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Abstract

Spatial and temporal changes in crop water demand are of fundamental significance
when examining potential impacts of Global Change on water resources on the
regional scale. Carried out within the project GLOWA-Danube, this study investigates
the response of crops to changing environmental conditions as well as to agricultural
management. As a component of the integrative Global Change decision support
system DANUBIA, a process-based crop growth model was developed by combining
the models GECROS and CERES. The object-oriented, generic model comprises sugar
beet, spring barley, maize, winter wheat and potato. The modelled processes are valid
for all crops and mainly comprise phenological development, photosynthesis,
transpiration, respiration, nitrogen demand, root growth, soil layer-specific water and
nitrogen uptake, allocation of carbon and nitrogen as well as leaf area development
and senescence. Attention is given to crop-specific differences through assignment to
crop categories (e.g. C4 photosynthesis type) and a set of crop-specific parameters. The
model was validated by comparing simulated data with several sets of field
measurements, covering a wide range of meteorological and pedological conditions in
Germany. Furthermore, the responsiveness of the model to Global Change effects was
examined in terms of increased air temperatures and atmospheric carbon dioxide
concentrations. The results show that the model efficiently simulates crop development
and growth and adequately responds to Global Change effects. The crop growth model
is therefore a suitable tool for numerically assessing the consequences of Global
Change on biomass production and water demand, taking into account the complex
interplay of water, carbon and nitrogen fluxes in agro-ecosystems. Within DANUBIA,
the model will contribute to the development of effective strategies for a sustainable

management of water resources in the Upper Danube Basin.



Kurzzusammenfassung

Raumliche und zeitliche Verdnderungen des Wasserbedarfs von Nutzpflanzen sind
von entscheidender Bedeutung, um auf der regionalen Skala die Auswirkungen des
Globalen Wandels auf die Wasserverfiigbarkeit zu erfassen. Im Rahmen des Projektes
GLOWA-Danube untersucht diese Arbeit die Reaktion von Nutzpflanzen auf sich
dndernde Umweltbedingungen und Bewirtschaftungsmafinahmen. Als Teil des
integrativen Entscheidungsunterstiitzungssystems DANUBIA wurde ein Wachstums-
modell fir Nutzpflanzen entwickelt, welches die Modelle GECROS und CERES
kombiniert. Das objekt-orientierte, generische Modell ist fiir Zuckerriiben, Sommer-
gerste, Mais, Winterweizen und Kartoffeln anwendbar. Die modellierten Prozesse
gelten fiir alle Nutzpflanzen und sind im Wesentlichen: phanologische Entwicklung,
Photosynthese, Transpiration, Respiration, Stickstoffbedarf, Wurzelwachstum,
bodenschichtspezifische Wasser- und Stickstoffaufnahme, Allokation von Kohlen- und
Stickstoff sowie Blattflachenentwicklung und Seneszenz. Die Differenzierung in die
einzelnen Nutzpflanzen wird durch die Zuweisung einer Kategorie wie z.B.
Cs-Pflanzen und durch eine Anzahl nutzpflanzenspezifischer Parameter erreicht. Fiir
die Validierung des Modells wurden simulierte Daten mit Reihen von Feldmessungen
verglichen. Diese Messungen reprédsentieren ein breites Spektrum an meteorologischen
und pedologischen Bedingungen in Deutschland. Zudem wurde die Reaktivitdt des
Modells auf Effekte des Globalen Wandels untersucht. Diese Analyse wurde mittels
erhohter Lufttemperaturen und atmosphdrischer Kohlendioxidkonzentrationen
durchgefiihrt. Die Ergebnisse zeigen die Fahigkeit des Modells, Entwicklung und
Wachstum der Nutzpflanzen abzubilden und treffend auf Effekte des Globalen
Wandels zu reagieren. Daher stellt das Pflanzenwachstumsmodell ein geeignetes
Instrument dar, die Auswirkungen des Globalen Wandels auf die Biomasseproduktion
und den Wasserbedarf von Nutzpflanzen numerisch zu erfassen. Die Modellierung
bertiicksichtigt das vielschichtige Wirkungsgefiige zwischen Wasser-, Kohlenstoff- und
Stickstofffliissen in Agrarokosystemen. Als Teil von DANUBIA wird das Modell dazu
beitragen, wirkungsvolle Strategien fiir einen nachhaltigen Umgang mit den

Wasserressourcen im Oberen Donaueinzugsgebiet zu entwickeln.
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1 Introduction

1.1  Background

Crop production is highly sensitive to meteorological and environmental conditions
and is affected by Climate Change in manifold ways. Plants function as an interface for
the exchange of water and carbon between atmosphere and terrestrial biosphere. Since
stomatal control of water vapour and carbon dioxide fluxes governs the processes of
transpiration and photosynthesis, vegetation plays a vital role in the water cycle. Here
crops occupy a special position because, being selected and sown by farmers, water

budgets in agricultural regions are controllable through crop management options.

Development and growth of crops are influenced both directly by increased carbon
dioxide concentration in the atmosphere as well as indirectly by associated climate

changes caused by the enhanced greenhouse effect, such as increased temperature.

The Intergovernmental Panel on Climate Change (IPCC), founded by the World
Meteorological Organisation (WMO) and the United Nations Environment Programme
(UNEP), has published a comprehensive synopsis of the latest findings in Global
Climate Change research. The Fourth Assessment Report Climate Change 2007 (IPCC
2007) states that "Warming of the climate system is unequivocal, as is now evident from
observations of increases in global average air and ocean temperatures, widespread melting of

snow and ice, and rising global average sea level".

According to the record of global surface temperatures documented since 1850, the last
twelve years from 1995 to 2006 have with one exception been the twelve warmest.
Observations over the last hundred years have revealed that the linear trend of rising
global temperatures has almost doubled its rate in the past half-century (0.13 °C per
decade). This steeper gradient over the last five decades is very likely (>90 %
probability of occurrence) caused by the mounting concentrations of anthropogenic
greenhouse gases. Of these gases carbon dioxide is pre-eminent, its global atmospheric
concentration reaching 379 ppm in 2005. This value marks the highest ever
concentration reached in the last 650000 years and represents a 35 percent increase
over the pre-industrial value (approx. 280 ppm). Chiefly responsible for this steady

increase are fossil fuel emissions. (IPCC 2007)
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Even at present-day levels, a global warming of approx. 0.2 °C in the next 20 years is
expected from irreversible long-term effects on the climate system. The frequency of
extreme weather phenomena such as heavy precipitation and heat waves, as well as

unprecedented heat records will further rise during the 21st century. (IPCC 2007)

To mitigate the adverse effects of these projected changes, effective strategies for an
adaptive resource management are required. Climate Change affects nature and the
life of human beings in both local and global contexts in multiple ways. The broad
domain of Global Change Research comprises examination of human impact on the
environment, investigation into the effects on mutually dependent processes in the
biosphere, implications for socio-economic structures, adaptation strategies as well as

prediction of changes to come.

One of the foremost challenges for this interdisciplinary field of research is the
management of water resources to secure sustainable water availability. The global
water cycle is influenced by both nature and society and exhibits complex feedback

mechanisms.

In 2000, the German Federal Ministry of Education and Research (Bundesministerium fiir
Bildung und Forschung, BMBF) launched the research programme GLOWA" (Globaler
Wandel des Wasserkreislaufes): "Global Change of the Hydrological Cycle - an example of
integrative interdisciplinary and application-oriented Global Change Research". It is
the objective of the GLOWA programme with its worldwide perspectives to develop
strategies for a sustainable management of water resources on the regional scale,
taking into account global environmental changes as well as socio-economic factors. In
order to fulfil the complex claims of an interdisciplinary approach, new methods and

techniques are developed and tested.

Cooperation between diverse natural and social sciences in cross-boundary integrative
research implies linking numerous and divergent spatial and temporal scales.
Involving stakeholders from politics, industry and society ensures that applicable tools
are devised for supporting decisions in the interest of sustainable water management.

(RIELAND 2004)

The GLOWA programme is a pilot project with this conceptual background and
comprises several case studies carried out in river basins covering approx. 100000 km?

each (Africa: Draa, Ouémé, Volta; Asia: Jordan; Europe: Elbe, Danube).

* www.glowa.org
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The present study is embedded in the project GLOWA-Danube: "Integrative
Techniques, Scenarios and Strategies for the Future of Water in the Upper Danube
Basin", coordinated by Prof. Dr. Wolfram Mauser, Department of Earth and
Environmental Sciences, University of Munich. The project is planned for nine years from
2001 to 2010. The work presented here was carried out in the second project phase
(2004 to 2007).

A team of experts from diverse disciplines are collaborating with water resources
stakeholders to develop integrative strategies and tools to secure a sustainable water
use in the catchment area of the Upper Danube. The test site represents a typical
mountain-foreland region in temperate mid-latitudes and covers approx. 77000 km?.
The participating scientists are experts in the fields of geography, meteorology,
hydrology, glaciology, plant ecology, remote sensing, water resources engineering,
environmental economics, agricultural economics, environmental psychology, tourism

research and computer science.

It is the central objective of GLOWA-Danube to identify, analyse and develop
innovative techniques for coupled and spatially explicit modelling so as to integrate
expert knowledge from the numerous disciplines involved. These new techniques are
realized in the decision support system DANUBIA. Interaction between the coupled
models embraces all important environmental and socio-economic processes for
simulating water fluxes in the Upper Danube Basin as well as in other mountain-

foreland regions. (MAUSER & LUDWIG 2002, LUDWIG et al. 2003)

The modelling platform DANUBIA is based on object-oriented software engineering
with Java as implementation language. One of the advantages of object-oriented model
design is the explicit and restricted data exchange. To standardize the construction and
documentation of each model singly as well as in its interactions with other models,

the Unified Modeling Language (UML) (BOOCH et al. 1999) serves as a common tool.

The agreement on a uniform set of tools, the integration of the disciplinary expertises
via clearly defined interfaces and the development of interdisciplinary methods for
considering and analyzing the interactions between the involved models characterize
the innovative approach of DANUBIA. The integration of more than a dozen models in
DANUBIA allows for the interaction of a multitude of processes on different spatial
and temporal scales, taking into account the latest scientific and methodological

advances in the disciplines involved.
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1.2  Objectives of the study

In view of the vast area covered by crops, agro-ecosystems are of fundamental

significance when examining Global Change effects on the water cycle.

This study investigates the response of crops to Climate Change as well as to
agricultural management. The reaction of various crops to environmental factors and
cultivation practices is examined in terms of biomass production and water demand.
Through quantifying the amount of water transpired, it is sought to find out how crops

influence water fluxes at the landsurface.

The only method for comprehensively assessing the effects of Global Change on crops
is the utilization of process-based crop growth models. These simulation models allow
extrapolation to the future by modelling crop growth as a function of crop
physiological responses to altered meteorological conditions and management
decisions. By considering site-specific influencing factors, the model can be used to

predict spatially explicit patterns of Global Change effects.

With the chief aim in mind of investigating the sensitivity of crops to Climate Change
as well as to agricultural management, it was necessary to take the following steps. The

research presented in this thesis therefore comprises:

* the choice of adequate modelling approaches for the crop growth model
* model development

* model validation

* the analysis of its responsiveness to Global Change effects

In the following two sub-chapters an outline of the modelling approaches and an

overview of the state-of-the-art in terms of crop growth modelling are given.

Chapter 2 describes the crop growth model including model design, algorithms as well
as selection and derivation of crop-specific parameters. The validation analysis for
various crops, carried out by comparing field measurements with model results, is
presented in chapter 3. Additionally, the responsiveness of the model to Global Change
effects is examined on the field scale and is exemplarily illustrated on the regional
scale. In chapter 4, the efficiency of the model in simulating crop growth under varying
environmental conditions and with different farming practices is discussed. The
conclusions of the study are presented in chapter 5. Future challenges are outlined in

chapter 6.
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1.3 Modelling approach

The choice of modelling approach results from the requirements which the crop
growth model has to fulfil. To define these requirements, the function and the

relevance of crops within the water cycle are first illustrated.

Plants are dependent on water supply and influence the water balance in manifold
ways on all temporal and spatial scales. Part of the precipitation is intercepted by
plants, thereby decreasing the amount of water for infiltration. A dense vegetation
cover diminishes surface and subsurface runoff as well as evaporation. Via water
uptake and transpiration, vegetation transports water from the soil to the atmosphere
(Fig. 1). Transpiration is an essential component of the water balance, representing
about 43 % of the total precipitation and nearly 70 % of the total evaporated water in

Germany (BAUMGARTNER & LIEBSCHER 1996).
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Fig. 1: Schematic presentation of the hydrological processes (small arrows), abiotic factors (small capitals)
and management in an agro-ecosystem (plant drawing taken from KORBER-GROHNE 1987).
For a thorough understanding of the feedback processes between vegetation and
water, links between hydrological, biogeochemical, and ecological processes must be
considered in an ecohydrological approach (NEWMAN et al. 2006). The cycles of water,
carbon and nitrogen as well as energy fluxes in the soil-plant-atmosphere system are
most intricately entwined. This multifaceted interaction is further complicated in agro-
ecosystems through the interference of human activity. Tillage, irrigation and fertilizer

application manipulate site-specific factors like soil water and nutrient availability to
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improve plant growth. Economic interests prescribing the use of fertilizers and
pesticides to ensure profitability are in conflict with farming practices fostering
conservation of resources. Adaptive management strategies provide an instrument for

promoting the sustainable use of water resources under Global Change conditions.

Farmers are key stakeholders in terms of water resources management. The choice of
crop and the specific management procedures involved have profound and large-scale

ecohydrological impacts.

Agricultural land use is strongly influenced by abiotic factors (e.g. water availability),
all of these being sensitive to climate change, as well as by immediate economic
interests and higher-level decisions by policy-makers. One such decision was the
European Union’s sugar market reform, which came into force in 2006 and will directly
affect the extent of the area under sugar beet cultivation and consequently the spatial
and temporal patterns of water demand. Another example is the increasing cultivation

of crops for renewable energy production.

Assessing the effects of Climate Change and management options (including the choice
of crop) on the ecohydrological processes in a landscape is enabled by utilizing
complex simulation models like the decision support system DANUBIA which allows
for the application of alternative scenarios associated with Global Change. Analyzing

the results enables the development of strategies to secure future water resources.

Examples of the manifold questions for the definition as well as the analysis of these
scenarios are: Which crops are least vulnerable to climate change and which suffer
most from scarcity of water? Which crops will yield poorer harvests? Will C4 crops like
maize prosper at the expense of Cs crops under climate change conditions? How will
exotic plants such as Miscanthus giganteus (a fast-growing, perennial C4 grass) grown

for biofuel production alter water, carbon and nitrogen fluxes in agro-ecosystems?

To find answers to questions of this kind using the Global Change decision support
system DANUBIA, a crop growth model is needed which is responsive to Climate
Change and managerial options, taking into account the dynamic interplay of water,

carbon and nitrogen fluxes in agro-ecosystems.

Key requirements of this crop growth model are defined by both scientific demands

and technical guidelines.

Integrative requirements, arising from the interaction of the different disciplines within

the GLOWA-Danube project, are:
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* Sensitivity to Global Change and transferability to other regions
* Dynamic interaction between crop-water-nitrogen and agricultural management

Disciplinary requirements, arising from the task of modelling crop growth in the

context of Global Change research, are:
* Coupling and interaction of photosynthesis and transpiration

* Consideration of hourly micrometeorological drivers for simulating the relevant

fluxes of energy, water und carbon dioxide

* Incorporation of the most relevant crops and extensibility in terms of additional

crops
Methodological requirements are:
* Provision of modelled data for export to other DANUBIA models during run-time
* Technical compliance with interfaces in DANUBIA
* Object-oriented design using the programming language Java

The described criteria and the application in the Global Change context require a
process-based modelling approach for the DANUBIA crop growth model. In contrast
to an empirical approach which derives model equations from observed data, a
process-based approach considers the underlying biological, chemical, physical and
physiological processes governing plant growth and development. This methodology
enables extrapolation to future years as well as spatial transferability since there is
potentially no need for site-specific calibration. As early as 1981, ]J.L. Monteith in his
annual presidential speak to the Royal Meteorological Society declared: "The statistical
blunderbuss is a very clumsy weapon for attacking the problem of crop-weather relations; but it
is also very uninstructive because it ignores the interaction of physical and physiological

mechanisms" (cited by JAME & CUTFORTH 1996).

One of the main processes of plant growth is photosynthesis. To capture the effect of
increased atmospheric carbon dioxide concentration and air temperature,
photosynthesis modelling needs to be based on a biochemical approach (FARQUHAR et
al. 1980). Here temperature effects at the leaf level and temperature response functions
for biochemical parameters are taken into consideration. The modelled processes of
photosynthesis and transpiration are linked via stomatal control. The dynamic
interaction between crops, water and nitrogen is ensured by various feedback

mechanisms.
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Processes of transpiration, photosynthesis, water and nitrogen uptake are modelled in
hourly time-steps based on hourly input data so as to capture the highly non-linear
response of these processes to fluctuations in environmental conditions. Using daily
input data, short-time effects of environmental factors (e.g. high air temperature or low

soil moisture) on plant growth may be ignored.

The DANUBIA crop growth model includes the process-based growth simulation of
winter wheat, spring barley, maize (including grain and silage maize), sugar beet and
potato. To enable other crops to be integrated without difficulty, a generic model
design is imperative. The simulated processes of plant development and growth are
valid for all crops. Attention is given to crop-specific differences through assignment to
crop categories (e.g. C4 plant, winter crop or long-day plant) and a set of crop-specific

parameters.

To simulate water and nitrogen uptake, influenced by root length density, and to
assure consistency with the concept of modelling soil nitrogen transformation by the

DANUBIA soil model, root length density in different soil layers is simulated.

The mentioned modelling concepts are realized in the DANUBIA crop growth model
by combining the models GECROS (YIN & VAN LAAR 2005) and CERES (JONES &
KINIRY, eds, 1986, RITCHIE & GODWIN 2000).

GECROS (Genotype-by-Environment interaction on crop growth Simulator) is the
most recent of the Wageningen crop growth models. It is a generic model and
incorporates the current knowledge of interacting ecophysiological processes. CERES
(Crop Environment Resource Synthesis) comprises well established, widely used and

extensively validated models for different crops.

The choice of this hybrid modelling approach combines the advantages of the GECROS

and CERES models in an ideal manner.

1.4  State-of-the-art

The first crop growth models date from as early as the mid-1960s (SINCLAIR &
SELIGMAN 1996). These authors define crop modelling as "the simulation of crop growth
by numerical integration of constituent processes with the aid of computers" and call it a

"technology used to construct a relatively transparent surrogate (or substitute) for a real crop,
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one that can be analyzed and manipulated with far greater ease than the complex and

cumbersome original".

In the last 40 years, the evolution of crop models has been supported by scientific
progress in many different research fields, advances in computer technology as well as
further development of measurement techniques and devices for use in laboratory and
in field. Increasing concern about the sustainable management of environmental
resources and Global Change effects on crop production and agro-ecosystems has
triggered the development of sophisticated crop models. Empirically based models are

being gradually replaced by process-based models of varying degrees of complexity.

Applications of crop models span a wide range, e.g. prediction (especially yield
forecasting), determination of optimal management strategies, suitability for use on
large spatial scales, characterization of plant varieties or use as educational tools (JONES
et al. 2006). Today, a multitude of crop growth models exists. Each is characterized by a
combination of diverse scientific as well as technical features. These concern the
intended application and target group, the spatial as well as temporal scale, the crops
considered, the simulated processes accounted for, the modelling approaches
employed, the degree of validation, the input data required, the validity of parameters
used, the coupling to other sub-models, the embedding in a modelling framework, the
availability of scientific and technical documentation, the accessibility of source code,

the choice of programming language, software design etc..

Numerous publications about models for one specific crop are found in the literature
(e.g. GAYLER et al. 2002, QI et al. 2005, YANG et al. 2004). Additionally, a plethora of
studies exist focussing on a single aspect (e.g. GASTAL & LEMAIRE 2002, JAME &
CUTFORTH 2004) or on one modelled process (e.g. FLEISHER et al. 2006, MIRSCHEL et al.

2005, THORNLEY & CANNELL 2000, WU et al. 1999).

The DSSAT (Decision Support System for Agrotechnology Transfer) cropping system
model (HOOGENBOOM et al. 2003) includes models of 17 different crops, among these
the CERES-Maize, -Wheat and -Barley models (JONES & KINIRY, eds, 1986, RITCHIE &
GODWIN 2000). DSSAT is based on a modular structure, incorporating all crops as
modules as well as providing databases and several support software components for
use with the crop models. Over the last 20 years, the DSSAT suite of models have been
widely validated and used (JONES et al. 2003).
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Examples for other models embracing a set of crops are: AGROSIM (Agro-ecosystem
Simulation, WENKEL & MIRSCHEL, eds, 1995), APSIM (Agricultural Production
Systems Simulator, KEATING et al. 2003), CropSyst (STOCKLE et al. 2003) and STICS
(Simulateur mulTIdisciplinaire pour les Cultures Standard, BRISSON et al. 2003) as well
as LINTUL (Light Interception and Utilization Simulator) and SUCROS (Simple and
Universal Crop Growth Simulator), both developed by the Wageningen modelling

group (e.g. VAN ITTERSUM et al. 2003). These are all generic crop models.

Linking crop growth models with Geographic Information Systems (GIS) permits their
application on regional or even global scales. Examples for regional applications of
models considering various crops as well as crop-soil-water interactions are e.g.
PROMET-V (Process Oriented Modular Environment and Vegetation model,
SCHNEIDER 1999, 2003) and SWIM (Soil and Water Integrated Model, KRYSANOVA et al.
1998, 2000). Some of the models coupled to GIS allow the use of remote sensing data
not only for the validation of model results but for the adjustment of parameters
during run-time (e.g. JONGSCHAAP 2006, LAUNAY & GUERIF 2005, SCHNEIDER 1999,
2003). An overview of crop growth simulation using remote sensing data and GIS is
given by DADHWAL (2004). The increasing availability of input data, derived from
meteorological measurements or models, or land use classifications by remote sensing
data, soil maps, digital elevation models, etc. will further improve the applicability of

crop models on large scales.

None of the so far mentioned models is suitable for comprehensively assessing Global
Change effects, the reason being the lack of a biochemically based modelling approach
for photosynthesis. If the direct effect of atmospheric carbon dioxide is at all accounted
for in these models, simple approaches are used. Exceptions are specific versions of the
LINTUL and SUCROS models (VAN ITTERSUM et al. 2003). Regardless of this deficiency,
manifold studies on the impact of Global Change on biomass production have been
published (e.g. ALEXANDROV et al. 2002, KRYSANOVA et al. 2007, OLESEN et al. 2000,
WESSOLEK & ASSENG 2006, WOLF 2002).

Models for gas exchange based on the biochemical approach by FARQUHAR et al. (1980)
are published e.g. by FRIEND (1995) and HUMPHRIES & LONG (1995). This biochemical
approach is widely employed in studies of natural ecosystems, presented e.g. by FALGE
(1997), FRIEND et al. (1997), GARCIA-QUIJANO & BARROS (2005), LUCHT et al. (2006),
REICHSTEIN (2001) and WHITE et al. (1999). WANG et al. (2005) modified the BIOME-BGC
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(BioGeochemical Cycles, e.g. WHITE et al. 2000) model to account for winter wheat and

maize crops, presenting a study for the North China Plain.

However, to the knowledge of the author, only two models considering several crops
include the biochemical approach of modelling photosynthesis: ecosys (GRANT 2001)
and GECROS (YIN & VAN LAAR 2005). Both use the "functional balance" theory
(BROUWER 1962) for the allocation of carbon and nitrogen, which is also one
prerequisite for comprehensively simulating the effects of Global Change. None of the
other above mentioned crop growth models simulates partitioning of carbon and

nitrogen dynamically and interrelatedly.

MATTHEWS & STEPHENS (2002) identify two focal points towards which crop modelling
research is at present directed: applicability to large spatial scales (whole farm,
catchment or region) and incorporation of genotypes. Crop models should include
genotype-specific parameters for incorporating the latest findings offered by the rapid
advances in functional genomics (YIN et al. 2004a). The model GECROS (YIN & VAN
LAAR 2005) satisfies this requirement by giving due regard to various genotype-specific
parameters. In view of the numerous models available and their abilities, crop models
are found to be rarely used for decision support (STEPHENS & MIDDLETON 2002).

HOOGENBOOM (2000) points to the need for improving crop models to this end.

In the last few years, object-oriented software design for crop models is becoming
increasingly popular. Adopting the object-oriented paradigm facilitates code
modification and reusability (PAPAJORG]I et al. 2004). One example for an object-

oriented crop model is CropSyst (STOCKLE et al. 2003).

The incorporation of the generic model GECROS, which is based on sound
physiological principles, into the DANUBIA crop growth model ensures that current
knowledge of individual physiological processes as well as their interactions and
feedback mechanisms are considered. The object-oriented DANUBIA crop growth
model not only achieves state-of-the-art standards in terms of both scientific and
technical criteria, but is also applicable on the regional scale as part of a Global Change

decision support system.
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2 Description of the crop growth model

In the following chapter the process-based and object-oriented DANUBIA crop growth
model, developed in this study, will be documented. The model builds on the strength
of existing models by combining GECROS (YIN & VAN LAAR 2005) and CERES (JONES
& KINIRY, eds, 1986, RITCHIE & GODWIN 2000). The generic model comprises the
simulation of sugar beet (Beta vulgaris L.), spring barley (Hordeum vulgare L.), maize

(Zea mays L.), winter wheat (Triticum aestivum L.) and potato (Solanum tuberosum L.).

First of all, the technical structure and software implementation of the modelling
framework and the crop model itself is presented. Whereas GECROS is implemented
in the FORTRAN Simulation Translator (VAN KRAALINGEN et al. 2003) and CERES in
the FORTRAN computer language, the object-oriented DANUBIA crop growth model

is implemented in Java.

Secondly, the simulated processes of crop development and growth are described in
detail, providing the model algorithms. Following a specification of the required input

data, the various crop-specific parameters are dealt with in the last sub-chapter.

21  Structure and software implementation

The DANUBIA crop growth model is one of many models integrated in the simulation
and decision support system DANUBIA. Following an overview of the DANUBIA
modelling framework, the design of the DANUBIA crop growth model is presented.

2.1.1 Modelling framework

Within the project GLOWA-Danube, the integrative simulation and decision support
system DANUBIA was developed by the Computer Science group at the Ludwig-
Maximilians-University in Munich. In the present study, only a brief overview of the
modelling framework is presented. A comprehensive and detailed presentation of

DANUBIA is given by LUDWIG (2007).
According to BARTH et al. (2004), the objectives of DANUBIA are

* to perform and supervise integrative simulations,
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* to examine cross-disciplinary effects of interactive processes,
* to support decision-making for sustainable management of water resources.

The development of the network-based modelling platform DANUBIA is based on

object-oriented software engineering with Java as implementation language (BARTH et

al. 2004).

At present DANUBIA couples 16 simulation models, each representing the expertise of
the various disciplines collaborating in the project GLOWA-Danube. These single
models are dynamically coupled and mutually exchange information during an
integrative simulation run. This exchange of data between the models is realized via
defined interfaces. Each model serves as a provider (export of data) as well as a client

(import of data) of information (BARTH et al. 2004).

Within DANUBIA, the individual simulation models are grouped into five key
components according to their function. Whereas e.g. the component Actor comprises
socio-economic models, the component Landsurface includes the models for the
simulation of the energy, water and matter fluxes at the landsurface. Fig. 2 shows the
interrelations between these five major DANUBIA components, illustrated using the
Unified Modeling Language (UML) (BOOCH et al. 1999). This UML diagram shows only
the interfaces between the key components, ignoring the interfaces between the single
models within a component. The data exchange between these five components is

handled by component controllers (BARTH et al. 2004).

The Landsurface component is presented in more detail in the UML diagram, showing
the included single process-based models (subcomponents). The model Soil simulates
water and nitrate fluxes, heat transfer and nitrogen transformation processes in the
rooted soil zone. Energy and water fluxes at the landsurface are simulated by the
model Surface, while processes of snow accumulation and melting are quantified by the
model Snow. The radiation balance and the radiation distribution in vegetation
canopies are computed by Radiation Balance. The subcomponent Biological simulates the
water, carbon and nitrogen fluxes within the vegetation as well as the energy balance
at the leaf level. To duly account for the differences between modelling natural and
agricultural ecosystems, this subcomponent is further split in Natural Ecosystems and
Agricultural Ecosystems. The latter is responsible for simulating crop growth and is

named "DANUBIA crop growth model" in the present study.
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Fig. 2: UML package diagram of DANUBIA components.
Interfaces are shown as sockets (import) and balls (export).

The following example illustrates data-exchange within DANUBIA: Information on
farming practices (choice of crop, dates of sowing and fertilizer applications) are
provided by the Actor Controller and used by the Landsurface Controller. Whereas the
information on sowing dates is utilized by the DANUBIA crop growth model,
information on fertilizer applications is utilized by the DANUBIA soil model. In turn,
the agricultural yield (simulated by the crop growth model) is exported to the
Landsurface Controller and imported by the Farming model via the Actor Controller to

determine future agricultural land use plans.

Within the Landsurface component, a large number of data are dynamically exchanged
between the models. Fig. 3 shows the complex interrelations between the Landsurface
subcomponents. In the following, an example of the communication between the
subcomponents is given: The leaf area is simulated by Biological and exported to
Surface. Based on the projected leaf area, the latter calculates the interception of rainfall
and exports the resulting effective precipitation to Soil. The model Soil simulates and
exports the soil moisture of different soil layers to Biological, which in turn computes

the root water uptake and exports the uptake rates to Soil.
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Fig. 3: Interrelations of the models within the DANUBIA Landsurface component
(based on LUDWIG et al. 2003).
The main import parameters of the DANUBIA crop growth model are:

* meteorological drivers (provided by the model Radiation Balance and the

component Atmosphere)
* soil data (provided by the model Soil)
* farming practices (provided by the component Actors)
The main export parameters of the DANUBIA crop growth model are:
* root characteristics including uptake rates (used by the model Soil)
* amounts of crop carbon and nitrogen recirculated to soil (used by the model Soil)
* canopy characteristics (used by the models Radiation Balance and Surface)
* agricultural yield (used by the component Actors)

The external time step of the simulated processes within the Landsurface component is
one hour. The complex interactions between the Landsurface subcomponents are taken
into account by a higher internal temporal resolution of 15 minutes (LUDWIG et al.

2003).

DANUBIA is raster-based and uses the concept of process pixels (abbreviated to

"proxels"). For mesoscale modelling, a grid spacing of 1 km? is chosen. Depending on
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the spatial resolution of for instance soil and land use data, the spatial resolution of a
proxel can be further refined. Each proxel is characterized by a defined set of constant
attributes e.g. geographical location, elevation, soil texture as well as dynamic

properties like agricultural land use.

2.1.2 Model design

In the following, the design of the object-oriented DANUBIA crop growth model is

illustrated.

Object-oriented programming rests on a few fundamental concepts. Objects are entities
with specific characteristics, comprising attributes (encapsulated data) and operations
(methods to access or manipulate these attributes). Objects interact with or contain
other objects. Classes are the units of source code which define these properties and
from which individual objects are instantiated (generated). Inheritance is a technique
by which subclasses can be derived from a superclass, sharing some or all of the

superclass features. In the subclasses, supplementary characteristics can be defined.

For generic crop growth models, object-oriented design represents an ideal paradigm.
General processes of growth and development that are common to all crops can be
defined in superclasses. Further specialization into different functional types (e.g. Cs or
C4 photosynthesis type) and single crops is implemented in a hierarchy of subclasses.
In the DANUBIA crop growth model, general plant attributes (e.g. leaf area index) and
operations (e.g. calculation of transpiration) are implemented or declared in the
superclass (parent class) Plant. A specialization into subclasses (child classes),
representing specific crops, is derived from the inheritance hierarchy as illustrated in
the UML diagram (Fig. 4). Plant is the superclass at the highest level of hierarchy for all
kinds of plants. Crop is the superclass for all crops, providing the additional operations

"sowing" and "harvesting".

Specification into the various crops is based on their assignment to a functional group
(e.g. C3 or Cy4 photosynthesis type) and a set of crop-specific parameters (e.g.
biochemical leaf photosynthesis parameters). This structure allows the model to be

easily expanded to include more crops.

In ecosystem modelling, object-oriented programming emphasizes the existent or

imaginary objects, their states and the actions they are capable of carrying out (ACOCK
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& REDDY 1997). At the sowing date, an object of the type Plant is generated. Until
harvesting, all processes of crop development and growth are either calculated by this
Plant object or are delegated to further specialized objects for complex functionalities,

which are organized in packages (collections of related classes).

In one of these packages ("leafGasExchange") the calculations of the photosynthesis and
transpiration rates at the leaf level are implemented. Included are the superclass
LeafGasFlux as well as the two subclasses LeafGasFluxC3 and LeafGasFluxC4, on account
of the differences in modelling C3 and C; photosynthesis. The subclasses of Crop

implement marker-interfaces to assign the specific type of photosynthesis.

Diverse physical constants and calculations used for simulating crop growth are

provided by the package utility.

plants
Plant
+calculatePlantGrowth ()
+calculateNitrogenUptake()
+calculateWaterUptake ()
Crop
'+sowing()
+harvesting()
SugarBeet Potato SpringBarley WinterWheat MaizeGrain MaizeSilage
phenology) photosynthesisType leafGasExchange utility

Fig. 4: The inheritance hierarchy of the class Plant.
Arrows pointing from the subclasses to the superclass indicate the inheritance ("is child of") relation.

The package phenology comprises the functionalities for simulating the phenological
development of crops and is depicted in Fig. 5.

The consecutive phenological phases (subclasses of the class Phase) form a chain of

states connected by defined conditions of transition. An object Phase consists of a
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phase- as well as crop-specific implementation for calculating phenological
development and an assigned consecutive phase. The latter is reached as soon as the

condition for transition is met.

phenology

Phenology | phases
+calculatePhenologicalProgress() ot
+getlLightEffect
i 0 +calculateDailyDevelopmentRate()

+getTemperatureEffect()

+getVernalizationEffect() EnextEhasa()

+update()

photoperiodSensitivity

SpringCrop | WinterCrop
+getVernalizationTemperatures()

|
7 vernalization
LongDayCropType !
|
|

I Photoperiod
+calculatePhotoperiodicDayLength)

Fig. 5: The structure of the phenology model.
The depicted classes of phenological development can be further refined.
As is shown in Fig. 5, crops are categorized into three different classes in terms of their
photoperiod sensitivity. Additionally, crops are grouped in spring and winter crops
depending on their vernalization requirement. The subclasses of Crop implement
marker-interfaces to indicate the types of photoperiod sensitivity and vernalization

requirement.
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2.2  Simulated processes

In the following sub-chapters, the processes modelled by the DANUBIA crop growth
model are described, including the model algorithms. Fig. 6 shows the processes that
are dynamically modelled from sowing till harvesting. The concepts and algorithms
are adopted from two models: CERES (JONES & KINIRY, eds, 1986, RITCHIE & GODWIN
2000) and GECROS (YIN & VAN LAAR 2005). The processes related to the soil
compartment (water and nitrogen uptake) are adopted from CERES. For simulating
root growth and phenological development, a hybrid approach combining advantages

of both models is chosen. All other processes are realized according to GECROS.
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Fig. 6: Modelled processes in the DANUBIA crop growth model
(drawings taken from MEIER, ed., 2001).

The model works with two different temporal scales. In order to capture non-linear
responses to microclimatic conditions, the processes photosynthesis, transpiration,
water and nitrogen uptake are calculated in an hourly time-step. Hourly model results
of photosynthesis and nitrogen uptake fluxes are aggregated to daily values. These

serve as a base for modelling processes associated with biomass formation on a daily
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time-step (root growth, respiration, allocation of carbon and nitrogen to different plant
organs, leaf area development, nitrogen demand, senescence, recirculation of carbon
and nitrogen from crop to soil). For modelling phenological development, hourly
meteorological input data are used but phenological progress is computed on a daily

base.

The conceptual scheme of the DANUBIA crop growth model is presented in Fig. 7. It is
based on the relational diagram of the model GECROS (YIN & VAN LAAR 2005).
Extensions and modifications concern root length density, water and nitrogen uptake,

as well as the environmental variables soil temperature and air pressure.
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Fig. 7: Relational diagram of the DANUBIA crop growth model, based on the diagram of the model
GECROS (YIN & VAN LAAR 2005). Symbols introduced by FORRESTER (1961) are used: boxes for state
variables, valves for rate variables, ellipses for intermediate variables, small crossed circles for
environmental variables, full-line arrows for material flows and dashed-line arrows for information flows.

Parameters used in the description of the model are listed in tables in the specific sub-
chapters, showing the corresponding symbols, descriptions and units. In these tables,

crop-specific input parameters are marked with an asterisk. The values of the crop-
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specific input parameters are tabulated in Appendix D. A complete list of the symbols
used for the parameters in this chapter is given in Appendix B, providing the
descriptions and units. Unless declared otherwise, weight in g refers to weight of dry
matter (biomass) and m? denotes ground area. Some of the model algorithms as well as

the derivation of algorithms are described in Appendix A.

2.21 Phenological development

While plant growth can be defined as an increase in weight or in height, phenology
describes the timing of developmental stages. Plants pass through a species-specific life
cycle which is characterized by sequential phases of development, e.g. the formation of
leaves or the initiation of flowering. Phenology influences growth, but accumulation of
biomass can take place without any progress in the development stage (GOUDRIAAN &

VAN LAAR 1994).

Predicting crop phenology is essential for the simulation of agricultural ecosystems.
Besides playing an important role in leaf area and yield formation, phenology
determines the timing of fertilizer application and other cultivation practices. Because
of significant genotypic variation within a species, phenological traits are crucial for

selecting optimal crop varieties for different environments.

Approach

The concept of modelling phenology in the model GECROS (YIN & VAN LAAR 2005)
serves as a base and is amplified. In GECROS, phenology is expressed as development
stage ¢, a unitless variable. Fig. 8 lists the key phenological events related to the
development stage. According to GECROS, the storage organ of the different crops is
refered to as "seed", making no distinction between seed, grain or tuber. "Start of seed
fill" is related to about two days after anthesis for cereals, to tuber formation in case of

potato and to start of development of beet root for sugar beet.

The development stage ¢ equals the accumulated daily development rate w; (d-!) over

the growing season, which is calculated based on a multiplicative approach:

@, = R« () f(P) f(V) (2.2.1-1)
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The maximum daily development rate (Rmax) is the reciprocal of the minimum number
of days of a phenological phase under optimal environmental conditions (XUE et al.

2004).

In addition to temperature f(T) and photoperiod response f(P), the GECROS phenology
model is refined by taking account of the vernalization response f(V). These three
response functions (each restricted to a range of 0 to 1) represent the most important
environmental factors controlling phenology. Each affects the developmental progress,
e.g. non-optimal temperatures or day-lengths decrease the development rate. The
multiplicative relationship accounts for the interactions of temperature, photoperiod

and vernalization on phenology.

The maximum daily development rate is a phase- as well as a cultivar-specific
parameter. According to GECROS, different values for the pre-seed fill period (¢ < 1)
and for the seed fill period (¢ 2 1) are considered (Rmaxv and Rmax:). For winter wheat,
STRECK et al. (2003b) propose a further subdivision of Rmaxv based on the key stage of
terminal spikelet initiation. The maximum daily development rate is lower before this
stage than after. Therefore, Rmaxv1 (¢ int the emergence till terminal spikelet initiation
phase) and Rmaxv2 (¢ in the subsequent phase until start of seed fill) are accounted for

in case of winter wheat.

Not all three response factors influence phenology during the whole development

cycle (see Fig. 8).

¢ Phenological phase Calculation of daily development rate
0.0 seedling emergence
} @; = Rmax,vl (T) f(P) f(V)
0.4 terminal spikelet initiation
} @i = Rmaxv2 f(T) f(P)
1.0 start of seed fill
l @; = Rmax,r f(T)

2.0 physiological maturity

Fig. 8: Assignment of development stage to phenological phase and calculation of daily development rate.
The phase of terminal spikelet initiation is only valid for winter wheat.

The phase-specific maximum rates of development are genetically determined for each

cultivar and can be defined in experiments (YIN & VAN LAAR 2005). Default crop-

specific values are given in Appendix D.
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Temperature response

Development rate is primarily affected by temperature (e.g. YAN & HUNT 1999). A
widely used approach for quantifying the influence of temperature on phenology is the
"erowing degree-day" concept, which uses temperature sums to predict the duration of
different development stages. Numerous variants on the subject of temperature sums
based on linear functions are published. MCMASTER & WILHELM (1997) point at the
need for clear definitions regarding the concept of growing degree-days. Different
methods of calculating growing degree-days implemented in crop models can easily

cause errors when relying on parameters from literature.

In consideration of the impact of global warming and the non-linearity of temperature
response functions in biological systems, many studies have been published during the
last decade using a non-linear representation of the temperature effect on phenology
(e.g. JAME et al. 1998, STEWART et al. 1998, YAN & HUNT 1999, JAME & CUTFORTH 2004,
KM et al. 2004, FLEISHER et al. 2006).

YIN et al. (1995) introduced the Beta model, a flexible bell-shaped non-linear function,

to describe the relationship between development rate and temperature:

f(T) = K;_;) (; _]TPJ T ] (2.21-2)
c to o b

The temperature effect function f(T) ranges between 0 and 1. Besides air temperature

(Ta), plant-specific values for the base (Tv), the optimum (T,) and the ceiling
temperature (Tc) for phenological development are influencing variables. The
temperature response curvature coefficient c¢; determines the shape of the curve and
allows flexibility for diverse asymmetric response functions. In case of missing data, c:
can be set to 1. For instance, Fig. 9 shows the temperature effect curve for summer
barley (with Ty=0 °C, To=25°C, Tc=37°C, ct=1) (YIN & VAN LAAR 2005). At air
temperatures lower than T, or higher than T, the temperature effect is zero and
development ceases. T, is the temperature at which development proceeds most
rapidly. Hourly values of air temperature serve as input data for calculating f(T), and

the daily average value for f(T) is used for eq. (2.2.1-2).
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temperature effect
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Fig. 9: Temperature effect for spring barley (after YIN & VAN LAAR 2005). Critical temperatures (Tp, To, Tc)
are marked with a cross.

During the seed-fill phase, supra-optimum temperatures are restricted to the optimum

temperature to avoid a decreased development at high temperatures. Hence, a

shortened seed-fill period due to exposure to high temperatures is accounted for (YIN

& VAN LAAR 2005). Critical temperatures for the considered plant species are listed in

Appendix D. According to STRECK et al. (2003b), for winter wheat increasing critical

temperatures for each sub-phase are assumed.

Photoperiodic response

Besides temperature, another important environmental factor for phenological
development is photoperiod. The seasonal change in the duration of daylight and night
periods influences floral initiation. Long-day plants flower only when the day-length
exceeds a critical value, whereas short-day plants need a day-length less than a defined

value. Photoperiod-neutral plants are insensitive to day-length.

In general, the effect of photoperiod is considered to influence phenology only in the
pre-flowering phase (e.g. HODGES & RITCHIE 1991, WANG & ENGEL 1998). Recently,
HAN et al. (2005) showed that many crops are sensitive to post-flowering photoperiod
as well. However, following the concept of GECROS, photoperiodism is considered
during a plant-specific defined period in the vegetative phase only. Between the start
(p1) and the end (¢2) of the photoperiod-sensitive phase, the photoperiod effect f(P) is

calculated as:

f(P) =1-p,, (Dlp —Mop) (2.21-3)
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The photoperiod response f(P) varies from 0to 1. The factor psn accounts for the
photoperiod-sensitivity, being zero for insensitive crops, positive for short-day crops
and negative for long-day crops. The parameters psen as well as @1 and ¢ are genotype-
specific. In GECROS, default values for the last two parameters are given: 0.2, and 0.7,
respectively. Dy, is the photoperiodic day-length, calculated using eq. (A-1) (Appendix
A). In GECROS, standard values for the optimum photoperiod M., are 11 h for short-
day crops and 18 h for long-day crops.

