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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)

Daily loop for crop

; Daily or cumulative
cycle dynamic

outputs
Global inputs Crop
General parameters
Plant parameters
Agricultural
Sowing Biarvaki variables
ks Environmental

Local inputs g variables
Initial values 3

of state variables State variables

’ Fallow period of processes
R e ]
€ 3 ks s

Weather Management

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

36



Overall description of the modelled system

“UOT}eS1I9)OBIRYD [I0S a3 03 SUo[aq sonfeA a[enIul Iay3 o[iym syndino pajemuirs
aJe SJUAUOD N7§)D) OTUESIO (,) {(JNS()) UOHBNWIS JO SJIUN JAISSIOONS OM) UdIM)] SI[ELIBA PALIdJSUeI} 9y} Jo uonejuasardar payrdung *g-g amsiy

N ‘O “lerem (N-0)

N ‘O ‘sjem (N-0)
sBuino [ejuswuosAug suonepodxs doin

sBulno [ejusWUoAAUY suopeyodxe doin

(N/O ‘ssewoiq)

4 \ Jahey |i0s Jod pue
+ ! g o
\/ < wbymﬂwﬁ_mﬂu S0BLINS |lOS 18 mo_huwum w:_u_
< \\ : sueblo psjokoai peeq

. 1108 Jo sa|qeueA
oS [emuy/|euty

—_————]

aseydsnpisal Jo

(NWsn
uogeInWiIS Jo Hun

|

(H+NWsn
uonenwIs Jo Jun

(s)douo jo se|qeuen
jels [emul/euly

e

(1+N)WSN (LN)WSN (Nwsn (NWsn
(HN)WSN selqeLeA Alep JueweBeLERW doio wm_m,_wﬁwaﬁ sa|qelien Ajiep Juswebeuew doin
saads doiy ojEWID i 0 a|WID

sofispeloRleyo sofstieloRIBYO
Jusueuusd jlog jusueuusd sjew|

ZHNINSN —




STICS soil-crop model

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.
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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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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;.
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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.

75



STICS soil-crop model

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,,.

76



Shoot growth

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 -

1.0 1

0.9 1

0.8 1

0.7 1

0.6 A

0.5 1

— splai: leaf growth

0 1 ' --- sourcepuits: fruit growth

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.
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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
1.2 4

1.1

1.0 4

0.9 A

0.8 A

0.7

0.6 A

0.54

— ftemp
0.4 1

-~ ftempremp
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0.2 A

0.1 1

0.0

0 5 10 15 20 25 30 35
Temperature (°C)

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
1.1
1.0 1
091" A
0.8 .
0.7 1 %
06 .
051 k
\ — izrac: root growth

041 N - -~ exolai: leaf growth

0.3 3 --- exobiom: radiation use efficiency
0.2 1 B \

0.1

0.0 . . ‘---;-"_".'_ e e e
0.0 0.2 0.4 0.6 0.8 1.0

exofac (proportion of flooded roots)

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, Nitrogen deficiency, Frost)
Root growth Water deficiency x Nitrogen deficiency x Frost

L . Wiater deficiency x Nitrogen deficiency x Temperature
Radiation use efficiency ¥ 8 Y P

x Water logging
Number of fruits Nitrogen deficiency x Frost x Trophic*
Fruit growth Temperature x Trophic*
Transpiration MIN(Water deficiency, Water logging)

To address the problems of oversimplifying a complex reality, the function parameters
must be fit using contrasting data sets.
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Chapter 5

Root growth

NADINE BRISSON, NICOLAS BEAUDOIN, ALAIN MOLLIER,
FLORENT CHLEBOWSKI, MARIE LAUNAY AND Loic STRULLU

REVIEWED BY: GAETAN LOUARN AND BRUNO MARY

» 5.1 Introduction

Apart from anchoring plants in soil, the root system is responsible for specific func-
tions, such as the uptake of water and mineral elements (N, P, K...), N, symbiotic
fixation (in legumes), rhizodeposition and possible generic functions like carbohy-
drate or N storage, which crop models may or not take into account and in different
ways. The development of N-fixing nodules and their activity are less dependent on
the root system (which plays a supporting role) than on the shoot dynamics and the
physicochemical conditions of the surrounding soil (Burger, 2001).

