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Il Figures
Figure 1. Simulated maize planting dates compared to observed planting dates and
panel-regression derived predictions for the two study areas (P. 78).

Figure 2. Simulated maize yields compared to observed district yields and panel-
regression derived predictions for the two study areas (P. 79).



1. Introduction

The research undertaken for this dissertation served an interdisciplinary research project
titled:A St ruct ur e a rAdricdiurah landscapasaunderiGlobal Climate Change
-Processes and Pr oj ect i.®artof aonicroecondirec gontoibuteoh
to the project was t he aut hmakidgprocess of keldtcrop
management and calibrate and validate a mechanism to incorporate it into
agroecosystem modelling. This is to broaden the scope of regional simulation to include
economic actors whose actions, as ecological interventions, reverberate throughout
agricultural landscapes. A robust human behavior element is a significant contribution to
an interdisciplinary approach to furthering the discussion of how agroecosystems
change with the climate.

1.1. Climatic Context

Germany is getting warmer. Trend analysis of troposphere temperatures throughout
Germany between 1950 and 2013, by Pattantyds-Abraham & Steinbrecht (2015), shows
an increase of & l0stmpétatude.islthe Krimere drivedoé the plant
maturation process, the trend inevitably exerts a notable effect on crop production in the
country. Besides temperature, precipitation is among the most important meteorological
factors determining local agricultural productivity. The German Weather Service (DWD,
2016) uses an ensemble of weather generation models to provide a multifaceted
approach to projections of future climate in Germany. Precipitation in Germany has,
during the last decade, exceeded the norm during the meteorological reference period
1961-1990 and is projected to further increase in the future. In contrast, in the Southwest
of the country, the recent trend has been negative, and projections of precipitation levels
by the ensemble of weather models do not diverge much from the average during the
reference period. These predicted trends could bode well for Germany as a whole, but
are a bit worrisome for the Southwest, where warmer temperatures in conjunction with
relatively constant precipitation could lead to increased water stress. To accompany
these trends is a noticeable recent increase in weather extremes in the country (Kropp,
2015), which further threatens the productivity in the agricultural sector. Even in the
unlikely event of relatively constant climate, agricultural production should be adapted to
better take advantage of local conditions. Climate change makes adaptation imperative.
The following uses historic and simulated future weather to plot the likely adaptation
pathways that will help German farmers cope, and even benefit from, the changing
environmental conditions in the country.

1.2. Simulation modelling

Integrated crop modelling has emerged as an effective means of evaluating possible
adaptation pathways. The goal of this dissertation is to elucidate some of the most
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important mechanisms by which agricultural production will likely be adjusted to future
environmental conditions. A farmer can be expected, in the future as today, to weigh the
risks and benefits relevant to strategic management decisions. A main focus of the work
is therefore planting dates, one of the more flexible and influential decisions facing
German farmers. For example, planting maize earlier in the spring is a way to increase
expected yield, but this is tempered by the possibility of late frost that can irreparably
damage or destroy the crop and thus entail additional costs for replanting. Or in late
summer, when deciding when to harvest a mature or nearly mature crop, there is a
deliberation of alternatives involving grain moisture and drying costs, damage to the soil
incurred by driving on it when wet, and the uncertainty with regard to the suitability of the
same conditions in the near future.

An agent-based model is used to simulate the important strategic agronomic decision of
when to plant crops, both in the fall and spring, at specific research field locations, as
part of a collaborative project. A statistical model is also developed to represent the
decision-making process throughout Germany, regarding the spring planting of silage
maize. Another pliable farming action is the timing of harvest. There are complementary
criteria to consider, such as soll trafficability and grain moisture content, both of which
become less favorable with increased precipitation. There are also conflicting gauges of
the suitability of a day for action. For instance, up to a certain point, crops continue to
accrue economically important biomass (especially seeds) as harvest is prolonged.
However, there are also advantages to harvesting before peak biomass is reached, such
as freeing a field for planting of consequent crops and reducing the risk of worsening
environmental conditions. The agent-based model is used to account for these risks and
incorporate them into the decision-making of a simulated farmer. Simulating strategic
farmer actions in this way systematically represents an economic agent responding to
the specific local environmental conditions with which it is faced. The repetition of these
actions through time and space results in patterns of significant events occurring on
agricultural landscapes that are linked to ultimate crop productivity, therefore grounded
in rational agronomy, and thus provide a plausible outlook on the dynamic appearance,
function and productivity of future agricultural landscapes. The effects of preferences,
e.g. risk aversion, by acting agro-economic agents, or system-manipulative interventions
such as goal-oriented subsidy changes can then be traced through the simulated
agricultural system from input to eventual output, that is, the effect on the system as a
whole and selected components can be observed, at broader temporal and spatial
scale.

Crop growth simulation modelling has been improving for decades. Modern models,
improved over many generations, were used to simulate growth processes of winter
wheat, summer and winter barley, maize and winter rapeseed, five crops that cover
80%, 75% and 50% of cropland in Baden-Wurttemberg, Germany and Europe,
respectively. Realistic simulation of the management and growth of these crops can



provide definitive scenario analysis with regard to questions of food security, land-use
and policy planning.

The primary objective of this work is presenting a methodology for projecting future
farmer behavior, which is, like crop modelling, valuable for scenario analysis as long as
it can realistically capture natural processes. The timing of cropping actions, especially
planting, has a distinct impact on crop performance and is therefore an important part of
reliable simulation. This can be easily overlooked when using crop modelling without
dynamic management.

1.2.1. FARMACTOR/EXPERT-N

The principle method to achieve the given objective focuses on using the recently
developed agent-based, field-level model named FARMACTOR, as integrated with the
crop-growth simulation model ExXPERT-N. The integrated model package is applied to
two arable regions of Southwest Germany, the Kraichgau and its sharply contrasting
counterpart, the Schwébische Alb, as part of a collaborative research project on dynamic
land-use under climate change. A third region, the Wetterau, has been simulated in a
parallel study.

FARMACTOR summarizes the multitude of factors involved in the on-farm decision-
making process into several rules that determine the timing of field-level actions,
including planting and harvesting, based on farmer reactions to simulated field
conditions.

The model replicates this decision-making process with virtual farmers responding to
current weather and soil conditions on a daily basis, as well as learning from historic
patterns to generate expectations and steer behavior. The model is built to test different
expectation-building algorithms where the temporal weighting of historic data as well as
the number of years in it, are adjusted as agent profile scenarios®. Expectations for each
simulated season include crop yields which determine gross margins and nutrient losses
that determine fertilizer inputs, and the beginning of the period suitable for performing an
action such as planting crops. Within its period, performance of an action is triggered by
thresholds including soil and air temperature and moisture, plant development and field
workflow.

After definition of a learning algorithm to establish the windows for action, calibration
focused on daily action triggers. During calibration, in reducing the error between
observed and simulated planting dates, short-term (less than one week) temperature

! without a significant difference resulting from opposing learning scenarios or other criteria, a running
average over ten years was used in most consequent work. Later survey results however, revealed that
an exponential decrease in weighting, inverse with time, with a history horizon of eight years was the most

reasonable to respondent farmers.



sums were the most influential, followed by simulated soil moisture as a measure of
workability/trafficability. Simulated planting dates were less sensitive to single-day
precipitation and air and soil temperatures, such that the latter could be omitted without
much loss of accuracy. The initial FARMACTOR trigger implementation and calibration
were the authoros contribution toetl30EBper i1 nt |

Model development continued, and this author led a paper included in this cumulative

di ssertation, A Si mu ladaptiven field crapping owitta fuzzyclbgicmat e
management rul es and g eet alt20k6a), andpara to inoduce( Par k e
alternative methods for reconciling the daily values of all the triggers used as threshold
criteria for management action. Fuzzy Il ogic
were implemented. In validation the new trigger paradigms showed improved accuracy

in simulated planting dates by incorporating flexibility in the trade-offs between action

triggers. Fuzzy logic proved especially advantages and is thus part of the base settings

in the current model. Further research can quantify the link between risk aversion and

field actions by modifying the fuzzy logic parameters that resolve conflicting messages

from simultaneous observations in the simulated agricultural system. It is a rudimentary

field management artificial intelligence available for experiment.

