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An abnormal non-monotonic shape of production function (response of obtained yield to increasing rates of
mineral nitrogen fertilizers) has been observed in experimental ﬁeld trials. Often, the observed eﬀect (an inﬂection point, or intermediate plateau or even local undershoot of the “yield-fertilization” curve) is treated as a
test distortion and will be ignored or sorted out. This article presents the authors’ eﬀorts to interpret and to
explain similar phenomenon by means of investigating two mechanistic crop simulation models – AGROSIM and
AGROTOOL. It is demonstrated that an imitation model can be used as a valuable tool of scientiﬁc research,
allowing for the hypothesising of alternative understandings of non-trivial natural phenomena.

1. Introduction

fertilization doses increase, they lose their positive eﬀect. Ultimately,
very large doses can have a counterproductive inﬂuence on plant
growth and development that leads to a decrease in the total yield.
Thus, typical shapes of production function (Curves 1 and 2 in
Fig. 1) completely correspond to a priori understandings of plant reactions to possible excessive or lacking nutritional element.
At the same time, it is possible to ﬁnd references to ﬁeld as well as
laboratory experiments which produce a more sophisticated shape of
the production function curve (for wheat: Ivanova (1977); for ryegrass:
Tumusiime et al. (2011); for barley: Surov et al. (1984), Emebiri et al.
(2007); for rape: Seymour (2013); for cereals: Osmond et al. (2015); for
nectarins: Daane et al. (1995)). In particular, this eﬀect can sometimes
be observed in test series with increasing doses of nitrogen fertilizers.
The non-monotonic character of production function can be expressed
by local decrease of relative NUE (inﬂection point), plateau-like segment or even a local minimum in the “yield-fertilization” response
curve (Curve 3 in Fig. 1) appears in the medium interval of nitrogen
fertilizer change.
Further increase of the nitrogen fertilizer dose leads to a return of
the experimental production function to the “normal” shape. We hasten
to point out that such a phenomenon is exhibited only in special, rarely
occurring vegetation periods, i.e. for special combinations of environmental conditions such as abnormal early drought periods, high temperatures or other phenomena, and cannot be easily reproduced by ﬁeld
experiments. This in turn is often presented as an argument that the
obtained results may be caused by methodological or experimental
errors and, therefore, must be treated as merely test distortion. It seems,
however, that the number of references to the same eﬀect from

The search for the correct mathematical formulation of the so-called
“production function” has a long history, and is a well-known problem
of theoretical agro-chemistry. The production function means the response of an actual or potential yield of agricultural crops to various
environmental and management factors, in particular to diﬀerent rates
of mineral fertilizers. For many years the experimental determination of
such dose-response relationships has been a subject of investigation in
multivariate ﬁeld tests. One related activity is to approximate observed
experimental curves by simple functional dependencies (Griﬃn, 1987;
Status and Methods, 1961). The background of this issue has a history
of over 150 years and traces its roots back to classical research by Liebig
(1855), Mitscherlich (1909). Table 1 presents a short summary of existing approximations of production functions.
However, in spite of the variety of proposed functional forms, they
all only describe two principal shapes of a hypothetical response curve.
The ﬁrst one is a monotone increasing convex function (with or without
saturation, i.e. characterised by limited or unlimited growth). The
second is a unimodal function reaching its maximum at the optimal rate
of fertilization and having a decreasing branch for super-optimal values
of argument (negative impact of higher fertilization rates). Such a
qualitative nature of the production function perfectly corresponds to
the intuitive idea of the principal inﬂuence of a positive limiting factor
on the production process of agricultural plants.
In fact, the relative eﬃciency of increasing doses of fertilizers (so
called NUE – nitrogen use eﬃciency) must be the largest for small values, where a signiﬁcant deﬁcit of the limiting factor is seen. As
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“dashed” curve (ﬁeld2) in Fig. 2, we can interpolate between the argument points 60 kg ha−1 and 120 kg ha−1 smoothly. The expected
value will be approximately 4.2. The value observed in the experiment
is 3.90 ± 0.16 (see Table 2). So, the expected value of 4.2 is out of
conﬁdence interval. Hence, the hypothesis of an existing plateau can be
accepted. The same explanation can be used for the “dotted” curve
(ﬁeld1) in Fig. 2 for the argument point 60 kg ha−1 accordingly.
Unfortunately, we have no unambiguous and purely agronomic
explanation of this eﬀect at the moment. But the obtained results motivated us for investigation the observed case in more details. Indeed,
sometimes similar results can be produced not in physical experiments,
but in computer experiments, i.e. under the computation of eco-physiological mechanistic crop simulation models. As a result, a detailed
investigation of all causal conditions and algorithms can oﬀer a theoretical or model-based explanation for the phenomenon under consideration.
This article contains descriptions of computer-based investigations
of abnormal production functions processed by means of two alternative crop simulation models. The ﬁrst is AGROTOOL for spring wheat
grown in 2013 at Men’kovo Experimental Station, Russia, and the
second is AGROSIM for winter wheat grown in 1992 at Müncheberg
Experimental Station, Germany, with extreme drought periods during
spring, early summer and summer.

Table 1
Approximations of the production function.
#

Approximation Y(X)

Author, year

1.

von Liebig (1855)

2.
3.
4.
5.
6.

Y = A·X, if X < Xmax
Y = Ymax, if X ≥ Xmax
Y = A·(1 − exp(–k·X))
Y = a + b·X − c·X2
Y = A·П(1 − exp(−ki·Xi))
Y = A − M·RX
Y = a·X/(x + b)

7.
8.
9.
10.
11.
12.
13.

