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Om cocmaeumeiien

ﬂopoeue yumamesu u KoJijiecu,

Yoice 6onvue osyx nem
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NPUHANU  peuleHue 8bINyCMmumy
HAyuYHY10 MoHozpagurio,
NOCBAWEHHYI0  e20  NaMsamu.
Ilooecomoska U30auus,

NPUYPOUEHHO20 K NpOBedeHUI0
nepsvix «llonyskmoseckux umenuil» 6 Aepogusuueckom uncmumyme, 20e Pammup
Anexcanoposuu  paboman  3a8edyrwuUM  1abopamopuei  MamemamuiecKozo
MOOeNUPoBanuUs azposKocucmem 8 mevenue 45 nem, 3ausana y Hac noumu Noamopa
200a. Omy KHU2Y bl 0epicume 8 C80UX PYKAX.

Kax  nacmoawuii  yuenwiti-onyukioneoucm  Pammup — Anexcanoposuy
Ilonyskmos omauuanca wupouaiuuum cneKmpom Hayuuvlx unmepecos. OOHaKo 3a
2006l ceoeli pabomvl 6 ADU Haubonvuiee SHUMAHUE €20 U B0321AGNAEMO20 UM
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ogopmums e2o0 He KaK KHU2Yy 80CNOMUHAHUU, A UMEHHO KAK COOPHUK NpoOIeMHbIX
ABMOPCKUX HAYYHLIX cmamell, NOCEAUJeHHBIX NOCIeOHUM UCCIe008AHUAM, A MAK’CE
OPUSUHATILHBIM U NPOPBIGHLIM Pe3yIbmamam 6 dMmux HayyHwlx oucyuniuxax. Ham
Kascemcst, Ymo NoOOOHbIN Xapakmep KHU2u 0Oojee 8ce20 coomeemcmeyem oopasy
Pammupa Anexcanoposuua, xomopwiii cec0a ocmasaics 4eio8eKoM, OMKPbIMbIM
8cemM HOBbIM BESHUAM, He MepnesuiumM 3Aacmosi, PYMuHul U NYCMOU NoXeanbowl,
Yen08eKOM, KOMOPbIU Npesbllie 6Ce20 YeHU HAYUYHYI0 UCMUHY, Kpacomy U
Ganmasuro. Xouemces eepums, 4mo no020MOGNeHHA HAMU KHU2a Oblia Obl NpuHAmMA
UM 61a20CKIOHHO.
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Abstract

Crop growth modeling and crop yield estimation methods for arable and
grassland farming across different spatial scales are very effective instruments for
providing solutions to scientific, practical or impact assessment-oriented biomass and
crop yield questions. The most popular utilization for both model developers and
practitioners would be to have highly resilient and robust universal crop growth
models applicable to different questions and spatial scales that are controlled by a
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defined and widely available set of parameters, and based on available model inputs.
However, experience shows that such a solution is hardly ever achieved in practice.
The reality of crop growth modeling is that there is a close interaction between model
type, spatial scale and input data availability.

Starting with an abstract, general definition for crop growth or agro-ecosystem
models, this paper focuses on AGROSIM models and assesses physiological plant
process-based crop growth approaches developed and parameterized for specific
locations relating to (1) their adaptability to other European sites and (2) large regions
such as counties or districts. Additionally, for larger settings, up to agro-landscape
scale, a generic crop growth model approach is proposed for calculating (A) static
crop values at harvest starting with crop yield estimation using the YIELDSTAT
model, and (B) dynamic crop growth variables between sowing and harvest using the
EVOLON approach. This generic approach contains different statistical elements.
The YIELDSTAT crop yield estimation model is described in more detail.

1. Introduction

Agro-ecosystems play an essential role in matter, energy and water cycles and
balances within agricultural landscapes. Analyzing and understanding interactions in
the “cropllsoill latmospherel 'management” system are important prerequisites for
investigating the influence of weather/climate, site conditions and agronomic
measures on biomass production and yield formation as well as on environmental
values such as nitrogen leaching, percolation and carbon sequestration. It will become
increasingly necessary to assess the impact of land use changes and changes in
climate on agro-ecosystem indicators, such as crop yields and biomass accumulation.

Crop growth from the greenhouse and the natural ecosystem is influenced by
numerous factor groups with varying levels of significance. The most influential
factor groups are climate and weather; site conditions (including water and nutrient
supply); crop properties (including cultivars, plant physiology and genetics);
anthropogenic management and impacts from other system components (pests and
disease). Depending on the scale, there is a wide difference in quality and/or
availability of the necessary factor knowledge of each group. For agricultural plot
crop growth modeling, detailed information about management, site, cultivar and
weather is available. Such detailed information is not available for entire agro-
landscapes, however. Here, GIS map-based information, weather information from a
distributed network of meteorological stations, and management information, which
is relevant to only the region concerned, serve as the only sources of information
(Mirschel et al., 2004).

In order to anticipate future demands, more models applicable to large-scale
agro-ecosystems need to be developed. After all, it is difficult to conduct
experimental research on this large level as there is insufficient time; costs are
prohibitive and the scale is too large.

Models are powerful tools for investigating the effects of different land use options
and/or climate changes on crop growth and water and matter cycles as well as for
bridging the gap between different temporal and spatial scales; they are urgently
needed to support ecological-economic conflict solutions. Here, complex crop growth
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or agro-ecosystem models play an important role in describing the influences of agro-
management, soil and weather/climate on the most important ecosystem processes up
to biomass accumulation and yield formation (Poluektov et al., 2006).

