity) on
natural ecosystems. Note that the NH; emission targets refer to
all NH; sources, with agriculture being nearly 90% of it. In 1995,
annual NH; emissions in the Netherlands were estimated at
146 Gg NHs-N, equivalent to 175 Gg NH,[11], implying a suc-
ceeding decreasein NH; emissions of approximately 45, 70, and
80% compared to this target year. NO, emission reductions are
also specifically aiming at decreasing N inputs to natural land.
The Dutch target is 238 Gg NO,, whereas the present emissions
are approximately 370 Gg NO,. Finally, the emission target for
N.O is a 6% decrease compared to 1995, whereas the ultimate
target is background emission.

On the basis of the above-mentioned targets, several mea-
sures have been implemented in Dutch agriculture to control re-
active N emissions. It appears that these measures are not as
effective as predicted beforehand, either because its effective-
nessislower than expected or it iscompensated by growth of the
activity[8]. Furthermore, it was found that measures taken to
decrease emissions have led to a shift in other emissions. Ex-
amples of this are the prohibition to apply slurry in winter to
decrease leaching of NOs, which induced higher NH; emissions
because slurry was applied at higher temperatures[12]. The ex-
ample given above illustrates the need for an integrated N ap-
proach, since measuresto decrease N |eaching negatively affects
N impacts dueto eutrophi cation and acidification of natural eco-
systems. This hasled to discussion about the possibilitiesto de-
velop amore successful N policy.

To alow the implementation of an integrated N policy,
we calculated “regional specific ceilings for reactive N”. The
N ceiling is defined here as the maximum amount of reactive N
that does not lead to exceedance of critical limits or targets,
which aim to protect the environment, within or outside the
region. Examples are critical limits for ambient concentrations
of reactive N in the atmosphere or targets for N emissions
in view of such limits (NHs, NO,, and N,O emission targets),
critical deposition loads of reactive N to sensitive areas, and
critical concentrations of NO; or total N in ground- and surface
water. In this paper, we present results of calculated N ceilings
for various criteria with respect to environmental protection,
using a simple model for the N balance in terrestrial
(agricultural) and aguatic ecosystems on anational scale. Crite-
riaare limited to targets for NH; emission, NO; concentrations
in groundwater, and total N concentrations in surface water,
since those protection goals are most limiting the acceptable N
input in agriculture. If those criteriaare met, al othersare met as
well[8].

MODELLING APPROACH AND MODEL
APPLICATION

Modelling Approach

To gain insight into the N ceilings for agricultural soils in the
Netherlands, a model was developed called INITIATOR (Inte-
grated NITrogen Impact AssessmenT model OnaRegional scale),
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representing all crucial processesin the N chain by simple pro-
cess descriptions[13]. A flow chart of the considered N inputs
and N transformation processesin the model for both terrestrial
and aguatic ecosystemsisgiveninFig. 1. We have chosenasimple
approach to maintain transparency and to be able to apply the
model with available data.

INITIATOR isasimple N balance model based on empiri-
cal linear relationships between the different N fluxes. In agri-
cultural systems, first thetotal N input to the soil is calcul ated as
the sum of inputsviaanimal manure, fertiliser, atmospheric depo-
sition, and biological N fixation. The fate of N in the terrestrial
system is calculated as a sequence of occurrences in the order
NH; emissions, followed by N uptake, N accumulation/
immobilisation, nitrification, and denitrification in the soil. All
N transformation processes are linearly related to the inflow of
N (first order kinetics). This implies that NH; emission due to
application depends linearly on the N input into the soil, N up-
take on the N input minus the NH; emission, N immobilisation
on the input minus the NH; emission minus N uptake, etc. The
linear transformation constants are a function of type of
manure, land use, soil type, and/or hydrological regime. The
parameterisation of the equationsfor estimating the NH;losswas
doneinsuch away that it included all NH;losses, including those
from animal housing and manure storage systems and from the
application of animal manure, fertilisers, and dung and urinefrom
grazing animals to the soil. In the approach it wasimplicitly as-
sumed that the manure that was applied to the soil inagiven grid
cell (external data) came from the farmsin the same grid cell.
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Theflux of N leaving theterrestrial systemiscalculated by
subtracting al N outputs from the system (emission, uptake, net
accumulation, and denitrification) from the N inputs to the soil.
The leaching loss from the terrestrial systems is partitioned to
surface water and to groundwater by multiplying the leaching
losswith arunoff fraction (including all pathwaysfor N moving
to surface waters) and a leaching fraction (1 - runoff fraction),
respectively. Since we are interested in the leaching of N to the
groundwater at 1-m depth below the phreatic level (the depth
where NO; concentrations are measured in the Netherlands),
denitrification of N in upper groundwater isalso considered. The
processes considered relevant in aquatic systemsare N retention
inditchesand larger surface waters, retention being distinguished
in denitrification and accumul ation in the sediment. Denitrifica-
tion is thus calculated in the soil, upper groundwater, ditches,
and surface water (compare Fig. 1). We considered runoff from
terrestrial systemsand direct atmospheric deposition of N to sur-
facewatersasinput of N in aquatic systems. The various N out-
puts from - and the N immobilisation in soil, groundwater, and
surface water are cal culated with aconsistent set of simplelinear
equationg[13].

