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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 experiment 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; occasionally 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,
RUE estimation may be a source of uncertainty and more empirical studies are recommended.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Global climate change is expected to impact the ecology of arable
cropping areas in Europe in two ways. First, the cultivation of crop
species will change in reaction to climate change effects on crop
physiology and phenology (Menzel et al., 2006). Second, climate
change will affect various soil processes, as for instance the mineralisation of soil organic matter (SOM) and its seasonal distribution
(Emmett et al., 2004). Silage maize, for instance, is regarded as an
interesting new crop for northern European agriculture for sev-
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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 Northern 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 environmental impact of introducing new crops, such as the system’s
C-balance, N losses to groundwater and N2 O 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, predictions, and hypothesising for future/alternative conditions, such
as new climates and management regimes. The analyses of future
agronomic scenarios regarding productivity, economic output and
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ecological performance as a function of management (choice of crop
species, fertiliser regimes, soil tillage, etc.), can only be achieved
with more reﬁned models. Here, the Achilles heel is the dynamic
modelling of plant growth. Existing dynamic plant models are
often found to be case-dependent. They work well for the cropping
regime they were developed for, and often fail to adequately simulate ‘new situations’, e.g. new plant species or new climate, unless
modiﬁed profoundly. For instance Lopez-Cedron et al. (2005),
testing CERES maize in northern Spain, found a systemic underestimation of aboveground biomass and leaf area index in most
years. Much work remains to be done in developing routines for
generic modelling for a variety of situations; either by developing
general models that work for any situation, or by identifying simple
routines to modify a model so as to ﬁt a new situation.
The objective of the present study was to explore the possibility
of adapting a simple dynamic plant growth model (Bleken, 2001),
developed for small grain cereals exposed to Norwegian climate,
to maize and thus use the model to analyse a 5-year ﬁeld experiment with a different crop (silage maize) grown under a different
climate (northern Germany). An essential part of this objective was
a successful simulation of the mineral N dynamics, hence nitrate
leaching, as a contribution for predicting the environmental effects
of silage maize production. The plant model is coupled with a soil
C and N model into the soil-plant nitrogen model SPN.
2. Materials and methods
2.1. The experimental site
The study was based on data collected in a ﬁeld experiment
(1997–2002) with silage maize in northern Germany (Wachendorf
et al., 2006). The study was conducted at the research farm ‘Karkendamm’ (53◦ 55 N, 9◦ 55 E, alt. 14 m) of the University of Kiel, on
a sandy soil classiﬁed as gleyic Podzol with a pronounced humus
and iron B-horizon. The groundwater level ﬂuctuated between 0.3
and 0.7 m below the soil surface. The soil characteristics showed
a substantial spatial variation, as indicated by the organic carbon
content, which varied between 4.2 and 7.7% in the upper 30 cm of
the soil (Karrasch, 2005). This variation has to be taken into consideration when interpreting the modelling results. Some of the soil
chemical and physical properties are provided in Table 1.
The climate at the experimental site is moderately maritime,
characterised by wet, cool summers and mild winters, with moderate seasonal temperature variation. Long-term mean temperature,
annual precipitation and climatic water balance are 8.4 ◦ C, 824 and
312 mm, respectively. Average annual temperatures in the experimental years 1997–2001 were 9.2, 8.6, 9.6, 9.3 and 9.0 ◦ C, and
precipitation amounted to 786, 1098, 705, 635, and 812 mm. The
corresponding values for the growing period (from sowing to harvest) were 16.3, 13.7, 15.6, 14.4, 15.0 ◦ C, and 408, 482, 178, 232,
439 mm, respectively. Thus 1999 was characterised by warm and
dry conditions while 1998 was cool and wet. Prior to the establishment of the ﬁeld experiment, the area had been used for silage
maize and cereal production fertilised regularly with cattle manure
or slurry (30–40 m3 ha−1 year−1 ) and mineral nitrogen (50 kg N
ha−1 year−1 ) from 1993 to 1996.
2.2. Nitrogen fertilisation treatments
A two-factor split-plot experiment with four randomised blocks
as replicates was established. The main plot treatments (17 by 60 m)
were three cattle slurry fertilisation rates (0, 20, 40 m3 ha−1 ), with
total N contents varying over the years, namely 2.4, 1.8, 3.4, 3.7, and
3.3 kg N m−3 in 1997, 1998, 1999, 2000, and 2001, respectively. The
slurry was applied between spring ploughing and sowing, and was