The plant’s ability to trap mineral elements relies on root system efficiency. Efficiency is
not just related to the actual root length profile or root biomass — it is highly dependent
on the mobility of the element of interest within the soil. For water and nitrate ions,
the minimum root length density for unrestricted uptake is 0.5 cm cm™ according to
Bonachela (1996), equating to an average soil-root distance of 0.8 cm, which falls within
the range of 0.5 cm to 1.0 cm proposed by Aura (1996). According to other authors
(Kage and Ehlers, 1996; Robertson et al., 1993) the minimum root length density can be
lower. This means that the efficient root profile is different from the actual root system,
especially in the subsurface layer where roots can more than adequately handle nitrate
and water uptake, although they are needed for the uptake of less mobile ions. This effi-
ciency must be dynamically estimated in order to correctly evaluate the supply/demand
ratio. The effect of the soil (constraints to penetration, sensitivity to anoxia, etc.) on
the shape of the root system (Nicoullaud et al., 1994) must also be accounted for.
While all these elements are taken into account in architectural root growth modelling
approaches (Drouet and Pages, 2003), this is seldom the case in crop models, where
roots are not individualised but simply layered in the soil. In crop models, because the
soil is considered in only one dimension, growth in depth must be treated separately
from growth in density. The progression rate of the root front is generally based on
degree-days (Giauffret and Derieux, 1991; Hunt and Pararajasingham, 1995) and the
root density assumption mostly relies on an exponential decrease of roots with depth
(de Willigen et al., 2002; Gerwitz and Page, 1974; Heinen et al., 2003). Although we can
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rely on existing modelling patterns of root/shoot ratio in terms of biomass (Wilson,
1988), the extrapolation to root length is complicated, since the specific root length
(length per unit weight) can vary depending on the phenological stage and experienced
stresses in addition to well-known genetic factors (Bingham, 1995).

The conceptual framework to simulate the rooting system in STICS has always been
dynamical and one-dimensional, but it has evolved considerably. When STICS was first
developed, the root system was considered only as a set of exchange surfaces of water
and nitrogen, growing in depth and length independently of shoot growth. This frame-
work has been enhanced with the addition of several formalism options. The part of the
root system which acts as a reserve organ can be regarded as either a harvested organ
(e.g. tubers § 8) or part of the ‘non-located’ reserves (§ 7.2). Rhizodeposition is accounted
for the recycling of the dead roots within the fresh soil organic matter (as a plant residue).

Given current efforts to mitigate global climate change, users need STICS to assess soil
C sequestration. To do this, a STICS specification was designed to perform simulations
for root biomass, root decay and soil humus mineralisation together. In STICS, soil C-N
storage is addressed only through root biomass decay, while root exudation is not modelled.
Root decay is directly derived from root length behaviour. By default, STICS only calcu-
lates the amount of recycled C-N at the end of the crop cycle, which allows a certain
prediction robustness of C-N storage for annual crops but jeopardises STICS relevance
for perennial crops. One STICS option allows users to dynamically simulate root biomass
in direct relationship with root length expansion. Another STICS option can be used to
simulate two kinds of roots, with the root turn-over rate linked to their sizes, according
to the concepts of the ARCHISimple model (Pages et al., 2014). However, getting the true
balance between N mineralisation and N organisation due to C root rhizodeposition is
challenging for a daily dynamical model (Yin et al., 2020). So, preventing the risk of drift of
soil mineral nitrogen prediction requires accurate root module parameterisation.

Several optional calculations of root growth are proposed in STICS. In the model,
roots first act as water and mineral nitrogen absorbers, and are described based
on their front depth and density profile. Root growth begins with germination (for
sown plants) or at planting; it combines the growth of the root front (four formalism
options) and the expansion and spatial distribution of root length density (four
formalism options, including a root mortality option). Second, root biomass produc-
tion and rhizodeposition depend on the range of the previous active options and on
another option permitting either daily root decay or delayed root recycling at harvest.
Root expansion can be considered as either independent from or dependent on shoot
biomass, according to the crop parameterisation strategy combining various options.
If root expansion is considered dependent, the nutritional functions of the root system
can be calculated from supply and demand principles, where demand originates from
shoot metabolism while supply results from the combination of soil nutrients and the
root system’s ability to capture those elements.