Y = a·X0.5
Y = a·Xb
Y = a + b·X − c·Xn
Y = a·Xb·exp(−b·z)
Y = a + b·X + c·X2 + d·X3
Y = A·exp(−z·log|(X + 1)/(m + 1)|n)
Y = A·log(X)

Mitscherlich (1909)
Pfeiﬀer and Fröhlich (1912)
Baule (1918)
Spillman (1923)
Briggs (1925)
Rauterberg (1939)
Boresch (1928)
Sapehin (1923)
Bondorﬀ (1924)
Plessing (1943)
Stritzel (1958)
Boguslawski and Schneider (1962)
Unknown author

independent researchers above-mentioned makes it a tendency which
cannot quite simply neglected by the agricultural scientiﬁc community.
One example coming from the authors’ own experience concern
results of special ﬁeld experiments with spring wheat performed at the
Men’kovo Experimental Station of the Agrophysical Research Institute
(St. Petersburg, Russia) in the 2012–2016 seasons of vegetation. They
are presented below (see Table 2). The spring wheat cultivars “Esther”
(2012) and “Darja” (2013–2016) were cultivated on sod-podzol sandy
soil according to regional “good agricultural practice” for cereals production. Before sowing, nitrogen fertilizations varied from 0 to
180 kg N ha−1 at increments of 30 kg N ha−1. Seven test sites in a
quadruple repetition each (10 × 10 m) were randomly distributed at an
experimental ﬁeld with a good agricultural practice. It is seen that the
production function in the experiment generally takes a typical shape
(convex saturated or unimodal curve) in all seasons, whereas it contains
an abnormal regions (local decrease of NUE) in 2013. We present two
result datasets for 2013 which correspond to the experiments performed at two diﬀerent agricultural ﬁelds (f1 – ﬁeld with drainage
system; f2 – ﬁeld without drainage system). In Fig. 2 it is seen, that the
production functions for both variants have well-expressed peculiarities
(local plateau- or local minimum) near medium values of the argument
(60 kg N ha−1 for ﬁeld1 with drainage system and 90 kg N ha−1 for
ﬁeld2 without drainage system). Under the assumption that for the
argument point of 90 kg ha−1 the observed value is absent for the

2. Material and methods
2.1. A description of the AGROTOOL crop model
AGROTOOL v. 3.5 is a generic crop model classiﬁed at the third
production level according to de Wit’s classiﬁcation (de Wit, 1982).
This means that the availability of water and nitrogen represents the
main limiting factor in reducing potential photosynthesis-based productivity. The model consists of several independent, scalable and replaceable modules, interacting with each other at every time interval.

• The
•

agrometeorological module is connected with a hydro-meteorological database that consists of all of the daily weather data
required (minimum and maximum temperature, air humidity, precipitation and solar radiation characteristics).
The module of solar radiation and photosynthesis calculates the
daily sum of solar radiation intercepted and absorbed by plants, as
well as the daily sum of accumulated assimilates due to photosynthesis and dark metabolism.

Fig. 1. “Typical” (Curves 1 & 2) and “abnormal” (Curve 3) shapes of “fertilization productivity of cereals” response curves.
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Table 2
Spring wheat yields (t ha−1; mean value ± standard error) as a function of pre-sowing N-fertilization (kg N ha−1). Results from ﬁeld experiments at Men’kovo Experimental Station
(59°25′N, 30°02′E) (f1 – ﬁeld with drainage system; f2 – ﬁeld without drainage system, LSD05 – least signiﬁcant diﬀerence with t0.05 critical value). Abnormal points are bold-indicated.
Year/ﬁeld

N – fertilization (kg N ha−1)
0

2012
2013_f1
2013_f2
2014
2015
2016

2.10
2.16
1.97
2.52
2.66
1.76

30
±
±
±
±
±
±

0.20
0.08
0.10
0.18
0.22
0.12

2.45
3.25
3.27
2.92
3.11
1.98

±
±
±
±
±
±

0.15
0.06
0.15
0.20
0.25
0.14

60

90

120

2.95 ± 0.15
3.30 ± 0.10
3.94 ± 0.20
3.61 ± 0.18
3.22 ± 0.41
2.26 ± 0.20

3.40 ± 0.10
4.10 ± 0.03
3.90 ± 0.16
3.84 ± 0.16
3.76 ± 0.35
2.42 ± 0.26

2.80
4.30
4.57
4.15
3.79
2.71

150
±
±
±
±
±
±

0.10
0.06
0.18
0.24
0.32
0.30

2.75
4.69
4.80
4.16
4.00
2.93

180
±
±
±
±
±
±

0.05
0.01
0.14
0.26
0.26
0.30

N/A
5.12
5.13
3.68
4.20
3.27

LSD05

±
±
±
±
±

0.12
0.22
0.20
0.18
0.28

0.36
0.14
0.15
0.22
0.28
0.9

Table 3
Functional structure of AGROTOOL model v. 3.5.
Modelling domain

Approach

Leaf area development & light
interception
Light utilisation

Detailed model based on the Monsi-Saeki
approach
Original model of photo-metabolism as
well as dark metabolism
Y(PRT) – partitioning during
reproductive stages
f(temperature, water)
Exponential, based on water availability
Water and nitrogen stress
Richards equation in a ten-layer soil
proﬁle
Modiﬁed Penman-Monteith approach
CN transfer and interaction in plant and
soil, ﬁve organic pools

Yield formation
Crop phenology
Root distribution over depth
Stresses involved
Water dynamics
Evapotranspiration
Soil CN model

Fig. 2. Empirical production functions for ﬁeld tests at Men’kovo Experimental Station in
2013 vegetation season (error bars for 5% least signiﬁcant diﬀerence; ﬁeld1 – with
drainage system, ﬁeld2 – without drainage system).

of principal agronomical treatments: sowing, irrigating, nitrogen
fertilizing and top dressing, harvesting. All these human impacts can
be imitated both in declarative (predetermined dates and rates of
actions) and reactive mode (as a formal rule based on the feedback
of model state variables).

• The module of turbulent gas exchange in the atmosphere calculates
•

•

•
•

the wind speed proﬁle above and inside the vegetation, as well as
aerodynamic resistances for ﬂuxes of carbon dioxide, heat and water
vapour.
The module of soil water dynamics calculates the moisture balance
in frames of multilayer presentation as a one-metre soil proﬁle in
depth. The available water content is determined taking into account rainfall intensity, plant transpiration, water evaporation from
soil, percolation and moisture exchange within soil layers. The intensity of all these processes caused by water transfer is determined
by water capacity in soil, so the soil’s water retention curve is used
for simulating these processes (Poluektov & Terleev, 2005). The
relationship between volumetric moisture content and potential
water capacity in soil is estimated on the basis of soil-hydraulic
constants such as ﬁeld capacity, permanent wilting point, saturation
capacity and maximum hygroscopy (Terleev et al., 2010).
The module of plant growth and development uses some speciﬁc
“growth distribution” functions for performing calculations of the
dry matter increase for diﬀerent plant organs. The original concept
of adaptive distribution key is used to deﬁne shoot-root balanced
growth during the vegetative development stage. The assumptions
underlying the approach are the cornerstone of the proposed explanation of the abnormal production curve. As a result, this method
will be described in greater detail below. Additionally, physiological
time is determined as the sum of eﬀective temperatures, which is
corrected by eﬀects of plant water stress.
The module of nitrogen transfer and transformations in soil takes
into consideration the main processes determining soil nitrogen
status: litter humiﬁcation, ammoniﬁcation, nitriﬁcation and denitriﬁcation, root nitrogen uptake, symbiotic nitrogen ﬁxation by legumes, etc.
A special module has been developed to provide the model control