The origins of crop growth and agro-ecosystem modeling can be traced back as far as
the “School of de Wit” crop growth simulation models in Wageningen, the
Netherlands. These models had a similar philosophy but differed in their complexity,
the processes addressed and their functionality (Bouman et al., 1996). Being
concerned with only process-oriented crop growth modeling, model development was
stimulated by a demand for tactical and strategic decision support, yield forecasting,
land zoning and explorative scenario studies. Summarized and more comprehensive
examples of crop growth modeling approaches are BACROS (Penning de Vries and
van Laar, 1982); SUCROS (Spitters et al., 1989); WOFOST (van Diepen et al., 1988;
Supit et al., 1994); MACROS (Penning de Vries et al., 1989); LINTUL (Spitters and
Schapendonk, 1990) and ORYZA (Bouman et al., 2001).

Based on traditional models from the “School of de Wit”, over the last 30 years
numerous crop growth and agro-ecosystem models have been developed which have
some scientific merit and have also been used in practice. Among them there are
plant physiological and process-based models such as CERES (Ritchie, 1993);
AGROSIM (Mirschel and Wenkel, 2007); AGROTOOL (Poluektov et al., 2002;
Poluektov and Terleev, 2007); HERMES (Kersebaum, 2007) and MONICA (Nendel,
2011). All these models are parameterized for different agricultural crops. The results
of a comparison of 18 different crop growth and agro-ecosystem models using a
consistent data set from Miincheberg (Germany) are provided by Kersebaum et al.
(2007). A comprehensive, but incomplete overview of more than 250 models for
agricultural systems available worldwide is supplied in the CAMASE register
(Plentinger and Penning de Vries, 1995). The application of specific model types
mainly depends on the available process information and, hence, the scale of usage.

Crop growth and agro-ecosystem models are more or less similar: they require
meteorological values as driving forces (Dy, k = 1, 2, ... ny); management values (M,
p =1, 2,...np); initial values (Ii(ty), 1 = 1, 2,... 0y ,to - starting time) and parameters (Py,
m = 1, 2,... ny). The states (Xj(t), 1 = 1,2,...n;, t - time) of crop growth models are
calculated on the basis of model algorithms between sowing (ts) and harvest (ty). The
model states are described by

Xi(t) = f[Xi(t-1), Di(t), Mp(t), Pro]; Xi(t) =g [It)] s ts=t=th. (1)

At plot level where all site conditions are well known, a detailed plant
physiologic process-based crop growth or agro-ecosystem model describing all
important processes can certainly be expected to produce more satisfying scientific
answers than similar simple crop growth approaches. With increasing areas
considered, an obvious conflict appears between spatial heterogeneity of the area, the
heterogeneity in plant reaction patterns (local environmental conditions), the
considered process details, and the input and parameter availability and uncertainty.
The selection of an appropriate approach for the context depends on the modeling
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goal as well as realistic input and parameter demands so that accurate and resilient
results can be achieved.

This paper focuses on the AGROSIM model and demonstrates the
effectiveness of plant physiologic process-based crop growth approaches developed
and parameterized for specific locations relating to their applicability to other
European sites and to larger regions. Additionally, a generic crop growth model
approach for use at agro-landscape level, including a yield estimation model, will be
presented.

2. The AGROSIM crop growth agro-ecosystem model

At the Leibniz-Centre for Agricultural Landscape Research in Miincheberg,
Germany, the AGROSIM agro-ecosystem model family (AGRO-ecosystem
SIMulation) was developed and validated for the agricultural moraine landscapes of
northeast Germany. The AGROSIM model family, which is mainly focused on crop
growth processes, includes models for winter wheat (AGROSIM-WW), winter barley
(AGROSIM-WG), winter rye (AGROSIM-WR), sugar beet (AGROSIM-ZR), and
various catch crops (AGROSIM-ZF) (Mirschel and Wenkel, 2007).

2.1 Model description

The AGROSIM models belong to the process-based soil-plant-atmosphere-
management models. They describe whole crop stands under field conditions for
limited water and nitrogen supply between sowing and harvest. Homogeneous crop
stands are assumed in the models. All models only need meteorological standard
values (temperature, radiation, precipitation, CO, content) as driving forces and
regionally available inputs and parameters. The AGROSIM models based on the
same modeling philosophy have a similar modular model structure (sub-models); use
rate equations for describing process dynamics; operate on a minimum time step of
one day; and are sensitive to weather/climate, site and management. In all models
there are realized time step-related interactions between the modules of ontogenesis,
biomass growth, soil processes and the atmosphere. The general structure of the
AGROSIM models for winter cereals, including the couplings of soil and plant
processes within the model, are illustrated in Figure 1. One of the most important
processes within the AGROSIM models is the process of ontogenesis, which acts as a
time-related control variable for all other processes (Mirschel et al., 2005).