Results from these simulations, incorporating the heterogeneity of soil, weather and
responsive management are also being used as input for ongoing farm-level economic
modelling as part of the regional project. Further work should also work on regional
calibrations of the agent-based and crop models. This would dampen the overall
environmental influences on management and yield at the regional level, as is the case
in reality, to make regional projections more robust.

1.3. Climatic and agricultural data

Calibration of crop and farm-agent models is dependent on data from experiments and
observations containing the information that goes into simulation. For this reason, a
significant portion of the work in this dissertation involved the preparation of relevant
data from various sources.

Through the interdisciplinary collaboration, detailed soil profile information, precise
weather records at sub-hourly measurements and exceptionally detailed plant
phenotype measurements were all available at multiple points in project-specific
experimental fields from the two starkly contrasting locations in Southwest Germany.

Courser, publically available data was also assembled where longer time series and
broader geographic scale were needed. Daily climate station data was selected for
proximity in/to one of the two study areas and duration/completeness of time series.
Calculation of global radiation and some gap-filling was necessary. Parallel data were
likewise refined from a patchwork of phenological stations in the study areas that have



records of the development phases of crop development, including the day of
management actplasse sooxr. fiTfhad seessembl ed dat
and validate both a mechanistic and a statistical model, to generate an outlook on field
management and how it interacts with crop performance, including plant development
and potential yield. The goal being to accurately replicate historic, site-specific
observations that can instill confidence in hypothetical scenarios, including cropping on
previously unexploited areas, or in the future using generated weather scenarios.

Historic yield data has been recorded at the district level for several decades, in
complete time series, for hundreds of districts in Germany. There is a difference
however between these and yields from experimental farms, including in state trials,
which can be interpreted as nearing potential yield, district averages include less
productive land and scientific management practices. So that when comparing a
simulation calibrated to yield potential with a district average there is also an indication
of the yield gap, or how much local agricultural productivity could improve under optimal
management. Moving from point simulation to spatial coverage should then lower this
yield gap indicator, depending on how well the models can capture the heterogeneity of
weather, soil, plant and human interactions at the given scale.

The yield gap makes district averages less than ideal candidates for model validation.
Correlation between simulated and observed yields is thus emphasized as a measure of
validity. Ongoing work is to spatially aggregate simulated results to incorporate regional
heterogeneity into simulated regional averages, to better match historic district yields.
There is further potential to use yield data at the field level from throughout regions. If
within the model framework, crop yields can be well enough assigned to the concomitant
set of managed environments on which they were achieved, this field level data could be
valuable for extended model calibration and validation. Ongoing research is pursuing
this possibility.

To exploit the abundance of high-quality environmental and productivity records
spanning the whole of Germany, in line with the dissertation theme of climate-
management-yield, at broader geographic scale, a statistical model was proposed, partly
as something against which to compare the coupled FARMACTOR/EXPERT-N models. In
the third paper included in this cumulative dissertation Parker et al. (2016b), a spatial-
panel regression model is used to predict maize planting dates at network observatories
throughout the country, to a degree of accuracy comparable to that of the agent-based,
mechanistic model®>. This is achieved through summing weekly temperature and
precipitation, controlling for large geographic regions and assigning individual intercepts
to each station in the panel regression. Planting dates and the weekly weather after
them were further spatially assigned to districts to continue the statistical analysis

% Both the statistical and agent-based models achieved a root-mean-squared-error between simulated and
observed maize planting dates of less than one week, over the thirty years 1981-2010 in both study areas.
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through to yields attained. German farmers were shown to be mitigating climatic risk by
planting later than they could for maximum yield, in order to avoid the increasing danger
of late frosts that are easily hidden behind the obvious general warming trend. Through
the timing of their plantings and the selection of maize cultivars of varying maturity
classes, farmers can further mitigate, here the risk of early frost or other yield
interference in the fall. Combining planting dates and crop maturity are simple and
effective means by which farmers can adapt their production to perceived climatic risk.
How much later than a statistical optimum German farmers actually plant their maize is a
guantifiable link to foregone opportunity, or the price of being more certain that a
recently planted crop will not be destroyed by an anomalous weather event. If the
method proves robust, it could for instance create a range of planting date
recommendations based on the intended level of climatic risk. It can also be applied to
several other German field crops for which sufficient data is available. The statistical
model has another advantage in terms of run-time, so that its offers an efficient way to
create comparative results or even provide management inputs for more complex
models. Comparative results can be quickly produced with the same scenario-generated
weather data that drives the mechanistic models. It cannot however, provide daily
simulation of dozens of agroecosystem variables in the way that physiological process-
based models can represent the interactive system, especially when the human element
is incorporated into the system to increase its functional complexity.

The simulated future weather used in the main body of this work is statistical in nature in
that randomized, resampled historic data was modified through assumptions of a
popular future emissions scenario. This weather data is oriented to existing weather
stations, therefore useful for point analysis. Due to its random nature it must be utilized
in aggregate, so that multiple weather model generations are used to force simulation
scenarios from which the results are then aggregated. This increases model runtime and
results in dampening of weather extremes. Meteorologists argue for the use of an
alternate weather-generation method. Dynamics-based modeling circumvents the
limitations of resampling. There is weather data of this nature from a weather model
intercomparison project for which simulated weather is compiled on a raster basis,
downscaled to twelve square kilometers, available for all of Germany. In one
collaborative experiment, a version of this dynamic weather simulation data that was
produced within the regional climate change project were combined with soil profile
mapping data to force simulations of the entire Schwabische Alb. This work was

presented as a poster titled: nGenerated

Adaptive Crop Management and Consequent Yields for Five Major Crops throughout a
Regi on I n Sout hern Ger many 0 odelihg canferende.n It
emphasizes the method to spatially refine weather and soil data as model inputs, and
then aggregate the results based on the prevalence of each soil/weather combination in
the region. This should convey more realistic regional yields and management
projections. Further analysis of the same model runs compared the effect of weather-
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generation models on predicted management and crop yields and was presented at the
German national climate conference. AfGenerated Weat hedfilesRaster
Simulating Adaptive Crop Management and Consequent Yields for Five Major Crops
throughout a Region in Southern Germanyo

1.4.Technology

The Green Revolution, as referred to by Gould (1969), revolved around advances in
genetics being complemented by improved fertilizer and irrigation practices and political
mandates, to facilitate rapid growth in agricultural productivity. Hayami and Ruttan
(1971) introduced their Ainduced devel opment
agriculture, industry, politics and consumers, especially in the developed world, has
driven technical innovation to enable increasing productivity. Adoption of new technology
is still vital to increasing productivity in the developing world, while other concerns such
as environmental protection are gaining importance in countries such as Germany,
where food security is not a pressing concern (Loevinsohn, et al., 2013). The continuing
motivation to produce more food and fiber associated with decreased negative
externalities will further drive innovation that changes the face of contemporary
agriculture. Precision agriculture is the modern catchphrase for optimized management
to increase yields and simultaneously reduce costs. This work addresses some of the
limitations of modern agriculture that may eventually be overcome, but for now
characterize the management of agricultural landscapes. An example of this is
mechanized traffic, which plays a major role in farm management, and is addressed
below. Perhaps the most deterministic technological component of agriculture is crop
genetics, which is therefore given special attention in this work.

Crop model calibration is a process to account for crop genetic factors as they interact
with the atmosphere and soil. Existing calibrations based on regional and experimental
were redone and expanded by the author to include the five major crops in the study
area, winter wheat, winter barley and winter rapeseed, spring barley and silage maize.
Further calibrations for grain maize are starting to be used, and rye calibrated to data
from the Wetterau in the state of Hesse has been presented in a conference paper.
Experimental data from cultivar trials of rye, barley and maize were received from
institutional sources and used to calibrate crops for which no project experimental data
were available.

