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Foreword

PETER THORBURN

Cropping systems are complicated non-linear biophysical systems, made complex
by drivers that can’t currently be predicted, namely climate and management actions
executed in response to numerous socio-economic-political drivers. How do we, agri-
cultural scientists, make sense of these systems and help land managers meet their
goals and the goals of the societies in which they live? Models are tools used by agri-
cultural scientists to make sense of these systems for over 100 years. This 2nd edition of
the “STICS red book” represents an important milestone in the evolution of cropping
systems models over that period.

Models have evolved from simple equations of plant growth in the early- and mid-1900’s
to today’s sophisticated cropping systems models (Keating and Thorburn, 2018). An
important part of this evolution was the “leap” from crop models, which coupled
models of growth of a single crop to models of soil processes, to “cropping system”
models in the 1990’s. Cropping systems models allowed realistic representation of crop
rotations and so reflected more closely the way farmers viewed and managed their
fields. As these models developed descriptions of them were published: A landmark
was papers by the major modelling groups around the world in 2003 Special Issue
of the European Journal of Agronomy (Volume 18, Issues 3—4) followed by updates
in a Thematic Issue of Environmental Modelling and Software in 2014 (Volume 62).
Overviews of STICS were included in both (Bergez et al., 2014; Brisson et al., 2003).
However, journal papers come with length restrictions and the “overviews” of compli-
cated tools like cropping systems models in those papers are inadequate resources for
new and experienced users alike. To me, the 1st edition of the “STICS red book” repre-
sented the commitment of the STICS team to support those users and expose the detail
of the concepts, structures and approaches in the model to their modelling peers.

The 2nd edition of the “STICS red book” shows how comprehensive the STICS crop-
ping systems model has become. Long gone are the days (for STICS and other models)
when simulating a “crop-fallow-crop” rotation was challenging and novel. This is now
one of the first tasks given to students learning cropping systems modelling. Develop-
ments since the 1st edition of the “STICS red book” include the capability to address
contemporary issues such as climate change impacts and adaptation, greenhouse gas
(GHG) emissions and abatement, organic agriculture, spatial application, and coupling
with other models (e.g. of hydrology, pest and diseases, etc.).
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Some of these applications have indirect or direct links with government policy.
Modelling in this context raises new challenges for model development and applica-
tion coming from the increased scrutiny to which the results will be subjected (Moore
et al., 2014). In agriculture, models started as tools of scientific enquiry. For example,
CT de Wit’s interest in modelling was sparked by the desire to know the potential
yield of a crop (Keating and Thorburn, 2018). The scrutiny of such modelling was
likely limited to scientific peers who likely understood and accepted the strengths and
weaknesses of modelling [although the was not always the case; e.g. Passioura (1996)].
As models developed and modellers started using them to inform farmers how to
improve their management, scrutiny expanded to include farmer stakeholders as well
as scientific peers. However, in many farmer interactions the model (or simulation
output) acted as a “boundary object” facilitating discussions between the modeller and
farmer (Jakku and Thorburn, 2010). The modeller explaining to the farmer the simu-
lation results and their meaning built trust in the farmer of the modeller (provided the
explanations made sense to the farmer!). This was/is essentially a social process and
the technicalities of the model application itself were not necessarily scrutinised — if
the farmer trusted the modeller, she trusted the model. Further, the farmer was free to
change farm management, or not, as a result of these interactions, and solely bore the
consequences of any changes (whether positive or negative).

In public policy applications, the link between the modeller and (government) stake-
holder is likely to be much less personal than between modellers and farmers or
scientific peers. Further, the application of the policy will often create “winners” and
“losers” It is natural for the “losers” to want to scrutinise the technical basis behind
the policy impacting them. A recent example of this is the examination of model-
ling behind water quality policy for agricultural lands in New Zealand (Johnson et al.,
2021). The “losers’, and other stakeholders, will likely ask questions about the quality
of the science in the model, whether that is accurately implemented in the code (and
for the specific version of the model used in the analysis) and whether the model
was competently run. Publication in the peer reviewed literature is often the means
of assuring the quality of the science. As a community, however, cropping systems
modellers have less established methods of quality assurance for implementation and
running models than some other communities. For example, just for calibration of
phenology, an important but limited part of running a crop model, there is a huge
diversity of approaches used by different modellers (Seidel et al.,, 2018) and there
will be benefits from having some consistency in the approach (Wallach et al., 2021).
Conversely, ensuring accurate implementation of science in model code, i.e. having
good software development practices, has received less attention across cropping
systems models (Holzworth et al., 2015). It is therefore significant that this issue has
been discussed in the 2nd edition of the “STICS red book”.

What does the future hold for cropping systems models? That question has been
addressed in a number of recent papers (Jones et al., 2017; Keating and Thorburn, 2018;
Silva and Giller, 2020) and their conclusions do not need repeating here. However,
those authors agree that application of cropping systems models will be an important
methodology in meeting the coming challenges faced by food and agricultural systems
and the models will need to be further improved and developed. That development
will necessitate increasing efforts in collecting data to underpin those developments.
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Data availability has always been both a limitation and driver of model development:
in many respects cropping systems models have been created to overcome the scarcity
of data. As we enter the age of “big data’, data will increasingly be available from remote
and proximal sensors. That raises the questions of how those data will aid model devel-
opment and/or application, and how will they affect the relevance of cropping systems
modelling? An example of the first question is the potential use of multi-year high
resolution data on crop growth and development to inversely parameterise models,
e.g. soil water (He and Wang, 2019) or phenology (Araya et al., 2016) parameters,
aiding subsequent application. The implications of the second question are less clear.
With rich data, possibly less biophysical detail is needed in a model if it is designed for
use in conjunction with those data (e.g. Donohue et al., 2018). Even further, there may
be no role for a biophysical model at all. However, this “struggle” between models and
data for prediction and understanding is not new. An example is the prediction of the
optimum rates of nitrogen fertiliser in the mid-west corn-belt of USA. Large datasets
have been gathered and developed into a tool for forecasting the Maximum Return
to Nitrogen (Sawyer et al., 2006; http://cnrc.agron.iastate.edu). However, recently
developed approaches based on cropping systems modelling are showing promise in
increasing accuracy of those forecasts (Puntel et al., 2018). And, unlike purely data-
driven approaches, the cause of a result from a cropping systems model can be tracked
down and understood, enlightening the modeller and their stakeholders. Thus, it is
unlikely there will be a single “winner” in the “struggle” between models and data for
prediction. What is clear however, is that modelling systems (structure and software)
will need to evolve to be easily applied with these new sources of data. The STICS
model is well advanced down that development road and thus will remain relevant for
along time. I forecast there will be a 3rd edition of the “STICS Red Book” in the future!


http://cnrc.agron.iastate.edu




Dedication

This book is dedicated to Nadine Brisson... Nadine Brisson was an ever-enthusiastic
captain of the STICS ship and kept her sights set far ahead. With her intelligence,
energy, insightfulness, determination and presence, she was always able to bring
people on board with her who would remain ever faithful. Her vessel covered great
distances, towards the shores of all the continents, sometimes facing storms along the
way but continuing cheerfully and steadfastly onwards, committed to fulfilling her
pledge: to give the scientific community a tool to help tackle food security, climate
change, agroecological transition and other major challenges. She would have been so
pleased with this new edition, which is available at zero cost (free numeric version),
in keeping with the values of Open Science that she promoted before the movement
had even emerged. Her life ended much too soon, but it was full of professional and
personal adventures. She became fast friends with nearly everyone she met, and this is
how we will forever remember her.

To Nadine

Au rendez-vous des bons copains When to a rendezvous they'd go

Y avait pas souvent de lapins Not often was there a no-show
Quand 'un d’entre eux manquait a bord If one of them was not on board,
Clest qu'il était mort it means he was no more

Oui, mais jamais, au grand jamais But never could their friendship dim
Son trou dans l'eau n’se refermait as the deep seas closed ever him
Cent ans apres, coquin de sort A hundred years after the peal,

Il manquait encore they mourn him still

Source: LyricFind
Parolier : Georges Brassens (1964)
Extrait des paroles de Les Copains d’abord © Universal Music Publishing Group
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Preface

NICOLAS BEAUDOIN, PATRICE LECHARPENTIER
AND DOMINIQUE RIPOCHE-WACHTER

» The first book

In 2009, the initial project team produced the book Conceptual Basis, Formalisations
and Parameterization of the STICS Crop Model (Brisson et al., 2009), often referred as
the ‘STICS Red Book; published by Editions Quae.

Conceptual basis,
formalisations
and parametrization

Nadine Brisson, Marie Launa
Bruno Mary, Nicolas Bea
editors

Figure 0.1. Cover of the first edition of the book.

The first edition of this book was written primarily by Nadine Brisson and was quite
original in that synthesised scientific knowledge about cropping systems. The book
covered the STICS model formalisms in an exhaustive way. But, more than ten years
on, it was in need of a comprehensive update following the profound changes to the
capabilities of the STICS model.

The following authors contributed to the original formalisations according to their
affiliations:

— INRA (now INRAE): R. Antonioletti, N.Beaudoin, P.Bertuzzi, T.Boulard,
N. Brisson, S.Buis, P.Burger, F. Bussiere, Y.M. Cabidoche, P.Cellier, P. Debaeke,
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F. Devienne-Barret, C. Durr, M. Duru, B. Gabrielle, I. Garcia de Cortdzar Atauri,
C. Gary, F Gastal, J.P. Gaudillére, S. Génermont, M. Guérif, G. Helloux, C. Hénault,
B. Itier, M.H. Jeuffroy, E. Justes, M. Launay, S. Lebonvallet, G. Lemaire, B. Mary,
T. Morvan, B. Nicolardot, B. Nicoullaud, H. Ozier-Lafontaine, L. Pages, S. Recous,
G. Richard, R. Roche, J. Roger-Estrade, F. Ruget, C. Salon, B. Seguin, J. Sierra,
H. Sinoquet, R. Tournebize, C. Valancogne, A.S. Voisin

— ESA-Angers: Y. Crozat

— ARVALIS Institut du végétal: P. Gate

— CEMAGREF (now INRAE): B. Rebiére, J. Tournebize, D. Zimmer

— CIRAD: E. Maraux

» A new book based on an innovative approach

In 2019, ten years after the first book was published, the STICS project team decided
to update it by integrating all the STICS skill extensions which have since been
developed, evaluated and published. Several key changes deal with:

— the roles of carbon and nitrogen reserves in perennial crops,

— the biological destruction of mulch from crop residues,

— soil N,0 emissions,

— forage harvest management.

All of the STICS project team members worked together in a dynamic collaborative
way to produce this new book.

Their work was supported by an innovative editorial approach, thanks to the involve-
ment of Patrice Lecharpentier, who oversaw the feasibility study for the project, the
design and finally the implementation of the writing workflow.

Another base part of the work is the bibliographic database management (under
Zotero!) the workflow is depending on. The STICS database organisation and mainte-
nance was possible thanks to the support of Christine Le Bas.

This dynamic workflow aims to maintain a close link between changes in model
formalisms (including associated data) and the book content with regular updates
(Figure 0.2).

The collaborative dimension is crucial and based on the experience of the project
team. The use of reproducible science tools is of the utmost importance.

The project, named ‘Open-STICS; was selected for the 2019 French National Fund
for Open Science (FNSO) call for projects, which is aimed at supporting such kind of
open science editorial projects.

The main objectives were to offer the STICS user community a written, open access
resource in English, with content that can be updated regularly according to the
standard versions of the model.

Specific tools were chosen to produce the book in order to easily incorporate updates,
including making corrections, adding new formalisms, modifying settings, extending
application domains and adding new plants species.

1. https://www.zotero.org/
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» Dynamic interaction of three activities
» Writing: collaborative approach

Figure 0.2. The workflow for the new book showing the dynamic interaction between the three
activities of the STICS project team
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Figure 0.3. The technical workflow of the new book.

The book was produced using essentially R language (R Core Team, 2020) and a
specific format for reproducible document writing, R Markdown (https://rmarkdown.
rstudio.com/, Allaire et al., 2021). The chosen configuration was based on the ‘book-
down’ package, which is designed for book or other document content formatting
(https://bookdown.org/yihui/bookdown, ; Xie, 2016, 2021).

These packages are distributed under the GPLv3 licence and allow users to generate
different output formats such as HTML, PDF, DOC, EPUB (Figure 0.3). The R Mark-
down format makes it easy to integrate lines of R code, for example, in order to generate
illustrations (tables, graphs, etc.). Mathematical equations and literature references
can be automatically formatted using specific syntaxes.
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For a subset of these types of insertions and formatting, operations need additional
R functions which have been developed separately from the packages used for this
book (for equation implementation and plots), as well as data from simulations or
observations, or which have been formatted in a specific way.

The book production is managed as a development project in the form of an RStudio
project (RStudio Team, 2021, https://www.rstudio.com/). All necessary files (code,
text and data) are managed using a version control system (Subversion, https://subver-
sion.apache.org/) shared among all contributors (essentially STICS team members at
the moment). This means that every author is able to maintain the content of the
book project: they can save changes, get changes made by other authors, and finally
produce the book or parts of it in different file formats. This package permits dynamic
interaction between STICS book editions, scientific design activities and software
maintenance (Figure 0.2).

» Project funding

This project was funded with the support of:

- the French National Fund for Open Science (FNSO),
- CIRAD, and

- the Agroecosystems Division of INRAE.

» English revision

Teri Jones-Villeneuve (teri@jonesvilleneuve.com)

Throughout the revision process for the book, Teri offered helpful feedback by
pointing out areas where additional clarity was needed and suggesting improvements.
The entire STICS project team thanks her for her professionalism and are very grateful
for this contribution to the book.
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Chapter 1

Introduction

DoMINIQUE RIPOCHE-WACHTER, NICOLAS BEAUDOIN
AND ERIC JUSTES

REVIEWED BY: GUILLAUME JEGO AND PATRICE LECHARPENTIER

This introduction will outline the purpose and brief history of the STICS model, along
with the general concepts. We will also discuss the collective dynamics of its develop-
ment, evaluation and governance. Finally, we will introduce the different chapters of
this book which describes the algorithms in the model. A list of user network services
can be found at the end.

Some sections of this chapter come from the translation of the book chapter
« Modélisation du fonctionnement des agro-écosystémes: I'épopée STICS (Beaudoin
et al. 2019), with the permission of QUAE Edition ».

» 1.1 History

The model design started with a first meeting held in France in 1996, where the foun-
dations of the key model principles were laid out. The aim was to create “a single
model for different crops that integrated both specialist and generalist knowledge in
order to be general, robust, simple, operational and flexible” (Beaudoin et al., 2019)

The specifications of STICS were co-developed by researchers and engineers from
various disciplines in the fields of agronomy (sensu lato) and modelling, who recom-
mended four main characteristics:

— A balance between the different compartments and interacting processes in the
soil-plant-atmosphere system, in order to produce a generic soil-crop model, appli-
cable to a wide variety of themes and contexts.

— Genericity of the plant functioning description, based on general ecophysiological
concepts, guiding to the definition of a single model. The same basis applies to the
simulation of soil functioning processes.

— Simple and uncomplicated input data, with easily accessible parameters that are not
very sensitive to change of scale, which facilitates the model’s operational use in real
agricultural situations.

— Robustness of formalisms and their parameterisation, which ensures realism in a
wide range of agro-environmental conditions, and including management practices.
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An additional characteristic scalability has emerged over time. The original strategy
was to work together to design a dynamic, functional, one-dimensional model, with a
strong agro-environmental aim. This soil-crop model can perform simulations either
at a plot scale (the model’s aim) or at a macro-regional scale, but only in conjunction
with other models or tools (e.g. software platforms).

STICS was developed at INRAE (formed following the merger of INRA and IRSTEA)
in collaboration with other research and educational institutes such as the French
agricultural research and cooperation organization CIRAD, the Graduate School-
Ecole des Mines de Paris and the Laboratory for Sciences of Climate and Environment
— LSCE, along with French professional institutes (ARVALIS, Terres Inovia, CTIFL,
ITV, ITB, Agrotransfert), and few other partners.

The STICS model is open source (Licence CeCilLL C, v2.1, the French equivalent
of a lesser general public license, or LGPL). Its code has been filed with the Agency
for the Protection of Programs (APP), the European organisation for the protec-
tion of authors and publishers of digital creations, under the reference number:
IDDN.FR.001.360007.000.S.C.2021.000.10000.

In the early STICS development stages, many well-known models were available
(CERES: Ritchie and Otter (1985), ARCWHEAT: Weir et al. (1984), EPIC: Williams
et al. (1989), SUCROS: van Keulen and Seligman (1987), among others) that were
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Figure 1.1. STICS versions before modularisation.
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Figure 1.2. STICS versions since modularisation.
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developed from the pioneering work of de Wit (1978) or Duncan (1971). However,
new models appeared regularly in the literature (SSM: Amir and Sinclair (1991),
CROPSIM: Hunt and Pararajasingham (1995), WANGRO: Rao Kanneganti and Fick
(1991), GRAMI: Maas (1993), SHOOTGRO: McMaster et al. (1991); Teittinen et al.
(1994), etc.). As Sinclair and Seligman (1996) explained, this is because there cannot be
a single universal model can exist in the field of agricultural science and it is necessary
to adapt system definitions, simulated processes and formalisations must be adapted
to specific environments or to new problems (technical, genetic, environmental, etc.).
It is also understandable that each modelling team wants to develop its own model in
order to control the code and its development. These authors emphasize the heuristic
potential of modelling, which was a crucial element in the STICS development. The
work on STICS was firstly published in 1998 by Brisson et al. (1998b).

These timelines shown in Figures 1.1 and 1.2 describe the different versions that have
been developed and the changes in formalisms and simulated processes.

» 1.2 Purpose

The aims of the STICS model (the acronym stands for Scientific, Technical and Inter-
disciplinary simulator of soil-Crop System functioning) are similar to those of many
existing crop models (Whisler et al., 1986). However, STICS also takes into account
cropping system diversity, including soil functioning. STICS is a soil-crop model, and
not just a crop model, which runs at a daily time-step and using input variables related
to climate, soil and the cropping system and its management.

According to Daniel Wallach et al. (2018), STICS can be defined as a deterministic
process-based model. It can continuously simulate successions of various crop species
and fallow periods. Additionally, it can be considered as a cropping system model
because it accounts for a wide range of dynamic interactions between the different
modelled compartments: crop, soil, climate and agricultural management techniques
and functions in continuous by simulating the management of crops and fallow
periods over long periods of time.