Winter wheat and spring barley are typical long-day plants, whereas maize as a
tropical plant originally is a short-day plant. However, in the DANUBIA crop growth
model, maize is assumed to be photoperiod-insensitive, because maize grown in
temperate regions is adapted to its environment (HAN et al. 2005). Sugar beet is a long-
day crop, but because its flowering in the second year is not related to yield formation,
it is considered to be also photoperiod-insensitive. Potato plants originally require
short days for tuberization, but the effect of photoperiod on modern cultivars in
Europe is almost not perceptible (MACKERRAN 2004). Therefore potato is assumed to

be a photoperiod-insensitive crop.

The genotype-specific parameters psen as well as @1 and @2 for a given cultivar can be
accurately estimated from experiments performed in controlled environments (e.g.

ADAMS et al. 2001, YIN et al. 2005). General values are presented in Appendix D.

Vernalization response

In addition to photoperiodic requirements some plant species need a prolonged period
of exposure to low temperatures before floral initiation. Amongst others, temperate
cereal crops like winter wheat require this process of vernalization for entering the

reproductive development stage.

Since in GECROS the process of vernalization is not considered, the approach of
STRECK et al. (2003a) is integrated for modelling the phenological development of
winter wheat. The authors present a nonlinear, generalized vernalization response
function for winter wheat and prove its supremacy over the three-stage linear function
used in widely recognized wheat crop growth models like e.g. ARCWHEAT (WEIR et
al. 1984) and CERES-Wheat (RITCHIE 1991).

The nonlinear function simulates the vernalization response as a smooth and

continuous effect. This gives a more realistic description of the reaction of biological
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systems to environmental factors than the abrupt changes when using linear functions.
Several studies show that the phenological response to vernalization has a sigmoidal
shape (e.g. BROOKING 1996, RAWSON et al. 1998). Another advantage is the generality

because no genotype-specific coefficients are used.

Two combined factors influence the response to vernalization: temperatures as well as
duration of the vernalization period. The effect of cold temperatures is accumulated
until the plant is fully vernalized. The extent of vernalization is quantified in number
of "effective vernalization days" (VD), following the concept in the CERES-Wheat
model (HODGES & RITCHIE 1991). An exposure to the optimum vernalization
temperature for a period of 24 h results in 1 VD. Under non-optimal conditions, only a

fraction of 1 VD per day is reached.

The temperature effect during the vernalization period is calculated hourly as
described above (eq. (2.2.1-3)), using cardinal temperatures (minimum, optimum, and
maximum) of -1.3 °C, 4.9 °C, and 15.7 °C, respectively (PORTER & GAWITH 1999). The
hourly values are averaged to obtain daily values of VD which are accumulated and
serve as input for calculating the daily vernalization response f(V). This response varies
from 0 (unvernalized) to 1 (fully vernalized plants) and is expressed by the formula

(STRECK et al. 2003a):

VD’
VD, + VD’

f) =

(2.2.1-4)

Analysis of literature data indicated that the number of effective vernalization days
needed for full vernalization is 50. The coefficient VDos represents the effective
vernalization days when plants show one-half of the response of fully vernalized
plants (f(V) =0.5); it has a value of 22.5. The exponent5 determines the sigmoidal
shape of the response to VD. Details for the derivation of eq. (2.2.1-4) are given by
STRECK et al. (2003a).

Following STRECK ef al. (2003a) the vernalization effect influences the phenological

development between emergence and terminal spikelet initiation (Fig. 8).
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Table 1: Symbols, definitions and units used for modelling phenology.
Crop-specific input parameters are marked with an asterisk.

Symbol Definition Unit
Ct * curvature factor for temperature response -
Dy photoperiodic day-length h
Ds * sowing depth cm
Ena * coefficient for determining threshold for emergence -
Emp * factor for determining threshold for emergence -
Enn threshold for emergence -
f(P) photoperiod response -
AT) temperature response -
fV) vernalization response -
Mop optimum photoperiod h
Psen * photoperiod sensitivity h1
Rmax maximum daily development rate d+
Ruaxr * Rmax in the reproductive (seed fill) phase d-
Rumax,v * Rmax in the vegetative phase d+
Rumaxv1 * Rmax in the emergence till terminal spikelet initiation phase d1
Rumaxv2 * Rmax in the terminal spikelet initiation till start of seed fill phase d-
T air temperature °C
Ty * base temperature °C
Them * base temperature for emergence °C
T, * ceiling temperature °C
T, * optimum temperature °C
Tsm daily mean soil temperature °C
TTem daily thermal time for emergence °C day
VD effective vernalization days d
VDos VD when plants are 50 % vernalized d
Q@ development stage -
@1 * development stage at which photoperiod sensitivity starts -
@2 * development stage at which photoperiod sensitivity ends -
@ daily development rate d?

Germination and emergence

To simulate phenology not only from the date of emergence but from sowing, two
additional stages adapted from the CERES-Wheat and CERES-Maize models (JONES &

KINIRY, eds, 1986, HODGES & RITCHIE 1991, WILKENS & SINGH 2003) are integrated.

After sowing, germination occurs except where the soil temperature is below 0 °C or
the soil water content in the top soil layer is near wilting point (lower limit of plant
extractable water). Subsequent seedling emergence is affected by soil temperature and
depth of sowing. Taking into account a plant-specific base temperature for the period
before above-ground plant development (Tp.em) at which development stops, the daily

thermal time for emergence (TTem) is calculated:

TTem = Tsm - Tb,em (221_5)

where Tin is daily mean soil temperature. If Tsm is below Tpem, daily thermal time is

zero (HODGES & RITCHIE 1991). If the accumulated daily values of TTem equal a crop-
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specific value (Emm), the transition from germination to emergence takes place. The

threshold for emergence (Emm) is linearly related to sowing depth (Ds):

Enwm = Ena+Eqp D (2.2.1-6)

where, En.and Enp are plant-specific coefficients.

Phenological scales

Different phenological scales exist for the description of the plant’s developmental
cycle. In the past few years, the use of an uniform coding system (BBCH-scale, BBCH =
Biologische Bundesanstalt, Bundessortenamt and CHemische Industrie, Germany) of
phenologically similar stages both for mono- and dicotyledonous plants is

recommended (MEIER, ed., 2001).

For comparisons of modelled data with measurements, a transformation of the model’s
internal scale to the BBCH-scale is needed. The BBCH-code is based on the well-known
system by ZADOKS et al. (1974). WANG & ENGEL (1998) have presented an overview of
corresponding stages by ZADOKS et al. (1974) and their model’s internal scale ranging
from 0 to 2 for winter wheat. These data, together with the development stages in
CERES-Maize, -Wheat and -Barley models (HOOGENBOOM et al. 2003) and the BBCH-
code, provide the base for a transformation of the development rate into the BBCH-
scale (Appendix E) for wheat, barley and maize. Because of missing data for potato and
sugar beet, the assignment of development rate to phenological stage is not carried out

more precisely than in GECROS.

Water and nitrogen stress

Because of the absence of a comprehensive, process-based concept, phenology
response to water and nitrogen stress is not considered. Crop phenological reaction to
water stress is a complex subject. MCMASTER et al. (2005) take first steps towards
gaining an understanding in presenting developmental sequences observed under
water-limited conditions. MIRSCHEL et al. (2005) state that water and nitrogen scarcity
can notably accelerate phenological development and simulate the influence of the two
stress factors in a dynamic semi-empirical approach for winter barley and winter rye.
However, a process-based approach suitable for the five considered crops is not yet

obtainable.
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Future prospects

Phenology is essential for the selection of appropriate cultivars for an environment.
Genotype-specific parameters allow flexibility in simulating development of different

cultivars.

A comprehensive understanding of the underlying physiological processes controlling
phenology has yet to be achieved. Advances in molecular biology and functional
genomics offer possibilities for better understanding of mechanisms governing
phenology (MCMASTER 2005). Identifying genes associated with phenology will lead to

a complete process-based understanding and an improved mechanistic modelling.

2.2.2 Photosynthesis and transpiration

The processes of CO, exchange and transpiration are tightly coupled. Diffusion of CO»
and water vapour between the atmosphere and leaf interior is controlled by the
stomata. Responses of both processes to environmental factors like atmospheric CO»
concentration, air temperature, relative humidity and water supply are interrelated.
For example, in case of water shortage partially closed stomata inhibit the loss of water
vapour. This in turn has a direct effect on the assimilation rate. Leaf temperature is
influenced by transpiration and affects various biochemical processes in
photosynthesis. The flux of CO. inside the leaf is governed by the demand of
photosynthesis and limited by the diffusion capacity.

The approach of modelling gas exchange in GECROS (YIN & VAN LAAR 2005) is
adopted in the DANUBIA crop growth model. Photosynthesis is the largest-scale
synthetic process on earth (NOBEL 2005). Although the process of photosynthesis
implies immensely complex mechanisms, it can be modelled using relatively few
algorithms. GECROS uses the concept of modelling photosynthesis first described by
FARQUHAR et al. (1980), which is widely used in gas exchange studies but has scarcely
been implemented into crop growth models (YIN & VAN LAAR 2005). One of the few

exceptions is the model ecosys (GRANT 2001).

Photosynthesis and transpiration are modelled at the leaf level and subsequently

integrated for the whole canopy (see chapter 2.2.3: Scaling of canopy parameters).
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Rubisco carboxylation rates

The detailed mechanistic photosynthesis model by FARQUHAR ef al. (1980) relates the
biochemistry of CO, assimilation to gas exchange. It is based on the kinetic properties
of the enzyme ribulose-1,5-biphosphate carboxylase-oxygenase (Rubisco) and depicts
responses of photosynthesis to light, CO,, O, and temperature. Ribulose-1,5-
biphosphate (RuBP) is the substrate used by Rubisco to fix CO,. Rubisco catalyzes the
competing reactions of the carboxylation or the oxygenation of RuBP in the chloroplast
stroma. The carboxylation is the first major step of CO; fixation (VON CAEMMERER
2000).

]
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Fig. 10: Modelled rate of CO, assimilation as a function of chloroplastic CO, concentration (after VON
CAEMMERER 2000). The Rubisco-limited rate has a short-dashed line extension at high CO,, the RuBP-
limited rate has a long-dashed line extension at low COz. The solid line curve, being the minimum rate of
both, shows the rate of CO, assimilation.

Rubisco carboxylation rate is described by either its Rubisco-limited rate (V.) or by the
RuBP-limited rate (Vj). Thus, gross leaf photosynthesis rate (Pp in g CO, m?2 leaf s?) is

calculated as:

P, = (1-7./C.) min(V,V,) 44x10"* (2.2.2-1)

where min () denotes "minimum of", I is the CO, compensation point in the absence
of dark respiration and C. is the CO, concentration at the carboxylation site. The first
term quantifies CO; released due to photorespiration. Multiplying by the molar mass

of COz (44 g) and 10-¢ converts units of (nmol CO, m2 leaf s?) to (g CO>m2leaf s?).

The RuBP-saturated rate of CO, assimilation is calculated as:

Vc = chax Cc / |:Cc + KmC( 1+ Oi /Kmo ):| (222—2)
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where O; is the intercellular oxygen concentration (assumed to be constant). The
Michaelis-Menten constants for CO, and O, are represented by Kmc and Kmo

respectively and describe the kinetics of Rubisco.

Because V. is dependent on the maximum Rubisco activity, Vemay, it is also often called

the Rubisco-limited rate of CO; assimilation (VON CAEMMERER 2000).

At high intercellular CO; partial pressure, the rate of RuBP regeneration controlled by
electron transport (V) declines and CO; assimilation rate is limited by the supply of

RuBP (VON CAEMMERER 2000). Vj is also referred to as electron transport-limited rate.

To introduce the terminology used for calculating Vj, the following section contains a

few remarks on the light reaction of photosynthesis.

2 NADP + 2 H* COz
Pigments
2 NADP+
- 8 photons <3 ATP w
3 ADP +
\‘ 3 phosphate
Excited O,
pigments C
2 HO [CH20] + H20
Electron transfers
Photochemistry and coupled Biochemistry

ATP formation

Fig. 11: Schematic representation of the three stages of photosynthesis (redrawn from NOBEL 2005).
[CH,O] represents a general carbohydrate.
Light is absorbed by a photosystem in the leaf’s chloroplast. A photosystem includes a
variety of protein subunits that are associated with specific pigments. Depending on
the light-absorbing wavelengths of the pigments, two different types of photosystems
are distinguished: PS I and PS II (NOBEL 2005).

Fig. 11 schematically shows the three stages of photosynthesis. The absorption of light
can excite photosynthetic pigments, leading to the photochemical reactions in which
electrons are donated by special chlorophylls. A series of electron transfers begins,
leading to the reduction of the oxydized form of nicotinamide adenine dinucleotide
phosphate (NADP*) to the reduced form (NADPH). The formation of the other
biochemical energy compound ATP (adenosine triphosphate) is coupled to the electron
transfer steps. The electron flow pathways can either be cyclic, non-cyclic or
pseudocyclic. The biochemical reactions involve the integration of CO, into

carbohydrates (NOBEL 2005).
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______________
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i Ferrodoxin

1- fcyc = fpseudo fpseudo
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1/, ? NADP+ e.g. Oy
NADPH

Fig. 12: Various pathways of electron transport in the light reaction. Solid arrows show the flux of electron
flow, dotted arrows show the fraction of relevant pathway, and the curved arrows show the number of
protons (H+) or NADPH produced per electron transported. Marked by a dashed frame are specific
molecules that act as electron acceptors or donors in chloroplasts. Redrawn from YIN & VAN LAAR (2005).
YIN et al. (2004b) modified the original calculation of V; (FARQUHAR et al. 1980) to
capture the co-limitation of NADPH and ATP on electron transport. Whereas the
original calculation is based on linear whole-chain (non-cyclic) electron transport, YIN
et al. (2004b) also incorporate the non-linear pathways of electron transport (Fig. 12).
Their concept is based on the generalized stoichiometry for the ratio of NADPH and

ATP as needed by C; metabolic reactions. The electron transport-limited rate of

photosynthesis is given by:

(2+ fo—fiye ) Cc
S n[3Ce+7 ] (1 fy )

V, =] (2.2.2-3)

where h denotes the number of protons required to produce 1 mol ATP, and J> is the
rate of electron transport through PS II. The term in squared brackets describes the
ATP consumption rate per carboxylation. The relationship between the different types

of electron transport pathways is expressed as:

(4Cc+81.) (2+fQ—fcyc)

(2.2.2-4)
h(3Cc+71)

1- fcyc - fpseudo =
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where f.,c denotes the fraction of electron transport which is cyclic around PS I, fpseudo is

the pseudocyclic fraction, and fq is the fraction involved in the Q-cycle.

The dependency between ] and absorbed irradiance of the chloroplasts (I) is

formulated as:

9]22 - ( a, I+]max ) ]2 +a, I]max =0 (222_5)

1_nyc
1+ (1-fy ) / @y

where ® describes the convexity of the response curve, and Jmax is the upper limit to J»

with a =], (2.2.2-6)

(equivalent to the maximum rate of whole chain transport while cyclic flow takes place
concurrently). The electron transport efficiency of PS II on the basis of light absorbed
by both photosystems is represented by a, and @on is the maximum electron transport

efficiency of PS II on the basis of light absorbed by PS II alone.

Pseudo-cyclic electron transport is linked to non-stomatal effects on photosynthesis
which are not considered. Thus, fpseudo is set to zero. For Cs plants, fq is assumed to be
zero whereas it equals fcyc in case of C4 plants. Derivation of equations (2.2.2-3) to

(2.2.2-6) as well as more details are given by YIN et al. (2004b).

The CO, compensation point equals the CO, concentration in the chloroplast when no
assimilation occurs. YIN et al. (2004b) modified the original equation for the CO;

compensation point in the absence of dark respiration (I*):

I =05 { exp  ~3.3801+ 5220 /[ 298 R (T, +273)] ) } 0. K. /K. (2.2.2-7)

where the exponential part corresponds to the ratio of the maximum oxygenation rate
to the maximum carboxylation rate of Rubisco. The ratio is established from functions
presented by BERNACCHI et al. (2001). The factor 0.5 accounts for the fact that 0.5 mol
CO; is released when Rubisco catalyzes the reaction with one mol O: in

photorespiration.

The CO; compensation point in the presence of dark respiration (I) is given by

(FARQUHAR et al. 1980):

(£ =1) /[T +Kye (140, /Kpo) | = Ryx 10° /(44 V., (2.2.2-8)
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Table 2: Symbols, definitions and units for modelling photosynthesis and transpiration.
Crop-specific input parameters are marked with an asterisk.

Symbol Definition Unit
A net assimilation rate g CO, m2 Jeaf s
Co empirical coefficient in eq. (2.2.2-9) -
c1 empirical coefficient in eq. (2.2.2-9) kPa-1
Ca CO; concentration in the air umol mol-!
Ce CO; concentration at carboxylation site of chloroplasts pmol mol-!
G intercellular CO, concentration umol mol-1
D, water vapour pressure saturation deficit of air kPa
Da air-to-leaf vapour pressure deficit kPa
E. actual leaf transpiration mm s
Ejmax activation energy for Jmax J mol~
E, potential leaf transpiration mm s
ERrubx proxy for activation energies Exmc, Exmo, Erd and Evemax in eq. J mol!
(2.2.2-10)
es(Ta) saturated vapour pressure of air kPa
es(Tl) saturated vapour pressure of leaf kPa
feye fraction of cyclic electron transport around photosystem I -
fpseudo fraction of pseudocyclic electron transport -
fa fraction of electron transport that follows the Q-cycle -
Sep potential conductance for CO, m s
I leaf chloroplasts-absorbed PAR pmol m?2 leaf s
P rate of linear electron transport through photosystem II pumol electron m2 leaf s
Jmax maximum rate of J» umol electron m-2 leaf s-1
Jmax2s Jmax at 25 °C pumol electron m2 leaf s
Kmnc Michaelis-Menten constant for CO» umol mol-!
Kmo Michaelis-Menten constant for O, mmol mol-!
n leaf N content g N m?2 leaf
n, *  minimum leaf N for photosynthesis g N m?2 leaf
P. actual gross leaf photosynthesis g CO, m2 leaf s
P, potential gross leaf photosynthesis g CO, m2leaf s
Tbh leaf boundary layer resistance to heat sm?
Tow leaf boundary layer resistance to water vapour s ml
R4 leaf dark respiration g CO, m2 leaf s
Razs Rqat 25°C g CO, m2 leaf s
Ry proxy for Kmc, Kmo, Ra and Vemax in eq. (2.2.2-10) various
Rn net leaf absorbed radiation J m-2 leaf s
Tsw,a leaf stomatal resistance to water in the presence of water stress s ml
Tsw,p leaf stomatal resistance to water in the absence of water stress s m-!
Tt turbulence resistance sm?
s slope of the curve relating saturation vapour pressure to kPa °C1
temperature
s* proxy for s (eq. (2.2.2-21) kPa °C1
T, air temperature °C
T leaf temperature °C
14 vapour pressure kPa
Ve rate of carboxylation limited by Rubisco activity pmol CO; m2 leaf s-1
Vemax maximum rate of carboxylation limited by Rubisco activity pmol CO; m2 Jeaf s
chax25 chax at 25 °C umol COz m-2 leaf s1
Vi rate of carboxylation limited by electron transport pmol CO; m2 leaf s-1
a quantum efficiency for electron transport of PS II based on mol mol-1
absorbed light
r CO; compensation point in the presence of dark respiration pmol mol-!
Y psychrometric constant kPa °C1
I+ CO; compensation point in the absence of dark respiration pmol mol-!
® *  convexity factor for response of J> to PAR -
A latent heat of water vaporization J kg
pCp volumetric heat capacity Jm3°Ct
Xn ¥ proportion factor for the relation of Jmax to leaf N pumol electron g1 N s-1
Xven proportion factor for the relation of Vemax to leaf N pmol CO; g1 N s
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To calculate C; (intercellular CO, concentration) dynamically, the following assumption

is used (adapted equation given by LEUNING 1995):

C,/C,=1-(1-T/C,) (¢cy+¢c, D) (2.2.2-9)

which expresses the ratio of C; to atmospheric CO, concentration (C,) as a function of
the air-to-leaf vapour pressure deficit (Da). The parameters co and c¢1 are empirically
derived coefficients (using data from MORISON & GIFFORD 1983, cited by YIN & VAN
LAAR 2005). The difference between the saturated vapour pressure of leaf temperature
esry and vapour pressure V (derived from the meteorological input parameter absolute

humidity) yields Da.

Temperature dependencies

Precise estimates of the temperature dependencies of Rubisco kinetic parameters are
crucial for predicting the impact of global change on photosynthesis. An Arrhenius
function is used to describe temperature dependencies of the kinetic constants on leaf

temperature (11) with respect to a reference temperature (25 °C):

R (T) = R (25) exp|( T, =25 ) Egup / (298R (T, +273))] (2.2.2-10)

where Ry (T) and R (25) represent one of the kinetic parameters at temperature T, and
at 25 °C, respectively. Activation energy Eruwx quantifies the corresponding kinetic
energy of each substrate needed for the reaction to proceed, and R is the universal gas
constant (VON CAEMMERER 2000). Equation (2.2.2-10) is applied to the parameters Vemax,
Kmc, Kmo and Rg (leaf dark respiration). For |ma, the temperature dependency is

expressed by a modified Arrhenius function (MEDLYN et al. 2002):

(T, -25) E e 1+ exp(29851 -D ) /(298 R) (2.2.2-11)
298 R(T, +273) )\ 1+exp[( T, +273)S, - D, | /[R(T; +273)]

]max = Imax (25) exp (
where Jmaxos refers to Jmax at 25 °C, S;is an entropy factor, Ejmax is the activation energy,
whereas Dy is the deactivation energy. Ejmax describes the rate of decrease of the
function below the optimum (analogous to Erubx), and Dy depicts the rate of decrease of

the function above the optimum temperature. Table 3 shows values of constants used

in GECROS for modelling photosynthesis.
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Table 3: Constants used for modelling photosynthesis and transpiration.

Sources for general constants (e.g. R) are not listed.

Symbol Definition Value Source

Dy energy of deactivation for Jmax 200000 J mol- MEDLYN et al. (2002)

Exmc activation energy for Kmc 79430 ] mol! BERNACCHI et al. (2001)

Exmo activation energy for Kmo 36380 ] mol-! BERNACCHI et al. (2001)

ERrdos activation energy for Rqat 25°C 65330 ] mol-! BERNACCHI et al. (2001)

Evemax  activation energy for Vemax 65330 ] mol-! BERNACCHI et al. (2001)

foseudo  fraction of pseudocyclic electron 0 YIN & VAN LAAR (2005)
transport

fa fraction of electron transport that 0 (for Gs) YIN & VAN LAAR (2005)
follows the Q-cycle feye (for Cy)

h number of protons required to 3 mol mol-! FARQUHAR et al. (1980)
produce 1 mol ATP

Kmczs  Michaelis-Menten constant for CO» 404.9 pmol mol-! (for C3) ~ BERNACCHI ef al. (2001)
at 25°C 650.0 pmol mol! (for C5)  VON CAEMMERER (2000)

Kmozs ~ Michaelis-Menten constant for Oz 278.4 mmol mol- for (C3)  BERNACCHI ef al. (2001)
at 25°C 450.0 mmol mol- (for C4)  VON CAEMMERER (2000)

O; intercellular oxygen concentration 210 mmol mol-

R universal gas constant 8.314 ] K1 mol-

Sy entropy term 650 ] K- mol-! HARLEY et al. (1992)

Y psychrometric constant 0.067 kPa °C-1

PCp volumetric heat capacity 1200 ] m-3 °C-1

S leakage of CO; back to the mesophyll 0.2 (relevant for Cy) YIN & VAN LAAR (2005)
as a fraction of the PEP carboxylation

Dom maximum electron transport efficiency 0.85 mol mol! BERNACCHI et al. (2003)
of PSII

C4 photosynthesis

The presented concept of modelling photosynthesis was developed for Cs plants. For

modelling C; photosynthesis in a simplified way, only a few modifications are

implemented according to the model GECROS.

C, plants like maize show different photosynthetic features compared with Cs; plants

(Fig. 13). A special leaf anatomy characterized by a concentric layer of bundle sheath

cells surrounded by mesophyll cells enables a CO> concentration mechanism. CO; is

initially fixed into C4 acids by the enzyme PEP (phosphoenolpyruvate) carboxylase in

the mesophyll. The Cy acids are then decarboxylated in the bundle sheath to provide

CO;, for the reactions equal to Cs photosynthesis (VON CAEMMERER 2000). Because of

the increased CO. concentration, the carboxylase activity of Rubisco dominates over

the oxygenase activity. Thus photorespiration rates are reduced (NOBEL 2005).
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G

CO, Rubisco photosynthetic
> > products (e.g. starch)
mesophyll cell o
chloroplast

(@ ;
CO, PEP carboxylase C, acid Rubisco photosynthetic
— > > > > 7" products

mesophyll cell bundle sheath P
cytosol CO2 el chloroplast

Fig. 13: Locations for the three photosynthetic pathways for Cz and C4 plants (redrawn from NOBEL (2005)).

In case of C; plants, an infinite mesophyll conductance is assumed. Consequently,
chloroplastic equals intercellular CO; concentration (C. = C;). Regarding C, plants, C is
set to 10 C; to account for the higher CO, concentration in the bundle sheath cells. To
include the additional ATP requirement due to the PEP carboxylation, the

stoichiometry in equations (2.2.2-3) and (2.2.2-4) is modified:

(2+fo—fiye ) Cc

Vi=1] (2.2.2-12)
PP n[2(Ce-12)/(1-6)+(3Cc +71)] (1-fy )
with, feye, fpseudo, and fo, satisfying:
4C-+8171. ) (2 -
1- fcyc - fpseudo = ( i ) ( . fQ nyC ) (2.2.2-13)

h[2(Ce—1.)/(1-¢)+(3Cc+71)]
where ¢ expresses leakage (i.e. CO; released by C; acid decarboxylation leaks back to
the mesophyll) as a fraction of the PEP carboxylation rate. The first summand in the
square brackets in eq. (2.2.2-13) describes the requirement for 2 mol ATP per mol CO»
fixed during the PEP carboxylation. For C4 photosynthesis, the CO, compensation
point (eq. (2.2.2-8)) is divided by 10. The Rubisco kinetic constants Kmc and Kmo are
higher for C4 plants than for Cs plants (Table 3). In GECROS, the empirically derived

coefficient c1 has a higher value for C4 crops than for C; plants.

Leaf temperature

The difference AT between air (T,) and leaf temperature (1) is determined via the leaf
energy balance. Energy absorbed by a leaf is represented by net absorbed radiation Rn

while energy dissipation occurs in form of latent (transpiration) and sensible heat:
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AT = T-T, = (rg +1) (R, - 4E,) / pc, (2.2.2-14)

where E, is potential transpiration, pcp is the volumetric heat capacity (Table 3) and A is
latent heat of water vaporization. In GECROS, a constant value of Ais assumed. In the
DANUBIA crop growth model A is calculated dynamically as a function of air
temperature (calibrated from data by NOBEL, 2005):

A = (2502.3-24289T,) x10° (2.2.2-15)

Potential rates of leaf transpiration and photosynthesis

The driving force for transpiration is the water vapour pressure difference between leaf
and air. The analogy of electrical resistances and conductances is used to quantify the
diffusion of water vapour and CO;. The resistance for the diffusion of water vapour
from leaves to the atmosphere is composed of stomatal (sw,p), boundary layer (row) and
turbulence resistance (r:) in series. A thin laminar air layer at the leaf surface causes leaf
boundary layer resistance. The resistance for the movement of water vapour and heat
from the air within the canopy to the air above is described by turbulence resistance

(PENNING DE VRIES et al. 1989).

Potential leaf transpiration (assuming no water stress) is calculated based on the

Penman-Monteith equation (MONTEITH 1973, cited by YIN & VAN LAAR 2005):

E SR, +pc, D, /(ty +1,)
- 2.2.2-16
P /1{5+7[(er+rt+rsw,p)/(rbh+7’t)]} ( )

where D, is the water vapour pressure saturation deficit of air, s is the slope of the

curve relating saturation vapour pressure to temperature, and y represents the
psychrometric constant. Calculation of the resistances run, 7w, and 7. as well as net

absorbed radiation R,are given in Appendix A.

Stomatal resistance to water transfer (assuming no water stress) rsw,p is:

Tswp = (1 / 8ep =131 =1, )/ 1.6 (2.2.2-17)

where g., denotes the potential conductance for CO,. The factors 1.3 and 1.6 consider
the more rapid diffusion of water vapour compared with CO; in crossing boundary

layers and stomata, respectively. g is a function of potential leaf photosynthesis:
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8ep = (B —Ry) [(273+7T) /053717 | / (C,-C;) (2.2.2-18)

where (C, - G)) quantifies the diffusion of CO; from air into the leaf and (P} - Rq) gives
the net assimilation rate (A). The term in square brackets converts CO, concentration
from g m-= into vpm (volumetric parts per million) depending on leaf temperature T;

(GOUDRIAAN & VAN LAAR 1994).

The slope of the curve relating saturation vapour pressure to temperature (s) is:

S = |:€S(Tl) - es(Ta):| / ( ’I‘l _Ta) (2.2.2—19)
where the term in square brackets is the difference in saturated vapour pressure

between the air inside and outside the leaf. Saturated vapour pressure is a function of

air temperature (GOUDRIAAN & VAN LAAR 1994):
ey = 0.611exp( 1747, /(239+T,)) (2.2.2-20)

The complex pattern of feedbacks between the controlling parameters complicates the
modelling of gas exchange fluxes. For calculating potential transpiration E, the value
of s is required. However, s is influenced by Ti which in turn depends on E,. This
calculation loop is avoided by substituting s in eq. (2.2.2-16) by the derivative of esra
with respect to T, (s*) based on eq. (2.2.2-20):

2
s* = 41586 ¢,;, /( T, +239) (2.2.2-21)

To minimize the error due to the use of s* two iterations of the equations are
performed (Fig. 14). In the first round, T. and s* are used for Ti and s, respectively.
Subsequently, T1 and s (eq. (2.2.2-14) and (2.2.2-19)) are calculated to be then used in

the second round.
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[:T1= Ta::H:: g=g* :]7“_> ¢ flesay, Ty -.)
v

PP f(Ci, Tl,...)
v
| Rg4 f(Tl,...)
2nd round ¢

8cp f(Rd, Tl, Pp, Cj,...)

v
Tswp [ (8opr--)

\
s f(Ty,.) R. f(Ty..)

: |

Ti  f(RoEp..) |« E  fRoTiroup s,

Fig. 14: Computation sequence for calculating photosynthesis and transpiration.

Actual rates of transpiration and photosynthesis

If the demand of potential leaf transpiration rate E, cannot be satisfied by root water
uptake, transpiration is reduced to actual transpiration E, according to the available
water supply (see chapter 2.2.6: Water uptake). Consequently, the rate of assimilation
too is throttled because of the increased actual stomatal resistance rsw. which is

calculated as:

rsw,a = (Ep_Ea )|:S ( Ton T 1 )+ y(rbw +1 ) :|/(7/ Ea )+ rsw,p Ep / Ea (222—22)

Derivation of eq. (2.2.2-22) is given in Appendix A. Leaf temperature T is recalculated
using E, instead of E, in eq. (2.2.2-14). Using the new value of Tj, the following

parameters are recalculated: c; Pp, and Rq. Actual leaf photosynthesis rate P, is then

given by:
16r,  +13rn, +7
P _ SW,p bw t P _ R + R )
" 167, +137%, +1 ( p ) d (2.2.2-23)
Parameterization

Some parameters for the photosynthesis submodel can be derived from leaf-level gas
exchange measurements. In order to minimize the parameterization procedure, fixed
values for some of the parameters which are supposed to be invariant among crop

species are used in GECROS (see Table 3). The value for ® may vary, but in case of
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missing data can be set to 0.7 (VON CAEMMERER 2000) as proposed in GECROS. Many
different values of the crop-specific parameters Vemaxs and Jmaxs are published but
MEDLYN et al. (2002) point to the fact that the assumed values of Kmc and Kno in gas
exchange measurements strongly influence the value of Vemaxes. Thus, published data

are difficult to adopt.

Photosynthetic capacity is closely linked to the amount of nitrogen in the plant tissue
because of the enzyme Rubisco being a nitrogen-rich compound. According to
GECROS, both parameters Vemaxes and Jmaxes are a function of photosynthetically active
leaf nitrogen (being the difference between leaf nitrogen content (1) and the crop-

specific minimum leaf nitrogen for photosynthesis (1)).

chax25 = Xven ( n- le) (222"24)
s = Zjn (11=1) (2.2.2-25)

The proportion factors yven and yjn are crop-specific. WULLSCHLEGER (1993) examined
numerous gas exchange measurement data and found a strong correlation between Jmax
and Vemax. LEUNING (2002) scaled the results to a common temperature of 25 °C. His
analysis of the ratio Jmax/ Vemax resulted in a mean value of 2. In case of missing data,

Xven can be set to 60 pmol CO2 g1 N s1and yjn can be assumed to equal 2 yven.

In GECROS, Ra2s is assumed to be proportional to Vemaxos (WATANABE ef al. 1994):

Rys =0.0089x 44x10° Vo (2.2.2-26)

Thus, according to GECROS, the only crop-specific values in the photosynthesis
submodel are #b, Xjn, Xven, ®, and Ejmax. These can be determined in leaf-level gas

exchange measurements (see chapter 2.4.2).

2.2.3 Scaling of canopy parameters

Fluxes of photosynthesis and transpiration are calculated at the leaf level and have to
be adapted to the canopy scale. Assuming a simple linear relationship between the
calculated fluxes and leaf area index would lead to incorrect results because of the
attenuation of radiation in canopies and the convex non-linear light response of

photosynthesis (SPITTERS 1986).

To overcome the problem of scaling, the multi-layer approach divides the canopy into

a number of horizontal units (assumed to be homogeneous with respect to
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microclimate) and integrates the layer fluxes to provide the total flux (LEUNING et al.
1995). An alternative to multi-layer models is the sun-shade approach presented by DE
PURY & FARQUHAR (1997) and WANG & LEUNING (1998), which is adopted in GECROS.
Without distinguishing between different layers only the sunlit and shaded sections of
the canopy are calculated separately. Compared with a multi-layer model far fewer
calculations are needed and the results with respect to canopy photosynthesis are as
accurate (DE PURY & FARQUHAR 1997). For the DANUBIA crop growth model, the
concept and equations for scaling canopy parameters from the model GECROS (YIN &
VAN LAAR 2005) are adopted. The following paragraphs of this sub-chapter describe
the theory and list the equations.

Absorption of radiation in plant canopies

Sunlit and shaded foliage experience very dissimilar levels of irradiance. While sunlit
leaves collect direct as well as diffuse radiation, shaded leaves only receive the diffuse
component of radiation. Light intensity decreases within a canopy and depends on the
amount of light at the top of the canopy and the attenuation of the various radiation
components: direct and diffuse PAR as well as NIR. During the day the ratio between
sunlit and shaded fractions changes with solar elevation. The sunlit fraction of a
canopy decreases exponentially with the cumulative leaf area index from the canopy
top. In the following, the distinction between sunlit and shaded is expressed by the

subscripts "sun" and "shade".

At canopy depth with a known leaf area index (L;), the sunlit fraction (fsun:), is

calculated as (SPITTERS 1986):

fsun,i = exp ( - kb Li) (223—1)

where L; is the leaf area index between top of the canopy and considered depth and kp
is the direct beam extinction coefficient of the canopy. This coefficient characterizes the
exponential attenuation of direct radiation within the canopy and according to

GOUDRIAAN (1988) is calculated as:

k, = 0O,, /sin g (2.2.3-2)

with O.yv being the average projection of leaves in the direction of a solar beam. For a

uniform azimuthal orientation of the leaves in a canopy, O,y is in case of # > £, :
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O, =sinpg sinf; (2.2.3-3)

and in case of < f3; :

O,, =2 (sin B cos B, arcsin (tan §/tan ;) + \/ sin® #, —sin’ ) / x (2.2.3-4)

where p is the leaf angle inclination. Details for derivation of eq. (2.2.3-4) are given by

GOUDRIAAN (1988).

Table 4: Symbols, definitions and units used for modelling absorbed radiation.
Crop-specific input parameters are marked with an asterisk.

Symbol Definition Unit

fehade fraction of shaded leaves in a canopy -

foun fraction of sunlit leaves in a canopy -

foun,i sunlit fraction of leaves at canopy depth with L; -

T, top incident direct-beam radiation above the canopy W m?2

Tbeam absorbed direct-beam radation W m?2

I absorbed radiation by canopy W m-?2

I¢ shade absorbed radiation by shaded leaves of canopy W m?2

Iosun absorbed radiation by sunlit leaves of canopy W m?2

I top incident diffuse radiation above the canopy W m?2

Laifruse absorbed diffuse radiation W m=2

Iscat beam absorbed scattered beam radiation W m?2

ko direct beam extinction coefficient m?2 ground m2 leaf
L green leaf area index of canopy m? leaf m2 ground
L; L counted from top to the i-th layer of canopy m? leaf m2 ground
Lr total leaf area index m? leaf m2 ground
Oav average projection of leaves in the direction of a solar beam m2 ground m2 leaf
p solar elevation degrees

pr * leaf angle inclination in canopy degrees

The sunlit foliage of the whole canopy, fsun, is given as (DE PURY & FARQUHAR 1997):

fon = exp(-kyL; ) d L; = (1-exp(-ky L)) / (ky L) (2.2.3-5)

O ey

1
L
Consequently, the shaded fraction is:

fshade =1 _fsun (223—6)

Not the incident radiation itself is a key variable for crop growth modelling but the
amount of absorbed radiation which results from extinction and reflection processes
within the canopy (Fig. 15). Different light extinction coefficients for direct and diffuse
radiation as well as scattered radiation have to be accounted for when modelling the
interaction of light with crop canopies. The sum of the absorbed radiation in the sunlit

(Iesun) and shaded fraction (Icshade) constitutes the total absorbed irradiance (I.).
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} incident radiation

diffuse PAR diffuse NIR
direct PAR direct NIR
absorbed absorbed
PAR sun NIR sun
absorbed absorbed
PAR NIR shade

absorbed radiation in the
sunlit fraction

absorbed radiation in the
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Fig. 15: Components of absorbed radiation in a canopy.

Radiation absorbed by a canopy, per unit ground area, consists of direct and diffuse

components which are differently attenuated within the canopy (DE PURY & FARQUHAR

1997):

Ic = (1_pcb )Ib,top(l_exp(_klgl‘ )) + (1_pcd)1d,top(1_exp(_kcll L))

(2.2.3-7)

Table 5: Coefficients for modelling absorbed radiation.

Symbol

Calculation

Unit

Ph

Pcb

Ped

leaf scattering coefficient (0.2 for PAR, 0.8 for NIR)

(GOUDRIAAN & VAN LAAR 1994)

canopy reflection coefficient for horizontal leaves

pu=(1-J1-0) / (1+/1-0)

(GOUDRIAAN & VAN LAAR 1994)

canopy reflection coefficient for direct-beam radiation

Po =1 —exp (_th ky / ( 1+kb))
(GOUDRIAAN 1977, cited by YIN & VAN LAAR 2005)

canopy reflection coefficient for diffuse radiation

(0.057 for PAR, 0.389 for NIR)

(GOUDRIAAN & VAN LAAR 1994)

(2.2.3-8) -

(2.23-9) -

extinction coefficient for beam and scattered-beam radiation

(GOUDRIAAN & VAN LAAR 1994)

m?2 ground
(2.2.3-10)
m-2 leaf

extinction coefficient for diffuse and scattered-diffuse radiation

(for standard overcast sky conditions) (GOUDRIAAN 1988)

Ky==(1/L;) In| +0.514 exp(~kys /10 Ly

0.178 exp (~kus /1= Lp)

+0.308 exp (~kys |/ 1-0 Ly)

m?2 ground
(2.2.3-11)
m-2 leaf
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Table 5 shows values and calculations, respectively, of several coefficients used in

equations (2.2.3-5) and (2.2.3-7).

The leaf scattering coefficient is the sum of leaf reflection and transmission coefficients
and influences the value of the reflection and extinction coefficients. A high scatter
coefficient will result in a high canopy reflection (GOUDRIAAN & VAN LAAR 1994). For
direct-beam radiation, the canopy reflection coefficient (o) depends on leaf angle
inclination and solar elevation and is associated with the canopy reflection coefficient

for horizontal leaves (GOUDRIAAN 1977, cited by YIN & VAN LAAR 2005).

For estimating the profile of diffuse sky radiation in the canopy, GOUDRIAAN (1988)
presented a method to calculate the extinction coefficient for diffuse and scattered-
diffuse radiation (k’q). Diffuse radiation originates from different "ring zones" of the
sky. Consequently, the correspondent extinction coefficients can be estimated by
substituting solar height in equations (2.2.3-2), (2.2.3-3) and (2.2.3-4) for zone
elevation. Three zone classes with centres at 15°, 45° and 75° are sufficient for an
accurate description of the light profile. Subscripts of ky in eq. (2.2.3-11) refer to these
elevations of incoming radiation. Each summand is weighted according to the
contribution from the three zones of a standard overcast sky with equal radiance all

over. Details are given by GOUDRIAAN (1988).

DE PURY & FARQUHAR (1997) present an approach for deriving the canopy reflection
coefficient for diffuse radiation (pq), but like in the model GECROS, standard values
for spherical leaf angle distribution (where all orientations are equally represented)
and uniform pattern of diffuse radiation across the sky are used (GOUDRIAAN & VAN

LAAR 1994).

Scattering of direct-beam rays which produces further diffuse radiation is taken into
account, so radiation absorbed by sunlit leaves is given as the sum of direct-beam
(Iveam), diffuse (laiffuse) as well as scattered direct-beam (Iscat beam) radiation (DE PURY &

FARQUHAR 1997):

Ibeam = Ib,top ( 1-o ) (1 - exp( _kb L ) ) (223—12)

ko (1-exp(—(Ky+k,)L))

(2.2.3-13)
ki +k,

Idiffuse = Id,top (1 ~ P )
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K, (1-exp—(ky+k, )L)

( 1 - pCb ) ’
Iscat beam Ib to kb - kb (223—14)
- 1-ex ( 2k L)
2
Ic,sun = Ibeam + Idiffuse + Iscatbeam (223—15)

Absorbed radiation of the shaded leaves can be expressed as the sum of components of

diffuse and scattered direct-beam radiation, but can more simply be calculated as:

Ic,shade = IC - Isun (223—16)

Because of the different scattering features (see coefficients listed in Table 5) the above
equations (2.2.3-7) to (2.2.3-14) have to be calculated separately for PAR and NIR
radiation (GOUDRIAAN & VAN LAAR 1994). The sum of absorbed PAR and absorbed

NIR gives the total absorbed short-wave radiation.

Boundary layer conductances

Since the boundary layer conductances for heat as well as for water vapour are
dependent on wind speed, they vary with depth in the canopy. Scaling up has to be

done separately for the entire canopy, the sunlit and the shaded fraction.

Table 6: Symbols, definitions and units used for scaling conductances.
Crop-specific input parameters are marked with an asterisk.

Symbol Definition Unit

ky wind speed extinction coefficient m? ground m2 leaf
w * leaf blade width m

u wind speed m st

Qbe total boundary layer conductance in canopy m s

&b, sun boundary layer conductance for sunlit fraction of canopy m s

Qbc, shade boundary layer conductance for shaded fraction of canopy m sl

The attenuation of wind speed u in the canopy follows an exponential profile (LEUNING
et al. 1995). Consequently, the boundary layer conductance (for heat) for the complete

canopy (gvc) can be expressed as:

o= 001 Ju/w(1-exp(-05k,L))/(05k,) (2.2.3-17)

where w refers to crop-specific leaf width and k. is the extinction coefficient of wind
speed in the canopy. Boundary layer conductance (for heat) for the sunlit (gbcsun)

fraction of the canopy is:
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Goean =001 Ju/w [1—exp (=(05k, + Kk, )L)]/ (05k, +k,)  (223-18)

The difference between gvc and guesun gives the boundary layer conductance (for heat)

for the shaded fraction (b shade):

gbc,shade = gbc - gbc,sun (223_19)

Derivation of equations (2.2.3-17) and (2.2.3-18) is given in Appendix A.