In the search for experimental data with enough detail it became clear to the author that
simulating a crop species becomes a broad undertaking when considering the genetic
diversity within a species. Genetic heterogeneity is a source of model uncertainty, much
like that of geographic and economic elements. Using finer scale in weather data
interpolation improves model accuracy, especially where there is diverse topology.
Simulated management, as shown above, reduces uncertainty by distributing the causes



for action over several criteria. Extending this reasoning to the highly influential genetic
component of the modelling system, it became pertinent to augment the model to
account for genetic diversity or flexibility in some way.

Reviewing the contemporary literature on yield simulations showed that technological
progress, especially through breeding, was an oft-cited source of uncertainty in
simulation studies and that it would therefore be an important step in model
improvement to break away from simulating at the species level. Literature also showed
a clear trend in yield-driving plant physiological characteristics that could be easily
incorporated into the crop model being used. Comprehensive historic to modern cultivar
trials demonstrated a linear annual trend in the number of grains per ear. Maize genetic
advance is not so clearly explained, but one pliable trait within cultivars is the amount of
photo-thermal accumulation needed to induce flowering. Rapeseed plants have been
being bred to reduce plant height and redirect this growth to fruit. Genetic advance is
thus simply portrayed as an annually changing seed size in oil crops, length of season in
maize and number of grains per head in cereals. This was then built into the model by
the author to be genetic coefficients that are dependent on the year of the simulation, so
that older cereal varieties with fewer grains, maize that ripens faster and rapeseed with
smaller seeds are used to simulate historic scenarios. A linear extrapolation of grain
number into the future, capped at fifty grains per head has a noticeable impact on
projected yields, in some cases reversing a prognosis from declining to increasing
productivity in the near future. Further work should delve deeper into the sources of
breeding success, and how to simulate this to better capture some of the technological
progress wanted by current work in agroecosystem simulation.

In Parker et al. (2016a), FARMACTOR was run to project management and crop
performance as it would occur on the experimental fields in the Kraichgau. Fuzzy logic
was used for future scenarios and dynamic genotype-specific parameters were
compared to the static alternative. Simplifying genetic advance to a linear trend in one
parameter is a start toward more detailed representation of how an agriculture system is
adapted to changing or even relatively constant growing conditions. The method
developed, in which simulated farmers can choose progressively more productive
cultivars may be found in future research forecasting adaptive agricultural activity.

1.5.Risk & Learning

Two themes that were to be addressed in this work were risk aversion and learning on
the part of agro-economic agents. While a thorough assessment of the role of risk in
decision making was not pursued, several mechanisms were developed that enable the
incorporation of risk management profiles that should be useful in ongoing research.
Learning was also a theme in the microeconomic portion of the overarching climate
change project that was principally managed by other project participants, but similarly
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to risk, a framework was validated for incorporating different functional forms
representing how farmers build expectations relevant to agricultural production. Learning
was solely used to determine the beginning of planting periods when there is potential to
use it to further capture agricultural adaptation, or how agronomic and economic
adjustments are planned by farmers, such as adjusting fertilizer applications to expected
yields or planning crop shares with consideration of expected crop prices. A more
thorough representation of how previous experience affects decision-making, together
with a quantitative way to account for the influences of risk aversion, are important next
steps in the development and application of the FARMACTOR model. Crop selection and
patterns of crop rotations are key components of adaptation to changing climate. It is
possible to simulate the shares of individual crops in a rotation, in individual fields in the
model, depending on expected gross margin, which is driven by price and vyield. As
volatile as yields and commodity prices can be, in reality and in simulation, there is a
need to dampen the variance of simulated gross margins over time, via learning; and an
additional element, risk aversion, to decelerate the response by farmers to changing
production circumstances, relative to exogenous factors such as market prices, climate
and political mandates. Scrupulously accounting for both learning and risk, as
FARMACTOR is designed to do, partly to enable dynamic annual crop selection, is
arguably a missing element in this dissertation. The three components were, however,
assigned to others in the interdisciplinary project and there were pressing needs that
arose regarding crop model calibration that needed to be addressed to move the whole
project forward. The extensive work with crop growth simulation can thus be seen as a
distraction from the economic gist of this work, or alternatively, seen as an agronomic
complement. One advantage of FARMACTOR is the ability to combine biophysical
processes with those of microeconomics to reconcile what could be conflicting
influences, or conversely, factors, such as the increasing productivity of a crop together
with an increase in its demand, are additive in their influence on changes in agricultural
landscape function. Moreover, mechanisms to account for risk and learning have been
validated in this work but not yet used to create scenarios reflecting the diversity of
economic agent attributes and how they will influence the course of adaptation through
time.

1.6. Aims and structure of the thesis

This work is a test of improved methods in bio-economic simulation aimed at reducing
uncertainty in agricultural landscape modeling. It was undertaken to integrate agent-
based field management with crop growth simulation to account for human behavior in
modeling of agricultural landscape systems. This mechanism for adaptive management
was complemented by an outlook on trends in available crop genetics built into the
model, to address a further source of uncertainty in crop performance projections.
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A statistical model was also developed to predict local field management (planting dates
of maize) in response to weather at the national scale.

Success in this endeavor is defined by the accuracy in simulating field management
actions, especially planting, in a way that is robust outside the conditions used for
calibration. The calibrated model must perform adequately across a range of
environmental conditions, specifically soil and weather heterogeneity, and over a vector
of time.

Projecting crop genetics must be based on observable phenotypic trends, rationally
accounted for in crop model calibration, while effectively reducing the error between
simulated and observed crop performance criteria, e.g. yield, over an adequate
validation range, e.g. years.

The paper introducing the agent-based bio-economic simulation model FARMACTOR
(Aurbacher et al., 2013), though not part of this cumulative dissertation, involved work to
establish the agronomic context and demonstr s
management decision mechanism, as a foundation for consequent work. The author
provided research on the availability of days for fieldwork which verified the existing
model framework and led to completion of action trigger definitions. Further contribution
was in the acquisition and preparation of weather data and verification of an existing
database including soil parameters, farm mechanization and field inputs that interact
during simulation. The FARMACTOR interface to EXPERT-N was managed by the author;
performing and reporting on model runs to be published. This work was relevant to, or
repeated in, the following papers.
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Paper 1: Simulation-based projections of crop management and gross margin variance
in contrasting regions of Southwest Germany

The first paper submitted under the auspices of this doctoral work, (Parker et al., 2015a),
was a study to employ the updated model to both the Schwébische Alb and the
Kraichgau to merge both projected climatic and market risk into one measure, gross-
margin variability. This utilized a randomized price forecast developed by the author,
who was assisted with the background and analysis of agricultural risk.

The goal of the paper was to demonstrate the accuracy of the calibrated models in
predicting planting and harvest dates, and yields of the major crops in two contrasting
biomes in Baden-Wirttemberg. Management and yields were projected into the future
and coupled with simulated future prices to provide an augmented simulation of risk
factors in the future. Environmental and economic risk were coupled and made available
to the model, which was developed to be able to respond to these and other risks in the
form of adaptive management.

This paper also featured new calibration of EXPERT-N to project-collaborator field
observations, and expansion of modelling capacity through calibration of additional
crops to external data. Additional duties were development of the methodology to
simulate genetic advance by programming annually changing crop model parameters
and assistance in the conception and implementation of and reporting on the genetic
algorithm used to calibrate agent parameters determining planting and harvest dates
and the implementation of fuzzy logic as a means of considering complementary or
conflicting criteria for field work.

The authords work for this paper consti-tuted

based management procedure for all five crops at both locations; also the design and
preparation of the future price generator, with consultative supervisorial contributions. All
model runs, preparation of results and the majority of the paper text were completed by
the author.