» 5.2 Vertical root growth

5.2.1 Vertical root growth overview

Figure 5.1 shows the options governing the vertical growth of the root front. At first,
the root growth onset depends on four plant options (codehypo,, codegermin,,
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codedisrac, and codemonocot;), which can interact with the technical option
codeinstal, to describe either seedling or established crop behaviour. The daily incre-
ment of root front, deltaz, is then determined only using parameters driving deltaz
response to physical soil conditions, and the specifical croirac, parameter. Finally,
the deltaz stop is specifically determined by the combination of a soil parameter
(obstaracy), a specific crop parameter (stopracy), which can be either ilax., iflo or
imat|, and two options (code_acti_reserve,, codeperenney).

5.2.2 Root front growth

The first calculation gives the root front depth (zrac), beginning at the sowing depth
(profsem ) for sown crops and at an initial value for transplanted crops (profsem;
+ zracplantule;) or perennial crops (zracO;). In addition, when the codedisrac;
option is activated and the codemonocot; is set to 1, vertical growth can occur from
1 cm in depth to either sowing depth or planting depth. This option better simulates
the root activity in the topsoil, especially in fertilised cereals under dry conditions.
The root front growth stops when it reaches the soil depth or an obstacle, which can
be physical or chemical (the obstacle depth is defined by the parameter obstaracy),
or when the phenological stopping stage has been reached. For indeterminate crops,
when trophic competition prevents vegetative growth, the root front growth is
stopped (except before the iamf . stage, when root growth is prioritised). The calcula-
tion of root front growth rate (deltaz) is broken down in Eq. (5.1), as the product of the
genetic response of root growth to temperature (deltaz_T) and the soil physical stress
index (deltaz_stress).

deltaz(t) = deltaz_T(t)- deltaz_stress(t)  (5.1)

A first calculation of the front growth rate (deltaz_T) is proportional to temperature
with a coefficient depending on the variety (croirac). The thermal function relies on
either crop temperature Eq. (5.2) or soil temperature Eq. (5.3), according to the root
growth dependence on the collar or apex temperature: i) if the driving temperature
is that of the crop, the cardinal temperatures (tcmin, and tcmax;) are the same as
those used for the thermal function of the leaf growth rate Eq. (4.3); ii) if the driving
temperature is that of the soil at level zrac (+1 ¢cm), the minimum temperature is the
base temperature for germination (tgmin;), but the maximum temperature remains
tcmax,. Note that the value of the specific parameter croirac, depends on the choice
of driving temperature.

tcult(t)<tcmin,  deltaz_T(t)=0.

temin, < tcult(t) <temax,  deltaz_T(t)= (tcul t(¢) - teminy) - croirac,
tcult(t) > temax p deltaz_T(¢) = (tcmaxp - tcminp) - croiracp (5.2)

tsolapl(t) t)<tgmin,  deltaz_T(¢)=
tgmin, < tsollap(t), t) < tcmax, deltaz_T(¢) = (tso(ap(t - tgmin P] - croiracy,

tsol(aplc), t)= tcmax, deltaz_ () (tcmaxp - tgmin P) - croirac,

with ap(t) = Zrac(t] +1cm (5.3)
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5.2.3 Physical soil conditions

The water and bulk density stress index (deltaz_stress) is calculated as the product
of three variables (Eq. (5.4)), depending on soil dryness (humirac, Eq. (3.8) and
Figure 3.8), water-logging (izrac, Eq. (4.26) and Figure 4.18), and bulk density (efda).

deltaz_stress(t) = humirad AP(t), t)- izradt)- efddzradt)  (5.4)

The humirac variable, which reflects the influence of water content on germination
and root growth calculated in Eq. (3.8) during emergence, becomes a bilinear variable
after emergence Eq. (5.5). This variable depends on two parameters, i.e. root sensi-
tivity to drought (sensrsecp), and the wilting point (hn):

humsol(ap(t), t) > hng humirac(ap(t], t) =1
humsol(ap(t), t) < hng humirac(ap(t], t] = Sen;::ecP . humsol(ap(t), t) [5.5)
Under waterlogged conditions, the proportion of root length which is under anoxic

conditions, in saturated layers is exofac (Eq. (4.26)). The izrac root stress index limits
root growth at an efficient depth and density (Eq. (4.27) and Figure 4.18).

