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a b s t r a c t

The aim of this study was to adapt the Soil-Plant-Nitrogen (SPN) model to silage maize, as an explorative
tool for evaluating the possibility of expanding maize cultivation to regions which historically have been
too cold for maize production, and for estimating the effects of management practices as fertiliser and
manure application on C and N fluxes. The model was validated using data from a 5-year maize exper-
iment conducted in northern Germany. Available observations included shoot biomass and N yield, soil
mineral N (0–90 cm) sampled in spring and autumn, and nitrate in the soil solution during winter; occa-
sionally also the soil water content and ground water level were recorded. The SPN crop module, originally
developed for barley production in Norway, was successfully adapted to maize. The strategy adopted was
to assess the maize-specific algorithms for the radiation use efficiency (RUE) and the leaf area index
(LAI) by statistical analysis of selected subsets of the available observations. In addition, parameters were
modified with respect to crops characteristics. The baseline mineralisation of the SPN soil module was
inspected with respect to the ability to predict both the observed plant N uptake and soil mineral N of the
unfertilised plots. In order to predict the time course of plant N uptake it was necessary to incorporate
a ploughing effect, as a transient mineralisation burst. The modified SPN was evaluated with respect to
the whole range of mineral N and cattle slurry treatments. Nitrogen and biomass yields were successfully

predicted. The dynamicity of the soil mineral N prediction was reasonable, but a statistical analysis of the
model performance was hampered by the selective timing of the soil samples. The good fit of the time
course of the plant N uptake under contrasting fertiliser treatments suggests that the predictions of soil N
immobilisation and losses can also be assumed to be reasonable. The SPN model seems a suitable tool for
the prediction of the effects of climate and management on the yield and on the soil-plant N economy of
silage maize. However, under extreme combination of high radiation and low temperature or vice-versa,

sourc
RUE estimation may be a

. Introduction

Global climate change is expected to impact the ecology of arable
ropping areas in Europe in two ways. First, the cultivation of crop
pecies will change in reaction to climate change effects on crop
hysiology and phenology (Menzel et al., 2006). Second, climate

hange will affect various soil processes, as for instance the miner-
lisation of soil organic matter (SOM) and its seasonal distribution
Emmett et al., 2004). Silage maize, for instance, is regarded as an
nteresting new crop for northern European agriculture for sev-
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e of uncertainty and more empirical studies are recommended.
© 2009 Elsevier B.V. All rights reserved.

eral reasons. Its long growing period, high yielding potential and
nutritive value make it an attractive forage crop for dairy farming
and cattle production. The availability of earlier hybrids and climate
trend has steadily expanded the cultivation areas of maize to North-
ern Germany, Denmark and Southern Sweden, areas whose climate
may be taken as a proxy for future conditions in Southern Norway.

Field experiments are required in order to explore the envi-
ronmental impact of introducing new crops, such as the system’s
C-balance, N losses to groundwater and N2O emissions. Such
experiments, however, have only limited value unless used for
developing or adapting dynamic biogeochemical models in order (i)

to improve the mechanistic understanding of the system’s response
to crop species and climate, and (ii) to allow extrapolations, pre-
dictions, and hypothesising for future/alternative conditions, such
as new climates and management regimes. The analyses of future
agronomic scenarios regarding productivity, economic output and

http://www.sciencedirect.com/science/journal/11610301
http://www.elsevier.com/locate/eja
mailto:marina.bleken@umb.no
dx.doi.org/10.1016/j.eja.2009.01.001
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cological performance as a function of management (choice of crop
pecies, fertiliser regimes, soil tillage, etc.), can only be achieved
ith more refined models. Here, the Achilles heel is the dynamic
odelling of plant growth. Existing dynamic plant models are

ften found to be case-dependent. They work well for the cropping
egime they were developed for, and often fail to adequately simu-
ate ‘new situations’, e.g. new plant species or new climate, unless

odified profoundly. For instance Lopez-Cedron et al. (2005),
esting CERES maize in northern Spain, found a systemic under-
stimation of aboveground biomass and leaf area index in most
ears. Much work remains to be done in developing routines for
eneric modelling for a variety of situations; either by developing
eneral models that work for any situation, or by identifying simple
outines to modify a model so as to fit a new situation.

The objective of the present study was to explore the possibility
f adapting a simple dynamic plant growth model (Bleken, 2001),
eveloped for small grain cereals exposed to Norwegian climate,
o maize and thus use the model to analyse a 5-year field experi-

ent with a different crop (silage maize) grown under a different
limate (northern Germany). An essential part of this objective was
successful simulation of the mineral N dynamics, hence nitrate

eaching, as a contribution for predicting the environmental effects
f silage maize production. The plant model is coupled with a soil
and N model into the soil-plant nitrogen model SPN.

. Materials and methods

.1. The experimental site

The study was based on data collected in a field experiment
1997–2002) with silage maize in northern Germany (Wachendorf
t al., 2006). The study was conducted at the research farm ‘Kark-
ndamm’ (53◦55′N, 9◦55′E, alt. 14 m) of the University of Kiel, on
sandy soil classified as gleyic Podzol with a pronounced humus

nd iron B-horizon. The groundwater level fluctuated between 0.3
nd 0.7 m below the soil surface. The soil characteristics showed
substantial spatial variation, as indicated by the organic carbon

ontent, which varied between 4.2 and 7.7% in the upper 30 cm of
he soil (Karrasch, 2005). This variation has to be taken into consid-
ration when interpreting the modelling results. Some of the soil
hemical and physical properties are provided in Table 1.

The climate at the experimental site is moderately maritime,
haracterised by wet, cool summers and mild winters, with moder-
te seasonal temperature variation. Long-term mean temperature,
nnual precipitation and climatic water balance are 8.4 ◦C, 824 and
12 mm, respectively. Average annual temperatures in the exper-
mental years 1997–2001 were 9.2, 8.6, 9.6, 9.3 and 9.0 ◦C, and
recipitation amounted to 786, 1098, 705, 635, and 812 mm. The
orresponding values for the growing period (from sowing to har-
est) were 16.3, 13.7, 15.6, 14.4, 15.0 ◦C, and 408, 482, 178, 232,
39 mm, respectively. Thus 1999 was characterised by warm and
ry conditions while 1998 was cool and wet. Prior to the estab-

ishment of the field experiment, the area had been used for silage
aize and cereal production fertilised regularly with cattle manure

r slurry (30–40 m3 ha−1 year−1) and mineral nitrogen (50 kg N
a−1 year−1) from 1993 to 1996.