Calculation of N Ceilings

The unique point of INITIATOR isthat the model isalso ableto
calculate an acceptable N input to the soil or N ceilingin agricul-
ture on the basis of different quality criteria. This includes a
critical limit for the NO; concentration in upper groundwater
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FIGURE 1. Overview of the N inputs and N processes in terrestrial and aquatic ecosystems considered in INITIATOR.
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(50 mg 1), for the N concentration in stagnant surface water
(2.2mg ™) and NH; emission targets 8]. The acceptable N input
to the soil equalsthe N inputsin animal manure, fertiliser, depo-
sition, and biological N fixation, whereasN ceilingsonfarm level
areequal to theacceptable N inputsviaanimal feed concentrates,
fertiliser, deposition, and biological N fixation.

As stated before, the model calculates N leaching and run-
off from the N input minus NH; emission, net N removal through
agricultural products, N immobilisation, and denitrification in
both soil and surface water. Sinceall N loss fluxesfrom the sys-
tem are described sequentially, the model can derivethosefluxes
also for acalculated critical N leaching rate to groundwater and
N runoff rate to surface water. Those critical N fluxes can be
derived by multiplying leaching rate to groundwater with thetar-
get of 50 m It for the NO; concentration or the runoff rate to
surface water with the target of 2.2 mg I for the N concentra-
tion. In calculating the acceptable N input, the corresponding
NH; emissionisalso calculated, assuming that theratio between
the N input by anima manure (divided in cattle manure, pig
manure, and poultry manure, and dung/urine from grazing ani-
mals) and fertilisers staysthe same asin the year 2000. By com-
paring this emission with the acceptable NH; emission related to
the protection of biodiversity of natural areas, the maximum
acceptable N input can be calculated such that the biodiversity
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of natural areas, groundwater quality, and surface water quality
are all protected.

The acceptable NH; emission at each plot was calculated
for the Netherlands on the basis of available data for critical N
|oadsrelated to impacts of N deposition on biodiversity, nutrient
imbalances, and groundwater quality[14] using emission-depo-
sition relationships in combination with an optimisation proce-
dure. The approach isillustrated in Fig. 2[8]. The acceptable N
input is recal culated when the acceptable NH; emission related
to protection of biodiversity of natura areas is lower than the
NH; emission related to protection of groundwater and surface
water quality. In this case, the fertiliser input is kept constant,
since decrease of fertiliser input is not adequate in decreasing
NH; emissions. Instead, the input by animal manure is scaled
back, assuming that the ratio between the N input by cattle ma-
nure, pig manure, poultry manure, and dung/urine from grazing
animals stays the same as in the year 2000.