immediately incorporated into the soil using a ﬁeld cultivator. Subplot 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. Phosphorus 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 samplings 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 subsamples 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 Infrasoft 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 increments, and stored at −25 ◦ C before extraction with 0.033N CaCl2
(acidiﬁed with 0.075N NH3 BO4 ) and photometric analysis.
Soil water samples for nitrate analysis were extracted by suction 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 suction 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 estimated 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 proﬁle 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 )
Sand (%)
Silt (%)
Clay (%)
pH (CaCl2 )
Organic C (g kg−1 )
Total N (g kg−1 )

1.06
90.4
5.0
4.7
5.3
74.7
3.0

1.43
91.6
3.2
5.1
4.5
14.9
0.7

1.62
91.8
1.4
6.8
4.1
8.9
0.4

1.65
93.6
1.1
5.4
4.2
4.0
0.2

1.67
94.4
1.2
4.4
4.3
12.2
0.6

1.56
92.0
0.6
7.4
4.3
6.5
0.4

1.59
94.0
1.0
5.0
5.4
3.1
0.4

Soil water content (m3 m−3 ) at
−1.5 MPa pressure (4.2 pF)
−0.03 MPa pressure (2.5 pF)
−0.006 MPa pressure (1.8 pF)
−0.0004 MPa (0.6 pF)

14.7
31.1
41.8
53.7

8.5
19.6
30.8
41.7

7.4
15.2
23.5
33.1

3.4
11.7
20.5
32.2

5.7
29.6
34.5
36.4

6.2
30.6
38.0
39.9

3.0
11.8
24.0
35.9

ductivity. The total depth of the soil proﬁle in the COUP-model was
4 m with a layer thickness of 10 cm in the upper 1.5 m.
2.6. Model of the soil C/N pools and of the crop
We used the SPN model, which integrates the simulation of soil
C and N processes by a modiﬁed version of the SOILN NO model
(Vold et al., 1999) with the dynamic simulation of plant growth by
the KONOR model (Bleken, 2001).
The soil C and N pools considered by the model are humus,
microbial biomass, two plant litter pools, and faeces (i.e. solid
organic matter of the slurry), all with ﬁrst order decay rate constants and partitioning factors (i.e. yield of microbial biomass and
share of decaying biomass turned into stable humus, Appendix A).
These parameters were primarily estimated by optimisation against
laboratory incubations (Vold et al., 1999; Korsaeth et al., 2001) and
ﬁeld experimental data from Norway (Korsaeth et al., 2002, 2003).
Recent modiﬁcations of our model include implementation of the
denitriﬁcation module (NGAS) of the DAYCENT model (Del Grosso
et al., 2000), and an emulation of tillage effects on the N mineralisation. The latter was done by transferring (at tillage) a fraction of the
microbial C and N to a separate litter pool with fast decay, resulting
in a transient extra net N mineralisation immediately after tillage.
To ensure a reasonable baseline mineralisation potential of the
soil simulations, the initial pool sizes were adjusted based on measured soil organic C and N, simulations of the recent cultivation
history of the Karkendam ﬁeld, and the observed N dynamics (plant
N uptake and soil mineral N) of the unfertilised plots of the ﬁeld
experiment. These adjustments were done stepwise. Firstly, the
initial pools of humus C and N in the top soil were set to 75% of
measured total soil organic C and N, assuming that the remaining
25% is practically inert (Petersen et al., 2005). Secondly, the initial
C and N in microbial biomass, residual manure and the two litter
pools were assessed by simulation of the recent cultivation history
of the site (40 m3 ha−1 manure to annual crops, i.e. grains and silage
maize, over the last 5 years). The values reached through simulations for 10 years were then used as initial values (online), and the
results were inspected regarding the ability to predict the observed
plant N and soil mineral N of the unfertilised plots. Adjustments of
the simulated N mineralisation were then tried out both regarding
initial pool size of the residual organic manure and of the slowly
decomposing litter pool, and by changing the tillage-induced net N
mineralisation.
The original spring barley module is documented by Bleken
(2001). Essentially it is a ‘one leaf model’, the albedo is neglected
and the absorption of photosynthetically active radiation (PAR)
is simulated as radiation extinction according to Beer’s law. The
daily biomass increase is the product of the absorbed PAR and the