The output variables describe crop yield in terms of quantity and quality (with criteria
associated with C and N) as well as environmental impacts linked to soil-C changes
and CO, emissions, water drainage, nitrate N leaching and gaseous N emissions. The
elementary simulated object is a local cropping situation for which a physical medium
(soil and weather) and a crop management schedule are set through simulation input
parameters. The main simulated processes are crop development, growth and yield
production, as well as carbon, water, nitrogen and energy balances, and soil functioning.

From a conceptual point of view, STICS includes many original features compared
with other well-known crop models, such as simulation of crop temperature, a snow
module, simulation of various techniques and management options, bi-specific inter-
cropping, and many others. While most of the basic features are based on classical
formalisms or have been adapted from existing models. Nevertheless, several strong
points of the STICS model should be noted (Brisson et al., 2003; Brisson et al., 1998b):
— Crop genericity: adaptability to various type of crops covering a wide range of
botanical families (wheat, maize, soybean, sorghum, flax, grassland, tomato, sugar beet,
sunflower, vineyard, pea, rapeseed, banana, sugarcane, carrot and lettuce, among others)
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— Robustness: ability to simulate various soil-climate conditions without a large
margin of error in the outputs (Nadine Brisson et al., 2002) and easy availability of its
soil and technical parameters. However, this robustness can jeopardise accuracy on a
local scale.

— Conceptual modularity: the possibility of adding new modules or complementing
the system description (e.g.: ammonia volatilisation, symbiotic nitrogen fixation, plant
and residues mulch, stony soils, many organic residues, etc.). The purpose of such
modularity is to facilitate subsequent development in order to include a wide range of
crops and management options, as a true and complete cropping system model.

STICS simulates, at a daily time-step, the soil-crop system behaviour of a single field
context (1-D model), over one or several successive crop cycles (long-term simula-
tion). This approach is considered as a dynamical modelling of an agronomic system
or an agroecosystem (Figure 1.3)
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Figure 1.3. Simulation design.

STICS can simulate annual and perennial crops as well as bi-specific intercropping
systems (§ 2.2.3).

» 1.3 The STICS open book

STICS can be considered as a synthesis of the French agronomic and bioclimatology
knowledge of cropping systems. It is a reference model used in the framework of
agronomy, soil and crop sciences to help researchers, professionals and students in
the partitioning and understanding of the cropping systems complexity. These reasons
served as the motivation to update the original book on STICS (Brisson et al., 2009).
This new edition presents the formalisations found in version 10.0 of the STICS model
(December 2022).

The book is arranged according to the way the model simulates the crop-soil system
functioning. Each chapter is devoted to one main function such as development initia-
tion, growth, yield onset, water uptake, C and N transformation of organic matter, etc.
The option choices and parameterisation available to users regarding cropping system
and long term simulations are also presented.
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1.3.1 The functionnal links between thematic chapters

The STICS conceptual framework is fully described in § 2. The formalisms of main
processes and modules of the soil-crop system are detailed in the chapters 3 to 13,
each chapter including a section devoted to stress effects. The links between the chap-
ters are presented in Figure 1.4. The last three chapters first aim to illustrate the STICS
use cases (14), then to help users of the model (15), and finally to provide methods for
how to integrate new plants or as well as new formalisms (16).

Canopy Crop
microclimate development
N acquisition
Shoot growth by plants
Soil-crop \ - /
management effects Biomass fa_nd .nltrogen
\ \\ partitioning
C&N Yield formation Root growth
balances

Transfers in soil: water, / T

nitrate and heat fluxes

/

Water balance Stress indices

Figure 1.4. Main functionnal links between thematic chapters (3 to 13)

An additional chapter showing contributions to the model development (principles,
governance, tools and rules) will be added in a future numerical version of this book.

1.3.2 The chapters related to the soil

The soil is described in chapter 10 concerning the properties of transfer of water, solutes
(§ 10.1.1) and temperatures (§ 10.2), in chapter 11 concerning the evaporation properties
(§ 11.2) and the physical soil surfaces conditions (§ 11.4) for effect of mulch, run-off, in
chapter 12 concerning the C and N transformation in terms of decomposition of humified
organic matter (§ 12.2.1), nitrification (§ 12.3) and denitrification (§ 12.4). The Carbon
and nitrogen balance of the soil are finally presented in § 12.7. The soil structure can be
change by the technical operations like soil tillage (§ 13.3.1). The parameterisation of the
soil and the recommends’ method to assign these parameters are described in § 15.4.2.

1.3.3 The chapters related to the mortality and recycling of crop residues

Mortality is described in each chapter relating to the growth of each organ: for the
leaf (§ 4.1.2.2), for the roots (§ 5.5.4 and 5.4). The residues that remain on the ground
decompose according to mechanisms described in § 12.2 and 7.8. The existence of this
recycling depends on the cultivation techniques is described in § 13.5.3.
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1.3.4 The chapters related to the intercropping

A general presentation of the bi-specific intercropping system is described in § 2.2.3
with a representation of the system simulated in STICS. Other chapters deal with
the specificities of the intercropping: the density competition for the shoot growth
(§4.1.1.1), the roots (§ 5.5.3), the radiation interception in crop cover (§ 9.2.2), the
energy budget simulated in the both intercropped crops (§ 9.3.4).

» 1.4 Human-machine interfaces

1.4.1 Overview of the files

As Figure 1.5 illustrates, STICS relies on parameters describing the simulated soil-
crop system: plant/crop, soil, crop management, soil-crop initial states (and possibly
snow conditions), and forcing weather (climatic) variables. These inputs are organ-
ised in different files structured by major formalisms that include options. These
options guarantee the genericity of STICS (§ 2.4). The local parameters are associated
with a unit of simulation (USM). A USM describes a cropping situation combining a
plant/crop, soil type and weather conditions. The files associated to a USM are found
in the user’s working directories. The files of general and plant parameters are not
attached to the local context of the USM. These parameters are generic and come with
the model, but they can be adapted by users as necessary. As a result of STICS spec-
ifications, the local model inputs (i.e. time and space related input variables) must be
determined by each user while the global parameters (i.e the constant values between
usm), are defined by the STICS team modellers (§ 1.5.2).
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parameters

Initialisations
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Figure 1.5. STICS input files.
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All the parameters that are involved in simulated processes and attached to a USM are
described in the following chapters. A full list is also included in the appendix section
(§ 17.1). The simulation output variables of a simulation describe the different simu-
lated processes on a daily time step, such as crop variables (phenological stages, yield,
biomass, etc.) and soil and environmental variables (water, N, C balances, etc.). These
variables are also listed in the appendix section (§ 17.2).

1.4.2 JavaStics interface

JavaSTICS is the software associated with STICS to facilitate its stand-alone use. It
is a user-friendly interface that helps users understand and use the model features
for various actions, such as i) creating or modifying USM and parameter files needed
for simulations, ii) managing the input data, iii) running the model in different ways,
iv) visualising a selection of output variables (possibly gathered with observed data),
and v) optimising parameters using observed data.

JavaSTICS helps users prepare and launch multi-simulations such as long-term simu-
lations, rotations and intercropping. In addition, the STICS executable (.exe) can
be managed by using the JavaSTICS command line interface to facilitate complex
experiment plan management involving multiple simulations to be run using various
software languages (such as R language) and platforms.

Both JavaSTICS and the STICS model can be downloaded free of charge from the
STICS website!l, where users will also find software documentation.

1.4.3 Platforms and tools using STICS

Since th early 2000s, STICS has also been available on different modelling platforms
and integrated in workflows. For example, it has been encapsulated in the INRAE
Record platform? since 2012 (Bergez et al., 2014).

The principles and typology of coupling, along with several outstanding examples, are
illustrated in § 14.4.2. Various technical aspects regarding the chosen methodology
are presented in § 16.4.

STICS is also available in the AgGlob Workflow to use agronomic models at a global
scale. AgGlob is a framework, based on a workflow developed on a Galaxy platform
instance® and designed to run massive simulations with some consistency checks inte-
grated to help the users.

Moreover STICS has been used in many projects and scientific public expertise
assessments coordinated by INRAE: evaluation of ecosystem services (EFESE project,
Therond et al., 2017), use of cover crops to reduce nitrate leaching (Cover crops as a
pillar of agroecology in arable cropping systems project, Justes et al., 2013).

1. http://wwwé.paca.inrae.fr/stics_eng
2. https://wwwé.inrae.fr/record_eng/
3. https://galaxyproject.org
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» 1.5 Tools for STICS users

1.5.1 Background on modelling performance

Model development is a continuous process that starts from building a concep-
tual model composed of information (input data, parameters and equations) that
describing the bio-physical system or processes of interest. This conceptual model
is then implemented in a computer program that is used to run simulations based
on environmental factors. But both, the conceptual and the computer models, are
prone to errors related to incomplete knowledge about the bio-physical system to
be simulated, imperfect measurements and possible model programming errors or
technical issues.

In practice, the development of a model is essentially an iterative process that includes
model evaluation to assess i) the model’s functioning, accuracy and limits, ii) how the
model adapts to new conditions (e.g. new crops or varieties, new climatic conditions),
and iii) the implementation of new processes (Figure 1.6). This book was written
based on version 10 of STICS and describes the way the model has developed since
its inception.

Modelling performances must be determined by evaluations which “include any
action in which the quality of a model is established” using statistical criteria and
graphs (Bellocchi et al., 2010) and then indicate the level of relevance and accu-
racy of the model in reproducing the actual system (Coucheney et al., 2015). It is
a crucial step in the model improvement process. Performance evaluation depends
on methods establishment, tools development, experimental database building and
human dynamics to analyse, understand and assess the accuracy and reliability of the
model outputs (Buis et al., 2011).

A first complete evaluation of the accuracy, robustness and behaviour of the STICS
model (v8.2.2) for a wide range of agro-environmental conditions in France was
published in 2015 (Coucheney et al., 2015). Using a database of experiments and
software tools, the STICS project team (STICS-ProTeam) continuously carries out
evaluations on a regular basis, and especially before releasing a new model version.

Model
Qualification

Analysis

CONCEPTUAL

Model MODEL

Validation

Computer
Simulation

Programming

COMPUTERIZED

MODEL Model

Verification

Figure 1.6. Phases of modelling steps in the model design and validation process. Adapted
from Schlesinger and Bellocchi (Bellocchi et al., 2011)
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While the aim of this book is not to discuss model performance in great detail, the
tools and the methods used in the evaluation process are described in § 16. Perfor-
mance is addressed briefly for illustrative purposes in § 14.5.5.1.

1.5.2 Standard and research STICS version management

As previously mentioned, model development is a continuous process of implementa-
tion, adaptation and evaluation. As part of a collaborative development, these phases
cannot be completed without an important set of guidelines for conception and
implementation, as well as computing and mathematical tools.

One important basic collaborative tool for managing code evolutions is a version
control system (Subversion*), which allows to create and merge development code
sets derived from the main code known as ‘trunk’

The STICS-ProTeam has also designed protocols for guiding developers through
processes to improve model functioning or include new features in it. The protocols
make it possible to produce and distribute an accurate standard version and include
creativity through research development branches derived from the main version
(Figure 1.7).

The STICS-ProTeam maintains the standard version of the model and regularly gener-
ates new stable versions to distribute them to end users.

Apart from this, research branches are created and modified by the team, but they may
also be handled by contributors who want to improve existing processes or to adapt
the model to new crops species or varieties. Every new branch creation is approved by
the STICS governance team after an evaluation of the goals of the work.

Before merging back changes from branches into the standard version, they must pass
through an integration process according to a specific evaluation protocol.

This way of managing the model allows the STICS-ProTeam to keep the lead on
all model changes, while users can truly contribute to its development. Innovative
research on processes or adaptations can then be integrated, and contributors have
access to the collaborative tools for developing and evaluating model performances.

Some branches are now under construction or in progress, and will reintegrate the
trunk as standard versions in the near future.

For example, in upcoming versions, the STICS-ProTeam plans to include changes
related to:

— Phosphorus (P) cycle modelling: this is a priority in order to go beyond the current
field of application and address questions linked, for instance, to crop P stress and the
impacts of P on water eutrophication;

— Intercropping bi-specific systems: already in progress to improve the formalism of
crop height kinetics and their consequence on the intercrop functioning for simula-
tion competition for light, and other abiotic resources (water and nitrogen) between
the two crops intercropped;

— Yield components driving factors: to improve the formalisms involved in carbo-
hydrate and nitrogen remobilisations during the grain filling;

4. https://subversion.apache.org
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Figure 1.7. Model development versioning process

— Ozone absorption and its effects on plant growth that could induce stress and
reduce biomass and yield production;

— Cryptogamic diseases interactions with plants: using a generic module to be coupled
to STICS. The implemented formalism has been already published (Caubel et al., 2017;
Caubel et al., 2014, 2012).

Other branches are also planned to improve the model robustness and accuracy for
specific situations, such as:

— Cumulative effects of organic amendments on soil C-N storage (Levavasseur et al.,
2021);

— Perennial crops functioning (Strullu et al., 2020; Strullu et al., 2015), regarding
diversity of grassland types and managements techniques (including animal returns at
grazing) and their ability to store C in soil (Graux et al., 2020).

These efforts illustrate that STICS stands for a past, present and also future soil-
crop and cropping system model that is engaged in a dynamic process of continuous
improvement.

1.5.3 Companion software and datasets

Several tools included in R packages (SticsRPacks) are available to STICS users and
developers, to assess the quality of code development, evaluate the model perfor-
mances and perform regression checking on a new version (Figure 1.8).

Client software (as for example TortoiseSVN, Rapidsvn) interfacing with a dedicated
Subversion server is used for collaborative development and traceability of the STICS
source code.

A continuous integration platform (Jenkins®) allows developers to execute automati-
cally base and performance tests each time the model source code is modified on the
versioning system. These actions are performed using a dedicated dataset (specifi-
cally IDE-STICS) and specific R packages functions to manage STICS simulations,
evaluations, parameterisations and data extractions.

5. https://www.jenkins.io
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Figure 1.8. Diagram of the test bench of the model mobilising IDE-STICS.

1.5.3.1 SticsRPacks

The SticsRPacks suite project was initiated at the end of 2018 to develop tools for
driving the STICS model using R language®. This collaborative project (INRAE/
CIRAD) is open source and hosted on the GitHub platform’.

The purpose of these tools is to:

— perform operations that are not provided in JavaSTICS, such as generate/modify
parameters files, produce various graphs, handle statistical processing, etc.;

— automate these operations using scripts;

— reduce computation time to perform simulations.

More information about these tools is given in § 15.5.2.

1.5.3.2 The database associated with STICS evaluation: IDE-STICS

IDE-STICS is a private database managed by the STICS-ProTeam, which is used to
develop and validate new versions of the model. The three reasons for improving
and extending the IDE-STICS database are the followings: i) to include tropical
and agro-ecological systems, ii) to test performance of new variables of interest not
included in the current STICS database (i.e. N,O emissions, soil C stocks) and iii) to
improve and standardise the local input parameterisation between all the datasets.
IDE-STICS integrates metadata that can be used to standardise soil parameterisation,
to upgrade model inputs for a new version and finally to feed other models.

There are several main tasks attached to the IDE-STICS dataset:
— maintaining it as a reference dataset, using it in model evaluations;
— managing its access and use (taking into account intellectual property rights);

6. https://www.r-project.org
7. https://github.com/SticsRPacks
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— defining and implementing functionalities for data requests for a given test;

— allowing scalability of model skills between STICS versions or several soil-crop
models, thanks to a formalised thesaurus (following Porter et al. (2014) and the
European AnaEE project).

Integrating data into IDE-STICS will require time, agronomic skills and reciprocal
interest between modellers and agronomists. A prototype of data integration process
has been already implemented and tested by experimental agronomists but is not yet
available for users.

1.5.4 STICS model governance

Since its creation, STICS has been a common tool for a mixed collective of modellers,
agronomists (in the broad sense), and users: the STICS User Network (SUN). About
every two years, a meeting was held to bring together people from the network.

The dramatic increase in application requests led to code instability around
2004—2006. The SUN then reaffirmed the robustness priority of STICS and created
the STICS-ProTeam to handle governance activities. The STICS-ProTeam decided
to i) dissociate the standard version, which is only distributed and maintained, from
research versions, and ii) to publish a reference document on the scientific and
technical basis of STICS (Brisson et al., 2009).

This freely accessible version of the book in different media formats (ePub, HTML
and hard copy) is the result an open science project (OpenSTICS). This project will
allow users and modellers to follow virtually in real time any changes to the standard
version, whether every year or when a new STICS version is released.

The STICS-ProTeam is currently composed of 24 volunteers (the number varies),
organised in two complementary groups — one for scientific activities and one for
computing activities. These groups work closely together to manage the itera-
tive building of the model and to guarantee the performance and robustness of the
standard version of STICS (Beaudoin et al., 2019).

The STICS-ProTeam has various functions, including:

— ensuring the model development by collaborating in the construction of ‘research’
versions;

— representing the model team at national and international level;

— coordinating the users’ community; and

— disseminating information on the STICS model and providing training for advanced
use.

This project, like a boat, stays afloat thanks to two crucial elements: i) the SUN, a
growing community recognised as an INRAE and CIRAD scientific network, and
ii) the INRAE AgroEcoSystem division, whose support through honest and regular
discussions is essential. The members of the STICS-ProTeam change regularly and can
be found on the STICS web site®.

The STICS team also includes several emeritus members who have played a role at
one time or another on the team: Nadine Brisson, of course, the original creator of the
STICS model, Martine Guérif and Jean-Claude Poupa. There are also recently retired

8. https://wwwé.paca.inrae.fr/stics_eng/About-us/Project-Stics-Team
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colleagues, such as Bruno Mary, who co-created the STICS model with Nadine;
Nicolas Beaudoin, coordinator of the STICS-ProTeam when Nadine left us; and
Frangoise Ruget and Patrick Bertuzzi, who recently joined the contingent of emeritus
members. We are ever grateful to all our retired colleagues who have helped make
STICS what it is today!

1.5.5 STICS user services

Users from the scientific community can access information about STICS and reach
out to the STICS project team in a variety of ways:

— STICS website: https://wwwé6.paca.inrae.fr/stics_eng/

— STICS Twitter account: @STICS_CropModel

— STICS forum: https://w3.avignon.inra.fr/forge/projects/stics_main_projecu/boards
(§15.5.3).