The second important sub-process within the AGROSIM models is carbon
assimilation, which obtains daily increments via stand photosynthesis. The
photosynthesis approach, which is used in almost all known crop growth models, is
based on leaf area index (LAI) (for instance, see Poluektov et al. (1998)). This is in
contrast to the AGROSIM models where the photosynthesis approach is based on a
maximum photosynthetic rate per unit of green biomass, which is modified by
environmental and management factors depending on photosynthetic active radiation;
temperature; existing vegetative biomass; short- and long-term water stresses;
nitrogen stress; atmospheric CO, concentration; and lengths of day-time and night-
time. The descriptions of all factor dependences for the photosynthesis approach are
provided by Mirschel and Wenkel (2007), as are the approach descriptions of all
other crop growth and soil processes.
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Figure 1: Model structure of AGROSIM models for winter wheat, winter barley and
winter rye (Mirschel and Wenkel, 2007)

2.2 Model validation at plot level

Based on special field experiments between 1993 and 1998, the AGROSIM
models were parameterized and first validated for site conditions at the Miincheberg
research station. Figure 2 shows a model-experiment comparison for ontogenesis,
above-ground biomass and yield for the crop rotation “sugar beet — winter wheat —
winter barley — winter rye” between 1993 and 1998.
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Figure 2: Model-experiment comparison for ontogenesis, above-ground biomass and

yield as time courses for the whole crop rotation (1993-1998) at the Miincheberg site

(lines — simulations with AGROSIM models; squares — observations) (adapted from
Mirschel and Wenkel, 2007)
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Considering all winter cereals the ontogenesis stages for shoot initiation,
flowering and maturity were calculated with a mean absolute deviation (MABS,
Rasch, 1987) of 4.5, 4.2 and 6.6 days, respectively. The MABS for yield and above-
ground biomass (all three winter cereals including sugar beet) are 0.77 t ha™ and 1.04
t ha”, i.e. the mean relative deviations are 14.08% and 14.84%, respectively. For both
the yield and the above-ground biomass, the index of agreement according to
Wilmott (1982) is 0.984 and 0.978, respectively. The model simulations were
realized with a constant parameter set for each crop type.

The AGROSIM models were also validated for other research stations in
eastern Germany including Hohenfinow, Ziethen, Mariensee, Bad Lauchstiddt and
Brunswick. For Brunswick, within the Free Air Carbon Enrichment (FACE)
experiments, two different levels of atmospheric CO, content were taken into
account, i.e. 380 ppm and 550 ppm.

As part of the scientific cooperation with the Agrophysical Research Institute
St. Petersburg, Russia, the AGROSIM model for winter wheat was validated for the
research stations in Sovetsk and Krasnodar. In Figure 3 the model-experiment
comparisons for ontogenesis, biomass (above-ground, grain), and soil water (1 m

depth) are shown as time courses for the whole vegetation period taking the examples
of Krasnodar (1983/84) and Sovetsk (1987/1988).

100 100
80—: Ontogenesis (DC) 80_‘0ntogenesis (DC)
40 - 1
| 40
20+ |
0 T T T T T T T T T T T T 20_.
15_- Biomass (t ha'1) 0 T T T T T T T T T T T T
grain 15 Biomass (t ha™) L
10'_ = = =above-ground grain .’-
5 /' ''''' 10 — - =above-ground /
0 | T T T I__ -I *-’ - T T T T T ]
400 | Soil water in 1 m (mm)
300 u
200
100
0 T T T T T T T T T T T T
1L
0 | Water stress VWH
T T T T T T T T T T T T 0 ; ; ; ; ; ; ; ; : : : ;
Sep Nov Jan Mar May Jul Sep Sep Nov Jan Mar May Jul Sep

Figure 3: Winter wheat model-experiment comparison for ontogenesis, above-ground
biomass, grain yield, and soil water (1 m depth) as time courses over the whole
vegetation period for Krasnodar (Krasnodar region, Russia, 1983/1984, variety:

Mirinovskaja-808), left) and Sovetsk (Kaliningrad region, Russia, 1987/1988,
variety: Mirinovskaja-Jubilejnaja, right) [lines — simulation using AGROSIM-WW;
squares — observations]
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2.3 Model adaptation for winter wheat at European sites

The aim of a model development with a practical focus for crop growth should
be to achieve a widely applicable model so that it can be used across a range of
situations.

The model transfer possibilities were primarily investigated using the
AGROSIM model for winter wheat and data sets from different European
experimental sites. For these investigations, weather and experimental data from 24
sites in France (5 sites), Germany (5 sites), Hungary (1 site), Italy (8 sites), the
Netherlands (3 sites), Poland (2 sites) and Russia (2 sites) was available. The data
was supplied from locations between 39.4 °N ... 55 °N and 1.5 °E ... 38.5 °E; was
derived from different sources and different time periods (1957 - 1997) and from 26
different cultivars. In all, 97 different combinations of weather, site and cultivars
could be used.

Complex crop growth models with many site, cultivar and agronomic
parameters (usually more than 100) have a great number of "degrees of freedom".
Where there is a limited set of observations, similar model behavior can be achieved
by using different parameter sets or parameter combinations. The greater the amount
of inputs and parameters, the greater the ability to adapt a model to a new situation.
However, greater effort is also required and there is also more potential for error.
Where the data set is limited and there is incomplete knowledge of site conditions,
the application of automatic parameter optimization procedures is not recommended.
In this case, it is more effective to manually adapt the parameters. Having an
awareness of the problems when applying a very comprehensive model to data sets
from different decades and different regions, here, only cultivar parameters have to
be adapted which reflect progress in agro-technology and plant breeding, and which
describe the geographical variables (processes of ontogenesis, photosynthesis and
grain filling). The relevant parameters within AGROSIM are: maximum ontogenesis
and specific gross photosynthesis rates during tillering, shooting/ear formation and
grain filling as well as potential grain filling rate and ear/biomass equivalent. The
goal function of the parameter estimation during the course of ontogenesis was to
meet the stage of flowering and, for courses of biomass and grain yield, to meet the
final values at harvest. Compared to the German standard parameter set there was the
aim to find a country-specified parameter set. Apart from in France and Russia, this
aim was achieved. Because of a very wide range of cropping conditions for winter
wheat in France and Russia, for most of the parameters mentioned above, value
ranges were necessary (Mirschel et al, 2004). Table 1 gives an overview of value
ranges for some of the modified parameters after they had been adapted. Figure 4
shows a comparison of measured and simulated grain yields at harvest using country-
specific parameter sets.
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Table 1: Country-specific parameter sets for the maximum ontogenesis rate and the
gross photosynthetic rate for the AGROSIM model (Mirschel et al., 2004)
parameter maximum ontogenesis rate gross photosynthetic rate
tillering  shooting grain filling tillering shooting grain filling