.2. Nitrogen fertilisation treatments

A two-factor split-plot experiment with four randomised blocks

s replicates was established. The main plot treatments (17 by 60 m)
ere three cattle slurry fertilisation rates (0, 20, 40 m3 ha−1), with

otal N contents varying over the years, namely 2.4, 1.8, 3.4, 3.7, and
.3 kg N m−3 in 1997, 1998, 1999, 2000, and 2001, respectively. The
lurry was applied between spring ploughing and sowing, and was
nomy 30 (2009) 283–295

immediately incorporated into the soil using a field cultivator. Sub-
plot treatments (17 by 15 m) were four mineral N fertilisation rates
(0, 50, 100, 150 kg N ha−1 as calcium ammonium nitrate) split into
two equal applications at the one-leaf and six-leaf stages. Phospho-
rus and potassium fertiliser was supplemented in order to adjust
P and K supply on all plots to the amount of the largest slurry
application. Each plot received the same treatment over all 5 years.
Further crop management measures followed common agricultural
practice in the region in order to allow potential production.

2.3. Crop measurements

An early maize hybrid (Naxos) was sown between late April
and early May in rows 0.75 m apart, with a final plant density of
10–11 plants m−2. Crop samples were taken biweekly (8–11 sam-
plings per year) from all the treatments in 1997–1999, but only
from the unfertilised and the 150 kg mineral N treatments in 2000
and 2001. Each time 10 adjacent plants were harvested manually
by cutting near the soil surface. After chopping, representative sub-
samples were dried to constant weight at 65 ◦C, and ground in a
Tecator mill (Foss Tecator AB, Höganäs, Sweden) to pass through
a 1 mm sieve. Plant N content was estimated by Near Infrared
Spectroscopy (NIRS). All samples were scanned on a NIRSystems
model 5000 Monochromator (NIRSystems, Silver Spring, MD, USA).
Calibration and validation were obtained using software from Infra-
soft International (ISI, Port Matilda, PA, USA), and the N content
was determined using a CN analyzer (Elementar Analysensysteme,
Hanau, Germany). We assumed silage maturity to be attained at a
dry matter (DM) content of 300–350 g DM kg−1 fresh weight, which
was not achieved in 1998 due to unfavourable climatic conditions.

2.4. Soil mineral nitrogen and water measurements

Soil samples were collected with a Purckhauer core sampler to
a depth of 90 cm two times per year, i.e. in early spring and in late
autumn, for determination of mineral N (NH4 and NO3). Four cores
were taken from each plot (replicate), separated into 30 cm incre-
ments, and stored at −25 ◦C before extraction with 0.033N CaCl2
(acidified with 0.075N NH3BO4) and photometric analysis.

Soil water samples for nitrate analysis were extracted by suc-
tion cup samplers (Mullit, 50 mm length, 20 mm diameter, pores
<1 �m, usually three cups per treatment), installed at a depth of
60 cm immediately after maize harvest in early October, and kept
until spring ploughing. Samples were obtained by applying a suc-
tion of −400 hPa for 3–4 days, and analysed for NO3 concentration
photometrically. At times, particularly during the autumn 2000,
sampling was prevented by low soil moisture. Ground water level
was monitored at almost weekly intervals in each plot of the fourth
replication starting in 1999.

2.5. Model of the soil heat- and water-balance

The soil water and heat balance was simulated with the
COUP-model (Jansson and Karlberg, 2004). The model simulates
one-dimensional water and heat dynamics in a layered soil with or
without vegetation by solving numerically the relevant differential
equations. The main equations include the law of conservation of
mass and energy together with flow equations for water (Darcy’s
law) and heat (Fourier’s law). Simulations were based on the
soil characteristic at the experimental field together with esti-
mated daily plant characteristics for maize (leaf area index, canopy

height, root depth) and measured daily meteorological data (air
temperature, relative humidity, wind speed, precipitation, global
radiation). Four master soil horizons were identified. The soil pro-
file was divided in 22 layers in the COUP-model and each layer was
described by its soil moisture retention curve and hydraulic con-
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Table 1
Selected average soil physical and chemical properties at the Karkendamm experimental. The C and N content were obtained by elemental analysis (CHN-Rapid; Heraeus,
Hanau, Germany). Water retention curves were estimated by means of the ceramic pressure plate method using undisturbed soil samples.

Soil characteristic Soil layer (cm)

0–28 28–57 57–79 79–94 94–98 98–103 >103

Bulk density (g cm−3) 1.06 1.43 1.62 1.65 1.67 1.56 1.59
Sand (%) 90.4 91.6 91.8 93.6 94.4 92.0 94.0
Silt (%) 5.0 3.2 1.4 1.1 1.2 0.6 1.0
Clay (%) 4.7 5.1 6.8 5.4 4.4 7.4 5.0
pH (CaCl2) 5.3 4.5 4.1 4.2 4.3 4.3 5.4
Organic C (g kg−1) 74.7 14.9 8.9 4.0 12.2 6.5 3.1
Total N (g kg−1) 3.0 0.7 0.4 0.2 0.6 0.4 0.4

Soil water content (m3 m−3) at
−1.5 MPa pressure (4.2 pF) 14.7 8.5 7.4 3.4 5.7 6.2 3.0

15.2
23.5
33.1

d
4

2

C
(
t

m
o
s
s
T
l
fi
R
d
e
t
m
i

s
s
h
N
e
i
m
2
C
p
o
m
t
r
p
t
i
d
m

(
a
i
d

−0.03 MPa pressure (2.5 pF) 31.1 19.6
−0.006 MPa pressure (1.8 pF) 41.8 30.8
−0.0004 MPa (0.6 pF) 53.7 41.7

uctivity. The total depth of the soil profile in the COUP-model was
m with a layer thickness of 10 cm in the upper 1.5 m.

.6. Model of the soil C/N pools and of the crop

We used the SPN model, which integrates the simulation of soil
and N processes by a modified version of the SOILN NO model

Vold et al., 1999) with the dynamic simulation of plant growth by
he KONOR model (Bleken, 2001).

The soil C and N pools considered by the model are humus,
icrobial biomass, two plant litter pools, and faeces (i.e. solid

rganic matter of the slurry), all with first order decay rate con-
tants and partitioning factors (i.e. yield of microbial biomass and
hare of decaying biomass turned into stable humus, Appendix A).
hese parameters were primarily estimated by optimisation against
aboratory incubations (Vold et al., 1999; Korsaeth et al., 2001) and
eld experimental data from Norway (Korsaeth et al., 2002, 2003).
ecent modifications of our model include implementation of the
enitrification module (NGAS) of the DAYCENT model (Del Grosso
t al., 2000), and an emulation of tillage effects on the N mineralisa-
ion. The latter was done by transferring (at tillage) a fraction of the

icrobial C and N to a separate litter pool with fast decay, resulting
n a transient extra net N mineralisation immediately after tillage.

