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a test of the NDICEA model
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Abstract — The validation of the carbon and nitrogen model NDICEA (Nitrogen Dynamics in Crop rotations in Ecological Agriculture) is pre-
sented. The model allows one to estimate how crop rotations and manure applications affect the amount of mineral nitrogen in different phases of
a crop rotation. The model was tested on 8 organic farms and research sites. The model’s performance was tested by means of visual performance
and a number of statistical measures. The results show that the model fits the observed mineral nitrogen for the top 30 cm of the soil with a model-
ling efficiency (ME) of 0.4 and a coefticient of determination (r) of 0.65. NDICEA is used to gain insight into the different sources of N minerali-
sation in the soil. Results show that the model NDICEA can be used to simulate sustainable farming systems at the field level using on-farm data
and readily available climatic data. The model might therefore serve as a tool for evaluating the impact of the crop rotation and manure regime on
long-term soil fertility levels and nitrogen leaching losses at the field level.

crop rotation / mineralisation / mineral nitrogen / modelling / organic farming

Résumé — Minéralisation d’azote en agriculture biologique : validation du modéle NDICEA. Cet article présente la validation du modéle
NDICEA (Nitrogen dynamics in Ecological Agriculture). Ce modele permet d’estimer I’impact de la rotation des cultures et de I’application
d’engrais sur la quantité d’azote minéral aux différentes phases de la rotation. Il a été testé sur 8 exploitations biologiques et centres de recher-
ches. La performance du mode¢le a été évaluée par des moyens visuels et un certain nombre de mesures statistiques. Les prévisions du modéle
correspondent aux quantités d’azote minéral observées dans les 30 premiers centimetres du sol, avec une efficience de 0,4 et un coefficient de dé-
termination de 0,65. NDICEA permet donc la compréhension des différentes sources de minéralisation d’azote dans le sol. Les résultats mon-
trent que le modéle peut permettre de simuler des systémes de production durables a I’échelle des parcelles en utilisant des données de la ferme
en question et des données climatiques. Il pourra alors servir comme outil d’évaluation de I’impact de la rotation et des doses d’engrais sur la fer-
tilité a long terme des sols et sur les pertes par lixiviation d’azote a I’échelle des parcelles.

rotation / minéralisation /azote minéral / modéle / agriculture biologique

1. INTRODUCTION soil fertility while reducing the negative environmental im-
pact [6]. Alternative agricultural practices focusing on diver-
sity in crop rotations have been shown to retain soil carbon
and nitrogen [6, 21] with important implications for sustained
production and environmental quality, by minimising losses

of nitrate in agricultural drainage waters [7].

For sustainable and organic farmers who minimise chemi-
cal inputs it is important to have healthy soil with a good
structure that can provide crops with necessary nutrients,
suppress soil borne pathogens and keep soil moisture avail-

able to plants [14, 17].

In our current agricultural practices, soil fertility can be
destroyed by rotations that focus on cash crops, leaving little
room for soil-building crops [1]. Organic matter is often con-
sidered the key to achieving soil quality and health [4]. Car-
bon and nitrogen cycling through organic matter can improve

Researchers have tried since the 1970s to develop several
mathematical and computer simulation models to describe N
and C cycling through farming systems [10, 18-20]. Al-
though these models play an important role in research and
policy scenarios, their complexity and input requirements
have limited their practical value for sustainable farmers. A
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significant contribution can be expected, however, from
these models through farmer-focused systems. Although
soils have an inherent quality within the constraints of clima-
tic and ecosystem conditions, the ultimate determinant of soil
quality and health are the farmers [5].

While current agricultural and environmental expecta-
tions can be met only via careful soil management, not only is
there little recognition of the need to understand the nitrogen
and organic matter dynamics in the soil, but traditional rec-
ommendations with regard to fertilisation and the design of
crop rotations are no longer sufficient to meet the needs of or-
ganic farmers using complex rotations and practices. There is
aneed to understand these complex systems [17] that include
the use of green manures, and solid and liquid animal manure.