One or two training courses are held each year in France, and additional courses are
regularly held outside France (e.g. in Asia).

The new generation of STICS training has opened up to the outside world because
it is provided in Webinars (two in 2021). They are organized in 2 sessions of 2 days
interspersed with work at home.
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Chapter 2

Overall description of the modelled system

NicoLAS BEAUDOIN, DOMINIQUE RIPOCHE-WACHTER,
MARIE LAUNAY, ERIC JUSTES AND NADINE BRISSON

REVIEWED BY: FRANGCOISE RUGET

» 2.1 Conceptual framework

2.1.1 Introduction

STICS specifications were set out precisely in 1996 (§ 1). In short, they were designed
to create a single model for different crops that would be general, robust, simple,
operational and flexible, and which could describe the main interactions within the
soil-crop-atmosphere and be upscaled in time and space. This chapter explains the
STICS conceptual framework and how it translates in terms of programming design.

2.1.2 Simulated processes

The STICS modellers built a deterministic functional process-based soil-crop model
to describe the energy, water, C and N dynamical balances across the crop cycle and
during fallow periods. The aim was to allow users to predict a large range of agro-
nomical and environmental variables of interest. As a result, STICS simulates the
processes (using 1D description) occurring in a cropping system at daily step over the
soil profile and the whole plant cycle. The upper boundary of the simulated system is
delimited by the low layer of the atmosphere (2 m height). This boundary is commonly
characterised by standard weather variables (radiation, minimum and maximum
temperatures, rainfall, reference evapotranspiration and possibly wind and humidity).
The lower boundary corresponds to the soil/sub-soil interface where water and nutri-
ents are leached (out of the crop rooting system). Figure 2.1 illustrate the conceptual
framework of crop modelling which is based on the classic functional approach.

Phenology, which refers to the plant development, governs the crop cycle time
period. Crop growth is driven by energy interception and results in plant carbon
accumulation (de Wit, 1978). Solar radiation absorbed by the foliage is transformed
into aboveground biomass (energy conversion concept) whose a part is remobi-
lised to the harvested organs when they become sinks. The crop nitrogen content
depends on carbon accumulation in crop and mineral nitrogen availability in the soil
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(and N, fixed from atmosphere for legumes). Depending on plant type, crop devel-
opment is driven either by i) a thermal index (degree-days), ii) a photo-thermal
index which also takes photoperiod into account or iii) a vernalo-photo-thermal
index which also takes vernalisation into account. The development module drives
the kinetics of the leaf area index (lai) and the roots, which capture abiotic resources,
and defines the harvested organ filling phase. Any water or nitrogen stresses will
reduce leaf growth and biomass accumulation, and the degree of reduced growth
is based on stress indices calculated by water and nitrogen balance modules. Other
abiotic stresses, such as thermal (frost or high temperatures), trophic or waterlog-
ging stresses are also taken into account, as limiting factors of growth and yield
formation. The response function to environmental constraints can also integrate
enzymatic activities, such as nitrate uptake.

Crop organs are defined as plant compartments to witch generic ecological func-
tions are assigned. Here, the distinction between the structural and temporary pool
of carbohydrates is a key point. Only the structural aspect is assigned to the leaves,
stems, fruit, perennial reserves and roots. Conversely, the temporary reserves are not
located into the crop organs, in order to support the model genericity for all crops,
including annual cereals and perennial forage crops. The storage organs and harvested
organs can be grains, fruits, tubers or even stems. The new STICS version 10 now
considers the C and N fluxes to and from temporary and perennial storage organs.

The model simulates the water and nitrogen elements balances in soil, to assess
plant availability and environmental losses (§ 2.1.3). Their descriptions are based on
the classic compartmental approach, which defines different pools in the system,
their evolution and their relationships (input and output functions; see for instance
Figure 12.5 from (Nicolardot et al., 2001). The functions encompass physical,
physic-chemical and bio-chemical processes. The compartment size depends on
the process and ranges from centimetric (elementary layer) for solute content and
transfers to decimetric (pedologic layer) for defining soil properties.

The processes are described in a way which can be qualified of functional and process-
based or analogic, which aims to favour a simple integration of all the processes
interacting in the soil-crop system, at the crop cycle scale as well as the crop rotation
scale. The most emblematic illustrations of this conceptual choice are:

— The interception efficiency of the total solar radiation uses Beer’s law, as an expo-
nential response of the shadowing effect to leaf area index (lai), in the case of a
homogeneous canopy.

— The conversion of photo synthetically active radiation (PAR) in aerial biomass is
based on the concept of radiation use efficiency (RUE), assuming a specific poten-
tial linear response of biomass accumulation, at a stable radiation level when there
is no carbohydrate remobilisation (Monteith, 1972); the simulated RUE depends on
radiation level, water stress and N stress, CO, concentration and the crop stage.

— The nitrogen uptake and accumulation in the plant is based on the concept of N
dilution curve in the aerial biomass of the canopy, in the case of vegetative growth, for
either an isolated plant or dense canopy (Lemaire and Gastal, 1997). This allows the
user to calculate the crucial concept of nitrogen nutrition index (NNI) which drives
the N status of the crop in the vegetative phase.

— Fruit filling includes the concept of dynamic harvest index, as proposed by Spaeth
and Sinclair (1985), for crop species with determinate development.
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— The downward soil water storage, when daily rainfall exceeds the actual evapotran-
spiration amount, uses the tipping bucket concept, at the elementary layer infiltration
scale, based on the hypothesis of infinite hydric conductivity.

— Nitrate leaching is simulated using a mixing cell model, with similar results to those
of the resolution of the convective-dispersive equations (Darcy’s law and Richard’s
law), except for soils with low hydric conductivity, with easier soil parameterisation
and a much lower time of calculation (Van Der Ploeg et al., 1995).

— Soil C and N mineralisation are simulated using a compartmental approach, with
only three pools of organic matter, which resembles the AMG model (Clivot et al.,
2019); this compartmental approach allows an independent parameterisation linked
to a residue typology (Nicolardot et al., 2001). This approach is based on the crucial
concept of C/N ratio of residues which drives their decomposition and humification
rates, and determines the C and N mineralisation rate of the residues.

These processes are implemented by default in the standard STICS version; if their
basic hypothesis is not met, an alternative process, involving a more complex concep-
tual approach, is described and workable. For instance, for a heterogeneous canopy
(e.g. row crops or intercropping systems), the simple ‘big leaf’ model associated with
the Beer’s law can be replaced by a more complex energy balance based on crop archi-
tecture and a resistive approach. This alternative process allows determine the sunlit
and shaded leaf layers of the bispecific intercrop and then the light capture differen-
tiation between these two layers and furthermore, using a spatial discretisation along
the crop inter-row (§ 9.3).

The effect of crop management on the dynamics of the soil-crop-microclimate systems
is also given particular attention (§ 13). The reason is that crop specificities influence
both ecophysiology and crop management (e.g. accounting for the various forms of
forage cutting, fertilizer composition, plastic or crop residue mulching, etc.).

Finally, STICS model is either functional or process-based at daily scale; it is mech-
anistic at the crop cycle scale, since it deals with the main interactions between the
system components. It can design the emergent properties at the crop cycle and crop
rotation scales.

2.1.3 Simulated cycles

Crop development and crop growth are considered as a combination of responses
to potential fluxes of energy or chemical elements (Figure 2.1). They are limited by
environmental constraints which depend on physical, chemical and biological cycles.

With regard to physical cycles, the model first integrates the physical driving factors
related to the climatic cycles of temperature and solar radiation (which have an annual
period). The model then simulates the effective temperature, energy balance and water
storage cycles in the soil and crop. Peculiarly, the model mobilises time discretisation
at hourly scale for precise purposes: the daily cycle of the solar azimuth when using the
resistive approach option for row crops (§ 9.2.1.2.1), the hourly climate state variables
when using the Shuttleworth-Wallace submodel (§ 9.4), the water-filled pore space of
elementary layers when simulating either nitrification or denitrification of soil nitrate
(§ 12.3.5) and the soil surface ammonia concentration when simulation NH; volatil-
isation (§ 12.6).
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The biological cycles include those pertaining to the crop(s), which may cover one
or more cycles a year, and those related to the soil microbial biomass which depends
on the decomposing residues and soil organic matter. In established perennial crops,
a new crop cycle resumes according to either the imposed or calculated date of crop
regrowth. In consequence, the simulated RUE encompasses both aerial biomass and
perennial reserves building as opposed fine root system.

The biogeochemical cycles correspond to those for carbon and nitrogen. Each part
of their cycles occuring in the soil-crop-atmosphere system is modelled based on
several kinetic principles driven by the system forcing variables and according to the
law of conservation of mass. The simulated C balance at the soil-crop level is almost as
complete as compared to their description in literature (Hyvonen et al., 2007): all net
C fluxes are simulated except for CH, emission and dissolved organic or inorganic C
in water drainage; however, only the difference between the gross primary production
and its respective gross respiration is simulated. The N fluxes are complete, allowing
to simulate positive or negative net N balance in function of the cropping system
management and pedoclimatic conditions (Autret et al., 2020).

2.1.4 Additionnal specifications about code and output availability.

STICS has evolved to deal with a larger range of issues that require new skills (Beaudoin
et al., 2019). The latter required the following supplementary specifications:

— Code modularity (§ 2.3)

— The options to force certain intermediate variables such as lai, potential evapotran-
spiration (PET), phenological stages (e.g. emergence, harvest), etc.

— The availability of all state and intermediate variables of agronomical, ecophysiolo-
gical or biogeochemical interest; note that crop yield refers to the biological yield, not
farm yield (no mechanical losses simulated); these variables can now be used to calcu-
late the greenhouse gas (GHG) balance due to C-N cycles (except in grazed grasslands
or flooded rice field, since CH, emissions are not yet simulated).

» 2.2 STICS validity domain

2.2.1 General case

The modelled system is the cycle of a crop (or bi-specific intercrop) growing either
homogeneously or in row, in a given homogeneous soil under given homogeneous tech-
niques and climatic conditions (§ 1.2). The STICS validity domain can be considered
as either potential or actual.

From a theoretical point of view, the potential validity domain is the intersection
of the validity domains of all the algorithms used; it depends on the simulated
processes and the options activated by the user. For instance, if the canopy is hetero-
geneous, the radiative transfer model must be used instead of Beer’s law relevant
only for homogeneous stands; if hydric conductivity is weak, simulation of water
status in the macroporisity compartment is also required. Users can activate these
more complex options to expand the validity domain, but they must show more
caution when parameterising the model and, where possible, with evaluating the
model’s performance.
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From a practical point of view, the actual validity domain covers all the situations
for which the model has been shown to produce acceptable results. This empirical
concept is based on the model-use bibliometric (§ 14). Soil-crop model performance
depends on how realistic is the representations are as well as the reliability of the code,
and the quality of the parameters (Loague and Green, 1991). Users who feed in the
data and choose the simulation options and some parameters, can have a significant
impact on the validity domain (Confalonieri et al., 2016; Wallach et al., 2021).

The STICS application domain can also be extended in space and time, thanks to the
model’s intrinsic ability for either successive simulations or bi-specific intercropping
systems (see the next two sections) or by coupling the model with GIS (§ 14.3).

2.2.2 Case of the crop rotation

The STICS soil-crop model can simulate functioning of cropping systems, at the crop
rotation scale as well as over the long term, by linking successive elementary simula-
tions and taking crop and fallow periods into consideration, either with or without
re-initialization after each USM (continuous mode). In continuous mode, the state
variables required as initial values are transferred from the previous simulation
(Figure 2.2). The variables that are transferred between successive simulation relate
to the crops (stage, temperature, lai, biomass and N content of shoots, root length,
biomass and N content of roots, biomass and N content of storage organs), non-
decomposed residues (biomass and C-N contents of either mulch or buried residues
and dead roots) and the soil (water, NO; and NH, content, organic C-N content in
topsoil). In addition, residue predictions from the previous simulation become inputs
for the following simulation. The list of transferred variables between simulations is
slightly longer than the list of initial variables for the first simulation, because some of
them are not available, namely the microbial biomass and the residue-sphere (mulch
and dead roots). Thus, chaining simulations in a continuous mode provides supple-
mentary information about the system state. However, the risk of model drift over
along time needs caution (Beaudoin et al., 2008).

Chaining simulations can show long-term trends and impacts in the cropping system.
Some state variables such as soil carbon content or soil mineral content, are also vari-
ables that are important from an agro-environmental point of view. These variables
can be used evaluate the long-term impact of agricultural practices, such as sowing a
cover crop versus leaving bare soil in autumn; then the user can simulate the fate of
NO, trapped by the cover crop instead of what would have been leached (Constantin
et al., 2012). Moreover, the fluxes simulated like N leaching, N,O emission, and C
sequestration can be cumulated, externally to the model, to assess the cropping system
performances, especially the GHG emissions (Autret et al., 2020). Other illustrations
of considering the cropping system are provided in § 14.

2.2.3 Case of intercropping: simulation of bi-specific intercrops in STICS

2.2.3.1 Background, challenges and choice of formalism type

Intercropping consists in growing multiple crops (annual or perennial) simultaneously,
with each crop developing and growing at its own rate as a result of interspecific interac-
tions and resource partitioning. This practice is traditional in the tropics and is beginning
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to be used, in either organic farming or conservation agriculture, in temperate climates
to support the agroecological transition and mitigating the use of chemical inputs. Inter-
cropping can be implemented with various spatial and genotype arrangements: mixed-on
the row intercrops, strip intercrops, alley crops, mixed intercrops or even windbreaks,
all of which exhibit differing levels of spatial heterogeneity. Given the complexity of
intercropping system, agronomic models can be especially helpful for performing
comprehensive intercropping analyses (Caldwell, 1995). The intercrop modelling frame-
work can be summarised using three approaches. The first of these, consistent with the
initial principles of (de Wit, 1978; de Wit et al., 1970), is an extension of sole crop model-
ling. This principle consider that the system comprises two species instead of one and
is simply organised within a kind of elementary pixel intended to represent the whole
spatial design. In fact, this approach is the most operational (Caldwell and Hansen,
1993; Kiniry et al., 1992), and focuses more on system dynamics than spatial heteroge-
neity. The second approach is based on a description of the intercropping system as a
series of discrete crop-based or tree-based points with a flow of mass or energy between
each. This spatially discretised approach can account for large spatial variations, with
each point generally being simulated under the above-mentioned crop modelling prin-
ciple, and the field response results from a spatially integrated calculation (Huth et al.,
2002). The last approach derives from architecture modelling and emphasises a real-
istic description of the 3D structure of the complex two-species canopy, which leads to
fine-scale descriptions of processes (Sonohat et al., 2002) at the organ level or the plant
level. In this third approach, functional structural plant model (FSPM) were developed;
however, accounting for system dynamics is more difficult because of the complexity of
the interaction of organ dynamics and the whole plant behaviour.

The STICS crop model was adapted according to the first approach (Brisson et al., 2004),
with the aim of producing an operational model to support intercrop managements,
while attempting to overcome the problems of unwarranted over-simplification. The
STICS model considers only bispecific intercrops (parameters sets for two crops or two
genotypes) intercrops. The adaptation of STICS’s conceptual basis and formalisations
to intercropping relies first depends on a simplified definition of the complex agro-
nomic system of intercropping. Users must then adapt the modules calculating resource
capture (light, water and nitrogen) between the two associated crops. Users can also
simulate niche complementarity for N resources in cereal-legume intercrops since the
rate of N, fixation by legumes can be favoured by the quickest cereal N uptake in the soil.

2.2.3.2 Representation of the intercropping system

Because the intercropping system is complex, the STICS model adopts some simpli-
fying hypotheses. The soil-plant-atmosphere system is divided into three sub-systems
(D, SU and LU) at the canopy level (Figure 2.3): the dominant crop (D) and the under-
storey crop (U) are divided into two parts: a shaded part (SU) and a sunlit part (LU),
each defined by a light microclimate. These light microclimates, estimated from a radi-
ation interception (§ 9.3), drive the different behaviours of the sub-systems in terms of
growth (lai, dry matter accumulation) and water and nitrogen budgets (transpiration,
nitrogen uptake, stress index) at daily time step. Estimating the water requirements
for both associated crops depends on light partitioning coupled to a resistive scheme.
The phasic development is considered the same for both parts of the understorey crop.
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The soil environment is also assumed to be the same for both crops (i.e. the horizontal
differentiation within the soil profile is disregarded in favour of the vertical differen-
tiation. The assumption is made that the interactions between the two root systems
result from the influence of the soil on each crop root profile, based on its penetrability
and water dynamics.

This theory is applied within the STICS code via multiple calls to the elementary
subroutines and re-calculation of the state variables as a function of the considered
sub-system. Specific modules or options were added to account for the ecophysiolog-
ical features of these complex systems. These modules cover radiation interception and
the energy budget that drives water requirements and microclimate, and root system
dynamics which are influenced by soil status over the various layers of the whole soil
profile. Shoot growth was slightly modified to account for the understorey shaded
crop growing under limiting radiation. Those modules and options are described
in the relevant thematic chapters of this book. Reciprocally, the involved formalism
options can be applied for sole crop simulations, like the energy budget for row crops.

Radiation interception * | (INTERCROP THE SYSTEM

Phenology G °

| Shoot growth and yield * | | @
Interactions techniques e °
crop-soil
00
Eneidy budget INTERCROP
and microclimate *

| Crop water balance * |

| Crop nitrogen balance | Q

Water, nitrogen
and temperature transfers
in the soil INTERCROP

Figure 2.3. Simplified diagram of the model: on the right the system with its three sub-systems (D:
dominant canopy; U: understorey canopy divided into a shaded part (SU) and a sunlit part (LU));
in the centre, the number of calls to each module devoted to a particular part of the system; on the
left, the modules (grouped according to the way they are named in the code). * Corresponds to the
modules modified for the adaptation to intercropping (from Brisson et al., 2004).

» 2.3 Relationship and priority between processes

2.3.1 Description of the main modules

STICS is a deterministic process-based model whose code is organised into modules, with
each module composed of sub-modules dealing with specific processes/mechanisms.
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A first set of three modules deals with the ecophysiology of above-ground plant parts
(phenology, shoot growth, root growth, yield formation). A second set of four modules
deals with how the soil responds in interaction with underground plant parts (root
growth, water balance, nitrogen balance, soil transfers). The crop management module
deals with the interactions between the applied techniques and the soil-crop system.
The microclimate module simulates the combined effects of climate and water balance
on the temperature and air humidity within the canopy.