For water vapour, corresponding boundary layer conductances are derived by
multiplying gbe, Qbesun, and Queshade by the factor 1.075. This value considers the
dissimilar velocity of boundary layer transport regarding heat and water vapour
(GOUDRIAAN & VAN LAAR 1994). Reciprocal values of the conductances give boundary
layer resistances. The total value of the turbulence resistance r; is split into sunlit and

shaded canopy fractions in linear proportion to fsun and fshade.

The reduction of potential transpiration to actual transpiration in case of water
shortage is carried out according to sun and shade fractions. Subsequently, rates of

actual photosynthesis are calculated separately for sunlit and shaded leaves.

Leaf nitrogen profile

The parameters Vemaxos and Jmaxes used for simulating photosynthesis are dependent on
leaf nitrogen content n. The difference between n and the crop-specific minimum leaf
nitrogen content required to support photosynthesis, ny, yields the photosynthetically
active leaf nitrogen content. Because n is supposed to decrease exponentially with
depth in a canopy (YIN et al. 2000), photosynthetically active leaf nitrogen has to be
scaled up separately for the entire canopy (Nc), for its sunlit fraction (Ncsun) and for its

shaded fraction (Ncshade):

N.=n, (1-exp(-k,L)) / k= n,L (2.2.3-20)

Nen = 7o [1— exp (- (k, + b)L)] / (Ko +ky) (2.23-21)
-, (1-exp(-k, L))/ k

Neghade = Ne = Negun (2.2.3-22)

Derivation of equations (2.2.3-20) and (2.2.3-21) is given in Appendix A. Calculations

of np and k, are specified in the chapter 2.2.10 (Leaf area and senescence).
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Table 7: Symbols, definitions and units used for scaling leaf nitrogen content.
Crop-specific input parameters are marked with an asterisk.

Symbol Definition Unit

b * minimum leaf N for photosynthesis g N m?2 leaf

1o canopy top-leaf N g N m?2 leaf

kn N extinction coefficient m?2 ground m-2 leaf
N total photosynthetically active N in canopy g N m?2

Nesun photosynthetically active N in sunlit leaves of canopy g N m?2

N shade photosynthetically active N in shaded leaves of canopy =~ g N m?2

The concepts of scaling described in this subchapter allow for the dynamic modelling
of sun- and shade-specific values of absorbed radiation, conductances, resistances, and
photosynthetically active leaf nitrogen contents. These data are implemented for
modelling photosynthesis and transpiration rates separately for sunlit and shaded
fractions of the canopy (see chapter 2.2.2: Photosynthesis and transpiration). Results for

sun and for shade leaves are summed to give total fluxes.

2.2.4 Respiration

A fraction of the daily carbon fixed by photosynthesis is dissipated due to respiration
(oxidation of carbohydrate to CO, and water). Respiration includes release of CO, due
to various biochemical processes and in contrast to photosynthetic carbon fixation is

poorly represented in ecosystem models (CANNELL & THORNLEY 2000).

Plants respire substrates to produce carbon-skeleton intermediates, usable energy, and
reducing power to support biosynthesis of new biomass and interrelated processes
such as active transport of compounds. In addition, respiration is required to maintain
existing biomass in a functional state. To simulate crop growth and its responses to
environmental factors, relationships between respiration, growth and maintenance

have to be quantified (AMTHOR 2000).

When considered over a 24-hour period, respiration can be 20 % of gross
photosynthesis for a fast-growing plant community and can even exceed 50 % as the
community matures. For a crop, respiration averaged over a growing season lies

typically in the range of 30 to 50 % of gross photosynthesis (NOBEL 2005).

This rather large respiratory flux is tightly interrelated to processes of e.g. growth,

allocation and nitrogen uptake. Resulting seasonal variation regarding the magnitude
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and composition of total plant respiration during crop growth should be accounted for

in models (CANNELL & THORNLEY 2000).

The algorithms used in the model GECROS (YIN & VAN LAAR 2005) for modelling
respiration are adopted in the DANUBIA crop growth model. GECROS implements
the theoretical framework presented by AMTHOR (2000) and CANNELL & THORNLEY
(2000). Respiratory fluxes are grouped into two categories depending on energy
requirement for biosynthesis of new structural biomass (growth respiration) and for
maintenance of existing biomass (maintenance respiration). The second category
integrates respiration due to various energy-requiring processes (as listed in Fig. 16).
The respiratory cost associated with each process can be explicitly defined considering
the metabolic costs and stoichiometries of CO, release. Multiplying the specific
respiratory cost with the corresponding rate of the process (e.g. nitrate uptake rate)

gives the respiratory flux for each component of maintenance respiration.

Thus respiration is related (semi-)mechanistically to underlying physiology and

biochemistry (AMTHOR 2000).

Photosynthesis

C substrate
(glucose)

Maintenance respiration

Nitrate uptake and reduction }

CO; «— total respiration for
uptake and phloem

loading

Ammonium uptake
Other ion uptake

energy <+———— Phloe_m loading
Protein turnover }

Cell ion concentrations "residual maintenance"

Futile cycles respiration
Symbiotic N, fixation
v
photo- Growth respiration C skeletons
assimilates > (glucose)
for growth l for growth
CO,

Fig. 16: Simplified scheme of the component respiration processes (following CANNELL & THORNLEY 2000).
Arrows indicate fluxes.
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Growth respiration

According to CANNELL & THORNLEY (2000), growth respiration is defined in terms of
"growth yield", i.e. the units of carbon materialized in new biomass per unit of glucose
carbon utilized for growth. This so-called growth efficiency depends on the chemical
composition of the newly synthesized plant tissue. Its compounds are categorized into
5 distinct classes: carbohydrates, proteins, lipid, lignin and organic acids. Considering
the diverse glucose requirements of these classes, growth efficiency for storage organs

Y is calculated as:

30(0.444 f,,, +0.531 f,,, +0.774 f, +0.667 f, +0.368 f,.. )
= (2.2.4-1)

Y. =
©% 12(1.275 f.,, +1.887 f,,, +3.189 f, +2.231 fi, +0954 f,,. )

oac
where fear, foro fiip, fiig, and foac are crop-specific fractions of the above-mentioned classes
in newly constructed biomass of storage organs. The molar masses of glucose (CH-O)
and carbon are 30 and 12 g mol*, respectively. The coefficients in the numerator of eq.
(2.2.4-1) represent the fractions of carbon in each class, whereas the coefficients in the
denominator show the corresponding glucose requirements per unit weight (PENNING
DE VRIES et al. 1989). Lipid and lignin are constructed at relatively high costs in

comparison with the other classes.

Growth efficiency for vegetative organs Ygv is a crop-specific input parameter,

ignoring differences in chemical composition.

The "construction cost" or "glucose requirement" (carbon of a glucose substrate
required per unit carbon of new biomass) is given by the reciprocal of growth
efficiency. The "growth coefficient" (carbon respired per carbon unit of new biomass
synthesized from a glucose substrate) is ((1 - growth efficiency) / growth efficiency)

(CANNELL & THORNLEY 2000).

For calculating daily growth respiration Rg, daily increases in biomass are multiplied
by the growth coefficient. Because of different values for Ygv and Ygs, growth
respiration is calculated separately for vegetative and storage organs. The sum of both,

converted to units of g CO, m2d-, results in Rc.
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Respiration for nitrate uptake and reduction

Respiratory cost for nitrate uptake is estimated as 0.34 g C (g NOs-N)1. To be
disposable for plant metabolism, absorbed nitrate is reduced to the ammonium level.
The cost of nitrate reduction is about 1.71 g C (g reduced NOs-N)1 (THORNLEY &
CANNELL 2000). Total cost related to nitrate uptake results in 2.05 g C (g NOs-N)-1. Thus

respiration for nitrate uptake and reduction (Rmnos) is:

Rynos = 2.05 Uyes (44/12) (2.2.4-2)

where Unos is daily nitrate uptake and the molar masses of CO» (44 g mol') and carbon

(12 g mol?) convert units of carbon to units of CO..

Respiration for ammonium uptake

In analogy, respiration for ammonium uptake (Rm,nh4) is:

Rynms = 017 Uyyy (44/12) (2.2.4-3)

assuming a respiratory cost 0.17 g C (g NHs-N)* which is half the value for nitrate
uptake (details are given in CANNELL & THORNLEY 2000). Unns4 denotes daily

ammonium uptake.

Respiration for uptake of other ions

Uptake of minerals other than nitrogen is likewise associated with respiration. These
minerals (phosphorus, potassium, calcium, magnesium etc.) constitute approximately
5 % of plant dry matter. To quantify the mineral uptake rate, it is related to daily
production of dry matter. Mineral uptake and within-plant transport are assumed to
cause respiratory costs of 0.06 g C gl (THORNLEY & CANNELL 2000). Consequently,

respiratory cost of mineral uptake Ry min is expressed as:

Rytmin = 0.06 0.05 / 0.454 Yo Pepey (2.2.4-4)

M, min

where 0.454 represents an average carbon fraction in crop biomass, Ygv is the growth

efficiency for vegetative organs, and Pcnet is daily net photosynthesis.

Respiration for phloem loading

Sugars, amides, and other compounds are transported via the phloem within the plant.

In this context, the respiratory cost for transport of carbon from the shoot into the root
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system is considered and amounts to 0.06 g C g1. Details are given by AMTHOR (2000)
and THORNLEY & CANNELL (2000). Respiration for phloem loading R phi is estimated

as:
Ryipri = 0.06 Acg P (2.2.4-5)
where Acr is the fraction of newly assimilated C partitioned to root.

Respiratory cost for remobilization of carbon reserves (also assumed to be 0.06 g C g1)

is directly subtracted when calculating remobilized carbon.

The sum of Rmvnos, RvNms, Rvmin and Ry pn gives the total respiration for uptake and

phloem loading (Rwm,up).

"Residual maintenance" respiration

Processes of protein turnover, maintenance of cell ion concentration, and all forms of
wastage respiration are energy-requiring processes. Because the related respiratory
costs concerning these processes are not as clearly defined as the above-mentioned
costs, they are grouped together as "residual maintenance" respiration Rm,res (CANNELL

& THORNLEY 2000). Rwm res is scaled with total nitrogen content in plant tissue (Nt):

RM,res = 0.218 (NT = Mimin WS = MRrmin WR ) (44/12) (224—6)

Ws and Wr denote shoot and root weight, and 7Lmin and #rmin are the minimum
nitrogen concentration in leaf and root, respectively. The daily specific rate of

maintenance respiration is assumed to be 0.218 g C g1 N d-1.

The sum of Rmurp and Rwmwes gives the non-growth components of respiration Rm

(excluding the cost of nitrogen fixation).

Respiration for symbiotic di-nitrogen fixation

In case of leguminous crops, respiratory cost of di-nitrogen fixation (Rnrix) is estimated

as:

Rygix = Cnsix Niix ( 44 /12 ) (2.24-7)
where Nrix denotes the flux of fixed nitrogen and cnsix is the proportion of substrate
carbon respired and fixed nitrogen (THORNLEY & CANNELL 2000). Rnsx includes

respiratory costs of growth of nodule symbiotic structures and maintenance. In

GECROS, cniix is set to 6 g C g1 N.
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Fig. 17: Exemplary illustration of modelled respiratory fluxes during a crop growth season (data generated
by the DANUBIA crop growth model, after YIN & VAN LAAR 2005).

Fig. 17 exemplarily shows the courses and dimensions of the different respiratory

fluxes during crop growth. The proportions of the various respiration components

change depending on crop growth and environmental conditions.
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Fig. 18: Exemplary illustration of modelled carbon dioxide fluxes during a crop growth season (data
generated by the DANUBIA crop growth model).

Taking account of the respiratory losses, daily net canopy photosynthesis Pcnet results

from:
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Peret = Po = Ry — Ry (2.2.4-8)

Pcret (expressed in units of CO») quantifies the amount of photo-assimilates available
for investing into structural material (see Fig. 18). Growth respiration is accounted for

when modelling carbon production rate (see chapter 2.2.9: Allocation of carbon and

nitrogen).

Table 8: Symbols, definitions and units for modelling respiration.

Crop-specific input parameters are marked with an asterisk.

Symbol  Definition Unit
CNfix carbon cost of symbiotic N fixation gCgl!N
fear fraction of carbohydrates in biomass of organs g carbohydrate g1
fig  * fraction of lignin in biomass of organs g lignin g-1
fip ¥ fraction of lipid in biomass of organs g lipid g
foac ¥ fraction of organic acids in in biomass of organs g organic acid g
foro fraction of proteins in biomass of organs g protein g1
Niix symbiotically fixed N g N m2d-1
Nr total N in living shoot and root g N m?2
Pc daily gross canopy photosynthesis g CO, m2d-!
Pcnet daily net canopy photosynthesis g CO, m2d+t
Rc growth respiration g CO, m2d-1
Rwm non-growth components of respiration (excluding the cost of N-fixation) g CO, m2d-!
RMmin respiratory cost of minerals uptake g COr m2d-1
RwmNH4 respiratory cost of ammonium-N uptake g CO, m2d-1
RmNos respiratory cost of nitrate-N uptake and reduction g CO, m2d+t
Rum,phi respiratory cost due to phloem loading of C assimilates to roots g CO, m2d-1
RM res residual maintenance respiration g CO,; m2d+!
Rmup total respiration for uptake and phloem loading g CO, m2d-1
Rnix respiratory cost of N> fixation g CO, m2d-!
YGs storage organ (seed) growth efficiency gCglC
Yov * vegetative-organ (leaf, stem, root) growth efficiency gCglC
2.2.5 Root growth

Root growth and above-ground plant growth are interacting processes. The root
system provides plants with water and nutrients to maintain transpiration and
assimilation which in turn determines root growth. Root distribution and soil
conditions control uptake rates of water and nitrogen. Both soil water and nitrogen

resources are decreased by root absorption.

In DANUBIA, the soil compartment is considered to be composed of horizontal layers,
assuming homogeneous soil characteristics and uniform root distribution in every
layer. Each soil layer has a set of constant characteristics (e.g. thickness, soil texture)
and dynamic attributes like water content, temperature and nitrogen concentration. In

the following, the subscript i refers to soil layer-specificity.
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The DANUBIA soil model needs information on root length density in each soil layer.
To meet this requirement the simulation of root distribution is adapted from the
CERES-models (JONES & KINIRY, eds, 1986, RITCHIE & GODWIN 2000). In the model
GECROS (YIN & VAN LAAR 2005), root length density for every soil layer is not
explicitly simulated. For calculating rooting depth, a hybrid approach combining
CERES and GECROS is chosen.

To determine potential uptake of water and nitrogen, root length density in each soil
layer (Ripi) is simulated based on soil conditions and the quantity of assimilates

partitioned to roots.

First, the newly created root biomass (AWkr, g m?2 d-) is transformed into daily root
length increase (AR, cm root cm2 ground) via a plant-specific conversion factor (Rim,

cmgl):

AR, = AW,, R, (2.2.5-1)

A uniform distribution of roots all over the soil area is assumed. To distribute the new

root biomass throughout the soil layers, current rooting depth is required.

Rooting depth (D) is initialized at sowing depth. During the phenological phase of
germination, rooting depth increases daily as a linear function of daily thermal time for

emergence (T Tem) (calculation see chapter 2.2.1: Phenological development, eq. (2.2.1-5))

D =D + Fy,, T, (2.2.5-2)

where Fapem is a plant-specific coefficient.

According to GECROS, the daily rate of change in root depth (AD) after emergence is

calculated as:

AD = min [(D,, —D)/At, AWy / (W, + kg Wiy ) | (2.2.5-3)

where "min" specifies the minimum value of the two terms in square brackets. Rooting
depth is restricted to a crop- or genotype-specific maximum value, Dmax. The time-step
of dynamic simulation is represented by At and the rate of change in total (living and
dead) root weight is defined as AWkr. The critical root weight density wrpy restricts
effective water or nutrient uptake (assumed value: 0.25 g m2cm-?). The decline in root

weight density with soil depth kg is calculated as:

ky = —In0.05 / D, (2.2.5-4)
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Details for the derivation of kr and eq. (2.2.5-3) are given in Appendix A.

If the soil at the deepest root level is dry or if the plant itself suffers from water stress,

the root depth is adjusted following the CERES-approach:

D = D + AD min(2FE,y, Fyy,) (2.2.5-5)

where Frw (plant water stress factor) indicates plant stress, based on the ratio of
potential root water absorption and potential transpiration (see chapter 2.2.6: Water
uptake). The soil water deficit factor Fsw quantifies soil water shortage in the deepest
layer where roots grow (eq. (2.2.5-7)). In this way, root growth is restricted to soil

depths with sufficient water content.

To estimate root distribution along the penetrated depth, a zero-to-one weighting

factor for root length density (Frup) is calculated for each rooted soil layer:

FRLDi = min (FSW/ FSNi) FRH Z; (2.2.5-6)

where z indicates the soil layer thickness. Soil water deficit as well as nitrogen scarcity
and soil compaction are assumed to limit root growth. The soil water deficit factor
(Fsw), the layer-specific mineral nitrogen deficit factor (Fsn), and the "root hospitality
factor" (Fru) are defined as limiting factors. Each factor ranges from 0 for strong

limitation to 1 for no limitation.

The soil water deficit factor Fsw equals 1 unless the volumetric soil water content 0 in
the deepest rooted layer declines below 25 % of the total plant-extractable soil water. In

that case:

by = (91 = Oy, ) / (0-25 (chi = Oy, )) (2.2.5-7)

where all values of the soil hydrological parameters refer to the deepest layer reached
by roots. The difference between the drained upper limit soil water content 0 rc; (equal
to field capacity), and the lower limit of plant-extractable soil water Owp: (equal to

wilting point) gives the total plant-extractable soil water.

Nitrogen shortage is expressed using an exponential factor Fsx:

Foyi = 1-117 exp( =015 N,y ) (2.2.5-8)

where Niotali is the sum of ammonium and nitrate in the respective layer. Fsy is limited

by a minimum plant-specific value (Fsnmin).
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An user-defined "root hospitality factor" (Fru) can be included optionally to mimic the
mechanical impedance for root expansion. In this version of the DANUBIA crop

growth model, Fru is set to 1 (non-limiting).

The root length density factor of the deepest layer with roots is adjusted according to
root depth. The sum of the root length density factors over the layers gives the total
root length density factor (Fror). The new root length density (Rrp) in cm cm3 for each

layer is added:

Rip; = Rip; + (FRLDi/FRLDP) (ARL/Zi) — Fs Rip, (2.2.5-9)

where the quotient of Frip and Fripp is the fraction of new root growth at each soil
depth. The subtrahend accounts for root senescence. In the CERES-models, Frs
represents a constant, plant-specific root senescence factor. In the DANUBIA crop
growth model, Fs is a dynamically calculated factor, taking into account the simulated

daily senesced root mass.

Table 9: Symbols, definitions and units for modelling root distribution.
Crop-specific input parameters are marked with an asterisk.

Symbol Definition Unit

D rooting depth cm

Dmax maximum rooting depth cm

Fpw plant water stress factor -

Fru root hospitality factor -

Fripi factor for root length density in layer i -

Fripp factor for root length density in the soil profile -

Frs root senescence factor -

Fsni factor describing mineral N availability in layer i -

FsNmin minimum value of Fsy (crop-specific) -

Fsw factor describing soil water deficit -

FaD,em factor for root depth increase before emergence -

kr extinction coefficient of root weight density over soil depth  cm-1

Niotali sum of ammonium and nitrate in layer mg elemental N kg soil
Ripi root length density of soil layer i c¢m root cm3 soil
Rim root length to mass ratio cm root length g1 root
TTem daily thermal time for emergence °C day

WRb critical root weight density g m2cm-!

zi thickness of soil layer i cm

AD rate of change in rooting depth cm d+

ARy root length increase cm root cm2 ground
At time step of dynamic simulation d

AWrT rate of change in total root weight gm2d-1

Orci 0 in layer i at field capacity cm? water cm3 soil
0 volumetric soil water content in layer i cm? water cm3 soil
0 wri 0 in layer i at wilting point cm? water cm-3 soil

Root length increase and rooting depth are simulated in a daily time-step. Root length

density is updated in an hourly timestep to account for short-term conditions of water
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stress. Soil layer-specific root length densities are exported to the DANUBIA soil model

as input parameters for simulating nitrogen transformation processes.

2.2.6 Water uptake

Water uptake by roots is a central process in plant growth. Soil water is absorbed by
roots, transported to the shoots of plants and partially released to the air by

transpiration. Hence, plants connect water fluxes in soil and atmosphere.

According to the CERES-models (JONES & KINIRY, eds, 1986, RITCHIE & GODWIN 2000),
root water absorption is determined by the soil water supply, root distribution and

atmospheric demand.

First, soil-limited water uptake per unit of root length Uw: is calculated as a function of

root length density Rip and available soil water in each soil layer i:

o 0.00267 exp (62 (6, — Oyyp;) ) (2.2.6-1)
Wri 6.68 —In (R, ;)

This equation is derived from the theory of radial flow to single roots and is based on
simplified assumptions: a constant root radius and a stable water potential gradient
between root and soil (RITCHIE 1998). Details for the derivation of eq. (2.2.6-1) are
given in WANG & SMITH (2004). If the soil water content 0 is below the wilting point
Owp, no water uptake takes place. Uw: is limited to a maximum flow rate of

0.03 cm3cm-1d-1.

Considering soil layer thickness z and root length density, Uw: is converted to potential

water uptake in each soil layer (Uwy):

Uppi = Uwy Rip z (2.2.6-2)

Water uptake and transpiration are interrelated processes. Potential transpiration rate
is governed by atmospheric conditions, whereas actual transpiration rate relies on
water supply from the soil. The minimum value of the total potential water uptake
from the rooted soil profile Uwppr (sum of values of Uwy;in all layers) and the potential

transpiration rate (Ep, converted to cm h1), gives the actual total water uptake (Uwap).

If the potential transpiration rate is less than Uwypp, actual water uptake in each layer

(Uwai) is reduced proportionally:

Upai = Uy (Ep / Uwpp) (2.2.6-3)
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In the reverse case, when potential transpiration exceeds potential total water uptake,
plants suffer from water stress because the transpiration demand cannot be met by root
absorption. In this case, actual transpiration (E.) is set equal to potential total water
uptake. Under limiting soil water conditions plants curtail transpiration by partial
stomata closure. According to the reduced transpiration rate, gas exchange processes
have to be recalculated in the model (see chapter 2.2.2: Photosynthesis and transpiration).
The ratio of potential water uptake and potential transpiration is defined as the zero-

to-unity plant water stress factor (Fpw).

Table 10: Symbols, definitions and units for modelling water uptake.

Symbol Definition Unit

Uwai actual water uptake from soil layer i cm ht

Uwpi potential water uptake from soil layer i cm hl
Uwppr potential water uptake from soil profile cm ht

Uwri water uptake per unit of root length cm?® cm1d-?
Uwar actual water uptake from soil profile cm hl

z soil layer thickness cm

In spite of the simplification, the CERES water uptake algorithm performed well in
comparative studies (e.g. JARA & STOCKLE 1999; LI et al. 2001). Many other root-water
uptake models have been published (e.g. WU et al. 1999; LAI & KATUL 2000) but the
CERES description is considered to have an adequate level of process detail for the

DANUBIA crop growth model.

Hourly water uptake rates for each soil layer are exported to the DANUBIA soil model

for simulating soil water balance.

2.2.7 Nitrogen uptake

Roots assimilate mineral nitrogen in form of either nitrate (NO3) or ammonium (NHs*)
ions. Like other mineral nutrients, nitrogen is absorbed from the soil solution.
Consequently, insufficient soil water content in the rooting zone limits nitrogen
uptake. Nitrogen and water uptake are highly correlated processes and both depend

on the plants” demand and accessibility in the soil environment.

Nitrogen uptake is modelled according to the model CERES (JONES & KINIRY, eds,

1986, GODWIN & SINGH 1998). Nitrate as well as ammonium uptake from each soil
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layer are simulated as function of root length density, soil water content, soil mineral

nitrogen reservoirs and nitrogen demand of the plants.

First, the potential nitrate and ammonium uptake rates (Unos and Unmua) for each rooted
soil layer are determined. Limiting factors (which range from 0 for strong limitation to
1 for no limitation) concerning nitrogen concentration and soil water content are

accounted for.

Potential availability factors for nitrate (Fnos) and ammonium (Fyna) are:

Faosi = 1 - exp( ~ Xnos Nnosi ) (2.2.7-1)
R = 1- exp( — Xnns Ny ) (2.2.7-2)

where Xnos and Xnn4 are crop-specific supply coefficients and Nnos and Nnma are the
concentrations of nitrate and ammonium, respectively, in the specific soil layer. To
obtain these concentrations (mg elemental N kg-1soil), the mass nitrogen input data
(kg m?2) provided by the soil model are multiplied with soil bulk density po
(g soil cm soil) and soil layer thickness z. The potential nitrogen availability factors are
limited to a maximum value of 1 and are set to 0 if falling below a crop-specific

minimum value (Fxmin).

To include the effect of current soil water limitations on nitrogen uptake, the zero-to-

unity soil water factor Fioon is determined layer-specifically:

ei _ HWPi

Finon (2.2.7-3)

Orci = Owei

where 0 is the volumetric soil water content. The difference between the two soil water
contents at field capacity Orc and at wilting point Owp gives the total plant-extractable
soil water. Potential nitrogen uptake is not only assumed to decline under soil water-
limiting conditions but also at soil water contents higher than field capacity 0rc because
of decreased root function and increased anaerobiosis. In this case, Fuoon is reduced

proportionally to the level of soil water saturation:

‘91' - gFCi

Fooni = 1 (2.2.7-4)

HSATi - 9FC1'

where OsaT is the soil water content at saturation.

The above described factors together with root length density Rip, soil layer thickness

z, and a crop-specific maximum nitrogen uptake rate per unit length of root (Unrmax)
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give the potential uptake rate of nitrate (Unosp) and ammonium (Unmsp) respectively in

each soil layer:

UNOSpi = RLDi F, H20,Ni2 z, 100 F NO3i UNRmax (2.2.7-5)

1

U

NHdpi Ryp,

U

FHZO,Niz z;, 100 F NRmax (2.2.7-6)

i NH4i

The coefficient 100 allows for conversion of units. Summed values of Unosp and Unwap
over all soil layers give the potential nitrogen uptake rate from the whole soil profile

(UNP) .

The actual nitrogen uptake rate Uy is obtained through comparison of Unp with the
current crop nitrogen demand Ngem, Which is simulated according to the model
GECROS (see chapter 2.2.8: Nitrogen demand). In correspondence to the concept used
for defining actual water uptake, the interrelation of nitrogen demand and uptake is

considered.

If the crop demand Ngem exceeds the potential nitrogen supply Unp, actual uptake Uy is
equal to potential uptake. However, if the demand is less than the potential uptake, the

latter is reduced to actual uptake (Unos; and Unns;) in each layer:

Unosi = Unospi (N dem / uNp) (2.2.7-7)

Unisi = Unpapi (N dem / uNp) (2.2.7-8)

Values of Unosi and Unnai are not allowed to cause soil nitrogen concentrations of less
than 0.25 mg kg (for nitrate) and 0.5 mg kg (for ammonium). Actual nitrogen uptake

from the soil profile (U) is the sum of Unos; and Unna; over all soil layers.

If the nitrogen concentration in the living shoot (1..) is greater than the critical shoot
nitrogen concentration (n.i), exudation of organic nitrogen from the roots occur
(following the CERES modelling approach). Both nitrogen concentrations of the shoot
are modelled according to GECROS (see chapter 2.2.9: Allocation of carbon and nitrogen).
The daily exuded nitrogen Nex is assumed to be 5 % of the nitrogen contained in roots.
This value as well as the uptake rates of nitrate and ammonium are used by the
DANUBIA soil model to update the different nitrogen pools for simulating nitrogen

transformation processes.
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Table 11: Symbols, definitions and units for modelling nitrogen uptake.
Crop-specific input parameters are marked with an asterisk.

Symbol Definition Unit

FinoNi soil water factor affecting N uptake -

Fnhai soil ammonium supply factor in soil layer i -

FNmin * critical value of N supply factors -

Fnosi soil nitrate supply factor in soil layer i -

Mact actual N concentration in living shoot gN g

Meri critical shoot N concentration gN gl

Ndem crop N demand g Nm2d?!
Nex exuded N from roots g N m2d1
NNHsi ammonium N in layer i mg N kg1
Nnosi nitrate N in soil layer i mg N kg1

Un actual N uptake rate from the soil profile kg N ha1d?
Unnai actual ammonium uptake in soil layer i kg N ha1d-!
Unosi actual nitrate uptake in soil layer i kg N ha1d?
UNRmax ~ * maximum N uptake rate per unit length of root kg N ha cm root
Unp potential N uptake rate from the soil profile kg N ha1d-
Unrapi potential uptake rate of ammonium in soil layer i kg N ha1d-
Unospi potential uptake rate of nitrate in soil layer i kg N ha1d-!
XNH4 * supply coefficient for ammonium -

XNo3 * supply coefficient for nitrate -

OsaTi volumetric soil water content at saturation in layer i cm? water cm- soil
P soil bulk density g soil cm3 soil

2.2.8 Nitrogen demand

Plants have a high demand on nitrogen which is an essential element of organic
compounds. Nitrogen is indispensable for the utilization of carbohydrates and needed
for the synthesis of proteins, chlorophyll and enzymes (GODWIN & SINGH 1998).
GASTAL & LEMAIRE (2002) give an overview of the dependence of crop growth

processes on nitrogen.

In agro-ecosystems, nitrogen reservoirs in the soil are replenished by fertilizer
applications. Nitrogen uptake and crop growth are interacting processes. During their
life cycle, crops have variable needs for nitrogen depending on biomass increase and

growth of different organs.

Crop nitrogen content does not increase linearly with crop mass. Additional nitrogen
uptake per unit of additional biomass declines as crops grow bigger (GASTAL &
LEMAIRE 2002).

The dynamic simulation of crop nitrogen demand in relation to plant growth is
adapted from the model GECROS (YIN & VAN LAAR 2005). The modelling concept

differentiates between deficiency-driven and growth activity-driven demand.
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The deficiency-driven demand (N¢emp) guarantees the maintenance of the actual plant
nitrogen concentration (n.:) above a critical concentration (#.i). Critical nitrogen
concentration is defined as the minimum concentration which allows maximum
growth rate. Comparison of nei and na quantifies the nitrogen nutrition status of a
crop. Concentrations below this critical concentration reduce growth whereas higher
concentrations cause no increased growth. During growth of annual crops, the fraction
of newly produced plant tissue with high nitrogen concentration declines in relation to
existing biomass. Consequently, the critical above-ground nitrogen concentration (crio)
gradually decreases (GODWIN & SINGH 1998). GASTAL & LEMAIRE (2002) show critical
nitrogen concentration curves in relation to above-ground biomass available in

literature for different crops.

The model GECROS assumes a crop- or genotype-specific value of initial critical
above-ground nitrogen concentration (naio) at the beginning of the life cycle. The

seasonal course of ni is estimated as a function of development stage (¢):

My = Mg exp (0.4 @) (2.2.8-1)

Ngemp is calculated using the critical and actual nitrogen concentration in biomass:

NdemD = WS (ncri _nact) (1+NR /NS ) / At (228—2)

where 7 is corrected for the difference between root (Nr) and shoot nitrogen content
(Ns). To account for the temporal component, the time step of dynamic simulation At

(here one day) is included in the equation.

Growth activity-driven demand (Ngema) is modelled based on the functional-balance
theory (see chapter 2.2.9: Allocation of carbon and nitrogen). According to this concept,
plants maximize their relative carbon gain through optimum nitrogen concentration
(HILBERT 1990). In order to realize the optimum nitrogen-carbon ratio, relative root

activity on and relative shoot activity oc have to be balanced as:

oy = o, / (do. / dx) (22.8-3)

with doc/dx being the first-order derivative of oc regarding the plants” nitrogen-carbon

ratio x.

Relative root activity on puts nitrogen gain AN in relation to root carbon content Cr In

analogy, relative shoot activity oc relates carbon gain AC to shoot carbon content Cs:

oy = (4N / 4t) | C, (2.2.8-4)
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oo = (4C | 4t) 1 C (2.2.8-5)

Nitrogen gain AN is equivalent to nitrogen uptake Un while carbon gain AC
corresponds to net primary production. The derivation of eq. (2.2.8-3) is given in

Appendix A. Growth activity-driven demand Ngema is calculated as:

Nywp = Cooy = Coo.’ 1 (dog 1 di) (2.2.8-6)

emA

The derivative doc / dx is determined numerically:

doc / dx = [Ocpan = Ocw | / Ax (2.2.8-7)

where Ax is an increment in plant nitrogen-carbon ratio (value of ¥ multiplied by 0.001)
and ocw+ay and ocy) are the relative shoot activities with incremented x, and with

unchanged «, respectively.

The maximum value of Ngemp and Ngema determines the crop nitrogen demand (Ngem).

A crop-specific maximum daily uptake rate Nmaxup restricts Ngem.

Ndem = min |:Nmaxup’ max (NdemD’ NdemA ):|

(2.2.8-8)

Table 12: Symbols, definitions and units for modelling nitrogen demand.
Crop-specific input parameters are marked with an asterisk.

Symbol Definition Unit

Cr Cin living root g Cm2

Cs C in living shoot g Cm?
Ndem crop N demand g N m2d-1
Ndema activity-driven crop N demand gNm2d1!
NdemD deficiency-driven crop N demand g N m2d1!
Nmaxup maximum crop N uptake rate g N m2d-
Nr N in living root g Nm?2

Ns N in living shoot g N m?2

Ws weight of living shoot g m-2

oc relative shoot activity gCglCdl
oN relative root activity gNgtCd?
K nitrogen-carbon ratio in crop gNgtC
Hact actual N concentration in living shoot gN gl

Heri critical shoot N concentration gN gl

Herio initial critical shoot N concentration gN gl
AC/At net rate of shoot C fixation gCm2d1!
AN/At rate of root N uptake gNm2d1!
Ax increment in x gNgtC

For modelling growth of leguminous crops like peas or beans, their ability to fix
atmospheric nitrogen needs to be considered. The model GECROS provides algorithms
to account for the symbiotic nitrogen fixation. As in this study no legumes are

modelled, the calculations are not quoted here.
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2.2.9 Allocation of carbon and nitrogen

During crop growth, acquired carbon (by photosynthesis) and nitrogen (by root
absorption) are incorporated into the tissues of different plant organs. The distribution
of the two elements within the plant depends on phenological development and

environmental conditions.

Because of feedback mechanisms, allocation plays a critical role in plant growth. For
example, distributed carbon to the root system augments root length density and thus

enables increased potential nutrient and water uptake rates.

Especially in crop growth modelling, the processes of carbon and nitrogen allocation
are of key importance. Economic yield is determined by the carbon and nitrogen
content of the harvested products. In the past, many models made use of fixed
distribution keys relating the allocation of biomass to development stage. Examples are
the models CERES (e.g. JONES & KINIRY, eds, 1986), LINTUL (e.g. GOUDRIAAN & VAN
LAAR 1994) and SUCROS (VAN KEULEN et al. 1997). However, to depict the influence of

altered environmental conditions, the flexibility of allocation has to be accounted for.

In the model GECROS (YIN & VAN LAAR 2005), allocation is simulated dynamically and
includes the response to water and nitrogen shortages. Therefore, the GECROS concept

of modelling allocation is adopted in the DANUBIA crop growth model.

The model plant consists of root and shoot compartments. The shoot is further
subdivided into leaf, stem and storage organ sections. Without differentiating between
seed, grain, or tuber, in the following the corresponding storage organ of the crop is
designated "seed". Plant organs are classified according to their function rather than
morphology. The seed is regarded as part of the shoot, also in cases of sugar beet and
potato where the storage organs are below-ground. The section "leaf" represents

photosynthetic function and therefore comprises green surface area of ears or stems.

Fig. 19 shows the different plant organ sections used in modelling carbon allocation.
Structural and non-structural (metabolic) components of plant carbon are considered.
Non-structural components form two reserve pools, one related to the shoot
compartment, the other to the root section. If the carbon supply exceeds the demand,
reserve pools are filled. Later, the reserve carbon can be remobilized to form structural

components.
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| assimilates |

!

net primary

C fraction to shoot‘/ production \C fraction to root

| C supply for shoot | | C supply for root |
C fraction to C fraction to
root
leaf stem stem seed reserves root
reserves
C gain C gain C gain C gain C gain C gain
leaf stem stem reserves seed root reserves root
remob. T T remobilization |

Fig. 19: Scheme for modelling carbon allocation.

The model GECROS simulates the partitioning of carbon and nitrogen between root
and shoot according to the concept of functional balance. The theory of a "functional
balance" was formulated by BROUWER (1962) (cited by POORTER & NAGEL 2000).
Activity of the shoot (which supplies carbon) and activity of the roots (which provide
nitrogen) are balanced. The central part of this theory is that a plant changes its
allocation pattern towards the shoot under conditions of reduced above-ground
resources (e.g. CO, and light) which lessen carbon gain. In correspondence, allocation
to the root system is increased in case of limited soil resources (nutrients or water).
Consequently, the regulation of shoot-root allocation is adjusted to the given
environmental conditions in order to maximize resource capture and relative growth
rate (POORTER & NAGEL 2000). Changes in shoot and root biomass are tightly linked by
this functional equilibrium. Other models (e.g. ecosys, GRANT 2001) too simulate

allocation according to this concept.

Partition between root and shoot

The following equations are taken from the model GECROS, where algorithms from

YIN & SCHAPENDONK (2004) are adapted for root-shoot partitioning.

In this context, the plants” nitrogen-carbon ratio x is represented by the current growth

activity-driven nitrogen demand Ngema set in relation to the current carbon gain:

i = min (N Noma ) /[ Pe (12/44) Yo, ] (2.2.9-1)



Description of the crop growth model 67

Carbon gain (net primary production) results from Pcnet (daily net canopy
photosynthesis). Units of (g CO, m2 d-) are converted to (g C m?2 d-!) by means of the
molar masses of carbon (12 g mol?) and carbon dioxide (44 g mol?). Finally, the term is
multiplied by the growth efficiency of vegetative organs Ygyv. Because plants absorb

the majority of nitrogen before the start of seed fill, Yg v is used.

The newly distributed carbon and nitrogen amounts to each plant compartment are
expressed as fractions of total available carbon and nitrogen, respectively. The fraction

of newly assimilated carbon partitioned to shoot Acs is given by:

P 1
s 1+(x/o.) do. /dx

(2.2.9-2)
with doc/dx being the first-order derivative of relative shoot activity oc regarding «,
already introduced in the chapter 2.2.8 (Nitrogen demand).

The fraction of newly absorbed nitrogen invested in shoot Ans is computed as:

1
1+|x Ny Cs /(0. Ny Cy) ] do / di

E’N,S =

(2.2.9-3)

using the following parameters: living root content of carbon (Cr), and nitrogen (Ng),
and living shoot content of carbon (Cs), and nitrogen (Ns). The carbon fraction
partitioned to root (Acr) is given by (1 - Acs), and the nitrogen fraction partitioned to

root (Anr) equals (1 - Ans).

Daily carbon supply from current photosynthesis for root (Csr) and for shoot growth

(Css) is calculated as:

(2.2.9-4)

net

Csp = (12/44) A P

Css = (12/44) A5 P (2.2.9-5)

net
where Pcret is daily net canopy photosynthesis. Correspondingly, with Ux being the
daily nitrogen uptake, daily nitrogen supply for shoot Nss, and for root Nsg,
respectively, is given by:

Nsg = Ays Uy (2.2.9-6)

Nsy = Ay Uy (22.9-7)



68 Description of the crop growth model

Allocation of carbon within the shoot

Carbon supply for shoot and root from current assimilates is further subdivided (see
Fig. 19). GECROS implements the theory that allocation of carbon responds to the

demand of growing plant organs which serve as sinks.

Expected relative growth rates of either seed or stem (RGy:) at phenological stage ¢; are
modelled based on the differential form of a beta sigmoid function for asymmetric

determinate growth (YIN et al. 2003a).

P (P = P

RG, = (22 - 9) (2 - ?) {ﬁj o (2.2.9-8)
2. (0. = ¢n) 2

Growth is assumed to start at the stage of zero, to reach maximum growth rate at stage

®m, and to end at stage @e. Details are described by YIN et al. (2003a). Fig. 20 shows the

schematic course of expected relative growth rates both for stem and seed, assuming a

constant development rate.

0.045

0.036

0.027

0.018

expected relative growth rate (d°

0.0094

1.5 2

development stage

Fig. 20: Expected relative growth rates (d-1) of stem (solid line) and of seed (dashed line) for an
indeterminate crop during crop development (data from the DANUBIA crop growth model).

Daily demand of carbon for either seed or stem growth (Cy:) at stage ¢; is calculated as:

C,=w C,. RG, (2.2.9-9)

with o; representing the development rate at stage ¢;. Total demand of carbon at the
end of growth is given by Cmax. Depending on the use of equations (2.2.9-8) and (2.2.9-
9) either for seed or for stem growth, the influencing parameters differ (as shown in

Table 13).
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Table 13: Symbols, definitions, calculations and units for modelling expected growth rates.
Crop-specific input parameters are marked with an asterisk.

Symbol Definition and calculation Unit

Cyi C demand for growth of seed or stem g Cm2d1
RGyi expected relative growth rate of seed or stem d

®j daily development rate d?

@i development stage during the growth of stem or seed -

te * development stage for the end of seed-number determining period -

Equations (2.2.9-8) and (2.2.9-9) used for calculating expected seed growth

Pe development stage at the end of growth of seed o, =1 -

®m development stage at the time of maximal growth rate of seed @, = I c.eq

Imseed *  crop-specific fraction of sigmoid curve inflexion in entire seed growth period -
maximum C content of seed at the end of its growth

Crnax - (2.2.9-10) gCm?
) Cmax - Sf Sw fgs / YG.S
number of seeds
S¢ _ 2.2.9-11) seeds m2
Sf - Nres / prre / nSO / Sw ( )
Nires estimated vegetative-organ N remobilizable for seed growth g N m?2
nso *  crop-specific standard N concentration in seed gN gl
A . crop-specific fraction of seed N that comes from remobilizable vegetative-organ
Npre N accumulated before t,
Sw *  crop-specific seed weight g seed-!
fraction of C in seed biomass
fes calculation: see chapter 2.2.4: Respiration, eq. 1: part in parentheses in the gCgl
numerator
storage organ (seed) growth efficiency 4
Yes calculation: see chapter 2.2.4: Respiration, eq. 1 gCelC
Equations (2.2.9-8) and (2.2.9-9) used for calculating expected stem growth
development stage at the end of growth of stem
e ~ (229-12) -
Q. = (l +1,) /2
development stage at the time of maximal growth rate of
Pm stem (22.9-13) -
Pm = Im,stem (1+te)/2
I crop-specific fraction of sigmoid curve inflexion in entire )
mstem plant height growth period
maximum C content of stem at the end of its growth
Crnax 2.29-14) gCm?
Cmax = (,0 Hmax fc,V / YG,V) fh ( ) &
P * crop-specific proportion factor between stem biomass and plant height gm2m-
Hmax *  crop-specific maximum plant height m
fev *  fraction of C in vegetative-organ biomass gCgl
Yov vegetative-organ (leaf, stem, root) growth efficiency gCglC
fhe integral factor of stresses on plant height growth -

One of the influencing parameters is the development stage for the end of seed-number
determining period (f.). It corresponds to the start of seed fill in case of determinate
crops or to a later stage in case of indeterminate crops. In contrast to indeterminate
crops (e.g. barley, potato, sugar beet) the vegetative growth of determinate crops (e.g.

maize and wheat) stops when seed-filling starts.
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The number of seeds S¢ is calculated using the accumulated difference between
nitrogen uptake and nitrogen incorporated in structural biomass of vegetative organs
(Niwes) and standard seed nitrogen concentration (nso). When t. is reached, Nies by
remobilization is available for seed growth. A crop-specific fraction of seed nitrogen

(fupre) is supposed to originate from Nres.