To adjust crop rotations and compost or manure manage-
ment to the specifics of each organic farm, site and soil, we
have to quantify the contributions made by soil organic mat-
ter, compost and crop residues to the nitrogen availability of
crops in rotation. The resulting model might be a tool for
evaluating the impact of the crop rotation and manure regime
on long-term soil organic matter levels and on the environ-
mental quality indicated by nitrogen leaching losses.

In this paper we present the testing of a simple and
user-friendly carbon and nitrogen model that would allow
one to estimate how crop rotations and manure applications
affect the amount of mineral nitrogen in the soil and how
much nitrogen becomes available in the soil in different
phases of a crop rotation. The model is meant to be a planning
tool for farmers to design sustainable farming systems and to
gain insight into whether their management practices are
likely to maintain, improve, or degrade soil fertility.

2. MATERIALS AND METHODS

2.1. The NDICEA model

The NDICEA (Nitrogen Dynamics In Crop rotation in
Ecological Agriculture) model is a dynamic, process-based
model that calculates nitrogen and organic matter balances
during a crop rotation [11]. The model consists of four major
modules: the water balance, the organic matter balance, crop
growth and nitrogen balance (Fig. 1). NDICEA has a time
step of one week and was written in Pascal. The model runs in
a Windows environment.

NDICEA differentiates the soil profile of the root zone
into two layers, namely the top layer (030 cm) and sub-layer
(30-60 cm). The top layer is the layer where mixing of the
soil takes place through cultivation. Rooting of the crops de-
pends on the type of crop, but was limited in our simulations
to a maximum of 60 cm. Manure and fertiliser additions are
applied to the upper soil layer and are mixed into this layer.
Storage of water and nutrients can also take place in the
sub-layer if leaching occurs from the upper layer. In general,
the partitioning into these two layers seems to be sufficient to
represent systems that were described with the model
[11,13].

Mineralisation
of

Organic Matter

Figure 1. NDICEA is a simple, easy-to-apply two-layer model with a
time-step of one week. The model integrates sub-models for the min-
eralisation of soil-bound organic matter, and for water balance and
crop growth.

The water balance of the model depends on soil texture
and is calculated from the water balance of each layer in the
soil based on actual rainfall, irrigation and evaporation. This
results in leaching or capillary rise in the soil [11]. Inorganic
nitrogen is transported with the water down the soil profile,
depending on a nitrogen leaching factor. Nitrogen that
leaches below the rooting depth is considered lost.

The core of the model is the decomposition module in
which the mineralisation process is described. Mineralisation
is calculated for each successive application of organic mat-
ter, and according to the type and quantity of that organic
matter. For each type of organic matter the C:N ratio and the
apparent initial age (ranging from 1 for green matter to
24 years for soil organic matter) according to Janssen [8] are
used as input. Corrections are applied for soil temperature,
soil moisture, texture and pH [11]. The undecomposed part of
the organic matter contributes to the soil organic matter pool.
The quantity of soil organic matter in the model is based on
an initial soil analysis. The organic matter in NDICEA is dis-
tributed among three pools starting with 5000 kg organic
matter in the young pool (initial age of 3.4 years) and 2000 kg
in the fresh pool (initial age of 1.8 years). All other organic
matter is distributed into the old organic matter with an initial
age of 22.5 years. For initialisation we ran the model for a full
rotation cycle at each farm, taking into account equilibrium in
the young and fresh pools. N mineralisation is calculated
based on the assimilation/dissimilation ratio of the soil or-
ganisms, the carbon/nitrogen ratio of soil organisms, the type
of substrate and the rate of organic matter decomposition.

The nitrogen balance is calculated from the crop growth
module and the water and organic matter balances. The bal-
ance is calculated based on the initial amount of N in a certain
layer and the net amount accumulated in a certain week. The
net weekly accumulation is the difference between total N in-
put and total N output. The nitrogen balance includes N input
fluxes such as mineralisation, atmospheric deposition,
denitrification, fertiliser application, fixation and N input
through capillary rise, and N outputs such as crop uptake,
leaching and denitrification [11]. NH, volatilisation and
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Table 1. Input data for the NDICEA model.
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Field Input

Environment temperature (°C), rainfall (mm), evapotranspiration (mm)