To ensure a reasonable baseline mineralisation potential of the
oil simulations, the initial pool sizes were adjusted based on mea-
ured soil organic C and N, simulations of the recent cultivation
istory of the Karkendam field, and the observed N dynamics (plant
uptake and soil mineral N) of the unfertilised plots of the field

xperiment. These adjustments were done stepwise. Firstly, the
nitial pools of humus C and N in the top soil were set to 75% of

easured total soil organic C and N, assuming that the remaining
5% is practically inert (Petersen et al., 2005). Secondly, the initial
and N in microbial biomass, residual manure and the two litter

ools were assessed by simulation of the recent cultivation history
f the site (40 m3 ha−1 manure to annual crops, i.e. grains and silage
aize, over the last 5 years). The values reached through simula-

ions for 10 years were then used as initial values (online), and the
esults were inspected regarding the ability to predict the observed
lant N and soil mineral N of the unfertilised plots. Adjustments of
he simulated N mineralisation were then tried out both regarding
nitial pool size of the residual organic manure and of the slowly
ecomposing litter pool, and by changing the tillage-induced net N
ineralisation.

The original spring barley module is documented by Bleken

2001). Essentially it is a ‘one leaf model’, the albedo is neglected
nd the absorption of photosynthetically active radiation (PAR)
s simulated as radiation extinction according to Beer’s law. The
aily biomass increase is the product of the absorbed PAR and the
11.7 29.6 30.6 11.8
20.5 34.5 38.0 24.0
32.2 36.4 39.9 35.9

radiation use efficiency (RUE, dry matter increment per absorbed
PAR (g MJ−1)). This ‘potential’ growth is limited by drought (ratio
of actual to potential transpiration), and the N status of the plant.
The daily partitioning of the biomass increment to the roots is
modelled as a linear decreasing function of the crop phenological
age, and it increases in the case of drought or N deficiency. The
phenological age is modelled as temperature function, with distinct
base temperatures and temperature sums for plant emergence
after sowing, flowering (silking), and silage maturity.

The nitrogen state of the plant is defined by the concept of criti-
cal N concentration (Greenwood and Draycott, 1989), the maximum
and the (tentative) minimum concentration curves, all of them
being exponentially decreasing functions of the standing plant
biomass DM (in g DM m−2) according to the equation:

Nconc =
{

˛ · (ˇ)−�
∣∣DM ≤ ˇ

˛ · (DM)−�
∣∣DM > ˇ

where Nconc is the N concentration in percent. For the critical N con-
centration curve, the parameters estimated in advance by Plénet
and Lemaire (1999) and Herrmann and Taube (2004) were used.
However, the range of possible maximum and the (tentative) mini-
mum concentration was narrowed by shifting the minimum curve
upwards and the maximum curve downwards (Appendix A). Both
mass transport and diffusion to the root surface of soil mineral N
(ammonium and nitrate) are included in the model.

A calibration and adaptation of the function for RUE was nec-
essary, since maize is a C4 and barley a C3 plant, and also due to
the different crop architecture. As a first approximation, we esti-
mated the shape of the RUE function by regression analyses of total
biomass increments (observed above ground plus estimated root
biomass) for periods fulfilling the following conditions: no drought,
simultaneous determination of biomass and leaf area index (LAI),
N content above 95% of the critical concentration and harvest-
ing intervals no longer than 2 weeks. Only some of the samples
collected in 1998 and 1999 fulfilled these conditions. Since there
were no measurements of the root biomass, its amount was esti-
mated assuming that the translocation of new assimilates to roots
decreases linearly with phenological age, starting with 55% at plant
emergence and reaching zero at silking. It was found that irradi-
ance had a statistically significant negative linear effect on RUE
while, as expected, air temperature had a significant positive lin-
ear effect (Table 2). In a second phase, the possibility of improving

the parameters was investigated. The Levenberg–Marquardt algo-
rithm (Marquardt, 1963) for least-squares estimation of non-linear
parameters was applied in the SPN model in order to select the RUE
parameters which gave the best biomass prediction of treatment
T4; this was the only fertilised treatment with repeated biomass
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Table 2
Parameters in the radiation use efficiency (g DM (MJ PAR)−1) function RUE = ˇ0 + ˇ1·Globrad + ˇ2·(Temp − 6), where Globrad is the incident global radiation (MJ m−2 day−1)
and Temp the average daily temperature (◦C). Parameters were either estimated by regression analysis of selected observed DM increments, or by optimisation of SPN versus
observed aboveground dry matter of treatment T4 (see Section 2 for explanation).

Estimated by: No. ˇ0 ˇ1 ˇ2 R2

Regression analysis, selected data 1998–1999 50b 2.90 (±0.39) −0.093 (±0.030) 0.261 (±0.046) 0.42
L 3.48
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groundwater level (January 1999–December 2001) and measured
soil water content at 10 cm depth increment from January to June
1999. The fit between measured and simulated groundwater level
is quite good with exception of the winter period 2000/2001. The
delay in increasing ground water level from October (measured) to
evenberg–Marquardt optimisation of SPN versus T4, 1997–2001 48a

a Number of observations.
b Number of growth intervals used. Four intervals were eliminated as outliers.

ampling during all the 5 years of the trial. The optimisation proce-
ure resulted in a lower effect of both irradiance and temperature
n RUE (Table 2).

Similarly the algorithm describing the LAI (green leaf area index)
eeded modification as well. A subset of the data, those with
imultaneous determination of the LAI, biomass and nitrogen (data
vailable only in 1998 and 1999) was used to estimate the algo-
ithm for LAI up to flowering, by means of non-linear regression. It
as found that while in barley LAI was best described as a function
f both standing biomass and nitrogen, in the present maize data
AI was a Michaelis–Menten function of standing biomass only:
AI = DMtop/(39 + 0.19·DMtop), with DMtop in g DM m−2, n = 83 and
2 = 0.97.

Apart from these two modifications, model algorithms remained
nchanged, but parameters were adjusted to maize characteristics.
he base temperatures and temperature sums in the phenologi-
al age function for the periods sowing to plant emergence, plant
mergence to silking, and silking to silage maturity were based on
arameters from Van Keulen et al. (1982). The extinction coefficient
for PAR absorption was set to a value of 0.65, which is in good

greement with studies by Cabelguenne et al. (1999) and Lopez-
edron et al. (2005). The parameters for the root distribution in
he profile were chosen so that at silking nearly 90% of the roots
ere within the upper 30 cm of the soil profile (ploughing depth),

nd the maximum root depth was 0.7 m. This is supported by Qin
t al. (2006), who found most of the roots to be within the upper
5–40 cm. The root diameter was set to 0.3 mm according to Costa
t al. (2002) and Qin et al. (2006), and the specific root length was
xed to 110 m g−1 root DM based on Florijn et al. (1993) and Lipiec
t al. (1993).

Finally, three parameters were selected by visual fitting of the
imulated curves to observed data. These were (i) the factor modify-
ng the influence of N deficiency on RUE, which was set higher than
or barley, (ii) the rate of LAI decrease after flowering, and (iii) the
henological age at which the maximum uptake rate of nitrate and
mmonium per root length starts decreasing. See Appendix A, and
nline) supplementary information for the whole list of parameters
nd initial values used.