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 critical 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)−


DM ≤ ˇ

DM > ˇ

where Nconc is the N concentration in percent. For the critical N concentration 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) minimum 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 necessary, since maize is a C4 and barley a C3 plant, and also due to
the different crop architecture. As a ﬁrst approximation, we estimated 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 harvesting 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 estimated 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 irradiance had a statistically signiﬁcant negative linear effect on RUE
while, as expected, air temperature had a signiﬁcant positive linear effect (Table 2). In a second phase, the possibility of improving
the parameters was investigated. The Levenberg–Marquardt algorithm (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:
Regression analysis, selected data 1998–1999
Levenberg–Marquardt optimisation of SPN versus T4, 1997–2001
a
b

No.
b

50
48a

ˇ0

ˇ1

ˇ2

R2

2.90 (±0.39)
3.48

−0.093 (±0.030)
−0.050

0.261 (±0.046)
0.082

0.42
Non-applicable

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

sampling during all the 5 years of the trial. The optimisation procedure resulted in a lower effect of both irradiance and temperature
on RUE (Table 2).
Similarly the algorithm describing the LAI (green leaf area index)
needed modiﬁcation as well. A subset of the data, those with
simultaneous determination of the LAI, biomass and nitrogen (data
available only in 1998 and 1999) was used to estimate the algorithm for LAI up to ﬂowering, by means of non-linear regression. It
was found that while in barley LAI was best described as a function
of both standing biomass and nitrogen, in the present maize data
LAI was a Michaelis–Menten function of standing biomass only:
LAI = DMtop /(39 + 0.19·DMtop ), with DMtop in g DM m−2 , n = 83 and
R2 = 0.97.
Apart from these two modiﬁcations, model algorithms remained
unchanged, but parameters were adjusted to maize characteristics.
The base temperatures and temperature sums in the phenological age function for the periods sowing to plant emergence, plant
emergence to silking, and silking to silage maturity were based on
parameters from Van Keulen et al. (1982). The extinction coefﬁcient
k for PAR absorption was set to a value of 0.65, which is in good
agreement with studies by Cabelguenne et al. (1999) and LopezCedron et al. (2005). The parameters for the root distribution in
the proﬁle were chosen so that at silking nearly 90% of the roots
were within the upper 30 cm of the soil proﬁle (ploughing depth),
and the maximum root depth was 0.7 m. This is supported by Qin
et al. (2006), who found most of the roots to be within the upper
35–40 cm. The root diameter was set to 0.3 mm according to Costa
et al. (2002) and Qin et al. (2006), and the speciﬁc root length was
ﬁxed to 110 m g−1 root DM based on Florijn et al. (1993) and Lipiec
et al. (1993).
Finally, three parameters were selected by visual ﬁtting of the
simulated curves to observed data. These were (i) the factor modifying the inﬂuence of N deﬁciency on RUE, which was set higher than
for barley, (ii) the rate of LAI decrease after ﬂowering, and (iii) the
phenological age at which the maximum uptake rate of nitrate and
ammonium per root length starts decreasing. See Appendix A, and
online) supplementary information for the whole list of parameters
and initial values used.