The efda variable constitutes a constraint to penetration in compacted soils, or in rare
cases aslowing of root penetration linked to alack of soil cohesiveness. The formalisation
proposed by Jones et al. (1991) and validated by Rebiere (1996), was adapted for STICS
(Figure 5.2). Root penetration is not constrained between the bulk density thresholds
dacohes and daseuilbas. Above a bulk density threshold daseuilhaut the effect
of bulk density (da) on root penetration is equal to the parameter contrdamax;. The
parameter contrdamax; is assumed constant and corresponds to the plant’s sensi-
tivity to the penetration constraint. The daseuilbas; and daseuilhautg values are
1.4 and 2.0 respectively. The dacohes value is poorly understood, and we have only

efda
1.00 A
0.75 A
0.50 A contrdamax
0.25 A
dacohes, daseuilbas, daseuilhaut
0.00 T l T l T l "
0.0 0.5 1.0 1.5 2.0 2.5

Bulk density at root front (da, g cm™)

Figure 5.2. Root penetration constraint (efda) as a function of bulk density (da).
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provided an order of magnitude. The bulk density da is the effective value, and takes
into account fine earth and pebbles. Applying this formalism in presence of pebbles
needs caution because their role on root penetration can be dual.

» 5.3 Root length density production and root distribution

5.3.1 Introduction

STICS first predicts the root length density distributed over the soil profile up to
the root front, which is simply called ‘root density profile’ The root density profile is
calculated according to two possible options (Figure 5.3). The ‘standard profile’ and
‘true density’ options deal differently with the determinism of the root expansion. The
standard profile and one default parameterisation of true density consider root growth
independently of shoot growth. Conversely, the true density option allows users to
account for a direct link between shoot and root growing rates.

The standard profile option can be used to calculate the root profile that is efficient
with respect to absorption thanks to a naturalist approach of the observable profile of

living roots.

]
of new root length { Age and distribution of root
(cm/day/elementary layer) 1 : (cm/day/elementary layer)

see detailed
diagram
(Figure 5.11)

Dynamical profile :
of living root length density (Irach) [ <— length and its distribution
(cm/cm?3/elementary layer) : (cm/day/elementary layer)

|

Dynamical profile
of efficient root length density
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code_rootdeposition,

Daily recycling of dead root biomass
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Figure 5.3. Flow chart of options controlling root length production and root biomass recycling.
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Users can choose the true density option to simulate both root emission and root
senescence versus time and depth. This approach is more relevant for simulating
intercrops or low-density crops, for which root density is never optimal. This
approach can also take into consideration the effects of constraints imposed by
the soil on root distribution. The true density option contains itself six formalism
options pertaining to root length density expansion and spatial distribution, which
are each presented in separate diagrams.

Secondly, dead root biomass at harvest can always be estimated, as shown in Figure 5.3.
The profiles of living roots and dead root biomass can be obtained dynamically.

5.3.2 Standard profile

The standard profile option is used to calculate the root profile that is efficient in terms
of absorption. The standard profile is defined by the maximum current depth, zrac,
and the efficient root density profile, Iracz. This standard profile is calculated dynam-
ically as a function of zrac and takes a sigmoidal shape depending on the zlabourp,
zprlim; and zpente, parameters (Eq. (5.6)).

Ivopt G

4.6

with S= zlabour-zpente,,

Iracz (Z, t) =

and

zdeml(z, t) = max (zrac{z, t)- zprlim,, + zpente,, %) (5.6)

Efficient root length density (cm cm2 soil)
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0 4
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Figure 5.4. Reference root length density profile for rapeseed described by the efficient root
density Iracz as a function of the root system depth z and according to the root front depth zrac.
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The zdemi =1.4/S threshold ensures at minimum an extraction of 20% of the water
available near the soil surface. Roots located in dry layers of soil, with a water content
equal to or below the wilting point, are considered as inefficient with respect to water
uptake (see § 11.5.3). The total and efficient root length throughout the soil profile is
called cumlracz.