Available carbon firstly is allocated to the seed, next to structural stem, then to the leaf
compartment, and finally to the shoot reserve pool. If the daily demand of carbon for
either stem or seed growth (Cy) is not met by the corresponding flow of allocated

carbon, the missing quantity is added to the demand of the following time-step.

Fractions of new shoot carbon partitioned to seed (Acsced) and stem (Acsiem) are given by
the ratio of the demand for seed and stem growth (Cyi), respectively, and carbon
supply for shoot (Css). The demand for stem growth might be reduced by the zero-to-
unity factor fu, being the ratio between the current carbon supply and the demand for
stem growth in the previous time-step. Taking the value of the preceding time-step

avoids the need for a calculation loop.

The fraction of shoot carbon allocated to leaf (Acear) is:

/IC,leaf = 1 - ﬂC,seed - /’i’C,stem (229—10)

if canopy growth is limited by carbon (Lc < Ln). In case of nitrogen-limited growth (Lc
2 IN), Acieat is set to zero. The concept of leaf area index modelling is explained in
chapter 2.2.10 (Leaf area and senescence). After the end of the seed-determining

development period (f.), Ac;siem as well as Aceaf are set to zero.

Carbon reserves

Subsequent to allocation to seed, stem and leaf, the remaining fraction of shoot carbon

is assigned to the shoot reserve pool (Acsres):

/1C,Sres = 1 - Z’C,seed - /1 - ﬂ’c,leaf (229—11)

C,stem
If carbon limits root growth, carbon supply for root is apportioned completely to the
root. If on the other hand nitrogen limits root growth (see chapter 2.2.10: Leaf area and

senescence), carbon supply for root is entirely allocated to the root reserve pool.

In case of deficient carbon supply with regard to demand for seed fill, shoot and root

reserves are remobilized impartially to form structural seed biomass. Carbon losses



Description of the crop growth model 71

during remobilization due to energy consumption and growth respiration (see chapter

2.2.4: Respiration) are taken into account.

Plant height

Plant height (assumed to equal stem length) is needed to determine turbulence
resistance (see Appendix A). The value of maximum plant height (genotype- or crop-
specific input parameter, Hmax) divided by 1000 initializes plant height. In the model,
for determinate crops Hmax appears at the start of seed-fill. For indeterminate crops,

Hmax is reached in the middle between the start of seed fill and te.

The rate of change in plant height (Rur) is calculated as:

RHT = RG{pi Hmax ﬁ][ (229—12)

where RGy; refers to the expected relative growth rate of stem (see eq. (2.2.9-8) and

Table 13).

Allocation of nitrogen within the shoot

For the distribution of Nss to the different plant organs, some crop-specific input
parameters are used: the standard nitrogen seed concentration nso (as target value), the
minimum nitrogen concentration in stem (including shoot reserve pool, nsmin) as well
as in root (Mrmin). The minimum leaf nitrogen concentration (#Lmin) is calculated from
the specific leaf area constant s, and the minimum specific leaf nitrogen content ny,

both crop-specific input parameters.

Regarding the user-defined target seed nitrogen concentration nso, sensitivity-analysis
options are provided in GECROS. Three user-defined parameters are introduced to

enable modification of the expected nitrogen dynamics during seed fill (see Table 14).

The factor for dynamics of seed nitrogen concentration during seed fill fns is:

( h NS fin INsini ) ( 4-—,—@ ) (2.2.9-13)
(2-0.) (@-1)1/C"")

The expected seed nitrogen concentration dynamics during seed fill (1soex) is

fns = fusim

calculated as:

Msoex = frs Mso (2.2.9-14)

where fys is restricted to the range between fnsini and fs fin.
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Table 14: Symbols, definitions and units for modelling expected seed nitrogen concentration.
Crop-specific input parameters are marked with an asterisk.

Symbol Definition Unit

s factor for dynamics of seed N concentration during seed fill -

NS ini factor for initial N concentration of seed fill -

NS fin factor for final N concentration of seed fill -

1150,ex expected seed-N concentration dynamics during seed fill gNglN
Pr * development stage when transition from fu s ini to fns fin is fastest -

If the value of minimum leaf nitrogen concentration #nimin is exceeded, the

remobilizable nitrogen in leaves (Nrvres) is calculated as:

NLVres = (NLV

In analogy, if the value of minimum root nitrogen concentration #rmin, is surpassed, the

- Wiy M ) / At (2.2.9-15)

remobilizable nitrogen in roots (Nrrres) is calculated as:

Nitres = (NR - Wr Tguin ) / At (2.2.9-16)

The sum of Nivres and Nrres defines the total amount of nitrogen available for

remobilization.
Table 15: Symbols, definitions and units for modelling allocation.
Crop-specific input parameters are marked with an asterisk.
Symbol Definition Unit
Csr daily C supply from photosynthesis for root growth g Cm2d-!
Css daily C supply from photosynthesis for shoot growth g Cm2d1
Lc carbon-determined LAI m-2leaf m2
Ln nitrogen-determined LAI m-leaf m-2
fp * minimum leaf N for photosynthesis g N m?2leaf
ALmin minimum N concentration in leaf gN gl
Nrv N in living leaves g N m?2
NLvres amount of N in leaves available for remobilization g Nm2d?!
Nr N in living root g N m2
MRmin minimum N concentration in root gNgl
NRTres amount of N in roots available for remobilization g N m2d-1!
MSmin minimum N concentration in stem gN gl
Nsr daily N supply for root growth g Nm2d1!
Nss daily N supply for shoot growth g N m2d-!
Pcnet daily net canopy photosynthesis g CO> m2d-1
Rur rate of change in plant height m d-
Wiy dry weight of living leaves gm?
Wr dry weight of living roots g m?2
AC leaf fraction of newly assimilated shoot C partitioned to leaf gCglC
Acr fraction of newly assimilated C partitioned to root gCglC
Acs fraction of newly assimilated C partitioned to shoot gCglC
Ac,seed fraction of newly assimilated shoot C partitioned to seed gCglC
Acsres fraction of newly assimilated shoot C partitioned to stem reserve pool gCglC
Ac stem fraction of newly assimilated shoot C partitioned to structural stem gCglC
ANR fraction of newly absorbed N partitioned to root gNg!iN
ANs fraction of newly absorbed N partitioned to shoot gNg!N
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The requirement for nitrogen by stem is given by 7ismin. If the demand for nitrogen by
stem or by seed is satisfied, residual shoot nitrogen is allocated to leaves. If the demand
cannot be met, the reserves in leaf (NLvres) and root (Nrrres) are used impartially. This
remobilization of leaf and root nitrogen induces senescence (see chapter 2.2.10: Leaf area
and senescence). Loss of leaf and root nitrogen due to senescence is accounted for in

calculating nitrogen allocation.

The simulated seed nitrogen concentration multiplied by the dry weight of seed and

the conversion factor 6.25 gives the amount of seed protein.

Root nitrogen accumulation results from root nitrogen supply Nsr less remobilized

nitrogen as well as nitrogen lost due to senescence.

Biomass formation

In the model, the plant organ compartments (seed, leaf, stem, root) are subdivided into
various components (Fig. 21). Each attribute of these sub-groups is treated as a state
variable (e.g. amount of carbon). Starting from net photosynthesis rate and using the
framework of allocation described above, carbon production rates (rate variables) are
calculated for each time-step and biomass sub-group. The calculation of these carbon
production rates integrate various aspects: carbon gain due to photosynthesis, the
fraction partitioned to the specific plant organ, growth efficiency, remobilization of
carbon reserves and carbon loss due to senescence (see chapter 2.2.10: Leaf area and

senescence).

Shoot Root
A A
I ™
reproductive organ vegetative organs
/_H A
e Y
| Seed | | Leaf | | Stem | | Root |
seed Living leaf Structural stem Structural root
Dead leaf Reserves stem Reserves root
Dead leaf litter Dead root

Fig. 21: Subdivision of biomass compartments for modelling carbon allocation.

The resulting rates of change in carbon amount per time-step (g C m=2 d-!) are added to

the already existing carbon quantities in each biomass sub-group (g C m?2). As long as
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carbon loss does not exceed carbon increase, the carbon amount of the specific sub-

group gradually will gradually rise.

Dividing the rates of changes in carbon amount by the crop-specific carbon fractions in
biomass (f.v for vegetative organs and f.s for seed) gives rates of change in dry weight

(g m2d?). Dry weight of each plant-organ is updated.

In analogy, rates of change in amount of nitrogen (g N m2d") are used for updating
the amount of nitrogen in plant organs (g N m2). Division by the corresponding dry

weight results in nitrogen concentrations (g N g?).

Carbon and nitrogen recirculation from crop to soil

The biomass sections "dead root" and "dead leaf" (Fig. 21) represent senescent plant
material (see chapter 2.2.10: Leaf area and senescence). Carbon and nitrogen incorporated
in senescent matter enter the soil during crop growth. These amounts of litter carbon
and litter nitrogen are modelled dynamically and are exported to the DANUBIA soil

model in each time-step.

Modelled rates of carbon loss for roots and leaves give the rates of dry weight loss.
These are used to derive the rates of nitrogen loss, assuming that only a minimum

nitrogen concentration (#rmin fOr roots, nLmin for leaves) in senescent material is left.

Regarding dead roots, total quantities of carbon and nitrogen constitute soil litter
amounts. Whereas from dead leaves, the carbon amount entering the soil is calculated
as a function of surface temperature and the crop-specific base and optimum
temperatures (defined for modelling phenology, see chapter 2.2.1: Phenological
development). According to GECROS, a user-defined fraction of dead leaf nitrogen is
supposed to be incorporated into soil litter nitrogen. In the DANUBIA crop growth
model, this fraction is set to the constant value of 1 and surface temperature is

substituted by the mean of air temperature and upper soil layer temperature.

2.2.10 Leaf area and senescence

Leaf area is a key variable in crop growth modelling because it governs the fluxes of
transpiration and photosynthesis. These fluxes are modelled at the leaf scale and via
the leaf area index (LAI) are integrated to the canopy scale. The concept of modelling

LAI as well as senescence of leaves and roots is adopted from the model GECROS (YIN
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& VAN LAAR 2005). LAI development is modelled based on the theory of carbon-
nitrogen interaction. The underlying principle is described in detail by YIN ef al. (2000,
2003b).

Leaf area index

Since dead leaves do not contribute to transpiration and photosynthesis but influence
the absorption of radiation, LAI is differentiated in green LAI (L), including only green

leaf area, and total LAI (Lt) which comprises green and senescent leaf area.

While the leaf mass of a crop grows, LAI increases accordingly. Later, development of
green LAI directly is influenced by senescence of leaves. Senescence is supposed to
occur when the nitrogen content of leaves falls below the base content required for
photosynthesis. During the regenerative phase of development, remobilization of
nitrogen from leaves to seed causes a decrease in green LAI (YIN et al. 2000). Leaf
senescence and therefore decrease of green LAI are computed as a function of nitrogen
reduction in the canopy. Green LAI L is modelled as the minimum value of carbon-

limited (Lc) and nitrogen-limited LAI (Ln).

Leaf nitrogen content per unit leaf area declines exponentially from top to bottom
within the canopy. In the course of the crop’s life cycle leaves near the bottom of the
canopy die. The nitrogen-determined LAI (L) is expressed as a function of nitrogen in

living leaves in the canopy (Nvv):

Ly =(1/ky) In(1+ky Ny /n,) (2.2.10-1)

where kn denotes the nitrogen extinction coefficient (eq. (2.2.10-7)). The crop-specific
input parameter ny, represents the base leaf nitrogen content needed for photosynthesis.
This logarithmic relationship of Lx to leaf nitrogen is valid for a completely developed

canopy with senescent leaves near the bottom (YIN ef al. 2003b).

The rate of change of Lc (ALc) quantifies the LAI development without nitrogen
limitation and is modelled depending on the current value of Lc. Following YIN et al.
(2003b), bottom leaves in a young canopy (Lc = 1), are still photosynthetically active.
Thus, in eq. (2.2.10-1) 1y, has to be replaced by o, the leaf nitrogen at canopy bottom.

A differential form of this modified equation gives:

Le<1 ALc = ( Mot ANpy = Npy - Anbot) / |:nb0t (”bot +k, Ny )] (2.210-2)
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where ANLy is the rate of change in NLv whereas Anpo: describes the rate of change in
Mbot. As eq. (2.2.10-2) shows, Lc is determined by nitrogen during the early growth
phase. Due to the interrelated processes of nitrogen demand and uptake, nitrogen and
carbon allocation, as well as photosynthesis, effects of nitrogen supply, radiation and

atmospheric CO» concentration are implicitly considered (YIN et al. 2003b).

If Lc has reached a value above 1, ALc is simply modelled as a function of the crop-
specific input parameter si, (specific leaf area constant) and the rate of change in living
leaf carbon ACLyv:

Le>1 ALc = s, ACry / fuy (2.2.10-3)
Equation (2.2.10-2) includes the state variable nuo and its rate of change Anpo. The
latter is given by:

Anbot = ( Mpote — nbot) / At (2210_4)

where npote represents the value of npot derived from the exponential profile of leaf

nitrogen in the canopy. Details are given by YIN et al. (2003b).
On the basis of this exponential profile, ot is calculated as:
Mpote = Kn Npy exp( —k, L) /( 1 —exp( —k, L)) (2.2.10-5)

The nitrogen content of the top leaves in the canopy no (introduced in eq. (2.2.3-20) in

the chapter 2.2.3 Scaling of canopy parameters) is:

ny, =k, Ny /( 1- exp( -k, L)) (2.2.10-6)

The nitrogen extinction coefficient k, dynamically can be computed as (YIN et al.

2003b):

k. (Npy —m, Ly )Jrnb(l—exp(—kr LT))
k. (Npy —m, Ly ) exp (—k, LT)+nb(1—exp(—kr LT))

where k; is the extinction coefficient for PAR. The diffuse fraction of PAR is believed to

LI
LT

(2.2.10-7)

n

predominantly govern the distribution of nitrogen in a canopy (ANTEN 1997, cited in
YIN & VAN LAAR 2005). In GECROS, k; is assumed to equal the extinction coefficient for
diffuse radiation (k’q) related to PAR (introduced in the chapter 2.2.3: Scaling of canopy

parameters).
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Fig. 22 schematically shows the modelled time course of Lc and Lx during a crop
growth phase. The minimum value of both defines L. Senescence starts as soon as the

value of Ly falls below Lc for the first time.
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Fig. 22: Exemplary illustration of modelled LAI development (carbon-limited and nitrogen-limited,
data from the DANUBIA crop growth model).

Leaf senescence

Simulation of leaf senescence is tightly coupled to modelling LAI development. Leaf

death is quantified by the difference between Lc and Ln. Formulated as loss of leaf

weight (AW, ), leaf senescence is given by:

AW, = [ Le —min (Lo, Ly) |/ ( s, At ) (2.2.10-8)
During early canopy development, Lx has a higher value than Lc. Thus according to
eq. (2.2.10-8), AW, is zero. Assuming only a minimum nitrogen concentration (#Lmin)

in dead leaves, the loss rate of leaf nitrogen AN, is:

ANy = AWy 1 (2.2.10-9)
If nitrogen remobilization from leaves to seed is restricted because the demand for seed
fill is none or low due to e.g. water scarcity, eq. (2.2.10-8) will predict little or no
senescence. In this case, after the end of seed-number determining period (f.), AW}, is

simulated as 3 % of WLy. Accordingly, nLmin in eq. (2.2.10-9) is replaced by the nitrogen

concentration in living leaves (nL) to account for the higher nitrogen concentration as
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well as increased nitrogen volatilization in senescent leaves under stress conditions

(WEILAND et al. 1982, cited by YIN & VAN LAAR 2005).

Table 16: Symbols, definitions and units for modelling leaf area and senescence.
Crop-specific input parameters are marked with an asterisk.

Symbol Definition Unit

kn N extinction coefficient m2 ground m-2 leaf
ke diffuse PAR extinction coefficient m2 ground m2 leaf
krn extinction coefficient of root N concentration m?2 g1

L green leaf area index of canopy m? leaf m2 ground
Lc carbon-determined L m?2 ]leaf m2 ground
Ln nitrogen-determined L m?2 Jeaf m2 ground
Lt total (green and senescent) leaf area index m? leaf m2 ground
Mo canopy top-leaf N g N m?2 leaf

np *  minimum leaf N for photosynthesis g N m?2 leaf

Tbot canopy bottom-leaf N g N m?2 leaf

TbotE npot calculated from exponential N profile g N m?2 leaf

nL N concentration in living leaf gNgl

Npv N in living leaf g N m?2

Nr N in living root g N m2

MRmin *  minimum N concentration in root gN gl

Nsr N in living structural root g N m?2

Sla *  specific leaf area constant m? leaf g1 leaf
Wiy weight of living leaf g m?2

Wsr weight of living structural root gm?2

Wsr N nitrogen-determined Wsr gm?2

ACLy rate of change in living-leaf C gCm2d1

ALc rate of change of Lc m?2 Jeaf m2 d-1
AN, loss rate of leaf N because of senescence g N m2d1!

ANy loss rate of root N because of senescence gNm2d1!

Aflpot rate of change of #pot g N m?2 leaf d-
ANLy rate of change of Nrv g N m2d1!

AW, loss rate of leaf weight because of senescence gm?2d1

AW loss rate of root weight because of senescence g m2d-!

Root senescence

During crop development, senescence of roots too occurs. Loss rate of structural root

biomass AWy is modelled equivalent to leaf senescence:

AWg = [ Weg —min (Wag, Weg ) | / At (2.2.10-10)

where Wsr denotes the weight of living structural roots. Wsgn is the nitrogen-

determined Wsr which is determined as:

Warn = ( 1/ kRn) In ( 1+ kgy Neg / Mrenin ) (2.2.10-11)

where kgrn is the extinction coefficient for root nitrogen concentration, already

introduced in the chapter 2.2.5 (Root growth). Nsr represents the amount of structural
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root nitrogen which results from the difference between total root nitrogen (Ng) and
nitrogen in the root reserve pool. The latter is derived from multiplying the amount of
carbon in root reserves (see chapter 2.2.9: Allocation of carbon and nitrogen) by nrmin, the

crop-specific input parameter for minimum nitrogen concentration. In analogy to eq.

(2.210-9), the loss rate of root nitrogen due to senescence ANy is obtained by

multiplying AW, by #1rmin.

Crop carbon and nitrogen balance check

According to GECROS (YIN & VAN LAAR 2005), a check on the carbon as well as
nitrogen balance is performed at the end of crop growth. The amount of carbon fixed
by photosynthesis minus the amount lost by respiration must equal the quantity of
carbon incorporated in living and senescent plant material. In analogy, the amount of
nitrogen which is absorbed by the root system must equal the sum of nitrogen

contained in living biomass and in senescent plant material.

2.3 Required input data

Several sets of external input data are needed to run the DANUBIA crop growth
model: meteorological drivers, site-specific information, soil features and farming
practices. Within the modelling platform DANUBIA, these data are imported via the
defined interfaces (see chapter 2.1.1: Modelling framework).

However, for the purpose of evaluating the crop growth model, not all models
implemented in DANUBIA are needed. Thus, simulations with chosen sets of input
data can be performed efficiently without superfluous calculations. For the present
study, the DANUBIA crop growth model is principally coupled to the DANUBIA soil
model (author Prof. Dr. Ralf Ludwig) and the DANUBIA surface model (author Dr.
Stefan Niemayer) for simulations. For this study, the functionalities of the model
Radiation balance (author Dr. Stefan Niemayer) being important for simulating crop

growth have been implemented in the crop growth model.

Consequently, the feedback processes between the plant, the soil and surface
environment are exactly the same as in the complete DANUBIA simulation system. All
results presented in this study are derived from coupled simulations of these three

models.
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Input data assume homogeneity in terms of soil, climate and management of the
considered area which they represent. The model’s internal spatial unit for computing
is 1 m2 Input data and corresponding model results have no spatial reference per se.
They may refer to an area of 1 km? (as it is realized in DANUBIA), or for instance to a

single field of smaller size.

Table 17: Dynamic and static input data of the DANUBIA crop growth model

(for coupled simulations with the DANUBIA soil and surface models).

Dynamic input data (hourly time-step) Unit
Meteorological drivers

air pressure Pa
global incident radiation W m-2
air temperature K

air humidity
wind speed
atmospheric carbon dioxide concentration

kg m-3 or fraction
ms1
kg m=3 or pmol mol-!

Soil data

soil moisture (layer-specific) kg m3
soil ammonium content (layer-specific) kg m2
soil nitrate content (layer-specific) kg m=2
soil temperature of the top soil layer K
Static input data Unit
Soil data

number of soil layers -
thickness of soil layers cm

field capacity (layer-specific)
saturation (layer-specific)
wilting point (layer-specific)
bulk density (layer-specific)

cm water cm-! soil
cm water cm-! soil
cm water cm-! soil
g soil cm3 soil

Site-specific information

latitude degree
Farming practices

crop type -

sowing date Julian day
harvest date Julian day

Dynamic input data are provided with a time-step of 1 h during the whole simulation.
In contrast, static input data do not change their value and therefore are only needed

once during the simulation.

Climate

Required meteorological drivers are hourly data of air pressure, global incident

radiation, air temperature, air humidity, wind speed and atmospheric carbon dioxide
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concentration (see Table 17). According to meteorological conventions, air temperature

and humidity as well as wind speed refer to measurements at a height of 2 m.

If no data of air pressure are available, the value can be derived from standard air
pressure and elevation of the test site. The partitioning of global incident radiation in
its direct and diffuse components is described in Appendix C. For carbon dioxide
concentration, a standard value is assumed. For studies of Global Change effects, the
value can be set accordingly. Global incident radiation, air temperature, air humidity
and wind speed are standard values provided by many weather stations of the German

Meteorological Service as well as of agro-climatological networks.

Soil

Data needed with respect to the soil compartment include soil moisture, ammonium as
well as nitrate reservoirs and soil temperature. These data are simulated by the
coupled process-based soil model in an hourly time-step. The soil profile is divided in
different layers and layer-specific soil data are provided. The crop growth model
simulates processes of root growth, water and nitrogen uptake layer-specifically.
Obviously, number and thickness of the soil layers have to be known. Soil temperature
of only the top soil layer is needed (for modelling germination and recirculation of

carbon and nitrogen from crop to soil).

Soil hydrological parameters (field capacity, saturation and wilting point) as well as
bulk density are dependent on soil texture. The crop growth model needs these static

parameters for modelling root growth, water and nitrogen uptake.

Site-specific data

Latitude of the site is needed for calculating day-length (required for modelling

phenology) and partitioning of global radiation into its direct and diffuse components.

Farming practices

Agricultural management information includes crop type as well as dates of sowing
and harvesting. Fertilizer treatments (date, amount and composition of fertilizer) serve
as input data for the process-based soil model. Date and quantity of irrigation, too, are

considered by the soil model for the dynamic simulation of soil moisture.
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24  Crop-specific parameters

This chapter addresses the crop-specific parameters, implemented in the DANUBIA
crop growth model. First, an overview of these parameters is given. The selection and
derivation of values for the crop-specific parameters is presented in chapters 2.4.1 and
2.4.2. The specific values for sugar beet, spring barley, maize, winter wheat and potato
are tabulated in Appendix D. Chapter 2.4.3 describes the definition of initial values in
the model using crop-specific parameters. The crop-specific parameters which describe
the various crops are shown in Table 18. Parameters of low certainty are marked with
"~", genotype-specific parameters with "+" and parameters that are probably related to
genotypic differences with "#+)". In the case of the parameters of low certainty, their
default value as well as their likely range of values are given (according to YIN & VAN

LAAR, 2005).

In GECROS, genotype-specific characteristics within a crop species are represented by
parameters related to phenology, morphology, and seed features. In the current
version of the DANUBIA crop growth model, no explicit genotypes are modelled.
However, for the model validation by comparison with measurements on the field
scale, genotype-specific parameters related to phenological development are adjusted.
In GECROS, the initial shoot carbon (fc,ni) and nitrogen ratio (fu,ni) are assumed to be
crop-independent. In the DANUBIA crop growth model, these two parameters are
implemented as crop-specific parameters to allow flexibility. However, in this version
of the model, the default values of 0.5 for fcin and 0.62 for fxini from GECROS (YIN &

VAN LAAR 2005) are used for all crops.

Table 18: Crop-specific input parameters.
For parameters of low certainty, the default value and likely range of values are given.

Symbol Definition Unit

Parameters related to biomass composition
fc,ini initial fraction of C allocated to shoot

gCgl

fev fraction of C in vegetative-organ biomass

fiig fraction of lignin in biomass of organs g lignin g-1
Siip fraction of fat in in biomass of organs g fat g1
fjini initial fraction of N allocated to shoot -
foac fraction of organic acids in biomass of organs g organic acid g1
Yov growth efficiency for vegetative organs gCglC
& efficiency of germination g gl

Parameters related to leaf photosynthesis

Ejmax activation energy for Jmax J mol
1y minimum leaf N for photosynthesis g N m-2 leaf
C) convexity factor for response of J> to PAR -
Xin proportion factor for the relation of Jmax to leaf N pumol electron g1 N s-1

Xven

proportion factor for the relation of Vemax to leaf N

pmol CO; g1 N st
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Symbol Definition Unit
Parameters related to root growth and nitrogen uptake

Fximin critical value of N supply factors -

FsNmin minimum value of factor describing mineral N availability -

Fap,em factor for root depth increase before emergence -

Nmaxup ) ~  maximum crop N uptake rate 0.5 (0.4~0.8) g N m2d-1

Rim root length to mass ratio cm length gt

U . . kg N hat

NRmax maximum N uptake rate per unit length of root ol root

XNH4 supply coefficient for ammonium -

XNo3 supply coefficient for nitrate -
Parameters related to morphology

Dmax (+) maximum rooting depth cm
fraction of seed N that comes from remobilizable

Fipre "~ vegetative-organ N accumulated before f, 08 (06~0.95) )

Hiax + maximum plant height m

I e ~ frac.tion of sigmoid curve inflexion in entire seed growth 0.5 (0.4~0.7) )
period

Lot _ fraction of §igmoid curve inflexion in entire plant height 0.8 (0.6~0.9) }
growth period

Sla specific leaf area constant m?leaf g1leaf

w leaf blade width m

L + leaf angle inclination in canopy degrees

P proportion factor between stem biomass and plant height g m?2m-
Parameters related to phenology

Ct + ~ curvature factor for temperature response 1.0 (0.5~3.0) -

Ema coefficient for determining threshold for emergence -

Emp factor for determining threshold for emergence -

Psen + photoperiod sensitivity h-1

R + maximum daily development rate in the reproductive a1

max,r . -

(seed fill) phase

Rmaxy  + maximum daily development rate in the vegetative phase d-1

Ty base temperature °C

To,em base temperature for emergence °C

T, ceiling temperature °C

t () ~ development stage for the end of seed-number (1.10~1.45) )
determining period determinate crops: 1

T, optimum temperature °C

P1 + ~ development stage at which photoperiod sensitivity starts 0.2 (0.0~0.5) -

P2 + ~ development stage at which photoperiod sensitivity ends 0.7 (0.5~0.8) -
Parameters related to biomass nitrogen content

NS fin factor for final N concentration of seed fill -

NS ini factor for initial N concentration of seed fill -

Herio initial critical shoot N concentration gNgl

MRmin minimum N concentration in root gN gl

1Smin minimum N concentration in stem gN gl
development stage when transition from fns;ini to fsfin is

P fastest )
Parameters related to seed characteristics

150 + standard N concentration in seed gN gl

Sw + seed weight g seed-!
Parameters related to management

D, sowing depth cm

dp plant density plants m=2
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Many values of crop-specific parameters needed for the DANUBIA crop growth model
are already provided by the models CERES and GECROS. Others have to be derived

either from literature data, sensitivity analysis or experiments.

The derivation of values of leaf photosynthesis parameters from gas exchange

measurements, carried out by the author, is described in chapter 2.4.2.

For the parameters fxsni, fussin and @q the values listed in the GECROS-source code are
used (as proposed in a personal communication by Dr. Xinyou Yin, Wageningen
University and Research Centre, 2006). These values may be checked by sensitivity
analysis in further studies. The parameters fpre, Imsced, Imstem and fe were determined
for each crop with the help of sensitivity analyses. For determinate crops, te
corresponds to the start of seed fill and is therefore set to 1. Only in the case of

indeterminate crops may genotypic variation influence te.

Despite the difficulties mentioned in chapter 2.2.1, related to the interpretation of
growing degree-days, maximum development rates (Rmaxyv and Rmax:) can be derived
from growing degree-days by dividing the latter by the optimum temperature (T,). The
reciprocal value then gives the maximum development rate. The parameters psen and
@2, both related to photoperiodic response, can be derived from the CERES crop

growth models.

In this version of the DANUBIA crop growth model, sowing depth (Ds) as well as plant
density (dp) are supposed to be crop-specific parameters rather than variable
management input parameters. Standard values of the parameters sowing depth (Ds),
plant density (dp), seed weight (Sw) and standard nitrogen concentration in seed (1so)
are taken from the literature for all crops (KTBL, ed., 2005). The mean value and the

given intervals of these data are presented in Appendix D.

In GECROS, default values and likely range of the empirical coefficients (co and c1) for
calculating intercellular CO concentration (ci) are given (Table 19). c1 has different
values for C; and C; crops and may be related to genotypic variations. In the

DANUBIA crop growth model, the default values are implemented.

Table 19: Values of empirical coefficients co and c;.

Symbol Description Default value Likely range
co empirical coefficient for calculating c; 0.14 0.10~0.20
c1 empirical coefficient for calculating ¢ 0.116 kPa! (for Cs) 0.10~0.15 kPa-!

0.195 kPa! (for Cy) 0.15~0.25 kPa-
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2.4.1 Selection of crop-specific parameters

In the following paragraphs, the selection of crop-specific parameters for sugar beet,
spring barley, maize, winter wheat and potato is presented. The values and

corresponding sources are listed in Appendix D.

Crop-specific parameters for sugar beet

Because the CERES crop growth models do not include sugar beet, LEVIEL ef al. (2003)
developed a CERES-type model for this crop. All crop-specific parameters related to
root growth and nitrogen uptake are taken from this model (CERES-BEET). Details of
the model are given by LEVIEL (2000). Its source code is available from the homepage of

the French National Institute for Agricultural Research’.

For Nimaxwp (maximum crop nitrogen uptake), the maximum value (0.8 g N m2 d1) of

the interval given by YIN & VAN LAAR (2005) is chosen.

The three crop-specific phenological parameters for simulating emergence (Ema, Empb
and Tvem) are also adopted from CERES-BEET. A specific feature is the use of the
sowing date (in Julian days) for the phenological parameter En. (coefficient for
determining threshold for emergence) instead of a constant value. This feature is
derived from the source code of CERES-BEET and was personally affirmed by Mr.
Benoit Gabrielle, French National Institute for Agricultural Research, (2006). Thus,
according to eq.2.2.1-6 in chapter 2.2.1 (Phenological development) the value of the

threshold for emergence (Em,m) is smaller for early sown sugar beet crops.

Standard values of the maximum development rates (Rmaxv and Rmax:) are derived
from the literature. In CERES-BEET, 900 °C d growing degree-days are assumed until
taproot development starts. According to DLG (ed., 1987), 700 °C d growing degree-
days are needed. KENTER et al. (2006) observed that the dry matter of taproot increases
exponentially after reaching 700 °C d growing degree-days. Based on these data, a
value of 750 °C d is assumed. As a result Rmaxv is defined as 0.033 d-1.

For the model evaluation through comparison with field data, the start of taproot
growth can be estimated from the taproot measurements. The reciprocal value of the

cumulative temperature response (f(T)) upto this date results in the specific value of

* http://www-egc.grignon.inra.fr/ecobilan/cerca/cerca.html
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Rmaxyv (e.g. a cumulative value of 40 for f(T) results in a value of 0.025 d! for Rmaxy).

Because Rmaxv is a genotype-specific parameter, this adaptation is justified.

The maximum development rate after the start of taproot development (Rmax:) is
derived from the value of 2900 °Cd (DLG, ed. 1987) required from sowing until
harvesting. Considering a value of 750 °C d until taproot development starts, roughly,
the value of 2150 °C d is assumed to be needed from the start of taproot development
until harvesting. Thus Rmaxv is set to 0.012 d-1. Sugar beet remains in the reproductive
stage until the harvesting date. According to the BBCH-scale, the phenological stage of
maturity is described as "beet root has reached harvestable size". Consequently, the
value of Rmaxyv is less important than for other crops and is assumed to be constant for

all sugar beet varieties.

Leaf photosynthesis parameters Ejmax, }jn and © are derived from leaf-level gas

exchange measurements carried out by the author (see chapter 2.4.2).

For sugar beet, the initialization of the parameters Cry (carbon in living leaves), (Cr)
(carbon in living roots) and Nr (nitrogen in living roots) is modified (see chapter 2.4.3:
Definition of initial values). In the model, the reservoir of carbon and nitrogen in the
light-weight seeds of sugar beet is not sufficient to produce enough initial biomass.
Therefore, the factor 10 for the initial calculation of all three parameters is introduced.
Without this factor, modelled leaf area index and consequently biomass increases far
too slowly. Because the pragmatic assumption of a factor 10 yielded very good results,
this modification is adopted in the current version of the DANUBIA crop growth

model.

Another modification for modelling sugar beet is adopted. Initial model test runs
showed that after the start of taproot development, total assimilated carbon was
allocated to the taproot. However, measurements demonstrate clearly that
aboveground biomass continues to increase. To overcome this discrepancy, the
parameter Cg (carbon demand for growth of storage organ) is divided by 10. The
calculation of Cy; is given in chapter 2.2.9 (Allocation of carbon and nitrogen). Because this
second pragmatic assumption showed very good results, it is implemented in the

current version of the DANUBIA crop growth model.
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Crop-specific parameters for spring barley

All crop-specific parameters related to root growth and nitrogen uptake are adopted
from the CERES model for barley. Phenological parameters for simulating emergence
(Ema, Emp and Them) are also taken from CERES. The values are obtained either from
the documentation (RITCHIE & GODWIN 2000) or from the model’s source code. Spring
barley is a typical long-day plant. The parameters psen (photoperiod sensitivity) and ¢
(development stage at which photoperiod sensitivity ends) are both derived from the
CERES model for barley. The calculation of the photoperiod effect f(P) in GECROS
(chapter 2.2.1: Phenological development, eq. 2.2.1-3) and the equivalent calculation of
photoperiod sensitivity implemented in CERES are opposed in order to fit the value of
Psen using the least squares method (quasi-Newton method provided by Solver in

Microsoft Excel®).

The phenological stage of flowering in CERES corresponds to the development stage
@ =1 in the DANUBIA crop growth model. Consequently, ¢ is given by the ratio of
growing degree-days needed until the end of photoperiod sensitivity (= 605 °C d) and
the growing degree-days required until flowering (=755°Cd). Maximum

development rates Rmax,v and Rmax: are also derived from growing degree-days.

The values of the growing degree-days are adopted from the model PROMET-V

(SCHNEIDER 1999), being representative for Bavaria.

The parameter @1 (development stage at which photoperiod sensitivity starts) is taken
from a study by YIN et al. (2005), representing the mean value of the spring barley

varieties Apex and Prisma.

Crop-specific parameters for maize

All crop-specific parameters related to root growth and nitrogen uptake as well as
simulation of emergence (Ema, Emp and Them) are taken from the model CERES-Maize.
Values for these parameters were obtained from its documentation (JONES & KINIRY,

eds, 1986) or from the CERES source code.

Standard values of the maximum development rates (Rmaxy and Rmax:) are derived
from the values of the growing degree-days employed in the model PROMET-V

(SCHNEIDER 1999), being representative for Bavaria.
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The leaf photosynthesis parameter yj» (proportion factor for the relation of Jmax to leaf
nitrogen) is derived from leaf-level gas exchange measurements carried out by the

author (see chapter 2.4.2).

Crop-specific parameters for wheat

All crop-specific parameters related to root growth and nitrogen uptake as well as
simulation of emergence (Ema, Emp and Tpem) are taken from the model CERES. Values
for these parameters were obtained from its documentation (JONES & KINIRY, eds, 1986,

RITCHIE & GODWIN 2000) or from the CERES source code.

Standard values of the maximum daily development rates (Rmaxy and Rmaxr) are
derived from the values of the growing degree-days employed in the model
PROMET-V (SCHNEIDER 1999), being representative for Bavaria. According to STRECK
et al. (2003b), the maximum development rate in the vegetative phase (Rmaxv) for winter
wheat is further subdivided, based on the key phenological stage of terminal spikelet
initiation (see chapter 2.2.1: Phenological development). Rmaxy is multiplied by 0.7 to give
the value of Rmax in the emergence till terminal spikelet initiation phase (Rmaxv1),
whereas multiplying Rumaxy by 1.4 results in the value of Rmax for the subsequent phase

until start of seed fill (Rmaxv2) (STRECK et al. 2003b).

Critical temperatures in terms of phenology are assumed to increase with advancing
development. Values for each sub-phase (listed in Appendix D) are taken from PORTER
& GAWITH (1999), as proposed by STRECK et al. (2003b).

As described in the case of spring barley, the value of photoperiod sensitivity (psen) as
well as the development stage at which photoperiod sensitivity ends (¢2) are derived

from the CERES model for wheat.

Crop-specific parameters for potato

Appendix D lists the values of the crop-specific parameters for potato together with the
corresponding sources. Crop-specific parameters related to nitrogen uptake are taken
from the model SIMPOTATO (HODGES et al. 1992), which uses the same concept for
modelling nitrogen uptake as the CERES models. Values for these parameters were
obtained from its documentation (HODGES 1997). The value of root length to mass ratio

(Rivm) used in SIMPOTATO was found in RENWICK (1999). Missing values for root
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growth and nitrogen uptake parameters are adopted from the CERES-BEET model
(LEVIEL 2000).

Leaf photosynthesis parameters yj, (proportion factor for the relation of Jmax to leaf
nitrogen), Ejmax (activation energy for max) and ® (convexity factor for response of J» to
PAR) are derived from leaf-level gas exchange measurements carried out by the author

(see chapter 2.4.2: Derivation of leaf photosynthesis parameters).

Since data was missing, crop-specific phenology parameters were adopted from the
model CERES-BEET or were estimated, representing only a tentative approach.

According to MACKERRON (2004), no photoperiod sensitivity is assumed.

2.4.2 Derivation of leaf photosynthesis parameters

In this subchapter, the experimental design and data analysis for the derivation of

values for the crop-specific leaf photosynthesis parameters are presented.

GECROS provides crop-specific values of np (the minimum leaf nitrogen content for
photosynthesis) for all considered crops. Values of the activation energy for Jmax (Ejmax)
listed by YIN & VAN LAAR (2005) are estimated from curve-fitting with gas exchange
data, assuming a constant ratio between yj» and yven (the proportion factors for the
relationship between Jmax and Vemax, respectively). yin is assumed to equal 2 yven. For
sugar beet and potato, no values of Ejmax are given in GECROS. These values have been
derived from leaf-level gas exchange measurements carried out by the author for use in
the DANUBIA crop growth model. In GECROS, the parameter © (convexity factor for
response of ], to photosynthetic active radiation) is implemented as a constant value
for reasons of simplicity (YIN & VAN LAAR 2005). In the DANUBIA crop growth model,
this parameter is considered to be crop-specific and values for sugar beet and potato
have been derived from measurements. Values of yv.n were determined for sugar beet,

potato and maize.

Experimental design

The measurements were performed using the portable infra-read gas analyzer system
CIRAS-1 together with the Automatic Universal Leaf Cuvette PLC6 (U) (PP Systems,

Hitchin, Hertfordshire, UK). The leaf cuvette enclosed a leaf area of 4.5 cm?.
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The response of photosynthesis to varying CO, concentration was measured. Since the
rate of net assimilation (A) in response to external CO, concentration (C.) is affected by
boundary layer as well as stomatal and mesophyll processes, the response of A to
intercellular CO; concentration (C;) is measured (LONG & BERNACCHI 2003). The value
of C; is calculated by CIRAS-1 using the CO. concentration of the air inside the leaf
cuvette (C,), as well as the transpiration and photosynthesis rate, and the total

conductance of COs transfer (PP SYSTEMS 2003).

The so-called A/C; - curves were measured in summer 2005 on fully developed young
leaves of different crops (sugar beet, potato, maize) in the field. During the
construction of one A/C; - curve, the same leaf remained in the leaf cuvette. To modify
Ci, the CO;, concentration in the leaf cuvette (C,) was varied stepwise. According to
PARSONS et al. (1997) the measurements were simultaneously conducted at ambient
temperature, at saturated photosynthetic photon flux density (1500 pmol m2 s,
generated by a LED light source) and finally at high ambient humidity to ensure open
stomata. The series of measurements required for each A/C; - curve proceeded from
the value of ambient C, (~ 370 umol mol?). To avoid the effect of stomatal closure at
high C,, values of C, were first decreased (in steps of 50 umol mol?), and then - after
returning to ambient concentration - increased (in steps of 100 to 200 pmol mol?).
Measurements were recorded after A stabilized. When the first measurement of A at
ambient C, shows no systematic variation over a period of five minutes, steady-state

activation of rubisco is assured (LONG & BERNACCHI 2003).

Fig. 23: Measurement of A/ C; - curves with the leaf cuvette.
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Data analysis

The measured A/C; - curves provide data of photosynthetic photon flux density, leaf
temperature and C; which served as input data for modelling photosynthesis rate
according to the model GECROS. The corresponding model equations are given in
chapter 2.2.2 (Photosynthesis and transpiration). Additionally, the photosynthetically
active nitrogen content of leaves (g N m-2) is needed for each A/C; - curve. This value is
either derived from the mean leaf nitrogen content (1) measured in the field (see
chapter 3.1.1) or estimated in case of missing data. Table 20 lists the corresponding
photosynthetically active nitrogen content, leaf temperature as well as date and

number of measurements for each A/C; - curve.

Table 20: Characteristics of measured A/C; - curves.
Standard errors of the mean leaf temperature are shown.

crop and date and number leaf temperature photosynthetically active leaf N content
denotation of measurements (°O) (g N m)
sugar beet a 22.06.2005 (16) 31.3 £0.49 238 (measured on same day)

(interpolated from measurements
taken on 22.06. and 8.07.)
(interpolated from measurements
taken on 10.08. and 31.08.)

sugar beet b 29.06.2005 (14) 28.1+0.89 2.07

sugar beet ¢ 18.08.2005 (13) 25.7+0.70 2.04

potato a 20.07.2005 (16) 23.1+0.31 1.56 (measured on same day)

(interpolated from measurements

potato b 03.08.2005 (15) 24.0+0.28 1.19 taken on 20.07. and 10.08.)
maize a 13.07.2005 (16) 35.0+0.33 1.25 (estimated)
maize b 18.08.2005 (15) 30.8+0.18 1.25 (estimated)

By comparing measured and modelled data, selected parameters were fitted using the

least squares method (quasi-Newton method provided by Solver in Microsoft Excel®).

Only a small number of measured A/C;-curves of sugar beet, potato and maize

provided consistent values and therefore proved suitable for further analysis.
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Fig. 24: Measured and modelled A/C; - curves.

analysis of all A/C;i- curves Y, is assumed to equal 2 yven. For potato and sugar

beet, values of Yven, ® and Ejmax were determined. Data of the different A/C; - curves

were pooled together for each crop to optimize the selected parameters (see Table 21).
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Table 21: Optimized parameters derived from analysis of A/C; - curves.

Xven (”mOl CO: gl N S_l) C) (') E]max (] 1‘1‘101‘1)
sugar beet  50.31 0.67 39600
potato 58.86 0.72 84180
maize 62.00 - -

. 24 shows the measured and modelled A/C; - curves with optimized parameters
sugar beet, potato and maize. Statistical criteria of measured versus modelled data

the A/Ci-curves, singly and in combination, are presented in Table 22. The

modelling efficiency index (MEF) shows very close agreement. For the calculation of

the statistical criteria, see Appendix F.