.7. Evaluation of model performance

Statistical measures of model performance have major limita-
ions, therefore it is recommended to include graphical inspection
f the results as well as a number of statistical indices (Willmott,
984; Loague and Green, 1991). Plots of simulated and observed
alues against time are extremely useful for evaluating dynamic
odels. Due to the large number of treatments, a detailed pre-

entation of the simulation results over time will be restricted to
elected treatments. For a comprehensive evaluation of the model
bility to predict treatments effects, scatter plots of all observed

Oi. average of 4 crop samples or 2–4 soil samples) versus pre-
icted values (Pi) at time i were used. In absence of systematic
odel errors, points (O, P)i are distributed randomly around the

:1 line. Deviations from this line have been estimated by means
f a linear regression model O = a + bP + E, where O, P and E are the
−0.050 0.082 Non-applicable

vectors of the observed values, of the model predictions and of the
errors, respectively (see Piñeiro et al., 2008 for a discussion). Sub-
sequently, t-tests were used to estimate the statistical probability
of a = 0 and b = 1. Additionally, we used the modelling (or forecast-

ing) efficiency EF = 1 −
∑n

j=n(Oi − Pi)
2/

∑n
j=1(Oi − Ō)

2
, the index of

agreement d = 1 −
∑n

j=1(Oi − Pi)
2/

∑n
j=n(|Pi − Ō| + |Oi − Ō|)2

and

mean absolute error MAE = ∑All i|Pj − Oj| as goodness-of-fit indices
(Willmott, 1984).

3. Results

3.1. Ground water level

The COUP-model was parameterised against the measured
Fig. 1. Time course of simulated and observed ground water level (above) and of
soil water content at 50–60 cm depth (below). Observations are means of four mea-
surements.
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ebruary (simulated) is difficult to understand and a local shower,
ot registered at the weather station cannot be ruled out (Fig. 1).

For the one period with soil moisture measurements, simulated
oil water content at 30–40 cm and 50–60 cm tended to be lower
han the observed in January and February, while the trend was
pposite in the spring (illustrated for the 50–60 cm depth in Fig. 1).

.2. Calibration of the soil N supply to the crop

The calibration of the soil C/N model against the N uptake in
nfertilised plots resulted in overall N mineralisation which fits
easonably well with the measured uptake in the plants (Fig. 2),
oth regarding the inter-annual variation, and the two distinct
hases of N uptake rates: a rapid increase of plant N early in the
rowth season, followed by a more moderate increase afterwards.
he simulation of the two distinct phases of N uptake could only be
chieved by assuming that ploughing resulted in substantial tran-
ient increase in net N mineralisation, which was simulated by a
lough-induced transfer of 10% of the microbial biomass to a rapidly
ecomposing pool (decay rate 0.25 day−1), see Appendix A. The suc-
essful simulation of the observed gradual decline in N uptake in
he unfertilised plots through the first 3 years depends on relatively
igh initial microbial biomass and faeces N, which decreased sub-
tantially due to the low productivity of the unfertilised treatment.
he enhancement of microbial decomposition after a frost–thawing
vent was also considered but discarded as it failed to provide the
bserved early rapid N assimilation by plants after a frost-free win-
er.

Another conspicuous phenomenon of the yield and N uptake
n the unfertilised plots is the relatively large variability between
eplicates, particularly in the first year 1997. We hypothesised that
he variability could have been caused by uneven distribution of
lant and manure residues from foregoing years, as well by the large
ariation in the organic matter content of the soil. This was tenta-
ively explored by running the models with different initial values
or litter, faeces and microbial biomass, which demonstrated that
he observed extremes for 1997 could be successfully simulated
ith realistic variations of the initial values, and that replicates
ould converge towards more similar N levels through the second

nd third year, as observed (results not presented). In the year 2000,
owever, the difference between replicate plots reappeared, seen
s variable plant N yields and highly variable mineral N in the soil
hroughout the autumn 2000 and early spring 2001 (Figs. 2 and 6).
his was tentatively ascribed to the relatively dry growth season in
000. Slight differences in soil water availability between replicates
ould variably impair both plant growth and the mineralisation of

oil organic matter. Drought could cause high variation between
eplicates of fertilised plots as well, as indeed observed for the T4
reatment in year 2000 (Fig. 2). However, no attempts were made
o simulate such variable soil water retention.

.3. Crop dry matter, nitrogen yield, and nitrogen concentration

The two parameter sets for the RUE function (Table 2) resulted
n similar overall model performance (observed versus simulated
ata, see Section 2.6), although they competed differently for some
reatments in single years. Only the results fusing the parameters
ptimised for treatment T4 are presented here.

A detailed presentation of the simulation results over time is
iven for a selection of treatments, namely no fertilisation (T1),
50 kg N ha−1 as mineral fertiliser (T4), 20 m3 ha−1 slurry (T21),

nd 150 kg N ha−1 as mineral fertiliser plus 40 m3 slurry (T44). Dry
atter (DM, not presented) and N yield at silage maturity decreased

fter the first year (1997) in treatment T1 (Fig. 2). This treatment
nd the one receiving the lower animal manure and no mineral

fertiliser (T21, Fig. 2) were characterised by an early rapid N
nomy 30 (2009) 283–295 287

uptake which slowed down considerably around silking, as men-
tioned already. This was not the case for treatments T4 and T44,
where N uptake remained sustained throughout most of the grow-
ing period and both the final DM and N yield showed moderate
variation among years. The model simulations adequately matched
these differences.

A plot of all observed values versus predicted shows that the
model was able to reproduce the changes of DM and N accumu-
lation over time fairly well for all treatments (Fig. 3), as indicated
by the high goodness-of-fit indices (EF = 0.98 and 0.93, d = 0.99 and
0.98 for DM and N, respectively) and MAE of 63 g DM m−2 and 1.1 g N
m−2. The regression analysis (O = a + bP + E), suggests that the model
predictions were adequate and close to the ideal line 1:1, as the
parameters a and b did not differ significantly from 0 and 1, respec-
tively. A possible inadequacy of the model to capture the contrasts
between years was investigated by introducing years as dummy
indicator variables in the regression analysis. This is equivalent to
a statistical analysis of the residuals distribution. There was a sta-
tistically significant but very small effect of years (for DM and N,
respectively: 1.4 and 0.4% of the total sum of squares), as it can be
noticed from the graphs (Fig. 3).

The maximum yield was attained with an annual fertiliser dose
of 150 kg N ha−1 (T4). An additional application of 20 or 40 m3 ha−1

animal manure did not raise the observed yield further, but the
lower slurry application (T24) increased the N uptake and this was
adequately simulated by the model (data not shown). The simulated
DM at the end of each growing season fits well with observations,
while the simulated N yields tend to be higher than observed (Fig. 4,
EF = 0.78 and 0.69, d = 0.94 and 0.93 for DM and N, respectively). The
MAE for DM and N yield at maturity was 107 g DM m−2 and 2 g N
m−2, equivalent to 7 and 14% of the average biomass and N yield,
respectively. As for the whole season growth curves, the regression
analysis showed no significant intercept and the slope b was not
significantly different from 1.