These parameters define the shape of the reference root profile and are of considerable
importance in terms of their interrelationships, but they do not define the final shape
of the root system. In this respect, it is the differences between zpente, and zlabour,
and particularly between zprlim;, and zpente, which are determinant. The zlabour,
parameter corresponds to the depth of the tilled layer, where it is assumed that root
proliferation is not limited with respect to water and mineral absorption: root density
is optimum at this level (Ivopt). The zpente, parameter is the depth at which root
uptake efficiency is reduced by half, and the zprlim, parameter is the depth of the
root front to which this reference profile can be attributed.

Using this method of calculation, any decrease in the root front depth causes
reduced root length density. If the soil contains an obstacle to rooting (calcu-
lated as the lesser of the soil depth or an obstacle depth defined by the parameter
obstaracy), a fictitious root front (znonli) is calculated until the phenological stage
of physiological stoppage of root front growth, stoprac,. With this calculation, the
course of root proliferation above the obstacle can be simulated. If the problem is
anoxia (which slows but does not necessarily stop growth), in order to simulate root
proliferation only above the saturated zone, the zprlim, parameter continues to
grow at a rate reduced by 80% when compared with the rate without water-logging.
This 80% value has been adjusted to obtain comparable results between the two root
density approaches.

The main benefits of this formalism are simplicity and robustness. However, the
hypotheses underlying the standard profile formalism may lead to some limits: i) in
the tilled zone, root density is not always optimal with respect to water and nitrogen
absorption (for woody species in widely-spaced rows, maximum root length density
of about 0.2 cm cm™2 are measured, which is lower than the optimum density of
0.5 cm ¢cm™3 (Ozier-Lafontaine et al., 1999) and ii) the influence of soil constraints
on the root distribution in the profile may be far from negligible. Limitations of
the standard profile formalism could also occur if root system functions other than
water and nitrogen absorption are considered (e.g. absorption of P and K, addition
of organic matter).

5.3.3 True density

5.3.3.1 Principles and options

The true density option distinguished gross root expansion and root senescence
according to thermal time. Several pathways can be chosen from the options presented
in Figures 5.3 and 5.5. These options are used to calculate a root density profile that is
comparable with measurements.

With the true density option, growth in root length expansion is first calculated, and
then distributed to each soil profile layer. For sown crops, this calculation begins at
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Figure 5.5. Flow chart of options controlling root length expansion and vertical distribution
with True density option selected.

germination if the codedisrac; is activated (§ 5.3.3.2.3) or by default, at emergence,
which means that between germination and emergence, only the root front grows. For
transplanted or implanted perennial crops, the calculation is initiated with an existing
root density profile. After the crop completes its characteristic life cycle, the roots
senesce (§ 5.3.3.4) and become crop residues either at each day or at the end of the
crop cycle (§ 5.4). Root density above 0.5 cm cm 3 is not taken into account for water
and nitrogen absorption.

101



STICS soil-crop model

5.3.3.2 Root length expansion and its possible shoot growth dependency

Two options are available to calculate root length expansion. In the ‘self-governing
root length expansion’ option, to ensure the robustness of the model predictions of
water and N balances, we chose to simulate the root length growth directly, without
passing dealing with root biomass. The root biomass to shoot biomass ratio varies
depending on the stresses suffered by the plant (Brisson et al., 1998b).

Conversely, with the ‘trophic-link root length expansion’ option, root length expansion
is driven by shoot growth, so that a reliable C soil-crop balance can also be predicted
(although more parameters are required).

5.3.3.2.1 Self-governing root length expansion

The self-governing root length expansion option is the default option. It relies on
the independence of root length expansion with regards to shoot biomass accu-
mulation, but can sometimes result in an overestimation of root length. The
self-governing root length expansion option occurs when codtrophrac; is 3, root
length expansion is then calculated using a logistic function that is analogous to
that for leaves: the calculation of the root length growth rate (rlj in m d=!) is broken
down in Eq. (5.7). A first calculation of the root length growth rate (rlj_dev in m
plant™! degree-day~!) describes a logistic curve. This value is then multiplied by
the effective crop temperature (rlj_T in degree-days), the plant density combined
with an inter-plant competition factor that is characteristic of the variety (rlj_dens
in plant m~2), and the water-logging stress index (rlj_stress). A second term is then
added, corresponding to the growth at the root front (rljfront), depending on the
front growth rate (deltaz).

rlj(¢) = rli_dev(¢)- rli_T(¢)- rli_dens(t)- rlj_stress(t)+rlifront(t)  (5.7)