Within each module, there are options that can be used to extend the scope of STICS
application to various soil-crop systems. These options relate aspects of ecophysiology
and crop management, such as:

— competition between vegetative organs and storage organs for assimilates (hereafter
referred to as trophic competition);

— the canopy geometry when simulating radiation interception;

— description of the root density profile;

— use of a resistive approach to estimate the evaporative demand by plants;

— mowing of forage crops;

— plant residues or plastic mulching under vegetation.

Another of the model’s strong point is its conceptual modularity: sub-programs are
identified for each group of ecophysiological processes, such as N or water balance,
crop growth, changes in soil C-N stocks, etc.

2.3.2 Priorities within the daily loop

All the processes are simulated at a daily scale, in interaction with agricultural tech-
niques implemented at the crop cycle scale. The STICS source code is built as a
sequential program where the instructions are executed one after the other and always
in the same order. This order requires hypotheses about the priorities between the
processes. Figure 2.4 summarises the calculation steps within the daily loop.

1. Crop phasic development
PP Pt @

5 16. Temperature calculation
2. Leaf area index (LAI)
15. Nitrogen partioning

3. Shoot and fruit growth in crop

4. Root growth
(front, length, b|omass)

5. Allocation of remaining
assimilates (stems,
envelops, reserves)

S

14. Calculation of
stress indices

13. Nitrogen nutrition
of the plant

6. Water and

nitrogen input: * 12. Soil nitrogen supply

7. Nitrogen
transformations

11. Actual transpiration

8. Water N
requirements

10. Water and nitrogen
=s_—— transfers in the soil
9. Nitrogen demand

Figure 2.4. Simplified diagram of the order in STICS between processes within the daily loop.
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At each step, another order between the elementary functions is defined. Users will
find it is well worth their time to specify the order of priority of these elementary func-
tions, especially within the following items:

— Crop growth: shoot growth, leaf senescence, yield elaboration, C and N assimilate
allocation;

— C and N transformation: fertiliser, volatilisation, mineralisation, nitrification,
denitrification;

— Water requirements: soil evaporation, crop transpiration;

— N nutrition of the crop(s): symbiotic fixation for legumes, N uptake (minimum of N
demand and N supply);

— Stress indices calculation: water, nitrogen and abiotic factors (frost, anoxia);

— N partitioning in the crop(s): to the grain; between leaves, stems and reserves.

» 2.4 Model genericity

2.4.1 Means of model genericity

The aim of model genericity is to cover a wide range of crops over time (i.e. to simulate
crop rotation) and under various soil and weather conditions. This can be achieved
through:

— Parameter values: the value of a given parameter can be set according the observed
system; note the distinction between global parameters (e.g plant species); and local
parameters (e.g. soil properties);

— Process options: Some options can be activated to deal with variability in crops,
soils and practices;

— The conceptual framework: the functionnal or process-based description of
processes are used to find a common description between general processes in the
plant kingdom (e.g. temperature threshold, RUE for dry matter accumulation...);

— The STICS code modularisation: it allows for coupling within software platforms;

Of course, genericity does come with some trade-offs:

— Many parameters are equivalent when compared to those for mechanistic models,
implemented in 3D and at an hourly scale;

— Some parameters are devoid of biophysical signifiance and must be mathematically
calibrated;

— The actual validity domain depends on the quality and the range of situations
covered by the calibration and validation databases.

Note that the activation and parameterisation of certain options depends on the input
availability. For example, the use of a resistive model is based on the availability of
additional climatic variables allowing the calculation of PET by the model, which
requires data of wind and air humidity (§ 15.1).

2.4.2 Typology of the options driving the whole soil-crop-atmosphere system

The model genericity relies on existence of options which can be distinguished
according to: i) their purpose and ii) the level of the modelled system they impact.
These criteria can be crossed-referenced, like in the examples provided in Table 15.1.
There are two possible purposes and three levels for all the options.
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Table 2.1. Examples of options according to their typology.

Level in the system Model formalism Model use
Global* Intercropping, Perennial crop, Link of successive USM,
Forage production, Climate change, Crop water stress,
Shelter microclimate. Crop nitrogen stress.
Function Monocotyledon/dicotyledon, lai forcing,
Indetermined/determined, Phenological stage forcing...

Snow module, Soil macroporisity,
Crop planting in rows...

Process ET calculation, Dormancy PET forcing,
end, Crop driving temperature, Crop N efficiency forcing,
Denitrification potential... Harvest decision criterium...

* The list is exhaustive at this level.
Acronyms: USM=unit of simulation; lai=leaf area index; ET =evapotranspiration, PET = potential
evapotranspiration

2.4.2.1 Distinguishing between options according to their purpose

First, a formalism option can be activated to take into account specific characteris-
tics of the cropping system or to investigate various ways of representing the system
behaviour. Formalism options automatically lead to new algorithms and parame-
ters introduced. The option algorithms will be presented in detail in the chapters on
formalisms (chapters 3 to 12).

Second, a STICS use option aims to modify the model’s conditions of application
without modifying formalisms or parameters. For instance, user can activate/deacti-
vate the effects of water and/or nitrogen stress on crop growth to be able to simulate
potential or actual growing conditions. The input variables can change, for instance
with the option of forcing the lai against a dataset. The use options at global level can
be called strategical options while all the others can be called driving options (§ 15.1).

2.4.2.2 Distinguishing between options according to the level of impact
on the modelled system

2.4.2.2.1 Global level
Several compartments of the soil-crop-atmosphere system are directly impacted:

First, there are five global formalism options, which varying implementation:

— Intercropping code activation allows the user to simulate two intercrops that impact
the whole cropping system;

— The perennial/annual choice impacts both the crop perennial reserve and crop
management;

— The grasslands can be simulated using the code ‘fou’ which triggers the possibility of
successive cuts of a forage crop and the existence of a residual lai after harvest;

— Climate change is a simulation option which calls for a single additional climatic
variable (e.g. CO, concentration) and requires the user to activate several formalism
options;

— Climate shelter forcing also affects the whole crop microclimate.

42



Overall description of the modelled system

Secondly, there are three global use options (strategical):

— the choice between independent or linked successive USMs which affects the USM’s
initial soil and crop variables, except those of the first one;

— The water stress deactivation option affects lai expansion, crop growth and soil
moisture;

— The nitrogen stress deactivation option affects lai expansion, crop growth, N uptake
and soil N mineral content.

2.4.2.2.2 Function level

The formalism options at this level are numerous (see chapters 3 to 12); they can have
three aims:

— to add either a compartment or a function, that strongly interacts with the other
system components; for instance the snow option, in the climate module affects
water, temperature and N loss emissions, as well as the macroporosity option in the
soil module.

— to integrate the variability of crop traits. For instance, the option of indeterminate
versus determinate species drives fruit filling. Notice that STICS does not directly
integrate the C3-C4 plant trait, but takes it into into account through the RUE value
and the N dilution curve parameters.

— to compare several theoretical representations of the function. For instance, the
representation of the root system can be addressed in true density expansion versus
the profile type, with or without trophic links with shoot growth.

There are few use options at this scale; they include, for instance, options to force
either the lai or crop stages according to measured values.

2.4.2.2.3 Process level

The process level concerns the design of the formalism simulating a given process
(see chapters 3 to 12). They can be linked to the processes such as the end of seed
dormancy or the harvest decision criteria.

Distinguishing between formalism and application options is not critical at this scale;
the possibility of forcing the fertiliser nitrogen efficiency can be considered as STICS
option use. The various options allow the STICS users to adapt a specific pathway of
activated options for each crop or cropping system.

2.4.3 Examples of scenario of parameterisation

STICS allows for crop species genericity through the design of a ‘parameterisation
strategy’ which combines activation of some formalisation options based on ecophy-
siological knowledge of the involved plant species. For example, the action of the
photoperiod and the vernalisation requirements are activated, or not, in the module
dedicated to plant development. There are formalism options of for each module which
permit the model to take into account the specific ecophysiology of various crops, as
shown in Figure 2.5. In wheat, for example, leaf surface growth is independent from
trophic aspects, while in sugar beet, it depends on competition with storage organs.
With intercropping, both plant files must include the options for radiative transfer,
true density and resistive approach to simulate this system.
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The same principle applies for crop management, as illustrated in Figure 2.6. Indeed,
many different technical options may be activated or not, according to the crop onset,
fertilisation type, irrigation management, canopy control or harvest decision rule. For
intercropping, some techniques must be identical for both crops, according to site
specific practical considerations, such as tillage or harvest criteria decision.

With less modalities, similar illustrations could be applied to soil or climate station.
Finally, from a practical point of view, there is an asymmetry between the plant file, for
which the parameterisation is already set by STICS team for some crops and other input
files, which characterise the management, soil, climate and initial conditions. Filling
these input files requires a minimal data collection and expertise by the user (chapter 16).
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Figure 2.5. Examples of parameterisation strategies as the result of activating a set options in
each specific plante file. Acronym: PET = potential evapotranspiration.
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» 2.5 Parameterised crop species

2.5.1 Definitions

This explanation concerns the availability of plant species, for which three levels of
quality of crop parameterisation can be defined:

— Finalised parameterisation means the plant file is currently being used and tested
against a large dataset. The set of parameters was calibrated based on literature review
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as well as a specific calibration database, before being tested against an independent
database. Each new STICS version is documented and tested against a standard
protocol (§ 16.3).

— Prototype parameterisation refers to a set of parameters whose performance quality
is uncertain. Calibration was performed using either an overly limited dataset or an
old STICS version. In the first case, prototype parameterisation can run with the
current version, but users should exercise caution when doing so. In the second case,
the parameterisation became incomplete and needs to be updated. In both cases,
users running a prototype parameterisation are welcome to test it and, if possible,
improve it and then share the performances within the STICS community, following
the aforementioned protocol.

— Ongoing parameterisation refers to crop species at various stages of finalisation or
awaiting for publication or for documentation of the validation database as regard the
standard version. Users looking for more information about these species can contact
the STICS team or post questions to the STICS community by using the forum.

2.5.2 List of parameterised crops

The current list of finalised and prototypes crop species is available on the STICS
website, when the model is loaded. Figure 2.7 shows several kinds of plant files that are
considered in STICS. Note that some species, such as turmeric and strawberry crops,
which are perennial in botanical terms, can be parameterised as annuals using STICS,
based on how farmers manage them. Additionnaly, the parameterisation of canola,
finger-millet and marigold is ongoing while the parameterisation of triticale, white-
clover, pigeon pea and winter fababean are waiting for documentation.

Herbaceous Herbaceous Market Fruit
Gramineous leguminous Gardening trees
el Cereals Leguminous Vegetables Oilseeds
crops spring_barley soybean lettuce flax
winter_barley spring_pea tomato winter_rapeseed
spring_barley_IC spring_pea_IC Sugar beet  sunflower
corn potato
winter_wheat Turmeric
durum_wheat
sorghum
Rice
Catch italianRyegrass CC vetch_CC mustard_CC
crops bristleOat_CC crimsonClover_CC

Figure 2.7. List of parameterised plant species as of 2021. The species given in bold have been
fully parameterised while those in regular font are at the prototype one.
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Chapter 3

Development

NADINE BRISSON, INAKI GARCiA DE CORTAZAR ATAURI, MIARIE
LAUNAY AND DOMINIQUE RIPOCHE-WACHTER

REVIEWED BY: NICOLAS BEAUDOIN AND BRUNO MARY

» 3.1 The importance of phenology on crop development

Phenology is the study of the seasonal rhythms of living organisms determined by
the seasonal variations of climate (Schwartz, 2013). Phenology describes the different
stages of development of a species and to provide information about its climatic feasi-
bility in a given place. In a general way, phenology provides information about:

— the time step of the evolution of a crop: when it is seeded, when it can be harvested,
when its flowering or budbreak takes place, etc.;

— the viability of the use of certain species or varieties in very different climatic
contexts (Chuine, 2010): a late variety will have difficulty completing its cycle in a cold
climate, while an early variety may finish its cycle too quickly (and thus affect its yield)
or in an unfavourable period (for example, in the middle of summer when it is too hot);
— the optimal time to perform certain cultural practices (tillage, harvesting, cutting,
pruning, etc.).

Moreover, phenology interacts with many other processes (especially growth and yield
formation) by determining and prioritising the distribution of resources. For example,
the parallel growth of vegetative and reproductive organs (both being managed by
independent developmental cycles) will compete for the same resources but at different
levels of intensity depending on the development cycle. The same is true for the initial
crop phases in which the processes of reserve remobilisation can be highly dependent
on the period and the development speed of the species. Finally, phenology will also
have a direct or indirect impact on the effect of different biotic stresses (presence or
absence of the organ being affected by a disease) and abiotic stresses (effect of the
environmental conditions on a key crop process, such as very high temperatures on
flowering or harvest).

The different formalisms and hypotheses used in the STICS crop model are described
in the different subsections below. Examples of crop cycles (as described in the model)
are provided at the end of this chapter. This chapter is related to other chapters in the
book, such as those on leaf, root and fruit development.
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» 3.2 Simulated events

3.2.1 General phenology framework in STICS

In the STICS crop model, phenology is represented by different stages that describe
the development of the independent dynamics of the two main group of organs
simulated by the model: the vegetative organs (leaves and roots) and the harvested/
reproductive organs (grains, fruits or tuber). The representation of each cycle depends
on different options:

— the effect of environmental variables on the development of the simulated phases
of each species. This concerns the various effects of temperature (hot or cold), photo-
period, as well as abiotic stresses that can have a direct effect on the development;

— the way of starting the cycle: sowing, planting or if we consider that the crop was
already established (a perennial crop).

The model will allow users to describe the different levels of precocity for each pheno-
logical stage at the intraspecies level using a set of variety parameters.

3.2.2 Phenological stages

The phenological stages (Table 3.1) are used as steps for simulating vegetative
dynamics (leaf area index and roots) and harvested organ filling (grain, fruit, tuber).
The two phenological scales are independent of each other: for example, the onset
of filling of the harvested organs IDRP (named idrps in the sections that follow for
the sake of convenience, because this variable represents the date when the stage is
reached) can occur before or after the ‘maximal leaf area index’ stage ILAX (named
ilaxs in the sections that follow).

Table 3.1. List of the phenological stages in STICS.

Vegetative stages / Leaf area stages Harvested organs stages
IPLT: sowing or planting (annuals) ILAT: beginning of the critical phase for grain
number onset (determinate crops)
IMB: beginning of seed moistening IFLO: flowering (start of fruit sensitivity to frost)
ILET: plantlet stage IDRP: onset of filling of harvested organs
IGER: germination (sown crops) INOU: end of setting (indeterminate crops)
IDEBDORM: beginning of dormancy IDEBDES: onset of water dynamics in fruits

(perennial crops)

IFINDORM: end of dormancy IMAT: physiological maturity
(perennial crops)

ILEV: emergence or budding IREC: harvest

ILET: end of the plantlet frost sensitive stage

IAMF: maximum acceleration of leaf
growth, end of juvenile phase

ILAX: maximum leaf area index,
end of leaf growth
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As in most crop models, the development stages simulated by STICS can differ from
the stages defined in classical agronomic scales. The development stages in STICS are
growth stages rather than organogenetic stages (Brisson and Delécolle, 1992). The stages
actually correspond to changes in the trophic or morphological strategy of the crop that
influence the evolution of leaf area index or grain filling (see examples in Figure 3.1).
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Using generic terms to name the various stages means that different species can
be simulated, exhibiting either determinate growth (vegetative and reproductive
growth occur successively) or indeterminate growth (vegetative and reproductive
growth occur simultaneously, at least partly). The IAMF stage (named iamfs below)
equates to the beginning of stem elongation and is generally not far from the end of
leaf initiation: it is the ‘1 cm ear’ stage for wheat and graminaceous forage crops, just
slightly later than the double-ridge stage for most varieties, whereas it is the floral
induction for corn. For indeterminate crops like tomato and grapevine, it is more
difficult to find an equivalent in organogenesis, so this stage is instead regarded as
the stage when the plant reaches a specific number of leaves (3, 4 or 5). The stage
ILAX must be regarded as a growth stage since it is the end of leaf onset, which can
occur before or after the IDRP stage. Nevertheless, some stages can also provide
information about other developmental stages for some crops. This is the case, for
example, with the ILAX stage, which is a proxy of the veraison stage (beginning of
ripening) for grapevine. Moreover, the beginning of grain filling (IDRP) is always
preceded by a key stage for the onset of the number of harvested organs (grains or
fruits) which can be ILAT for determinate crops and INOU (named inous below)
for indeterminate crops. At physiological maturity (IMAT) (named imats below)
the harvested organs stop growing in dry matter terms and the IMAT-IREC period
depends on the required quality for the final product.

» 3.3 Main development processes

3.3.1 Time scale

The periods separating successive stages are specific to the species and variety.
These periods are evaluated in development units, reproducing the phenological
time of the plant.

Based on the long-accepted concept of growing degree days (Bonhomme et al., 1994;
Durand, 1967), temperature is always used in crop models as the driving variable of
the phenological time. Yet authors like Ong (1983) and Pararajasingham and Hunt
(1991) showed that it is better not to use the air temperature but rather a temperature
closer to the plant (soil or organ) to explain the phasic chronology. In particular, this
can explain the acceleration of the cycle in case of drought (Casals, 1996; Desclaux
and Roumet, 1996; Seghieri et al., 1995). Indeed, soil drying at the surface as well as at
depth causes temperature increases at the plant level (Cellier et al., 1993; Friend, 1991),
which affect the progress of the cycle. Consequently, as in the model by Jamieson et al.
(1995), we adopted the idea of Idso et al. (1978), who suggested linking phenological
time to the crop temperature rather than to the air temperature. The other factors
affecting the rate of development are modeled as brakes or accelerators on that rate
per unit thermal time (Brisson and Delécolle, 1992). These factors generally include the
photoperiod and vernalisation (e.g. CERES as described by Ritchie and Otter (1985) or
ARCWHEAT by Weir et al. (1984)) and sometimes water deficit (e.g. CROPGRO by
Jones et al. (2003)). Through the use of crop temperature, the effect of the water deficit
on development is linked directly to the thermal units and not to a reducing factor.
Of course, what is simulated by the use of crop temperature is an acceleration of the
cycle, while some authors speak of delay in the case of early stress acting upon floral
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induction (Blum, 1996; Seghieri et al., 1995). Nitrogen nutrition conditions can also
have an effect on the progress of the cycle (Girard, 1997), as well as light conditions
through plant density (cryptochrome).