With respect to the N concentration in the plant DM, a good
fit was found for early growth stages, whereas at silage maturity,
simulations overestimated the observed values of the samples with
higher N concentration (Fig. 5). The discrepancies were mainly for
the treatments receiving slurry in addition to a large dose (100
or 150 kg N ha−1) of fertiliser. In spite of this bias, the model
reproduced most of the variation in N concentration at harvest
(d = 0.82 and MAE = 0.12, but notice the low modelling efficiency
EF = 0.18).

3.4. Soil mineral N and nitrate concentration in the soil solution

Soil was sampled only in the spring and autumn, at times when
the observed mineral N content was low, on average 2.1, 2.2 and
1.8 g N m−2 in the 0–30, 30–60 and 60–90 cm layer, respectively,
and totally 5.7 g N m−2 in the whole profile (0–90 cm). The average
predicted mineral N contents were slightly lower (1.1, 1.4 and 1.9 g
N m−2, totally 4.4 for the whole profile). As a whole, the observed
low mineral N contents in the 0–30 cm layer were reasonably well
predicted by the model (Fig. 6). The observed mineral N at 30–60 cm
depth showed larger variation, such as the high values for T44 com-
pared to the other treatments throughout the 5 years. To a variable
extent, these contrasts were adequately simulated. On the other
hand, the model failed regarding the relatively high mineral N in
the autumn 1999 for T4, and in 2000 for the treatments with no
or low dose manure. Partially as a consequence of these inade-
quacies, but also because observations were available only for a

very limited range of expected values, the goodness-of-fit was low
(EF = −0.75, d = 0.67, MAE = 1.85). In the 60–90 cm soil layer the early
spring and late autumn mineral N content was low and relatively
constant (mainly in the 0.7–3.0 g N m−2 range) irrespective of large
applications of mineral fertiliser and animal manure (not shown).
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Fig. 2. Predicted (lines) and observed (symbols) nitrogen in shoots for treatment T1 (no fertilisation), T4 (150 kg N ha−1 mineral fertiliser), T21 (20 m3 slurry), and T44 (40 m3

slurry plus 150 kg N ha−1 mineral fertiliser) on continuous forage maize plots. Observations are values of single replicates.

Fig. 3. Observed versus predicted shoot biomass (g DM m−2) and nitrogen (g N m−2), during the growing season (all sampling dates, treatments and years). Model performance
is characterised by modelling efficiency (EF), index of agreement (d), mean absolute error (MAE), and linear regression of the observed versus predicted values. The dashed
line gives the bisecting line and the continuous line the linear regression. Observations are means of four replicates.
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manure residue in spring 2002 was about the same as the initial

F
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ig. 4. Observed versus predicted biomass yield (g DM m−2) and nitrogen yield (g N

he model predictions were in the bulk-part of the observed val-
es, but the model was not able to account for the small variation
ithin this restricted range (EF = −2.7, d = 0.33, MAE = 0.9; data not

hown).
Ceramic suctions cups were put into place after harvest and

ampling of the soil solution could start only when the autumn
recipitation had restored soil moisture. The first autumn samples

n particular, but not only them, were thus sucked under typically
nstable situation, at a time when water moved between soil layers,
nd nitrate concentration decreased very rapidly, as shown both
y the observed and the modelled values (Fig. 7). This fact com-
ined with the wide spatial variability of the soil texture and humus
ontent is reflected in the large variation between replicates, par-
icularly in the first samples after a growing season. The measured
itrate content in the soil solution was reasonably well simulated

or all treatments through the first 3 years of the experiment. In

he winter 2000–2001, however, the measurements showed higher
alues and larger variability, and the predictions were often lower.
his winter was preceded by a dry summer and dry autumn, during
hich slight differences in soil water availability may have caused

arge variation between replicates, both regarding mineralisation

ig. 5. Observed versus predicted N concentration in the shoot (g N/100 g DM) througho
ears. See capture of Fig. 3 for more details.
at silage maturity (all treatments and years). See capture of Fig. 3 for more details.

rate and plant growth. If this period is omitted (80 out of 495 obser-
vations), the agreement between observed and simulated nitrate
concentration of the soil solution is satisfactory (Fig. 8).

3.5. Estimated changes in soil C and N pools and N losses through
leaching and denitrification

The model estimated a decline of the soil organic pools (humus
and microbial pool) ranging from 7.1 g N m−2 year−1 (0.5% of the
measured soil organic N) on the unfertilised control (T1) to 2 g N
m−2 year−1 (0.15% of the measured soil organic N) on the heavily
manured and fertilised treatment (T44). The corresponding esti-
mated organic carbon loss was 66 and 27 g C m−2 year−1 for T1 and
T44, respectively. In addition, in the latter treatment the organic
value (6 g N m−2) at the start of the simulation 5 years earlier, while
it was nearly zero in the control. For a more realistic fertilisation
regime (20 Mg ha−1 manure and 75 kg N ha−1) the model predicts
an annual carbon loss of 37 g C m−2 (about 0.2% of the soil organic
carbon).

ut the vegetation period (left) and at silage maturity (right), for all treatments and



290 M.A. Bleken et al. / Europ. J. Agronomy 30 (2009) 283–295

Fig. 6. Predicted (lines) and observed (symbols) soil mineral nitrogen content versus time, for treatments T1 (no fertilisation), T4 (150 kg N ha−1 mineral fertiliser), T21 (20 m3

slurry), and T44 (40 m3 slurry plus 150 kg N ha−1 mineral fertiliser) on continuous forage maize plots. Observations are values of single replicates.

Table 3
Predicted average annual leaching, denitrification, and changes in soil organic N.

Treatment N application, g N m−2 Annual values, g N m−2 year−1

N fertiliser Manure Na NO3 leachb Denitrification Delta SONc

T1 0 0 3.12 1.7 −7.15
T2 5 0 2.83 1.74 −4.91
T3 10 0 3.12 1.82 −4.09
T4 15 0 3.76 1.91 −3.73
T21 0 6.28 3.06 1.81 −4.16
T22 5 6.28 3.16 1.88 −3.12
T23 10 6.28 3.71 1.97 −2.76
T24 15 6.28 5.40 2.11 −2.60
T241 0 12.56 3.12 1.88 −2.64
T42 5 12.56 3.38 1.97 −2.10
T43 10 12.56 4.76 2.12 −1.93
T44 15 12.56 7.52 2.28 −1.87

a Averaged values, as N content in the slurry varied from year to year.
b Nitrate-N leached below 1.2 m depth.
c Changes in soil organic nitrogen in the microbial and active humus pools (changes in faeces not included).
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ig. 7. Predicted (lines) and observed (symbols) nitrate concentration in soil solut
ineral fertiliser), T21 (20 m3 slurry), and T44 (40 m3 slurry plus 150 kg N ha−1 mi

44. Observations are values of single replicates.

The simulated annual loss of nitrate through leaching plus den-
trification was 4.5–5.7 g N m−2 year−1 for treatments without

anure and manured plots with low mineral N levels. Higher N
osses were simulated for combinations of high mineral N and

anure (7.5 and 9.8 g N m−2 year−1 for the treatments with T24
nd T44). Leaching accounted for 60–76% of these losses. Details
re provided in Table 3 and in Appendix B, which also demonstrate
he simulated N mass balance for all treatments.