Paper 2: The resilience of different cultivars of winter cereals wheat, barley and rye to
climate change in Central Europe 7 a localized regional simulation study

The second paper, a conference presentation, along with a pair of conference posters,
applied the point simulation methods from the first two papers to gridded regional
simulations in two regions of Germany. These contributions focused on the sensitivity of
simulated yields and gross margins to soil and weather (dis)aggregation. The au't
work for these presentations included, in addition to the groundwork established in
previous work, preparing all simulation runs, combining gridded weather data with soll
polygons; also, guidance in the calibration process, done, in part, as a portion of a
coaut hor 6 s mdaketpreparaton of thxeand figures, almost 100%, as well as
the delivery of conference presentations was done by the author.

hor 6s
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Paper 3: Simulating regional climate-adaptive field cropping with fuzzy logic
management rules and genetic advance

The third paper examined the benefits of several alternatives in the simulation of how
agronomic criteria are weighed by an economic agent (farmer). Fuzzy logic and a
shifting tradeoff mechanism were tested against the simpler precursor with rigid criteria.
Here was also introduced a method for dynamic crop genetics to account for breeding
progress in historic and future simulations. The paper focused on a single field in the
Kraichgau, partially in preparation for regional gridded simulations to follow. The Author
conceived and constructed the shifting trigger mechanism and contributed to
implementation (coding) of the fuzzy logic alternative. Construction of the genetic
algorithm was the work of a coauthor. Half of the crop model calibrations (All crops,
submodule CERES) and all management calibrations were performed by the author.
Validation and projection runs were lwitlkkewi se
approximately 80% of the text and all figures and tables.

Paper 4. Cause and consequence in maize planting dates in Germany

The fourth paper presents the statistical alternative to agent-based modeling that is not
as detailed, but still viable for integration in agroecosystem modeling. A panel regression
isolated the observatories of maize planting dates throughout Germany to assign each a
base (intercept) planting day, and for all observatory locations, one set of coefficients
responding to observed local weekly weather totals for precipitation and temperature.
Consultation on choice of data resources and statistical methods was provided by
coauthors; otherwise the author was responsible for the entirety of the work, and
approximately 90% of the text in the paper.

In all four papers of the work presented here, literature review was almost completely
done by the author, with the exception of agricultural risk in the first paper.
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Abstract

Crop simulation is a modern tool used to mimic ordinary and extraordinary agriculture systems.

Under the premise of continuing foreseeable climatic shift we combine adaptive field-level
management decisions with their effects on crop performance. Price projections are used to
examine yield and price effects on gross margins of the predominant crops in two specific
regions of Southwest Germany into the coming decades. After calibration and validation to
historic records, simulated future weather is used to explore how farmer behavior and
performance of wheat, barley, rapeseed and maize could develop under anticipated global
change. This development is examined based on a comparison of historic and projected gross
margin variance. Simulations indicate that when yield levels increase, the relative variability of
gross margins may decline in spite of some increasing variability of yields. The coefficient of
variance of gross margins decreases even more due to the independence of price and yield
fluctuations. This shows how the effects of global change on yields could be offset by
economic conditions.

Keywords: Integrated modelling, Yield forecasts, Simulated gross margins, Global change,
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Agricultural adaptation, Risk.
1. Introduction

In a market economy, profitability is a crucial condition of farm management efficacy and at
least short-term sustainability. How climate change might affect the comparative profitability
of different crops in a given region is thus an important question in agricultural research and to
farmers directly. To have more comprehensive projections of economic and ecological
conditions under which future agriculture will be practiced is to be better able to plan for and
react to likely circumstances. To this end, integrated crop and farm-agent modeling have
become important tools for exploring how the environment, technology and human behavior
interact and drive development in agricultural systems. The aim of this paper is to compare past
and future gross margin fluctuations using integrated simulation models.

1.1 Field-Level Simulation

This paper is based on simulated cropping of winter wheat (Triticum aestivum L.), spring and
winter barley (Hordeum vulgare L.) and silage maize (Zea mays L.) using CERES (Jones and
Kiniry, 1986) and winter rapeseed (Brassica napus 1..) with GECROS (Xinyou and van Laar,
2005) as embedded in the soil-plant-atmosphere model EXPERT-N (Priesack, 2006). These
crops are of major economic importance, covering almost half of Europe’s arable land, and
three-fourths of that in Germany (Eurostat, 2013).

Governing crop simulations is the agent-based model FARMACTOR (Aurbacher et al., 2013).
Performance of cropping actions, including planting and harvesting, is based on the simulated
farmer reacting at a daily time interval to conditions in the field. Annual management decisions
are also dependent on learning from historic patterns that generate expectations and steer
behavior. For this paper a genetic algorithm is used to iteratively calibrate the timing of
management actions to observed records, as well as fuzzy logic imitating a farmer’s
decision-making process. Management and crop performance measures are validated to
historic records which then lead to projections into the future using simulated weather based on
anticipated climate change.

1.2 Risk in Agricultural Production

Weather is largely responsible for the annual variability of agricultural production. It represents
the uncertainty associated with production and makes outcomes difficult to predict compared
to industrial production. Risk, the undesirable part of uncertainty (Knight, 1921) is intrinsic to
agricultural production and therefore unavoidable (Hardaker et al., 2004). Climate change can
be expected to alter farm income in both ways and at different magnitudes than previously
experienced. It is the farmer’s challenge to balance risk and return, given personal willingness
to withstand a certain range of outcomes (Harwood et al., 1999, Hardaker et al., 2004). Risk has
been found together with learning to be the major driver of adaptation (Baerenklau, 2005). As
knowledge is gathered over time, information about the known part of uncertainty changes,
meaning that adaptation is a continuous process of change over time.

Herein is a proposition of what might happen with the variability, and hence level of risk, of
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several tield crops under a changing climate. Simulations at the field level and with an artificial
smgle-crop choice leave us with the interpretation of the gross margin variability under
“optimal choice” conditions where management, especially planting, is only constrained by
weather, both daily and long-term patterns. This provides a foundation upon which adaptive
cropping decisions may be based in the future.

2. Methods and Materials
2.1 Study Areas

The Kraichgau and Schwibische Alb are two distinct regions in Baden-Wiirttemberg,
Southwest Germany. The former is a fertile, intensely cropped region along the Rhine River
while the latter, 100 km to the Southeast, is a relatively harsh plateau of predominant extensive
agricultural use (Gayler et al., 2014). The study location in the Kraichgau lies in Karlsruhe
Rural District (Landkreis) while the Central Schwiibische Alb location is in Alb-Donau-Kreis.
Average yields of the five simulated crops in these two districts are the basis for comparison of
the respective study areas. Simulated field cropping on a hypothetical farm in each region, as
contrasting agricultural environments, presents a broad perspective on climate-driven farm
management and crop performance in the foreseeable future. A map below portrays the study
areas and key locations (Appendix 1).

2.2 Calibration/Validation Data

Calibration data for EXPERT-N, including soil parameters, daily weather and plant performance
was derived from winter wheat, silage maize and winter rapeseed grown on experimental fields
near Pforzheim in the Kraichgau and Nellingen in the Schwibische Alb during the 2009-2011
growing seasons (Ingwersen et al., 2011, Wizemann et al., 2014). Spring and winter barley data
were provided by Baden-Wiirttemberg state variety trial stations (LTZ Augustenberg, 2013),
augmented with data from the German Weather Service (DWD, 2012a) and the soil map of the
Federal State of Baden-Wiirttemberg (LGRB, 1997). To account for breeding progress in field
crops, the calibrated value of one growth parameter per crop is shifted each simulation year
(Parker et al., submitted).