Model Application

The modelling approach was applied to the whol e of the Nether-
lands, distinguishing grid cellswith unique combinations of soil
type, land use, N inputs, and hydrology, which determine the
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FIGURE 2. Illustration of the calculation of reactive N ceilings on aregional scale
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parameterisation of N transformation processes. For agriculture,
atotal number of 2543 plots were distinguished, consisting of a
multiple of 500- x 500-m? grid cells with unique combinations
of soil use, soil type, and groundwater table class[15].
Georeferenced data for the N input via animal manure and
fertilisers were based on data statistics at farm and municipal
level for the year 2000, using the CLEAN model[16]. Animal
manure was divided in cattle, pig, and poultry manure, and in
dung and urine deposited on grassland by grazing animals, since
this has an influence on the NH; emissions from either housing
and manure storage systems or from the soil. N deposition data
were based on modelled N deposition data at a 1- x 1-km grid
scale for the year 2000, using the model DEADM[12]. N fixa-
tion was estimated as a function of land use[13].

Themodel parametersdescribing N transformation processes
and transfers were estimated as afunction of land use, soil type,
and groundwater table class, thus allocating them to combina-
tions occurring in distinct plots. In the agricultural plots, adis-
tinction was made between grassland, maize, and arable land.
Soilswere divided in sand, loess, clay, and peat. Furthermore, a
distinction was made between different hydrological regimes
(wetness classes), using groundwater table classes (Gt) from a
1:50,000 soil map with information on the mean highest water
level (MHW) used in the plots, according to: (1) wet (poorly
drained): MHW <40 cm; (2) moist (moderately drained): MHW
40 to 80 cm; and (3) dry (well drained): MHW >80 cm. Model
parameters describing the various N transformations were based
on literature data, field observations, results from more detailed
model calculations, and expert judgement[13].

In this study, the NH; emission fractions from animal hous-
ing systemswereassumed equal to thosefrom low emission (green
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lable) stables. Thisisforeseen for all Dutch farmsin the future
and is needed when onewantsto reach the NH; emission targets.
For reasons of comparison, this effect was included in all the
calculations of N ceilings, including when ground- and surface
water only were protected. Furthermore, in situations where the
NH; emissions produced by cows eating grass and maize only
(no feed concentrates) already exceeds the acceptable N input,
we assumed that part of the animal manure produced is exported.
Thisis needed to still have animal husbandry and reach the tar-
gets. Otherwise, the land has to be abandoned.

MODEL RESULTS

Model resultsinclude: (1) N fluxesto air, ground-, and surface
water, (2) N ceilings and acceptable soil inputs, and (3) areas
exceeding different N ceilings when implementing the Mineral
Accounting System (MINAS) and the EU target of 170 kg ha*
year of animal manure, as described in more detail below.

N Fluxes to Air, Ground-, and Surface Water
for Different Protection Levels

National estimatesof N fluxesto air, ground-, and surface water
for variouscriteriawith respect to the protection of groundwater,
surface water, and nature areas are given in Table 1. Estimated
total N inputs to agricultural farms were slightly lower for
animal feed concentrates (362 Gg N year™) than for fertiliser
(396 Gg N year?). N deposition was estimated at 49 Gg N
yeartand biological fixationat 41 Gg N year?, leading to atotal

TABLE 1
N Ceilings, Acceptable Soil N Input, and N Fluxes to Air, Groundwater, and Surface Water
Related to the Protection of Various Combinations of Groundwater, Surface Water, and Nature
in View of Optimised NH; Ceilings of 93 and 50 Gg NH,

Acceptable N Inflow to

N Input NH, N.,O Surface
Environmental N ceiling Soil Emission Emission N Inflow to Water
Protection (Gg N (Gg N (Gg NH, (Gg N Groundwater (Gg N
Goal year™) year™) year™) year™) (Gg N year™) year™)
Input in 2000 848 950 68 (160)2 29 50 15
GW + P-limit° 858 955 108 38 37 1
GW + SWp 646 776 79 33 11 5
GW + AM93P 630 784 71 29 26 10
GW + AM50P 504 618 42 20 18 7
GW + SW + AM93 436 560 49 19 10 4
GW + SW + AM50 372 466 32 14 7 3

@ The value in brackets is the calculated NH; emission at present without conversion to low emission stables. The
value of 160 Gg NH; year™" is equal to a national average emission of 132 Gg N year.

b GW stands for protection of upper groundwater (NO; concentration stays below the EU quality criterion of
50 mg I'), SW for protection of stagnant surface waters (N concentration stays below a target concentration of
2.2mgI"), and AM93 and AM50 for annual NHj; ceilings of 93 and 50 Gg NHj; to protect biodiversity in nonagricul-

tural areas.
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input of 848 Gg N year?. The anima manure produced from
both feed concentrates and forage was, however, slightly higher
than the fertiliser input (464 Gg N year?). About 66% of this
amount originated from cattle, 23% from pigs, and 11% from
poultry, including other animals. The total N input to the soil,
equal to the sum of fertiliser, animal manure, deposition, and
fixation, was calculated at 950 Gg N year™.