The principal methods used for the mathematical formulation of
these processes are summarised in Table 3.
Two principal AGROTOOL features must be pointed out. First, it is a
generic crop simulator, i.e. a single computational algorithm is used for
diﬀerent soils, cultures and locations, where the speciﬁcity of a currently simulated variable is controlled by a set of parameters with a
predeﬁned structure. Second, the model has an eco-physiological or
mechanistic nature, i.e. a physically or physiologically based approach
of process description is mostly applied, instead of empirical regression
relationships having simple logical interpretations but which are on
rather weak scientiﬁc ground.
AGROTOOL has a successful story of veriﬁcation for diﬀerent soilclimate conditions in Russia as well as in West European countries
(Poluektov et al., 2000; Mirschel et al., 1999). A more detailed description of AGROTOOL can be found in various articles (Poluektov
et al., 2002; Poluektov and Topazh, 2005; Badenko et al., 2014) or at
http://agrotool.ru, an open internet resource where fully functional
model versions can be downloaded.
The implementation of plant organogenesis and the method for
description of carbon-nitrogen interaction in plants are closely linked to
each other in the AGROTOOL computational scheme. The key question
here is the principle of the distribution of primary assimilates between
plant parts. It has been noted many times that such mechanisms (called
“growth functions” in some references) must not have a static, but instead a dynamic character. This means that a plant has to be considered
as a self-regulating system, where the shares of currently available
growth resources partitioned between diﬀerent vegetative and generative organs depend on the balance of the main limited nutrition
elements (Reynolds and Chen, 1996; Wilson, 1988). In AGROTOOL,
201
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Nstorage
SHOOT

1-ΨRS
ɋAV
root growth

shoot growth

NAV

ΨRS

ROOT

ɋstorage
Fig. 3. Principal scheme of carbon-nitrogen interaction and plant growth in the AGROTOOL v. 3.5 crop model.

development (for example, before ﬂowering in the case of cereals). At
the generative stage of ontogenesis, genetically based rules come into
force and almost all growth resources are directed to reproductive organs regardless of nutrition limitation conditions.
The abovementioned sub-model of carbon-nitrogen interaction in
plants is implemented in frames of AGROTOOL comprehensive model
and veriﬁed on the base of representative set of experimental data from
diﬀerent soil-weather samples. It can be noted that such algorithm of
adaptive key of primary assimilate distribution is the only but really
suﬃcient AGROTOOL’s mechanism for description of nitrogen stress
inﬂuence on plant growth and development.

these regulatory mechanisms are described by means of an original
algorithm presented in Poluektov & Topazh (2005). The principal
scheme of the corresponding simulation sub-model (double component/double-ﬂow transport model with storage pools) is shown in
Fig. 3.
At every time interval, pools of labile carbon (CAV) and nitrogen
(NAV) compounds are formed from two sources. First, new metabolites
are created by vegetative organs (carbon from leaf photosynthesis and
nitrogen from root uptake). Secondly, there are mobilised compounds
from reserve pools (starch and nitrates – Cstorage and Nstorage correspondingly). The CAV:NAV ratio determines the current value of ΨRS –
the eﬀective part of total growth resource in carbon units which is allocated to the root growth. The remaining available resources
(1 − ΨRS) go to the shoot.
Next, the following approach is applied to the calculation of ΨRS.
The “balanced” share value is determined in such a way as to maintain
the most complete utilisation of all available assimilates (both those of
carbon as well as of nitrogen). The correct allocation must provide this
objective even though C:N ratios in shoot and root biomass are not
equal and, therefore, diﬀerent plant parts require diﬀerent proportions
of main construction materials to be bound in a structural biomass.
However, surely this complete utilisation can only be reached for rather
narrow intervals of possible values of CAV and NAV. In the opposite case,
the whole growth resources target the organ that produces the currently
limited metabolite (i.e. the shoot becomes a target of resources during a
carbon deﬁcit and the root becomes a target of resources during nitrogen stresses). In such cases, ΨRS takes one of the marginal values (0
or 1) while all remaining unclaimed assimilates (nitrogen or carbon) go
to the corresponding storage pool and can be used at the next time step
of model integration.
It has to be noted this procedure only takes place during vegetative