The DWD maintains a network of weather and phenological observatories (DWD, 2012b) in
close enough proximity to allow derivation of causal relationships between them (Menzel,
2013). DWD weather at Eppingen was used for planting date calibration in the Kraichgau,
together with the nearest phenology station with complete data - Oberderdingen (for all crops
except winter barley, for which the paucity of data led to choosing Helmstadt). In the
Schwibische Alb, Merklingen weather and Nellingen phenology were chosen for calibration.
Time periods outside of the calibration period are available for validation of simulated planting
dates, while harvest date and yield, calibrated to other data, are validated to phenological
records and district yields for the whole period 1981-2010. For barley, when DWD
phenological records are not existent, planting and harvest dates from various LTZ trials sites
are used for validation.
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2.3 Price Assumptions

To generate comparable product price series, we use a 20-year price index from the German
Statistical Office (DESTATIS, 2013) from 1994 to 2013, converted to absolute (nominal)
prices p; with base year (2005) prices from the Federal Ministry of Food and Agriculture
(BMELYV, 2013) for the wheat, fodder (winter) barley, malting (spring) barley and oilseeds
(winter rapeseed). To account for a geometric price trend, we estimate the model

In(p,) = u+B-t+ =, results of which for each crop are given in Table 1. The trend

parameters are only in part significantly different from zero, but still they are a better

estimation for the trend than assuming no trend. This allows an annual calculation of p, B,

where P is the model-estimated price at time 7. These ratios can be interpreted as the annual

divergence from the estimated trend, in which we are especially interested. For the past, these
divergence values are multiplied by the mean of the observed prices to obtain a fluctuating, but
de-trended price series. For the future scenarios, we use the five-year average of prices
2009-2013 as a base, multiplied by a randomly resampled series of the annual divergences.
Silage maize is the exception as there is no long-term market price series available, only very
local markets started to evolve with the advent of biogas plants. Thus we do not apply the
above approach given to silage maize, but instead use a constant price of 28 € per ton of fresh
matter, as given by KTBL (2012). This accounts for the tendency to make multi-year contracts
at constant prices even when local silage maize markets do exist.

The advantage of the above approach is to abstract from price trends and focus on the
variability of prices, which, together with yield variation comprise the majority of profitability
fluctuations. However, we implicitly assume that the magnitude of the price fluctuations stay
constant, which may or may not be the case.

Table 1. Estimated model parameters from 1993-2012 prices, with intercept M and trend b, of a
geometric price trend for each crop

Wheat Winter barley Spring barley Rapeseed
M -27.89 -25.39 -11.07 -61.94
b 0.01635 0.01505 0.007989 0.03362
p-value(b) 0.107 0.125 0.409 0.000

Source: Own calculations based on DESTATIS (2013)

Total variable input costs per hectare are maintained constant at their crop-specific 1993-2012
averages (K'TBL, 2012) for calculation of both historic and future gross margins.

2.4 Model Calibration
EXPERT-N was calibrated according to methods in Aurbacher et al. (2013). Dynamic genetic

parameters were developed to replicate how wheat and barley breeding has produced an
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increasing number of grains per plant (Ahlemeyer and Friedt, 2012, Parker et al., submitted),
while changing initial leaf nitrogen concentration in rapeseed is used to reproduce the observed
yield trend. Silage maize yields have been relatively steady in the two study areas and the
complexity of genetic factors involved led to an assumption of static genetic parameters for this
study’.

2.4.1 Calibration of Field Management

FARMACTOR conducts daily integration of EXPERT-N with database soil and weather records
and internal management decision-making, subject to “learning”, herein represented by the
simulated farmer building expectations based on a 10-year moving average of environmental
factors. These are 1-week average soil temperatures for spring crops (“learing soil-temp”) and
remaining cumulative air temperatures for fall-planted crops (“learning GDD”) (Aurbacher et
al., 2013). Field-specific soil properties determine the moisture level corresponding to a
favorable response to action, and at which traftic and tillage can be withstood without the
long-term damage of compaction (Rotz and Harrigan, 2005). The model’s crop rotation
algorithm (Aurbacher and Dabbert, 2011) was omitted to simplify the extraction of annual
performance measures of each crop and to determine planting and harvest dates based solely on
daily crop, soil and weather conditions. To accommodate the lack of erop rotation, soil nutrient
values are reset each year.

2.4.2 Planting

Learning from several years of weather designates planting periods each year, during which
daily soil moisture and temperature, air temperature(s) and precipitation are action triggers.
The fall planting window begins when the year’s (learning-based) expected remaining growing
degree days (GDD) reaches a certain minimum threshold, or “trigger”. Spring planting of
barley and maize begins when the next week’s expected mean soil temperature is above a
crop-specific value. Within their respective allotted time periods, planting of each crop is
associated with a set of additional triggers, all of which include soil moisture (volumetric water
content of the upper 30 cm) as an indicator of trafficability. Additionally, the weather over
several days is evaluated by the simulated farmer to build short-term expectations that guide
behavior (Aurbacher et al., 2013). This is a pre-period minimum temperature where spring
planting is only possible when the air is consistently warm enough that it is unlikely that
temperatures will subsequently fall to crop-damaging levels. Following Oleson et al. (2012)
maximum daily temperature values were added as criteria for autumn sowing. In addition,
maximum temperatures over a 3-day pre-period were included. Our justification of this
mechanism is that excessive temperatures after planting are likely to result in overdevelopment
before winter dormancy, while also being conducive to insect, pathogen and weed growth.
Farmers are generally reluctant to work a field during rain, justifying a maximum for daily
precipitation. However, the daily resolution of weather data does not account for partial days
without precipitation that would allow work.

! Crop simulation model calibration details are omitted from this paper, but available from the authors upon
request.
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FARMACTOR can be run iteratively using a genetic algorithm to minimize the error (RMSE)
between observed and simulated planting dates by altering action triggers according to an
evolutionary strategy. Further, multiple behavioral paradigms can govern the timing of action:
fixed triggers throughout the planting period, combinations of trigger values subject to fuzzy
logic, and “shifting” triggers” that are relaxed linearly throughout the time window. The
genetic algorithm was run for thirty years, the first ten to establish learned temperature
expectations and the last twenty comparing simulated to observed planting dates. To limit the
necessary computational capacity, calibration was limited to ten iterations with a population of
sixteen trigger combinations each, for a total of 160 model runs for each crop and location. This
establishes optimal base values plus “fuzziness” ranges and amounts of daily trigger shift.
Fuzzy logic proved to be the most appropriate paradigm in hind-casting planting dates in the
Kraichgau. The Schwiibische Alb, however, presents a different situation where, as revealed
below, shifting triggers proved more suitable.

2.4.3 Harvest

Harvest is subject to a set of simultaneously evaluated feasibility criteria including crop
development stage, soil trafficability and daily precipitation. In seed crops a proxy for moisture
content (affecting drying costs) is a combination of minimum pre-period temperature and
maximum precipitation (8°C and 10 mm over three days).

2.5 Implications of Risk

This paper works with the assumption that farmers “wish to increase their wealth over time”
(Pannell et al., 2000, p. 76), implying a preference for greater yields. A further assumption is
that farmers in general are risk-averse and favor a less volatile yield distribution. The important
point for relative profitability and risk is the artificiality of observed yields over time under a
changing climate under “optimal choice conditions”. Annual yields and their variance are used
as “agronomic utility” parameters defining the trend distribution of each crop and serve as a
reference for farmer behavior in terms of perceived gains and losses. Simulating adaptive
management heuristically incorporates the consideration of risk and reward.

3. Results and Discussion
3.1 Management Calibration Results

Table 2 shows results of calibration with the genetic algorithm using fuzzy triggers in the
Kraichgau and both fuzzy and shifting triggers for the Schwibische Alb. The best target value
is given along with its corresponding set of trigger values.