Soil texture, organic matter (%), pH, groundwater table (time and depth of highest and lowest levels)
Crops yield (kg), dry matter (kg-ha™), nitrogen conc. (%)

date of sowing, full cover, ripening, harvest (week)

Organic manure

application rate (kg-ha™), dry matter (%), organic matter (%), N conc. (%)

water logging are not part of the model. Nitrogen fluxes in the
soil are associated with the water fluxes. N leaching is based
on an excess of water, the amount of mineral N in the soil and
soil physical properties. It is estimated to be the sum of matrix
outflow and bypass flux of nitrogen. Denitrification is calcu-
lated in the model as a potential denitrification, corrected for
soil moisture and mineral N content in the soil according to
Bradbury [3].

Crop uptake depends on crop-dependent uptake curves
and actual yields. Crop nitrogen uptake is calculated based on
nitrogen concentration in the crops (product, residues and
roots), water uptake, soil moisture content and N concentra-
tion in the soil water. N fixation of legumes is estimated from
the potential N-fixation and the mineral N content of the soil.
Water uptake by a crop is governed by evaporative demand,
crop morphology, ground coverage and soil moisture content
[11,22].

Necessary input data for the model are summarised in Ta-
ble I. Major outputs of the model consist of expected mineral
nitrogen in the soil layers, N uptake of the crops and levels of
organic matter in the soil.

The model was evaluated for arable land [2, 12, 13], vege-
table production [13] and greenhouse vegetable production
[16]. A sensitivity analysis of the model showed that the an-
nual mineralisation is sensitive to the C/N ratio of the soil mi-
cro-organisms and the nitrogen content of the applied soil
organic matter, and somewhat sensitive to the assimila-
tion/dissimilation ratio of the micro-organisms [11]. Annual
leaching losses are sensitive to N mineralisation and the fac-
tors influencing that mineralisation, as well as the distribu-
tion and water uptake from the top and lower layers in the
soil.

2.2. Site description

We monitored inorganic nitrogen levels at 8 organic farms
and research locations located throughout the Netherlands.
Another 38 farms were monitored less intensively, and some
estimates were made of nitrogen concentrations in crops. Re-
sults are presented from the intensively monitored farms.

These farms vary with regard to soil type, crop rotation
and manure applications (Tabs. II and III). At 14-day inter-
vals throughout the year, the inorganic nitrogen levels in the
upper soil (0—30 and 30-60 cm) were monitored on two fields
at each farm. Ammonium (NH,-N) and nitrate (NO;-N) nitro-
gen were determined colorimetrically in a 0.01M CaCl, ex-
tract on an autoanalyser. To determine changes that might
impact crop growth and mineralisation in the soil, the
soil-structure and rooting depth in each field were described
at regular intervals (i.e. six times a year). Crop growth and
yields were determined from a minimum of two subplots
(10 m? each) within each field. Plant material was dried at
70 °C for 72 hours, and total-N (%) determined. All animal
manure applications were registered, and samples analysed
for dry matter, organic matter, NH,-N and total-N.

Model input for the climatic conditions was obtained from
local weather stations. Figure 2 shows the climatic conditions
for the stations located close to farms 2 and 6, respectively,
evaluated in more detail in this study.

2.3. Model performance

Since the focus of our study was to test the NDICEA
model, no parameter fitting procedure was used to optimise
model performance. Our data set for this test was a new data

Table II. Summary of soil and crop rotation characteristics at a selection of the farms.

Organic matter pH Total N Crop rotation
Farm Soil type (%) (KCI) gkg!
1 sand 1.7 6.8 0.8 tulip-w. radish/daffodil-y. mustard/crocus/grass-clover/lily/grass-clover
2 loamy sand 2.6 6.2 0.9 lettuce/chin. cabbage/leek/bean-marigold/carrots/triticale-clover
3 loamy sand 3 53 1.4 intensive mixed vegetables
4 loamy sand 3.6 52 0.8 potato/oats-clover/sugarb./hemp/carrot/barley-clover
5 sandy loam 29 5.8 12 potato-oats/cabbage/sp. barley-oats/sugarb./oats-oats
6 loam 4.4 7.2 1.7 corn-silage/pumpkin/carrot/broccoli/french-bean
7 loam 4.8 7.5 1.8 maize, carrots, spinach, beets, beans and onions
8 clay loam 5 7.3 2 s.wheat-clover/potato/lettuce/grass-clover/br. sprout/fennel
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Table I1I. Summary of crops and fertilisers at farms Nos. 2 and 6.