2.2. A description of the AGROSIM crop model
AGROSIM is an agro-ecosystem model for agricultural crop stands
under ﬁeld conditions for limited and unlimited water and nitrogen
supply, where homogeneous crop stands are assumed. AGROSIM also is
a model of the third production level according to de Wit’s classiﬁcation
(de Wit, 1982), the same as AGROTOOL. The AGROSIM model, based
on plant physiology, belongs to the group of soil-plant-atmospheremanagement models. AGROSIM (a) is based on modules (sub-models),
(b) uses rate equations for describing process dynamics (state variables
and rates), (c) utilises a minimum time interval of one day for calculations and (d) is sensitive to weather, site and management. The
AGROSIM model describes the following variables: ontogenesis, assimilation, respiration, assimilate distribution, redistribution of dry
matter, biomass accumulation, yield formation, leaf area dynamics,
senescence of above-ground and root biomass, root exudation, evaporation, transpiration, N-uptake by plant, water and nitrogen stress
factors, frost killing and frost-lifting (for catch crops only), soil water,
soil temperature, soil nitrogen, and percolation. For scaling biological
202
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does not completely correspond to the experimental results presented in
Table 2 (we see well-formed local minimum instead of poorly deﬁned
inﬂection), so all below mentioned remarks can be considered only as a
possible qualitative explanation of principal “abnormality” of production curve under chosen conditions. A clear understanding of the model
algorithm allows an interpretation of this non-trivial behaviour to be
proposed.
Such an explanation arises from the comparison of temporal dynamics of multiple model state variables (root biomass, ΨRS, total nitrogen uptake by roots) for diﬀerent variants of nitrogen fertilization. It
turns out that the principal diﬀerence takes place during a very short
time interval – two to three days before anthesis (20–22 June 2013). It
is reasonable to assume that these dates represent a critical period in a
plant’s lifecycle. Hence the impact of regulatory mechanisms is most
signiﬁcant in that time.
For the case under review, environmental conditions during this critical period caused the deﬁcit of labile nitrogen to maintain coordinated
plant growth for small doses of pre-sowing fertilization. Hence, all
available resources are distributed to the roots (ΨRS = 1). Next, balanced
growth (0 < ΨRS < 1) during the pre-anthesis time interval is possible
for the variants with medium fertilization (75–85 kg N ha−1). Finally, soil
nitrogen content may even remain superﬂuous for the model plant in the
case of high doses, so all resources go to shoot growth (ΨRS = 0) each day
before ﬂowering starts. The variation of simulated values of ΨRS during
short time interval before start of anthesis (June 22) for diﬀerent fertilization rates is presented in Table 4.
In spite of the brevity of the time range where the mentioned divergence occurs, it falls at the critical period of ontogenesis, characterised by an explosively high, near-exponential rate of accumulation
of vegetative biomass. The achieved growth potential is high for that
time. Therefore, the question of whether the root system grows or does
not grow at this critical moment may cause the signiﬁcant diversity in
root biomass at anthesis. The relative diﬀerence between variants may
reach 25–30% (see Fig. 5). This entails serious consequences after the
switch to the generative development stage, where genetically conditioned limitations do not allow evaluating the weak root system. As a
result, the coordinated growth cannot be further supported, and grain
ﬁlling and, thereby, yield formation is depressed.
The indicated tendencies permit the qualitative and quantitative
explanation of the observed eﬀect of a partial decline in the production
function. In fact, a nitrogen deﬁcit for low doses of fertilization took
place at the “proper” time. It enabled a powerful root system to be
developed, which would maintain an acceptable level of nitrogen uptake during the rest of the vegetation period. Contrarily, very high
doses of nitrogen leads to a relatively weak root system, but this defect
can be overcome by suﬃcient soil nitrogen content during the whole
vegetation period. Only for intermediate variants of pre-sowing fertilization were both negative factors (undeveloped roots along with an
insuﬃcient level of available soil nitrogen) present. As a result, a
comparative reduction in total productivity occurred. Similar considerations make it possible to explain the presence of a small local
maximum in a local undershoot of simulated production curve. It corresponds for the considered case to the partial growth of the roots at 16
and 22 June (see Table 4 also).
There is some “vaccination eﬀect” – the nitrogen stress taking place
before the critical period contributes to the formation of a powerful root
system that can eﬀectively take up nitrogen in the future. At the same
time, the plants cultivated with a sparser regimen (with no nitrogen
deﬁcit before ﬂowering) prove not to be ready for possible stress late in
ontogenesis. Thus, the computer experiment with the crop model allows the non-trivial reaction of the simulated agro-ecosystem on increasing doses of pre-sowing fertilization to be “caught up” and explained. It should be noted that similar results were obtained earlier
under a model-based investigation of top-dressing eﬃciency depending
on the time and the rate of management actions (Gurin & Zaharova,
2013).

time, ontogenesis (Mirschel et al., 2005) is the most important process.
Unlike other agro-ecosystem models well known in the literature, in the
AGROSIM model, the algorithm describing assimilation is based on the
biologically active green biomass, rather than on the leaf area index.
Assimilation depends on green biomass, solar radiation, photo-temperature (daily average temperature between sunrise and sunset), accumulated biomass, short-term and long-term water stress events, nitrogen stress, atmospheric CO2-content and day length. As the basis for
the description of water stress factors within the AGROSIM model, soil
water dynamics and transpiration values are calculated using algorithms of the BOWET layer-oriented soil water and evapotranspiration
model (Mirschel et al., 1995). Soil temperature within the AGROSIM
model is calculated using the SOIL_TEM model by Suckow (1986). The
soil nitrogen component of the AGROSIM model is based on a simple
balance model, taking into account a nitrogen mineralisation up to
60 cm depth following Rausch et al. (1985), nitrogen fertilization, atmospheric nitrogen deposition (dry and wet), nitrogen uptake by plant
and nitrogen leaching. The model needs only standard meteorological
values (temperature, solar radiation, precipitation, relative air humidity
and wind speed) as driving forces and generally available inputs and
parameters concerning plant and soil.
At present, the validity of the AGROSIM model has been conﬁrmed
for winter wheat, winter barley, winter rye, sugar beet and winter catch
crops for diﬀerent German locations. For winter wheat it also has been
successfully proven for locations in the Netherlands, France, Poland,
Hungary, Italy and Russia (Mirschel et al., 2004).
Detailed descriptions of the AGROSIM model have been given by
Wenkel and Mirschel (1995), Mirschel et al. (2001), Mirschel and
Wenkel (2007) and Mirschel and Poluektov (2010).

3. Results
3.1. Interpretation by means of the AGROTOOL crop model
The model-based production function was interrogated for the selected variables (spring wheat, Men’kovo experimental station, actual
management and vegetation season 2013) where the abnormal shape
(eﬀect of local NUE decrease) was observed in reality. Investigations
were carried out in the context of a specially designed multivariate
computer experiment with the help of the APEX (Automation of
Polyvariant EXperiments) software system developed at the
Agrophysical Research Institute for multi-variant analysis of arbitrary
crop models (Medvedev and Topaj, 2011; Medvedev et al., 2015). All
inﬂuencing factors (“soil”, “cultivar”, “weather”, etc.) are ﬁxed except
for the factor “technology” or, more precisely, the dose of pre-sowing
application of nitrogen fertilizer. This ﬁnal factor varied in the interval
of
the
investigated
hypothetical
intermediate
plateau
(60–150 kg N ha−1) with an increment of 5 kg N ha−1.
The obtained response curve for production function is presented in
Fig. 4. The eﬀect of intermediate plateau or even “local undershoot”
having, in turn, rather strange shape, is evidently expressed. Surely, it

Fig. 4. The eﬀect of the local minimum in a model-based “yield-fertilization” response
curve (model: AGROTOOL; input data: actual conditions for ﬁeld trial in Men’kovo
Experimental Station in 2013).
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Table 4
Simulated dynamics of ΨRS values for diﬀerent fertilization samples.
Fert. rate (kg N ha−1)