Table 2. Optimized planting trigger values and target (RMSE)

Winter | Winter | Winter | Spring | Silage

wheat | barley |rapeseed barley | maize

* Planting is subject to each trigger so that, with shifting: (min) v = base — shift - day, and (max) v = base + shift - day;
and with fuzzy logic: the composite t* of » triggers must exceed a given threshold of 0.5 where: t* = [[Ti=oti] L0 where
(min) t=[v—(b— :f)],." f and (max) t=[b+ :t'_ v]/f with » triggers at base value » and fuzzy range f, while v is the

currently simulated value. All #s are truncated to be between 0 and 1.
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Kraichgau - with fuzzy planting triggers
Learning GDD (°C) 439.47 873.33| 1093.49 - -
Learning Soil Temp. (°C) - - - 906/ 1253
Max. Soil Moisture (% Vol.) 39.690 31.500 4578 3576 50
Range’ (% Vol.) 10.02) 19.82 0 3259 17.22
Max. Precip. (mm day™) 3.49 0 0 20 0
Range1 (mm day™) 0.61] 28.01 171 1071 41.64
Max. Air Temp (°C) 19.69 11.78] 18.30 - -
Range’ (°C) 557 0 213 - -
Max. 3-Day Air Temp (°C) 11.73) 2579 24.13 - -
Range’ (°C) 3884 0 066 - -
Min. GDD 105.20[ 3000 | 1395.92 - -
Range (°C) 0 288.91] 17.63 - -
Min. Air Temp (°C) - - - 6.14  10.17
Range’ (°C) - - - 4734 36.10
Min. 3-Day Air Temp (°C) - - - 0.53 1.69
Range’ (°C) - - - 046 14.11
RMSE (days) 9.93) 3.42) 9.75 9.69 5.15
Schwibische Alb - with fuzzy planting triggers
Learning GDD (°C) 1000 734.36| 794.29 -
Learning Soil Temp. (°C) - - 4.97 2.73
Max. Soil Moisture (% Vol.)|  48.05 460.29) 42.05 59.79 43.46
Range” (% Vol.) 3.96 4.72 5.00 0.00 21.89
Max. Precip. (mm day™) 049 3.01 0.29 424 5.75
Range” (mm day™) 3.32 2.87 403 17.62] 4346
Max. Air Temp (°C) 7.00 831 15.00 - -
Range’ (°C) 0.23 0.39 1.54 - -
Max. 3-Day Air Temp (°C) 7.77 26.55 13.69 - -
Range’ (°C) 5.00 1.64 000 - .
Min. Air Temp (°C) - - - 896 14.95
Range’ (°C) - - - 4283  13.12
Min. 3-Day Air Temp (°C) - - - 0.000 1491
Range (°C) - - - 50.000 21.89
RMSE (days) 8.84 411 12.65 7.90 7.25
Schwibische Alb - with shifting planting triggers
Learning GDD (°C) 699.61 | 710.61| 1000 - -
Learning Soil Temp. (°C) - - - 000 11.03
Max. Soil Moisture (% Vol.)] 4490 35.68) 4201 2455 14.24
Shift™ (% Vol. day™) 0.13 034 010 074 088
Max. Precip. (mm day™) 2.97 1.59 .33 0.82 15.79
Shift"” (mm day” day™) 0.48 000 028 016 0.39
Max. Air Temp. (°C) 24.58 10.00 0.00] - -
Shift™ (°C day™) 0.28 029 3000 - -
Max. 3-Day Air Temp. (°C) | 15.53 2921 16.57 - -
Shift™ (°C day™) 036 014 o050 - .
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Min. Air Temp. (°C) - - - 17.89 8.22
Shift” (°C day™) - - - 078 097
Min. 3-Day Air Temp (°C) - - - 3.88 2.12]
Shift”" (°C day™) - - - 028  0.54
RMSE (days) 7.29 481 543 8353 434

* . . . .. ~ . . . . . N
Range signifies the width of the transition from possible to impossible surrounding each trigger’s base value

- - - - - - - - . e ok . - - - -
which, in conjunction with all other triggers, restricts action (planting). ~ Shift 1s likewise the amount each trigger

1s relaxed each day after the beginning of the planting period. Source: Own calculations

It is apparent that the two trigger paradigms alternate in their superiority matching simulated to
observed planting dates among the different crops. The decision of which ultimately to use for
projections is thus a matter of validation metrics.

3.2 Model Validation

Validation compares the timing of simulated planting and harvest dates to DWD network and
LTZ observations and simulated yields to district averages. The model was run for the five
crops 1970-2010 (the first ten years a warm-up for expectation building/learning) so that
outside of the calibration period planting dates can be validated for the harvest years
1981-1990 for wheat, rapeseed and maize planting dates, likewise 1991-2010 for the two
barley crops (because of the different data availability). Table 3 shows validation results for
planting dates at both locations.

Table 3. Validation measures of fit for simulated planting dates by crop and location

Kraichgau |Schwabische Alb|Schwiabische Alb
fuzzy triggers | fuzzy triggers | shifting triggers

Winter wheat (1981-1990)

Correlation coefficient 0.52 0.09 0.54
RMSE (days) 943 8.54 841
Bias (days) -7.23 2.1 -6.1
Winter barley (1991-2010)

Correlation coetficient 0.48 -0.50 0.48
RMSE (days) 12.74 11.52 7.29
Bias (days) -1.03 -3.4 51
Spring barley (1991-2010)

Correlation coetficient 0.12 0.15 0.64
RMSE (days) 14.45 26.02 15.20
Bias (days) 1.65 -15.8 -0.7
Winter rapeseed (1981-1990)

Correlation coefficient 0.33 0.12 -0.08
RMSE (days) 13.28 13.86 553
Bias (days) -10.40 10.9 06
Silage maize (1981-1990)

Correlation coetficient ‘ 0.37 0.12 -0.25
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RMSE (days) 03 4635 13.87
Bias (days) 2220 45.90 12.40

Source: Own calculations

Functioning at fine tempo-spatial resolution FARMACTOR produces accurate predictions of
planting date, especially compared to coarser models (Waha et al., 2012). Correlation
coefticient, RMSE and bias are chosen measures of the accuracy of simulated management,
how well the model captures the underlying agronomic and behavioral principals. Considering
the three measures together it was decided to proceed with shifting triggers in the Schwibische
Alb while fuzzy triggers were utilized in the Kraichgau.

Next, simulated crop performance for harvests years 1981-2010 is validated to Karlsruhe and
Alb-Donau District yields for the Kraichgau and Schwiibische Alb, repectively, and the most
nearby phenological records of harvest dates (see section 2.2.). Table 4 provides metrics on the
accuracy of simulated harvest date and yield.

Table 4. Validation period measures of fit for simulated harvest dates and yield by crop and
location (harvest years 1981-2010)

Kraichgau Schwabische Alb
Harvest Yield Harvest Yield
(day of year) | (dtha™) | (day of year) | (dtha™)

Winter wheat

Correlation coefficient 0.78 0.52 0.83 0.86
RMSE 12.73 12.37 9.79 6.18
Bias -8.10 -1.79 -10.28 0.28
Winter barley
Correlation coefficient 0.57 0.52 0.69 0.72
RMSE 10.18 7.88 8.67 6.17
Bias -1.40 -3.43 0.03 .33
Spring barley
Correlation coefficient 0.65 0.55 0.26 0.64
RMSE 16.09 11.22 11.17 11.55
Bias -13.50 0.16 2.84 9.19
Winter rapeseed
Correlation coefficient 0.51 0.52 0.78 0.50
RMSE 11.40 14.87 8.19 8.14
Bias 9.01 0.14 -5.63 1.17
Silage maize
Correlation coefficient -0.24 0.26 -0.26 0.17
RMSE 21.96 7548 23.65 59.32
Bias -6.60 49.61 17.13 -33.14

Source: Own calculations
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Compared to similar multiple-year simulation endeavors such as Palosuo et al. (2011),
validation accuracy is satisfactory and supports the following projections of how agricultural
production at the two locations will develop in the coming decades. The following projections
of field management and crop performance utilize WETTREG 2010 simulated future weather
scenarios (Kreienkamp et al., 2010) at Eppingen and Merklingen based on historic records and
assuming [PCC scenario A1B (IPCC, 2007).

3.3 Projections

Projections until the year 2031 were completed for the simulated farms at both locations. Three
runs for each were performed using separate realizations of the same WETTREG scenarios
(Kraichgau: Eppingen 25002-11, 25002-77 and 25002-99; Schwibische Alb: Merklingen
2814-33, 2814-55 and 2814-99). Linear regression function intercept and slope for planting,
harvest and yield averages from the three future runs are presented in Table 5.