vectors of the observed values, of the model predictions and of the
errors, respectively (see Piñeiro et al., 2008 for a discussion). Subsequently, t-tests were used to estimate the statistical probability
of a = 0 and b = 1. Additionally, we used the modelling (or forecasting) efﬁciency EF = 1 −
agreement d = 1 −

n

n
j=1

n

j=n

(Oi − Pi )2 /

n

(Oi − Pi )2 /

mean absolute error MAE =
(Willmott, 1984).

All i

j=n

j=1

2

(Oi − Ō) , the index of

(|Pi − Ō| + |Oi − Ō|)

2

and

|Pj − Oj | as goodness-of-ﬁt indices

3. Results
3.1. Ground water level
The COUP-model was parameterised against the measured
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

2.7. Evaluation of model performance
Statistical measures of model performance have major limitations, therefore it is recommended to include graphical inspection
of the results as well as a number of statistical indices (Willmott,
1984; Loague and Green, 1991). Plots of simulated and observed
values against time are extremely useful for evaluating dynamic
models. Due to the large number of treatments, a detailed presentation of the simulation results over time will be restricted to
selected treatments. For a comprehensive evaluation of the model
ability to predict treatments effects, scatter plots of all observed
(Oi . average of 4 crop samples or 2–4 soil samples) versus predicted values (Pi ) at time i were used. In absence of systematic
model errors, points (O, P)i are distributed randomly around the
1:1 line. Deviations from this line have been estimated by means
of a linear regression model O = a + bP + E, where O, P and E are the

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 measurements.
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February (simulated) is difﬁcult to understand and a local shower,
not registered at the weather station cannot be ruled out (Fig. 1).
For the one period with soil moisture measurements, simulated
soil water content at 30–40 cm and 50–60 cm tended to be lower
than the observed in January and February, while the trend was
opposite in the spring (illustrated for the 50–60 cm depth in Fig. 1).
3.2. Calibration of the soil N supply to the crop
The calibration of the soil C/N model against the N uptake in
unfertilised plots resulted in overall N mineralisation which ﬁts
reasonably well with the measured uptake in the plants (Fig. 2),
both regarding the inter-annual variation, and the two distinct
phases of N uptake rates: a rapid increase of plant N early in the
growth season, followed by a more moderate increase afterwards.
The simulation of the two distinct phases of N uptake could only be
achieved by assuming that ploughing resulted in substantial transient increase in net N mineralisation, which was simulated by a
plough-induced transfer of 10% of the microbial biomass to a rapidly
decomposing pool (decay rate 0.25 day−1 ), see Appendix A. The successful simulation of the observed gradual decline in N uptake in
the unfertilised plots through the ﬁrst 3 years depends on relatively
high initial microbial biomass and faeces N, which decreased substantially due to the low productivity of the unfertilised treatment.
The enhancement of microbial decomposition after a frost–thawing
event was also considered but discarded as it failed to provide the
observed early rapid N assimilation by plants after a frost-free winter.
Another conspicuous phenomenon of the yield and N uptake
in the unfertilised plots is the relatively large variability between
replicates, particularly in the ﬁrst year 1997. We hypothesised that
the variability could have been caused by uneven distribution of
plant and manure residues from foregoing years, as well by the large
variation in the organic matter content of the soil. This was tentatively explored by running the models with different initial values
for litter, faeces and microbial biomass, which demonstrated that
the observed extremes for 1997 could be successfully simulated
with realistic variations of the initial values, and that replicates
would converge towards more similar N levels through the second
and third year, as observed (results not presented). In the year 2000,
however, the difference between replicate plots reappeared, seen
as variable plant N yields and highly variable mineral N in the soil
throughout the autumn 2000 and early spring 2001 (Figs. 2 and 6).
This was tentatively ascribed to the relatively dry growth season in
2000. Slight differences in soil water availability between replicates
would variably impair both plant growth and the mineralisation of
soil organic matter. Drought could cause high variation between
replicates of fertilised plots as well, as indeed observed for the T4
treatment in year 2000 (Fig. 2). However, no attempts were made
to simulate such variable soil water retention.
3.3. Crop dry matter, nitrogen yield, and nitrogen concentration
The two parameter sets for the RUE function (Table 2) resulted
in similar overall model performance (observed versus simulated
data, see Section 2.6), although they competed differently for some
treatments in single years. Only the results fusing the parameters
optimised for treatment T4 are presented here.
A detailed presentation of the simulation results over time is
given for a selection of treatments, namely no fertilisation (T1),
150 kg N ha−1 as mineral fertiliser (T4), 20 m3 ha−1 slurry (T21),
and 150 kg N ha−1 as mineral fertiliser plus 40 m3 slurry (T44). Dry
matter (DM, not presented) and N yield at silage maturity decreased
after the ﬁrst year (1997) in treatment T1 (Fig. 2). This treatment
and the one receiving the lower animal manure and no mineral
N fertiliser (T21, Fig. 2) were characterised by an early rapid N
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uptake which slowed down considerably around silking, as mentioned already. This was not the case for treatments T4 and T44,
where N uptake remained sustained throughout most of the growing 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 accumulation 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, respectively. 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 statistically 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 compared 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 inadequacies, 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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Fig. 4. Observed versus predicted biomass yield (g DM m−2 ) and nitrogen yield (g N m−2 ) at silage maturity (all treatments and years). See capture of Fig. 3 for more details.