60
65
70
75
80
85
90
95
100
105
> 110

Simulation date
June 11

June 12

June 13

June 14–15

June 16

June 17–21

June 22

after

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.12
0.09
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.89
0.90
0.95
0.78
0.61
0.44
0.27
0.08
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.06
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.26
0.03
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

fertilization amounts, only the processes up to ﬂowering are important.
Nitrogen fertilizer after ﬂowering mainly improves the grain quality by
an increase in the grain protein content.
In AGROSIM, daily assimilation depends on the green biomass; on
the entire amount of existing below-ground and above-ground biomass;
on solar radiation, temperature and the atmospheric CO2 content; and
on water and nutrition uptake via the soil. In AGROSIM, only water and
nitrogen uptakes are taken into account. Conversely, water and nitrogen stresses, which often are coupled to each other, decrease the
daily assimilation rate. Daily assimilation shortages could be so manifest that the daily assimilation demands caused by crop maintenance
respiration may not be able to be satisﬁed. AGROSIM introduces an
assimilate pool in which all produced daily assimilates are stored. From
this pool, assimilates are demanded by diﬀerent processes and are
distributed in a hierarchical manner: (1) for maintenance respiration,
(2) for growth respiration, (3) for growth (separated into root and
above-ground vegetative biomass) and (4) for grain ﬁlling. Assimilates
for root and shoot growth are separated using an ontogenesis-dependent ratio. After ﬂowering, the assimilates from the pool are available
for respiration and grain ﬁlling, i.e. only those assimilates which remain
after satisfying respiration process needs are available for grain ﬁlling.
For days with very high water and/or nitrogen stresses, the assimilate
production can be so low that it is not possible to satisfy the assimilate
demand for maintenance respiration. On such days, additional

3.2. Interpretation by means of the AGROSIM crop model
The AGROSIM model for winter wheat produces abnormal shapes of
the production function only in very drought-stricken years characterised by special heat and drought anomalies during spring and early
summer, i.e. during the vegetative growing period of winter wheat.
Such extreme bad weather and growing conditions existed in 1992 in
the north-eastern part of Germany. The period between the beginning
of May and the end of August was characterised by very high temperatures – the four-month average was two degrees higher than
average – and a precipitation deﬁcit of more than 50% during the three
months before harvest. Meteorologists called the summer of 1992 the
“Summer of the 20th Century” (Gierk and Jungfer, 1993). The year
1992 should serve as a near-perfect example for explaining possible
“abnormal” production function shapes in very hot and dry growing
periods by the AGROSIM model using the speciﬁc weather, site and
management conditions at Müncheberg Experimental Station, Germany.
For the interpretation of the simulated anomalies of the yield-fertilization curve for winter wheat caused by extreme climate stress situations during the growing period, it is necessary to describe the
AGROSIM process algorithms for assimilation, for assimilate distribution, and for grain ﬁlling/yield formation in a greater detail. For the
appearance of the production function anomaly caused by nitrogen

Fig. 5. Dynamics of root biomass for diﬀerent simulation variants (pre-sowing fertilization intensities), computations using the AGROTOOL crop model.
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Fig. 6. Overview schema for the source, sink, distribution and translocation processes for biomass and their interactions within AGROSIM.

Winter wheat grain yield [t ha-1]

translocations of biomass from the root and from the shoot will be
activated to satisfy maintenance respiration demands, i.e. the root and
shoot biomasses will be reduced by these translocation rates. There is
no root and no shoot growth and also no grain ﬁlling on such days.
Biomass accumulation during vegetative growth directly inﬂuences
the ear and grain number dynamics per square metre. The ear number
dynamics in AGROSIM depends on pre-existing vegetative biomass and
on its daily growth rates; this is active between the beginning of
shooting and the beginning of ﬂowering. Based on the variety-ﬁxed
grain number per ear, AGROSIM calculates the grain number dynamics
per square metre, taking into account the ear number and the daily
water and nitrogen stresses, including possibilities after ﬂowering.
Water and nitrogen stresses are one reason for reducing the grain
number per ear and consequently for reducing the grain number per
square metre. Not in every case can this grain reduction be compensated for by an increase in thousand-seed weight during grain ﬁlling.
Fig. 6 gives an overview of the source, sink, distribution and
translocation processes for biomass and their interactions within
AGROSIM. A detailed description of all processes and model algorithms
is given in Wenkel and Mirschel (1995).
A simulation using AGROSIM for winter wheat at Müncheberg,
Germany shows that the high stress events regarding water and nitrogen levels caused by high temperatures and long drought periods in
1992 would very negatively aﬀect biomass accumulation, ear and grain
number dynamics and yield formation. AGROSIM simulation experiments with diﬀerent nitrogen fertilizer amounts for 1992 with high and
interacting water and nitrogen stress events up to the ﬂowering stage
resulted in a grain yield curve which had a local slowdown of the yield
increase notwithstanding continuously increasing N-fertilization rates
(see Fig. 7).
An analysis of causes for this local slowdown in yield increase,
under the extreme stress situations in 1992, is only possible on the basis
of a complex analysis of the interplay between soil and plant.
For all fertilization variants taken into account and simulated by
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Fig. 7. Winter wheat grain yield in relation to N-fertilization simulated by AGROSIM for
the dry year 1992 at Müncheberg Experimental Station.

AGROSIM from spring to the beginning of the drought period, the root
biomass is developed in such a manner that the soil volume is occupied
by roots big enough for an adequate water and nutrition supply for the
winter wheat crop stand. For the N-fertilization variants higher than
90 kg N ha−1, the soil nitrogen content is higher, and in these cases, the
crop stand is oversupplied in terms of nitrogen. In the AGROSIM model,
for such cases luxury storage of nitrogen within the biomass is present.
This means that the nitrogen content in the biomass is signiﬁcantly
higher when compared to the ontogenesis-dependent nitrogen content
threshold for the occurrence of plant nitrogen stress. In these cases,
there is an additional nitrogen reservoir (luxury reservoir) in the crop
stand which may help to bridge possible future nitrogen stress situations caused by an insuﬃcient nitrogen supply via the soil. This is described in the AGROSIM model; the nitrogen stress value is calculated
taking into account the ontogenesis-dependent threshold for nitrogen
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Table 5
A summary of model-based interpretations.
Necessary conditions
AGROTOOL
interpretation

Key considerations
growth is hindered in a critical time window (a few days before
• Root
ﬂowering) for the cases of signiﬁcant fertilization doses to maintain the

Non-optimal conditions (cloudiness etc.) for carbon
assimilation in the short time interval before anthesis

balanced plant development.