country

France 0.10..0.11  0.37 0.07 0.95..1.10 0.25..0.31 0.03
Germany  0.17 0.40 0.035 0.90 0.245 0.055
Hungary 0.10 0.45 0.07 0.90 0.245 0.055

Italy 0.10 0.34 0.12 0.90 0.26 0.03
Netherlands 0.12 0.60 0.035 0.96 0.27 0.055
Poland 0.07 0.45 0.08 1.10 0.31 0.03
Russia 0.07..0.09 0.45 0.08 1.10 0.31..0.46  0.03...0.055
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Figure 4: Comparison of measured and simulated winter wheat grain yields for
different European locations (Mirschel et al., 2002b)

3. Application of process-based crop growth models at the regional level

Plant physiological process-based crop growth models are developed and
parameterized to experimental conditions for a high crop yield level which differs
from practical cropping conditions for large fields or at a regional level where the
crop yield level is significantly lower. This means that the application of such crop
growth models for the regional level must be handled very carefully. The application
of such process-based crop growth models for the regional level is not possible in
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every case. However, in every case it is necessary to adapt these models to the
practical cropping conditions taking into account the bias between the crop yield
level for research stations and the crop yield level for practical cropping conditions.
For an acceptable application of process-based models at the regional level there are
two possibilities. The first is to assume that the region in question is a homogeneous
area with homogenized model inputs, for example, a typical soil within the region, a
weather/climate data set from a meteorological station representative of the region,
and identical agro-management. In this case, the preparation of all necessary model
inputs is relatively straightforward as it can be assembled from statistics.

The second option is to divide the region into relatively small grids (100m x
100m, for instance) in which the model inputs can also be defined as homogeneous.
Here, the grid-specific preparation of necessary model inputs for the whole region is
much more difficult. Detailed GIS map information such as spatial soil information
(Badenko et al., 2013) is required. There are not resilient methods for downscaling
weather/climate data based on the meteorological station network of a meteorological
service which are not likely to be of sufficiently good quality. It is also very difficult
to acquire grid-based agro-management information.

An example of the first option demonstrates how detailed, plant-physiologic
process-based models can be used to estimate grain yields in practice under cropping
conditions at district level with the help of AGROSIM models, here taking the
example of winter rye and winter barley. The investigations were carried out across a
ten-year time period (1980-1989) in the districts of Prenzlau (795 km™) and
Strausberg (689 km™) in northeast Germany. As the weather during the 1980s was
extremely variable, there is a wide spectrum of different behavior patterns (annual
precipitation: 420 ... 700 mm, annual average temperature: 8.2 °C ... 9.9 °C). If
models like AGROSIM are to be applied to agricultural practice, model and
parameter adaptations are urgently required to cope with the problem of yield
differences between experimental plots and fields at farms. The general idea behind
the application of AGROSIM models for biomass and yield estimations at district
level is to consider the area of the district as one homogeneous field with a
dominating soil, grown with the same average cultivar, and that agricultural
management practices are consistent.

Acknowledging the differences in yield between trials and practice, a
productivity factor was introduced which was normalized to the interval [0, 1], thus
offsetting disadvantageous effects, and was linked to the processes of biomass and
grain yield formation. In addition, the ontogenesis reaction to water shortage was
modified. It should be mentioned that the productivity factor increased within the
previous decades due to improved management and is greater for winter barley than
for winter rye. The model starting values and daily inputs were derived as average
values from generally available district information. The dominating soil layer
information was derived from soil maps using a transformation algorithm by Weise
(1978). The weather data for the districts Prenzlau and Strausberg was taken from the
representative meteorological stations Prenzlau and Miincheberg, respectively.
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The comparison of winter rye and winter barley yields simulated using the
modified AGROSIM models with the statistical district average yields is shown in
Figure 5.

winter barley winter rye
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Figure 5: Comparison of simulated and statistical average grain yields at district level
(Mirschel et al., 2004)

For both crops and districts, the mean absolute deviation is 0.65 t ha” and
accordingly 16 %. On average, district yields are slightly overestimated by the
AGROSIM models. Sensitivity analyses concerning model starting values and inputs
showed that considerable yield variations are possible when changing the average
sowing date, the latitude of the growing site or the nitrogen management.