C.J. Koopmans et al.

Time Amount Dry matter N
Farm Year Crop (week) Fertiliser (per ha) (%) (% of dry matter)
2 1997 Lettuce [ 11 Cattle FYM 25 ton 30.8 1.7
1997 Lettuce 11 14 Bloodmeal 285 kg 90 12.0
1998 Chin. cabbage [ 13 Cattle slurry 40 ton 8.1 5.8
16 Bloodmeal 292 kg 90 12.0
1998 Chin. cabbage 1T
1999 Leek 12 Cattle FYM 30 ton 123 4.0
20 Cattle slurry 20 ton 10.1 4.8
2000 French bean 15 Cattle slurry 20 ton 9,5 4.6
2000 Marigold
6 1997 Corn silage 47 Cattle FYM 35 ton 30,8 1.7
1998 Pumpkin 20 Cattle slurry 15 ton 9.5 4.6
1999 Carrot
2000 Brocolli 25 Cattle slurry 15 ton 9.5 5.3
80 set and independent from earlier data sets used for calibrating
0] & 8 % % g § é the model.
g % 8 7 5 £ The mod.el’.s performance was evaluated visually as well
60 1 fE) E g as by statistical measures developed by Janssen and
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Figure 2. Climatic conditions in the years 1997 to 2000 for farms
No. 2 (top) and No. 6 (bottom). Gray bars indicate the growing period
of'a crop, arrows the time of manure application.

Heuberger [9]. These statistical measures should be handled
with care as they only reflect the model’s performance to a
certain degree. With the Average error (AE), simulations and
observations are compared on an average level (e.g. over the
whole time span). The bias between average values of model
simulations and observations is expressed by the AE: a posi-
tive AE indicates that model simulations overestimate the ob-
served values. The Normalised Root Mean Square Error
(NRMSE) describes a coefficient of variation of the discrep-
ancies between simulated and observed values around the
mean of the observations. The Model Efficiency (ME) quan-
tifies the improvement of the model over a simple model with
no mechanistic interpretation given by the mean of the obser-
vations.

3. RESULTS

3.1. Effects of the year

Precipitation and evaporation were used as input to simu-
late the nitrate-N level in the soil shown in Figure 3. The grey
bars indicate the time crops are standing in the field. The
model is able to follow the dynamics of nitrogen in the upper
30 cm in these organic rotations on the different soil types.
Visually, the simulated mineral N levels in the soil follow the
observed values closely. In general, NDICEA accurately pre-
dicted the postharvest nitrate in the fields, but it tended to un-
derestimate high levels of NO,;-N found directly after
applications of the organic manures and directly before plant-
ing.

The predicted and observed decrease in nitrate in the pro-
file is consistent with precipitation during the year (Fig. 2).
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Figure 3. Simulated (line) and observed inorganic nitrogen levels
(symbols) in the upper soil (0—30 cm) at farms No. 2 with an intensive
vegetable rotation on a loamy sand (top) and a field on farm No. 6 on
a sandy loam (bottom). Gray bars indicate the growing period of a
crop, arrows the time of manure application.

This generally results in peaks of nitrate leaching in the au-
tumn, but also during the season in the case of heavy rain
events. Figure 4 shows the nitrate leaching below the rooting
zone (60 cm) as simulated by the model for the fields at
farms 2 and 6. The intensive vegetable rotation and the sandy
soil of farm 2 tended to result in high leaching losses at this
farm. The loamy soil and limited fertiliser use of farm 6 re-
sulted in much lower leaching losses. Mineralisation, indi-
cated by the dotted line, also shows peak values. These peaks
coincide with the application of an organic fertiliser in which
the applied NH,-N shows up as a rapid mineralisation during
the time of application of the fertiliser.