AGROSIM interpretation

result, a relatively weak root system forms up to the point of switching to
• Astheagenerative
development phase and cannot be increased later.
causes nitrogen stress during the rest of vegetation for medium doses of
• This
applied nitrogen.
supply of maintenance respiration needs by daily assimilation for
• Insuﬃcient
plants with medium nitrogen fertilization amounts induces a biomass

Increased water and nitrogen stress conditions for daily
photosynthesis during vegetative growth in spring, early
summer and summer

translocation from roots and vegetative biomass to the assimilate pool.

result, root and green biomasses as well as water and nitrogen supplies via
• Asthearoot
system are reduced; a luxury reservoir of nitrogen in the crop does not
exist for medium nitrogen fertilization amounts.

in this case, ear and grain numbers are reduced and cannot be
• Consequently
increased before harvest.
grain ﬁlling rate is limited by a lower grain number that results in an overall
• The
yield reduction.

intensively rooted soil volume, higher root exudates for soil micro-organisms and a lower reduction in vegetative biomass. All these result in
a smaller reduction in grain number and in higher levels of grain ﬁlling
after ﬂowering, and ﬁnally in a lower yield reduction.

content in the biomass on the one hand and the degree of its shortfall on
the other.
During the drought period in 1992, the maintenance respiration
demands for existing biomass can be met by the daily assimilation rates
for the nitrogen fertilization variants lower than 90 kg N ha−1. As a
result, these variants do not activate their assimilating translocation
processes from root and vegetative biomasses to the assimilate pool.
Compared to higher nitrogen fertilizer variants, the ear and grain
numbers calculated for the lower nitrogen fertilizer variants are lower;
this is caused by the lower vegetative biomass of these variants.
In the nitrogen fertilization variant of 90 kg N ha−1, the accumulated biomass is higher before the start of the drought period compared
to the lower nitrogen fertilization variants. This higher biomass resulted
in a higher maintenance respiration demand. In 1992, AGROSIM calculated water and nitrogen stress factors that greatly reduced the daily
assimilation rates for this nitrogen fertilizer variant. In this variant, the
calculated nitrogen stress factor could not be compensated for by the
crop stand because a luxury storage reservoir of nitrogen did not exist
in this variant. As a result of all these factors, daily assimilation rates
are reduced in such a manner that it would not be possible to supply the
maintenance respiration demands. Here, AGROSIM activates biomass
translocations not only from the above-ground vegetative biomass, but
also from the root biomass. A reduced root biomass means a reduced
rooting soil zone, i.e. a reduced root activity in the soil and, in consequence, a reduced nitrogen supply via the soil. The root exudation
rates for soil micro-organisms are also reduced. As a result, the allocation of plant-available soil nitrogen by micro-organisms is decreased.
This consequently means that the result of all these processes is a reduced biomass accumulation and, in turn, the grain number per square
metre is still less than that of the lower nitrogen fertilizer variants because of higher nitrogen stresses. The consequence is that in the nitrogen fertilization variant of 90 kg N ha−1, both the grain number per
square metre and accordingly the daily grain ﬁlling are reduced; this
results in a lower grain yield.
For the higher nitrate fertilization variants, a luxury reservoir for
nitrogen in the crop stand biomass develops. This is the reason that in
1992 – for a short time in any case – the crop stand would be able to
compensate for soil nitrogen stress events using its own nitrogen reservoir in the accumulated biomass. This resulted in a lower total stress
for the crop stand in the higher nitrogen fertilization variants, and a
relatively higher part of the maintenance respiration demand could be
covered by the daily assimilates produced by photosynthesis. Based on
this, in the higher nitrogen fertilization variants, the translocations
from root and vegetative biomasses into the assimilate pool are lower.
Compared with the nitrogen fertilization variant of 90 kg N ha−1, this
means a lower reduction of the active root biomass, a bigger or more

4. Discussion & conclusions
We have suggested two diﬀerent exploratory theories as interpretations of the eﬀect of possible abnormal shape of production
function. They are both based on an assessment of alternative mechanistic crop models. Table 5 presents a brief comparative summary of
these model interpretations.
In the main model complexes both mechanistic agro-ecosystem
models AGROTOOL and AGROSIM are structured similarly, but in the
individual processes and algorithms taken into account they clearly
diﬀer in certain respects. Not only are the algorithms in both models
diﬀerent, but the explanatory rationales for the anomalies in the fertilizer-dependent production functions are as well. Nevertheless, in both
models the main reasons for the anomaly are reductions in root biomass
and reductions in root activity induced by nitrogen-related stress
events. In AGROTOOL, the root system is decreased permanently,
which means a nitrogen stress for the rest of the vegetation phase. In
AGROSIM, on the other hand, a decreased root biomass during vegetative biomass growth results in a reduced grain number for the rest of
the growing period up to harvest. High stress events can further reduce
the grain number.
Surely, both proposed interpretations can provoke reasoned doubts.
The results obtained from simulations can reﬂect the speciﬁc features of
the models themselves, but do not concern the real object being simulated. Moreover, one can treat them as model artefacts or induced
defects of an applied method of numerical computations. In particular,
robust temporal discretisation of the models (with time intervals of one
day) aﬀects the conclusions to a great extent. Finally, it is always better
to have a single unambiguous interpretation, rather than several interlocking hypotheses. However, principal qualitative conclusions
drawn with the help of model consideration seems to be reasonable and
can be a good starting point for later experimental as well as modelbased researches. With other words, models are useful because they
allow us to identify situations which have some unexpected behaviour
(“abnormal” production function) and to interpret this behaviour more
in detail.
Recently, the traditional view on the role and place of mathematical
simulation models in agro-ecology and crop science has been changing
signiﬁcantly. Comprehensive theoretical models including a detailed
description of all basic processes in a “soil-plant-atmosphere-management” system are still being developed. Nevertheless, the scope of their
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possible application has converged bit by bit to rather narrow subject
researches (Aﬀholder et al., 2012). At the same time, simple regression
models have once again returned as useful tools for many practical
applications, such as for precision agriculture or in agricultural meteorology. The main advantages of such models are the simplicity and
eﬃciency of their calculations coupled with a guarantee of obtaining
interpretable and reasonable results for any input data. This beneﬁt
often prevails over considerations about scientiﬁc accuracy.
There are, however, possible objectives of model development
outside of just practical applicability and utilitarian purposes. One of
these would be the ability to use the model as a tool of purely scientiﬁc
search, i.e. in theoretical investigations. Here, we note that the stability
and predictability of the simplest regression models becomes rather
disadvantageous. On the contrary, the complexity and structural richness of comprehensive mechanistic models can be understood as preferable. The research presented above demonstrates the potential
ability of simulation approaches to be sources of new knowledge.