As an example of the second case, it is demonstrated how the MONICA model
(Nendel et al., 2011) was used to investigate the application possibilities of such crop
growth model types for larger areas. MONICA is a plant-physiologic process-based
agro-ecosystem model which was developed based on the HERMES model
(Kersebaum, 2007) using model algorithms from the AGROSIM (Mirschel and
Wenkel, 2007) and DAISY (Hansen et al., 1991) models. The second question was to
test the effect of different spatially resolved soil and weather data used as input for
the MONICA model. The investigation was conducted across the whole Federal State
of Thuringia, Germany, which has an area of 16,172 km™ (Nendel et al., 2013).
Thuringia was covered by a 1 ha grid (100m x 100m) meaning that the MONICA
model calculated more than 1.6 x 10° times per simulation day. For all these grids the
necessary model input data was either directly or indirectly derived from map
information. For the model applicability in the first step, MONICA was tested against
actual field experiment data from representative stations across Thuringia and with
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the knowledge that the yield level of the experimental stations is higher compared to
the yield level of large-scale commercial agriculture (Nendel et al., 2013).

The results of the investigation with winter wheat can be condensed as follows:
“The combination of one representative soil and one weather station for the whole
Federal State of Thuringia was insufficient to reproduce the observed mean yield of
6.66 = 0.87 t ha™'. The use of a 100 m x 100 m grid for soil and relief information
combined with only one representative weather station yielded a good estimator (7.01
+ 1.47 t ha"). The soil and relief data grid used in combination with weather
information from 14 nearby weather stations produced even better results (6.60 +
1.37 t ha™"); the same grid used with 39 additional rain gauges and an interpolation
algorithm that included an altitude correction of temperature data slightly
overpredicted the observed mean (7.36 + 1.17 t ha'). It was concluded that the
apparent success of the first two high-resolution approaches over the latter was based
on two effects that cancelled each other out: the calibration of MONICA to match
high-yield experimental data and the growth-defining and -limiting effect of weather
data that is not representative for large parts of the region. At county and farm level,
the MONICA model failed to reproduce the 1992-2010 time series of yields, which
is partly explained by the fact that many growth-reducing factors were not considered
in the model.” (Nendel et al., 2013). Based on these results, when the MONICA
model was subsequently used for agricultural areas at a regional level, a practice
factor for adapting the yield level to large-scale commercial agriculture was
introduced.

4. Dynamic crop growth modeling and spatial scaling

Plant physiological process-based crop growth models are developed and
parameterized for experimental conditions for small plots with homogeneous and
optimal growing conditions, also taking into account special climate chamber
experiments. Crop, soil and management conditions are well known, and there are
excellent measurements for model calibration and parameter optimization. Such
models describe the growing situation under experimental conditions at a high crop
yield level which differ from practical growing conditions at large fields or at
regional level where the crop yield level is significantly lower (by 10 ... 20 % in
Germany). The reasons are heterogeneities in soil properties; diverse nutrients and
soil water distributions; pest infestations; management quality differences; harvest
losses and others. Therefore, if models such as AGROSIM or MONICA are to
function for large-scale commercial agriculture, model and parameter adaptations are
urgently required to cope with the problem of yield differences. In addition, the
existing complex dynamic crop growth models do not take into account all relevant
processes and interactions influencing the biomass accumulation and yield formation.
Usually here the interactions between the plant at one location and pests, deceases or
weed pressure at another have not yet been taken into account. Therefore, more
research is required here. This procedure is very time-consuming and costly. The first
efforts in this direction were in the mid-1980s by Bellmann et al. (1986). Fostering
this approach in model development means that considered processes and parameters
are multiplied as are the problems connected with model parameterization.
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Another difficulty in the application of complex dynamic crop growth models
across large spatial and temporal scales, for example, regional crop yield simulations
during climate change, is that they do not take into account the yield trends resulting
from progresses in plant breeding and agro-technology. In complex dynamic crop
growth models, usually genetic parameters are considered such as assimilation and
respiration rates, ontogenesis rate, senescence rate or shoot/root and grain/straw
ratios. Genetic parameters are used, for example, in the well-known CERES models
(Ritchie et al., 1988), in which there exist continent-based genetic parameter sets. In
general, these genetic model parameters are verified for fixed levels of progress in
plant breeding and growing. To solve this problem, it would be necessary to replace
these genetic fixed parameters with parameter functions dependent on progress in
plant breeding and agro-technology.

The use of complex dynamic crop growth models on a large scale, i.e. for
unknown environments that have not had parameters set for the model, produce
potential errors caused by the model itself and the large number of assumptions that
do not apply to the scale of model validation. These assumptions are mainly
connected with the restrictions on the input data required to drive the model (Nendel
et al., 2013). On a large scale, the data situation is limited compared to the data
requirements for running complex dynamic crop growth models. In order to apply
these models on a large scale, the first necessary step is to prepare the data required
for the model to run directly from map information or, as is more usual, indirectly by
deduction from other information available for a large scale. Consequently, there is a
considerable likelihood of error.

In the past, the limited availability of computer processing power for running
complex dynamic crop growth models on large scale was often a reason for the
unfeasibility of such models. Nowadays this is no longer the case as parallel
processing enables high-resolution simulations of large areas using sophisticated
process-based crop growth models to be performed.

The problems connected with the use of complex dynamic crop growth models
at regional level as described above show that this model type is not effective at all
levels, i.e. from field via farm and region up to national level. The determination
requirements for values and parameters influencing the biomass accumulation, the
possible error sources for its determination, and the error propagation within models
may also negatively influence the practical use of such model approaches. In order to
achieve a practical application of model approaches to describe biomass
accumulation and yield formation with resilient model outputs, it may ultimately
prove necessary to replace the theoretical process-based approaches with simpler
model approaches. According to Ewert et al. (2011), modifying model parameters
and simplifying model structures are the first steps for model simplification. Similar
conclusions are given by Schultz (2002).