The model predictions were in the bulk-part of the observed values, but the model was not able to account for the small variation
within this restricted range (EF = −2.7, d = 0.33, MAE = 0.9; data not
shown).
Ceramic suctions cups were put into place after harvest and
sampling of the soil solution could start only when the autumn
precipitation had restored soil moisture. The ﬁrst autumn samples
in particular, but not only them, were thus sucked under typically
unstable situation, at a time when water moved between soil layers,
and nitrate concentration decreased very rapidly, as shown both
by the observed and the modelled values (Fig. 7). This fact combined with the wide spatial variability of the soil texture and humus
content is reﬂected in the large variation between replicates, particularly in the ﬁrst samples after a growing season. The measured
nitrate content in the soil solution was reasonably well simulated
for all treatments through the ﬁrst 3 years of the experiment. In
the winter 2000–2001, however, the measurements showed higher
values and larger variability, and the predictions were often lower.
This winter was preceded by a dry summer and dry autumn, during
which slight differences in soil water availability may have caused
large variation between replicates, both regarding mineralisation

rate and plant growth. If this period is omitted (80 out of 495 observations), 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 estimated 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
manure residue in spring 2002 was about the same as the initial
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).

Fig. 5. Observed versus predicted N concentration in the shoot (g N/100 g DM) throughout the vegetation period (left) and at silage maturity (right), for all treatments and
years. See capture of Fig. 3 for more details.
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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

T1
T2
T3
T4
T21
T22
T23
T24
T241
T42
T43
T44
a
b
c

N application, g N m−2

Annual values, g N m−2 year−1

N fertiliser

Manure N

0
5
10
15
0
5
10
15
0
5
10
15

0
0
0
0
6.28
6.28
6.28
6.28
12.56
12.56
12.56
12.56

a

NO3 leachb

Denitriﬁcation

Delta SONc

3.12
2.83
3.12
3.76
3.06
3.16
3.71
5.40
3.12
3.38
4.76
7.52

1.7
1.74
1.82
1.91
1.81
1.88
1.97
2.11
1.88
1.97
2.12
2.28

−7.15
−4.91
−4.09
−3.73
−4.16
−3.12
−2.76
−2.60
−2.64
−2.10
−1.93
−1.87

Averaged values, as N content in the slurry varied from year to year.
Nitrate-N leached below 1.2 m depth.
Changes in soil organic nitrogen in the microbial and active humus pools (changes in faeces not included).
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Fig. 7. Predicted (lines) and observed (symbols) nitrate concentration in soil solution (mg NO3 -N l−1 ) 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. Note the change in scale in treatment
T44. Observations are values of single replicates.