CERES to Central and Eastern European locations using German and Russian datasets. In: Schiefer, G., Helbig, R., Rickert, U. (Eds.), Perspectives of Modern
Information and Communication Systems in Agriculture, Food Production and
Environmental Control (2nd European Conference of the European Federation for
Information Technology in Agriculture, Food and the Environment (EFITA),
September 27–30, 1999, Bonn, Germany), Universität Bonn-ILB, vol. B, pp. 775–780.
Mirschel, W., Schultz, A., Wenkel, K.-O., 2001. Assessing the impact of land use intensity
and climate change on ontogenesis, biomass production, and yield of Northeast
German agro-landscapes. In: Tenhunen, J.D., Lenz, R., Hantschel (Hrsg) (Eds.),
Ecosystem Approaches to Landscape Management in Central Europe. Ecological
Studies, vol. 147. Springer-Verlag, Berlin Heidelberg, New York, pp. 299–313.
Mirschel, W., Schultz, A., Wenkel, K.-O., Wieland, R., Poluektov, R.A., 2004. Crop growth
modelling on diﬀerent spatial scales – a wide spectrum of approaches. Arch. Agron.
Soil Sci. 50 (3), 329–343.
Mirschel, W., Wenkel, K.-O., Schultz, A., Pommerening, J., Verch, G., 2005. Dynamic
ontogenesis model for winter rye and winter barley. Eur. J. Agron. 23 (2), 123–135.
Mitscherlich, E.A., 1909. Das Gesetz des Minimums und das Gesetz des abnehmenden
Bodenertrages. Landwirtshaft. Jahrb. 38, 537–552.
Osmond, D., Croizer, C., Heiniger, R., 2015. Alternative Synthetic Nitrogen Fertilizer
Products for Row Crop Production. NC State University. Online in internet: http://
images.google.de/imgres?imgurl=http%3A%2F%2Fcontent.ces. ncsu.edu%2Fmedia
%2Fimages%2FUntitled_bV4oxln.png&imgrefurl=http%3A%2F%2Fcontent.ces.
ncsu.edu%2Falternative-synthetic-nitrogen-fertilizer-products-for-row-cropproduction&h=312&w=600&tbnid=ZVWIsgbsVqS8rM %3A&docid=
BUzCirWwAWFyFM&ei=tkCbV76bKIfzaI6wtvgM&tbm=isch&iact=rc&uact=3&
dur=3314&page=6&start=100&ndsp=21&ved=0ahUKEwizszBy5jOAhWHORoKHQ6YDc84ZBAzCBMoCDAI&bih=687&biw=1280.
Pfeiﬀer, Th.; Fröhlich O., 1912. Zum Gesetz vom Minimum. Landw. Versuchs-Stationen.
Bd. LXXVII, pp. 429.
Plessing, H.C., 1943. Udbyttekerver med saerlight henblik pad en matematisk formulering af landbrugets udbyttelov. Nordisk Jordbrugsforsk. 25 (1943), 399–424.
Poluektov, R.A., Topazh, A.G., 2005. Calculation of the root/shoot ratio in the models of
higher plant organogenesis. Russ. J. Plant Physiol. 52 (5), 685–690.
Poluektov, R.A., Oparina, I.V., Topaj, A.G., Fintushal, S.M., Mirschel, W., 2000.
Adaptiruemost’ dinamicheskich modelej agroekosystem k razlicnym pocvenno-klimaticeskim uslovijam. (Adaptability of agroecosystem dynamic models to diﬀerent
soil and climate conditions). Matematicheskoje Modelirovanie (Mathematical
Modelling), 12 (11), 3–16.
Poluektov, R.A., Fintushal, S.M., Oparina, I.V., Shatskikh, D.V., Terleev, V.V., Zakharova,
E.T., 2002. Agrotool – a system for crop simulation. Arch. Acker-u. Pﬂanzenbau u.
Bodenkd. 48, 609–635.
Rausch, H., Lüttich, M., Freytag, H.-E., 1985. Quantiﬁzierung der
Stickstoﬀmineralisierung aus der organischen Bodensubstanz mit Hilfe der StanfordMethode. Arch. Acker-u.Pﬂanzenbau u 29, 77–83.
Rauterberg, E., 1939. Über die Beziehung zwischen Wachstumfaktor und Ertrag unter
besonderer Berücksichtigung der Berechnung der Konstanten a und c in der logarithmischen Gleichnung von Mitscherlich. Bodenk. u. Pﬂanzenernähr. 14 (1939),
10–28.
Reynolds, J.F., Chen, J., 1996. Modelling whole-plant allocation in relation to carbon and
nitrogen supply: coordination versus optimization: opinion. Plant Soil 185, 65–74.
Sapehin, A.A., 1923. Zum Gesetz Des Ertrages. Ber. Deut. Bot. Gesell. 41, 386–390.
Seymour, M., 2013. Canola response to the timing of nitrogen applications at Merredin.
Government of Western Australia, Department of Agriculture and food. Online in
internet: https://www.agric.wa.gov.au/canola/canola-response-timing-nitrogenapplications-merredin-2013-13mr11?page=0%2C2.
Spillman, W.J., 1923. Application of the law of diminishing returns to some fertilizer and
feed data. J. Farm Econ. 5, 36–52.
Status and Methods, 1961. Status and Methods of Research in Economic and Agronomic
Aspects of Fertilizer Response and Use // Publication 918, National Academy of
Sciences—National Research Council, pp. 89.
Stritzel, J.A., 1958. Agronomic and economic evaluation of direct and residual fertilizer
nutritions. (Unpublished doctoral thesis). Copy on ﬁle Iowa State University, Ames,
Iowa.
Suckow, F., 1986. Ein Modell Zur Berechnung Der Bodentemperatur Unter Brache Und
Unter Pﬂanzenbestand. Akademie der Landwirtschafts-Wissenschaften der DDR, pp.
121 Diss.
Surov N.G., Semikhova O.D., Atrashkova N.A., Ponomareva M.I., 1984. Impact of mineral
fertilizer dozes and ratios into the yields and quality of wheat and barley crops in
Kirov region. In: Vlijanie udobrenij na kachestvo urozhaja osnovnyh sel’skohozyaystvennyh kul’tur (In Russian), Moscow, VIUA, pp. 83–93.
Tumusiime, E., Brorsen, B.W., Mosali, J., Johnson, J., Locke, J., Biermacher, J.T., 2011.
Determining optimal levels of nitrogen fertilizer using random parameter models. J.
Agric. Appl. Econ. 43 (4), 12.
von Liebig, J., 1855. Die Grundsätze der Agriculturchemie mit Rücksicht auf die in
England angestellten Untersuchungen (Principles of Agricultural Chemistry with
Special Reference Made to the Recent Research Made in England. Friedrich Vieweg
und Sohn, Braunschweig.
Wenkel, K.-O., Mirschel, W., 1995. Agroökosystemmodellierung. Grundlage für die
Abschätzung von Auswirkungen möglicher Landnutzungs- und Klimaänderungen.
ZALF – Bericht, Müncheberg 24, 1–187.
Wilson, J.B., 1988. A review of evidence on the control of shoot:root ratio, in relation to
models. Ann. Bot. 61, 433–449.