Using the input for the year 2000, annual fluxes (Gg N
year?) of 132 for NH; emission (160 Gg NH; year?), 29 for
nitrous oxide emission, 50 for N inflow to groundwater, and
15 for N inflow to surface water were calculated. The N inflow
to ground- and surface water has to be decreased by approxi-
mately 25% when the N ceiling related to groundwater protec-
tion has to be reached, and by nearly 80 to 70%, respectively,
when N ceiling related to both ground- and surface water protec-
tion hasto bereached. The need to reach NH; emission targetsin
addition to groundwater protection still causes a clear decrease
in N inflow to both ground- and surface water. The additional
gain is small when NH; emission targets need to be reached in
addition to ground- and surface water protection (Table 1).

The present NH; emission decreasesfrom an estimated value
of 160 to 68 Gg NH; year* when al housing systems are con-
verted to low emission systems. This amount was calculated to
increase (108 Gg NH; year?) when one would only protect
groundwater, due to the calculated possible increase in manure
application instead of fertilisers (see Table 3). The NH; emission
related to the protection of ground- and surface water is slightly
higher (79 Gg NH; year?) than the NH; emission related to
groundwater protection only and an emission target of 93 Gg
NH;year? (71 Gg NH; year?), despitethelower N ceilinginthe
first case. Thisis again because the ratio between fertiliser and
animal manure is different in both cases (Table 3). When one
only focuses on leaching to ground- and surface water, it isrela
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tively efficient to decreasefertiliser inputs, whereasthe decrease
of NH; emissionsis best obtained by decreasing animal manure
inputs. The calculated NH; emission of 71 Gg NH; yearislower
than the emission target of 93 Gg NH; year™, since groundwater
protection is sometimes more stringent than this NH; emission
target. Thisiseven moretruefor surface water. For example, the
combination of ground- and surface water protection and an
emission target of 93 Gg NH; year™ leads to an emission of
49 Gg NH; year only.

The decrease of the N input in agriculturewill lead to asig-
nificant decrease in the emission of the greenhouse gas N,O. At
present, the aim for N,O is a 6% decrease compared to the year
1995. The results show that if the NH; targets would be reached
in combination with the protection of ground- and surface water,
the decrease in N,O emission is likely to be much larger. This
implies that the target for N,O emission decrease is less ambi-
tious than the targets for NHs. The calculated increase in N,O
emission for the targets related to groundwater only, or even
ground- and surface water, compared to the present situation is
dueto the different allocation of manure and fertiliser to theland.
To meet thetargets, it is efficient to spread the manure preferen-
tially on peat and clay soilswith ahigh denitrification potential .
Thisdoes, however, cause anincreasein N,O emission, whichis
related to denitrification.

N Ceilings and Acceptable Soil Inputs for
Different Protection Levels

National estimates obtained for N ceilings on farm level (input
by feed concentrates, fertiliser, deposition, and biological fixa-
tion) were alwayslower than the acceptable N application to the
soil (input by animal manure, fertiliser, deposition, and biologi-

TABLE 2
N Ceilings Related to the Protection of Various Combinations of Groundwater,
Surface Water, and Optimised NH, Ceilings, Including and Excluding Export of Manure

N Ceiling with Manure Export

N Ceiling without Manure Export

(Gg N year) (Gg N year™)
Environmental
Protection Feed Feed
Goal Concentrates Fertiliser Total? Concentrates Fertilizer Total®
Input in 2000 362 396 848 362 396 848
GW + P-limit® 456 312 858 454 310 854
GW + SWe 330 226 646 295 164 549
GW + AM93® 211 329 630 195 262 547
GW + AM50QP 89 325 504 81 109 280
GW + SW + AM93 120 226 436 84 150 323
GW + SW + AM50 58 224 372 31 56 177