In

case of maize, only the value of yj» was derived. The default value of ® and the

given value of Ejmax according to the model GECROS were left unchanged. The results

of the analysis (shown in Table 21 and Table 22) can be considered as a random sample

for the affirmation of the Cy4-photosynthesis model. The fitted value of yve only differs

slightly from the default value of 60 pmol CO, g1 N s-1.
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Table 22: Statistical characteristics of the fitted A/ C; - curves.
Values of root mean squared error (RMSE) and modelling efficiency statistic (MEF) are listed.

RMSE MEF
sugar beet a 9.49 0.973
sugar beet b 6.74 0.975
sugar beet ¢ 9.95 0.961
sugar beet a-c combined 8.84 0.971
potato a 5.34 0.967
potato b 2.36 0.985
potato a-b combined 418 0.976
maize a 9.07 0.973
maize b 2252 0.942
maize a-b combined 16.97 0.959

Although there were only few measurements to work upon, the presented analysis
demonstrates the validity of the photosynthesis model and of the simplifying

assumptions regarding the parameterization.

2.4.3 Definition of initial values

When a plant is sown in the model, several crop parameters are initialized using crop-
specific data. Table 23 shows the calculation of initial values in the DANUBIA crop
growth model. Initialization is performed according to the model GECROS (YIN & VAN
LAAR 2005).

Calculation of storage organ growth efficiency (Ygs) is explained in the sub-chapter
2.2.4 (Respiration). The initial carbon amount in leaves (Crv) and roots (Cr), respectively,
is derived from plant density (d,), seed weight (Sw), fraction of carbon in seed biomass
(fes), efficiency of germination (gg) and an initial fraction of carbon allocated to the
shoot (fcini). Calculation of the initial nitrogen amount in leaves (Nrv) and roots (Ng),
respectively, is based on the initial critical shoot nitrogen concentration #crio. An initial
fraction of nitrogen allocated to the shoot (fnni) is introduced for calculating Nr.

Rooting depth D is initialized with crop-specific sowing depth.
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Table 23: Initialization of crop parameters.

Calculation of initial value Unit

fraction of proteins in biomass of organs -
foro = 625 g (2.4.3-1)

fraction of carbohydrates in biomass of organs -

fcar =1- fpro - flip - flig - foac - fmin (243—2)

fraction of carbon in seed biomass

fos = 0444 f +0531 f +0.774 f,, +0.667 f,, +0.368 f,, gCgl (2.4.3-3)
storage organ growth efficiency
Y fes 30

Gs ~ - gCglC (2.4.3-4)

1.275 f, +1.887 fpm +3.189 fhp +2.231 flig +0954 f,,. 12

carbon in living leaf
Cov =4y Sy fos & foum g Cm? (243-5)
carbon in living root (including root reserves)
Cp =d, S, fus & (1- fou ) g Cm2 (2.4.3-6)
nitrogen in living leaf
N v = Maio CLV / f oV g N m?2 (2.4.3-7)
nitrogen in living root
Ny = Py Sw & Nao Jeini / fami =~ Ny g N m-?2 (24.3-8)
minimum N concentration in leaf
Mimin = Sla M gNg—l (243—9)
green leaf area index of canopy
L =Cy/ fv S m2leaf m2  (2.4.3-10)
specific leaf N content in bottom leaves of canopy
My = Niy /L gNm2leaf (2.4.3-11)

plant height
H = H__ /1000 m (2.4.3-12)

max
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3 Model validation and application

First, the validation analysis of the DANUBIA crop growth model for the various crops
considered is presented in this chapter. Secondly, the application of the model to
simulate yield is demonstrated on the regional scale. Additionally, the application to

Global Change effects is included to evaluate the responsiveness of the model.

All model results presented in this study are derived from coupled simulations of the
DANUBIA crop growth model, the DANUBIA soil model and the DANUBIA surface

model.

3.1 Validation

For the validation of the DANUBIA crop growth model, measurements on the field
scale are compared with model results. The various experimental data sets used for the
validation analysis are described in chapter 3.1.1. The results of the comparison
between simulated and measured data for the different crops (sugar beet, spring

barley, maize, winter wheat, potato) are presented in chapter 3.1.2.

3.1.1 Experimental data sets

For the validation analysis, several data sets of field measurements are employed
including the author’s own measurements taken in the years 2004 and 2005 as well as
data from the literature. Fig. 25 shows the location of the test sites and Table 24 gives

an overview of the data sets considered for each crop.

Related input data (meteorological drivers, soil data, latitude of the site and farming
practices) for each experimental data set are used for coupled model test runs of the
DANUBIA crop growth model, DANUBIA soil model and DANUBIA surface model
(see chapter 2.3).
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Table 24: Experimental data sets used for validation.

Crop, denotation and year

Location

Source

sugar beet

Feienberg 2004 and 2005
Nienwohlde 1990
Euerhausen 2000

Friemar 2000

Plattling 2000 and 2001

spring barley

Nienwohlde 1991
Wilzhofen 1997

maize

Feienberg 2004 and 2005
Wilzhofen 1997

winter wheat

50°52' N, 7°13"E
52°50" N, 10°35" E
49°36' N, 9°56" E
50°58" N, 10°44’ E
48°48’ N, 12°50" E

52°50" N, 10°35" E
47°52' N, 11°09" E

50°52' N, 7°13'E
47°52' N, 11°09" E

author’s measurements
McVoy et al. (1995)
KENTER (2003)

KENTER (2003)

KENTER (2003)

McVoy et al. (1995)
University of Munich

author’s measurements
University of Munich

Feienberg 2003 /04 50°52" N, 7°13" E author’s measurements
Bockschlag 1990/91 52°01" N, 10°27" E McVoy et al. (1995)
Neuenkirchen 1990/91 52°01" N, 10°27" E McVoy et al. (1995)
potato

Hofferhof 2004 and 2005 50°55" N, 7°13" E author’s measurements

Table 25 lists the experimental test sites along with the corresponding specifications for
climate and topography. All measurements were conducted on commercial farming
fields. In the following, these data sets are described classified by their origin.

Information on management practices is given in chapter 3.1.2.

Table 25: Description of experimental test sites.

. . . Precipitation Mean annual air Altitude
Experimental site  Soil type and texture (mm a) temperature (°C) (m)
Feienberg Luvisol, silt loam 803 * 9.6 * 165
Hofferhof Luvisol, silt loam 803 * 9.6* 170
Bockschlag Loess; silt loam 590 8.6 151
Neuenkirchen Loess; silt loam 590 8.6 145
Nienwohlde Luvisol; sand 650 9.0 103
Wilzhofen Histosol; silt 1110# 7.5% 550
Euerhausen Luvisol; silty loam 625 9.1 310
Friemar Chernozem; silty loam 519 7.5 285
Plattling Luvisol; silty loam 800 7.6 325

* data from the meteorological station Ksln-Wahn (92 m), average values for 1961-1990 (DWD 2007)
#data from the meteorological station Attenkam (672 m), average values for 1961-1990 (DWD 2007)
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Fig. 25: Location of the experimental sites (1: Hofferhof, 2: Feienberg, 3: Nienwohlde, 4: Bockschlag and
Neuenkirchen, 5: Friemar, 6: Euerhausen, 7: Plattling, 8: Wilzhofen).

Author’s field measurements

During the growing seasons 2004 and 2005 the author conducted extensive field
measurement campaigns. The two test sites Feienberg and Hofferhof are located south-
east of Cologne within the catchment area of the river Sieg (approx. 2850 km?,
50°47" N, 7°18 E). Fig. 26 shows its orographical structure including areas of low
mountain ranges, hill country and lowland with altitudes ranging from 40 m to 677 m.
The Sieg catchment area constitutes part of the Rhenish Slate Mountains. As is to be
expected from the heterogeneous relief structure, annual precipitation ranges from 700
to 1400 mm (FEDERAL MINISTRY FOR ENVIRONMENT, NATURE CONSERVATION AND
NUCLEAR SAFETY, ed., 2000). The test sites are situated on plateaus characterized by
thick loess covers providing fertile soils (luvisols). The soil texture is silt loam (8 %
sand, 22 % clay and 70 % silt). The test sites were explicitly chosen for the

homogeneous soils. Fig. 26 shows the location of the test sites.

Because no meteorological data were recorded in the vicinity of the test sites, data from
weather stations of the German National Weather Service were used. To generate hourly
data for the two study sites, the Process Oriented Modular Environment and
Vegetation model (PROMET-V) (SCHNEIDER 1999, 2003) was utilized to interpolate
measured data from the six nearest stations. First, measured data (three records per

day) are interpolated using a spline interpolation scheme to provide hourly data.
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Global radiation is derived from cloud cover data according to MOSER & RASCHKE
(1983). Spatial interpolation is performed using a digital elevation model (50 m » 50 m)

of the Sieg catchment area.

Based on the known elevations at the meteorological stations a linear regression
between elevation and meteorological parameter is calculated. Furthermore, the
residue of the measured value to the regression line is computed. The regression
equation is then used together with the digital elevation model to account for the
variance of the meteorological parameter explained by the topography. The spatial
pattern of the residues is modelled using an inverse distance weighting technique.
Summing up the result derived from the regression equation and from the inverse
distance weighting method reproduces the measured values at the meteorological
stations exactly and provides realistic spatial patterns of the meteorological
parameters. Further details of the temporal and spatial interpolation are given by

SCHNEIDER (1999) and STRASSER (1998).

In both years, crops of winter wheat, maize, sugar beet and potato were monitored
(one field per crop). Field measurements were carried out at intervals of one to four
weeks. Fresh and dry matter of biomass, its nitrogen content, leaf area index, canopy
height, phenological stage and plant density were determined. For the monitored
winter wheat, maize and sugar beet fields in 2005, measurements of soil moisture as
well as nitrate and ammonium content in three soil layers (each 30 cm deep) are
available (measurements by Christian W. Klar, Department of Geography, University of
Cologne).

Crop measurements were carried out at three sampling locations per field.
Phenological stage was documented according to the BBCH-scale (MEIER, ed., 2001). In
the case of row crops, at least three representative plants per sampling point were
taken. Wheat plants were harvested from a 60 cm long row. To determine fresh weight,
the plants were divided into their constituents of living and dead leaves, stem
(including leaf sheath) and storage organ (including grain, glume and rest of the ear in
the case of maize and wheat). The fresh weight of the plant organs was determined for

each single sampled plant of maize, potato and sugar beet.

For the determination of dry matter, sub-samples of each portion were dried at 105 °C
until constant weight was reached. Further sub-samples of the dried plant material

were homogenized in a mortar and subsequently ground in a planetary mill for the
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determination of total nitrogen content by means of an elemental analyser (CNS

Elemental Analyser Vario EL, Elementar Analysensysteme GmbH, Hanau, Germany).

Leaf area index was measured using a destructive (direct) method (LI-3000A Area
Meter, LI-COR Biosciences, Lincoln, NE, USA). The leaf area is measured by a scanning
head combined with a transparent belt conveyer. As the leaves have already been
collected to be weighed for dry matter determination, this procedure requires only

little extra effort.

In 2004, LAI of sugar beet and winter wheat was additionally recorded using the non-
destructive, indirect SunScan Canopy Analysis System (Delta T-Devices, Cambridge,
UK). Six measurements were taken at each sampling point. The SunScan system
allows rapid measurements of LAI based on simultaneous radiation measurements
above and within the canopy. In contrast to the direct method it is not possible to make
a distinction between leaves and stems or between brown (non-photosynthetic) and
green leaves. Another disadvantage is that LAI of crops at an early growth stage
cannot be determined. In addition, the indirect system cannot be utilized in potato
fields because of the hilled rows. A review of LAI measurement methods is given by

BREDA (2003). For the validation analysis, the direct LAl measurements are used.

Measured crop data are listed in Appendix G. All fields were cultivated according to
standard farming practices. Detailed information on plant density, planting and
harvesting dates as well as on use of fertilizers (dose, formulation, dates) was provided

by the farmers.

The combination of soil and crop measurements as well as accurate management
information for the year 2005 presents an ideal validation data set for agro-ecosystem

models.
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COLOGNE

Fig. 26: Location of the test sites Feienberg and Hofferhof in the Sieg catchment area. The test fields of the
years 2004 and 2005 are marked with yellow. Maps are based on data from the Land Survey Office of North
Rhine-Westphalia.
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McVoy - data set

A multi-year data set for various fields at three locations in Northern Germany is
documented by MCVOY et al. (1995). These data have been specially published for the
evaluation of agro-ecosystem models. For the validation of the DANUBIA crop growth
model, field measurements of summer barley, sugar beet and winter wheat from the
years 1990 and 1991 are used. Hourly meteorological data, recorded at the test sites,
were provided by the Institute of Geography and Geoecology, Technical University of

Braunschweig.

Measurements of dry weight and nitrogen concentration of biomass as well as
determination of canopy height, LAI and development stage are provided for six dates
between planting and harvesting of the crops (measurements partly incomplete).
Development stages were documented according to the Zadoks-scale (ZADOKS et al.
1974). In the case of cereals, an area of approx. 0.4 m? from three rows was harvested at
each of the four sampling points in a field. The biomass was divided into leaf, stem
(including leaf sheath) and ear (including grain, glume and rest of the ear). Sugar beet
plants were collected from an area of ca. 7 m? at each of the six sampling points. For
further analysis, the plants were separated into beets and leaves (including petioles).
The nitrogen content of biomass was determined by Kjeldahl extraction. It is assumed
that LAI was measured using a direct system and that only green leaves were

considered.

In addition to the crop data, measurements of soil water and nitrogen (nitrate and
ammonium) content in three soil layers are presented. Management information for
each field (crop variety, planting and harvesting dates, fertilizer dose, its formulation
and dates when applied) are listed in detail. Unfortunately, the significant parameter
plant density is not mentioned at all. In some of the fields, different fertilizer
treatments were carried out to monitor the response of the agro-ecosystem. The
farmer’s standard fertilizing procedure is denoted by "N4", whereas "NO" and "N6"

signify "no fertilizer used" and "reduced fertilizer dose" respectively.

Because of the ample measurement data at disposal, numerous publications (e.g.
GRANT 1995, KERSEBAUM 1995, WANG & ENGEL 1998, WANG & ENGEL 2002) deal with
the validation of ecosystem models using the MCVOY-data set. More details about the

presented data set are reported by MCVOY et al. (1995).
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University of Munich - data set

Many field data sets for the validation of ecosystem models have been collected in
recent years by researchers from the Department of Geography, University of Munich. The
fields are located in the Ammer catchment area south-west of Munich. For the
validation of the DANUBIA crop growth model, field measurements of maize and

spring barley at the test site Wilzhofen in the year 1997 are used.

Hourly meteorological data were provided by the DANUBIA component Atmostations
which interpolates measured station data utilizing a digital elevation model. The
procedure is the same as described above for the model PROMET-V (see "Author’s
field measurements" in this chapter). Measurements of leaf area index and dry matter
were taken eleven times during the vegetation period. At each of three sampling
points, three maize plants were harvested. Barley plants were harvested from a 25 cm
long row. Direct measurements of LAI were carried out with an automatic area meter

(AAM-8, Hayashi Denko Co. Ltd., Tokyo, Japan).

The field was cultivated according to standard farming practices. Detailed

management information is not available.

Kenter - data set

Measurements of leaf area index and biomass for sugar beet at different test sites
during 2000 and 2001 are published by KENTER (2003). Hourly meteorological input
data were obtained from nearby weather stations provided by the Agro-Meteorological
Network Bavaria (stations Euerhausen and Uttenkofen) and the Thuringian Regional

Office for Agriculture (station Friemar).

Biomass and leaf area index measurements were taken six times during the growing
season. Each time an area of 10 m? in a random grid pattern across the field was
harvested and four replications taken. For the determination of dry weight, the plants
were separated into beets and leaves (including petioles). Leaf area index was
determined using an indirect measurement system, the LAI-2000 Plant Canopy
Analyzer (LI-COR Biosciences, Lincoln, NE, USA). In each of the four sample areas, four

LAI measurements were taken to derive a representative value for the field.

The sugar beet crops were cultivated according to standard farm practices. Information
on variety, plant density and sowing date has been published (KENTER 2003). For the

purpose of the model validation analysis, the large sample size of 80 - 100 single plants
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per date and field is very advantageous, whereas the missing dates and the lack of

fertilizer dose specification are a drawback.

Detailed information on the described data sets is given by KENTER (2003) and KENTER
et al. (2006).

None of the available data sets includes measurements of root biomass or root length
density. These data would add to a comprehensive validation of biomass allocation,

root growth as well as water and nitrogen uptake.

Ideally, validation data sets for process-based crop growth models should include
measurements, for instance, of sap flow and transpiration, too, which offer the

possibility of directly validating the modelled processes.

3.1.2 Comparison of model results with measurements

The ability of the model to simulate plant growth is assessed by comparing model
predictions with observed data on the field scale. The results of this analysis are
presented in a number of graphs as well as through a set of model performance
statistics for each crop. Graphs of modelled and measured data versus time give a first
impression of the extent of agreement between both sets of values and illustrate where

the model results differ from measurements.

Model performance statistics

WILLMOTT (1982) underlines the fact that the frequently used coefficient of correlation r
and the coefficient of determination r> may prove misleading because both neglect to
consider systematic errors. The magnitudes of r and r? are not consistently related to

the accuracy of model simulations.

For the validation of the DANUBIA crop growth model, several model performance
statistics are applied. The root mean squared error (RMSE), the relative root mean
squared error (RRMSE) and the mean absolute error (MAE) are chosen to describe the
average discrepancy between simulated and observed data. Agreement between model
and measurements is quantified by two normalized measures: the index of agreement

(IA, proposed by WILLMOTT 1981) and the modelling efficiency statistic (MEF).

The formulas of the model performance statistics are listed in Appendix F according to

WALLACH (2006).
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Assessment of the adequacy of a model needs to be undertaken in terms of its
objectives. Taking the function of the crop growth model within the decision support
system DANUBIA into account, special emphasis is laid on the prediction of yield,

transpiration, nitrogen uptake and leaf area index as the determinant of transpiration.

3.1.2.1 Sugar beet

In 2005, sugar beet was cultivated on 419000 hectares in Germany, representing 3.5 %
of the entire arable land (WIRTSCHAFTLICHE VEREINIGUNG ZUCKER, ed., 2007). Among

root crops, the area under sugar beet cultivation constitutes more than half (Fig. 27).

71000 ha of the sugar beet cultivation area lie in Bavaria, with an average yield of
655 quintals ha! (1 quintal =100 kg) between 1999 to 2004 (BAVARIAN MINISTRY OF

AGRICULTURE AND FORESTRY, ed., 2006).

In Germany, sugar beet grows predominantly on very fertile loess or chernozem soils.
Other locations of sugar beet crops are on fertile alluvial soils, on glacial lowlands or
on sandy soils in river valleys. In the latter case, a certain amount of irrigation may be
necessary. From the soils listed it may be seen that sugar beet crops are found
primarily in the lowlands, but are also raised in loess-covered hill regions.

(MARLANDER et al. 2003)

11.9m ha

Fig. 27: Area under sugar beet cultivation in Germany in 2005
(redrawn from WIRTSCHAFTLICHE VEREINIGUNG ZUCKER, ed., 2007).
Sugar beet typically evidences a nitrogen requirement of 200-250 kg hal. Because
100-150 kg ha? are mineralized from the soil during the growth period, only about
100 kg ha of fertilizer is needed on fertile loess soils. Increased nitrogen uptake does
not imply a higher yield as in the case of most other crops, because the produced

sucrose should be free of nitrogen. (MARLANDER et al. 2003)
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Seven field data sets are used for the validation of the DANUBIA crop growth model
for sugar beet. Table 26 lists the cultivation data and Table 28 summarizes model

performance statistics for each data set.

Since plant organs in the model are classified according to their functional rather than
their morphological features, the petioles of the sugar beet leaves are considered as

stems. For comparison with measurement data, modelled stem and leaf are combined.

Table 26: Cultivation data of sugar beet fields (figures in italics are estimated).

fertilizer
plant density ~ sowing harvesting date amount (kg N ha<?)
(plants m-2) date date NH; NOs; Urea
Feienberg 2004 10.6 21.04. 15.09. 20.04. - 80 -
Feienberg 2005 10.4 18.04. 05.10. 01.04. - - 30
14.04. - 50 50
Nienwohlde 1990 10 31.03. 29.09. 24.02. - - 57
30.04. - - 60
08.06. - - 73
Euerhausen 2000 8.5 21.03. 09.10.* 15.03. 21 21 42
04.05. 9 9 18
Friemar 2000 8.1 07.04. 18.10. * 05.04. 21 21 42
29.04. 9 9 18
Plattling 2000 7.8 10.04. 10.10. * 09.04. 21 21 42
19.05. 9 9 18
Plattling 2001 9.2 25.04. 22.10.* 24.04. 21 21 42
29.05. 9 9 18

* Jast measurement date

Feienberg 2004

Based on the measurements, the phenological parameter Rmav (maximum

development rate in the period before taproot development) was set to 0.0345 d-1.

In contrast to the two preceding years, in 2004 the agro-meteorological situation was

not aberrant in any way.
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Fig. 28: Modelled (lines) and measured (symbols) LAI (leaf area index) and biomass data of sugar beet,
Feienberg 2004 (left: not assuming standard senescence, right: assuming standard senescence).
Fig. 28 compares measured and modelled data. The model results illustrated by the
graphs on the left do not assume standard senescence, those on the right do. The field
measurements show the presence of dead leaves, which are entirely absent in the first
case and are overestimated in the second. In the following, all statements refer to the

modelled results assuming no standard senescence.

The simulated LAI development shows close agreement with the measured values,
particularly at the onset of growth. The steep increase of LAl in the first half of August
is well captured by the model. The measured data show no decrease of green LAI
towards harvest date. In the model results, the nitrogen-determined LAI does not fall
below the carbon-determined LAI, consequently no senescence is induced. Ignoring
the assumption of a standard senescence (3 % loss of leaf weight per day) after the end
of the seed-number determining period (see chapter 2.2.10: Leaf area and senescence)

results in a constant LAI at the end of the growing period.

The modelled biomass of living leaves tallies well only with the first measurement
data. At the time when beet growth starts, the model allocates the assimilated carbon
to the beet, with leaf weight even decreasing at the beginning. Compared with the field
data, beet biomass in the following weeks increases too rapidly at the expense of leaf

biomass. While the simulated beet biomass almost exactly matches the field value at
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the final measurement date, the leaf biomass is substantially underestimated. This
inaccuracy is acceptable, since the prediction of yield and LAI as the determinant of

transpiration is most important within the context of this study.

Concerning the water budget of the crop, total precipitation sum from sowing to
harvesting is 417 mm, distributed rather evenly without long periods of no rainfall. No

water stress was modelled and the transpiration sum amounted to 312 mm.

350
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Fig. 29: Cumulative nitrogen uptake of sugar beet, Feienberg 2004.
Data of measured nitrogen in total biomass refer to living and dead biomass, excluding roots.
Fig. 29 shows the modelled nitrogen uptake as well as the measured nitrogen content
in total biomass (excluding roots). Also given here is a commonly observed course of

nitrogen uptake for sugar beet as found in data from the literature (HEGE 1998).

The modelled cumulative nitrogen uptake gives 191 kg N ha?l, an amount that
corresponds well to the total nitrogen generally needed by sugar beet, taking into

account the early harvesting date.

As Fig. 29 shows, the modelled data match the measured data very well at the outset.
However, they subsequently diverge from the trend found in the relevant literature.
The measured nitrogen value at the seventh sampling date (August 3t) is open to
conjecture, as it shows a decline. The last measured value gives an unlikely, very high
value of nearly 350 kg N hal. The magnitude of the analyzed nitrogen concentration in
biomass shows realistic values. These analyzed data are extrapolated via the measured
dry matter of biomass to give the nitrogen content in mass per area. This fact indicates

that the measured dry matter values are probably not representative for the whole
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field. The rather small sample size may be the reason. An analysis of the total fresh
weight per plant - as well as relative allocated fractions of carbon to the different plant
organs - revealed large variances. At the beginning of growth, the individual plants

are quite homogeneous but grow more and more disparate as they develop.

Feienberg 2005

Based on the measurements, the phenological parameter Rmaxv Was set to 0.0286 d-1.
Fig. 30 shows the modelled and observed data for the sugar beet crop in Feienberg
2005. Compared with the data set for 2004, results match better. At the beginning, LAI
increase is only slightly overestimated by the model. However, the last measured
values are substantially exceeded. Thus the mean absolute error averaged over the
growing season for green LAI is 0.54. Senescence is induced because of nitrogen
remobilization from the leaves to the storage organ. The predicted amount of dead
leaves fits the measured value at the last sampling date. Living leaf mass is accurately
predicted by the model at the start, but later shows significant deviations. Beet biomass
is slightly overestimated. The statistical analysis in terms of beet mass shows very good

results (see Table 28).
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Fig. 30: Modelled (lines) and measured (symbols) LAI and biomass data of sugar beet, Feienberg 2005.
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From sowing until harvesting the total precipitation is 528 mm, with no prolonged
periods without rainfall. More than one-tenth (57 mm) accumulated within only five
hours on June 30t. The modelled total transpiration results in 351 mm. Moderate water
stress is modelled on many days in September. The total rainfall in September 2005 is

only half (47 mm) what it was in September of the preceding year.

Fig. 31 presents the modelled transpiration and water uptake rates from the three soil
layers. At the end of the growing season, potential transpiration is reduced due to soil
water shortage. Comparison of measured water content in three soil layers (simulated
by the DANUBIA soil model) shows close agreement except for a too pronounced
decline of soil moisture towards harvesting. Probably, the rather high modelled LAI

causes an overestimation of transpiration.

- 0.1
k= 008 potential and actual
s~ transpiration ' .
‘B 0064 _
2 g .
SE ov; ‘ l ‘ | ‘ ‘
o 0.0 secatebusssstitlll h|“| “I”‘l.. Jli LA LALLT M
i 0.08 root water uptake
é‘v—'-‘ ’ soil layer 1
e 0.06
gE 0.04
=1 04 4
: £

0 T
u
- 0.08 root water uptake
‘g.,_‘-\ ' soil layer 2
e 0064
% & 0.04
=S 04 -
o 0 Bl it
= 0,08 4 root water uptake
B~ soil layer 3 (deepest)
S 0064
W
= E 0.04 1
==

0 1 “"‘d‘

May Jun Jul Aug Sep

Fig. 31: Modelled hourly transpiration and water uptake rates of sugar beet, Feienberg 2005.
Actual transpiration is depicted in grey.
Fig. 32 compares measured with modelled mineral nitrogen content (calculated by the
DANUBIA soil model) at a depth of 0-90 cm. The increase caused by mineralization as
well as the following decrease in soil mineral nitrogen content caused by crop nitrogen

uptake is very well depicted.
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Fig. 32: Measured and modelled soil mineral nitrogen content (0-90 cm) for sugar beet, Feienberg 2005.
Error bars depict measurement accuracy ( + 8 kg N ha). Measurements provided by C. W. Klar.
As described for the validation of sugar beet in Feienberg 2004, Fig. 33 compares the
modelled, standard and measured nitrogen uptake. The modelled cumulative nitrogen
uptake is 190 kg N hal. In analogy to Fig. 29, at first the modelled and measured data
agree closely and show a different trend compared with the literature data. The last
three measured values of nitrogen content in biomass are unrealistically high. Because
of the causal relationship between measured biomass and nitrogen content per area,
the hypothesis gains weight that the sampled plants at late measurement dates are not

representative of the whole field.
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Fig. 33: Cumulative nitrogen uptake of sugar beet, Feienberg 2005.
Data of measured nitrogen in total biomass refer to living and dead biomass, excluding roots.
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Nienwohlde 1990

Based on the measurements, the phenological parameter Rmaxy is set to 0.0357 d-1. Plant
density, being unknown, is set to 10 plants m2 Fig. 34 shows the modelled and

observed LAI and biomass data for the sugar beet crop at Nienwohlde in 1990.

The modelled LAI curve deviates strongly from two of the only four measured values.
Leaf as well as beet biomass are simulated fairly well. Standard senescence leads to the
LAI declining after the end of the seed-determining period. No measurements for dead
leaves are available. Seasonal coverage of the sampling is too sparse to allow a
thorough validation. Because of the sandy soil, the field was irrigated on the 13t and
27t July (28 mm and 29 mm) and on the 2nd and 16t August (45 mm and 38 mm).
According to the model, no water stress occurs. The modelled transpiration sum gives

383 mm.
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Fig. 34: Modelled (lines) and measured (symbols) LAI and biomass data of sugar beet, Nienwohlde 1990.

Fig. 35 compares the modelled, standard and measured nitrogen uptake. The modelled
nitrogen uptake over the growing season reaches 198 kg N hal. When compared with
the literature data, modelled and measured data show a stronger nitrogen uptake at
the beginning. This finding coincides with the two former validation data sets
(Feienberg 2004 and 2005). Towards harvesting date, values of all three nitrogen

uptake sums displayed in the graph show a very close agreement.
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Fig. 35: Cumulative nitrogen uptake of sugar beet, Nienwohlde 1990.
Data of measured nitrogen in total biomass refer to living and dead biomass, excluding roots.

For an additional validation of the modelled nitrogen uptake, measurements of soil
mineral nitrogen content are employed. Fig. 36 compares these measurements with
data at a depth of 0-90 cm, as modelled by the DANUBIA soil model. The effect of the
three fertilizer applications is clearly reflected in steep increases. Since the measured
maximum value fits the modelled one, the overestimation seen in the subsequent
measurements indicates that the depletion of the soil nitrogen pool probably is
underestimated by the soil model. A likely reason is the underestimation of nitrate

leaching in the sand soil.
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Fig. 36: Measured and modelled soil mineral nitrogen content (0-90 cm) for sugar beet, Nienwohlde 1990.
Error bars depict measurement accuracy (+ 8 kg N ha1).
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This assumption is affirmed by the good agreement between measured and modelled
nitrogen data shown in Fig. 35. Two of the first four measured values of soil nitrogen
before the sowing date are already substantially overestimated by the model (Fig. 36).
These discrepancies are possibly also due to nitrate leaching being underestimated.
Additional measurement data, especially when gathered in the first weeks after

sowing, would allow a more detailed analysis.

Euerhausen 2000, Friemar 2000, Plattling 2000, Plattling 2001

For comparison with the field measurements published by KENTER (2003), the

phenological parameter Rimaxv Was set to the standard value of 0.0333 d-1.

Because of lack of information about timing and quantity of fertilizer applied, a
standard fertilization (120 kg N ha?) was assumed. MARLANDER et al. (2003) state that a
fertilizer dose of ~100 kg N ha is typical on fertile loess soils and that on more than
75 % of the sugar beet fields less than 120 kg N ha! are being applied. Without
knowing the preceding crop, assumptions about use of fertilizer are uncertain. To
avoid nitrogen deficiency, the value of 120 kg N ha' was presumed. Fertilizer is
assumed to have been applied for the first time shortly before sowing, making up 66 %
of the total amount, according to OEHMICHEN (1986). The second application is
supposed to take place roughly one month after sowing. It should be applied before
canopy closure (MARLANDER et al. 2003). Both times, a formulation of 25 % ammonium,

25 % nitrate and 50 % urea is assumed.

Fig. 37 and Fig. 38 compare modelled and measured values. Because the LAI
measurements do not differentiate between dead and living leaves, the modelled total

LAl is depicted in the graphs and is used for calculating model performance statistics.

In former model test runs, LAI with advancing development was overestimated for all
four fields and consequently biomass accumulation, too (results not shown here). Thus
for reducing the LAI, once taproot development started, the specific leaf area constant
(sta) was set to half of its original value of 0.02 m? leaf g1. This adaptation resulted in a
very good agreement of LAI values for two of the fields (Euerhausen 2000 and Plattling
2001). In the case of the other two fields, modelled LAI development improved but

some discrepancies remained.
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However, leaf as well as beet mass are precisely simulated for all four monitored sugar
beet crops. At the beginning of growth, LAI development is not coupled to the specific
leaf area constant. It is conceivable that a standard value of si, is not suitable for the
long growing season of sugar beet, though it produced good results for the validation

data sets described above.

Table 27 lists the modelled transpiration and nitrogen uptake sums for each of the four
fields. Nitrogen uptake over the growing season fits the standard values well. The high
transpiration sum of the crop in Friemar 2000 can be explained by the high LAIL
Therefore water stress is simulated here for a brief period. For the other three fields, no

water stress is modelled.

Table 27: Modelled transpiration and nitrogen uptake sums for sugar beet.

transpiration sum  total nitrogen uptake

(mm) (kg ha?)
Euerhausen 2000 353 203
Friemar 2000 458 214
Plattling 2000 383 221
Plattling 2001 267 228

The model results for sugar beet are summarized in Table 28. The incongruent LAI
field data from Nienwohlde 1990 result in a negative value of MEF. In general,
simulated beet biomass shows a very good agreement with measured data (value of IA

> 0.92 for each data set). For the discussion of the results, see chapter 4.1.1.
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Table 28: Model performance statistics for sugar beet
(root mean squared error RMSE, relative RMSE (RRMSE), mean absolute error MAE, index of agreement
IA, modelling efficiency statistic MEF).

RMSE RRMSE MAE IA MEF
Feienberg 2004
green leaf area index 0.51 0.21 0.35 0.984 0.939
living leaf 207.01 0.59 131.69 0.869 0.825
beet 230.70 0.66 132.54 0.929 0.852
Feienberg 2005
green leaf area index 0.67 0.19 0.54 0.978 0.898
living leaf 147.04 0.35 79.35 0.956 0.934
beet 85.96 0.18 66.34 0.992 0.986
Nienwohlde 1990
green leaf area index 2.03 0.78 1.54 0.419 -2.108
living lea 114.97 0.41 73.37 0.906 0.874
beet 202.68 0.25 171.69 0.980 0.968
Euerhausen 2000
total leaf area index 0.61 0.17 0.50 0.966 0.868
leaf 91.90 0.18 71.97 0.973 0.974
beet 152.09 0.15 119.82 0.991 0.987
Friemar 2000
total leaf area index 2.33 0.56 2.01 0.645 -1.043
leaf 151.06 0.28 130.37 0.938 0.938
beet 238.73 0.24 205.19 0.978 0.963
Plattling 2000
total leaf area index 1.70 0.50 1.33 0.842 -0.040
leaves 98.40 0.17 77.89 0.980 0.979
beet 175.78 0.19 149.08 0.988 0.979
Plattling 2001
total leaf area index 0.65 0.16 0.16 0.897 0.967
leaf 184.91 0.33 173.44 0.813 0.904
beet 171.40 0.14 155.75 0.990 0.986
mean values of all data sets
leaf area index 1.22 0.37 0.92 0.819 0.069
leaf 142.18 0.33 105.44 0.919 0.918
beet 179.62 0.26 142.92 0.978 0.960

3.1.2.2 Spring barley

In Bavaria, spring barley covers 162800 ha (approx. 8 % of the total arable land) with
an average yield of 46.7 quintals ha! (data comprise the years 1999 - 2004). This most
important spring grain crop in Bavaria is mainly used as malting barley, 30 % of the
total malting barley produced in Germany coming from this region. Time series of the
area under cultivation and the average yield from 1950-2005 show that whereas the
area has decreased by half, the yield has almost doubled. (BAVARIAN MINISTRY OF

AGRICULTURE AND FORESTRY, ed., 2006)
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Barley for malting needs to produce a high grain yield within a restricted period of
only 110-130 days. For this reason, unfavourable weather conditions such as prolonged
spells of drought, wetness or cold can scarcely be compensated for. For quality and
yield, spring barley is more dependent on even growth conditions than other grains.

(BAUMER 1998)

Spring grain typically requires 120 kg of nitrogen ha? (KTBL, ed., 2005). Nitrogen
depletion from the preceding crop, generally cereals, typically leaves 40-50 kg N ha-
obtainable from the soil. A supplement of 40-50 kg N ha is therefore usually applied
shortly before or after sowing. A second fertilizer dose of 20-30 kg N ha' is only
needed on light and permeable soils and is carried out before tillering is completed.

(BAUMER 1998)

For the validation of the DANUBIA crop growth model, two field data sets are used:
one for Nienwohlde published by MCVOY et al. (1995) and the other for Wilzhofen
provided by the University of Munich. The first includes measurements for two different
fertilizer treatments and allows an analysis of the model’s capacity to predict the crop’s

response to reduced nitrogen supply.

Table 29: Cultivation data of spring barley fields (figures in italics are estimates).

fertilizer
plant density  sowing  harvesting date  amount (kg N ha)
(plants m-2) date date NH; NO; Urea

Nienwohlde 1991 250 20.03. 08.08. 21.03. 49 - -
06.04. - - 50
26.05. 4 4 8
30.05. 4 4 7

Wilzhofen 1997 400 21.03 13.08. 10.04. 30 30 -

The two fertilizer treatments applied in Nienwohlde 1991 are a standard fertilizing
procedure (N4) and a reduced one (N6). Table 29 shows the dates and formulation of
N4. In the case of N6, the fertilizer application on April 6th was omitted. To avoid water
stress on the sandy soil, the field was irrigated several times: on May 30t (25 mm), on

June 11th (25 mm) and on July 19t and 30t (25 mm and 31 mm).

Model performance statistics for each data set are summarized in Table 30 at the end of

this sub-chapter.
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Nienwohlde 1991

Based on the phenological field observations, the maximum development rates Rmaxv
and Rmax: are set to 0.0431 d?! and 0.0376 d-, respectively. Plant density, being
unknown, was optimized by sensitivity analysis, taking into account the standard

values for spring barley.

Since the measurements of the storage organ refer to the ear (including glume, grain
and the remaining part of the ear), a direct comparison with modelled seed biomass is
rendered difficult. In the model, seed biomass (grains) only forms after flowering. The
first measurement of the ear (June 19t) cannot include grains because the phenological
stage of flowering has not yet been reached (BBCH-stage 49/50). Consequently, this
measured value of ear biomass (N4-treatment: 120 g m2, N6-treatment: 73 g m2) is
added to the measured stem mass. The subsequent biomass measurements are not
modified because the proportion of grains to other parts of the ear increases with
advancing development. Thus it is thought acceptable to compare measured ear with

modelled seed biomass.

Concerning the water budget of the crop, total precipitation from sowing until
harvesting amounts to 310 mm and is supplemented by 106 mm irrigation. No water

stress is modelled.

Fig. 39 compares modelled and measured values of LAI and biomass for both fertilizer

treatments.
First, the results for the N4 fertilizer treatment are described.

The model captures the increase of LAI very well but overestimates the measured
values after start of senescence (RMSE 1.09). This may be caused either by an
underestimation of the senescence rate, or by an overestimation of the maximum LA],
or else by a delayed start of senescence. In terms of leaf biomass, the model

underestimates the measured values after the start of senescence.

These contrary results are attributable to some ambiguity in the measurements: The
decline of LAI is not reflected by the leaf biomass. Although not explicitly noted by
MCVOY et al. (1995), it is assumed that the measured leaf biomass relies only on living
leaves, since the published values for cereals generally show a pronounced decline
towards harvesting. It is the last measured values particularly that do not match:
120 g m2 leaf biomass and a corresponding LAI value of 0.76, resulting in an extremely

low specific leaf area of 0.00633 m? leaf g leaf, which appears to be questionable.
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Fig. 39: Modelled (lines) and measured (symbols) LAI and biomass data of spring barley,
Nienwohlde 1991
(left: fertilization N4; right: fertilization N6, with modelled results for N4 shown in broken lines).
Measured data marked by a triangle are omitted from the statistical analysis.
The computed stem and grain biomass curves illustrate the remobilization of carbon
reserves from the stem to the grain. Although the last measured stem biomass value

indicates a further decrease in stem weight which is not depicted by the model, the

modelled yield conforms closely to the observed one (difference +61 g m=2).

Modelled total transpiration and nitrogen uptake amount to 177 mm and 157 kg N ha!
respectively. The latter reflects the rather high total fertilizer dose (130 kg N ha-).
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Fig. 40: Modelled (lines) and measured (symbols) of living shoot nitrogen content, nitrogen concentration
and nitrogen uptake of spring barley, Nienwohlde 1991, N4 fertilizing procedure.

Fig. 40 shows the comparison between modelled and measured nitrogen concentration

and nitrogen content of living shoot biomass. Additionally, modelled nitrogen uptake

is depicted. The model faithfully predicts the decline of nitrogen concentration in the

shoot during the growing season.

Because of only five available measurements of biomass nitrogen content, it is difficult
to identify outliers. Computed biomass nitrogen content increases too sharply as
compared with the measured value at the end of May. Its maximum value in mid-June
fits the modelled uptake in the graph, but because of roots being excluded, it is actually
overestimated. Modelled nitrogen content tallies very well with the measured value in

mid-July. Its sharp decline towards harvest date is not reproduced by the model.

Fig. 40 proves the capacity of the model to predict nitrogen uptake and its allocation to

the shoot with an adequate degree of accuracy.
In the following, the model results for the N6 fertilizer treatment are described.

The observed phenological stages in the field are almost identical for both fertilizing

procedures, but measurements of LAI and biomass clearly differ (see Fig. 39).

The model consistently overestimates LAI development (RMSE = 1.32). The maximum
measured LAI has a value of 2.4 whereas the modelled maximum reaches 5.3. A
comparison is difficult because it is likely that the LAI reached its maximum between
the dates of the first two measured values and is therefore not documented. Once

again, measurements of leaf biomass and LAI are not consistent. The two maximum
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values (both 210 g m?2) of leaf biomass are very unlikely and are therefore not
considered in the calculation of the model performance statistics. Modelled stem
biomass again shows the remobilization of carbon reserves to the grain and agrees
sufficiently well with the measurements (MAE = 60 g m2). The model underestimates

final grain biomass by 97 g m2, reaching only approx. 80 % of the observed value.

Modelled total transpiration results in 132 mm and total nitrogen uptake in 109 kg ha.
The maximum of the measured values of nitrogen content in biomass (excluding roots)
is measured on July 15t and totals 93 kg hal. This value tallies well with the modelled

sum for this date, amounting to 102 kg ha-'.

Wilzhofen 1997

For the spring barley crop in Wilzhofen, management information is not documented.
Plant density and sowing date were estimated by sensitivity analysis, whereas
information on fertilizer application is adopted from the model PROMET-V, as

described by SCHNEIDER (1999).

Maximum development rates Rmaxv and Rmax: are set to general values for Bavaria:

0.0331 d-* and 0.0431 d, respectively.

Fig. 1 compares modelled and measured LAI and biomass data. The measurements
marked with a triangle are supposed to be outliers and are not considered in the
calculation of the model performance statistics. As described above, a comparison
between measured ear biomass and modelled seed biomass is difficult. For the spring
barley crop in Wilzhofen 1991, phenological stages were not documented. According to
the modelled phenology, the stage of flowering is reached on June 22nd. Consequently,
the two first measurements of ear (June 11t: 52 gm2 and June 25%: 181 gm?) are
added to the measured stem biomass. One half (119 g m?2) of the value for July 2nd is

also added to the stem biomass.

The increase of LAI and stem biomass is very well reproduced by the model, whereas
leaf biomass is underestimated. Senescence of LAI is underestimated, too. Once again,
measured data of LAI and leaf biomass are mutually exclusive with advancing

development.
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Fig. 41: Modelled (lines) and measured (symbols) LAl and biomass data of spring barley, Wilzhofen 1997.
Measured data marked with a triangle are omitted from the statistical analysis.

According to model results of PROMET-V, nitrogen stress occurs after mid-June. This

is also simulated by the DANUBIA crop growth model: The nitrogen reservoirs in the

upper soil layers are nearly depleted at the beginning of June. Modelled root depth

reaches the deepest soil layer on May 19th. In the first days of June, root length density

is as yet unable to draw up all the nitrogen it needs from the deepest soil layer.