Table 5. Projected management and crop performance statistics 2012-2031 (harvest years)

Winter | Winter | Spring | Winter | Silage

wheat barley | barley |rapeseed| maize

Kraichgau (with fuzzy planting triggers)

[Planting -intercept] (day) 286.21 | 25490 81.72 | 25555 | 119.13
-trend (days yr'') +0.52 +0.43 -0.36 +0.3 -0.11
Harvest -intercept| (day) 200.96 | 21292 | 20047 | 209.62 | 290.81
-trend/(days vr') -0.63 -0.28 -0.35 -0.37 -0.79

Yield -intercept (tha™) 5.523 5.855 5.939 5.866  70.032

strend(tha yr')  +0.075  +0.026] +0.052] -0.066 -0.181
Schwibische Alb (with shifting planting triggers)
[Planting -intercept]  (day) 269.52 | 260.25 89.11 | 231.46 | 123.20

-trend (days yr') +0.10 +0.08 -0.05 +0.14 -0.09
Harvest -intercept| (day) 226.12 | 216.67 | 231.75 | 219.73 | 288.78

-trend (days yr') -1.02 -0.72 -0.16 -0.60 -1.05

Yield -intercept] (t ha'l) 8.056 7.167 6.354 4.378  47.840

-trend(t ha™ yr'!) +0.009]  +0.086] +0.036 +0.029 +0.039

Source: Own calculations
3.3.1 Planting

According to model projections for the Kraichgau, winter crops will be sown about one day
later for every two to three years into the future. Sowing of spring barley should occur earlier at
a similar rate, while sowing of maize in spring should advance slower, about one day every
nine years. Projections for the Schwibische Alb also show gradually later sowing in autumn
and earlier planting in spring.

3.3.2 Harvest

The warmer temperatures in simulated future weather drives harvest dates earlier in all crops,
at both locations, between roughly one to two days every three years in the Kraichgau. Harvests
in the Schwiébische Alb, notwithstanding spring barley, occur earlier at an even faster rate,
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wheat and maize maturing more than one day sooner per year. While the simulated future
growing season, e.g. time between spring and fall frosts, is expanding, warmer temperatures
result in crops ripening faster so that no advantage can be gained from the extended season.
This would, however, likely be counteracted with the use of later-ripening, more
biomass-generating cultivars.

Overall, projected phenological trends appear plausible. However, at some point the
climate-induced changes, e.g. toward earlier harvests, should lead to structural change in
cropping methods such as greater appearance of previously uncommon crop rotations. Further
research will focus on this possibility.

3.3.3 Yields

Kraichgau simulations project a slight increase in yields for all crops except rapeseed and
silage maize. In contrast are the increasing yields of all crops in the Schwibische Alb.
Aurbacher et al. (2013), modeling the nearby Schwibische Alb, projected negative trends in
wheat and maize yields. The process-based inclusion breeding progress, not included in the
latter, demonstrates one way in which the detrimental effects of climate change may be
mitigated (Parker et al. submitted). Angulo et al. (2013) project decreasing yields for five major
European crops, based solely on climate change. However, when technological change and
COs fertilization are included their projections were more optimistic.

3.4 Gross margins

Gross margins serve as a basic measure of profitability and their variance can give an
impression of associated risk. Simulated yields from 1992-2011 are multiplied by the
de-trended historic producer price in each year before the average variable input cost over the
same period is subtracted to derive a gross margin for each year. The coefficient of variation of
gross margins over this period serves as the measure of the historic level of risk in each crop
and study location.

For the future, yield results from the three simulated weather realizations are multiplied by
year-specific modeled prices, minus per-hectare input costs (section 2.3) to derive projected
gross margins. These are shown in Figure 1 together with simulated historic gross margins for
each crop in the Schwibische Alb, (Kraichgau in Appendix 2). However, their trends are not

the focus of this paper as they depend largely on price trends which were purposefully removed.

Input prices are kept constant, if they were not it could reduce the effects of price variability as
factor prices (e.g. fertilizer) may correlate to product prices.
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Figure 1. Simulated historic and future gross margins in the Schwébische Alb

For comparative metrics the individual coefficients of variation of gross margins in the three
simulated future time series 2012-2031 are averaged for comparison to the twenty-year period
1992-2011 used to generate price forecasts. Table 6 offers a comparison of past and future yield

Source: Own calculations
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and gross margin variation coefticients for each crop and location.

Table 6. Coefficients of variation of simulated historic and future yields and gross margins

Source:

Winter | Winter | Spring | Winter | Silage
wheat | barley | barley |rapeseed| maize
Mean historic producer price (€ t7) 13450 | 12095 141.81| 23936 27.58
Mean forecasted producer price (€ t™) 180.55 | 163.88| 184.14| 305.68 28.00
Schwibische Alb
Historic vield (t ha™) -mean| 7.586 6.399 5.536] 3.822| 44.624
-std dev| 0.683 0.763] 0945 0.635 4.643
-var. coeff. 0.090 0.119 0.171 0.166 0.104
Historic gross margin (€ ha™) - mean| 445.77 | 292.73| 313.53| 28049 | 635.81
-stddev| 247.45| 180.80| 178.57| 25535 130.01
-var. coeff. 0.555 0.618 0570 0910 0.204
Projected vield (t ha™) -mean| 8.148 8.005 6.734 4.684| 48249
-std dev] 0.469 0.622)  0.628| 0.532 3.083
-var. coeff. 0.058 0.077,  0.093 0.114 0.076
Projected gross margin (€ ha™) -mean| 90543 | 846.61| 789.25| 79631 | 737.30
-std dev| 302.68 | 298.47| 31570 20551 | 100.68
-var. coeff. 0.345 0.358  0.410, 0.259 0.137
Ratio of projected/historic| yield 0.639 0.647  0.547 0.684 0.734
variance coefficientgross margin| ~ 0.621|  0.579)  0.720 0.284|  0.669
Kraichgau
Historic yield (t ha™) -mean 6.310 5.293 5.065 3.600 48.861
-std dev] 0.865 0.653 1.059 1.342 6.221
-var. coeff. 0.137 0.123 0.209 0.373 0.127
Historic gross margin (€ ha) - mean| 278.07 | 162.56| 248.48| 246.08 | 754.46
-std dev| 239.28 | 164.70| 19547 47536 | 174.18
-var. coeff. 0.860 1.013 0.787 1.932 0.231
Projected yield (t ha™) -mean| 6.315 6.128) 6490 5169 68.128
-std dev| 2.016 0.551]  0.716 1.112 9.563
-var. coeff. 0.319 0.090, 0.110 0.215 0.140
Projected gross margin (€ ha™') -mean| 56847 | 534.23| 73830| 947.96| 129391
-stddev] 42405 | 241.02| 291.01| 380.01 | 26140
-var. coeff. 0.756 0.469 0402 0403 0.202
Ratio of projected/historic| yield 2.328 0.729]  0.528 0.578 1.102
variance coefficientgross margin 0.879 0462 0511 0.209 0.877
Own calculations
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Only winter wheat and silage maize in the Kraichgau show increasing yield variability as a
result of future climatic conditions. All other crops in Kraichgau and all crops in the
Schwibische Alb experience increased yield and decreased yield variance, so that their
coefficients of variation decline in the future. In the case of wheat and Kraichgau, this is in line
with other work. Fuss et al. (2011) also found increasing wheat yield and yield variability in
Central Europe. Kersebaum & Nendel (2014) simulated slight increases in both absolute yield
and 1ts variability for wheat in regions throughout Germany. Here, in contrast, decreasing crop
yield variances were projected. This is presumably due to the combination of the general trend
towards a more favorable climate in Germany and the modelling of adaptive execution dates
that mitigate some of the negative effects of climate change.

Results show that the variability (variation coefficient) of gross margins will decline even more
than that of yields. Gross margin variability will decline even when yield variability has
increased. This shows that price fluctuations have an additional effect on the stabilization of
gross margins, even when price fluctuations are assumed to be statistically independent of
yields. This is a conservative assumption, as prices and yields tend to be negatively correlated
(E1 Benni & Finger, 2012), and this “natural hedge” in effect further reduces gross margin
variability. A part of the effect is due to the increase of future prices. On the whole, in these
sample model runs, gross margin variability does not increase for any crops at either location,
suggesting a comprehensive reduction in producer risk.