In STICS, crop temperature (udevcult) drives development. It may be slowed by
sub-optimal photoperiod conditions (rfpi < 1), by non-compliance with vernalisation
requirements (rfvi < 1) or by the effect of water or nitrogen stress (stressdev;, >0 and
turfac< 1 or innlai <1). Thus, each day, the phasic course of the crop (upvt) is given
according to the Eq. (3.1):

upvt(t] = udevcul t(t) -rf pl(t) -rf VI(t)
. [stressdevp . min(tur f ac{t), innlal(t)) +1- stressdevp] (3.1]

As far as the emergence period is concerned, a specific calculation is made using the
conditions prevailing in the soil (see § 3.4) as for the root lifespan (debsenrac;).
Leaf lifespan is expressed in exponential type time (also called Q10 time) for reasons
explained in § 4.1.2.

Most phasic courses between two successive stages are regarded as variety-specific
(Table 3.2), as are the parameters indicating the sensitivity to the photoperiod and
vernalisation requirements.

Table 3.2. Table summarising the various parameters of developmental duration and the
driving variables used to calculate those durations. The tcult variable is the crop tempera-
ture and tsol is the soil temperature at the root front level.

Positive thermal response 1
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stdrpmaty, X X X X X
stdrpnouy, X
stdrpdes,, X
stflodrp,, X X X X
dureefruity, X
durviefy, X
phyllotherme, X
debsenrac, X

L If appropriate, this option is activated according to the plant sensitivity to the relevant factor.
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3.3.2 Positive effect of temperature

In STICS, temperature positively affects plant phasic development from the emer-
gence stage for annuals (ilevs) or from dormancy break for woody plants (ifindorms)
until physiological maturity (imats). For herbaceous perennials, there is always a posi-
tive effect of temperature despite a rest period during winter. Crop temperature is
calculated from the crop energy balance (see § 9.3.2). As has been shown in the article
by Nadine Brisson et al. (2002), use of the crop temperature may modify the standard
values used routinely with the air temperature. Consequently, multiplicative plant-de-
pendent coefficients (coeflevamf,, coefamflax;, etc.) make it possible to modify
‘air temperature’ standards so that the crop temperature can be used, which has the
advantage of representing shortenings in the cycle induced by drought.

The effect of temperature (Eq. (3.2)), achieved at a daily time step, increases linearly
between the tdmin, and tdmax, thresholds, and decreases linearly between the
tdmax; and tcxstop, thresholds, as illustrated in the Figure 3.2. Affecting the param-
eters tdmax, and tcxstop, is not easy because they correspond to occasional thermal
conditions. Nevertheless, including this decrease in developmental and leaf growth
(see § 4.1), in line with experiments in hot conditions, is worthwhile to be able to use
the model in future climate conditions.

if tcult(t) < tdminy, udevcult(t) =0
if tdmin, < tcult(t] <tdmax,, udevcult= tcult(t) - tdmin,
if tdmax, < tcult[t) <tcxstop,

tdmax,-tdmin,

udevcul t{t) = tdmax,-texstop, [tcul t(t) - tcxstop P]
if (tcult{t) > tcxstopp), udevcult(t) =0 [3.2]

The base temperature (tdmin;) is assumed to be constant throughout the crop
cycle (from ilevs to imats). However, it has been shown that this threshold could
vary (Angus et al., 1981) because the relationship between phasic development
rates and temperature is not linear (Brisson et al., 2006). For example, in the model
ARCWHEAT (Weir et al., 1984) or in Hunt and Pararajasingham (1995), various
temperature thresholds are used according to the stages. However, since there is a
correlation between the duration and the temperature threshold, these parameters
are difficult to calibrate.

3.3.3 Effect of photoperiod

For photoperiodic plants, the photoperiodic slowing effect, rfpi, applies between
the threshold photoperiods phobase;, and phosat; (Eq. (3.3)). In the case of wheat,
phobase; is lower than phosat,: wheat is a long-day plant. In the case of soybean,
phobase; is higher than phosat;: soybean is a short-day plant (Figure 3.3b). The current
photoperiod (phoi) is calculated on the basis of calendar days and latitude (Figure 3.4)
using classic astronomical functions (Sellers, 1965). The photoperiod is calculated by
assuming that light is perceptible until the sun is at 6° below the horizon, which corre-
sponds to a duration 50 to 70 minutes longer than the strictly defined daylength.
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Figure 3.2. Development response to crop temperature.
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Figure 3.3. Photoperiodic limiting factor for phasic development (rfpi) when varying the
sensitivity to photoperiod a) with response type of wheat or the photoperiodic response type
b) with sensiphotP=0.0 for both species, for wheat ([phobasep, phosatP]=[8.20]) and for
soybean ([phobase,, phosat ] =[18.15]).
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The amplitude of sensitivity to the photoperiod is given by the sensiphot, parameter:
a value of 0 equals maximum sensitivity and a value of 1 cancels out this sensitivity
(Figure 3.3a). The effect of the photoperiod is exerted between the ilevs (herbaceous)
or ifindorms (ligneous) stages and idrps. This formalisation allows the sensitivity to
photoperiod of different varieties to be characterised.

. phm(t)—phosat
rf pl(t) = (1 - SenSIPhOtp) ’ p(hosatp—phoba.:gp +1

and sensiphot pST f pi(t) <1 (3.3)

Photoperiod (hours) rfpi
204 F 0.9
TS
- N Lo
18 ’ Ju S,
, N\ L 0.7
16 F 0.6
+ 0.5
141
+ 0.4
12 - F 0.3
= Photoperiod (latitude = 30)
— Photoperiod (latitude = 50) L 0.2
101 / « = rpi (latitude = 30) \
- . = tfpi (latitude = 50) ~— lo1
8 + 0.0
01/03 01/06 01/09 01/12
Dates

Figure 3.4. Annual variation of the photoperiod for two northern latitudes and the consequence
on the corresponding limiting factor for phasic development (rfpi) calculated for wheat crop.

3.3.4 Cold requirements

Winter crops and perennial crops in temperate climate zones have vernalisation or
chilling requirements. The formalisations classically applied and used in STICS differ
for herbaceous plants (vernalisation) and woody plants (dormancy). For herbaceous
plants, the resting state is considered not to be total, and the ‘vernalisation’ formalisa-
tion which applies to herbaceous plants allows a partial accumulation of development
units during winter rest. For woody plants the ‘dormancy’ formalisations are much
more severe, and development units are only active when all chilling requirements
have been met. Consequently, noncompliance with vernalisation requirements slows
(rfvi >1 for herbaceous plants) or stops (rfvi=0 for ligneous plants) crop development.
For woody plants, the post-dormancy period is characterised by the phasic course
between dormancy break (ifindorms) and budding (ilevs), i.e. stdordebour,.
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3.3.4.1 Vernalisation

Vernalisation requirements are defined by the genotype-dependent number of
vernalising days (jvcp), and the vernalising value of a given day (jvi) depends on crop
temperature (Figure 3.5). Vernalising days are counted from germination (igers) for
annual crops, because an active metabolism is required to initiate the process, or
from the julvernal; day for perennial crops. A minimum number of vernalising days,
jvemini, is required (Eq. (3.4)). The progress in crop vernalisation, rfvi, gradually
increases until it reaches the value of 1.

VI
1.25 4
— Wheat
1.00 A [t --- Rapeseed
0.75 1
0.50 { J
0.25 {
0.00 {
—20 ~10 0 10 20 30

TCULT (°C)

Figure 3.5. Vernalising value of a given day (jvi) as a function of the mean crop temperature (tcult)
for wheat ([tfroid,, ampfroid, ] = [6.5, 10]) and for rapeseed ([tfroid,, ampfroid ] =[6.5, 20]).

tfr01d ~tcult(t)
]Vi(t max(l am[ffrond ] 0'0]

t I : = -
Zt:iger 's or julvernal P(]VI(t) -]Vlemp)

r f Vi(t) = jve,-jvemini, (34)

where tfroid, (optimum vernalisation temperature) and ampfroid, (thermal
semiamplitude of the vernalising effect) are parameters which provide the range of
vernalising activity of temperatures (Figure 3.5). The ampfroid, parameter indi-
cates the sensitivity of the species to vernalisation: if it is low, the range of vernalising
temperatures is narrow and a long period will be necessary to meet the requirements;
if it is high, the temperature range is broader and results in more rapid vernalisation.
Figure 3.6 illustrates the sensitivity of the model to this parameter and its effects on
leaf growth dynamics (details of calculation in § 4.1.1).
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Figure 3.6. Sensitivity to the ampfroid, parameter (assumptions of 10°C and 20°C) on the
calculation of the period of vernalisation (rfvi) and its consequences on leaf growth (lai) for a
ryegrass catch crop sown in late summer.

3.3.4.2 Dormancy

This section deals with the perennial dormancy and not with the dormancy break of
seeds of annual crop grains such as wheat, barley or pea that can lead to germination
of the grain on the plants before harvest which are described in § 3.4.1.

The aim is to calculate the day of dormancy break, which makes it possible to change
the rfvi variable from 0 to 1, bearing in mind that it is always possible to impose this
date and ignore the following dormancy calculations (using the parameter ifindormy).

For perennial plants, the active onset of vegetative development generally occurs after
a period of winter rest (if this is not the case, chilling requirements are set to 0). The
dormancy duration is calculated by meeting the chilling requirements. If the simula-
tion is initialised at the idor; stage, the model then assumes that this is the onset of
dormancy (idebdorms) and that the chilling requirements are not met.

In 1965 Bidabe proposed a formula to calculate dormancy and post-dormancy dura-
tions for apple trees, based on the Q10 notion which corresponds to exponential-type
responses to temperature. This is a well-known formula used for fruit trees for both
vegetative or reproductive buds. In STICS, we only use that which concerns the
dormancy period, since the post-dormancy period (i.e. from ifindorms). The daily
responses are accumulated (cu, Eq. (3.5)) until the current day (I) from a starting date
(idebdormy;), generally taken to be during the autumn or the summer (Garcia de
Cortdzar Atauri, 2006), which shows that the initial date has a little effect on the calcu-
lation (August 1st for grapevine). The genetic-dependent parameter for the amount
of chilling requirement is jvcp.
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ald) -], (010, 5 vaz0, 40

j=idebdorm
and if cu< jve,, rfv1(t]= 0.0

if cuzjve,, rvi(t)=1.0 (3.5)

The Bidabe’s formula (Bidabe, 1965) provides good results for grapevine (Garcia de
Cortdzar Atauri et al., 2009a).

3.3.5 Effect of stress

Early stresses can generate delays in the development of some crops. This effect coun-
teracts the ‘acceleration’ effect induced by using the crop temperature. The effect is
active up to the idrps stage, and can be modulated using a plant-dependent sensitivity
parameter (stressdev;=0: crop insensitive to stress), as described in § 3.3.1. The
lower of the two values of water stress (turfac) and nitrogen stress (innlai) is applied.
For instance, this effect causes a five to eight day delay between a fertilised and an
unfertilised situation in the Parisian basin for wheat (stressdev, = 0.2). This effect is
also accounted for in the calculation of leaf life span (see § 4.1.2, Eq. (4.11)).

» 3.4 Emergence and initiation of crop development and growth

This section concerns i) the emergence of sown annual crops, ii) the onset of crop
development after planting for transplanted annual crops and iii) the onset of crop devel-
opment after winter rest for perennial crops (bud growth of trees and the beginning of
herbaceous growth).

3.4.1 Emergence of sown crops

In the first generation of crop models, such as in the models CERES, ARCWHEAT,
and SUCROS models, the sowing-emergence phase was approached in a general
way and related only to air temperature. Later on, the effect of the soil water status
on the duration of emergence was also taken into account (Rao Kanneganti and
Fick, 1991). Recent work on germination and the beginning of shoot growth (Diirr
et al., 2001; Hucl, 1993; Itabari et al., 1993; Weaich et al., 1996) now distinguishes
two phases in emergence, e.g. in the model SHOOTGRO by McMaster et al. (1991),
and its derivatives (MODW TH3 by Rickman et al. (1996)). Such an approach allows
the simulated duration of emergence to vary with three main factors: temperature,
soil water status, and sowing depth. The effect of soil water status has been shown
to be particularly important (Alm ez al., 1993; Bouaziz and Bruckler, 1989; Bradford,
2002). These papers link the simulation of emergence to the good simulation of soil
water status in the surface soil layers, especially when sowing is shallow. Generally,
crop models do not account for soil structure (size, amount and distribution of soil
aggregates), although models specifically dedicated to crop establishment do take
it into consideration (Diirr et al., 2001). In addition, the effects of waterlogging,
through its physiological impact of anoxia on the embryo or through rooting effects,
are not directly introduced.
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In STICS, the emergence phase is broken down into three sub-phases: seed imbibi-
tion (moistening), followed by germination, and lastly, shoot elongation. The physical
soil conditions influence not only the duration of emergence but also the number of
emerged plants, especially in dry conditions or when there is a surface crust.

3.4.1.1 Moistening

Seed moistening can be regarded as a passive process starting at a species-dependent
water potential prevailing in the seedbed (potgermi, in MPa). The relationship
from Clapp and Hornberger (1978), parameterised by the characteristic soil water
contents of field capacity and wilting point, was used to convert potgermi, into water
content (see § 10.1.4). Once the seed is moistened, it has a limited number of days
(nbjgrauto) during which it uses endosperm reserves for plantlet growth (Eq. (3.6)).
This number has a species-dependent component (nbjgerlim;) but also a thermal
one, since it is thought that at low temperature (i.e. the average soil temperature
in the seedbed, SB, from the beginning of moistening, IMB), respiration processes
and the consumption of reserves are slower (the minimum at high temperature is
propjgermin; x nbjgerlim;). When the temperature is lower than the germina-
tion base temperature, tgmin,, then the day number is maximal (nbjgerlim;). Above
tdmax,, the seed uses up its reserves in the least time, parameterised by default to
20% of the maximum (propjgermin;=0.2).

t
. 1-propjgermin, Zj:IMB(tSOI(SB,tD .
nb]grauto(t)= ~ tdmax,-tgmin, t-IMB+1 - tgmlnp +1

and propjgermin,, - nbjgerlimp < nbjgrauto < nbigerlimp (3.6]

nbjgrauto
12.5 4

10.04  w-mooo- . — tgmin, =0, tdmax, = 25
N --- tgmin, =5, tdmax, =35

7.5 A
5.0 {

25

0.0 1

0 10 20 30 40
Average temperature in the sed bed during imbibition (°C)

Figure 3.7. Evolution of the number of days of autotrophy as a function of temperature for two
sets of cardinal temperatures.
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3.4.1.2 Germination

Germination is achieved when the growing degree-days from planting in the seedbed
(somger) reaches a given threshold (stpltger;), with a condition as to the dryness of
the soil (Eq. (3.7)).

t

I=igers if somger(t) = Z/ 1 ((tsoI(SB, J)- tgminp]- humirac(SB, J)) = stpltger,
=iplts

and SB = profsem, (3.7)
tsol is the soil temperature and tgmin,, is the base temperature for germination. Soil

moisture in the seedbed (SB = depth of sowing + 1 cm) influences germination through
the humirac variable (Eq. (3.8)).

if humsol(SB, t)> hn
then humirac(SB, t)= sensrsecp +(1 - sensrsecp] . %
if humsol(SB, t) < hn

sensrsecp

then humirac(SB, t)= —m— - humsol(SB, t)  (3.8)

where humsol, hn and hx are the actual water content, the wilting point and the field
capacity in the seedbed, respectively, and sensrsec; is a plant parameter which can
be given a value between 0 and 1. If sensrsec, =1, the effect of soil dryness on all the
functions of root growth is only effective for water contents below the wilting point
(Figure 3.8); conversely, if sensrsec;, =0, this effect is the highest.

humirac
. //
0.8 V4
o i //
/
o
//
// —— sensrsec, = 1.0
S ---- sensrsec, = 0.3
/ —— sensrsec, = 0.0
0.4 | /
7 4
/ ’
hn // hx
v
|/
0.0 4 4
0 1 2 3

humsol (mm cm soil-")

Figure 3.8. Evolution of the variable humirac as a function of the parameter sensrsec, and the
values of seedbed water contents at field capacity (hX) and at wilting point (hn).
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If the seedbed dries out, it may delay germination significantly. This does not impair
grain viability as long as the grain has not already imbibed water. If, however, the
soil water content has been high enough to allow grain moistening, grain viability
is reduced. To account for this effect, we relied on work by Bradford (2002, 1990)
showing that too long a time for germination after moistening reduces the germina-
tion rate if the number of days of moistening (nbjhumec) is higher than a plant- and
temperature-dependent threshold duration (nbjgrauto, Eq. (3.6)). It is assumed that
germination occurs (igers being the germination day) but at a reduced plant density
(ratio between density of germinated plants, densite(igers), to sowing density,
densitesemy) proportional to the thermal time deficit (Eq. (3.9)). An illustration of
the chronology of germination in various soil conditions is given in Figure 3.9.

if nbjhumed(t) > nbjgrauto(t)

- . . somgertt,
densite{igers) = densitesem; - stplfgerf )
»

if nbjhumed(t) < nbjgrauto(t)
then densite[igers) = densitesem; (3.9)

Degree days Volumetric soil moisture (%)
8041 a I 30
70 ) — somgeri /’
60 4 — humsol1 / /_\\“/_

20
ig o~ T 8%
30 A / L 10
20 A
10

01 __ . . S
0 10 20 30
Dates
Degree days Volumetric soil moisture (%)
33 10 — somger2 &0
60 ] — humsol2
0,
50 - 100 % L 20
/
40
7
30 | / L 10
20 A
104
04 -0
0 10 20 30
Dates

Figure 3.9. Chronology of germination represented for two different soil conditions: a) soil
wetting and b) soil drying. The first arrow indicates the moistening date (soil above potgermi )
and the second arrow the germination date. In the first case the required thermal time for
germination (stpltger, =50 degree days) is not reached by six days (nbjgerlim) of moistening,
which causes a decrease in density (78%).
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3.4.1.3 Subsoil plantlet growth

Germination initiates the growth of the root and then of the shoot (see chapters 4
and 5). The growth rate of the shoot is assumed to be a logistic function (Eq. (3.10)) of
soil degree-days that may slow down with unsuitable soil moisture (humirac).

elong(t) = elmax, - (1 - exp( - (belong,,-

t celon;
Z (humirac(HB, t)-crust(t)-(tsoI(HB, t)—tgminp)]) &) (3.10)

J=igers

The parameterisation of Eq. (3.10) can be significantly different in actual soil conditions
when compared to laboratory conditions (finely sieved soil) because the presence of
clods or compacted earth slows down the shoot’s vertical upward growth. Emergence
occurs when elongation (elong) is greater than sowing depth (profsem ) as shown in
Figure 3.10.

elong (cm)
7 4

elmax,=6.0

belong, =0.02
6 celong,=20
5 4
4

profsem,.
3 4
2 4
14
— humirac=1.0

04 humirac = 0.5

0 100 200 300
2 tsol(profsem,)-tgmin,

Figure 3.10. Elongation of the coleoptile (elong) as a function of soil temperature (tsol) and
water status (humirac) and occurrence of emergence when elong> profsem, .