The logistic curve describing the root length expansion rate rlj_dev (Eq. (5.8)) depends
on the maximum root growth parameter draclong; and the normalised root develop-
ment unit urac, ranging from 1 to 3 (such as ulai, the calculation of which is described
in § 4.1.1). The logistic curve is thermally driven, even when the plant has vernalisation
or photoperiod requirements. The plant parameters pentlaimax;, and vlaimax; are
already used to calculate leaf growth rate (Eq. (4.2)).

rli_dev(t)=

draclong,

(5.8)

1+e (pentlaimax P (vlaimax p—urnc(t]n

The thermal function rlj_T relies on crop temperature and cardinal temperatures
(tcmin, and tcmax,) which are the same values as for leaf area growth calculation
(Eq. (4.3)). The inter-plant competition function rlj_dens is the same as that calculated
for leaf area growth deltai_dens (Eq. (4.4)).

With this formalism, unlike this designed for the leaf area index, water and nitrogen
deficiencies in the plant do not play any role in root length, which promotes root
growth relative to aboveground growth in the event of stress. In contrast, anoxia acts
via the waterlogging stress index rlj_stress, derived from the izrac indicator, which is
calculated in Eq. (4.27) and used in Eq. (5.9). In view of the difference which may exist
between true density and efficient root density (as much as tenfold), the raw application
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of izrac could have no effect on efficient root density, which would contradict exper-
imental results (Rebiére, 1996). So when izrac is less than 1 (i.e. under waterlogging
stress conditions), it is multiplied by the ratio between efficient cumlracz to total rltot
root length before it is applied to the rlj variable (Eq. (5.9)).

. . cumlracz(l)
rIJ_stress(t) =1 - sensanox, + [lzrac(t) + Ssensanox, - 1] o) (5.9)
At the root front, the root density is imposed and estimated using the parameter

Ivfront,, and the growth in root length depends directly on the root front growth rate
deltaz (Eq. (5.10)).

rlifront(¢) = Ivfront, - 10*- deltaz(t)  (5.10)

5.3.3.2.2 Trophic-linked root length expansion

When codtrophrac; is 1 or 2, root length growth relies on the daily production of
shoot biomass (dltams) and on a dynamic underground/total biomass partitioning
coefficient (reprac (Eq. (5.11) and Figure 5.6). The parameter longsperac; is the
specific root length to root mass ratio. The plant density effect is not taken into
account because it is already integrated in the shoot biomass production. This value
can replace calculation using Eq. (5.11) or act as a threshold if the chosen option is 2.

rl ](t) = %ﬁ;ﬁ)ﬂ -dl tams(t] . longsperacp 107 (5.1 1)

reprac and dltams (t ha™') rif (cm)
1.2 1 8
10/ — reprac

---- dltams
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0.6 -4
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urac

Figure 5.6. Example of the root length growth rlj as a function of the root development unit
urac compared to the underground/total biomass partitioning coefficient reprac and the daily
production of shoot biomass dltams; reprac is the daily aboveground/underground ratio of
biomass partitioning; dltams is the daily growth of plant biomass.
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The dynamic of the underground/total biomass partition coefficient (reprac) depends
on root development through the normalised root development unit urac (Baret
et al., 1992), and on the specific parameters repracpermin,, repracpermax;, and
krepracperm, (Eq. (5.12) and Figure 5.7).

reprad)= [repracpermaxp - repracpermin P) . el-krepracperm {urad(c}-1))

+repracpermin, (5 Nl 2)

reprac
1.00 4
\\ — Crop 1
\\ — Crop 2
0.75 ~
0.50 +
0.25 A

10 15 20 25 30
urac

Figure 5.7. Aboveground/underground partition coefficient reprac as a function of the root
development unit urac, in the case of two different crops. repracpermin,, = 0.10, repracpermax, = 0.7
and krepracperm,, = 0.40 for crop 1. repracpermin, = 0.06, repracpermax, = 1.0 and krepracperm, =1.02
for crop 2.

Finally, the trophic effect can be combined with the effects of soil water and NO, limi-
tation. The code_INN_root is designed to ignore the effect of stress on root growth.
It allows users to simulate a preferential allocation of biomass to the roots in case of
soil water or nitrogen stress.