. Discussion
.1. Impact of RUE estimation on model performance

In the SPN maize-model, the radiation use efficiency is cal-
ulated daily as an increasing function of temperature and a
g NO3-N l−1) versus time, for treatments T1 (no fertilisation), T4 (150 kg N ha−1

fertiliser) on continuous forage maize plots. Note the change in scale in treatment

decreasing function of global radiation: RUE = ˇ0 + ˇ1·Globrad + ˇ2·
(Temp − 6) (Table 2). The estimation of ˇ1 and ˇ2 based on observed
crop growth is problematic since air temperature and irradiance
are correlated. This is illustrated in Table 4: average temperature
and global radiation during the five growing seasons (emergence to
harvest) varied together, and average RUE values (range 3.43–3.55)
were almost the same. However, the relationship between radia-
tion and temperature changes within the growing season: radiation
was most intense in the spring, then it decreased gradually and
in September it was about half as intense as in May, while tem-

perature was still relatively high. As a consequence, the estimated
RUE was higher in September than in late May (Table 4). Taking the
average daily temperature (15.6 ◦C) and average daily global radia-
tion (15.5 MJ m−2) during the five growing seasons, an average RUE
can be calculated of around 3.49 g DM (MJ PAR)−1, which is in the
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Table 4
Temperature and global radiation during the growing period (plant emergence to silage harvest) averaged by year or month, and mean radiation use efficiency (RUE: g DM
(MJ PAR)−1) for the same periods, estimated by model optimisation versus treatment T4, or by regression analysis on a selected subset of the data.

1997 1998 1999 2000 2001 Mean

No. of days (duration of the growing period) 115 137 117 138 126 126.6
Average temperature (◦C) 17.6 14.1 16.7 14.4 16 15.6
Average global radiation (MJ (m2 day)−1) 17.7 13.3 16.9 14.7 15.7 15.5
RUE, parameters optimised versus T4 3.55 3.48 3.51 3.43 3.52 3.49

May June July August September

No. of days (sum 1997–2001) included 46 150 155 155 122
Average temperature (◦C) 13.5 14.7 16.7 17 14.8
Average global radiation (MJ (m2 day)−1) 18.8 17.8 17.4 15.3 9.9
R 3.3
R 3.5
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UE, parameters optimised versus T4 3.16
UE, parameters estimated by regression 3.13

id range of that reported by other authors (Otegui et al., 1995;
indquist et al., 2005; Awal et al., 2006). However, a comparison is
ifficult due to different assumptions and methodologies in the way
f estimating the amount of absorbed PAR (Lindquist et al., 2005),
nd root biomass production, included in this study, is normally
mitted.

We checked the consequences of using a constant average RUE
s calculated earlier (3.49 g DM (MJ PAR)−1). The overall model pre-
iction of crop yield and N uptake did not change much compared to
he results presented, which suggests that the influence of tempera-
ure (positive) and irradiance (negative) could be removed from the

odel, in accordance with the principle that the simplest model is
referable. There are, however, some reasons for keeping them. One

s that the repeated optimisation procedure consequently chose a
ositive factor for temperature and a negative one for radiation,
o matter which field treatment was used. During the field trial,
easonal averages varied from 13.7 to 16.3 ◦C. A positive effect of

emperature on RUE in the range of 15–19 ◦C has been documented
y Andrade et al. (1993). Furthermore, from photosynthesis stud-
es of single leaf it is well known that CO2 assimilation per unit of
bsorbed PAR decreases with irradiance (e.g. Sinclair et al., 1992).

ig. 8. Observed (suction cups placed ad 60 cm) versus predicted nitrate concen-
ration in the soil solution (mg NO3-N l−1) of the 50–60 cm layer, including all
reatments and years. Observations are mainly means of two or three replicates.
our observations outside the scale range are not shown but included in the statis-
ics. The model predicts badly the 80 samples taken from December 29 in 2000 to
pril 10 in 2001, following a dry period in summer 2000: statistics shown on the
raphs do not include this period. Statistics for all observations are: EF = 0.13, d = 0.63,
AE = 7.5, Y = 6.29 + 0.82X, R2 = 0.24, n = 495.
0 3.49 3.62 3.71
3 4.09 4.36 4.29

In a canopy with several leaf layers RUE is less dependent on irradi-
ance, and the light saturation occurs at higher irradiance than for a
single leaf. Nevertheless, a negative effect of irradiance is not unex-
pected, since on cloudy days, when irradiance is lower but more
diffuse, light penetrates better into the canopy than on clear sunny
days (Roderick et al., 2001). Since one of the purposes of the SPN
model is to use it in explorative studies of future climate scenarios,
which can result in changed temperature–global radiation combi-
nation, it seems advantageous to maintain temperature and global
radiation as explicit terms of the RUE equation. The ambiguity iden-
tified suggests that RUE estimation can be a substantial source of
uncertainty outside the dominating temperature/global radiation
regime of the main growing season. This may not be a problem for
prediction of crop yields, since most of the productivity takes place
during the central growing season. For other applications, however,
such as the estimation of nitrate leaching during late autumn, a
correct estimation of plant growth and N assimilation off-season is
absolutely crucial (Korsaeth et al., 2003).

The fact that the N effect (present in barley) had to be removed
from the LAI algorithm, while the direct effect of N on RUE was
raised (see methods) is in agreement with reports by Vos et al.
(2005).

4.2. Root growth

A correct simulation of the root biomass and its N content is
of primary importance for a correct simulation of the soil organic
matter and soil mineral N dynamics, hence nitrate leaching. Since
the model does not consider root decay before grain maturity, the
maximum root biomass, which is attained shortly after anthesis,
is retained until harvest. The average simulated root dry matter
at silage maturity (range 240 (T1) to 390 (T4) g DM m−2, 5 years
averages) is compatible with values observed by Karrasch (2005)
at the same experimental site, and coincides with the mean value
of 31 g root DM plant−1 reported by Amos and Walters (2006) as
an average of 45 maize studies. The simulated root/shoot ratio was
0.65 or more soon after plant emergence and gradually decreased
to 0.27 (T1, plants with severe N deficiency) and 0.21 (most treat-
ments) at silage maturity, close to the value (0.22) reported for
maize by Grignani et al. (2007). The N concentration in the roots
predicted by the model at harvest was about 1.5% of DM, totalling
to about 5.5 g N m−2 (range 3.6–6.2 depending on the treatment,
average of 5 years). This is in the upper range (1.0–1.5% of DM) of the
N concentration found by Hikam et al. (1991) in actively growing

maize roots, but in the lower range of values in roots of sorghum
at maturity (1.5–1.9% of DM, depending on soil depth, Sainju et al.,
2005). Our conclusion is that the simulated root biomass and its
N content are in reasonable agreement with relevant observations
elsewhere.
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.3. Validation of soil mineral N predicted by the model