Senescence of LAl is induced on June 11th,

Sums of nitrogen uptake modelled by PROMET-V (SCHNEIDER 1999) and by the
DANUBIA crop growth model approach each other closely: 99.7 kg ha'! and
92.2 kg hal, respectively. Modelled total transpiration amounts to 133 mm, being
almost identical with the value of the crop in Nienwohlde 1991 (reduced fertilizer

dose).

Table 30 summarizes the model results for spring barley. Performance statistics based

on fewer than four measurements are marked with a cross.

For the N6 fertilizer treatment in Nienwohlde, low values of IA and negative values of
MEF (in terms of LAI and biomass components) indicate a poor performance of the
model. However, the sparseness and incongruity of the field data complicate a
quantification of the model’s accuracy in predicting spring barley growth in

Nienwohlde 1991 (both the fertilizer procedures).
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Incongruity of the LAI and leaf biomass measurements in Wilzhofen 1997 results in
poor values of IA and MEF. However, results for stem (IA = 0.93) and grain (IA = 0.86)

show a good agreement with the field data.

Table 30: Model performance statistics for spring barley
(root mean squared error RMSE, relative RMSE (RRMSE), mean absolute error MAE, index of agreement
IA, modelling efficiency statistic MEF). Where fewer than four measurements were available, the value is
marked with a cross.

RMSE RRMSE MAE IA MEF
Nienwohlde 1991 N4
green leaf area index 1.09 0.44 0.77 0.918 0.673
living leaf 41.90 0.41 34.76 0.831 0.242
stem 91.83+ 0.24+ 83.29+ 0.258+ -0.465*
grain 154.82+ 0.26* 118.48+ 0+ -21.013+
living shoot 177.47 0.30 128.03 0.961 0.870
Nienwohlde 1991 N6
green leaf area index 1.32 0.79 1.25 0.630 -1.959
living leaf 55.89+ 1.18+ 46.71* 0.509+ -4.720+
stem 69.05+ 0.25* 60.29+ 0.509+ -0.459+
grain 195.33+* 0.38* 174.71+ 0.077+ -189.77+
living shoot 204.17+ 0.53* 145.53+ 0.914+ 0.403+
Wilzhofen 1997
green leaf area index 1.11 0.90 0.77 0.723 -0.707
living leaf 37.29 0.54 34.46 0.693 -1.323
stem 75.68 0.38 57.92 0.927 0.673
grain 108.55 0.31 97.39 0.864 0.406
living shoot 127.30 0.27 87.05 0.950 0.841
mean values of all data
green leaf area index 1.17 0.71 0.93 0.757 -0.664
living leaf 45.03 0.71 38.64 0.678 -1.934
stem 78.85 0.29 67.17 0.565 -0.084
grain 152.90 0.32 130.19 0.314 -70.126
living shoot 169.65 0.37 120.20 0.942 0.705

3.1.2.3 Maize

In 2005, maize was cultivated on 416000 hectares in Bavaria, comprising 20 % of the
arable land. A quarter of this area is devoted to growing grain maize, the remainder to
silage maize. Average yields between 1999 to 2004 amounted to 88.6 quintals ha-!
(grain maize) and 491.5 quintals ha! (silage maize). (BAVARIAN MINISTRY OF

AGRICULTURE AND FORESTRY, ed., 2006)

Both maize crops are mainly grown for providing forage. It is likely that in the future
the production of bioenergy will further boost the importance of maize in agriculture.

For quantifying water, carbon and nitrogen fluxes as well as agricultural yield in the
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Upper Danube Basin both now and in the future, crop growth modelling of maize is of

fundamental significance.

Maize as a tropical plant is susceptible to cold, requiring warm temperatures and
plenty of sunshine. It is not particular as to rainfall, as long as it receives about 150 mm
of rain in the short interval just before and after flowering. Maize will tolerate poor
soils. Ideally, the soil should be able to offset unfavourable weather conditions. (EDER

1998)

Maize typically requires 230 kg of nitrogen per hectare (BAUMGARTEL & SCHARPF
2002). The nitrogen made available from the soil through mineralization during the
growth period may range from 30 kg on light sandy soils to 150 kg on fertile soils.The
amount of nitrogen lacking can be administered through fertilizer in good time before
sowing. Where the soil tends to be leachy, it is advisable to apply the dose in

instalments. (EDER 1998)

Table 31 lists the cultivation data of the three field data sets used for the validation of
the DANUBIA crop growth model. Model performance statistics for maize are

summarized in Table 32 at the end of the sub-chapter.

Table 31: Cultivation data of maize fields (figures in italics are estimates).

fertilizer
plant density sowing harvesting date amount (kg N ha-1)
(plants m-2) date date NH; NO; Urea
Feienberg 2004 10 30.04. 01.10. 23.04. 15 - 15
30.04. 89 41 -
Feienberg 2005 9 01.05. 12.10. 18.04. - - 50
25.06. 15 15 30
07.09. - - 50
Wilzhofen 1997 10 10.05. 20.09. 05.05. 15 15 -

14.06. 35 35 -
29.06. 50 50 -

Feienberg 2004 and 2005

According to the monitored phenological stages, maximum development rates Rmaxv
and Rmax,r are adjusted to 0.0345 d- and 0.0265 d-1, respectively (for both Feienberg 2004

and 2005). Fig. 42 compares model results with LAI and biomass measurements.



Model validation and application 125

Feienberg 2004 Feienberg 2005
8

green LAI green LAI
64

4
24
0
400
300 A

leaf leaf

dry matter

(gm™)

200

100 4

0

1000
800 4 stem

stem
600 4
400 4

200 -
0
2000

1500

dry matter
(gm”)

- - -
+ +
+ + +
+
+

grain grain

dry matter
)

1000 4

(gm

500 A

0

3000
2500 1 living shoot living shoot

2000 A
1500 4
1000 4
500 4
0

K

dry matter
)
\

(gm

+

Jun Jul Aug Sep Jun Jul Aug Sep

Fig. 42: Modelled (lines) and measured (symbols) LAI and biomass data of maize,
Feienberg 2004 and 2005.

In Feienberg 2004, the increase of LAI and leaf biomass at the onset of growth is
overestimated by the model. The following leaf biomass measurements for August and
September are underestimated. In both years, the last leaf biomass measurements
reveal an increase towards harvesting date. However, because of maize being a
determinate plant, leaf biomass does not as a rule increase after flowering. This fact is
taken account of in the model, where the fraction of new shoot carbon partitioned to
leaves is set to zero after flowering (according to GECROS, YIN & VAN LAAR 2005). For
both data sets, the assumption of a standard senescence in the model (3 % loss of leaf
weight per day, see chapter 2.2.10: Leaf area and senescence) is ignored. Stem as well as

grain biomass are well predicted for 2004.

In 2005, an unusually cold period in May and in the first days of June led to a reduced

LAI development and leaf biomass production. Subsequent warming resulted in an
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earlier onset of flowering as compared with 2004. Therefore LAI and leaf biomass
growth did not catch up, which is very well depicted by the model. The small LAI
causes 29 % less biomass production and 31 % less transpiration (200 mm) compared
with 2004 (290 mm). In both years, water supply was sufficient and no water stress was
modelled. Total computed nitrogen uptake gives and 249 kg ha! (2004) and 228 kg ha-!
(2005).

These few crop measurements alone do not allow a comprehensive validation analysis.
However, the dynamic interaction between the DANUBIA crop growth model and the
DANUBIA soil model permits an assessment of how efficiently nitrogen and water
uptake can be simulated. Fig. 43 compares measured and modelled data of soil
moisture and soil mineral nitrogen content (calculated by the DANUBIA soil model)

for 2005.
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Fig. 43: Modelled (lines) and measured (symbols) soil moisture and nitrogen (0-90 cm) for maize,
Feienberg 2005. Error bars depict measurement accuracy (+ 3 cm? cm and + 8 kg ha?).
Measurements provided by C. W. Klar.

Each soil moisture measurement matches the modelled curve (taking into account the
measurement accuracy). Modelled soil nitrogen is underpredicted by the model before
the sowing date. Despite the nonconcordance of measured and modelled soil nitrogen
reservoirs, the same trend is seen to be followed. Minimal growth until mid-June
necessitating hardly any nitrogen uptake is reflected by both modelled and measured

data.

The comparison reveals a remarkable degree of conformity between the two soil
parameters, thereby proving the capability of the model to predict water and nitrogen

uptake by the crop.
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Wilzhofen 1997

The estimated cultivation data for the maize crop in Wilzhofen 1997 are listed in Table
31. Fertilizer applications are chosen according to the standard cultivation practice as
implemented in the model PROMET-V (SCHNEIDER 1999) and are representative for the

test-site region. These standard fertilizer doses were slightly increased to forestall any

deficiency of soil nitrogen supply.
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Fig. 44: Modelled (lines) and measured (symbols) LAI and biomass data of maize, Wilzhofen 1997.

Model results are compared with LAI and biomass measurements in Fig. 44. To
prevent a too early decline of LAI, the model’s assumption of a standard senescence is
ignored. Until mid-July, a striking conformity to the measurements may be seen. In the
subsequent second half of the growth period, some discrepancies occur. These might
be due to the rather small sample size. As in the case of sugar beet, young individual

plants are quite homogeneous but grow more and more disparate as they develop.

The last measured value of grain biomass is conspicuously underestimated by the
model (difference of 330 g m2). Modelled stem biomass illustrates the remobilization of
stored assimilates. During the maturing process, these assimilates in the form of

glucose are transferred to the ear and transformed into starch.
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Total transpiration according to the model is 284 mm, with no water stress occuring.
Cumulative nitrogen uptake amounts to 239 kg hal. For all compared parameters in
Wilzhofen 1997, the IA yields values greater than 091, demonstrating a close

agreement.

Table 32: Model performance statistics for maize
(root mean squared error RMSE, relative RMSE (RRMSE), mean absolute error MAE, index of agreement
IA, modelling efficiency statistic MEF). Where fewer than four measurements were available, the value is
marked with a cross.

RMSE  RRMSE MAE IA MEF
Feienberg 2004
green leaf area index 1.57+ 0.37+ 1.37+ 0.433+ -3.593+
living leaf 113.49+ 0.42+ 103.72+ 0.370+ -0.343+
stem 88.48+ 0.13* 81.42+ 0.954+ 0.773+
grain 22229+ 0.28+ 220.44+ 0.813+ -1.310*
living shoot 164.59+ 0.11+ 125.42+ 0.985+ 0.940+
Feienberg 2005
green leaf area index 0.30* 0.22+ 0.23* 0.591+ 0.303*
living leaf 46.02* 0.57+ 37.08* 0.504+ -0.183*
stem 149.61+ 0.56* 111.51+ 0.895+ 0.468+
grain 72.69+ 0.12* 70.79+ 0.987+ 0.933+
living shoot 114.92+ 0.15* 97.88+* 0.991+ 0.965+
Wilzhofen 1997
green leaf area index 0.89 0.44 0.65 0.914 0.576
living leaf 41.24 0.32 26.65 0.942 0.808
stem 92.39 0.33 51.30 0.971 0.863
grain 206.24 0.37 164.78 0.970 0.888
living shoot 173.03 0.24 117.55 0.988 0.954
mean values of all data
green leaf area index 0.92 0.35 0.75 0.646 -0.905
living leaf 66.92 0.44 55.81 0.606 0.094
stem 110.16 0.34 81.41 0.940 0.701
grain 167.07 0.26 152.00 0.923 0.170
living shoot 150.85 0.17 113.62 0.988 0.953

Table 32 summarizes the model results for maize. Field data from Feienberg in 2004
and 2005 being sparse, negative values of MEF result. On the whole, stem and grain
biomass are more accurately predicted (IA > 0.92) than LAI development and leaf

biomass.
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3.1.2.4 Winter wheat

In 2005, winter wheat was cultivated on 470300 ha in Bavaria (22.6 % of the arable
land). Yield between 1999 to 2004 averages 69 quintals hal (BAVARIAN MINISTRY OF

AGRICULTURE AND FORESTRY, ed., 2006).

Of all Federal provinces in Germany, Bavaria leads in wheat production. About
3 million t are being harvested annually. The cultivation of winter wheat has been
expanded over the last decades, supplanting other grain crops, mainly winter rye and

oats. (ZIMMERMANN 1998)

In view of the vast area under cultivation for winter wheat, a growth model for this

prime crop in the Upper Danube Basin is of special relevance.

Winter wheat is more dependent on suitable climatic conditions than other grain crops,
particularly in respect of warmth and moisture. The late harvest makes it imperative
for sufficient soil moisture to be present until well into July. All wheat soils must
ensure that nutrients and moisture are available in adequate amounts at all times. Very
light soils with frequent dry spells in early summer are not suitable for wheat.

(ZIMMERMANN 1998)

As a rule, the nitrogen demand of winter wheat amounts to 190-250 kg ha?
(BAUMGARTEL & SCHARPF 2002). The required nitrogen fertilizer should be

administered in at least 3 doses.

Table 33: Cultivation data of winter wheat fields (figures in italics are estimates).

fertilizer
plant density  sowing harvesting date amount (kg N ha?)
(plants m2) date date NH;, NO; Urea

Feienberg 2003 /04 280 18.10. 08.08. 23.03. 45 45 -
25.04. 22 23 -
26.05. 22 23 -

Bockschlag 1990/91 250 16.11. 26.08. 14.03. 13 14 27
12.04. 9 9 18
03.05. 9 9 18
05.06. 15 14 29
15.06. 8 7 14

Neuenkirchen 1990/91 250 10.11. 22.08. 13.03. 9 9 18
16.04. 10 11 22
06.05. 10 11 22
02.06. 11 11 22
17.06. 33 16 17
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Three field data sets are drawn upon for testing the predictive ability of the DANUBIA

crop growth model. Table 33 lists the corresponding cultivation data.

Feienberg 2003/04

Following the monitored phenological stages, maximum development rates Rmaxv and

Rmaxr are adjusted to 0.0217 d-*and 0.0239 d-1, respectively.

The first measurement of the ear (June 9t) could not include grains because the
phenological stage of flowering (BBCH-stage 61) had not yet passed. Consequently,

this measured value of ear biomass (214 g m2) is added to the stem biomass.

The increase of green LAI is exactly reproduced by the model and the modelled
senescence rate tallies very well with the measurements until mid-July. Towards

harvest date, green LAl is overpredicted (Fig. 45).

Despite the remarkable degree of conformity between measured and modelled LAI
development (IA =0.976), aboveground biomass is conspicuously underestimated
(440 g m2). The reduced grain biomass is caused by underpredicted stem biomass, the
reason being the lack of carbon for remobilization from stem to grain. The model
simulates the course of living leaf biomass development very well, although absolute
values are considerably underestimated throughout the season. This difference leads to

discrepancies between simulated and measured leaf biomass (RMSE = 67 g m?2).

The amount of assimilates does not suffice to produce the observed shoot biomass.
Modelled root biomass lies within a size range that excludes its overestimation at the

expense of shoot biomass.

Modelled sums of nitrogen uptake (249 kg ha') and transpiration (241 mm) are well
within the expected size range. The model registers water stress only for a few hours

on June 7th, 8th and 9th,
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Fig. 45: Modelled (lines) and measured (symbols) LAI and biomass data of winter wheat, Feienberg 2004.

The decline of nitrogen concentration in living shoot biomass during the growing
season is followed very closely by the model (see Fig. 46). The measured nitrogen
concentration in mid-May can be regarded as an outlier. Simulated living shoot
nitrogen content on the whole is underestimated, reflecting the difference between

modelled and observed biomass.
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Fig. 46: Modelled (lines) and measured (symbols) of living shoot nitrogen content, nitrogen concentration
and nitrogen uptake of winter wheat, Feienberg 2004.
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Bockschlag 1990/91

The value of the maximum development rate Rmaxv (0.0286 d-) is adopted from the
model PROMET-V (SCHNEIDER 1999). Rmax: is adjusted to 0.025 d- according to the
observed phenological stages in the field. Plant density, being unknown, was
optimized by sensitivity analysis (Table 33), taking into account the standard values for

winter wheat.

Since the phenological stage of flowering had just been reached (BBCH-stage 60/61),
the measured value of ear biomass on June 27t (120 g m2) could not include grains. Its

value therefore is added to the measured stem biomass.

The comparison of modelled and measured LAI and biomass data (Fig. 47) shows a
close agreement for stem biomass. Grain biomass towards harvesting date is nearly
exactly reproduced (difference +6 g m2). LAI development is generally overestimated.
In terms of leaf biomass, obvious discrepancies occur. However, total living shoot
biomass reveals a more than satisfactory degree of conformity between modelled and

measured data (IA = 0.973).
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Fig. 47: Modelled (lines) and measured (symbols) LAl and biomass data of winter wheat, Bockschlag 1991.

The last measured nitrogen content in living shoot (165 kg ha) is nearly identical with

the modelled value (159 kg ha!). Simulated total nitrogen uptake results in 245 kg ha
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and total transpiration in 265 mm. Moderate water stress is modelled at the end of July
when soil moisture in the upper two layers (0-30 cm and 30-60 cm; simulated by the

DANUBIA soil model) falls below 15 cm? cm-3.

Neuenkirchen 1990/91

For the maximum development rates as well as plant density, the same values as in the

case of Bockschlag 1991 are used.

Fig. 48 compares modelled and measured LAI and biomass data. Firstly, the results
depicted in solid lines are described. The model predicts the increase of LAI very well,
but underestimates senescence rate. The maximum value of stem biomass is
underpredicted, resulting in a too low value of grain biomass as well. Total living
shoot biomass initially tallies well with the measurements but later deviates strongly in

consequence of the underestimated values of of leaf, stem and grain biomass.

The model computes water stress for two periods (June 13th until 23rd and July 9t until
12th). Model results without taking into account the effect of water stress are shown in
broken lines (Fig. 48). These results are not depicted for leaf biomass and LAI, since
water stress in the model does not occur until shortly before flowering, having almost

no effect on these two parameters.
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Fig. 48: Modelled (lines) and measured (symbols) LAI and biomass data of winter wheat,
Neuenkirchen 1991. Broken lines show results when no water stress is considered.
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Data show that water stress in the second half of June reduces the increase of stem
biomass conspicuously (the maximum difference is 157 g m2, representing almost 25 %

less biomass).

Water scarcity curtails total transpiration from 285 mm to 272 mm and total nitrogen

uptake only slightly from 272 kg ha-! to 269 kg ha-.
The following model results include the simulation of water stress effects.

Fig. 49 compares measured and modelled data of soil moisture and soil mineral
nitrogen content (calculated by the DANUBIA soil model). Simulated and measured
soil moisture follow the same trend. A slight systematic underestimation by the model
points at too low values of soil moisture at model initialization. In mid-June, modelled
soil moisture decreases, resulting in water stress. Since measured data, however, show
higher values, the simulated water scarcity could be unrealistic. Therefore model
performance statistics (Table 34) refer to modelled LAI and biomass without the impact

of water stress.
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soil nitrogen (kg ha ')
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Fig. 49: Modelled (lines) and measured (symbols) soil moisture and nitrogen (0-90 cm) for winter wheat,
Neuenkirchen 1991. Error bars depict measurement accuracy (+ 3 cm? cm3 and * 8 kg ha?).
A comparison between measured and modelled soil mineral nitrogen content reveals
some discrepancies. To some extent, these differences can be explained by an offset due

to underestimation of crop nitrogen uptake in spring.

Table 34 summarizes model performance statistics for winter wheat. The high values of
IA for green LAI are striking. In all data sets, it is the leaf biomass values that deviate
most. However, when considering total living shoot biomass (average IA =0.929),
these discrepancies carry little weight. The model’s ability to predict grain biomass is

acceptable (average MAE =164 g m=).
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Table 34: Model performance statistics for winter wheat
(root mean squared error RMSE, relative RMSE (RRMSE), mean absolute error MAE, index of agreement
IA, modelling efficiency statistic MEF). Where fewer than four measurements were available, the value is
marked with a cross.

RMSE RRMSE MAE IA MEF
Feienberg 2004
green leaf area index 0.67 0.21 0.54 0.976 0.918
living leaf 67.35 0.46 56.98 0.846 0.447
stem 333.13 0.57 270.36 0.715 0.082
grain 215.68 0.31 175.95 0.910 0.726
living shoot 440.29 0.47 349.40 0.870 0.607
Bockschlag 1991
green leaf area index 0.90 0.34 0.84 0.928 0.687
living leaf 75.94 0.59 70.22 0.541 -2.609
stem 100.81 0.23 92.55 0.761 0.005
grain 157.29+ 0.22+ 119.35* 0.769+ -1.405*
living shoot 137.96 0.21 123.44 0.973 0.901
Neuenkirchen 1991
green leaf area index 1.08 0.35 0.80 0.951 0.814
living leaf 73.98 0.63 58.76 0.739 -0.309
stem 90.04 0.19 75.80 0.957 0.840
grain 205.51 0.30 196.40 0.864 0.253
living shoot 253.64 0.35 175.04 0.942 0.824
mean values of all data
green leaf area index 0.88 0.30 0.72 0.952 0.806
living leaf 7242 0.56 61.99 0.709 -0.823
stem 174.66 0.33 146.24 0.811 0.309
grain 192.83 0.28 163.90 0.848 -0.142
living shoot 277.30 0.34 215.96 0.929 0.778

3.1.2.5 Potato

Over the past decades the potato, once one of the principal crops grown in Germany as

a staple food and for feeding livestock, has declined in importance (HEPTING 1998).

Time series of the area under cultivation in Bavaria reveal a steady decrease since 1950.
2005 saw the area under potato cultivation drop for the first time below 50000 ha
(48000 ha, approx. 2.3 % of the total arable land). The average yield amounts to
372.2 quintals ha! (data cover the years 1999 -2004). (BAVARIAN MINISTRY OF

AGRICULTURE AND FORESTRY, ed., 2006)

The potato adapts easily to both climate and soil. At the onset of tuberization and in
the first stages of tuber growth, the crop requires water in adequate and evenly
distributed amounts. A total of 250 mm of rain is needed between June and August.
The potato thrives best when grown in not too heavy soils and in humous, sand soils

with some loam or light loamy soils. (HEPTING 1998)
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Potato crops typically require 150-250 kg of nitrogen ha. Nitrogen made available
from the soil through mineralization during the growth period can be well utilized.

(BAUMGARTEL & SCHARPF 2002)

Depending on crop variety and on how much nitrogen can be mobilized from the soil,
80-160 kg N ha! of fertilizer is required. Where nitrogen exceeds 100 kg ha, one-third

of the nitrogen should be administered in a second dose. (HEPTING 1998)

For the validation of the DANUBIA crop growth model, two field data sets of potato
crops in consecutive years are used. Because of lack of fertilizer application data,
standard doses (total amount 140 kg N ha!) for 2005 are assumed. Table 35 lists the
cultivation data and Table 36 summarizes the model performance statistics at the end

of the sub-chapter.

Table 35: Cultivation data of potato fields (figures in italics are estimates).

fertilizer
plant density  planting harvesting date  amount (kg N ha?)
(plants m-2) date date NH; NO; Urea
Hofferhof 2004 4.5 12.04. 21.09. 12.04. 100 100 200
Hofferhof 2005 4 10.05. 17.09. 10.05. 25 25 50

14.06. 10 10 20

Hofferhof 2004 and 2005

Modelled and measured values of LAI and biomass for both data sets are compared in

Fig. 50, showing stem and leaf biomass summarized as shoot biomass.

LAI and shoot biomass are overestimated at the beginning of growth in 2004. For 2005
the planting date, being unknown, was optimized by sensitivity analysis. Here, the
steep increase of green LAI as well as of shoot biomass until tuberization is very well
depicted by the model. However, after the onset of tuber growth, the model in both
years allocates total assimilated carbon to the tuber. Thus the following measured
increase of shoot biomass and green LAI is not captured. After remobilization of
assimilates to the tuber, shoot biomass remains constant until senescence starts.
Simulated potato tuber growth is overestimated in 2004 (MAE =151 g m?2, IA = 0.916)
but tallies well with the observed values in 2005 (MAE = 66 g m2, IA = 0.974).

In neither year was water stress modelled. Simulated total transpiration amounts to

193 mm in 2004 and to 164 mm in 2005. Despite the very high fertilizer dose in 2004
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and an overestimation of tuber growth by the model, simulated total nitrogen uptake

results in only 141 kg ha'. Almost the same value, 144 kg ha-, is modelled for 2005.
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Fig. 50: Modelled (lines) and measured (symbols) LAI and biomass data of potato,
Hofferhof 2004 and 2005.
On the whole, the validation analysis shows satisfying results for LAI and biomass
(IA > 0.6). In the case of both data sets, simulation of tuber growth is more accurately

predicted (mean IA = 0.945) than LAI development and shoot biomass.

Table 36: Model performance statistics for potato
(root mean squared error RMSE, relative RMSE (RRMSE), mean absolute error MAE, index of agreement
IA, modelling efficiency statistic MEF).

RMSE RRMSE MAE IA MEF
Hofferhof 2004
green leaf area index 0.97 0.42 0.71 0.514 -0.231
living shoot 99.40 0.53 92.08 0.462 -0.660
potato tuber 15.51 0.05 150.97 0.916 0.519
Hofferhof 2005
green leaf area index 0.79 0.47 0.53 0.833 0.518
living shoot 75.70 0.59 49.53 0.745 0.282
potato tuber 1.87 0.89 66.18 0.974 0.869
mean values of all data
green leaf area index 0.88 0.45 0.62 0.673 0.143
living shoot 87.55 0.56 70.80 0.603 -0.189
potato tuber 8.69 75.93 108.58 0.945 0.694
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3.2  Simulation of yield on the regional scale

In the context of the present study, the simulation of agricultural yield is of key
relevance. Yield is a determinant for future land use changes which affect the water,
carbon and nitrogen fluxes on large scales. To illustrate the application of the
DANUBIA crop growth model on the regional scale, the simulation of yield in the

administrative district Passau (1530 km?) in Bavaria is presented.

First, the base and input data sets are described. The region was selected because a
detailed soil map is available, offering a spatial resolution of 200 m *200 m
(Bodeniibersichtskarte (BUK) 200, sheet CC 7942 Passau). The year 1995 was chosen for
the reason that a detailed land use classification exists, provided by the GLOWA-
Danube project group Hydrology/Remote Sensing (Department of Earth and
Environmental Sciences, University of Munich). This land use classification is derived
from LANDSAT-TM satellite data utilizing the method described by STOLZ (1997). The
spatial resolution of the land use map is 30 m * 30 m. For the simulation, both the land

use and soil maps are scaled to a grid size of 100 m * 100 m.

Hourly meteorological input data were obtained from the weather station Kringell
(48°40'52" N, 13°29'35" E, altitude 450 m) provided by the Agro-Meteorological Network
Bavaria. The sowing and harvesting dates are chosen within the typical ranges for this
region, based on the information given in KTBL (ed., 2002). In the case of cereals,
harvesting is simulated within the given ranges after the phenological stage of

maturity is reached. Standard fertilizer applications are assumed.

The distribution of the considered crops winter wheat, grain maize, spring barley,
potato and sugar beet is shown in Fig. 51. The discrepancy between the northern and
southern regions is due to the topography. In the mountainous landscape in the north,
land use is dominated by meadows and forests. The five considered crops are only
sparsely distributed. In contrast, land use in the southern basin is dominated by the
cultivation of field crops. Among these, grain maize and winter wheat are the most

prevalent.
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Fig. 51: Distribution of winter wheat, grain maize, spring barley, potato and sugar beet in the
administrative district Passau in 1995.
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Fig. 52: Simulated yield of winter wheat, grain maize, spring barley, potato and sugar beet in the
administrative district Passau in 1995.
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The distribution of simulated yield shown in Fig. 52 reveals patterns that are not
explained by land use distribution alone but are caused by differences in soil
characteristics. The simulated yields of crops cultivated on clay soil are higher than
those of crops grown for instance on soils characterized by a reduced capacity to store
water. Since only one data set of meteorological drivers and the same cultivation
practices are employed for the whole area, the model results clearly show the

differences in yield caused by edaphic conditions.

Meteorological data with a higher spatial resolution considering topography, as well as
dynamically simulated cultivation practices (dates of sowing and harvesting, dates and
amounts of fertilizer applications dependent on phenology and nitrogen status of the
crops) would allow for a more detailed simulation of crop development and growth.
These results would offer the possibility to validate the crop growth model on the
regional scale by comparing modelled yields with agricultural yield statistics at

administrative district level.

3.3  Application to Global Change effects

In the following chapter it will be shown how the DANUBIA crop growth model can
be used to assess the effects of Global Change on biomass production and water
demand. In what ways are crops affected by mounting carbon dioxide concentrations
in the atmosphere (denoted here as CO») and rising air temperatures? Also evaluated
here is the influence exercised by agro-ecosystem management through nitrogen input

to the soil.

First of all, the response of crop growth to Global Change effects is illustrated by
examining data on the field scale. This is followed up by a numerical rating of the

Global Change impact on the regional scale.

The word scenario as used here is defined as an assumption of changes in
environmental factors (air temperature, CO») related to Global Change and of changes
in agro-ecosystem management (nitrogen availability). These scenarios are used only
for the purpose of examining the response of the crop growth model. A Global Change
scenario, when defined as an consistent set of Global Change conditions, can only be
analyzed by using an integrated simulation system like DANUBIA, which considers

manifold interactions between the models. However, in an integrated Global Change
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simulation, the suitability of each single participating model needs to be assured. Thus
the presented analysis investigates the responsiveness of the DANUBIA crop growth
model to Global Change effects.

3.3.1 Simulation on the field scale

Various scenarios have been chosen to demonstrate the model’s response to Global
Change effects and to investigate the impact on biomass production, water and

nitrogen demand on the field scale.

Measured meteorological data, present-day CO. (365 ppm) and standard nitrogen
fertilizer doses serve as baseline scenarios. To represent Global Change effects, the
input parameters CO. and air temperature are modified. Increased CO, (500 ppm and
750 ppm) and temperature rise (+ 1 °C) are assumed both singly and in combination as
well as coupled with nitrogen in both standard doses and assuming unrestricted
availability. Although CO; increase invariably entails rising temperatures, the
scenarios considering only modified CO, are included to illustrate what CO»

enrichment in itself brings about.

The modelled impacts on water, carbon and nitrogen fluxes are assessed by
quantifying sums of transpiration, gross photosynthesis, nitrogen uptake and carbon
incorporated in biomass from sowing to harvesting. The effect on biomass partitioning
and yield formation is measured by the root/shoot ratio (including living and
senescent material) and yield biomass at harvesting. The simulated results of the

mentioned crop characteristics are compared with the results of a baseline scenario.

For analyzing the response of the crops to Global Change, the assumed increase of
temperature in the scenarios is ignored for modelling phenological development: The
unchanged air temperature is used as input parameter for calculating the progress in
phenological development. Consequently, phenological development is assumed to be
the same as in the baseline scenarios. Temperature increase prolongs the vegetation
period but also accelerates phenological development and can adversely affect crops
requiring vernalization. Whereas a longer growth phase can result in a higher yield in
the case of e.g. sugar beet, cereals like wheat or barley, which are characterized by
defined phenological stages, show a reduced yield due to the shorter grain-filling

period (WEIGEL 2005).
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Therefore, manipulating the growth period by shifting sowing and harvesting dates is
one of the foremost strategies for adapting to Global Change. Additionally, the choice
of cultivar is of cardinal importance since phenology is decisively controlled by
cultivar-specific physiological parameters. By ignoring the increase of temperature for
modelling phenological development, acclimated cultivars are taken into account and

the same phenology for each of the applied scenarios is assumed.

In the following, case studies for spring barley and maize are presented. Spring barley

serves to illustrate the response of Cs plants and maize that of Cy4 plants.

Response of spring barley

As a baseline scenario for spring barley, the dataset "Nienwohlde 1991, standard
fertilizer treatment (N4)" is employed, which has already been used for the validation
analysis (see chapter 3.1). To what extent scenario results diverge from the baseline

scenario is expressed in absolute as well as relative differences in Table 37.

Table 37: Changes in modelled spring barley crop characteristics for specified scenarios with modified
atmospheric CO, concentration, air temperature and N availability.
Definition and coding of the scenarios are listed, with 1 N designating unrestricted N availability. The first
line of values gives the modelled results for the baseline scenario. All other scenario results are expressed
as changes (absolute and relative) from the baseline scenario.

Scenarios total total gross total N total C yield root/shoot
transpiration photosynthesis uptake in biomass ratio
mm g CO, m2 kg ha-l g Cm-= g m?2 -
Baseline
(Nienwohlde 1991) 177 3300 157 673 636 0.15
C500 -44 +252 +2 +106 -5 +0.05
500 ppm CO» -25 % +7.6 % +1.4 % +15.8 % -0.8 % +31.2 %
C500N+ +18 +1601 +83 +330 +560 +0.06
500 ppm CO», TN +10.2 % +48.5 % +532 %  +49.1 % +88.0% +41.4 %
C750 -83 +133 +3 +111 +60 +0.04
750 ppm CO» -53.4 % +4.0 % +21 % +16.5 % +9.5 % +26.2 %
C750n+ 21 +2559 +93 +504 +678 +0.02
750 ppm CO», TN -11.9 % +77.5 % +59.1%  +749 % +106.7 % +13.0 %
T1 +18 +114 +4 +45 +49 +0.06
+1°C +10.2 % +3.5% +2.3 % +6.6 % 7.7 % +37.6 %
T1 C500 -37 +199 +2 +111 -26 +0.07
+1°C, 500 ppm CO; -20.7 % +6.0 % +1.3 % +16.5 % -41 % +47.4 %
T1 C500n+ +48 +1975 +88 +384 +580 +0.06
+1°C, 500 ppm CO,, +27.1 % +59.8 % +56.1 %  +57.0 % 4912 %  +38.8 %

N
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At first an increase of CO; to 500 ppm (scenario C500) results in a higher amount of
gross photosynthesis and accumulated carbon in biomass, a higher root/shoot ratio,
but less transpiration compared with the baseline scenario. Values of yield and total
nitrogen uptake remain almost the same due to nitrogen deficiency, which is
diagnosed by the model. At the onset of growth, leaf area expansion is enhanced but
senescence sets in earlier, affecting transpiration and photosynthesis. Therefore
scenario C500n+ assumes an unrestricted nitrogen availability, leading to greatly
augmented photosynthesis, nitrogen uptake, biomass (all three increase by about 50 %)
and yield formation (almost double the value) when compared with the baseline

scenario. Transpiration increases by 10 %.

The same effect is observed assuming 750 ppm CO, with and without nitrogen
limitation (scenarios C750 and C750n+). Ample CO: supply stimulates photosynthesis
and at the same time reduces the water loss through transpiration since stomatal
conductivity is decreased. This leads to a comparatively slight rise in transpiration rate
in scenario C500n+ and even to a decline in scenario C750n+, although leaf area

increased in both cases.

Raising air temperature by 1°C (scenario T1) at ambient CO; results in positive
changes of all considered crop -characteristics, although on a modest scale.
Photosynthesis rate is favourably influenced by temperature increase as long as the
optimum leaf temperature (assumed as 25°C in the model) is not exceeded.
Transpiration rate is also enhanced through stomatal control as well as through the

direct effect of warming,.

Assuming 1 °C temperature increase as well as 500 ppm CO; in scenario C500 T1
results in nitrogen-limited growth, characterized by premature senescence as described
above. Results of the scenario T1 C500n+ with unrestricted nitrogen availability show
significant increases for all quantified crop characteristics. Transpiration sum changes

by + 27 %, total nitrogen uptake by + 56 % and yield almost doubles.

Each scenario reveals a higher ratio of root to shoot carbon in comparison with the

baseline scenario.
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Response of maize

To serve as a baseline scenario for maize the data set "Wilzhofen 1997" is chosen, which
has already been used for the validation analysis (see chapter 3.1). The absolute and
relative differences of the scenario results as juxtaposed to the baseline scenario are

listed in Table 38.

As described for spring barley, the growth effect of CO; enrichment alone (scenarios
C500 and C750) is inhibited by lack of nitrogen availability. Therefore only moderate
changes in the examined crop characteristics occur when compared with the baseline
scenario, except for an obvious decrease in total transpiration. The reasons for this lie
in the reduced stomatal conductance due to higher CO as well as the decreased leaf

area through premature senescence following nitrogen deficiency.

Table 38: Changes in modelled maize crop characteristics for specified scenarios with modified
atmospheric CO; concentration, air temperature and N availability.
Definition and coding of the scenarios are listed, with T N designating unrestricted N availability. The first
line of values gives the modelled results for the baseline scenario. All other scenario results are expressed
as changes (absolute and relative) from the baseline scenario.

Scenarios total total gross total N total C yield root/shoot
transpiration photosynthesis uptake in biomass ratio
mm g CO, m?2 kg hat g Cm? g m?2 -
Baseline
(Wilzhofen 1997) 284 6723 239 1321 1455 0.17
C500 -46 +50 +7 +144 +16 +0.04
500 ppm CO; -16.2 % +0.7 % +2.8 % +10.9 % +1.1 % +25.8 %
C500n+ -11 +1183 +34 +266 +141 +0.06
500 ppm CO», T N -3.8 % +17.6 % +14.4 % +20.4 % +9.7 % +34.4 %
C750 -100 +185 +7 +166 -29 +0.12
750 ppm CO; -35.1 % +2.7 % +2.8 % +12.5 % -2.0 % +68.6 %
C750n+ -74 +1300 +49 +315 +315 +0.06
750 ppm CO», T N -26.1 % +19.3 % +20.3 % +23.8 % +21.6 % +335 %
T1 -0.4 -246 -0.4 +28 +2.8 +0.04
+1°C -0.1 % 3.7 % -0.2 % +2.1 % +0.2 % +22.7 %
T1 C500 -23 +426 +11 +146 +43 +0.08
+1°C, 500 ppm CO; -8.0 % 6.3 % +4.4 % +11.1 % +3 % +45.2 %
T1 C500n+ +4 +1276 +38 +274 +168 +0.07
+1°C, 500 ppm CO,, +1.5 % 19.0 % +159 % +20.7 % +11.5% +42.9 %
TN

The assumption of a CO; enrichment in combination with unrestricted nitrogen supply
(scenarios C500n+ and C750n+) results in apparent positive changes in all considered

crop characteristics, excluding the decrease in transpiration sums (-4 % and -26 %
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respectively). The positive changes in scenario C750n+ compared with scenario C500n-+

are enhanced only to a minor degree.

The warming effect by 1 °C alone (scenario T1) produces a slight drop in total gross
photosynthesis instead of a rise. The reason lies in the increased allocation to the root at
the expense of leaf biomass and consequently leaf area, right from the onset of growth.
However, when accompanied by an increased CO; to 500 ppm (scenario T1 C500), total
gross photosynthesis is favourably influenced. Furthermore, assuming no nitrogen
limitation (scenario T1 C500n+), greatly heightens the impact on all examined crop
characteristics. Compared with the baseline scenario, total gross photosynthesis
changes by +19 %, total nitrogen uptake by +16 %, yield by +12 %, with total

transpiration amounting to almost the same value.

As in the case of spring barley, each of the Global Change scenarios shows a higher

ratio of root to shoot carbon compared with the baseline scenario.

3.3.2 Simulation on the regional scale

One of the Global Change scenarios applied on the field scale in the preceding chapter
is now employed on the regional scale. This scenario, denoted T1 C500n+, assumes a
rise in air temperature by 1 °C, an increased atmospheric carbon dioxide concentration
(500 ppm) as well as unrestricted nitrogen availability. The area examined is the
administrative district Passau. The base and input data sets for the application of the
model in this region have already been described in chapter 3.2. As pointed out there,
only one data set of meteorological drivers and the same cultivation practices are
utilized for the whole area. The meteorological data measured by the weather station
Kringell serve as baseline scenario. For the scenario T1 C500n+, the measured air

temperatures were increased by 1 °C.

The application of this scenario on the regional scale is solely for the purpose of
demonstrating how the response of crops to Global Change effects is influenced by
small-scale variability in a landscape. In this simplified example, spatial variability is
caused only by the different soil properties. In the following, the transpiration sums

from sowing up to harvesting are chosen to illustrate the crop reaction.

First, the distribution of simulated transpiration sums of the crops considered in this
study in 1995 is shown (Fig. 53). The areas under sugar beet and potato cultivation

show the highest transpiration sums. However, as in the case of yield (see chapter 3.2),
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the map reveals patterns that are not explained by land use alone but originate from
differences in soil properties. Transpiration sums on soils with a reduced capacity to

store water are smaller than those on soils promoting crop water availability.
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Fig. 53: Simulated transpiration of winter wheat, grain maize, spring barley, potato and sugar beet in the
administrative district Passau. Transpiration sums from 01.11.1994 to 31.10.1995 are shown.
Fig. 54 maps the changes in simulated transpiration sums from the baseline scenario
for the scenario T1 C500n+. The changes range from -19 % (maize) to +53 % (winter
wheat). All negative values refer to maize, which represents the only C4 crop. The
diverse soil properties in the investigated area are responsible for variegated patterns
of response even within one crop. For maize, values range from -19 % to -5 %, whereas
values for sugar beet range from +1 % to +49 %. The other ranges of values are: +13 %

to +32 % (spring barley), +19 % to +53 % (winter wheat) and +1 % to +18 % (potato).
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Fig. 54: Changes in simulated transpiration of winter wheat, grain maize, spring barley, potato and sugar
beet for the scenario T1 C500N+ in the administrative district Passau. Data are expressed as changes (in
percent) in the transpiration sums (01.11.1994 to 31.10.1995) as opposed to the baseline scenario.

The results demonstrate the importance of examining Global Change effects at the

landscape level. Areas that are particularly sensitive to Global Change need to be

pinpointed to successfully direct management decisions.
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4 Results and discussion

In this chapter, the efficiency of the DANUBIA crop growth model in simulating the
relevant processes of crop development and growth under varying environmental
conditions with different farming practices will be discussed. Its ability to adequately
quantify water and nitrogen demand as well as biomass production of various crops
will be assessed. First, the accuracy of the model in predicting crop growth is evaluated
by discussing the results of the validation analysis. Secondly, the responsiveness of the
model to defined changes in environmental conditions and farming practices is

illustrated and discussed. Additionally, uncertainties influencing the model results are

addressed.

So far no results of the model GECROS are published, except for a sample data set
(without corresponding field measurements) simulating pea growth (YIN & VAN LAAR
2005). Therefore the two models are not compared here for accuracy and sensitivity in

simulating crop growth.

41  Accuracy of the model

In this chapter, the results of the validation analysis are discussed separately for each

considered crop, followed by general statements.

4.1.1 Sugar beet

The seven employed field data sets for sugar beet cover a wide range of sowing dates.
At the onset of growth, modelled LAI and leaf biomass tally very well with the
measurements. This indicates that the earliest phenological stages of germination and

emergence are accurately simulated.

With advancing development, some disparities between measured and modelled LAI
appear, leading to an overall MAE of 0.92 m? m=2 for the whole growing period. These
are demonstrated by negative values of MEF for three data sets (Nienwohlde 1990,
Friemar 2000 and Plattling 2000). For the field data of Feienberg 2004, the assumption
of a standard senescence in the model seems to be incorrect. However, this does not

apply to the other data sets.
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To avoid an obvious overestimation of LAI, the specific leaf area was reduced in the
case of four of the data sets (after the onset of taproot growth). It is supposed that
specific leaf area decreases with age and size of the leaves. Large old leaves are tougher
than the young leaves produced later in the growing season. In these four data sets the
fertilizer applications are merely estimated and this in ignorance of the preceding crop.
This gap in information makes a thorough analysis of LAI development difficult.
Moreover, the measured data would need to distinguish between living and dead
leaves. Focussing on specific leaf area and the process of senescence will improve LAI

modelling.

Despite these difficulties relating to LAI development, the model simulates
aboveground biomass fairly accurately (overall IA 0.919). In terms of the output
parameter agricultural yield, the precise simulation of taproot biomass (overall 1A
0.978) is particularly important. An analysis of the differences between modelled and
measured taproot biomass at the last sampling date shows no consistent trend (Fig. 55).
The modelled results are well in conformance with the last measured taproot biomass
values (mean value of absolute model error 9.1 %). The highest absolute model error of

all presented validation data sets is 16.5 % (317 g m2) for the crop in Friemar 2000.
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Fig. 55: Model error (%) versus final measured taproot mass for all sugar beet validation data sets.