@ Total N ceiling includes the input by feed concentrates, fertiliser, deposition, and biological fixation. The
latter two inputs were fixed at the input of 90 Gg N year" in 2000, i.e., 49 Gg N year" for deposition and

41 Gg N year™ for biological fixation.

® GW stands for protection of upper groundwater (NO; concentration stays below the EU quality criterion of
50 mg I'), SW for protection of stagnant surface waters (N concentration stays below a target concentra-
tion of 2.2 mg I'), and AM93 and AM50 for annual NHj; ceilings of 93 and 50 Gg NH; to protect biodiversity

in nonagricultural areas.
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TABLE 3
Acceptable Soil N Inputs Related to Different Criteria for Groundwater, Surface
Water, and Optimised NH; Ceilings, Including and Excluding Export of Manure

Allowable N Input to Soil with
Manure Export (Gg N year™)

Environmental

Allowable N Input to Soil without
Manure Export (Gg N year)

Protection

Goal Manure Fertiliser Export Total® Manure Fertiliser Total®
Input in 2000 464 396 — 950 464 396 950
GW + P-limit° 552 312 1 955 550 310 950
GW + SWp 409 226 51 776 348 164 602
GW + AM93P 335 329 30 784 334 262 686
GW + AM50° 96 325 107 618 144 109 343
GW + SW + AM93 167 226 57 560 177 150 417
GW + SW + AM50 41 224 109 466 70 56 216

@ Total N input to the soil includes the input by animal manure applied to the land, fertiliser, deposition, and
biological fixation, correcting for export. The latter two inputs were fixed at the input of 90 Gg N year in

2000.

® GW stands for protection of upper groundwater (NO; concentration stays below the EU quality criterion of
50 mg ), SW for protection of stagnant surface waters (N concentration stays below a target concentra-
tion of 2.2 mg I'), and AM93 and AM50 for annual NHj; ceilings of 93 and 50 Gg NH; to protect biodiversity

in nonagricultural areas.

cal fixation) asindicated in Table 1. Apparently, the NH; emis-
sion from the animal housing systems, included in the calcula-
tion of the N ceiling, is less than the recycling of N in manure
due to intake of forage (grass and maize), which isincluded in
the acceptable N application to the soil.

Thedivision of N ceilingsand acceptable N inputsto soil in
thevarious sources are given in Tables 2 and 3, respectively. On
anational scale, the N ceiling and the acceptable N input at the
soil surface is slightly higher than the present input, when one
wants to protect groundwater only. Protection of groundwater
can thusin principle be reached by aredistribution of the animal
manure and fertiliser application over the Netherlands. Results
show that a lower input of fertilisers (see modeling approach)
leads to more animal manure input (Table 3), but this does in-
crease the NH; emission (Table 1). The national N ceiling re-
lated to the protection of both ground- and surface water isalmost
comparableto the N ceiling related to the protection of ground-
water only and an NH; emission target of 93 Gg NH, year (Table
2). Toadlightly lesser extent, thisisalso truefor the soil N input
(Table 3). In most parts of the Netherlands, the NH; emission
targets are, however, more restrictive than those based on limits
for groundwater, especially when the target of 50 Gg NH; year
isused. Thecritical limit for surfacewater isnearly alwaysmore
stringent than for groundwater, but also here the NH; emission
targets are often more restrictive, especially when the target of
50 Gg NH; year? isused (Table 2).

The most stringent approach (protection of ground- and sur-
facewater and an NH; emissiontarget of 50 Gg NH; year?) leads
to anational acceptable N input to the soil of 466 Gg year and
an N ceiling of 372 Gg year™. This is, however, based on the
assumption of a net export of animal manure or animal manure
processing at the farm (Table 3). This is needed at those plots
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where the amount of N in animal manure produced at zero im-
port of animal feed concentrates leads to N emissions to air or
water exceeding the acceptable limits. Compared to the current
N ceiling of 848 Gg year, adecrease of nearly 60% isneeded to
reach thisN ceiling considered necessary to protect the environ-
ment against all adverse impacts resulting from N input to agri-
culture. Assuming that the fertiliser input will be decreased less
drastically, thisimpliesthat the N input by feed concentrates has
to be decreased by more than 80% in this case (Table 2). The
necessary decrease in animal manure input, assuming manure
export or processing and low emission housing, is nearly 70%
(from 464 to 150 Gg N year, being the sum of 41 and 109 Gg N
year?; Table 3).