References
Aﬀholder, F., Tittonell, P., Corbeels, M., Roux, S., Motisi, N., Tixier, P., Wery, J., 2012. Ad
Hoc modeling in agronomy: what have we learned in the last 15 years? Agron. J. 104,
735–748.
Badenko, V., Terleev, V., Topaj, A., 2014. AGROTOOL software as an intellectual core of
decision support systems in computer aided agriculture. Appl. Mech. Mater. 635–637,
1688–1691.
Baule, B., 1918. Zu Mitscherlichs Gesetz der physikalischen Beziehungen. In. Paris, Q.:
The return of von Liebigs “Law of minimum”. Agron. J. 84, 1040–1046.
Boguslawski, E.V., Schneider, B., 1962. Die dritte Annäherung des Ertragsgesetzes. Z.
Acker- und Pﬂanzenbau 114, 221–236.
Bondorﬀ, K.A., 1924. Det kvantitative forhold mellem planternes ernearing og stofproduktion. II. Matematiske udtryk for udbyttekerven (Denmark). K. VEt. Og
Landbohjskole Aarsskr. 1924, 9243–9336.
Boresch, K., 1928. Liebigs Ertragsgesetze bei Pﬂanzen. Ergeb. Biol. 4 (1928), 130–204.
Briggs, G.E., 1925. Plant yield and the intensity of external factors – Mitscherlich’s
“Wirkungsgesetz”. Ann. Bot. 39, 475–502.
Daane, K.M., Johnson, R.S., Michailides, T.J., Crisosto, C.H., Dlott, J.W., Ramirez, H.T.,
Yokato, G., Morgan, D.P., 1995. Excess nitrogen raises nectarine susceptibility to
disease and insects. Calif. Agric. 49 (4), 13–18.
de Wit, C.T., 1982. Coordination of models. In: Penning De Vries, F.W.T., Van Laar, H.H.
(Eds.), Simulation of plant growth and crop production. PUDOC , Wageningen.
Emebiri, L., Moody, D., van Ginkel, M., 2007. Managing grain protein levels using genetics. In: Proceedings of 13th Australian Barley Technical Symposium, 26–30 August
2007, Fremantle, Australia, http://www.proceedings.com.au/abts2007/pdf/05_
ABTS-07_Emebiri.pdf.
Gierk, M., Jungfer, E., 1993. Das Trockenjahr 1992 im Land Brandenburg. In: Studien und
Tagungsberichte, vol. 3. Landesumweltamt Brandenburg, Potsdam, pp. 23.
Griﬃn, R.C., Montgomery, J.M., Rister, M.E., 1987. Selecting functional form in production function analysis. West. J. Agric. Econ. 12, 216–227.
Gurin, P.D., Zakharova, E.T., 2013. Timing-eﬀect of top dressing in cereals cultivation.
Results of computer experiments. In: Materialy nauchnoy sessii po itogam 2012 goda
Agroﬁaicheskogo instituta (In Russian) SPb, ARI, pp. 167–171.
Ivanova, T.I., 1977. Results of application of increasing doses of mineral fertilizers in crop
rotation. In: Primenenie matematicheskih metodov v agrokhimicheskih issledovanijah (In Russian), vol. 56. VIUA, Moscow, pp. 15–51.
Medvedev, S., Topaj, A., 2011. Crop simulation model registrator and polyvariant analysis. In: IFIP Advances in Information and Communication Technology. vol. 359, pp.
295–301.
Medvedev, S., Topaj, A., Badenko, V., Terleev, V., 2015. Medium-term analysis of
agroecosystem sustainability under diﬀerent land use practices by means of dynamic
crop simulation. In: IFIP Advances in Information and Communication Technology.
vol. 448, pp. 252–261.
Mirschel, W., Poluektov, R.A., 2010. Agro-ecosystem model family AGROSIM for climate
change impact assessment at diﬀerent sites. In: Materialy vserossiskoi konferencii
“Matematiceskie modeli i informachionnye tekhnologii v sel’skokhozaistvennoi biologii: itogi i perspektivy” (14.-15.10.2010, ARI St. Petersburg, Russia), St. Petersburg,
pp. 88–93.
Mirschel, W., Wenkel, K.-O., 2007. Modelling soil-crop interactions with AGROSIM model
family. In: Kersebaum, K.C., Hecker, J.-M., Mirschel, W., Wegehenkel, M. (Eds.),
Modelling Water and Nutrient Dynamics in Soil-Crop Systems: Proceedings of the
Workshop on “Modelling Water and Nutrient Dynamics in Soil-Crop Systems” Held
on 14–16 June 2004 in Müncheberg, Germany. Springer, USA, pp. 59–73.
Mirschel, W., Wenkel, K.-O., Koitzsch, R., 1995. Simulation of soil water and evapotranspiration using the model BOWET and data sets from Krummbach and Eisenbach,
two research catchments in North Germany. Ecol. Model. 81 (1995), 53–69.
Mirschel, W., Poluektov, R.A., Schultz, A., Oparina, I.V., Fintushal, S.M., Topaj, A.G.,
Höﬂich, G., 1999. Adaptation of Agroecosystem Models AGROSIM, AGROTOOL and

207