Water status (humirac) is calculated as described in Eq. (3.8) by using the average soil
moistures between the seedbed and the root front zrac (layer denoted HB). The variable
crust stands for soil crusting conditions and will be explained in the following section.
In Eq. (3.10), elmax,, belong; and celong, are species-dependent parameters.

As for germination, if the duration between germination (igers) and emergence (ilevs)
is too long (nlevlim1; and nlevlim2, parameters in Figure 3.11), there may be emer-
gence deficiencies represented by the variable coeflev (i.e. the ratio of the emerged to
the germinated density (Eq. (3.11)).
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if ilevs-igers<nlevliml, then densite(ilevs] = densite(igers]
if nlevliml;<ilevs - igers < nlevlim2,

then densite(ilevs) = densite{igers) - coeflev(ilevs)
if ilevs-igers>nlevlim2, then densite(ilevs) =0.0 (3.1 1]

coeflev
1.2 4
. — Wheat (nlevlim1, =10, nlevlim2,=50)
\ --- Sugarbeet (nlevlim1, =7, nlevliim2, = 20)

0.8 '
0.4 1

0.0 1

0 20 40 60

Number of days since germination

Figure 3.11. Simulation of emergence density proportion, coeflev(ilevs), according to the
length of the germination-emergence period (ilevs_igers).

The effect of frost on young plantlets can be simulated and causes an additional reduc-
tion in population density. The plantlet stage (ilets) is assumed to end at a defined
number of leaves (nbfgellevy), calculated from the plastochrone (phyllotherme,).
The frost damage function for emergence (fgellev) is calculated in the same way as
other frost functions (§ 4.4.4.1) with thresholds of specific sensitivity for the plantlet
stage (tgellev10; and tgellev90;) and reduces the plant density in a multiplicative
way (Eq. (3.12)).

densite(t) = densité(ilevs) - fgellev where ilevs < t <ilets ~ (3.12)

It may be necessary to modify the threshold values according to differential genetic
tolerances and forms of frost occurrence (thermal amplitude, frost and thaw cycles).

3.4.1.4 Influence of soil crusting on emergence

In the particular case of loamy soils, a crust may occur after sowing, creating a physical
obstacle to emergence (Duval and Boiffin, 1990). In addition to the textural charac-
teristics of the surface soil layer, the development of such a crust depends on soil
fragmentation following seedbed preparation and on the weather at the time. Indeed,
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post-sowing rainfall may destroy soil fragments, and then drought renders this layer
almost impenetrable for the plantlets, since the resistance to emergence depends on
the weather through its evaporative demand and on the force exerted by the plantlet.

The formalisation of these processes in STICS relies partly on the work of Diirr et al.
(2001). Surface crusting is assumed to occur only after sowing once a certain amount
of rainfall (soil-dependent parameter pluiebat;) has occurred. The crust is assumed to
be dry when the natural mulch depth (xmulch: variable calculated from the soil evapo-
ration formulations: see § 11.2.3)) is greater than the threshold parameter mulchbat,
in which case xmulch is considered as the thickness of the crusted layer.

The subsequent delay in emergence can, just like the water deficit in the seedbed,
reduce plant density. Yet not all the plantlets will be affected because of the hetero-
geneity of the crust and the differences in individual plantlet vigour. In STICS it is
assumed that the ease of crust penetration is accounted for by a plant-dependent
parameter (vigueurbat;). The delay in emergence is formalised by stopping the accu-
mulation of thermal time in Eq. (3.10) when the shoot reaches the base of the crust
(crust=0.0 calculated in Eq. (3.13).

t
if (trr(tD > pluiebat < then
J=iplts

if xmulch(t) > mulchbat; and elong > profsem, - xmulch(t)

then Crust(t) =0.0
if xmulch(t) < mulchbat; and elong < profsem, - xmulch(t)

thencrust(t)=1.0 (3.13)

The density reduction law is specific to the crusting phenomenon (coeflevb) but
analogous to the other constraint law (coeflev depicted in Figure 3.12), with a
minimum threshold corresponding to the vigueurbat, parameter: if vigueurbat,
is greater than 0, which means that when the soil is crusted a proportion of plants
succeed in emerging, the COEFEVB function is less effective than the water content
and temperature-dependent coeflev function. The combination of both relation-
ships is made dynamically by calculating the daily derivatives of both laws: if crust=0,
which means a crust obstacle occurs the current day, the density reduction is calcu-
lated according to the coeflevb law; otherwise it is the COEFLEVB law that prevails
(Figure 3.12).

Thus, as soon as significant rainfall occurs, the shoot continues to growth normally.
Table 3.3 shows the sensitivity of the formalisations described above to the effect of
soil crusting by varying the three required parameters.
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coeflev crust
— coeflev due to bad soil thermal or water conditions L 2.0
— coeflevb due to soil crustening with vigueurbat, = 0.3
--- Resulting emerge density function
crust
1.5
1.0 4
1.0
a5 nlevlim1, nlevlim2,
F 0.5
0.0 1 + 0.0
0 10 20 30

Number of days since germination

Figure 3.12. Combination of the two laws (coeflev depending on non-optimal water content
and temperature conditions and coeflevb depending on the crust layer) affecting the emerged
density as a function of the occurrence of the soil crust factor crust=0.0, which means a crust
obstacle occurs, and the plantlet vigour (vigueurbat,). The parameters nlevlim1, and nlevlim2,
are defined in Eq. (3.11).

Table 3.3. Sensitivity analysis of the soil crusting parameters on the emergence variables
(example of a maize crop in western France).

Sensitivity to . .
crusting (SC) No SC High SC Low SC High SC
Plantlet vigour (PV) - High PV Low PV Low PV
pluiebatg (mm) 50 3 9 3
mulchbatg (cm) 0.5 0.5 1.5 0.5
vigueurbat, - 0.8 0.15 0.15
Sow1r}g - emergence 12 97 24 97
duration (days)
Emerged density
relative to sown 77 64 31 19
density (%)

Note: pluiebat and mulchbat are soil parameters, vigueurbat is a plant parameter.
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3.4.2 Onset of crop development and growth after planting

For transplanted crops, a latency phase between planting and the onset of crop
development can be simulated in the same way as the germination phase, based on
accumulated growing degree-days. In this case, the simulated date of actual onset is
the date corresponding to planting, to which is added the interval corresponding to
the stpltger, parameter, calculated from soil temperatures at the depth of planting
and taking into account the effect of soil dryness, as in Eq. (3.7). The leaf area index
(lai) of the plantlet (laiplantule}) serves to initialise the dynamics of the leaf area
index. If the ‘coverage rate’ option is selected rather than the ‘LAI’ option (see § 4.1.4),
the laiplantule, parameter must be given in terms of percentage of soil cover; other-
wise, it is expressed in lai units (i.e. m> m~2). It is also possible to specify the number
of leaves per plant (nbfeuilplant;), which enables initialisation of the calculation of
the number of leaves. In a similar way, biomass and rooting depth are initialised using
the plant parameters masecplantule, and zracplantule,. The plantlet nitrogen
content is calculated assuming the nitrogen use is only metabolic, i.e. as responding
to the critical nitrogen curve for a low biomass canopy (see § 6.1.2.1) involving adil,
and the initial biomass (masecplantule;) according to Eq. (3.14).

QNpIantuIe(ipIts) =10- adil, - masecplantule,, (3.14)

3.4.3 Onset of crop development and growth in perennial plants

For perennial plants (e.g. grapevine), once the chilling requirements are met, the
post-dormancy period (after dormancy break, ifindorms) is calculated using the sum
of hourly temperatures (growing degree hours — GDH) obtained by the method of
Richardson (Richardson et al., 1975; 1974). To calculate GDH, the hourly tempera-
ture of day t, T(h, t) is estimated very simply by linear interpolation between Tnx(¢t) and
Tr(t+1) by assuming a daylength of 12 h (example in Garcia de Cortazar Atauri et al.
(2009a), Eq. (3.15) and (3.16)).

T(h )= TH(t)+ h-(Tx(¢) - TH(t))/12) if h<12
T(h t)= Tx(¢) - (h- 12)-(Tx(t)- THt+1))/12), ifh > 12 (3.15)

Two cardinal temperatures limit the function of the linear response: Tmindeb and
Tmaxdeb.

t
Stdordebour :Z (T(h, t)]
=idebdorm

with

T(h, t)=0,if T(h, t) < Tmindeb

T(h, t)=T(h, t)- Tmindeb, if Tmindeb<T(h, t)< Tmaxdeb
T(h, t) = Tmaxdeb — Tmindeb, if Tmaxdeb > T(h, t) (3.16)

Finally, if the model is initialised at the ilev stage, the model assumes that the chilling
requirements are met (note that this does not apply to annual crops). When the model
is run for several years, the phasic and trophic status of the plant is saved from one
year to the next (see § 14.2).
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Chapter 4

Shoot growth

Loic STRuLLU, ALAIN MOLLIER, JEAN-LouIs DURAND
AND NADINE BRISSON

REVIEWED BY: NICOLAS BEAUDOIN AND BRUNO MARY

As all crop models do, STICS characterises the plant subsystem by its shoot biomass
and leaf area index. Once calculated, the shoot biomass is partitioned into the various
organs and feedback occurs between this partitioning and shoot growth for indeter-
minate plants. In STICS, indeterminate denotes species for which there is significant
trophic competition between vegetative and harvested organs. This definition differs
from the botanical one, and species like rapeseed or pea are considered as determi-
nate in STICS. This is because the assumption of independence between vegetative
and reproductive growth is acceptable, though these two developmental scales can
overlap. Meanwhile, species like sugarbeet are regarded as indeterminate because the
growing tuber greatly influences shoot growth. The harvested organs (grains, fruits
or tuber) are the only ones characterized in terms of number (see § 8). The present
chapter touches on various interrelated processes that are covered in other chapters.
See figure 4.1 to see how the paragraphs of this chapter relate to other chapters.

» 4.1 Leaf dynamics

4.1.1 Leaf area expansion

In most models, temperature is the main variable explaining potential leaf growth
according to the crop’s development stage (Abiven et al., 2005; Amir and Sinclair,
1991; Hansen et al., 1990; Weir et al., 1984; Williams et al., 1984). Yet in some models,
the increase in the leaf surface area is derived from the increase in mass by means of
the specific leaf area (van Keulen and Seligman, 1987). However, the specific leaf area
is not a constant. It depends on the ratio between structural and non-structural mass
(Thornley, 1996), which varies according to leaf age, temperature (Gary et al., 1993),
and the stresses experienced. As a result, this kind of formalism is not generally very
robust (Tardieu et al., 1999).

Many models have a marked preference for leaf-to-leaf simulation (Amir and Sinclair,
1991; Ritchie and Otter, 1985), using classic notions such as the phyllotherm and dura-
tion of leaf life (Muchow and Carberry, 1990). However Milroy and Goyne (1995)
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cited several studies that showed that simulating leaf area index directly on a canopy
scale produces results that are just as good as a leaf-to-leaf model. Baret (1986), Milroy
and Goyne (1995), and Chapman et al. (1993) worked on a canopy scale and suggested
dividing the evolution of leaf area index into two curves. The first curve represents
growth (always a logistic curve) and the other senescence (logistic or exponential).

Leaf dynamics Stress indices

<«

« (§5.1) (§5.4)
Nitrogen acquisition

/’I Radiation interception
§10
/ by plants (§ 6)
Development :'______) Shoot biomass growth | Stress indices
§4) (§5.3) (§5.4)

Biomass partitioning

§8)

Water balance

§12

Figure 4.1. Main functional links between the paragraphs of this chapter and other chapters.

Several authors have proposed to make a direct link between the evolution of leaf area
index and crop development (Dale et al., 1980; Dwyer and Stewart, 1986; Hammer and
Muchow, 1994; Nelder, 1961; Teittinen et al., 1994). Jamieson et al. (1995) designed
their model with four stages of evolution for leaf area index.

In STICS, leaf area growth is driven by phasic development, temperature and stresses.
An empirical plant density-dependent function represents interplant competition.
For indeterminate plants, trophic competition is taken into account through a trophic
stress index, while for determinate plants a maximal expansion rate threshold is calcu-
lated to avoid unrealistic leaf expansion. In the first version of STICS (Brisson et al.,
1998b), net leaf growth was directly simulated, without splitting the evolution of the lai
into gross growth and senescence, leading to a crude representation of leaf area index.
However, when thinking in terms of efficiency of radiation interception, it appears that
there is a plateau and the impact on radiation interceptions of high lai values is negli-
gible (Allen and Richardson, 1968; Cowan, 1968; Otegui et al., 1995; Varlet-Grancher
and Bonhomme, 1979). However, simulation of senescence is necessary to have a good
representations of C and N fluxes linked to leaf fall. Both options of simulations are
always available in the model.

4.1.1.1 Valid calculations for all crop types

The leaf growth rate (deltai in m?> m=2 d-!) is calculated as the product of four terms
(4.1):

deltai(t) = deltai_dev(¢)- deltai_T(¢)- deltai_dens(t)- deltai_stress(t) (4.1)
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A first term (deltai_dev in m? plant™! degree-day~!) which represents the lai growth
rate per plant follows a logistic curve, related to the ilevs, iamfs and ilaxs pheno-
logical stages. The other terms represent the effective crop temperature (deltai_T in
degree-days), the plant density factor (deltai_dens) which represent the interplant
competition and is specific of the variety, and the water and nitrogen stress index
(deltai_stress).

The phasic development function (Eq. (4.2)) is comparable to that of the PUTU
model (Singels and de Jager, 1991), i.e. a logistic function with dlaimaxbrut; as
the asymptote and pentlaimax, as the slope at the inflexion point. This function
is driven by a normalised leaf development unit (ulai) equal to 1 at stage ilevs and 3
at stage ilaxs. At the end of the juvenile stage (stage iamfs), it is equal to vlaimax,
at the inflexion point. Between the stages ilevs, iamfs and ilaxs, the model performs
linear interpolation based on development units (upvt), which include all the envi-
ronmental effects on phasic development (see § 3.3). As the ilaxs stage approaches,
a gradual decline in growth rate can be introduced using the udlaimax; parameter
corresponding to the ulai value beyond which there is a decline in the leaf growth
rate. If udlaimax; is equal to 3, it has no effect and the leaf stops growing when the
ilaxs stage is reached (Figure 4.2).
deltai_ de V(t)= dlaimaxbrut,

1+ exp[pentlaimaxp- (vlaimax}, - ulal(t]]) If (UIal(t) ) udlalmaxp)

, 2
deltai_dev(t) =vlaimax; - (1 _ ot} udiaimay

3-udiaimax, ) if (ulat(t) 2 udlalmaxp) (4.2)
deltai_dev

1
4e-04 ] i
1
- -~ udlaimax, = 2.8 !
— udlaimax, = 3.0 ‘ll
36-04 | I
1
1
i
':
2e-04 4 !
1
1
1
;

1e-04 | :
.Il

\

I“

0e+00 ; ; : :

1.0 15 2.0 25
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Figure 4.2. Leaf growth rate as a function of phasic development with the parameterisation
corresponding to a wheat crop as given in Singels and de Jager (1991) (pentlaimax,, = 5.5,
vlaimax, = 2.2 and dlaimaxbrut, = 4.410™*) for two values of the parameter udlaimax,.
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The thermal function relies on crop temperature and cardinal temperatures (tcmin,
and tcmax;), which differ from the temperatures used for the phasic development.
The extreme threshold tcxstop), is the same as for development.

if tcult(t)< temin, deltai_T(¢) =
if teminp < teult(t) < tcmax, deltai_T(¢) = tcult(t) - tcmin,

] tcmaxp tcmin,

tcmaxp—tcxstop (tCUI t{t) - tcxstopp]
(4.3)

if temax, < tcult(t) < texstop, deltai_T(
if tcult(t)> texstop, deltai_T(¢)=

The density function (deltai_dens), is active when the leaf area index threshold
(laicomp,) is reached and if the plant density (in plant m~2 calculated as explained
in § 3.4 and possibly decreased by early frost, see § 4.4.4) is greater than the bdens,
threshold, below which the plant leaf area is assumed independent of density (Eq. (4.4)).
Beyond this threshold, leaf area per plant decreases exponentially. The adens,, param-
eter represents the ability of a plant to withstand increasing densities. It depends on
plant species and may depend on the variety (Figure 4.3).

For branching or tillering plants, adens, represents the plant branching or tillering
ability (e.g. for wheat or pea). For single-stem plants, adens,, represents competition
between plant leaves within a given stand (e.g. for maize or sunflower).