4. Conclusion

Gross margin volatility, as a measure of economic risk in agricultural production, is influenced
by both price and yield variability. In the above projections, the interaction of price and yield
leads to a general stabilization of gross margin fluctuation. Even in cases where yield volatility
increases (here, Kraichgau wheat and maize), this is offset by the superimposition of price
fluctuations. Increases in absolute price and yield levels will further amplify this effect.

Some care has to be taken as the model does not incorporate all anticipated consequences of
climate change, including CO,-fertilization, extreme weather events and pest proliferation. As
weather simulations continue to improve, use of new weather projections could likewise
improve the robustness of the model.

Still, these results provide some insight into possible developments in the regional economic
viability of field crops. This allows better estimation of future land use changes which should
be reintegrated into land-atmosphere models to close the feedback loops. Further, designated
decisions support systems could benefit from more detailed modelling.
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Appendix

Appendix 1. Map of study area with key locations
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Introduction:

Cereal crops are the predominant food source produced in Central Europe and the level
of their production is of utmost importance to future global food security. Despite
extensive work modelling crop responses to changing climate, there are numerous
factors responsible for uncertainty in yield projections that have yet to be sufficiently
addressed. One of these is the varied response of different crop cultivars to identical
environmental conditions. Methods to estimate the range of response within a crop
species are therefore a step in the direction of more robust projections of future yields
under anticipated climate change. It was therefore undertaken to calibrate a crop growth
model to three cultivars each of winter wheat, winter barley, and winter rye in an effort to
capture the possible divergence of yield levels among the different genotypes. A
significant difference in cultivar productivity could indicate which should be given
preference as local climate changes.

Methods:

This "cultivar choice" was combined with the adaptation of sowing dates to annual and
long- term weather trends within an agent-based model governing field management in
simulations, also calibrated to local conditions. The region of study encompasses all
cropland in a highly productive administrative district (Wetterau Landkreis) in the state of
Hesse, near the geographic center of Europe. Historic weather and local soil data were
used to calibrate a dynamic sowing date algorithm to historic observations from a
phenological observation network and the crop model to records from state experimental
stations. After validation to parallel datasets, ten soil types present in the district
(mapped at 1/1,000,000 scale) were combined with a generated weather raster at 10
km? resolution (see Fig. 1) to extend simulations up to the year 2050. Results quantify
the trend in autumn sowing dates, subsequent harvest and projected yields by
comparing 2011-2020 simulation averages with those from 2041-2050. Associated gross
margins based on a simple price forecast model replicating the trend and fluctuations in
prices over the last sixty years are included as potential drivers of farmer decision-
making. Production costs were held constant into the future as they should not differ
much between crops.
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Results:

Validation shows high correlation between simulated and observed district yields, albeit
with an overestimation bias common when comparing to regional averages. Simulations
indicate that ubiquitous later planting and earlier temperature-driven crop maturity will
significantly shorten the growing seasons of all crops and cultivars examined. Without
adaptation to mitigate this shortened seasoned (e.g. later-ripening cultivars, irrigation)
district average yields of all cultivars of winter wheat and barley will suffer from projected
climate change (see Table 1), though in some weather/soil combinations yields will
increase (see Fig. 2a-b). For winter rye, a more positive outlook is generated, where
yields in general increase, though not for all three cultivars (Table 1), nor on all
simulated fields (see Fig. 2c).

Discussion:

Winter wheat, the most important crop in Central Europe in terms of food security,
appears to be the most vulnerable to climate change, followed by winter barley, while
winter rye could benefit from the climatic shift. Despite these yield trends, gross margins
increase the most for winter wheat, due to the assumption of persistent historic drivers of
prices (e.g. population growth, decreasing marginal productivity) which may be
exaggerated by static production costs. Profitability being a determining factor in
agricultural resource use, the integrated model could provide useful insight into how
agricultural landscapes are likely to change in the future, from which implications of local
and global food supply can be derived. Based on the model output, cultivation of rye
could gain importance in the region studied, at the expense of wheat and barley, crops
more popular for human consumption. However, if a similar trend is seen at greater
scale in Central European landscapes, prices of the former crops would likely adjust
(increase) to compensate for the relatively poorer yields. The model's extended capacity
to determine crop selection based on dynamic gross margin expectations could quantify
changing crop rotations, or inversely, produce price-change projections based on
simulated yields in static crop rotations. The integrated model may in this way be useful
with its dynamic response to environmental and economic drivers.



Table 1.

winter barley
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change in sowing (days) 11.87

cultivar Lomerit Souleyka Nerz
change in harvest (days) -5.33 -5.02 -5.05
change yield (dt/ha) -0.16 -0.26 -0.44
changeingrossmargi n - (U 49915 45599  508.72
winter rye

change in sowing (days) 20.06

cultivar Dukato Mephisto  Helltop
change in harvest (days) -1.66 -1.59 -2.12
change yield (dt/ha) -3.37 1.73 5.50
change in gros .57 55029 63558
winter wheat

change in sowing (days) 14.24

cultivar JB Asano Julius Kerubino
change in harvest (days) -7.11 -6.19 -7.56
change yield (dt/ha) -5.13 -5.34 -4.37
change in gros 79492 67135 676.08




Fig. 1 Study region Wetterau District (Landkreis) partitioning of soil and weather
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SUMMARY

Agriculture is a largely technical endeavour involving complicated managerial decision-making that affects crop
performance. Farm-level modelling integrates crop models with agent behaviour to account for farmer decision-
making and complete the representation of agricultural systems. To replicate an important part of agriculture in
Central Europe a crop model was calibrated for a unique region’s predominant crops: winter wheat, winter and
spring barley, silage maize and winter rapeseed. Their cultivation was then simulated over multiple decades
at daily resolution to test validity and stability, while adding the dimension of agent behaviour in relation to
environmental and economic conditions. After validation against regional statistics, simulated future weather
scenarios were used to forecast crop management and performance under anticipated global change. Farm
management and crop genetics were treated as adaptive variables in the milieu of shifting climatic conditions
to allow projections of agriculture in the study region into the coming decades.

INTRODUCTION

Individual crop and whole farm modelling has become
an important tool for exploring how the environment
and human behaviour affect agricultural systems. This
simulation of on-farm circumstances makes it possible
to incorporate hypothetical scenarios including plant
genetics, climate and farm management profiles.
Simulation is a worthwhile alternative to creating the
intended conditions in controlled environments, e.g.
experiments in climate chambers and under real condi-
tions. Hypothetical plant genetics, for one, are impos-
sible to demonstrate in this regard.

With the global population reaching 7 billion and a
global atmospheric carbon dioxide (CO,) concentration
of 400 ppm (Ewald 2013), concerns about world food
security being threatened by anthropogenic climate
change have not waned (Hogy & Fangmeier 2013).
On the contrary, as stated by van lttersum et al.

* Towhomall correspondence should be addressed. Email: phillip.
parker@zalf.de

(2013), the prognosis has deteriorated, putting more
pressure on the scientific community to provide sound
projections of agricultural production in the coming
decades. To this end van Ittersum et al. (2013) have
also emphasized the importance of crop simulation
models at daily resolution with flexible simulation of
management actions. The adaption of agriculture to
global change is of interest to a range of stakeholders in-
cluding researchers, policy makers and farmers
(Bizikova et al. 2014), and crop modelling is an effective
means of evaluating possibilities (Matthews et al. 2013),
The goal is to elucidate some of the mechanisms by
which agricultural production will be adjusted to
future environmental conditions.

Calibration of crop models benefits from as much
detail as can be provided by experiments and observa-
tions containing the information that goes into simula-
tion. The current study demonstrates some of the
advantages of precise, relevant data collection by
using it to generate an outlook on crop performance,
including plant development and potential yield.
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