No soil sample was taken in the early summer period, when
oil mineral N content was often predicted to be high or very high.
he poor goodness-of-fit indices for the soil mineral N content is
robably a consequence of the fact that samples were taken in the
utumn and spring, when differences between treatments were
mall, and only in the lower range of the expected values. The nat-
ral soil variability contributes to mask the analysis. As an example
he standard deviation of the 171 sample means (each based on
our replicates) can be estimated to about 1 g N m−2 (0–60 cm)
nd to 1.7 g N m−2 (0–90 cm) (assuming homoscedasticity of treat-
ents and sampling dates). A rough 75% confidence interval for

he true soil mineral content is given by adding or subtracting the
ouble of the standard deviation from the observed mean values. A

arge part of the model-predicted values falls within these intervals.
or the validation of the model, sampling of a few key treatments
to reduce costs) more evenly distributed in time, including peri-
ds when soil mineral N is expected to be high, would have been
referable.

.4. Soil carbon and nitrogen fluxes

Various experiments have shown an increase in mineral N
hortly after tillage, amounting to 0.5–0.7% of total soil organic
, accompanied by only marginal increases in CO2 evolution

Thomsen and Sørensen, 2006), thus suggesting that a pool with
ow C/N ratio is decomposed. The inclusion of a ploughing effect
s done in our model (transfer of a fraction of microbial biomass
o litter) effectively achieves this; the microbial biomass pool has a
ow C/N ratio of 6 and ‘killing’ 10% of this pool (which contains
bout 4% of total N in the soil) results in a net N mineralisa-
ion in the same order (0.3–0.4% of the total N in the soil). This
ffects the seasonal distribution of N mineralisation rather than
he overall annual mineralisation (transfer of biomass C and N
o the litter pool bypasses humification, i.e. the stabilisation of

fraction of decaying biomass to the humus pool). Similarly,
üller et al. (2006) recognised the need to include in the DAISY
odel a transient increase in net N mineralisation shortly after

illage.
The estimated changes in soil organic C and N through the 5

ears experimental period are within the observed ranges in long-
erm field trials (e.g. Uhlen, 1991). Our simulated annual carbon
osses for the mineral fertiliser treatments were about 50 g C m−2

er year, which is around 0.5% of measured soil organic C. In com-
arison, Riley and Bakkegard (2006) reported a 1% year−1 decrease
or Norwegian soils predominantly managed with spring barley
r winter wheat. Similar values have been observed in a long-
erm trial with manured maize in monoculture (30% decline in
oil organic C in 27 years) by Vertès and Mary (2007). For a real-
stic fertilisation regime with 20 Mg ha−1 manure and 75 kg N ha−1

hemical fertiliser, the predicted annual carbon loss (37 g C m−2)
s less than the standard loss of 56 g C m−2 from maize fields
ssumed by the German Cross Compliance regulations (BMELV,
006).

After 5 years the predicted organic C content in the plough layer
f T44 exceeded that of T1 by 0.055 g C (100 g soil)−1. This is a
onservative estimate compared to a positive difference of 0.15 g C
100 g soil)−1 after 5 years with manure application, relative to no
nimal manure, observed on a Danish sandy loam with low (about
%) initial carbon content and cultivated with small grain cereals

Schjønning et al., 2007).

As shown in the graphs (Figs. 2 and 6), plants absorbed most
f the mineral N available in the soil. Nevertheless the estimated
eaching and denitrification loss for the unfertilised control was
ignificant (3.1 + 1.7 = 4.8 g N m−2 year−1). Lower initial manure
nomy 30 (2009) 283–295 293

residues in the soil and lower humus decay rates would have
resulted in less leaching and denitrification, but then the N uptake
and biomass production on the treatments without chemical fer-
tiliser would have been underestimated. Notice that according to
the model simulation, leaching occurred almost exclusively outside
the maize growing season.

4.5. Adaptation of the plant model to a different genotype

A model is essentially a simplification, both because of lack of
knowledge and for the necessity to abridge complexity in order to
concentrate the attention on the main objective of a study, which
in this case is the combined prediction of silage yield (biomass and
nitrogen) as well as soil organic matter turnover (soil carbon and
nitrogen dissipation). Our approach has been to adapt an existing
barley model to maize, by modifying the functions for LAI and RUE
based on a selection of empirical data. Unfortunately we did not
have local measures of the PAR extinction coefficient for the maize
hybrid used.

Recently, Yang et al. (2004) have suggested improving the
CERES-maize model, by replacing the use of RUE (biomass incre-
ment per unit of absorbed photosynthetic energy) with a more
physiologically based and thus supposedly more generic approach,
as originally proposed by pioneers of plant modelling, see Amthor
(2000) for references and a general discussion. The method esti-
mates gross photosynthesis, subtracts maintenance respiration
and thereafter calculates the yield based on varying energy costs
(growth respiration) of the biochemical constituents. However, a
mechanistic photosynthesis-respiration model requires detailed
insight in these processes as well as in the biochemical composition
of different organs, and still neglects other important processes (e.g.
phloem uploading). As for CERES-maize, ‘excess assimilate is par-
titioned to roots’ (Yang et al., 2004). The use of roots as a recipient
for ‘excess assimilates’ lacks physiological fundament and it does
not contribute to the exploratory power of the model. A legitimate
question is whether lack of detailed information as required by a
more generic mechanistic approach limits its general adaptation
to new environments and genotypes; in such a case the approach
used in this work can be a reasonable and more transparent alter-
native. This comment does not dispute the superior explanatory
power of the mechanistic modelling of photosynthesis and respi-
ration.

5. Conclusions

The plant modelling strategy chosen, i.e. using part of the
locally available data to empirically assess the radiation use effi-
ciency, proved successful and facilitated the parameterisation of a
model to novel crop and climate situations. However, more refined
empirical data outside the central growth season are needed.
Simultaneous assessment of the LAI, the extinction coefficient for
photosynthetically active light and of the biomass increments over
short periods (upto a week) are recommended in order to ensure
that the RUE is calculated on correct estimates of the absorbed
energy.

For a successful plant-soil carbon and nitrogen modelling it is
important that root biomass is correctly included in the estimate of
the radiation use efficiency: both root DM and N modelled in this
exercise were realistic.