The simulated annual loss of nitrate through leaching plus denitriﬁcation was 4.5–5.7 g N m−2 year−1 for treatments without
manure and manured plots with low mineral N levels. Higher N
losses were simulated for combinations of high mineral N and
manure (7.5 and 9.8 g N m−2 year−1 for the treatments with T24
and T44). Leaching accounted for 60–76% of these losses. Details
are provided in Table 3 and in Appendix B, which also demonstrate
the simulated N mass balance for all treatments.
4. Discussion
4.1. Impact of RUE estimation on model performance
In the SPN maize-model, the radiation use efﬁciency is calculated daily as an increasing function of temperature and a

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 radiation 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 temperature 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 radiation (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.

No. of days (duration of the growing period)
Average temperature (◦ C)
Average global radiation (MJ (m2 day)−1 )
RUE, parameters optimised versus T4

No. of days (sum 1997–2001) included
Average temperature (◦ C)
Average global radiation (MJ (m2 day)−1 )
RUE, parameters optimised versus T4
RUE, parameters estimated by regression

1997

1998

1999

2000

115
17.6
17.7
3.55

137
14.1
13.3
3.48

117
16.7
16.9
3.51

138
14.4
14.7
3.43

May

June

July

46
13.5
18.8
3.16
3.13

150
14.7
17.8
3.30
3.53

155
16.7
17.4
3.49
4.09

mid range of that reported by other authors (Otegui et al., 1995;
Lindquist et al., 2005; Awal et al., 2006). However, a comparison is
difﬁcult due to different assumptions and methodologies in the way
of estimating the amount of absorbed PAR (Lindquist et al., 2005),
and root biomass production, included in this study, is normally
omitted.
We checked the consequences of using a constant average RUE
as calculated earlier (3.49 g DM (MJ PAR)−1 ). The overall model prediction of crop yield and N uptake did not change much compared to
the results presented, which suggests that the inﬂuence of temperature (positive) and irradiance (negative) could be removed from the
model, in accordance with the principle that the simplest model is
preferable. There are, however, some reasons for keeping them. One
is that the repeated optimisation procedure consequently chose a
positive factor for temperature and a negative one for radiation,
no matter which ﬁeld treatment was used. During the ﬁeld trial,
seasonal averages varied from 13.7 to 16.3 ◦ C. A positive effect of
temperature on RUE in the range of 15–19 ◦ C has been documented
by Andrade et al. (1993). Furthermore, from photosynthesis studies of single leaf it is well known that CO2 assimilation per unit of
absorbed PAR decreases with irradiance (e.g. Sinclair et al., 1992).

2001
126
16
15.7
3.52
August
155
17
15.3
3.62
4.36

Mean
126.6
15.6
15.5
3.49
September
122
14.8
9.9
3.71
4.29

In a canopy with several leaf layers RUE is less dependent on irradiance, and the light saturation occurs at higher irradiance than for a
single leaf. Nevertheless, a negative effect of irradiance is not unexpected, 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 combination, it seems advantageous to maintain temperature and global
radiation as explicit terms of the RUE equation. The ambiguity identiﬁed 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

Fig. 8. Observed (suction cups placed ad 60 cm) versus predicted nitrate concentration in the soil solution (mg NO3 -N l−1 ) of the 50–60 cm layer, including all
treatments and years. Observations are mainly means of two or three replicates.
Four observations outside the scale range are not shown but included in the statistics. The model predicts badly the 80 samples taken from December 29 in 2000 to
April 10 in 2001, following a dry period in summer 2000: statistics shown on the
graphs do not include this period. Statistics for all observations are: EF = 0.13, d = 0.63,
MAE = 7.5, Y = 6.29 + 0.82X, R2 = 0.24, n = 495.