Because of required model simplifications on the one hand and increasing
difficulties in the process of input data availability (homogenization, aggregation,
interpolation, direct or indirect deduction) connected with increasing scales on the
other, it follows that there is a mutual dependency between scale and applied model
type for crop growth. This position is supported for agricultural arable and grassland
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arecas (Ewert et al., 2001; Nendel et al., 2013; Gimona et al., 2006; Folbert et al.,
2012) as well as for forest areas (Xi et al., 2009; Pinjuv et al., 2006). Consequently,
the model type for crop growth should be changed according to the scale. In order to
obtain resilient and robust results in crop growth modeling on a large scale across a
wide range of agricultural crops grown on arable land, it is recommended that generic
hybrid crop growth models are used. These combine different statistical, matrix,
fuzzy and expert knowledge based approaches with empirical algorithms.
Knowledge-based approaches can take into account circumstances influencing crop
growth and yield formation which are difficult to quantify using other approaches due
to a lack of data. Here only practical experience and expert knowledge accumulated
over a long period of time can be used.

5. Generic hybrid crop growth model for landscape scale
Landscapes can be described quantitatively and qualitatively by using
landscape indicators. Biomass accumulation as the basis for matter balances and yield
as the basis for economic calculations belong to such landscape indicators. For
agricultural land (here, arable and grasslands) within agro-landscapes, crop growth
models are necessary for different agricultural crops and grassland types as well as
for different management intensities (e.g. organic and conventional farming). On
arable and grassland sites in northeast Germany, for instance, about 20 different
arable crops and 14 grassland vegetation types (grass communities, Mirschel et al.,
2010) are grown. At landscape level, only a limited amount of data is available. Here,
only GIS-based data with different spatial resolutions can be used with no specific
management and cultivar information and only weather/climate information from the
official weather service’s station network. Acknowledging all these restrictions, it
becomes apparent that for the agro-landscape level classic plant physiological-based
agro-ecosystem, it is not an option for models to use a lot of detailed processes
involving a large number of parameters (among them also genetic parameters) which
often need very specific input information for each crop or grassland type. For this
scale, a generic crop growth model is required which has manageable crop specific
parameter sets and general input data which is only available at agro-landscape level.
According to Mirschel et al. (2004), a generic crop growth model as a part of a
complex landscape model should be:
(1) sensitive in its responses to climate, site characteristics, and management
practices;
(2) robust in its functions and not inordinately sensitive to coarse parameters imposed
by regional databases;
(3) both simple and complex enough to include all relevant dependencies using
different model algorithms and approaches;
(4) compatible with landscape models and general software formats using object-
oriented modeling methods;
(5) able to output crop-relevant crop growth and yield values for interaction with
other landscape model parts and simple balance models based on a well-defined
data exchange;
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(6) be parameterized and validated for all necessary arable crops and grassland types
and

(7) capable of making model extrapolations for simulation runs that can project future
trends.

5.1 Generic crop growth model

Such a generic crop growth model was developed at the Institute of Landscape
Systems Analysis of the Leibniz-Centre for Agricultural Landscape Research (ZALF)
Miincheberg by using object-oriented modeling methods. This generic crop growth
model, which is subdivided into two parts, interacts with different soil models. The
model structure is shown in Figure 6. In the first part of the model, different static
crop variables such as crop yield, above-ground biomass, root biomass and total
biomass at harvest time are estimated using fairly simple model approaches. A more
detailed description of the YIELDSTAT spatial crop yield estimation model, which
plays an essential role within this generic crop growth model, is given in Section 5.2.
Starting with the biomass and yield situation at harvest in the second model part,
dynamic crop variables between sowing and harvest are calculated using the
EVOLON differential equation approach (Peschel, 1988). Applying the EVOLON
parameters, which are influenced by temperature, water and nutrient stress factors,
destruction and cooperative growth processes can be considered as well as the
process velocities (acceleration, deceleration, interruption). The biological time is
controlled using the crop ontogenesis. Here the ONTO model based on temperature
sums (Mirschel, 2010b) is used for the most important agricultural crops. For all
other crops, the simplified model approaches used for the BEREST90 irrigation
scheduling system (Wenkel and Mirschel, 1991) are used. For calculating the crop’s
specific potential evapotranspiration (PET), Wendling et al.’s (1991) simple approach
is used.

This generic hybrid model for crop growth has been parameterized so far for
winter wheat, winter rye, winter barley, rape, field grass, sugar beet, potatoes, peas
for fodder, silo maize, grain maize and spring barley, and has been used taking the
example of the whole Uecker catchment (5,300 km?®) in the northeast German region
(Mirschel et al., 2002a).
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Fig. 6: Structure of the generic hybrid model for crop growth (taken from Mirschel et
al. (2004), modified)

5.2 YIELDSTAT spatial crop yield estimation model

YIELDSTAT (YIELD estimation based on STATistics) is a spatial statistic-
based crop yield model based on field crop yield observations distributed on the
arable land of more than 300 large agricultural enterprises within different climatic
regions of eastern Germany up to the early 1990s. YIELDSTAT is a hybrid model
which combines eight different yield-influencing modules which are combined as
follows:

Y = ((Ys* Ysite) * forer - frin + Yreen) * feoz + Yiri = Yioma (2)

where Y is the crop yield (t ha™'); Y, is standardized yield (t ha™'); Ysie is the site-
specific yield modifier (t ha_l); fprcr 18 the pre-crop modifier; fry; is the tillage
modifier; Yreen is the regional crop yield trend (t ha™) driven by progress in plant
breeding and agro-technology; fco, 1s a factor accounting for the effect of increasing
atmospheric CO, on crop photosynthesis and water use efficiency; Yy, is the yield
increase by irrigation (t ha™'); and Yo denotes yield loss caused by adverse weather
conditions during harvest (t ha™).