5.3.3.2.3 Optional heterotrophic root length expansion in the seedbed

Setting the option codedisrac; at 1 allows users to integrate a heterotrophic phase
(Figure 5.5a) along a number of days nhet.

nhet=2- (nlev - nger] +1 (5.13)

The number of days of heterotrophy is therefore equal to twice the duration of the germi-
nation phase (Deleens et al., 1984). This calculation is used to allocate half of the seed’s
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reserves on the day of emergence, and the remainder until a period equivalent to the time
of germination. This quantity of daily biomass from the seeds is calculated as follows:

pgrainmaxip-dens1'telongsperacp-10’Z )
newrac(t) = ol - alloperirac

. (5.14)

We therefore assign over nhet days from germination, a root length from seeds having
emerged (densite) and their specific weight pgrainmaxi, converted into length
longsperac,. The new variable resulting from part of the seed reserves (alloperirac;)
thus makes it possible to define the root length allowed by the heterotrophy phase on
a daily basis. The default value can be selected for this new parameter alloperiracp,
which is equal to 0.25 since 50% of the seed reserves are used for respiration and 50%
of the remaining share are allocated to coleoptile growth. The variable newrac is there-
fore added to rlj during nhet days from germination. The codedisrac, option can
thus be activated to simulate the root activity in early stages.

5.3.3.2.4 Examples of the impact of options driving root length expansion
in the true density option

The model is very sensitive to codtrophrac, option activation. A simple example is
given in Figure 5.8 for wheat crop grown in a conventional system, in northern France
(Guérif et al., 2001). Deactivating the codtrophrac; option caused higher rlj during the
vegetative phase and lower rlj during the reproductive phase. As a side note, rlj appeared
to not be very sensitive when the codedisrac, option was deactivated, when it mainly
drives the root distribution (this phenomenon is explained in the following section). In
addition to options, parameter such as stoprac; plays a strong role in determining the
end of the crop cycle. In another study, activating the codtrophrac; option appeared to
be relevant in the case of applying STICS to organic systems where mineral nitrogen can
be scarce and limit accumulation of aerial dry matter (Autret et al., 2020).
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Figure 5.8. Example of the daily root growth rlj of winter wheat according to a) scenario
options; b) stoprac,, parameter value.
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5.3.3.3 Root length distribution of grown roots in the soil profile

5.3.3.3.1 Biological drivers of root length density

The vertical distribution of the root length density is driven dramatically by
the codedisrac, option, which is presented in Figure 5.9. The default option
(codedisrac, =2 meaning deactivated) is applied to some crop species for which
parameterisation has not yet been updated.

5.3.3.3.1.1 Root sink for root length controlled by initial root length

When codedisrac; option is set to the default option of 2, the new root length is
distributed in each layer of the soil profile in proportion to the roots present and as a
function of the soil constraints. A ‘root sink strength’ is defined by the proportion of
roots in the layer. This does not concern length expansion at the root front, for which
growth in density is defined by lvfront, (Eq. (5.10)).

This formalism, which has long been integrated in the model, has several limits, due
to the priority given to the root front activity and the indirect role of root senescence
parameters on the remaining root profile:

— since nil allocation to root happens before the emergence stage, there will be no
roots in the soil layers higher than the depth reached on the day of seed emergence;

— ifrlj is less than rljfront, no root will be allocated to the first horizons; they will only
be allocated to the root front; if rlj is zero and the front grows in depth, the new zone
created on deltaz today will not receive any roots;

— along with the previous point, if rlj is zero in a given 1 cm layer following a strong
root mortality, there will also be no more roots in this area thereafter;

Root length density (cm cm) Root length density (cm cm3)
0 1 2 3 4 5 6 0 1 2 3 4 5 6
0 0
-20 -20
—40 1 —40 4
E —601 5 60
o =
o ol
D [
0O -804 O -804
-100 -100 ~
-120 -120 4
-140 4 -140
-1401 a) -1401 p)

Figure 5.9. Simulated root length density profile and cumulated proportion of root
length density (Cum.RL inset plot); a) codedisrac=2 i.e. driven by initial root length and
b) codedisrac =1 i.e driven by vertical distribution parameters.
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— finally, it is possible to end up with a root profile where most of the roots are in the
deep horizons, which contradicts the distribution of roots observed in many species
(Fan et al., 2016).