3.2. Model performance

We tested the model by comparing the observed mineral
nitrogen levels found in the soil at the eight sites with the sim-
ulated mineral nitrogen levels (Fig. 5). The results show that
the model did a reasonable job of fitting the observed data in

50
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Figure 4. Running the model indicates nitrogen mineralisation and
leaching during different phases of the crop rotation. Examples of
farms 2 (top) and 6 (bottom). The simulated mineralisation peaks rep-
resent an inorganic fraction in the manure applied.

the top 30 cm. With the quantitative techniques, it is possible
to express the agreement between model and data numeri-
cally (Tab. IV). The AE indicates that the bias between aver-
age values of model predictions and observation is small for
the topsoil. At mineral N levels of 150 kg N per ha and more,
the model underestimated the mineral N levels found in the
soil. The NRMS indicating the coefficient of variation
around the mean of the observations is limited. A ME of 0.4
shows a model performance for the upper soil which is much
better than was found for the sub-layer (ME of 0.1). The re-
sults show that the model underestimates the mineral N levels
found in the sub-layer (AE is negative) and improvements are
necessary (e.g. site-specific calibration might be necessary in
this case).

3.3. N mineralisation

An important advantage of using a simulation model is the
insight gained into the different sources of mineralised N.
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Table IV. Performance statistics of the model NDICEA based on simulations of 8 sites for the years 1999 and 2000.

Topsoil mineral N kg N-ha™! Subsoil mineral N kg N-ha™!
Mean of observations (MO) 42.1 40.7
Average error (AE) 1 -14.8
Normalised root mean square error (NRMSE) 0.9 14
Modelling efficiency (ME) 0.4 0.1
Coefficient of determination 0.65 0.47
Number of data 547 482
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Figure 5. Performance of the model NDICEA showing simulated in-
organic nitrogen levels in the soil (0-30 cm) plotted against measured
inorganic N levels from all 16 fields from 1997 to 2000.

NDICEA was used to identify these sources for the whole
crop rotation at these farms. Mineral nitrogen which becomes
available during the season is derived from several sources
such as soil organic matter, crop residues and organic fertilis-
ers used on these farms (Fig. 6).

The simulations show that, due mainly to the levels of or-
ganic matter in the soil, sources of nitrogen differ quite a bit
from farm to farm. The importance of nitrogen mineralisation
out of the initial soil organic matter becomes apparent and
makes up from 25% to almost 60% of the total nitrogen which
becomes available during the season. Also, the amount of res-
idues accounting for nitrogen availability differ from farm to

100%
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50% -

40% A

Source of N (%)

30% -

20% A

10% A

0% -

4

5
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| M Organic matter O Tillage* & Residues Manurel

Figure 6. Nitrogen mineralisation from different sources of organic
matter as estimated with the NDICEA model for farm number 1 to 8.

farm and, especially if a green manure is used, the contribu-
tion may be high (see farms 1 and 6 in Fig. 6).

The temporal variations in mineralisation found, accom-
panying leaching losses of nitrogen (Fig. 4), is important
management information for the farmer so as to be able to
synchronise nitrogen mineralisation with crop needs and to
reduce nitrogen leaching losses.

4. DISCUSSION

4.1 Testing

If models are to be effective for evaluating alternative
management strategies, they need to reproduce accurately the
seasonal variations of nitrogen found in the soil and the
long-term changes in soil properties. Validation of models’
performances against observations from farm fields is a way
of testing whether the models are adequate [9], but also if
model input is in accordance with data input that can reason-
ably be obtained by the users in the future: extension and well
educated farmers.

We used measured soil organic C and N for initialisation
of the model and distributed soil organic C between the three
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pools of organic matter distinguished in the model based on
the land-use history of the fields. The time frame of the moni-
toring and limited changes in total soil organic C and N dur-
ing that time is, however, a major limitation of the data set.
NDICEA captured the changes in nitrate nitrogen in the soil
during crop rotations reasonably well. The model was devel-
oped to simulate these changes [2] and it performed this func-
tion well. As a tool, the model seems to be able to distinguish
between the different sources of mineralisation [13].