. adens,
deltai_dens(t) = densite(t) (G

deltai_dens(t) = densite(t) if lailt)< laicomp,, or densite(t) < bdens; (4.4)

deltai_dens (plants m2)

100 -
104 e
—— Maize bdens, = 5 and adens, =-0.12
—— Pea bdens, =10 and adens, =-0.45
-~ - Sunflower bdens,=5 andadens,=-0.8
- —- Wheat bdens, = 7 and adens, =-0.6
1 s PP I | s PRI | . M |
1 10 100 1000

densite (plants m)

Figure 4.3. Density function deltaig,, versus plant density for various species (wheat, maize,
pea and sunflower).
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In the case of intercropping, the model calculates an equivalent plant density for the
understorey crop (densiteequiv), which accounts for the presence of the dominant
crop. If densite_d and densite_u are the planting densities of the dominant and the
understorey crops respectively and bdensd; and bdensu,, are the threshold densities
for inter-plant competition, the equivalent density is calculated as in Eq. (4.5):

bd
densiteequiv(t):densite_L.(t)+densite_C(t]-ﬁ (4.5)

This empirical relationship enables to simulate an increase in inter-plant competition
compared to single crop (Figure 4.4)

efdensite

1.2 4
14

mono-crop 0.8 4«

0.6

inter-crop 0.4

0.2

Actual plant Equivalent plant Density
density density

Figure 4.4. Illustration of the calculation of the equivalent plant density for the understorey
crop.

Water and nitrogen can be limiting factors for growth, with stress indexes whose
values vary between 0 and 1 (see § 4.4). Water (turfac) and nitrogen indexes (innlai) are
assumed to interact, thereby justifying the use of the most severe of the two stresses.
Meanwhile at the whole plant level, in the rare occasions where water deficit and water
logging (exolai) occur in different horizons of the root zone, the water-logging stress
index is assumed to act independently (Eq. (4.6)).

deltai_stress(t)= min(tur fac, innlai(t)- exolai(t)) ~ (4.6)

4.1.1.2 Determinate crops features

Failure to account for trophic aspects when calculating leaf growth may cause problems
when the crop intercepts insufficient radiation to ensure leaf expansion (e.g. for crops
under a tree stage or crops growing in winter). A trophic effect can be simulated from
the iamfs to calculate the growth rate (deltai_) by considering a maximum threshold
for leaf expansion (deltaimax in m?>m~2d~!) using the notion of the maximum leaf
expansion allowed per unit of biomass accumulated in the plant (sbvmax in cm? g™1)
and the daily biomass accumulation (dltams in t.ha'day~!, possibly complemented
by remobilised reserves remobilj and dltaremobil). The sbvmax variable is calculated
using the slamax; and tigefeuil, parameters (Eq. (4.7)).
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slamax,
sbvmax = T+tigefeuil,

and deltaimax(t) = (dltams(t - 1] + dltaremobil(t - 1) +remobil ](t - 1)) -sbvmax- 107

if deltai_1(¢t)<deltaimax(t) or t<iamf
deltai_2(¢) = deftai_1(¢)

if deltai_1(¢)>deftaimax(t) or t=iamf
deltai_2(t) = deftaimax(t)

(4.7)

Figure 4.5 illustrates the evolution of the lai growth rate of a wheat crop receiving
reduced radiation (20% of incoming radiations), which can happen under a tree canopy

compared to a crop in the open field.
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Figure 4.5. lai growth rate dynamics (deltai,) of a durum wheat crop in southern France with
100 % and 20 % of the incoming radiation (RG) without any stress and the evolution of lai values

during the growing phase.

4.1.1.3 Indeterminate crops features

The robustness of the formalism described above has been tested on a variety of crops,
including those for which the vegetative and reproductive phases overlap (e.g. soybean
and flax). The formalism is unsuitable when trophic competition between leaves and
fruits is a driving force for crop production and management (e.g. tomato or sugar-
beet). In this case, a second calculation is made (deltai_) in order to account for trophic
constraints in indeterminate crops (Eq. (4.8)), by introducing a trophic stress index

(splai, explained in § 4.4.3).
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deltai_2(¢)=deftai_1(¢)- splailt)  (4.8)

As a consequence, the leaf area index can decrease markedly during the growth phase
if the crop experiences severe stresses during the harvested organ filling phase, as

shown in Figure 4.6 for sugarbeet.

lai (M2 m)
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54 S
4 / \
31 ,’l ‘I\
21
ILAX sugarbeet
14 \L
Y s ' . ;
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Julian days

Figure 4.6. Comparison of determinate (wheat) and indeterminate (sugarbeet) lai dynamics.

The ILAX stage indicates the end of leaf onset.

4.1.2 Senescence
In STICS, shoot senescence only concerns leaf dry matter and leaf area index. For
crops that are harvested more than once (e.g. temporary or artificial grasslands), shoot
senescence also affects the aerial biomass remaining after harvest. While senescence
was implicit in the first versions of the model (Brisson et al., 1998b), it is now explicit,
with a clear distinction between natural senescence due to ageing of leaves, and senes-
cence accelerated by stresses (water, nitrogen, frost). The concept of leaf lifespan, used
for example by Maas (1993), is applied to the green leaf area and biomass produced.
The leaf area and a fraction of the leaf biomass produced on a given day (see § 7) is
therefore lost through senescence once the lifespan has elapsed (Duru et al., 1995).
This fraction corresponds to the ratiosen, parameter (0-1), and its complement to 1
represents the fraction remobilised by the plant during senescence.

4.1.2.1 Calculating lifespan

The maximum leaf lifespan (durage) is determined by two values: the lifespan of early
leaves (durviel) and the lifespan of the last leaves emitted durvieF, genotype-dependent.
durviel is calculated as the product of durvieF and the parameter ratiodurvie;.

73



STICS soil-crop model

Until the iamfs stage, the maximum lifespan, calculated for the day when the leaves
are emitted (t,) is durviel; from iamfs to ilaxs, the maximal lifespan increases between
durviel and durvieF; as a function of the leaf development variable ulai:
durviel = durvieF, - ratiodurvie,
uIaI(tO]—vlaimaxP

duragelt,) = durviel + 5 pmac - (durvieF, - durviel)  (4.9)

Water or nitrogen stress may shorten the current lifespan if the stress on day t is more
intense than the previous stresses encountered since time t, (Eq. (4.10)). Two specific stress
indices for senescence are introduced: senfac and innsenes (see § 4.4). Frost (fstressgel,
which can be either fgeljuv or fgelveg: see § 4.4.4) may also reduce or even cancel lifespan.
In case of high availability of nitrogen (inn >1), the foliage lifespan is increased from the
iamfs stage up to a maximum given by the durviesupmax; parameter:

senstress(t) = min(sen f ac{t), innsenes{t), f Stressgel(t))

durvie(t) = durviesup(t)+ durage(t,) - mir{senstress(t)]
durviesup(t) = durvieF,- min(durviesupmaxp, (inn(t] - 1)] if inn(t) >1

durviesup(t)=0 if inft)<1  (4.10)

Leaf lifespan is not expressed in degree days (like phasic development), because doing
so has the disadvantage of stopping any progression as soon as the temperature drops
below the base temperature (tdmin;). To remedy this problem, the senescence course

Cumulated degree day Cumulated Q10 units
4,000 A r 800
—— degree day for tdmin, = 5°C
3,500 A ’
—— degree day for tdmin, = 10°C
--=- Q10 for tdmin, = 5°C
00 4 - -~ Q10 for tdmin, = 10°C - 600
2,500 -
20004+ T ees 400
1,500 A
1,000 A r 200
500 -
o =77 Lo

0 100 200 300
Days after emergence

Figure 4.7. Comparison between phasic development courses expressed in degree days and in
Q10 units for two tdmin, values.
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between t; and t (somsen) is expressed by cumulative Q10 units (with Q10=2), i.e. an
exponential-type function:

somsen [t) - 22 udevcult(t]»[stressdevainl[éurfnc,innlai]+1—stressdevP] (41 1]
t=t,
The senescence course is affected by the same cardinal temperatures as phasic deve-
lopment and can be slowed down by stresses (see § 3.3.1. The leaf lifespan parameter
(durvieF}) expressed in Q10 units represents about 20% of the same lifespan expressed
in degree days (Figure 4.7).

4.1.2.2 Calculating senescence

Material produced on day ty disappears via senescence after a period corresponding
to durvie(t0). Depending on the evolution of temperature and lifespan as a function
of phenology and stresses, senescence can vary from one day to another and affect
several days of production (J=tg, ty+1, ...) or may not occur if somsen<durvie(t0)
(Eq. (4.12)). This principle is applied to the senescent leaf area (dltaisen) and the
senescent biomass (dltamsen).

t
if somsen(t)zz durvie(t)
t=t,
t
dltaisen(t)=z deltal(t]
t=t,

t
dltamsen(t] = ZH dltams(t) -ratiosen, - pf euilverte{t] (4.12)

where pfeuilverte is the proportion of leaf mass to total biomass produced on the
current day, and the parameter ratiosen; represents the fraction of leaf biomass
which becomes senescent since part of the dead leaf biomass is remobilised and does
not completely disappear.

The cumulative senescent foliage area is laisen. In forage crops (e.g. grasslands or
alfalfa) with residual dry matter from the previous regrowth cycle (msresiduel;), the
senescence of residual dry matter (deltamsresen) starts from cutting. The senescent
rate is calculated as follows:

tdevelop(t)) (413)

deltamsresen(t) = msresiduel, - ratiosen; ( durviel

Leaves falling onto the soil during crop growth are another source of organic residue.
The falling rate is calculated with the parameter abscission, which is the propor-
tion of senescent leaves falling down. This phenomenon can be significant for some
crops, such as rapeseed in winter after frost events. The decomposition of the fallen
leaves at soil surface is simulated by the decomposition module (category 2, young
plant residues). The C/N ratio of leaves when they fall off (CsurNresid) is calculated
based on the nitrogen nutrition index of the whole crop using the plant parameter
parazofmorte,, as proposed by Dorsainvil (2002):

) parazofmorte b
CsurNresid(t) = =) (4.14)

Decomposition of organic residues is presented in § 12.
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4.1.3 Photosynthetic function of storage organs

As storage organs mature, the chlorophyll function of the organs or their envelopes
may induce significant biomass accumulation. Such processes have been demon-
strated for wheat ears (Abbad et al., 2004; Araus et al., 1993; Casals, 1996) and also
exist in rapeseed siliquae, pea pods or grapes during their green period. To account
for this effect, we have introduced a parameter, sea, (cm? g~!) which converts the
biomass of these membranes (maenfruit defined in § 7.5 into their equivalent leaf
surface area (eai):

eai(t) = maenf ruit(t] . sle_(;i(,; (4.1 5]

The assumption is that the photosynthetic function of storage organs lasts from the
beginning of grain/fruit filling (idrps) to the beginning of dehydration (idebdess)
stages.

4.1.4 Using ground cover instead of the leaf area index

Given the complexity and the numerous parameters required to calculate the leaf
area index, De Tourdonnet (1999) proposed a simple alternative by directly calcu-
lating ground cover, which can be used as a status variable in calculations for radiation
interception and water requirements. This can be particularly useful for plants with
a complex foliage structure such as lettuce, or for a first modelling approach. This
method is programmed in STICS as an alternative option to all previous calculations.
It is of particular interest when leaves have a complex spatial arrangement or when the
individual plant foliage is abundant.

To calculate ground cover (tauxcouv), a temporal scale similar to that of lai is used
and called ulai; this scale varies from 0 to 2, depending on the phenological time.
The competitive effect linked to population growth (efdensite) is simulated similarly
to that for the leaf area index and uses the same parameters, adens,, bdens, and
laicomp, (expressed as ground cover). The variable tauxcouv is calculated using a
logistic curve:

efdensite=1 if tauxcouv(t - 1) <laicomp,

efdensite = exp(adensp . (Iog( dﬁﬁiﬁfﬂ D)
efdensite=1 if efdensite>1

ta
tauxcouV(t) = laiplantule , + ef densite - densite(t)- ( uxrecouvmaxy )

1+exp[pentrecouvp(infrecouvp—ulalft))]
tauxcouv(t] =1 if tauxcouv(t) >1 (4.16]

where tauxrecouvmax; is the asymptote, which represents the proportion of the
soil covered by an isolated plant, infrecouv, is the abscissa of the inflexion point,
and pentrecouv, is the slope at the inflexion point. At the iamfs stage, ulai is equal
to infrecouv,,.
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The parameter laiplantule; is the plant ground cover at planting if the crop is trans-
planted rather than sown. Figure 4.8 shows the simulated evolution of ground cover
for a lettuce crop with two planting densities.

tauxcouv (m? m-)
1.2 4

— 14 plants m

— 18 plants m=
1.0 1 P

0.8

0.6

0.4 4

0.2 1

0.0

0 10 20 30 40 50 60 70
Days after planting
Figure 4.8. Ground cover dynamics for a lettuce crop comparing two plant densities.

Parameters: trecouvmaxp,=0.072, infrecou, = 0.85, pentrecouvy =4.5, adens, = —0.4, bdens, =5,
laicompp, =0.14.

Water and nitrogen shortage and waterlogging stresses are applied to the rate of ground
cover growth, calculated as the derivation of Eq. (4.16). The method of combining

stresses is the same as for the leaf area index: deltaig,, described in Eq. (4.6).

4.1.5 Number of leaves

The calculation of the number of leaves (nbfeuille) is mainly indicative. Its only active
role is to define the duration of the plantlet phase when calculating frost risks (see
§ 4.4.4). Indeed the plantlet stage is calculated as a leaf-number stage (2 or 3). The
nbfeuille variable is calculated up to the ilaxs stage from the phyllotherm (the thermal
period separating the emission of two successive visible leaves, phyllotherme,
expressed in crop degree days as with phasic development.

4.1.6 Green leaf specific area

Although STICS does not use the specific leaf area (sla) as a driving variable to directly
calculate leaf area from the carbon balance, it is useful for certain tests and can at least
be valuable as an output Eq. (4.17).

sla(t) = min(tursle{t), slamax,, slaminp] (4.17)
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The variable tursla is the mean water stress turfac experienced since emergence, and
slamax, and slamin; are two parameters which define the limits of variation in
specific leaf area sla between a satisfactory water level and a state of extreme stress.

» 4.2 Radiation interception

Radiation interception can be calculated in different ways in the STICS model. These
calculations are described in § 9.

» 4.3 Biomass production

The linear relationship between accumulated biomass in the plant and radiation
intercepted by foliage, as demonstrated by Monteith (1972), defines the radiation use
efficiency (RUE) as the slope of this relationship. The total cumulated intercepted visible
radiation is calculated following the procedure described in § 9. It is supposed to stay
constant during relatively long periods of developments, where it takes the value of the
ratio between cumulated above-ground biomass and cumulated absorbed or intercepted
radiation. RUE is widely employed in crop models (Bonhomme et al., 1982; Jeuftroy and
Recous, 1999; Ritchie and Otter, 1985), because it synthesizes the processes of photo-
synthesis and respiration and therefore is very conservative in terms of the number of
parameters. The value of this parameter also depends on the carbon allocation coeffi-
cient between aboveground and belowground parts of the plant, for the development
period considered. Obviously, because of underlying physiological processes that ratio
also varies with stresses, temperature and phenology (Muchow et al., 1990; Sinclair
et al., 1993; Trapani et al., 1992). To account for these effects, Sinclair (1986) proposed
that RUE should be considered as a physiological function, to which stress indices should
be applied. In other models (Boote et al., 2018; Weir et al., 1984) the photosynthesis
and respiration processes are calculated separately and a specific allocation to roots is
assumed. In view of the increasing atmospheric CO, concentration, crop models now
need to take this factor into account Toreti et al. (2020).

The daily production of shoot biomass (dltams; Eq. (4.18)) is calculated using the RUE
concept taking into account four factors known to influence the gross photosynthesis
and respiration, defined in § 4.4 (ftemp, swfac, inns and exobiom):

dltams(t) = (ebmax(t] . raint(t] - coefb; - raint{t)z) .
f temp(t) -swf ac(t - 1) . inns(t - 1) y exobiom(t - 1) - f coz{t)
+dl taremobil[t) (4.1 8)

where ebmax is the maximum radiation use efficiency, raint is the intercepted PAR
(photosynthetically active radiation) and the parameter coefb corresponds to the
radiation saturating effect. This effect is the result, even buffered, of the saturation
occurring within a short time step on the individual leaf scale and is easily observed
when daily calculations are made with instantaneous formulae of canopy photosyn-
thesis (Boote and Jones, 1987); such calculations lead to a value of 0.0815. Note that
some variables are relative to previous day because of the consecutive nature of the
calculations and modules. Summing up the variable dltams throughout time gives
the biomass of non-perennial organs for annual crops or both perennial and non-
perennial organs for perennial crops, depending on simulation options (see § 7).
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4.3.1 Influence of radiation and phasic development

Shoot biomass accumulation depends on the intercepted radiation (raint) (Varlet-
Grancher et al., 1981), and is almost linear but slightly asymptotic at high intercepted
light values. It is simulated in STICS by a parabolic function involving a maximum
radiation use efficiency specific to each species, ebmax (Eq. (4.19)). Efficiency ebmax
may differ during the juvenile (ilevs-iamfs), vegetative (iamfs-idrps) and reproductive
(idrps-imats) phases (corresponding to the parameters efcroijuv,, efcroiveg, and
efcroireproy, respectively):
efcroijuv

ebmax=—J5— if namf=0

efcroivegP .
ndrp=0 then ebmax=—T55— if namf>0

efcroirepro,

ebmax=—r5— if ndrp>0 (4.19)

Classically, the value of efcroijuv, equal to half of efcroiveg, is used to account
for the preferential migration of assimilates towards the roots at the beginning of
the growth cycle. The difference between efcroiveg, and efcroirepro, arises from
the biochemical composition of storage organs: for example, for oil or protein crops,
efcroirepro, is less than efcroiveg, because the respiratory cost to make oil and
protein is higher than for starch or saccharose (Figure 4.9).

ditams (102 t ha™' d™)
45 4

40 -
—— Sugarbeet = 4.8 g MJ™"
354 —— Soybean= 3.5gMJ™"
--- Rapeseed = 2.4 g MJ"’

301
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20 ~
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raint (MJ m3)

Figure 4.9. Potential daily biomass accumulation (ditams) versus intercepted radiation (raint)
for three species during their filling stage. The parameter efcroirepro, is set at 4.8, 3.5 and
2.4g MJ~! for sugarbeet, soybean and rapeseed respectively.
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4.3.2 Effect of atmospheric CO, concentration

The CO2 variable corresponds to the atmospheric CO, concentration, which can
be higher than the reference value, assumed to be 350 ppm. The formalism chosen
in STICS was adapted from Stockle et al. (1992): the effect of CO, on the relative
radiation use efficiency (Eq. (4.20)) is simulated by an exponential relationship:

feodt)=2- exp|log(2 - alphaco2,)- %] (4.20)

where the parameter alphaCO2;, represents the sensitivity of the crop growth to the
CO, concentration. It is calculated so that the curve passes through the point (600,
alphaCO2;). It mainly varies with the plant metabolism (C3/C4), being around 1.1
for C4 crops and 1.2 for C3 crops (Peart et al., 1989; Ruget et al., 1996; Stockle et al.,
1992). The effect of CO, on stomatal resistance will be covered in the paragraph on
water requirements (see § 9.3).

fco2
1:51

— Wheat: alphaCO2,=1.2
— Maize: alphaCO2, = 1.06
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Figure 4.10. Relative radiation use efficiency versus atmospheric CO, concentration for two
crop species. The parameter alphaC02,, is 1.20 for wheat and 1.06 for maize.