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 treatments) 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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4.3. Validation of soil mineral N predicted by the model
No soil sample was taken in the early summer period, when
soil mineral N content was often predicted to be high or very high.
The poor goodness-of-ﬁt indices for the soil mineral N content is
probably a consequence of the fact that samples were taken in the
autumn and spring, when differences between treatments were
small, and only in the lower range of the expected values. The natural soil variability contributes to mask the analysis. As an example
the standard deviation of the 171 sample means (each based on
four replicates) can be estimated to about 1 g N m−2 (0–60 cm)
and to 1.7 g N m−2 (0–90 cm) (assuming homoscedasticity of treatments and sampling dates). A rough 75% conﬁdence interval for
the true soil mineral content is given by adding or subtracting the
double of the standard deviation from the observed mean values. A
large part of the model-predicted values falls within these intervals.
For the validation of the model, sampling of a few key treatments
(to reduce costs) more evenly distributed in time, including periods when soil mineral N is expected to be high, would have been
preferable.
4.4. Soil carbon and nitrogen ﬂuxes
Various experiments have shown an increase in mineral N
shortly after tillage, amounting to 0.5–0.7% of total soil organic
N, accompanied by only marginal increases in CO2 evolution
(Thomsen and Sørensen, 2006), thus suggesting that a pool with
low C/N ratio is decomposed. The inclusion of a ploughing effect
as done in our model (transfer of a fraction of microbial biomass
to litter) effectively achieves this; the microbial biomass pool has a
low C/N ratio of 6 and ‘killing’ 10% of this pool (which contains
about 4% of total N in the soil) results in a net N mineralisation in the same order (0.3–0.4% of the total N in the soil). This
affects the seasonal distribution of N mineralisation rather than
the overall annual mineralisation (transfer of biomass C and N
to the litter pool bypasses humiﬁcation, i.e. the stabilisation of
a fraction of decaying biomass to the humus pool). Similarly,
Müller et al. (2006) recognised the need to include in the DAISY
model a transient increase in net N mineralisation shortly after
tillage.
The estimated changes in soil organic C and N through the 5
years experimental period are within the observed ranges in longterm ﬁeld trials (e.g. Uhlen, 1991). Our simulated annual carbon
losses for the mineral fertiliser treatments were about 50 g C m−2
per year, which is around 0.5% of measured soil organic C. In comparison, Riley and Bakkegard (2006) reported a 1% year−1 decrease
for Norwegian soils predominantly managed with spring barley
or winter wheat. Similar values have been observed in a longterm trial with manured maize in monoculture (30% decline in
soil organic C in 27 years) by Vertès and Mary (2007). For a realistic fertilisation regime with 20 Mg ha−1 manure and 75 kg N ha−1
chemical fertiliser, the predicted annual carbon loss (37 g C m−2 )
is less than the standard loss of 56 g C m−2 from maize ﬁelds
assumed by the German Cross Compliance regulations (BMELV,
2006).
After 5 years the predicted organic C content in the plough layer
of T44 exceeded that of T1 by 0.055 g C (100 g soil)−1 . This is a
conservative estimate compared to a positive difference of 0.15 g C
(100 g soil)−1 after 5 years with manure application, relative to no
animal manure, observed on a Danish sandy loam with low (about
1%) 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
of the mineral N available in the soil. Nevertheless the estimated
leaching and denitriﬁcation loss for the unfertilised control was
signiﬁcant (3.1 + 1.7 = 4.8 g N m−2 year−1 ). Lower initial manure
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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 fertiliser 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 increment 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 estimates 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 partitioned 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 alternative. This comment does not dispute the superior explanatory
power of the mechanistic modelling of photosynthesis and respiration.
5. Conclusions
The plant modelling strategy chosen, i.e. using part of the
locally available data to empirically assess the radiation use efﬁciency, 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 modiﬁed SPN model can be a suitable tool for exploring the possibility
of future maize production in Norway, under expected warmer climates which may resemble past climate in Northern Germany, as
well as for evaluating the likely consequences of a range of fertilisation practices, including slurry application, on the soil N and C
balances and emissions.
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This study illustrates also the need to properly design the sampling of the data used in model validation. With respect to soil C
and N dynamics, a better assessment of the soil initial state (including management history) and a more even distribution of sampling
dates for sampling the soil mineral N and nitrate concentration in
the soil solution would have been preferable.
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Appendix A. Selected model parameters
(The complete list of model parameters, initial values and model
switch used in the model simulations are provided as supplementary information online)
Parameters of the critical, minimum and maximum N concentration curves (Ncritical , Nminimum and Nmaximum as percentage of DM,
which is given in g m−2 )