Y based on a natural yield matrix developed by Kindler (1992) and Mirschel
(2009) combines different arable crops (winter wheat, winter barley, winter rye,
winter triticale, spring barley, oats, potatoes, sugar beet, winter rape, maize for silage,
clover, clover-grass mix, alfalfa, alfalfa-grass mix, field grass) and two grassland
types (intensive grassland, extensive grassland) with 56 different types of agricultural
sites grouped into diluvial, alluvial, loess and disintegrated soils. The agricultural site
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types are based on the Medium Scale Site Map (MMK) for arable land (Schmidt and
Diemann, 1991) which covers the whole of the eastern part of Germany in a high
resolution. As an example for winter wheat and triticale, the normalized natural yield
matrix is provided by Mirschel et al. (2011).

Ysiee, the site-specific yield modifier, calculates a positive or negative yield
extra charges to the basic natural yield depending on site-specific characteristics such
as stoniness, slope gradient, altitude, hydromorphy, the soil quality index for
agricultural land in Germany, growth temperature according to Adler (1987),
mesoscalic climatic zones according to Adler (1987), winter temperature and climatic
water balances (KWB) for the vegetation year. As an example, the vegetation year for
winter wheat is from September to August; for winter rape from August to July; and
for silage maize from November to October. This algorithm qualifies the functions
according to Kindler (1992). The potential evapotranspiration for calculating the
KWB is based on the Wendling approach (Wendling et al., 1991) which needs daily
values for global radiation and temperature only. Depending on site-specific
characteristics, the calculation algorithm for yield extra charges for winter wheat and
winter rape can be provided by Mirschel et al. (2011) and Mirschel et al. (2006),
respectively. For taking into account the water supply during the crop-specific main
growing period for winter cereals, winter rape and silage maize were introduced as an
added yield correction value which calculates multiplying the KWB for the crop-
specific growing period by a crop-specific correction factor. This factor is 0.004 [t ha’
1 (mm KWB pi - June)'l] for winter cereals, 0.002 [t ha’ (mm KWBapi - May)'l] for
winter rape and 0.02 [t ha™ (mm KWBjye. August)'l] for silage maize.

The influence of a previous crop (fp,c;) on crop yield of the actual grown crop
is estimated using a matrix (|M| (actual crop, previous crop)) which for each

combination contains statistical average reactions based on thousands of crop rotation
experiments. The influence is taken into account multiplicatively. For winter barley
with winter wheat as the previous crop, this influence is 1.0, with winter rye, triticale
and winter barley as the previous crop, the influence is 0.9, with peas, beans and
lupine as the previous crop, it is 1.04, and with oilseed rape and sun flowers as the
previous crop, it is 1.05.

The main influence of different soil tillage methods (fr;;) on crop yields is via
the soil water supply. In comparison to the conventional soil tillage (with plough), in
this context the preserved soil tillage and non-tillage are taken into account.
Comprehensive expert knowledge and extensive soil tillage experiments are the basis
for the statistical estimate of the soil tillage effect on crop yields. Consequently, it is
necessary to distinguish between the two groups of previous crops, first: winter and
spring cereals and maize, and second: bean, pea, lupines, rape, sunflower, potato,
sugar beet, clover, clover-grass mix, alfalfa, alfalfa-grass mix, rye grass. In
comparison to conventional soil tillage primarily used for winter wheat, the preserved
soil tillage gives a crop yield increase of 5% for the second group of previous crops
and of 0% for the first group. For non-tillage, the influence is 3% for the second
group and -5% for the first group of previous crops. For winter rape, this influence is
4%, 0%, -5% and -10%, respectively. For the diluvial soil types (poor sandy soils)
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with a total precipitation of less than 530 mm in the vegetation year for all crops, the
yield loss is 5% for the preserved soil tillage and 10% for non-tillage.

Using YIELDSTAT for forecasting, it is necessary to take into account the
possible crop yield trend (Yren) caused by developments in plant breeding and agro-
technology. Hence, in the YIELDSTAT model a crop- and region-specific trend
algorithm is implemented based on plant breeding and management techniques from
the 1990s as follows:

Yoo, (Year) =T, (Year —1990) 3)

crop

Here the Year is the year of simulation and T, 1s the crop- and region-
dependent trend factor.

For simulations with climate scenarios, it is necessary to take the fertilization
effect (fcoz) of rising CO, into account. For the YIELDSTAT model based on the
results of 141 climate chamber experiments, 98 open-top experiments and 55 free air
carbon enrichment (FACE) experiments assembled in a database by the Centre for
the Study of Carbon Dioxide and Global Change (CO2SCIENCE, 2010), the
following statistical approach was applied:

CO2,.,; KWB > 50

| KWB+50 |
fo, = [CO2(KISz,T)—385] Cozm(1+0.186T; ~130 < KWB < =50 , (4)

1.186*CO2 4, ; —130 > KWB

where fco, denotes a factor of complex impact of CO, on yield; CO2(KISz, J)
represents CO, content in the year (J) of a specific climate scenario (KISz); CO2gg
denotes an efficiency factor (% per 1 ppm CO; increase) (Table 2), and KWB is the
climatic water balance (mm) for the vegetation year (Mirschel et al., 2011).