Especially in the situation where stringent NH, targets have
to be reached, it isimpossible to still have animal husbandry at
certain plots unless manureis exported or processed at the farm.
Otherwise, the land has to be abandoned, causing zero input by
feed concentrates, animal manure, fertiliser, and negligible NH,
emission. Calculations of the N ceiling and acceptable soil N
input thus obtained are presented in the right-hand side of Tables
2 and 3. Inthiscalculation, we assumed that the N input by depo-
sition and fixation is taken up by natural grassland, leading to
negligibleleaching and runoff. Resultsthus obtained lead to lower
soil N inputs and N ceilings. The amount of manure that is ac-
ceptable is lower than the sum of manure application and ma-
nure export (or processing) in thefirst case (seeleft-hand side of
Table 3). The acceptable rate of animal manure application to
theland is, however, higher for the criteriaincluding NH; emis-
sion targets. This is because the amount of fertiliser that is ap-
plied decreases strongly dueto land abandonment. The areathat
hasto be set asideis cal culated to increase from 20,825 hawhen
protecting groundwater only to 1.498825 ha when protecting
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TABLE 4
Areas Exceeding Different N Ceilings when
Implementing the Mineral Accounting
System (MINAS) and the EU Target of
170 kg ha' year' for Animal Manure Application

Area Exceeding N Ceilings (%)

Environmental

Protection Goal Present
GW + P-limit? 57
GW + SWa 83
GW + AM93? 81
GW + AM50?2 92
GW + SW + AM93 95
GW + SW + AM50 98

MINAS EU
22 28
77 78
66 77
79 88
84 87
94 97

a GW stands for protection of upper groundwater (NO; concentra-

tion stays below the EU quality criterion of 50 mg I-1), SW for
protection of stagnant surface waters (N concentration stays be-
low a target concentration of 2.2 mg I-1), and AM93 and AM50
for annual NH; ceilings of 93 and 50 Gg NHj; to protect biodiversity

in nonagricultural areas.

groundwater, surface water, and nature. Thisis approximately 1
to 70% of the agricultural area of the Netherlands. For the other
options, it varies between 15% (groundwater protection and an
emission target of 93 NH; year™) and 60% (groundwater protec-
tion and an emission target of 50 NH; year™).

The Impacts of the Present Manure
Application Targets on the Protection Level
of Groundwater, Surface Water, and Nature

Despite the relative low N input to ground- and surface water
compared to the N input to soil (about 6 and 1.5%, respectively),
it does cause an exceedance of critical limitsfor NO; in ground-
water (50 mgl=) and N in surfacewater (2.2 mg I%) inlarge parts
of the Netherlands at present. Thisisillustrated in Table 4, which
showsthat the N ceiling based on either thetarget of 50 mg |- for
the NO; concentration in groundwater or aphosphate target |oss
of 20 kg ha year? is presently exceeded at 57% of the plots.
The latter target was included to avoid extremely high accept-
able N inputsfor clay and peat soilswith avery high denitrifica-
tion potential. The calcul ated areaexceeding acritical NO; limit
of 50 mg |-* alone was only 26%, but the area exceeding the tar-
gets for both groundwater and surface water is 83%.

We calculated that application of the MINAS system
does indeed decrease the area exceeding the critical limit for
NO; of 50 mg It and the phosphate target loss of 20 kg ha?
year— for groundwater considerably (from 57 to 22%; Table 4).
This holds specifically for the phosphate target loss, however,
sincethe calculated areaexceeding acritical NO; limit of 50 mg
I-! decreased from 26 to 21% only. Exceedances are thus still to
be expected with MINAS, especially in dry sandy soils and in
loess soils on grassland with an N loss target of 140 kg ha?
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yeart. MINAS, however, aimsto decrease target N surplusesto
such alevel that not only NO; concentrations in upper ground-
water but also N concentrations in surface waters do not exceed
target concentrations. Considering the N ceiling for both
ground- and surface water, the impact of MINAS on the area
exceeding the critical limit of 2.2 mg | for surface water iscal-
culated to be much less (from 83 to 77%). Finally, the decrease
in N inputs by MINAS do cause a decrease in NH; emissions
from approximately 160 to 115 Gg NH; year™, but the area ex-
ceeding optimised NH; emission targets of 93 and especially
50 Gg NH; year?, set by the Dutch Government, hardly decrease
(Table 4).