Nconcentration =

−

˛ · (ˇ)
˛ · (DM)−


DM ≤ ˇ

DM > ˇ

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

˛



Shoot
Ncritical
Nminimum
Nmaximum

100
100
75

18.5
27.0
30.0

0.368
0.560
0.420

Root
Nminimum
Nmaximum

60
60

2.5
4.8

0.1
2.5

Parameters related to soil proﬁle.
PNLAY

12

PLOUDEPTH

0.30

Number of soil layers in the proﬁle, to 1.2 m
depth
Ploughing depth (m)

Parameters 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 )
0.13
Decay rate for litter A (readily decomposing
LITK A
litter) (day−1 )
LITK B
0.03
Decay rate for litter B (slowly decomposing
litter) (day−1 )
0.25
Decay coefﬁcient of the LITF (of microbial
LITK F
biomass transferred to this pool at ploughing)
C/N ratios
CNORG

5.34

CNHUM
CN FAECES

10
4.8

Growth yields
FECEFF
LITEFF
FECHF
LITHF

0.5
0.3
0.5
0.5

PLOUGHFRAC

Appendix A (Continued )
Others
TEMQ10
UPMA

2.0
0.1

NITK
NITR
LIT SURFRES

0.1
10.0
0.02

LITA PLANT

0.20

Q10, temperature response to 10 ◦ C change
Maximum fraction of available mineral N
assimilated by microorganisms per day
Speciﬁc nitriﬁcation rate (day−1 )
NO3 -N:NH4 -N ratio in the nitriﬁcation function
Daily fraction of dead plant residues on soil
surface that decays into litter
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
2.5
FdX at which RUE starts to decrease (to 0 at
EPS FDX
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
39.2
Parameter for green leaf area index LAIG up to
Q1 M
heading
0.192
Parameter for green leaf area index LAIG up to
Q2 M
heading
1.8
Fdx when LAI starts declining
I LAIG M
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

C/N of newly synthesised microorganisms
when N is non-limiting
C/N ratio of humiﬁed product of biomass
C/N in applied faeces

Appendix B

0.1

Microbial growth yield when decaying faeces
Microbial growth yield efﬁciency
Humiﬁcation fraction of decaying faeces
Humiﬁcation fraction, fraction of microbial
biomass which is humiﬁed
Fraction of biomass turned to LITF pool at
ploughing

Simulated N balance for all treatments through the 5-year experimental period. Total balance includes total N input, N removal
through harvesting, NO3 leaching below 1.2 m depth, denitriﬁcation, changes in the soil organic nitrogen and mineral N in the soil
proﬁle (0–1.2 m).
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Treatment N inputa Harvest NO3
leach

Denitrif Delta
SONb

Delta
faecesc

delta
Nmind

Total 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
deposition (dry + wet).
b
Change (ﬁnal value minus initial value) in total soil organic N (microbial- and
humus-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
value minus initial).
d
Change in total mineral N content of the proﬁle (ﬁnal value minus initial).

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