Within DANUBIA, the simulated yield data are exported by the crop growth model to
serve to determine future land use changes. Here, some peculiarities for sugar beet
need to be considered. Official data of sugar beet yields are determined by the sugar

industry and are generally given in fresh instead of dry matter. Secondly, the upper
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parts of the taproots are chopped off during harvesting and are not included in the

official yield data.

Consequently, for the purpose of export the simulated sugar beet yield data have to be
adapted to match the official data used in agro-economics. For the transformation of
dry matter into fresh matter, the standard value of 77 % water content (KTBL, ed.,
2005) in harvested taproots can be used. Since the taproots are of various sizes, the
chopped off biomass expressed as percentage of the whole taproot cannot be precisely
defined by using a standard value. Here a transfer function needs to be developed.
This must also be borne in mind when comparing modelled taproot biomass with yield

statistics data for validating the model.

In respect of total modelled nitrogen uptake as well as total transpiration over the
growing season, all seven data sets yielded values that were well within the expected
size range. In general, the simulated course of nitrogen uptake compares well with

measured data both of soil and biomass nitrogen content.

For the two data sets Feienberg 2005 and Euerhausen 2000, values of IA for LAI, leaf as
well as taproot biomass are higher than 0.95, testifying to a very good performance of

the model.

On the whole, the DANUBIA crop growth model proved its ability to accurately
simulate carbon, nitrogen and water fluxes as well as agricultural yield for sugar beet

crops.

4.1.2 Spring barley

An assessment of the model’s accuracy in predicting spring barley growth is hampered
by the incongruities associated with the field data. Taking together all three validation
data sets, the MAEs are 0.93 for LAI, 38.6 gm?2 for living leaf, 67.2 g m?2 for stem,
130.2 g m2 for grain and 120.2 g m?2 for living shoot biomass, respectively. For the crop
in Wilzhofen 1997, the values of IA for each considered parameter are greater than

0.69. These are good results, bearing in mind the lack of management information.

Field data sets providing reliable measurements at short intervals as well as precise
management information would allow a more detailed validation analysis. Although

definite conclusions cannot be reached from the analyzed data, the results do suggest
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that the DANUBIA crop growth model simulates agricultural yield, water and

nitrogen uptake of spring barley accurately.

4.1.3 Maize

The model’s capacity to predict maize growth under varying environmental conditions
is proved through the validation analysis. The response of the maize crop to the
unfavourable agrometeorological conditions in Feienberg 2005 is very well simulated
by the model. Here crop field data for the validation analysis were supplemented by

soil water and soil nitrogen measurements.

The three validation data sets showed that the model’s assumption of a standard
senescence is not realistic. This finding calls for further analysis. Taking all data sets
together, the MAEs are 0.75 for LAI, 55.8 g m? for living leaf, 81.4 g m? for stem and
152 g m2 for grain, respectively. A quantification of the model’s accuracy expressed by
the two normalized measures IA and MEF is impeded in the case of Feienberg 2004

and 2005 by the insufficient quantity of crop data.

However, for Wilzhofen 1997, each value of IA for LAI leaf, stem as well as grain is

higher than 0.91, demonstrating an efficient performance of the model.

On average, grain biomass is simulated with a RRMSE of 26 %, corresponding to a
RMSE of 167 g m?2. In the case of silage maize, agricultural yield comprises the total
aboveground biomass. Here leaves contribute only a small fraction compared with
stems and grains. Thus the model’s capacity to predict the yield of silage maize
benefits from the generally favourable results for stem and grain biomass. The mean

values of RMSE and IA for living shoot biomass are 151 g m2 and 0.988, respectively.

Total modelled nitrogen uptake as well as total transpiration over the growing season

yielded values well within the expected size range for all data sets.

41.4 Winter wheat

On the whole, the DANUBIA crop growth model results for winter wheat are highly
satisfactory. The very close agreement between modelled and measured LAI increase
at the onset of regrowth in early spring demonstrates the exactitude of simulating
phenology. The interaction between vernalization, photoperiod sensitivity and

temperature effect is clearly depicted.
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The reason for the underestimation of shoot biomass in Feienberg 2003/04 cannot be
clearly determined. The observed grain and total shoot biomass is markedly higher
than average. A standard value for winter wheat grain mass is 720 g m, the rest of the
shoot biomass amounting to 700 g m-2 (KTBL, ed., 2005). On the last sampling date,
measured grain biomass yields an extraordinarily high value (1145 g m2). Stem and
dead leaf biomass together result in 790 gm=2 Since total shoot biomass is
systematically underestimated, it appears not a matter of allocation but of too little
biomass production. The very accurately modelled LAI development is at variance
with the simulated biomass production. A higher value of modelled leaf biomass at the
onset of regrowth in March to match the measurements would inevitably result in a
higher LAI with advancing development. The same would happen if e.g. leaf
photosynthesis parameters were modified in order to increase carbon fixation. Because
of the higher LAI, more assimilates and biomass would be simulated. However, the
modelled LAI would be overestimated. This finding calls for further analysis through

investigating the effects of specific leaf area and cultivar-specific characteristics.

One more aspect to be considered is that the use of plant growth regulators to curb
stem growth and enhance lodging resistance of cereals frequently promotes grain
growth (RAJALA & PELTONEN-SAINIO 2001). Therefore, this intervention altering
allocation is important for simulating growth of cereals, but is not taken into account

by the model.

Model results for Bockschlag 1990/91 conform very closely to the measurements. On
the last measurement day, grain and living shoot biomass deviate by only +6 g m2 and
-93 g m?2, respectively. WANG & ENGEL (2002) publish results of the model SPASS (Soil-
Plant-Atmosphere Systems Simulation) using the same validation data set. Here,
biomass production was greatly overestimated: +190 g m2 for grain and +1330 g m?2
for shoot biomass (resulting in more than double the measured value). Their results for
Neuenkirchen 1990/91 also show a pronounced overestimation of shoot biomass
(+950 g m2), although LAI development is well simulated. Working with the same data
set, the DANUBIA crop growth model also reproduced LAI and biomass production
with great precision: values of IA for LAI and total living shoot biomass are 0.951 and

0.942, respectively.

Taking all three validation data sets collectively, the model verifies its ability to

accurately predict LAI development (IA =0.952). The less convincing figures
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associated with leaf biomass (IA =0.709) are not significant for quantifying

transpiration and agricultural yield. The latter is predicted acceptably well (IA = 0.848).

Modelled sums of nitrogen uptake and transpiration for all data sets remain well

within the expected size range.

In summary, an efficient performance of the DANUBIA crop growth model in

simulating development and growth of winter wheat crops is demonstrated.

4.1.5 Potato

In the main, the validation results for potato are satisfactory. For the two crops in
Hofferhof 2004 and 2005, the values of IA for each considered parameter (green LAI,
living shoot biomass and tuber biomass) show rather low values, but are greater than
0.5. The model underestimates shoot biomass after tuberization in both data sets. Some
further analysis using more field data sets is needed to overcome this discrepancy.
However, despite a trend towards overestimation, growth of potato tubers is very well
depicted in both years (mean IA = 0.945). These results do suggest that the DANUBIA
crop growth model simulates agricultural yield of potato crops acceptably well.
Measurements of soil moisture and soil nitrogen would be needed to allow a sound
statement on the model's capacity to predict transpiration and nitrogen uptake of

potato crops.

The simulation of phenology needs to be improved. In contrast to the seeds of cereals
and sugar beet, the seed potato with its high moisture content relies less on soil
moisture for germination. All parameters used for simulating phenology need to be

further elaborated.

A specific feature of potato crop management is the destruction of the haulm towards
harvesting date. By this practice, maturity of the tubers is forced in order to manipulate
the quality of yield and the harvesting date. This intervention causes transpiration and
assimilation to rapidly cease and thus has an impact on water, carbon and nitrogen
fluxes. Where this management method is common practice, it should be taken into

consideration when applying the model on the regional scale.
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4.1.6 General discussion of results

To summarize, the validation analysis testifies to the ability of the DANUBIA crop
growth model to accurately simulate development and growth of various crops
belonging to the categories of C; and C, plants, winter and spring grains, root crops, as
well as long-day, short-day and photoperiod-insensitive crops. Fluxes of water,
nitrogen and carbon as well as agricultural yield are adequately quantified, as the

comparisons with measurements show.

For validation on the field scale, 18 data sets covering a wide range of meteorological
and pedological conditions as well as farming practices are employed. No site-specific
calibration is used in the validation analysis, although in some cases plant density and
the genotype-specific phenological parameters Rmaxy and Rmaxr (maximum daily
development rates) were adjusted to the given situation. However, general values of
these parameters for the application on the regional scale in the Upper Danube Basin
are given in Appendix D. Spatial transferability, claimed by the process-based
modelling approach, is proved by the DANUBIA crop growth model through the

validation analysis.

In terms of total transpiration as well as total nitrogen uptake over the growing season,
all analyzed data sets yielded values that are well within the expected size range.
Comparisons of the simulated courses of water and nitrogen uptake with
corresponding soil measurements proved the capacity of the DANUBIA crop growth
model to accurately predict the uptake rates of water and nitrogen. This feature is of
fundamental significance since complex feedback mechanisms arise from dynamic
modelling of the interplay between soil and crops. The uptake rates being controlled by
the water and nitrogen budgets in the soil at the same time influence these. The water
and nitrogen budgets in turn affect processes of soil nitrogen fluxes and

transformation.

Another feature of prime relevance is the simulation of agricultural yield. On the basis
of these results, the economic optimization model within DANUBIA (KRIMLY et al.
2004) calculates the farmer’s land use plans for the next vegetation period. On the
whole, the DANUBIA crop growth model is found to simulate the yields of the various

examined crops with good precision.

Issues that need to be addressed in further analyses are set out in the subchapters

above. Among these, the assumptions of a constant specific leaf area and a standard
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senescence are of particular importance. Assessing the model’s accuracy is sometimes
hampered by the incongruities presented by the field data. The use of supplementary

validation data sets will help to better assess how accurate the simulation results are.

A better quality of the field data in terms of a greater number of samples per field and
shorter intervals between the measurements would allow a more detailed validation
analysis. Data on phenological stages, root biomass and where possible root length
density, soil nitrogen and soil water measurements as well as precise management
information for each data set would further contribute to a thorough judgement of the

model’s performance.

Measurements of water and carbon dioxide fluxes in ecosystems using the eddy
covariance method or e.g. sap flow data are becoming more readily available, thus

offering the opportunity to directly validate the modelled processes.

4.2  Sensitivity of the model

To evaluate the performance of the DANUBIA crop growth model in numerically
rating crop responses to altered environmental conditions and farming practices, the
sensitivity of the model to clearly defined alterations in various influencing factors is
discussed. In quantifying the changes caused by these modifications, the responses to

nitrogen and water availability as well as to Global Change conditions are assessed.

4.2.1 Nitrogen availability

To illustrate the model’s sensitivity to nitrogen supply, the results of the validation
analysis for the standard (N4) and reduced (N6) fertilizer treatments of the spring
barley crop in Nienwohlde 1991 (chapter 3.1.2.2) are employed.

A comparison of the simulated data for both fertilizer procedures demonstrates the
model’s response to the reduced fertilizer dose (see chapter 3.1.2.2). A few days after
the omitted fertilizer dose on April 6th, LAI development is reduced in the N6 fertilizer
treatment when compared with N4. Senescence is induced earlier in the case of N6,

indicating the decrease in leaf nitrogen concentration.

Due to the reduced LAI development, less carbon dioxide is assimilated and

consequently less biomass produced.
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Modelled carbon dioxide assimilation and transpiration for both fertilizer treatments
are opposed in Fig. 56. The course of the two fluxes is very similar because both share
the same pathway via the stomata. An intercomparison of the fluxes for both fertilizer
treatments reveals the same trend, ascribable to the identical meteorological conditions.
The very limited incoming global radiation on June 28t is reflected by strongly
reduced transpiration and assimilation in both cases. However, the magnitudes of both
the fluxes for N6 are reduced due to decreased LAI expansion and lowered leaf

nitrogen concentration.
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Fig. 56: Modelled carbon dioxide assimilation and transpiration of spring barley,
Nienwohlde 1991 (N4 and N6 fertilizer treatment).

Table 39 lists some characteristic model results in which both fertilizer procedures N4
and N6 are compared. In the case of N6, total transpiration is reduced by 25 %. Values
of transpiration ratio (mass of water transpired divided by mass of dry matter
produced) are the same. In this study, transpiration ratio considers total produced dry
matter, including roots. The ratio of assimilated carbon to absorbed nitrogen also
shows similar values: 5.74 for N4 and 6.25 for N6. These results prove that in biomass

production the water, nitrogen and carbon budgets are well in equilibrium.

Table 39: Comparison of modelled results for spring barley, Nienwohlde 1991,
N4 and N6 fertilizer treatment.

fertilizer total total total total produced transpiration ratio
treatment  assimilated C transpiration N uptake  dry matter (kg H2O

(g Cm2) (mm H>O) (kg Nha?) (gm?) kg1 dry matter)
N4 901 177 157 1683 105

N6 681 132 109 1253 105
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Fig. 57 demonstrates the impact of nitrogen supply on modelled biomass partitioning
(left graph) and on biomass nitrogen concentrations (right graph). All data displayed
refer to July 7th. In the case of N6, more root biomass is produced in order to increase
the uptake of the limited resource nitrogen. The leaf nitrogen concentration is reduced

compared with N4, resulting in a smaller photosynthesis rate.
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Fig. 57: Allocation of dry matter (left) and nitrogen concentration in biomass (right) of spring barley,
Nienwohlde 1991 (July 7th). Data of the fertilizing procedures N4 and N6 are compared.

The DANUBIA crop growth model proved its sensitivity to different fertilizing

procedures.

4.2.2 Water availability

The results of the validation analysis for the winter wheat crop in Neuenkirchen
1990/91 (chapter 3.1.2.4) illustrate the model’s sensitivity to soil water scarcity.
Moderate water stress during a few days around anthesis reduces grain and total living
shoot biomass at harvesting date by 6.3 % and 6.4 %, respectively. Total transpiration

decreased by nearly 5 %, total nitrogen uptake by 1.5 %.

A far more pronounced impact on biomass production and transpiration would be
simulated if water scarcity occurred during the phenological phases of LAI
development (before flowering). The curtailed transpiration rate would reduce
photosynthesis rate, resulting in lowered leaf biomass production and retarded LAI
development. The smaller LAI would also curb the production of assimilates for the

rest of the growth period.
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4.2.3 Sensitivity to Global Change effects

The responsiveness of the DANUBIA crop growth model to various Global Change
scenarios is demonstrated and quantified on the field scale in chapter 3.3.1. Here, the

simulated results of one of the Global Change scenarios are discussed.

This Global Change scenario, denoted T1 C500n+, assumes a rise in air temperature by
1°C, an increased atmospheric carbon dioxide concentration (500 ppm) as well as
unrestricted nitrogen availability. The modelled results for the growth of spring barley
and maize are used to discuss the responsiveness of Cs (spring barley) and C4 plants
(maize). The data sets Nienwohlde 1991 (spring barley) and Wilzhofen 1997 (maize)
serve as baseline scenarios serve the, both already employed for the validation analysis
(see chapter 3.1). The simulated relative changes in several crop characteristics are

shown for spring barley and maize in Fig. 58.
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Fig. 58: Simulated relative changes in crop characteristics of a Global Change scenario (T1 C500n+:
500 ppm CO,, 1 °C air temperature rise, unrestricted N availability) from the corresponding baseline
scenario. Responses of Cs crops (spring barley) and Cy4crops (maize) are compared.
llustrated data are: total transpiration sum (mm), total gross photosynthesis (g CO> m2), total nitrogen
uptake (kg ha), total carbon in biomass (g C m2), yield (g dry matter m-2) and root/shoot ratio.
Each considered characteristic of both crops exhibits a positive change. However, the
magnitude of these changes differs strikingly between spring barley and maize. In the
case of spring barley, significant increases are simulated: the transpiration sum changes
by +27 %, total nitrogen uptake by +56 % and yield almost doubles. For maize, the
transpiration sum is altered by +1.5 %, total nitrogen uptake by +16 % and yield by

+12 %. On the whole, the impact on crop growth is less pronounced for maize than for
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spring barley. This is caused by the dissimilarity of Cs and C4 photosynthesis, which
the DANUBIA crop growth model takes into account.

Cs photosynthesis is not COz-saturated at present-day atmospheric CO, concentrations.
Because of specific physiological features, C4plants are able to exploit the CO, supply
more efficiently and thus their response to a CO; increase is less pronounced. The more
efficient use of CO, reduces water loss by transpiration due to decreased stomatal
opening. C4 crops are generally characterized by a higher amount of biomass produced

per unit water transpired than Cs crops.

Considering the leaf level for both C; and Cscrops, CO, enrichment increases
photosynthesis rate and decreases transpiration rate. The photosynthesis rate is
positively influenced by the repression of photorespiration and enhanced CO»
availability (POORTER & NAVAS 2003) whereas the transpiration rate is decreased due
to the resulting partial stomatal closure (NOBEL 2005). These direct effects of increased
CO; raise the amount of CO: fixed by photosynthesis per unit water transpired for both
GCs and C4 plants (NOBEL 2005).

As is seen in Fig. 58, the change in gross photosynthesis is higher than in transpiration
for both crops. This result emphasizes the key importance of coupled photosynthesis

and transpiration modelling to capture the interaction of both gas exchange processes.

The above described consequences of increased CO; at the leaf level hold true only
where there is no change in leaf area. In the simulation results, the benefits of the so-
called COs, fertilizer effect on crop growth leads to expanded leaf area, counteracting
the effect of reduced transpiration rates at the leaf level when considering the absolute
transpiration rates of the crop. However, the simulation results clearly demonstrate the
change in the ratio of transpiration to photosynthesis. The Global Change scenario
reveals a transpiration ratio for spring barley of 85 kg H,O kg dry matter (-20 %
change from the baseline scenario) and for maize of 72 kg H,O kg dry matter (- 14 %
change).

The yield-enhancing effect shown for both crops in the Global Change scenario results
is accompanied by a higher nitrogen demand. An unadapted fertilizer supply would
lead to nitrogen deficiency, thus accelerating leaf senescence and consequently biomass
production. In the case of cereals, nitrogen deficiency decreases protein content in
grains, reducing yield quality and therefore economic gain. The higher nitrogen

demand simulated under Global Change conditions underscores the relevance of
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considering the interaction between crop growth, environmental conditions and
management strategies. It must also be born in mind that a higher supply of nitrogen
fertilizer entails detrimental effects on the environment. Excessive nitrate in the soil
given enough water leads to nitrate leaching, impairing both surface and groundwater

quality.

Simulation results exhibit a distinct positive change in the root/shoot-ratio for both
crops (each by approx. 40 %). This proves the responsiveness of the model to Global
Change effects that it modifies the allocation of assimilates. As to be expected, this shift
in allocation expressed as a ratio produces almost the same result for spring barley and
for maize. The increased root/shoot ratio is one of the anticipated responses of plants
under Global Change conditions (NOBEL 2005). According to the functional balance
theory as incorporated in the DANUBIA crop growth model (see chapter 2.2.9), all
those positive conditions of above-ground resources (in these scenarios CO and
temperature) that increase carbon gain result in an enhanced allocation of carbon to the
root in order to balance activities of the shoot (carbon supply) and root (nitrogen
supply).

The enhanced allocation to the root at the expense of the shoot as well as the
augmented biomass production and the decreased transpiration ratio resulting from
CO; enrichment have been numerously observed in experiments (WEIGEL 2005). Much
research has been devoted to the study of how crops respond to Global Change
conditions. Observed crop reactions span a wide range. POORTER & NAVAS (2003) point
to the rather diffuse picture emerging from experiments at the whole plant level.
Because of varying experimental settings, it is difficult to deduce general statements
from the results. BLOOM (2006) lists the relative changes in grain yield at increased CO»
as derived from several chamber experiments as well as free-air CO, enrichment
(FACE) experiments. For maize, values range from - 35 % to + 93 %, representing the
outcomes of 57 studies. The mean value for chamber experiments is given as +29 %,
whereas the mean value for FACE experiments is given as ~ 0 %. These values show
the wide scatter in published results. The need for systematic experiments to improve
the generalizations from the observed findings is emphasized by POORTER & NAVAS
(2003).

The response of crops to Global Change effects has also been addressed by
innumerable investigators using crop growth models (e.g. WESSOLEK & ASSENG 2006),

WOLF & VAN OIEN 2003). One of the few comprehensive studies comparing observed
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experimental data with simulated results of a complex model is presented by GRANT et
al. (2004). In their study, the observed response of sorghum is compared with results of
the model ecosys. As mentioned before, this model incorporates the biochemical
approach in modelling photosynthesis as well as the functional balance approach for

modelling allocation.

The simulation results of the Global Change scenario discussed in the present study are
merely case studies to demonstrate the sensitivity of the DANUBIA crop growth
model. The employed Global Change scenario is no more than a combination of CO»
and air temperature rise by a constant value; ignoring other factors such as changes in
precipitation and the effect of Global Warming on the seasonal curve of temperature

are disregarded for the present.

However, the DANUBIA crop growth model proved its sensitivity to Global Change
effects. The fundamental significance of several modelling approaches are highlighted:
biochemical photosynthesis, stomatal control of transpiration and photosynthesis,
dynamic allocation, response to nitrogen availability, physiologically based senescence

and the difference in C; and C4 photosynthesis.

The simulation results suggest that the DANUBIA crop growth model is a suitable tool
for numerically assessing the consequences of Global Change on biomass production
and water demand, taking into account the manifold interactions and feedback

mechanisms of water, carbon and nitrogen fluxes within agro-ecosystems.
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4.3 Uncertainties influencing model results

Like every ecosystem model, the DANUBIA crop growth model in simplifying real-life
conditions is prone to inaccuracies. For the most part, these stem from the model
structure itself, the input data and the parameters applied (MONOD et al. 2006). A few

examples of how uncertainties may arise here are now briefly discussed.

Model structure

Here the choice of modelling approach with the mathematical equations involved may
produce misrepresentative values, for instance when one of the simulated processes is
disregarded. In setting up a simulation model, selecting and implementing modelling
approaches are necessarily dictated by the end in view. The DANUBIA crop growth
model aims to simulate all important processes with the necessary degree of
complexity. For the present purpose, no shortcomings regarding model structure and
modelling approaches could be discerned, as proved by the successful validation.

However, an error potential is always present.

Input data

It is beyond the scope of this study to evaluate in detail the error sources traceable to
the vast body of input variables required by the DANUBIA crop growth model.
However, a few instances are given of how imprecise values in input data can
influence model results. The values of static input data such as soil hydrological
parameters move within (sometimes extensive) ranges of values typical for the soil
texture in question. For instance, the value of field capacity for sandy loam ranges
between 0.13 and 0.29 cm® water cm™ soil (RAWLS et al. 1993). Obviously, the value

selected can at times be misrepresentative.

Dynamic input data such as meteorological drivers may either suffer from inexact
measurements in the case of observed data, or are themselves subject to uncertainties

where they represent model results.

Another category of dynamic input data are parameters which at the same time are
affected by the simulated crop growth processes. These input data are results of
models coupled to the crop growth model. One example is soil water content, which as
a key input parameter is in a state of continuous change through root water absorption.

This makes cause and effect relationships difficult to diagnose. The model initialization
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of parameters such as soil water content is another point in question. Quantifying the
influence of inaccuracies originating from these simulated input data requires a
comprehensive analysis of error propagation. However, in general terms, the interplay
of dynamic soil input data and crop growth processes is accurately depicted, as proved
by comparing soil water and nitrogen measurements with modelled results (see

chapter 3.1.2).

Input data represent meteorological and edaphic characteristics as well as farming
practices of an agro-ecosystem within a defined spatial unit. Assuming this spatial unit
to be homogeneous throughout often leads to erroneous conclusions. It was to
minimize any misleading effects of these uncertainties that the validation analysis to
assess the accuracy of the DANUBIA crop growth model was carried out on the field

scale (see chapter 3.1.2).

For application on the regional scale, the input data related to farming practices will
need to be modified in future: The sowing date will be simulated depending on
meteorological conditions, and dates of fertilizer applications will be dynamically
determined taking into account phenological development. Additionally, a major
improvement would be to use a knowledge of the nitrogen status of the crop to derive
both dates and amounts of fertilizer doses. The latter are input data used by the

DANUBIA soil model, but with a direct bearing on simulated crop growth.

Model parameters

Third and last, deficiencies in the model parameters are addressed. The DANUBIA
crop growth model utilizes a number of crop-specific parameters. These are tabulated
in chapter 2.4. Parameters of low reliability, genotype-specific parameters as well as
parameters that are probably related to genotype-specific differences are marked
according to YIN & VAN LAAR (2005). Simulating the various cultivars of a crop
individually would improve the model results. The object-oriented model structure can
be easily expanded to include a variety of different cultivars. However, information on
the cultivar planted and the corresponding values of the genotype-specific parameters
are prerequisites for this elaboration. So far, genotype-specific parameters are not

easily accessible.

Generally, uncertainties in model results due to imperfect parameterization can be

reduced by conducting experiments in controlled environments (e.g. for assessing
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photoperiod sensitivity as described by YIN et al., 2005), by making use of advances in
molecular biology and functional genomics (MCMASTER 2005) and by performing
comprehensive sensitivity and uncertainty analyses. An overview of the various
methods for sensitivity and uncertainty analyses is for example presented by MONOD

et al. (2006).

For application on the regional scale, the parameters plant density and sowing depth
should work not with average values but with such as are specific to the region. Since
these parameters affect the model results in a non-linear way, values spanning the
extremes of a range of data instead of mean values should be used to capture the
spatial variability of cultivation practices. The ranges of values are given in

Appendix D.

The author of this study applied crop-specific leaf photosynthesis parameters derived
from gas exchange measurements. Here uncertainties may also arise. The procedure
and results of deriving the parameters is presented in chapter 2.4.2. To obtain reliable
results many more data-sets need to be acquired. To derive the activation energy for
Jmax (Ejmax) with precision, gas exchange data measured at various temperatures are
needed. In addition to too few measurements, another source of error affecting
comparability of measured and modelled data is the value chosen to represent the
photosynthetically active leaf nitrogen content. This parameter is essential in modelling
the rate of photosynthesis. Ideally this value should be derived from the nitrogen
content of the single leaf or even only of the small leaf area which was positioned

inside the leaf cuvette of the gas analyzer system.
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5 Conclusions

It was the goal of this study to present the DANUBIA crop growth model as a
powerful instrument for investigating the response of agro-ecosystems to Global
Change effects. The model efficiently simulates the development and growth of a range
of crops under various environmental conditions and with different farming practices,
as is proved in the validation analysis. The intricate responsiveness of the model to
Global Change effects is confirmed by examining its reactions to rising air

temperatures and atmospheric carbon dioxide concentrations.

Both the results of the validation analysis and the application to Global Change effects
affirm the need for the ecohydrological modelling approach realized in the model. The
interplay of water, carbon and nitrogen fluxes in the soil-plant-atmosphere system as
well as feedback mechanisms between physiological processes are well captured by the
model. This ability qualifies the model to adequately simulate the processes of
transpiration, photosynthesis, respiration, root growth, water and nitrogen uptake as
well as carbon and nitrogen allocation. Therefore, the model allows a numerical rating
of water demand, carbon assimilation, nitrogen absorption and biomass production of

crops from sowing up to harvesting.

In simulating water demand, the impact of crops on the water balance in a chosen
region is quantified. Although transpiration constitutes a large share of the water
fluxes at the landsurface, information on spatial patterns of transpiration is very
sparse. In general, evaporation and transpiration are considered as one, although the
ratio between the two is a highly fluctuating one in view of the complex interactions
between the atmosphere, soil and plants. Through its ability to place numerical
measures on transpiration alone, the crop growth model offers promising

opportunities.

In the case of crops, not only the total amount but also the temporal distribution of
transpiration is influenced by the choice of crop and cultivation practices. This opens
the way to adaptive management strategies in order to mitigate the negative impacts of
Global Change on agro-ecosystems. In a wider context, the employment of the crop
growth model in an integrated simulation system like the Global Change decision
support system DANUBIA is indispensable when investigating integrative strategies
to secure a sustainable water use in the examined area. Here the simulation of

agricultural yield is also of key relevance as a determinant for future land use changes
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affecting water, carbon and nitrogen fluxes. Having proved its suitability to model
yields of the various crops, the DANUBIA crop growth model is well able to exercise

this function.

WEIGEL (2005) states that for Germany’s variegated agricultural regions so far hardly
any systematic studies have been carried out which deal with the anticipated effects of
planetary warming. Here is scope for the process-based crop growth model, being as it
is not bound to any one particular region. Furthermore, it can be extended to include

additional crops.

It may be repeated here that process-based modelling is the only method for
comprehensively assessing the effects of global climate change on crop growth. LONG
et al. (2006) point out that in most models so far used the magnitude of CO; fertilization
factors is for the most part based on data from three literature reviews from the 1980s.
The reviews in question refer to experimental data from enclosure studies (e.g.
controlled environmental or open-top chambers). It is for this reason that LONG et al.
(2006) criticize the use of these data and emphasize the advantages of FACE (free-air
CO; enrichment) experiments. They conclude that "much lower CO, fertilization
factors should be used in model projections" and state that interactive effects should be

examined through more elaborate experiments.

Although there can be no doubt that experiments are essential for research, it is hard to
imagine how "CO, fertilization factors" derived from experiments could possibly
represent the impact of a changing environment with its multitude of interacting and
interrelated processes. It is here that state-of-the-art models like the DANUBIA crop
growth model provide solutions and answers to many problems confronting present-

day research.
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6 Future challenges

The challenges posed by Global Change are many in number. Before efforts in the
direction of responsible stewardship for natural resources can be undertaken, it is
necessary to gauge the potential impacts. This is where models like the DANUBIA
crop growth model offer promising approaches. In the following, aspects considered in
the present study will be broadened by giving a few examples of how the scope of the

DANUBIA crop growth model can be appropriately expanded.

Considering that photosynthesis is the only natural process that sequesters a vast
amount of carbon dioxide from the atmosphere (CENTRITTO & LORETO 2005), the
significance of agro-ecosystems as carbon sinks is of special relevance today. Carbon
fixed by crops enters the soil in form of plant residues, therefore potentially mitigating
the rise in atmospheric carbon dioxide concentration (PRIOR et al. 2005). Carbon storage
in the soil is favoured by certain cultivation practices like permanent cropping,
reduced tillage and soil improvements (e.g. DESJARDINS et al. 2005, GRANT et al. 2001).
Investigation of effective managerial options in order to maximize long-term soil
carbon sequestration in agro-ecosystems is imperative. Here, the role of scientists as
advisors to policy makers is highlighted, since this carbon sink can compensate for
greenhouse gas emissions as set forth in the Kyoto Protocol (UNITED NATIONS 1998). By
enabling a numerical rating of photosynthesis, the DANUBIA crop growth model can
make a valuable contribution to efforts aimed at promoting soil carbon sequestration.
In this context, the dynamic simulation of carbon allocation to shoot and root is of key
importance, since carbon allocated to roots usually remains in the soil after harvesting,

directly augmenting soil organic matter.

One aspect that in future may be added to the crop growth model is response to ozone.
Global Change is characterized by rising concentrations of surface ozone. Like carbon
dioxide, ozone is absorbed by the stomata. Ozone is toxic to plants at concentrations as
low as 30 ppb. So far, the effects of the interaction of carbon dioxide and ozone on

crops have not been adequately defined. (LONG et al. 2006, WEIGEL 2005)

However, upcoming results of studies will enable ozone and its impacts to be included

in crop growth models.

Among the many factors influencing crop growth are also plant diseases and pests.
The agents of these (insects, bacteria, fungi, etc.) are also affected by environmental

changes and the complex interactions between these biotic factors and crops within
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agro-ecosystems need to be considered when assessing the potential impacts of Global
Change (WEIGEL 2005). The crop growth model can be dynamically coupled to a model
simulating the biotic factors in agro-ecosystems. Based on the results of coupled
simulations, adaptive management strategies can be developed to minimize the risk of
crop failure and use of pesticides, thus contributing to the sustainable use of

environmental resources.

Finally, the forthcoming challenge of interactively coupling crop growth models and

climate models is pointed out.

Present-day studies of climate impacts on crops ignore the influence of growing crops
on the atmosphere. For example, transpiration influences boundary layer humidity and
the energy available for convection. So far, crops in climate models are typically
represented by natural grasslands. Therefore, the seasonal development of crops as a
key determinant for the temporal and spatial patterns of surface fluxes is disregarded.
A coupled crop and climate model will offer the possibility to investigate mutual

interactions between crops and climate change. (OSBORNE ef al. 2007)

Here, the particular challenge that needs to be faced is how the different spatial scales
of the crop and climate model can be made compatible with each other. In order to
comprehensively capture Global Change effects, the crop model ideally operates on the

regional scale, whereas climate models operate on larger spatial scales.

The mentioned examples underline the fact that a concerted effort of cross-boundary
research is mandatory if the emerging challenges are to be efficiently tackled. With the
world awakened to the threat of Global Change, advances in our understanding of the
nature, magnitude and direction of future changes are more than ever required to

mitigate and anticipate potential impacts.
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Appendix A

Calculations referred to in the description of the simulated processes in the
DANUBIA crop growth model (see chapter 2.2: Simulated processes)

All following calculations and descriptions are taken from the model GECROS (YIN &

VAN LAAR 2005).

Calculation of photoperiodic day-length

Calculation of photoperiodic day-length D;, uses the coefficients a and b (see eq. C-2a-c

in Appendix C), and a, the sun angle below the horizon for including civil twilight:

D, =12 {1+2/n) arcsin[(—sin (o ©/180)+a)/b]} (A-1)

p

According to the model GECROS, a default value of -2° for a is assumed.

Resistances and net absorbed radiation

Leaf boundary layer resistance to heat is a function of the crop-specific leaf width w

and wind speed u (above the canopy):

ton = 100 f w/u (A-2)

Leaf boundary layer resistance to water is approximated as:

r, =093 r, (A-3)
because of the dissimilar velocity of boundary layer transport regarding heat and
water vapour (GOUDRIAAN & VAN LAAR 1994). In terms of turbulence resistance, no

distinction exists between the transfer of heat, water vapour and COx:

ro=074 {In[ (2-07H)/(01H) ]} /(016u) (A-4)

where H denotes crop height.
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The difference between total absorbed short-wave radiation (see chapter 2.2.3: Scaling
of canopy parameters) and outgoing long-wave radiation R! gives the net absorbed
radiation by leaves (Rn). According to GECROS, leaf temperature Ti, vapour pressure
in the atmosphere V, and sky clearness ficr are used to estimate R' (equations from

VAN KEULEN et al. 1997).
RT = BZ (Ti + 273.15 )4 fvap fclear f1 (A_S)
where B, represents the Stefan-Boltzmann constant (5.668 x 108 ] m2s1 K+#), Ti is leaf

temperature, and f; is the sunlit or shaded, respectively, fraction of a leaf class. The

factors for the effect of vapour pressure (fvap), and for the effect of sky clearness (fcear)

on R are:
frp = 0.56 — 0.079 |/ 10V (A=6)
fir = 0.1 + 0.9 max {0, min[1,(7-02)/ 05]} (A-7)

where V is vapour pressure and 1 is atmospheric transmissivity.

Derivation of equation 2.2.2-22 (actual leaf stomatal resistance 7sw,a)

Substituting rsw,p by rswa in eq. 2.2.2-16 (for potential leaf transpiration), actual leaf
transpiration is calculated as:
SR, +pc, D, /(1 +1,)

E, = —
}t{sﬂf[(rbw+rt+rsw,a)/(rbh+rt)]} (A-8)

Although the parameters s and R, are influenced by the modified leaf temperature due

to reduced transpiration, their values are not recalculated. This simplification is

considered to cause a negligible difference in calculating E..

Combining both the equations for E, and E, gives:

& _ S(?’bh +rt)+7/(rbw +rt +r5W/a) (A—g)
Ea S(rbh +rt)+7/(rbw +rt +r5er)

which is the basis for eq. 2.2.2-22.
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Boundary layer conductances

Wind speed is assumed to attenuate exponentially in a canopy. According to eq. (A-2),

boundary layer conductance for heat in the i-th layer of a canopy (gu,) is estimated as:

Qu; = 001w, /w =001 \Ju exp(-k, L )/ w (A-10)
where k,, is the extinction coefficient for wind speed.

Leaf width w is assumed to be constant over the depth of a canopy. The boundary layer

conductance for the entire canopy gu. is defined as:

L L
8be = J o, dL; = _f 0-01\/” exp(~k, L; ) /w dL,
0 0

(A-11)
=001 \Ju/w(l —exp(-05k,L))/(05k, )
For the sunlit fraction of the canopy, the boundary layer conductance is:
L L
gbc,sur\ = J‘ gbl,i (psun,i dLl = j gbl,i exp (_ kb Li ) dLl
0 0
(A-12)

=001 Ju/w[1-exp (=(05k,+ Kk, )L)]/ (05k, +k,)

For the shaded fraction, the boundary layer conductance can be simply given as

difference:

gbc,shade = 8pe ~ gbc,sun (A—13)

Leaf nitrogen profile

Scaling of leaf nitrogen content with canopy depth is modelled according to GECROS
(YIN & VAN LAAR 2005). YIN et al. (2000b) present the following equation for the

exponential decline of leaf nitrogen content per unit leaf area:

n = n, exp(-k, L) (A-14)

l
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where n; is the leaf nitrogen of the i-th layer of the canopy (counted from the top) with
the corresponding leaf area index L;. Leaf nitrogen content at the top of the canopy is
represented by n9, and k. stands for the nitrogen extinction coefficient.
Photosynthetically active nitrogen at the i-th layer (1) is defined as the difference
between leaf nitrogen content at the i-th layer n; and ny, the crop-specific minimum leaf

nitrogen content needed for photosynthesis:

i =M — My =1y eXp(_kn L )_nb (A-15)

p,l 1

For the whole canopy, photosynthetically active nitrogen can be solved as:

L L
Nc = v[np,idLi = j (nOeXp(_kn Li )_nb )dL
0 0

(A-16)
=y (1-exp(-k, L)) / k, —mL
Photosynthetically active nitrogen for the sunlit section of the canopy is:
L L
Nc,sun = J‘ np,i fsun,i dLl :I (7’10 exp(_kn Li )_nb ) exp (_ kb Li ) dLl
0 (A-17)

iy [1—exp (=(ky+k, )L)] / (ko + )
- ”b(l - exp (_ kbL))/ ky

Root depth

According to the model GECROS (YIN & VAN LAAR 2005), the following theory is used
for the derivation of eq. 2.2.5-3 and eq. 2.2.5-4 (chapter 2.2.5: Root growth).

The distribution of root mass between soil surface and depth D can be described by an
exponential equation (GERWITZ & PAGE 1974, cited by YIN & VAN LAAR 2005):
Wgr,; = Wgro €XP ( — kg D; ) (A-18)

where wrr, is root weight at the i-th soil depth (D;) counted from the soil surface layer
and wrr, is root weight at the soil surface (D; = 0). Entire root depth over the soil depth

is:

D
Wir = J-wRT,i d D; = wgry (1_exp(_kR D))/ ke (A-19)
0



Appendix A

If eq. (A-19) is solved for wrrpe and the term inserted into eq. (A-18), wrr, is calculated
as:

Wgr; = kg Wi exp(—kRDi)/(l—exp(—kRD)) (A-20)
A critical base value wry for the effectiveness of absorption is assumed. The effective
rooted depth is expressed as the distance from the soil surface to the depth at which
root weight reaches this critical (base) value:

Wy = kg Wir exp(—kRD)/(l—exp(—kRD)) (A-21)

Consequently, D is:

D= (1/kg)In(1+ ky Wiy / wRb) (A-22)

Assuming a constant kg over time, the differential form of eq. (A-22) gives the second

part of equation 2.2.5-3 (chapter 2.2.5: Root growth). The percentage p of root mass
between soil surface and depth D; is:

p:100(1—exp(—kRDi))/(l—e_kRD) (A-23)

The denominator can be approximated to 1.0, which gives root distribution over soil

depth:
p=100(1—exp(—kRDi)) (A-24)

Rooting depth is defined as the depth from which the roots effectively extract water
and nutrients. Assuming that 95 % of the total root mass is located above this depth,

gives following relationship to derive kg:

95 =100 (1 - exp( —kg Dy ) ) (A-25)

Derivation of equation 2.2.8-3

The derivation of equation (chapter 2.2.8: Nitrogen demand, eq. 2.2.8-3) is presented as
given by YIN & VAN LAAR (2005).

Corresponding to the study on relative growth rate (increase in biomass per unit

biomass in a defined time-step) by HILBERT (1990), the optimization criterion is derived
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for maximum relative carbon gain. Relative carbon gain is formulated as (see eq.

2.2.8-5):

(AC/ At)/ C=Cso-/C = foc (A-26)
where oc denotes relative shoot activity and fs is the fraction of carbon in the shoot
relative to total carbon in the plant. Thus root carbon fraction fr is 1 - fs. In order to
retrieve the optimum plant nitrogen-carbon ratio for maximum relative growth rate,
the derivative of relative carbon gain with respect to plant nitrogen-carbon ratio « is set

to zero:

de ¢ dx

To obtain the derivative of relative carbon gain with respect to x, a function for

=0 or f doe _ _ 5 4s (A-27)

deriving dfs/dx is needed. To determine fs as a function of «, conditions of balanced
growth are assumed. According to HILBERT (1990), under balanced growth conditions,
relative root and shoot activities are constant as well as root-shoot ratio, and nitrogen-
carbon ratio in the tissue (N/C = AN/AC). The nitrogen-carbon ratio x can then be

formulated as:

K:£+AN:CRGN:fRGN:(1_fé)GN (A-28)
C 4C Cs oc fs o¢ fs o¢
Consequently, fs is:
fy=oy/(ko. +oy) (A-29)

The derivative of fs with respect to x, dfs / dx, is determined as:

do. N dO'Nj

(ko +o0y) doy _ GN(GC-FK’ q q
K K

dfy dx

dx (ko +0y)

(A-30)

As stated by HILBERT (1990), it is assumed that on is not a function of x because root
relative activity in natural conditions is most often controlled by the quantity of
accessible soil nitrogen and its rate of diffusion to the root system, rather than by
intrinsic root physiological function. Therefore, don/dx is set to zero and allows the

simplification of equation (A-30) to:
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o (G +Kdacj
dfs _ - "U°  dx (A-31)

dx (KO‘C+O'N)2

Based on equations (A-29) and (A-31), the following equation is obtained:

o. + Kddc
dfy 1 T TR (A-32)
dx f Ko, +0y

Replacing equation (A-34) into equation (A-27) results in:

do. do.
d | Oc+ K K
Oc 1 _ K _ _ Oc n dx (A-33)
dx o KO- +0y KO.+0y  KO.+0y

By multiplying both sides of equation (A-33) by oc, and assembling the two terms

including doc /dx gives:

dac[ O j: o (A-34)

dx | ko +0y KO+ 0y

which after further simplification results in equation (2.2.8-3).
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List of symbols (with units) used in the text

Unless declared otherwise, weight in g refers to weight of dry matter (biomass) and m? denotes
ground area. Crop-specific input parameters are marked with an asterisk.

Symbol Definition Unit

A net assimilation rate g CO, m” leaf s
B, Stefan-Boltzmann constant Jm?s'K*
Co empirical coefficient -

Cq empirical coefficient kPa™

C, CO, concentration in the air pmol mol™
C. CO, concentration at carboxylation site of chloroplasts umol mol™
C; intercellular CO, concentration pmol mol™
Crv carbon in living leaf gCm”

C max maximum C content of seed at the end of its growth gC m?

€ Nfix carbon cost of symbiotic N fixation gC g’1 N
Cr carbon in living root gCm?

Cr carbon in living root (including root reserves) gC m?