Other features such as the impact of management strate-
gies on changes in soil organic matter (e.g. changes in soil
fertility), which is important management information for or-
ganic farmers [6, 14], need further testing, based on
long-term studies. Due to the limited performance of the
model in predicting nitrogen levels lower in the soil, care
should be taken in using the model for predicting nitrogen
leaching losses. This performance might be due to an unac-
counted mineralisation potential in this lower sub-layer. Dis-
crepancies between simulations and observation in the top
layer occur in heavier soils and might be due to an unac-
counted compaction of the soil during certain periods of the
year, which might slow down mineralisation or speed it up af-
ter cultivation.

4.2. Timing of activities

Nitrate levels in the soil in excess of crop needs are fre-
quently observed on organic farms [13], thereby creating the
potential for leaching. With the model, organic production
has the potential to be attuned to each specific farm, site and
soil. Timing manure applications and the use of cover crops
seems essential to the management of nitrogen leaching
losses in these organic farming systems.

For organic farming systems, the challenge is to find more
specific manuring practices that provide crops with sufficient
nutrients while simultaneously reducing nitrogen leaching
losses to a minimum and maintaining long-term soil fertility
[13].

4.3. Mineralisation

The model could serve as a tool to guide the mineralisation
process at the field level. The selection, timing and appropri-
ate use of green manure crops and fertilisers determine not
only when nitrogen becomes available in the soil, but also
what happens to that nitrogen (i.e. uptake by plants, or loss
via leaching) [2].

We compared the differences between a dynamic ap-
proach using the simulation model NDICEA and the more
traditional, static methods of calculating the effects of ma-
nure and green manures [15]. The results of this comparison
showed that in general the model NDICEA calculates lower
N release for solid manures than the traditional ways of calcu-
lation. In addition, the release is more dynamic with N release
depending on the environmental conditions, crop growth and
length of growth. This becomes even more pronounced for
slurry in which N release varies from 63% for the slurry, ap-
plied to sugar beet compared with only 38% N release during

the growth of a leek crop. These results, however, do not say
anything about whether the N is actually taken up by the crop.

The soil-specific mineralisation of nitrogen is largely un-
accounted for in present fertiliser recommendation schemes
[15]. This may result in an overabundance of nitrogen in the
soil, and potentially high nitrogen leaching losses. However,
there is as yet no direct, practical and easy-to-use method for
measuring nitrogen mineralisation in the soil. The NDICEA
simulation model serves as a useful tool for gaining insight
into nitrogen and organic matter dynamics in organic farming
systems. It can be used to obtain site-specific nitrogen miner-
alisation levels. In future, it should be combined with direct
measurements of nitrogen mineralisation and observations of
soil structure. These results also show the importance of de-
veloping easy-to-use methods for the routine measurement of
nitrogen mineralisation.

4.4. Simple model and management aid

The process of developing and applying the NDICEA
model in the last couple of years has shown that a relatively
simple model can be developed and tested using data from the
farm level [2,13].

The simple models can represent most of the dynamics
taking place at the cropping system level and also describe
dynamics considered in more complex models. The results
from this paper show that the NDICEA can be used success-
fully to simulate the farming systems at the field level using
readily available data (weekly climatic data, soil data and
crop yields). The results show that we should continue to de-
velop these models and test them using data gained from
farming practice. The model might be used more and more to
solve applied management problems at the farming level.

Analysing different management strategies requires fur-
ther management decision opportunities and suggestions for
the farmer or farm adviser; for instance, about when to apply
the organic fertiliser or when to plant. Important information
is, however, readily available for the user, such as the effect
of weather conditions (e.g. What caused a high or low nitro-
gen availability in spring? Was it due to the weather condi-
tions or the choice of organic fertiliser and what organic
fertiliser could be used best?). Further development of
NDICEA is an ongoing activity which should improve the ca-
pabilities of the model, its user-friendliness and its perfor-
mance in the future.

Because, in the long run, soil fertility is of paramount im-
portance to our organic farming systems [6, 17, 21], it is es-
sential for the design and maintenance of these systems that
we gain the greatest possible insight into soil fertility at the
process level.
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