DISCUSSION AND CONCLUSIONS

Results in View of Other Studies

This paper describes results of an integrated analysis using the
newly developed INITIATOR model. INITIATOR has not yet
been thoroughly validated, but calculated national averages of
thoseN fluxes, i.e., NH; emission, N,O emission, and total leach-
ing to ground- and surface water, are in line with most previous
studies using more sophisticated modelg[11,17]. Results for the
year 1995 are within 5% for most of those fluxes[13]. A major
difference with previous studiesis that they do mostly focus on
parts of the system (for example, on either NH; emission or
N,O emission to the atmosphere or leaching to groundwater
or runoff to surface waters), but hardly ever on the overall fate
of N.

More importantly, another major difference is the possibil-
ity of calculating “reactive N production ceilings’ for agricul-
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ture. This paper presents a preliminary quantification of N
ceilings for Dutch agricultural soils on a national scale. It is
shownthat itispossibleto set limitsto N inputsby fertilisersand
feed concentrates on aregional scale to meet the environmental
limits.

Model Results

The first calculations show that the reactive N import in the
Netherlands hasto be decreased by 60% and regionally optimised
in order to reach the environmental limits. Regionally there are
large differences between the decreases needed. Thereareafew
areas in the Netherlands where, according to this preliminary
analysis, no decreases are needed, but especially intheintensive
agriculture areas in the centre, east, and south of the country, a
strong decrease in N input is needed. This calculation is, how-
ever, based on the assumption that at each plot, the locally
optimised NH; emission target has to be reached. Due to this
approach, the NH; emission is always lower than the given na-
tional target. The most stringent approach (protection of ground-
and surface water and an NH; emission target of 50 Gg NH,
year?) leads to an actual emission of approximately 30 Gg NH,
year, being the Dutch target for theyear 2030. Another approach
istogivesuchatarget for alarger area(all farmsinacertain area
should not exceed an NH; emission target) without optimising
the NH; emission targets within the area. In general, the choice
of critical limitsor target values used in these cal cul ations, which
limit the production of reactive N and the associated activities, is
very important. The model results should be considered with care
sincean uncertainty of approximately 25to 50% islikely ismost
model parameterg[13]. Nevertheless, it showsthe directionsthat
are needed in Dutch agriculture when certain targets are to be
reached.

Policy Implications

Maximum N ceilingsbased on all critical limits (nature, ground-
water, surface water, greenhouse gas emission, etc.) provide a
solid basis for an integrated N policy. It limitsall the N related
impacts at the same time, prevents shiftsto other environmental
issues, and istherefore efficient, cost effective, and probably more
acceptable to the target groups. An important aspect of a suc-
cessful integrated N policy isalso related to the possibilities for
inspection and maintenance of implementation[8]. This aspect
has not been addressed here. A N trading system might be set up
which stimulates the implementation of measures to reach the
ceilings, comparableto the Mineral Accounting System (MINAS).
Emission trades are al so possible between different target groups.
A N accounting system in which the N balance is calculated re-
giondly and locally (individual farms) using standard/prescribed
methods can assist such a system. The excess N might be taxed
to stimulate decreases. The system can give guidance to the spa-
tial planning of activities and room for expansion in different
areas, and it can stimulate technol ogical developmentsintheright
direction.
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Measures to reach N ceilings should be focused on
decreasing the production of reactive N and/or the import of
it. Solutions to reach the N production ceilings might be
sought in technological measures aimed at conversion of
reactive N into N,, preventing reactive N from being formed, or
limiting reactive N import. This approach is not only useful
for the Netherlands, with its excess N inputs, but also for other
countries in the world where either N becomes a threat or
need limits to growth in order to prevent situations of un-
balanced N.
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