Table 2: Effectiveness of a CO, increase in the atmosphere on biomass accumulation
of agricultural crops [% (1ppm CO, increase) ']

Cl'Op COZEff Cl'Op COZEff

Winter wheat 6.218 10 Silage maize 1.589 10~
Winter barley 7.547 107 Clover 9.046 10~
Winter rye 6.883 10°  Alfalfa 7.853 107
Sugar beet 3.74410%  Grass 4.308 107
Winter rape 9.434 107 Clover-grass mix (70:30)  7.748 10~
Potato 6.162 107  Alfalfa-grass mix (70:30)  6.727 10™

Agricultural yields depend heavily on the amount and within-year distribution of
precipitation. Irrigation 1is the most effective agro-management measure for
stabilizing yields. The algorithm for the irrigation modifier Yy, is based on crop- and
site-specific irrigation water demand (IWDcs;, mm) and crop-specific irrigation
water use efficiency (IWUEc;qp, kg ha 'mm™"). The irrigation-induced yield increase
1s given as:

Yiri = IWDcysi X 107 - IWUE ¢yop (%)
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IWDcs; 1s calculated using the approach proposed by Roth (1991, 1993), expanded
by two terms for (i) the degree of change in climatic water balance and (ii) the
increase in water use efficiency due to the rising atmospheric CO,. This new
approach for calculating IWD¢,s; — the ZUWABE model — is described in detail in
Mirschel et al. (2012). When averaged over all available experiment results,
IWUE(,,, amounts tol5 kg ha 'mm™' for winter wheat; 17 kg ha 'mm™' for oats; 12
kg ha”'mm™' for winter barley; 95 kg ha 'mm ' for sugar beet; and 120 kg ha 'mm"'
for potato.

Because of adverse weather conditions during the harvest period such as long-
term rain storms and hail, it can be impossible to harvest the full grown crop yield,
i.e. weather-induced crop yield losses (Yioms, t ha™) and yield quality losses are the
consequence. The outcome may be different, ranging from waterlogged harvested
material; loss caused by hail; loss caused by lodging of crops; harvesters being unable
to access fields; flooding of fields; very late harvest, and others. Taking into account
weather and yield statistics, an algorithm for climate-induced harvest loss was
developed:

0; NiTage < miNiTage
0; NiZx < miNiX
A+ B* NiTage + {Niz;miNiz < Ni¥ < maNi%
C+D*
maNiX; NiX > maNiX

LoHa — —

(6)

where NiTage — number of days with precipitation (> 0 mm) within the mean harvest
period (MHP); miNiTage — long-term average of number of days with precipitation
within MHP; Ni) - precipitation sum within the MHP (mm); miNi) - long-term
average of precipitation sum within the MHP (mm); maNi) - maximum of
precipitation sum within the MHT (mm); A, B, C, D — statistic parameters.

A detailed description of the YIELDSTAT model together with a model
validation at three different spatial scales (experimental station, county, state) for the
Federal State of Thuringia, Germany, are given in Mirschel et al. (2014).

6. Conclusions

As with ecological and environmental modeling, in crop growth modeling,
there is not one single approach that can be applied to all spatial scales to address
model crop biomass or crop yield. Due to spatial heterogeneity, natural variability
and the limited availability of input data, it is evident that not only do the chosen
model approaches produce certain errors which are revealed when comparisons are
made with the data for developing and testing the models, but the data itself also
cannot be regarded as reliable. Therefore it is unwise to search for an optimum
modeling approach that can be used across all scales. Instead, it is advisable to find
the best suitable modeling approach according to the scale of the project.

Determining the influence of spatial scale data on the selection of the modeling
methods, however, is more difficult and warrants additional research in the future.
The choice of modeling approach should be based on the problem being tackled and
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should be dependent on the spatial scale for which crop growth modeling is realized.
It is better not to recycle an existing model, but to clearly express the model demands
around the task in hand and to develop a modeling approach that is appropriate for
the spatial scale of the project.

If the accuracy of the description of the final biomass accumulation or yield at
harvest is the only criterion for choosing a certain approach, simple tried and tested
models can be used.

In cases where diversity in the data for model development is significant and
the relationships between variables are only vaguely understood, artificial neural
network models are a suitable approach for finding appropriate nonlinear model
structures for crop growth processes.

The advantages of complex plant physiological-based algorithmic models do
not lie in more accurate forecasts, but in their ability to evaluate processes and
interactions between different system parts more effectively and to express side
effects.

If it is possible to regionalize model driving forces, inputs and parameters with
a reasonable effort and to restrict model modifications to a minimum, for the most
important agricultural crops it is possible to use originally field-related,
physiologically based models as AGROSIM, MONICA or AGROTOOL also for
practically oriented applications on higher spatial scales, but these are not appropriate
for the landscape scale.

Because of the wide range of different arable crops and grassland types, limited
data sources and the absence of specific management and cultivar information from
agro-landscapes, on this scale, generic crop growth models are more successful
options for biomass and yield modeling.

Nevertheless, in the science of crop growth modeling, various problems remain
unsolved and others have only been partially resolved. Three examples of these
problems are (1) the degree of generalization depending on spatial scale; (2) the long-
term reliability of certain model approaches; and (3) the robustness of using models
for large-scale projects, i.e. whole landscapes.

The special challenge in crop growth modeling, i.e. modeling biomass growth
and yield formation, is to find a balance between the modeling goal, input data
availability (quantity and quality), spatial scale, and the model’s approach for
obtaining resilient and robust results.
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