Cs carbon in living shoot gCm?
Csg daily C supply from photosynthesis for root growth gCm>d"
Csg daily C supply from photosynthesis for shoot growth gCm>d"
Ce curvature factor for temperature response -

Ci C demand for growth of seed or stem gCm>d"
D rooting depth cm

D, water vapour pressure saturation deficit of air kPa

D, air-to-leaf vapour pressure deficit kPa

D, energy of deactivation for | ., J mol™

D, photoperiodic day-length h

D ox maximum rooting depth cm

dp plant density plants m™
D, sowing depth cm

E, actual leaf transpiration mm s’

E activation energy for J .. J mol™

E xmc activation energy for K ¢ J mol™

E xmo activation energy for K o J mol™
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Symbol Definition Unit
E .. coefficient for determining threshold for emergence -
E.b factor for determining threshold for emergence -
E . m threshold for emergence -
E, potential leaf transpiration mm s’
E raos activation energy for R 4 J mol™
E Rubx proxy for activation energies E ¢ E kmo, E ra aNd E yemax J mol™
€ (Ta) saturated vapour pressure of air kPa
€ gy saturated vapour pressure of leaf kPa
E Vemax activation energy for V ..., J mol™
f(P) photoperiod response -
AT) temperature response -
fv) vernalization response -
fCni initial fraction of C allocated to shoot -
fes fraction of C in seed biomass gC g’1
fev fraction of C in vegetative-organ biomass gCg’
fear fraction of carbohydrates in biomass of organs g carbohydrate g
[ dear factor for effect of sky clearness on R '
feye fraction of cyclic electron transport around photosystem [ -
fd fraction of diffuse component in incoming radiation -
F tooni soil water factor affecting N uptake -
fhe integral factor of stresses on plant height growth -
fiig fraction of lignin in biomass of organs g lignin g
fiip fraction of lipids in biomass of organs g lipid g
FNini initial fraction of N allocated to shoot -
fns factor for dynamics of seed N concentration during seed fill -
fNsfin factor for final N concentration of seed fill -
s ini factor for initial N concentration of seed fill -
F i soil ammonium supply factor in soil layer i -
F Nmin critical value of N supply factors -
F nosi soil nitrate supply factor in soil layer i -
fNpre fraction of seed N that comes from remobilizable vegetative- -
organ N accumulated before ¢
foac fraction of organic acids in biomass of organs g organic acid g'1
fpro fraction of proteins in biomass of organs g protein g

f pseudo

fraction of pseudocyclic electron transport
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Symbol Definition Unit

Fpw plant water stress factor

fa fraction of electron transport that follows the Q -cycle -

Fru root hospitality factor -

Fripi factor for root length density in layer i -

F ripp factor for root length density in the soil profile -

Frs root senescence factor -

f shade fraction of shaded leaves in a canopy -

Foni factor describing mineral N availability in layer i -

F snimin minimum value of F gy _

foun fraction of sunlit leaves in a canopy -

founi sunlit fraction of leaves at canopy depth with L; -

Fow factor describing soil water deficit -

fap factor for effect of vapour pressure on R 1 -

F apem factor for root depth increase before emergence -

S be total boundary layer conductance in canopy ms?

g be, shade boundary layer conductance for shaded fraction of canopy ms™

9 be, sun boundary layer conductance for sunlit fraction of canopy ms™

Sop potential conductance for CO, ms™

h number of protons required to produce 1 mol ATP mol mol™

H plant height m

H . maximum plant height m

I leaf chloroplasts-absorbed PAR umol m™ leaf s™

I iop incident direct-beam radiation above canopy W m?

I beam absorbed direct-beam radation W m?

I, absorbed radiation by canopy W m?

I ¢ shade absorbed radiation by shaded leaves of canopy W m?

I sun absorbed radiation by sunlit leaves of canopy W m?

Tg0p incident diffuse radiation above canopy Wm?

I diffuse absorbed diffuse radiation W m?

I seed fraction of sigmoid curve inflexion in entire seed growth -
period

I stem fraction of sigmoid curve inflexion in entire plant height -
growth period

I ceat beam absorbed scattered beam radiation W m?

J2

rate of linear electron transport through photosystem II

pmol electron m? leaf s
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Symbol Definition Unit

J max maximum rate of |, pmol electron m? leaf s™

J max2s J max @t 25 °C pmol electron m? leaf s™

k' extinction coefficient for beam and scattered-beam radiation m® ground m™ leaf

k’q extinction coefficient for diffuse and scattered-diffuse m’ ground m™ leaf
radiation (for standard overcast sky conditions)

ky direct beam extinction coefficient m” ground m™ leaf

K. .c Michaelis-Menten constant for CO, pmol mol™

K o5 Michaelis-Menten constant for CO ,at 25°C pmol mol™

Ko Michaelis-Menten constant for O , mmol mol™

K oo Michaelis-Menten constant for O ,at 25°C mmol mol™

k., N extinction coefficient m” ground m™” leaf

k. diffuse PAR extinction coefficient m” ground m™ leaf

kr extinction coefficient of root weight density over soil depth cm™

k gn extinction coefficient of root N concentration m> ground g‘l

k. wind speed extinction coefficient m’ ground m” leaf

L green leaf area index of canopy m” leaf m” ground

Lc carbon-determined L m” leaf m” ground

L, L counted from top to the i-th layer of canopy m” leaf m” ground

Ly nitrogen-determined L m” leaf m” ground

Ly total (green and senescent) leaf area index m” leaf m” ground

M., optimum photoperiod h

n leaf N content g N m? leaf

7 canopy top-leaf N g N m~ leaf

1 act actual N concentration in living shoot gN g'l

ny minimum leaf N for photosynthesis g N m~ leaf

1 pot canopy bottom-leaf N gN m? leaf

1 potE 1, calculated from exponential N profile gN m? leaf

N. total photosynthetically active N in canopy g N m”ground

N chade photosynthetically active N in shaded leaves of canopy gN m? ground

N coumn photosynthetically active N in sunlit leaves of canopy gN m? ground

M i critical shoot N concentration gN g’1

1 eio initial critical shoot N concentration gN g’1

N dgem crop N demand gN m?>d*

N dema activity-driven crop N demand gN m?>d?

N gemp deficiency-driven crop N demand gN m?>d*
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Symbol Definition Unit
N o exuded N from roots gN m?>d*
N gy symbiotically fixed N gNm?d"
ny N concentration in living leaf gNg’
1 Lmin minimum N concentration in leaf gN g’1
Niv N in living leaf gN m?
N 1vres amount of N in leaves available for remobilization gN m?d?
N axep  * maximum crop N uptake rate gN m?2d?t
N i ammonium N in layer i mg N kg'1
N \osi nitrate N in soil layer i mg N kg'1
Ny N in living root gN m?
N 16 estimated vegetative-organ N remobilizable for seed gN m?
growth
7 Rmin % minimum N concentration in root gN g’1
N Rres amount of N in roots available for remobilization gN m?>d*
N N in living shoot gNm?
7 Smin » minimum N concentration in stem gN g’1
Nso % standard N concentration in seed gN g’1
1 50,ex expected seed-N concentration dynamics during seed fill gN g‘1 N
Nsy daily N supply for root growth gNm?d"
Ng N in living structural root gN m?
Nsg daily N supply for shoot growth gNm?>d’
Ny total N in living shoot and root gN m?
N ioai sum of ammonium and nitrate in layer mg elemental N kg’1 soil
(O average projection of leaves in the direction of a solar beam m’ ground m™ leaf
(O intercellular oxygen concentration mmol mol”
P, actual gross leaf photosynthesis g CO, m” leaf s
Pc daily gross canopy photosynthesis g CO, m32d?
P cpet daily net canopy photosynthesis g CO, m>4d?
p, potential gross leaf photosynthesis g CO, m” leaf s
P sen + photoperiod sensitivity h'
R universal gas constant J K" mol™
R' net long-wave radiation Jm? leaf s
" bh leaf boundary layer resistance to heat sm’
7 bw leaf boundary layer resistance to water vapour sm™
Ry leaf dark respiration g CO,m”leaf s
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Symbol Definition Unit
R jos R, at25°C g CO, m” leaf s
Rg growth respiration g CO,m>d"
RG,, expected relative growth rate of seed or stem d?
Ryr rate of change in plant height md’
Ry proxy for K ¢, K o, Rgand V ., in eq. (2.2.2-10) various
R p; root length density of soil layer i cm root cm™ soil
Rim root length to mass ratio cm root length g™ root
Ry non-growth components of respiration (excluding the cost g CO, m32d?
of N -fixation)
R Mmin respiratory cost of minerals uptake g CO, m?2d?!
R pvinm respiratory cost of ammonium-N uptake g CO, m?>d™
Ryinos respiratory cost of nitrate-N uptake and reduction g CO,m>d"
Ryt phi respiratory cost due to phloem loading of C assimilates to g CO,m>d"
roots
R Mres residual maintenance respiration g CO, m?2d?!
Ryiup total respiration for uptake and phloem loading g CO, m?2d*
R nax maximum daily development rate d?
R s R ax In the reproductive (seed fill) phase d*
R v R ax in the vegetative phase d?’
R maxvt R . in the emergence till terminal spikelet initiation phase d™
R maxv2 R . in the terminal spikelet initiation till start of seed fill ~ d™
phase
R, net leaf absorbed radiation J m?leaf s*
R Niix respiratory cost of N, fixation g CO, m?2d?
T swa leaf stomatal resistance to water in the presence of water sm’
stress
¥ swp leaf stomatal resistance to water in the absence of water sm’”
stress
T turbulence resistance sm™
s slope of the curve relating saturation vapour pressure to kPa °C"
temperature
s* proxy for s in eq. (2.2.2-21) kPa °C"
S. solar constant W m?
S number of seeds seeds m™
S entropy term J K" mol
Sha specific leaf area constant m? leaf g’1 leaf
S, instantaneous global radiation W m?
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Symbol Definition Unit

w seed weight g seed”
T, air temperature °C
T, base temperature for phenological development °C
Ty em base temperature for emergence °C
T, ceiling temperature °C
tq Julian daynumber d
te development stage for the end of seed-number determining -

period

t, time of the day (solar time) h
T, leaf temperature °C
T, optimum temperature for phenological development °C
T daily mean soil temperature °C
TT em daily thermal time for emergence °C day
u wind speed ms’
Uy actual N uptake rate from the soil profile kgNha'd"
U N actual ammonium uptake in soil layer i kg N ha'd”
U Nrapi potential uptake rate of ammonium in soil layer i kg N ha'd”
U nosi actual nitrate uptake in soil layer i kg N ha'd”
U nospi potential uptake rate of nitrate in soil layer i kg N ha*d”
Uy potential N uptake rate from the soil profile kg N ha'd"
U NRmax maximum N uptake rate per unit length of root kg N ha™ cm™ root
U wai actual water uptake from soil layer i cm h
U wap actual water uptake from soil profile cm h
U i potential water uptake from soil layer i cm h
U ypp potential water uptake from soil profile cm h
U wyi water uptake per unit of root length cm® em™td?!
Vv vapour pressure kPa
V. rate of carboxylation limited by Rubisco activity umol CO, m™ leaf s™
V cmax maximum rate of carboxylation limited by Rubisco activity pmol CO, m?leaf s™
V oman2s V o at 25 °C pmol CO, m™ leaf s
VD effective vernalization days d
VD ¢5 VD when plants are 50 % vernalized d
V; rate of carboxylation limited by electron transport umol CO, m™ leaf s
w leaf blade width m
Wiy dry weight of living leaves gm”
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Symbol Definition Unit

Wr dry weight of living roots gm”

W Rp critical root weight density g m?cm™

W weight of living shoot gm”

Wk weight of living structural root gm”

Wern nitrogen-determined W, gm”

X N supply coefficient for ammonium -

X nos supply coefficient for nitrate -

Yas storage organ (seed) growth efficiency gCg'C

Yov vegetative-organ (leaf, stem, root) growth efficiency gCg'C

z; thickness of soil layer i cm

a inclination of sun angle for including civil twilight degrees

a, quantum efficiency for electron transport of PSII based on  mol mol™
absorbed light

B solar elevation degrees

B leaf angle inclination in canopy degrees

r CO, compensation point in the presence of dark respiration pmol mol™

Y psychrometric constant kPa °C"

I. CO, compensation point in the absence of dark respiration pmol mol”

0 declination of the sun radians

AC/At net rate of shoot C fixation gCm?>d"

AC.y rate of change in living-leaf C gCm?>d’

AD rate of change in rooting depth cmd?’

AL ¢ rate of change of L m”leaf m> d™”

AN/At rate of root N uptake gNm?d’

A o, rate of change of 71, gN m™leaf d™

AN [y loss rate of leaf N because of senescence gNm-2d-1

AN vy rate of change of N1y gN m?2d?

ANy loss rate of root N because of senescence gN m24d?

AR root length increase cm root cm™ ground

AT leaf-to-air temperature difference °C

At time step of dynamic simulation d

AW 1y loss rate of leaf weight because of senescence gm?>d’

AW loss rate of root weight because of senescence gm?>d’

AW gp rate of change in total root weight g m?>d*

Ax increment in x gNg'C
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Symbol Definition Unit
€g efficiency of germination gg’
¢ latitude degrees
C) convexity factor for response of |, to PAR -
0 rci 0 inlayer i at field capacity cm’® water cm” soil
0, volumetric soil water content in layer i cm’ water cm” soil
0 sati volumetric soil water content at saturation in layer i cm’® water cm” soil
0 wri 0 inlayer i at wilting point cm’ water cm” soil
K nitrogen-carbon ratio in crop gNg'C
A latent heat of water vaporization Jkg'
A Ceat fraction of newly assimilated shoot C partitioned to leaf gC g‘1 C
Acr fraction of newly assimilated C partitioned to root gC g’1 C
Acs fraction of newly assimilated C partitioned to shoot gC g‘1 C
A Cseed fraction of newly assimilated shoot C partitioned to seed gC g‘1 C
A Csres fraction of newly assimilated shoot C partitioned to stem gC g‘1 C
reserve pool
A Cstem fraction of newly assimilated shoot C partitioned to gC g’1 C
structural stem
Anr fraction of newly absorbed N partitioned to root gNg'N
Ans fraction of newly absorbed N partitioned to shoot gNg'N
p proportion factor between stem biomass and plant height ¢ m?m
Po soil bulk density g soil cm™ soil
P canopy reflection coefficient for direct-beam radiation -
P canopy reflection coefficient for diffuse radiation -
pcy volumetric heat capacity Jm?e°C?
Pn canopy reflection coefficient for horizontal leaves -
S leakage of CO, back to the mesophyll as a fraction of the -
PEP carboxylation
o leaf scattering coefficient -
Oc relative shoot activity gCg'Cd’
on relative root activity gNg'Cd’
T atmospheric transmissivity -
() development stage -
Q1 development stage at which photoperiod sensitivity starts -
Q> development stage at which photoperiod sensitivity ends -
Do maximum electron transport efficiency of PS I mol mol™
Qe development stage at the end of growth of stem or seed -
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Symbol Definition Unit
Q; development stage during the growth of stem or seed -
Pm development stage at the time of maximal growth rate of -
stem or seed
Qe development stage when transition from fy s t0 fn s sin 1S -
fastest
Xin proportion factor for the relation of | ,,, to leaf N umol electron g'1 Ns*
X ven proportion factor for the relation of V ., to leaf N umol CO, g’1 Ns*
@; daily development rate d!
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Appendix C
Partitioning of global incident radiation into direct and diffuse components

For modelling canopy photosynthesis and energy exchange, it is essential to
differentiate between the diffuse and direct components of the incoming global
radiation. The diffuse flux arises from scattering (reflection and transmission) in the
atmosphere. The fraction reaching the earth’s surface is modified by clouds and
aerosols and therefore related to atmospheric transmissivity. While the incoming
global radiation is a standard quantity measured in many weather stations, records of

direct sunlight and diffuse skylight are rare.

According to the model GECROS (YIN & VAN LAAR 2005), the method presented by
SPITTERS et al. (1986) and modified by GOUDRIAAN & VAN LAAR (1994) is used to
estimate the diffuse fraction of measured incoming global radiation. This algorithm
derives the portion of the diffuse component from the ratio between calculated
extraterrestrial radiation outside the atmosphere and measured global radiation at the

earth’s surface.

Table C-1: Symbols, definitions and units used for calculation of direct and diffuse radiation

Symbol Definition Unit

fa diffuse light fraction -

Se solar constant W m?2
So instantaneous global radiation W m-2
tq Julian daynumber d

th time of the day (solar time) h

B solar elevation degrees
0 declination of the sun radians
¢ latitude degrees
T atmospheric transmissivity -

The declination of the sun () related to the equator varies with day of year (ta)

(SPITTERS et al. 1986):

0 = —arcsin{ sin (23.457 /180)cos[2 7 (t;+10)/365] } (C-1)

Using solar time (f1,), Julian day of year (f4) and latitude (), the diurnal course of the

sine of solar elevation (sin f) is calculated (GOUDRIAAN & VAN LAAR 1994):

sinff =a+bcos[27x (t,-12) / 24] (C-2a)
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a=sin (x4 /180) sind (C-2b)
b =cos (¢ /180) cos o (C-2¢)
The incoming solar radiation at the outer surface of the atmosphere, the solar constant

(S, 1367 Wm?2), on day fq is corrected for the eccentricity of the sun’s orbit

(GOUDRIAAN & VAN LAAR 1994):

S. = 1367 { 1+0.033 cos [2 7 (£, —10)/365]} (C-3)

The atmospheric transmissivity (r) depends on the degree of cloudiness and is given by

(GOUDRIAAN & VAN LAAR 1994):

% (C-4)

T =
S, sinf
The diffuse light fraction (f1) as a function of atmospheric transmissivity can then be

calculated as (SPITTERS et al. 1986):

7 <022 fa =1 (C-5a)
022 <7 <035 fi=1-64(r-022)° (C-5b)
r <035 f,=147-1.661 (C-5¢)

The diffuse light fraction is limited to a minimum by the following value:

0.15 + 0.85 (1—exp( -0.1/sin g )) (C-6)

The coefficients are based on literature data and radiation measurements taken in the
Netherlands but the relationships are stable over climates and latitudes (SPITTERS ef al.
1986).

0.5 Global incident 0.5
radiation
Incoming total Incoming total
PAR NIR
fa 1-fa fa 1-fa
diffuse PAR direct PAR diffuse NIR direct NIR

Fig. C-1: Division of global incident radiation into direct and diffuse components.
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Photosynthetically active radiation (PAR) designates the spectral range of solar light
from 400 to 700 nm and represents about one half (45 % under sunny conditions to
55 % under overcast conditions) of the amount of global radiation (approx.
350 to 2000 nm) (GOUDRIAAN & VAN LAAR 1994). In GECROS, global radiation is
divided equally between PAR and near-infrared radiation (NIR). Therefore, to obtain
the share of diffuse PAR, half of the incident global radiation is multiplied with the
diffuse light fraction (fs). In this way the measured incident global radiation can be
divided into four components needed by the crop growth model: direct and diffuse

PAR as well as direct and diffuse NIR.

Comparison with measurements

For validating the partitioning of radiation into its direct and diffuse components,
measurements taken with the "Beam Fraction Sensor BF2" from Delta-T Devices (Delta-T
Devices Ltd., Cambridge, UK) were analyzed. This device uses seven cosine-corrected
photodiodes under a special "shading pattern" to record total incident PAR and diffuse
PAR with an accuracy of £15 % (DELTA-T DEVICES LTD 1999).

Table C-2: Characteristics of analyzed data

number of range of range of range of
pair of variates total incident PAR diffuse PAR solar zenith angle
281 264 - 2075 pmol m2 s-1 258 - 988 pmol m2 s-1 27.1°-71.9°

A total of 281 measurements recorded on 12 days in the years 2003 and 2004 in the Sieg
catchment area were compared with calculated diffuse PAR. Table C-2 shows
characteristics of the analyzed data. To convert the modelled PAR data from W m?2 to
measured photosynthetically active photon flux density in umol m?2s?, a factor of

4.56 umol ]! is used (YIN & VAN LAAR 2005).
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s?)

2

modelled diffuse PAR (umol m

The dashed line refers to 1:1 relationship whereas the solid line shows the linear regression relationship

The scatter diagram of measured and modelled diffuse PAR (Fig. C-2) shows that the

diffuse radiation can be estimated with reasonable accuracy (Pearson’s correlation

1200
1000 -
800 -
600 -
400 -
200 -

200 400 600 800 1000

measured diffuse PAR (umol m? s?)

Fig. C-2: Scatter diagram of measured and modelled diffuse PAR

(y = 0.977x)

coefficient: 0.747, RMSE: 95.7 pmol m2s?).

As Fig. C-3 indicates, an apparently strong relationship exists between model
performance and total incident PAR. Measured diffuse PAR from total incident
radiation data lower than approx. 1350 pmol m2sis generally underestimated by the
model, whereas higher values result in an overestimation. Further analysis would be

needed to interpret this correlation. However, for the given purpose the results are

satisfying and are derived with an acceptable complexity.

diffuse PAR deviation (upmol m? s'])
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Fig. C-3: Diffuse PAR deviation in relation to total PAR
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Appendix D

Values of crop-specific parameters

for sugar beet, spring barley, maize, winter wheat and potato

The references of the mentioned models are:

CERES: JONES & KINIRY, eds, (1986), RITCHIE & GODWIN (2000)
CERES-BEET: LEVIEL (2000), LEVIEL et al. (2003)
GECROS: YIN & VAN LAAR (2005)

PROMET-V: SCHNEIDER (1999)
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Sugar beet

Symbol Value Unit Source
biomass composition

fcini 0.5 - GECROS

fev 0.48 gCg?t GECROS

Sfiig 0.05 g lignin g GECROS

fiip 0 g fatgt! GECROS

i 0.62 - GECROS

foac 0.04 g organic acid g1 GECROS

Yoy 0.81 gCglC GECROS

& 0.25 gg! GECROS
leaf photosynthesis

Ejmax 39600 J mol~ derived from measurements

b 0.25 g N m?2leaf GECROS

0 0.67 - derived from measurements

Xin 100.61 umol electron g N s twice the value of yven

Xven 50.31 pumol CO» g N s derived from measurements
root growth and nitrogen uptake

Fnimin 0.03 - CERES-BEET

FsNmin 0.01 - CERES-BEET

Fap,em 0.15 - CERES-BEET

Nmaxup =) 0.8 g Nm2d? estimated

Rim 0.8 cm root length g root CERES-BEET

UnNRmax 0.008 kg N ha' cm root CERES-BEET

XNrH4 -0.025 - CERES-BEET

XNo3 -0.0275 - CERES-BEET
morphology

Drmax (+) 120 cm GECROS

Spre 0.7 - estimated

Hinax + 0.5 m estimated

I seed 0.4 - estimated

Im,stem 0.9 - estimated

Sla 0.02 m?leaf gleaf GECROS

w 0.08 m GECROS

pu + 52.5 (45-60) degrees GUERIF & DUKE (2000)

p 150 gm?m! GECROS
phenology

Ct + 1 - GECROS

Ema sowing date Julian day CERES-BEET

Empb 59 - CERES-BEET

Psen + 0 ht (no photosensitivity)

Rimaxr + 0.012 d- estimated

Rmaxv + 0.033 d estimated

Ty 0 °C GECROS

Toem 3 °C CERES-BEET

Tc 37 °C GECROS

te (+) 1.5 - estimated

T, 25 °C GECROS

@1 + - - (no photosensitivity)

P2 + - - (no photosensitivity)
biomass nitrogen content

fNsini 0.75 - GECROS

fNsfin 1 - GECROS

Heri0 0.05 gN g? GECROS

MRmin 0.005 gNg! GECROS

71Smin 0.01 gN g? GECROS

Pue 15 - GECROS
seed characteristics

nso + 0.00175 (0.0015-0.002) gN g? KTBL, ed., (2005)

Sw + 0.0285 (0.027-0.03) g seed! KTBL, ed., (2005)
management

Ds 3 (2-4) cm KTBL, ed., (2005)

dp 13.5 (9-18) plants m? KTBL, ed., (2005)




Appendix D

Spring barley

Symbol Value Unit Source
biomass composition

fcini 0.50 - GECROS

fov 0.48 gCg?t GECROS

Sfiig 0.04 g lignin g GECROS

fiip 0.01 g fat gt GECROS

frini 0.62 - GECROS

Sfoac 0.02 g organic acid g1 GECROS

Yoy 0.81 gCglC GECROS

& 0.25 gg! GECROS
leaf photosynthesis

Ejmax 30200 J mol~! GECROS

b 0.30 g N m?2leaf GECROS

0 0.70 - GECROS

Xin 120 umol electron g N s GECROS

Xven 60 pumol CO» g N s GECROS
root growth and nitrogen uptake

Fximin 0.03 - CERES

FsNmin 0.01 - CERES

Fapem 0.10 - CERES

Nmaxup &~ 040 gNm2d? estimated

Rim 1.05 cm root length g root CERES

UnNRmax 0.006 kg N ha' cm root CERES

XNH4 -0.025 - CERES

Xnos -0.0275 - CERES
morphology

Drmax +) 130 cm GECROS

Spre ~ 08 - estimated

Hinax + 0.7 m estimated

I seed ~ 04 - estimated

Iin,stem ~ 08 - estimated

Sla 0.031 m?leaf gleaf GECROS

w 0.01 m GECROS

pu + 50 degrees estimated

p 450 gm?m! GECROS
phenology

ct + 0~ 1 - GECROS

Ema 50 - CERES

Emp 10.4 - CERES

Psen + -0.082 ht derived from PROMET-V

Rimaxr + 0.0331 d- derived from PROMET-V

Rinax,y + 0.0431 d derived from PROMET-V

Tb 0 °C GECROS

Tb,em 2 OC CERES

T: 37 °C GECROS

te + o~ 12 - estimated

T, 25 °C GECROS

1 +  ~ 04285 - YIN et al. (2005)

P2 + ~ 08 - derived from PROMET-V
biomass nitrogen content

fsini 0.75 - GECROS

fNsfin 1 - GECROS

Heri0 0.05 gN g? GECROS

MRmin 0.005 gNg! GECROS

7Smin 0.01 gN g? GECROS

Pue 15 - GECROS
seed characteristics

1so + 0.017 (0.013-0.021) gN g? KTBL, ed., (2005)

Sw + 0.045 (0.04-0.05) g seed! KTBL, ed., (2005)
management

Ds 3 (2-4) cm KTBL, ed., (2005)

dp 310 (220-400) plants m2

KTBL, ed., (2005)
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Maize
Symbol Value Unit Source
biomass composition
fcini 0.50 - GECROS
fov 0.48 gCgl GECROS
Sfiig 0.11 g lignin g GECROS
Sfiip 0.05 g fat gt GECROS
frini 0.62 - GECROS
Sfoac 0.04 g organic acid g GECROS
Yoy 0.81 gCg!C GECROS
& 0.25 gg! GECROS
leaf photosynthesis
Ejmax 70890 J mol! GECROS
b 0.25 g N m?2leaf GECROS
0 0.70 - GECROS
Xin 124 umol electron g N s twice the value of yven
Xven 62 pumol CO; g N s derived from measurements
root growth and nitrogen uptake
Fximin 0.04 - CERES
FsNmin 0.10 - CERES
Fapem 0.15 - CERES
Nmaxup &~ 050 gNm2d? estimated
Rim 0.80 cm root length g root CERES
UnNRmax 0.006 kg N ha' cm root CERES
XNH4 -0.03 - CERES
Xnos -0.03 - CERES
morphology
Drmax +) 145 cm GECROS
fipre ~ 07 - estimated
Himax + 2.0 m estimated
Im,sced ~ 04 - estimated
I, stem ~ 09 - estimated
Sla 0.022 m?leaf gleaf GECROS
w 0.05 m GECROS
pu + 50 degrees estimated
p 570 gm?m! GECROS
phenology
ct + 0~ 1 - GECROS
Ema 15 - CERES
Empb 6 - CERES
Psen + 0 ht no photoperiod sensitivity
Rumaxr + 0.0450 d-t derived from PROMET-V
Rmaxy + 0.0365 d1 derived from PROMET-V
Tb 8 °C GECROS
Tb,em 10 °C CERES
T: 42 °C GECROS
te + o~ 1 - determinate plant
T, 30 °C GECROS
[ + o~ - - no photoperiod sensitivity
P2 +~ - - no photoperiod sensitivity
biomass nitrogen content
fsini 0.75 - GECROS
fNsin 1 - GECROS
Terio 0.05 gNg? GECROS
MRmin 0.005 gNg! GECROS
TSmin 0.008 gNgl GECROS
P 15 - GECROS
seed characteristics
1so + 0.014 (0.012-0.016) gN g? KTBL, ed., (2005)
Sw + 0.325 (0.2-0.4) g seed-! KTBL, ed., (2005)
management
Ds 6 (4-8) cm KTBL, ed., (2005)

dp 9 (8-10) plants m? KTBL, ed., (2005)
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Winter wheat

Symbol Value Unit Source
biomass composition
fcini 0.50 - GECROS
fov 0.48 gCg?t GECROS
Sfiig 0.06 g lignin g GECROS
fiip 0.02 g fat gt GECROS
frini 0.62 - GECROS
Sfoac 0.02 g organic acid g GECROS
Yoy 0.81 gCglC GECROS
& 0.25 gg! GECROS
leaf photosynthesis
Ejmax 48270 J mol~! GECROS
b 0.35 g N m?2leaf GECROS
0 0.70 - GECROS
Xin 120 umol electron g N s GECROS
Xven 60 pumol CO» g N s GECROS
root growth and nitrogen uptake
Fximin 0.03 - CERES
FsNmin 0.01 - CERES
Fapem 0.10 - CERES
Nmaxup &~ 050 gNm2d? estimated
Rim 1.05 cm root length g root CERES
UnNRmax 0.009 kg N ha' cm root CERES
XNH4 -0.025 - CERES
Xnos -0.0275 - CERES
morphology
Drmax +) 130 cm GECROS
fipre ~ 08 - estimated
Himax + 0.8 m estimated
Im,sced ~ 04 - estimated
I, stem ~ 09 - estimated
Sla 0.028 m?leaf gleaf GECROS
w 0.01 m GECROS
pu + 50 degrees estimated
p 460 gm?m! GECROS
phenology
ct + 0~ 1 - GECROS
Ema 40 - CERES
Empb 10.2 - CERES
Psen + -0.088 ht derived from PROMET-V
Rumaxr + 0.02857 d-! derived from PROMET-V
Rmaxy + 0.03731 d1 derived from PROMET-V
To 0w 40 80 °C PORTER & GAWITH (1999)
Tb,em 2 °C CERES
Tc 30 M 350 356 °C PORTER & GAWITH (1999)
te + o~ 1 - determinate plant
T, 190 24 240) °C PORTER & GAWITH (1999)
[ +  ~ 02 - estimated
P2 + ~ 0783 - derived from PROMET-V
Tv, To, Tc for vernalization effect: -1.3, 4.9, 15.7 °C PORTER & GAWITH (1999)
biomass nitrogen content
fNsini 0.75 - GECROS
s fin 1 - GECROS
Merio 0.05 gN gt GECROS
7Rmin 0.005 gN g? GECROS
7Smin 0.01 gNg! GECROS
P 15 - GECROS
seed characteristics
1so + 0.02 (0.015-0.025) gN gl KTBL, ed., (2005)
Sw + 0.0475 (0.04-0.055) g seed! KTBL, ed., (2005)
management
Ds 2.5 (2-3) cm KTBL, ed., (2005)
dp 300 (200-400) plants m2 KTBL, ed., (2005)

(1) for the phase between emergence and terminal spikelet initiation

)
(2) for the phase between terminal spikelet initiation and start of seed fill
)

(3) for the phase between start of seed fill and physiological maturity
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Potato
Symbol Value Unit Source
biomass composition
fcini 0.50 - GECROS
fov 0.48 gCgl GECROS
Sfiig 0.03 g lignin g GECROS
Sfiip 0 g fat gt GECROS
frini 0.62 - GECROS
Sfoac 0.04 g organic acid g GECROS
Yoy 0.81 gCg'C GECROS
& 0.25 gg! GECROS
leaf photosynthesis
Ejmax 84180 J mol~ derived from measurements
b 0.35 g N m?2leaf GECROS
0 0.72 - derived from measurements
Xin 117.72 umol electron g N s twice the value of yven
Xven 58.86 pumol CO» g N s derived from measurements
root growth and nitrogen uptake
Fximin 0.03 - HODGES (1997)
FsNmin 0.01 - value adopted from sugar beet
Fapem 0.15 - value adopted from sugar beet
Nmaxup &+~ 080 gNm2d? estimated
Rim 0.80 cm root length g root RENWICK (1999)
UnNRmax 0.008 kg N ha' cm root value adopted from sugar beet
XNrH4 -0.025 - HODGES (1997)
Xnos -0.0275 - HODGES (1997)
morphology
Drmax +) 100 cm GECROS
fipre ~ 07 - estimated
Himax + 0.4 m estimated
Im,sced ~ 06 - estimated
I, stem ~ 06 - estimated
Sla 0.033 m?leaf gleaf GECROS
w 0.025 m GECROS
pu + 60 degrees estimated
p 170 gm?m! GECROS
phenology
ct + 0~ 1 - GECROS
Ema 60 - estimated
Empb 5.9 - value adopted from sugar beet
Psen + 0 ht (no photosensitivity)
Rumaxr + 0.021 d-! estimated
Rmaxy + 0.0357 d1 estimated
Tb 0 °C GECROS
Toem 3 °C value adopted from sugar beet
T: 37 °C GECROS
te +  ~ 135 - estimated
T, 25 °C GECROS
[ + o~ - - (no photosensitivity)
P2 +~ - - (no photosensitivity)
biomass nitrogen content
fsini 0.75 - GECROS
fNsin 1 - GECROS
Terio 0.05 gNg? GECROS
MRmin 0.005 gNg! GECROS
1Smin 0.01 gN g? GECROS
P 1.5 - GECROS
seed characteristics
1so + 0.0035 (0.003-0.004) gN g? KTBL, ed., (2005)
Sw + 10 g seed! estimated
management
Ds 6 (4-8) cm KTBL, ed., (2005)

dp 4.5 (3.5-5.5) plants m?2 KTBL, ed., (2005)
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Appendix E

Assignment of phenological stage to development stage and BBCH stage

(based on HOOGENBOOM et al. (2003), MEIER (ed., 2001), STRECK et al. (2003b), WANG & ENGEL (1998))

Wheat and barley

Start of stage development stage BBCH stage
sowing - 00
germination - 05
emergence 0.00 09
floral initiation 0.20 14-22
terminal spikelet initiation 0.40 -
termlnal splkglet (Wheat) 045 30
maximum primordia (barley)

flag leaf 0.65 41
heading 0.90 51
anthesis 1.00 61
milk development 1.15 71
dough development 1.50 81
ripening 1.95 90
maturity 2.00 92
Maize

Start of stage development stage BBCH stage
sowing - 00
germination - 05
emergence 0.00 09
anthesis 1.00 61
milk development 1.15 73
dough development 1.50 83
ripening 1.95 87
maturity 2.00 89
Sugar beet

Start of stage development stage BBCH stage
sowing - 00
germination - 01-07
emergence 0.00 09
start of beet root development 1.00 40
maturity 2.00 49
Potato

Start of stage development stage BBCH stage
planting - 00
sprouting/germination - 01-07
emergence 0.00 09
start of tuber formation 1.00 40

maturity 2.00 49
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Appendix F

Equations of model performance statistics

The formulas of the model performance statistics are listed according to WALLACH
(2006).
The root mean squared error (RMSE) is given by:

RMSE = \/ %Zf_l (Y-X, ) (F-1)

where n stands for the number of samples and Y; and X; are the ith measured and

modelled values, respectively. The relative root mean squared error is given by:

RRMSE = Rl\f_/SE (F-2)

where Y is the mean of the measured values. The mean absolute error (MAE) is

calculated as:

wae 1 x| =

The index of agreement (IA) expresses the average relative error and is calculated as:

> (%X )

A=1- (F-4)

S (%Y |y )

The numerator is the mean squared error and the denominator represents the
variability of the measured and modelled data. In a perfect fit, IA would result in the

value of 1.

The modelling efficiency statistic (MEF) is calculated as:

>.<

n 2
2 (Yi-X)
MEF = 1--&i= .

2 (%-Y)

Were the model perfect, MEF would likewise be 1.

=
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Field measurement data

Biomass weight is given in dry matter (DM).

Sugar beet
Feienberg 2004
green LAI living leaf dead leaf taproot phenology
date| (m2m?)|(gDMm? C(%) N (%)|(gDMm? C(%) N(%)|(gDMm? C(%) N (%) BBCH-stage
19.05.04 0.02 1 37.2 44 0 0 0 0 0.0 0.0 15
26.05.04 0.06 4 36.2 48 0 0 0 0 0.0 0.0 16
09.06.04 0.46 34 36.4 4.6 0 0 0 0 0.0 0.0 19
23.06.04 1.69 195 35.2 39 0 0 0 54 38.9 1.6 33
07.07.04 259 379 39.1 29 6 16.2 12 178 34.8 13 36
21.07.04 297 360 40.1 24 11 29.2 17 257 452 0.8 39
03.08.04 2.45 316 427 23 5 26.5 1.2 266 49.0 0.8 39
17.08.04 5.57 809 39.7 1.8 26 23.2 1.1 911 40.8 0.6 39
07.09.04 5.90 1077 40.7 19 45 32.6 1.6 1501 413 0.6 49
Sugar beet
Feienberg 2005
green LAI living leaf dead leaf taproot phenology
date (m2m?)| (gDMm?) C(%) N(%)|(gDMm? C(%) N (%) (gDMm? C(%) N (%)] BBCH-stage
17.05.05 - 1 27.6 37 0 0 0 0 0 0 11-12
08.06.05 0.28 27 32.8 41 0 0 0 0 0 0 19
22.06.05 1.10 100 40.6 41 0 0 0 38 - - 19
08.07.05 2.93 241 421 3.2 4 2462 1.46] 127 43.54 1.07] 19
20.07.05 3.22 330 426 2.6 18  31.88 1.73 248 39.63 1.35 34
10.08.05 5.60) 725 414 2.6 18 2823 1.67, 851  44.83 0.83 39
31.08.05 5.78 994 42.9 2.7 23 30.00 1.69 1211 46.21 0.73 39
14.09.05 5.72) 983 44.6 2.6 46 3256 1.55 1436 45.06 0.62] 49




Appendix G

Potato

Hofferhof 2004
green LAI living leaf dead leaf stem tuber phenology
date (m*m? |[(gDMm?) C(%) N (%)|(gDMm? C(%) N ()|(gDMm?2 C((%) N(%)|((gDMm? C (%) N (%)|BBCH-stage
09.06.04 0.93 52 38.7 6.5 0 0.0 0.0 10 30.8 5.1 0 0.0 0.0 107
23.06.04 2.34 145 374 4.5 1 - - 51 31.4 2.6 67 41.6 2.0 509
07.07.04 258 158 38.5 3.6 9 26.4 1.9 72 38.4 1.9 150 40.0 15 700
21.07.04 3.35 172 344 2.7 19 26.7 14 93 36.3 0.8 488 417 1.0 709
03.08.04 0.28 18 33.2 2.6 54 37.5 24 116 38.4 1.0 712 423 1.3 709
Potato
Hofferhof 2005
green LAI living leaf dead leaf stem tuber phenology
date (m2m?) |[(gDMm? C(%) N(®%)|(gDMm?2 C(%) N ((%)|/(gDMm? C((%) N (%)|[(gDMm? C(%) N (%)|BBCH-stage
08.06.05 0.09 6 37.8 5.8 0 0 0 2 28.8 5.8 0 0.0 0.0 104
22.06.05 0.59 30 424 4.9 0 0 0 17 34.3 4.0 4 41.0 23 204
08.07.05 214 104 39.5 47 4 23.2 1.8 46 343 35 35 39.2 22 602
20.07.05 2.59 132 41.2 3.8 7 31.9 1.6 73 38.7 14 129 418 1.6 608
10.08.05 2.98 171 39.5 28 26 271 14 103 40.2 0.8 645 39.7 13 709




Appendix G

68 LT (444 91l 70 6y €19 0T a0y LLT 00 00 0 VL1 000 ¥0'80°€0
€8 Sl iA44 896 90 414 gesq [ vy 528 L1 1y 44 L1 980 ¥0°20'TC
<74 91 L'Ey 906 a1 ey VA T c6e L6 0¢ 6'CY 9Tl 8¢l ove ¥0°L0°L0
14 81 9¥v (744 80 avy 9GT1 71 €6¢ 88 ge 844 0¢e 61 LSV ¥090°¢cc
19 L1 8T¥ y1¢ 0T oey 8¢8 1 6'8¢ 78 e aey 649¢ 9Tl 19 709060
(914 0 0 0 90 6TV 6Ly 71 g'8¢ 8¢ ¥'e (0894 =174 ¥80 L8°S ¥0°60'9¢
Ve 0 0 0 0T L0V aov a1 q'Le 174 ae 9y 09¢ 790 ar9 ¥0'90°'61
€e 0 0 0 e oy 418 0 0 0 €y ey 00¢ ST0 0L% ¥0°50°S0
1€ 0 0 0 67T 91y 99 0 0 0 184 (%4 (A8 000 9¢¢ ¥070TC
€ 0 0 0 00 00 0 0 0 0 6V 76e 1L 000 80T $0'70°80
1C 0 0 0 00 00 0 0 0 0 ¥y gee ge 000 800 ¥0°€0'sC
Bes-HOEA|W N () D GWNAD [N D WNWAY|WIN (@D CWNAS)|(%N D WWA)| uam) () agep
ASorouayd Ied wajs Jea[ peap yea[ Surarg IV1umoiq Jy7T uaaid
00C S12quarag
JeayMm IJUIM
68 - - 648 - - €eq - - 91 - - qcl 498 S0°01°S0
SL 7' 99 61¢ 30 L'Ey 8¢ 000 000 0 T L1y 9L 0TT <0'80°0T
[43 - - - - - - - - - - - - - S0°80°£0
8L 00 00 0 6’1 L'ev g€ 000 000 0 7'C 9¥¥ 43 60 <0°90°'8C
aBuis-HOAA|(WN (0D GWWAD) [N %D CWWAY [N %D CWNWAY|(%WN (@)D WNAF)| (uww) ayep
ASojouayd Ied wajs Jea[ umoiq yea[ Surarg IV uaais
S00T S12quarag
ZIeN
88 - - 8¢6 - - ¥98 - - € - - 8L¢ LS $0°60°£0
14 - - 979 - - V.4 - - 0 - - £8¢C 167 ¥0°'80°41
€9 - - 0 - - 9Ty - - 0 - - 0j48 1c¢ ¥0°20°'1C
€1 - - - - - - - - - - - - - ¥0°50'9¢
a8eis-HOAd| (W N (%) D (umwa9) |WN @D (upwad)|@WN @)D unwad)|@WN @)D unad)| (uww) ajep
ASorouayd Ied wajs Jea] umoiq yea[ Surarg IV uaaid
$00T S1aquarayg

JZIRIA







Erkldrung

Ich versichere, dass ich die von mir vorgelegte Dissertation selbstindig angefertigt, die
benutzten Quellen und Hilfsmittel vollstindig angegeben und die Stellen der Arbeit -
einschliefdlich Tabellen, Karten und Abbildungen —, die anderen Werken im Wortlaut oder
dem Sinn nach entnommen sind, in jedem Einzelfall als Entlehnung kenntlich gemacht
habe; dass diese Dissertation noch keiner anderen Fakultit oder Universitit zur Priiffung
vorgelegen hat; dass sie noch nicht veroffentlicht worden ist sowie, dass ich eine solche
Veroffentlichung vor Abschluss des Promotionsverfahrens nicht vornehmen werde. Die
Bestimmungen der Promotionsordnung sind mir bekannt. Die von mir vorgelegte

Dissertation ist von Prof. Dr. Karl Schneider betreut worden.

Koln, 29. April 2007 Victoria Lenz



	H2O uptake: 