In spite of the limitations and imperfections presented, the mod-
ified SPN model can be a suitable tool for exploring the possibility

of future maize production in Norway, under expected warmer cli-
mates which may resemble past climate in Northern Germany, as
well as for evaluating the likely consequences of a range of fertil-
isation practices, including slurry application, on the soil N and C
balances and emissions.
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Appendix A (Continued )

Others
TEMQ10 2.0 Q10, temperature response to 10 ◦C change
UPMA 0.1 Maximum fraction of available mineral N

assimilated by microorganisms per day
NITK 0.1 Specific nitrification rate (day−1)
NITR 10.0 NO3-N:NH4-N ratio in the nitrification function
LIT SURFRES 0.02 Daily fraction of dead plant residues on soil

surface that decays into litter
LITA PLANT 0.20 Share of LIT SURFRES distributed to litter A

Plant parameters for maize
Phenological development (FdX)

TBASEF1 +9.00 Base temperature sowing to plant emergence
(◦C)

TBASEF2 +6.00 Base temperature plant emergence to silking
(◦C)

TBASEF3 +7.00 Base temperature silking to ripeness (◦C)
SF1 70.0 Temperature sum for development phase

sowing to emergence (◦C·day)
SF2 800.0 Temperature sum for development phase

emergence to silking (◦C·day)
SF3 500.0 Temperature sum for development phase

silking to ripeness (◦C·day)
FD1 1.0 Phenological limits: emerged
FD3 2.0 Phenological limits: heading
FD5 3.0 Phenological limits: ripeness

Parameters for dry matter production
KLAIG 0.65 Extinction coefficient (in Beer’s law)
PSIV 0.48 Conversion factor from global radiation to PAR
KAPPA 3.0 Constant in g(N) modifying effect of N status

on RUE
EPS FDX 2.5 FdX at which RUE starts to decrease (to 0 at

ripening)
WS 3.2 Dry matter in seed (10 seeds per m−2) (g m−2)
GL 0.3 Germination loss. The fraction of WS lost

during germination
NS 0.1 Nitrogen content in seed (g m−2)

Parameters for calculation of leaf area index
Q1 M 39.2 Parameter for green leaf area index LAIG up to
94 M.A. Bleken et al. / Europ.

This study illustrates also the need to properly design the sam-
ling of the data used in model validation. With respect to soil C
nd N dynamics, a better assessment of the soil initial state (includ-
ng management history) and a more even distribution of sampling
ates for sampling the soil mineral N and nitrate concentration in
he soil solution would have been preferable.
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ppendix A. Selected model parameters

(The complete list of model parameters, initial values and model
witch used in the model simulations are provided as supplemen-
ary information online)

Parameters of the critical, minimum and maximum N concen-
ration curves (Ncritical, Nminimum and Nmaximum as percentage of DM,
hich is given in g m−2)

concentration =
{

˛ · (ˇ)−�
∣∣DM ≤ ˇ

˛ · (DM)−�
∣∣DM > ˇ

he Nminimum curve for shoot, however, cannot take values lower than 0.4.

ˇ ˛ �

hoot
Ncritical 100 18.5 0.368
Nminimum 100 27.0 0.560
Nmaximum 75 30.0 0.420
oot
Nminimum 60 2.5 0.1
Nmaximum 60 4.8 2.5

arameters related to soil profile.

NLAY 12 Number of soil layers in the profile, to 1.2 m
depth

LOUDEPTH 0.30 Ploughing depth (m)

arameters for soil C and N pools
Decay rates at reference temperature of 15.0 ◦C

HUMK 6.00E−05 Decay rate of humus C (day−1)
MICK 0.003 Decay rate of biomass (day−1)
FECK 0.005 Decay rate of faeces in animal manure (day−1)
LITK A 0.13 Decay rate for litter A (readily decomposing

litter) (day−1)
LITK B 0.03 Decay rate for litter B (slowly decomposing

litter) (day−1)
LITK F 0.25 Decay coefficient of the LITF (of microbial

biomass transferred to this pool at ploughing)

C/N ratios
CNORG 5.34 C/N of newly synthesised microorganisms

when N is non-limiting
CNHUM 10 C/N ratio of humified product of biomass
CN FAECES 4.8 C/N in applied faeces

Growth yields
FECEFF 0.5 Microbial growth yield when decaying faeces
LITEFF 0.3 Microbial growth yield efficiency
FECHF 0.5 Humification fraction of decaying faeces
LITHF 0.5 Humification fraction, fraction of microbial

biomass which is humified
PLOUGHFRAC 0.1 Fraction of biomass turned to LITF pool at

ploughing

heading
Q2 M 0.192 Parameter for green leaf area index LAIG up to

heading
I LAIG M 1.8 Fdx when LAI starts declining
KL 0.5 Weight of EAEP in LAIG decline, values

between 0 and 1
KLM 1.0 Parameter controlling the rate of LAIG decrease

after heading

Parameters for root depth and distribution
ALFAR 0.0004 Root growth (in depth) coefficient (m/◦C)
QXS 0.7 Max root depth (m)
ROTRAD 3.0E−4 Root radius (m)
GAMMA 110.0 Specific root length (m/g)

Parameters influencing nitrogen supply and transport from soil to roots
NM 1.1 FdX value when roots maximum mineral

N-uptake starts decreasing, due to plant aging

Parameters for dry matter allocation
ASSR1 0.70 Maximum fraction of DMTOT to ROOT
ASSR2 0.15 Reduction of initial allocation to ROOT when N

and water are non-limiting
ASSR3 2.1 FdX when partitioning to ROOT ceases
TILFRAC 0.2 Fraction of tiller left on field after harvest
Appendix B
Simulated N balance for all treatments through the 5-year exper-
imental period. Total balance includes total N input, N removal
through harvesting, NO3 leaching below 1.2 m depth, denitrifica-
tion, changes in the soil organic nitrogen and mineral N in the soil
profile (0–1.2 m).
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reatment N inputa Harvest NO3

leach
Denitrif Delta

SONb
Delta
faecesc

delta
Nmind

otal N balance for 5 years (1st April 1997 to 31st March 2002), g N m−2

T1 8.2 33.5 15.6 8.5 −37.0 −5.7 −6.7
T2 33.2 49.0 14.1 8.7 −25.6 −5.7 −7.3
T3 58.2 67.8 15.6 9.1 −21.4 −5.7 −7.2
T4 83.2 86.5 18.8 9.6 −19.4 −5.7 −6.5
T21 39.6 46.5 15.3 9.1 −21.9 −2.6 −6.8
T22 64.6 65.3 15.8 9.4 −16.5 −2.6 −6.7
T23 89.6 84.4 18.5 9.9 −14.6 −2.6 −6.1
T24 114.6 94.2 27.0 10.6 −13.7 −2.6 −1.0
T241 71.0 66.2 15.6 9.4 −14.1 0.4 −6.4
T42 96.0 86.0 16.9 9.9 −11.3 0.4 −5.8
T43 121.0 97.8 23.8 10.6 −10.4 0.4 −1.2
T44 146.0 100.5 37.6 11.4 −10.1 0.4 6.2
a Total N input: includes mineral N, manure N and 8.2 kg N m−2 from atmospheric

eposition (dry + wet).
b Change (final value minus initial value) in total soil organic N (microbial- and
umus-N as well as minor amount in plant litter) in the whole profile.
c Change in organic N content in the animal manure residues in the soil (final

alue minus initial).
d Change in total mineral N content of the profile (final value minus initial).

ppendix C. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.eja.2009.01.001.
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