4.3.3 Height-biomass conversion

For forage crops, it may be necessary to estimate an initial biomass value after each
cutting on the basis of canopy height. The relationship between the two variables is:

msresiduel; = coefmshaut - (hautcoupeT - hautbasep] (4.21)

The proportionality coefficient coefmshaut, depends on plant type; it is set at
25 t ha™! m~! for grass.
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» 4.4 Stress indices

Stresses accounted for in most crop models are only of abiotic nature. They are repre-
sented by functions, varying between 0 and 1, that reduce process rates depending on
stress variables such as fraction of transpirable soil water, nitrogen nutrition index,
fraction of root system in waterlogged conditions etc. These stress variables must
therefore also be calculated.

The reduction functions are empirical relationships based on the limiting factor
principle. An overview of the concept was given by Gary et al. (1995). Nonetheless,
they are based on our knowledge about the effects of stresses on plant growth and
development. For example, water stress acts via a hormonal or hydraulic signal on
stomatal conductance, which causes a reduction in photosynthesis and hence in
radiation use efficiency. The empirical function links the reduction in radiation use
efficiency directly to water stress. Similarly, water stress slows down cell expansion
and division, phenomena which cause a reduction in leaf appearance and expansion
and hence in the rate of increase of leaf area index. The empirical function then directly
links the reduction in leaf area index increase to water stress. Yet as demonstrated by
Boyer (1970) and reviewed in Bradford and Hsiao (1982) for water stress, the sensi-
tivity of the various physiological functions can vary, thus requiring the calculation of
several stress indices for the same stress status variable.

The regulation involved in interactions between stresses is poorly understood on
the whole plant scale, and is therefore modelled very simply by using either the
product or the minimum of the reduction factors. Improved physiological approaches
(e.g. Farquhar et al., 1980) could lead to more realistic models for photosynthetic
processes, but raise the problem of parameterisation.

Most of the relationships in STICS are simple bilinear functions, i.e. equal to a constant
until a critical level of the stress status variable is reached, when it then decreases line-
arly. The relationships are more complex for frost and waterlogging. The soil water
content in the rooting zone is the water deficit stress variable, the nitrogen nutrition
index is the nitrogen stress variable, the source/sink ratio is the trophic stress variable,
the minimal crop temperature is the frost stress variable and the proportion of roots
flooded is the water logging stress variable. The sensitivity to the various stresses can
be represented by appropriate parameterisations of the stress functions or by a sensi-
tivity parameter (e.g. for waterlogging or for roots sensitivity to water deficiency).
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4.4.1 Water deficit

The stress variable is the available water content, i.e. the water content above the
wilting point in the root zone (called teta). The stress indices are swfac, turfac and
senfac; they depend on teta according to bilinear laws:

tur fac(t) = max(swfacminp, :Z:fg]] if teta(t)<teturg(t)

tur f ac[t) =1 if teta(t) 2 teturg(t)

teta(t)

tets—mmate(t)) if teta[t)< tetstomate[t)

t) max(swfacminp,

swf ac[ =
swf ac(t) =1 if teta(t) > tetstomate(t)

teta(t)
tetsen(t]

senfac(t) max[swfacminp, ) if teta(t)<tetsen(t)

(
(

senfac t) =1 if teta(t) > tetsen(t) (4.2 2]

Each stress index has its specific threshold (tetstomate, teturg and tetsen) and a
comon parameter (swfacmin;) (Figure 4.11).
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Figure 4.11. Water stress indices (turfac, swfac, senfac) as a function of the available water
content in the root zone (teta).

The calculation of the tetstomate and teturg thresholds is explained in the chapter on
transpiration (see § 11). tetsen is proportional to teturg thanks to the rapsenturg,
parameter (Eq. (4.23)).

tetser(t) =rapsenturg - teturg(t) (4.2 3)
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The hierarchy between the three stress indices is generally that which is indicated in
Figure 4.11, with rapsenturg,, > 1. The functions of these three stress indices are summa-
rised in Table 4.1. The germination and epicotyl growth phases can also be affected by
water shortage in response to soil moisture in the seed bed (humiracg index).

Table 4.1. Impact of water stress on physiological functions through the various water
stress indices.

Physiological function ‘Water stress index

Emergence (delay) humirac

Root growth in depth (slowing) humirac
Development (delay) turfac

Leaf growth (slowing) turfac

Leaf senescence (acceleration) senfac
Radiation use efficiency swfac
(decrease)

Transpiration (decrease) swfac

4.4.2 Nitrogen deficiency

The nitrogen status of a crop can be characterized using the concept of critical
nitrogen concentration (NC), which varies throughout time during the growth cycle
(see § 6.1.2.1). STICS integrates the approach by Greenwood et al. (1991) and Lemaire
et al. (1984), which relates the nitrogen concentration in plant shoots to the dry matter
accumulated in them. In line with this approach, the NC at any stage of crop growth is
defined as the minimum nitrogen content in the shoots enabling the maximum growth
rate. The NC depends on the standing biomass according to a dilution curve and must
be used to make a diagnosis of nitrogen nutrition (Justes et al., 1994; Lemaire and
Gastal, 1997): whenever the observed nitrogen content is below that curve, the crop
is under nitrogen deficiency. When the actual nitrogen content is higher than the NC,
the crop is not limited by nitrogen availability. The NC is thus the basis for defining
a nitrogen nutrition index (inn) (Eq. (4.24)), which is the ratio of the actual nitrogen
content (CNplante, in % of dry matter) to the critical nitrogen content (NC) corre-
sponding to the same biomass (masecabso) (Figure 4.12). In dense canopy, when the
standing biomass is less than 1 t ha~!, NC is constant and when the standing biomass is
higher than 1 t ha™! it follows a simple power function of the biomass with a constant
negative power. In STICS both the value of NC when masecabso is 1 t ha! and the
exponent are species dependent.

There is, however, an important limitation in the approach described above when
calculating the inn, such as in the case of the nitrogen reserve which is available in
perennial organs but which also belong to the standing biomass (e.g. grapevine, illus-
trated in Figure 4.13). An alternative stress variable corresponds to the nitrogen input
flux relative to the critical input flux as proposed by Devienne-Barret et al. (2000).
It is a kind of instantaneous INN named inni (Eq. (4.24)) relying on the daily accu-
mulation of nitrogen (vabsN) and nitrogen dependent biomass (deltabso) (see § 6.1).
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When the option of daily partitioning is chosen, perennial and non-perennial organs
are distinguished as their N demand (see § 7 and § 6.1), and the inn is calculated only
for non-perennial organs.

Nitrogen content (%)

6 A
4 ® inn > 1
CNplante
® inn <1
CNplante
2 4
0 T T T .
0 2 4 6 8

masecabso (t ha™)

Figure 4.12. Critical nitrogen dilution curve (NC) and inn calculation as the ratio between
CNplante and NC,

inrt) = C”;’ggge(f)

inn(t) vabsl\(t)

deltabSO(t dmasecabso Xt

Vabsl\(t)=absotot(t)—absora(.(t) if code_acti_reserve, is not activated
vabsN(t) = absoaer(t) + dltaremobilN(t) if code_acti_reserve, is activated (4.24)

All nitrogen stress indices accept INNmin, or INNimin; as the floor value for the
inn and the inni options, respectively. By definition, the inns index corresponds to
the inn between INNmin, and 1. The innlai and innsenes indices (Figure 4.14) are
defined by point [1, 1] and by points INNmin,, innturgmin, and INNmin,;, innsen,,
respectively.

Setting the parameters in this way means the effect of nitrogen deficiency on photo-
synthesis can be differentiated from that for leaf expansion. In practice, it seems that
these two functions react very similarly and innturgmin, is similar to INNmin,,
while innsen, is greater, indicating that the plants accelerate their senescence later
than their growth decrease, just as for water stress. A commonly accepted value for
INNmin; is 0.3 and INNImin; is 0.0. The functions of these three stress indices are
summarised in Table 4.2.
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Nitrogen stress state variable
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Figure 4.13. Comparison between inn and inni for a grapevine crop with nitrogen reserve at
the beginning of the cycle.
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Figure 4.14. Nitrogen stress indices (inns, innlai, innsenes) as a function of the nitrogen nutrition
index (NNI). Parameters: INNmin; = 0.3, innturgmin, = —0.8, innsenp = 0.5
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Table 4.2. Impact of nitrogen stress on physiological functions through the various
nitrogen stress indices.

Physiological function Nitrogen stress index
Development (delay) innlai
Leaf growth (slowing) innlai
Leaf senescence (acceleration) innsenes
Radiation use efficiency inns
(decrease)

4.4.3 Trophic stress

The trophic stress indices only concern crops simulated as indeterminate. The func-
tions of the three trophic stress indices are summarised in Table 4.3.

Trophic stress indices
1.1 -
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0.3 A / --- spfruit: fruits number
0.2 1

0.1 1

0.0 + - - . - . ; ; ;
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
sourcepuits

Figure 4.15. Trophic stress indices (sourcepuits, splai, spfruit) as a function of the source/sink
ratio (sourcepuits). Parameters splaimin, =0.5 , splaimax; =1, spfrmin, = 0.7 and spfrmaxp=1.

The stress variable splai is the ratio of the trophic sources to the sinks, sourcepuits (see
§ 7 for an explanation on how to calculate it). The splai and spfruit options are defined
by the splaimin;, splaimax;, spfrmin, and spfrmax, parameters (Figure 4.15).
The various trophic stress indices cannot be considered as equivalent to biomass
allocation coefficients because they are not all applied to biomass. Accordingly, the
relative position of the functions sourcepuits and splai does not indicate any priority
between fruit and leaves: the priority needs to be calculated in terms of biomass and
depends largely on the relative sink strengths of the organs.
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Table 4.3. Physiological functions and associated trophic stress indices.

Physiological function Trophic stress index
Fruit growth (decrease) sourcepuits

Leaf growth (slowing) splai

Fruit number (decrease) spfruit

4.4.4 Temperature stresses

4.4.4.1 Frost

The stress variable is the minimum crop temperature, tcultmin (see §9). The frost
stress indices correspond to frost damage (1 for no frost and 0 for lethal frost). The
response to frost as well as the damage varies as a function of the developmental stage
(Table 4.4).

Table 4.4. Impact of frost on physiological functions through the frost stress indices.

Physiological function Frost stress index
Plant density fgellev
Leaf senescence before AMF (acceleration) fgeljuv
Leaf senescence after AMF (acceleration) fgelveg
Fruit number fgelflo

Each response is defined by four parameters (Figure 4.16). Two of them are inde-
pendent of the developmental stage: tdebgel, (temperature at the beginning of frost
action) and tletale;, (lethal temperature); the two others are relative to frost damage:
temperature inducing 10% or 90% frost damage. For the plantlet phase, the parameters
are tgellev10, and tgellev90, which act on plant density through the index fgellev;
for the juvenile phase (up to iamfs stage), the parameters tgeljuv10; and tgeljuv90,
act on foliage (acceleration of senescence) through the index fgeljuv. After the iamfs
stage, the parameters tgelveg10, and tgelveg90; are also active on foliage through
the index fgelveg. For frost affecting flowers and fruits, the parameters tgelflo10, and
tgelflo90, define the dynamics of the fgelflo index.

87



STICS soil-crop model

Frost stress indices
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Figure 4.16. Frost stress indices (fgellev, fgeljuv, fgelveg, fgelflo) as a function of minimal crop

temperature (Tcultmin). Parameters: tdebgel, =—1; tgellev10, = —6; tgellevo0, = -8; tgeljuv10,=-10,

tgeljuv90, = —12, tgelvegl0p = -8, tgelveg90, = 10, tgelflo10, = -2, tgelflo90, = -5, tlethal, = —13.

4.4.4.2 Suboptimal temperatures

Stresses linked to temperatures which are too high or too low (without attaining frost
thresholds) are included in the temperature effect functions. Temperature usually plays
a driving role on development, growth and senescence of leaves, growth and senes-
cence of roots and the functions concerned include thermal thresholds (minimum and
maximum for functioning). Temperature may also reduce activity and be used as a stress
factor. The thermal stresses considered vary according to the processes affected and the
option chosen (average or extreme temperatures, crop, air or soil), as follows:

Table 4.5. Temperature stress factor or driver for each physiological function.

Function and

Physiological function Temperature Role thermal stress index

Daily average soil

Emergence pilot
temperature
Daily average cro .
Aboveground development Y & p pilot
temperature
- Daily average cro
Vernalisation and dormancy Y & P stress
temperature
Daily average cro .
Leaf growth and senescence Y 8 P pilot
temperature
Daily average cro
Root growth and senescence Y 8 P pilot

or soil temperature
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Function and

Physiological function Temperature Role thermal stress index

Daily average crop

Radiation use efficiency (decrease) stress ftemp
temperature
a1 Minimum crop
Filling at low temperatures (stop) stress ftempremp
temperature
a1 . Maximum crop
Filling at high temperatures (stop) stress ftempremp

temperature

The temperature stress factor acting on the radiation use efficiency (RUE), ftemp, is
calculated as:

. tcult(t)—Teopt 2
if teul t{t) < TeoptP f temp{t) =1- (TeminP—Teoptl;)

if Teopt < tcult(t) < Teoptbisp f temp(t) =1

. tcult[t)—Teoptbis 2
if tcult{t) >Teopt, ftemp{t) =1- (W) (4-.2 5)

The smooth shape of the RUE versus crop temperature (Figure 4.17) is quite classical
(Ritchie and Otter, 1985) and comes from the combined responses of photosynthesis
and respiration to temperature. Yet the cardinal temperature values are highly
dependent on the time step used: in our case this is daily average crop temperatures.
As far as fruit filling is concerned, the response in the model is yes/no.

Thermal stress indices
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Figure 4.17. Thermal stress indices (ftemp and ftempremp) as a function of temperature using

cardinal temperatures (Teminp=2; Teoptp,=10; Teoptbis,=20; Temaxp=30; Tminrempp=5;

Tmaxrempp =27).
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4.4.5 Waterlogging

Under waterlogged conditions, the model calculates the variable exofac (Eq. (4.26))
which represents the proportion of root length which is under anoxic conditions, in
saturated layers:
rac
Zz Iracz(z, t)- anox(z, t)

iprofsem

exofac (t] = (4.2 6)

cumlracz(t)

The variable (anox) is equal to 1 if the layer z is anoxic and 0 in the opposite case.
Three anoxic stress indices are calculated (Eq. (4.27)): izrac, exolai and exobiom. They
are relative to root growth, lai growth and RUE, respectively. They are based on the
experimental work by Rebiére (1996), reviewed by N. Brisson et al. (2002).

izrac(t) =1.6- exp( -27- exofac(t)) -0.6

exolai[t) =1- (1 - exp( -55- exofac(t])) - sensanoxp

sensanox,
1+ exp [3.95 - 14~exofac(t))

exobiom(t) =1 (4.2 7]

The root stress index izrac limits root growth at an efficient depth and density (see § 5).
These relationships, applied to a wheat crop which is assumed to have a high sensitivity
to water logging, are illustrated in figure 4.18.

Water logging stress indices
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Figure 4.18. Waterlogging stress indices (izrac, exolai and exobiom) as a function of the
proportion of flooded roots (exofac) for a wheat crop assumed to have a high sensitivity to
anoxia (sensanoxp=1).
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If the species (or variety) has developped adaptative mechanisms such as aerenchyma,
the effects of excess water will be less pronounced and this is simulated by reducing the
parameter sensanox,. If sensanox; =1, the sensitivity is maximal, if sensanox, =0,
the plant is indifferent to excess water (for example, rice).

Table 4.6. Effect of waterlogging on plant functions and stress indices.

Physiological function Water logging stress
Root growth izrac

Leaf growth (slowing) exolai

RUE (decrease) exobiom
Transpiration (decrease) exobiom

4.4.6 Stresses directly linked to the soil structure

At the soil surface, the formation of a crust in some soils and weather conditions
creates a resistance to plant emergence. It can provoke both a delay in emergence dates
and a decrease in plant densities (see § 3).

The soil structure can be either loose or compact and can limit root soil colonisation
during the growing period. The only soil parameter available to describe soil structure
is the bulk density (dag). It can be used as a stress variable together with the param-
eters daseuilbasg, daseuilhaut; and contrdamax, to calculate a soil structure
stress index (see § 5.2.3).

4.4.7 Interactions between stresses

The weakest point of the ‘limiting factor’ approach is most likely figuring out how to
make the various stresses interact (Gonzalez-Dugo et al., 2010). In STICS we adopted
the principle that stresses are multiplied when their modes of action are though to
be independent. When their modes of action interact with each other, the resulting
active stress is the most severe, i.e. the one with the lowest value (see table 4.7). For
instance, water deficiency acts on radiation use efficiency at the stomatal level while
nitrogen deficiency acts on the photosynthesis enzymes: these stresses are assumed
to be independent of each other. However, both nitrogen and water stresses limit leaf
growth by decreasing cell expansion and division and are thus assumed to be mutually
dependent. For crop establishment the interactions are more complex, based on the
idea of converting a stress-induced delay in emergence into plant mortality.

Trophic stress has a particular status because it does not originate from an envi-
ronmental resource external to the crop, such as water or nitrogen, but results from
the internal crop carbon imbalance. As such, it already integrates the trophic effects
of the primary abiotic stresses, which makes unrealistic the hypothesis of stress
independence, and can lead to overestimate the stress severity.
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Table 4.7. How stresses are combined in the model for each physiological function.

Combination of stresses

Physiological function (*only for indeterminate crops)

Emergence duration Water deficiency x Crusting

Plant density establishment (Water deficiency x Crusting) x Frost
Development min(Water deficiency, Nitrogen deficiency)
it ey g dfinc)
Senescence min(Water deficiency, Nitr