5.3.3.3.1.2 Dynamical distribution of increment of length versus depth according to verti-
cal distribution parameters

When codedisrac, option is set to the option of 1, the background of the STICS
standard profile formalism is directly applied to the new root generation, as an expo-
nential function of the depth. The function dis drives the root distribution function,
involving the Ivfront, parameter and a new kdisrac;, parameter, as follows:

dis(z) = Ivfront, + (1 - Ivfront,)- e-kdisrac{z)’  (5.15)

We therefore have a decreasing function of the depth z, (in cm), whose the shape is
determined by kdisrac;, and whose asymptote is equal to the parameter Ivfront;. A
default value of kdisrac, can be taken equal to 0.00158; this is the optimised value
in order to obtain a root profile variability similar to those obtained from the meta-
analysis by Fan et al. (2016).

If the crop is a monocotyledon, root length distribution starts from the surface and
not from profsemy.

5.3.3.3.2 Possible roles of physical and chemical factors

This potential ‘root sink strength’ is then reduced by the soil constraints in each layer.
Each constraint is defined at the layer level, as an index between 0 and 1, and assumed
to be independent of the others. The resulting poussracmoy index is the product of
elementary indices:

poussracmo y(z, t) = humirac{z, t) -ef da(z, t) .
(1 - anoxmo y(z, t) . sensanoxp] :

efN rac_mean(z, t) (5 A 6]

where humirac (Eq. (3.8)) defines the effect of soil dryness and, accounts for the plant’s
sensitivity to this effect. The variable efda defines the effect of soil compaction through
bulk density (§ 5.2.2 and Figure 5.2). The anoxia index of each soil layer anoxmoy is
assigned the value of 1 if the horizon has reached saturation; it is associated with the
sensitivity of the plant to waterlogging sensanox,.

The variable efNrac_mean defines the effect of mineral nitrogen, which contributes
to root distribution in the layers with high mineral nitrogen content. The variable
depends on the specific parameters minazorac,, maxazorac, and minefnra,
which characterise the sensitivity of plant root growth to the mineral nitrogen
content in the soil (Eq. (5.17); Figure 5.10). This last constraint is optional and can be
deactivated in the model.
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AZ(Z, t) < minazorac, then

efN rac_mean(z, t) = minefnra,
minazoracp < AZ(z, t) < maxefnra, then

efN rac_mean{z, t) =minefnra, +

. [AZ(Z t) - minef nrap)

(1—minefnrap)

[maxefnra,,—minefnra,,)

AZ(Z, t] =2 maxefnra, then
efN rac_mean(z, t) =1 (5 d 7)

efNrac_mean

1.00

minazorac, maxazorac,
0.00

0.0 05 1.0 15

Mineral N content (kg N ha-' cm™)

Figure 5.10. Constraint to root distribution efNrac_mean as a function of the mineral nitrogen
content in the soil AZ(Z, t), the sum of AZ amm(z, t) and AZ nit(z, t).

5.3.3.4 Senescence

5.3.3.4.1 Introduction

The concept of senescence is only present in the true density option. The root senes-
cence formalism plays a direct role with regard to the actual root profile, and possibly
an indirect role regarding root distribution, when the codedisrac;, option is deacti-
vated (§ 5.3.3.3). It also directly drives root biomass turn over (see following § 5.4). The
main option which drives senescence is code_diff_root;, which allows users to choose
between two types of roots (setting 1) or a single mean root type (setting 2)(Figure 5.11).
If code_diff_root, equals 1, the role of the root diameter on root lifespan follows the
background of the ArchiSimple model (Pages et al., 2014). Modalities of code_diff_root,
can interact with options concerning either forage crops or perennial grasses.
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A thermal duration in degree-days (stdebsenrac_p) defines root lifespan. Thus, the
history of root production per layer is memorised in order to make the portion of
roots (stdebsenrac_p) set earlier disappear through senescence. The dead root profile
is Iracsenz, while the corresponding total amount is Iracsentot.
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Figure 5.11. Flow chart of options controlling root mortality with true density option selected.

5.3.3.4.2 Calculation with two kinds of root

To be able to correctly simulate root density and root biomass as well as root turnover
per soil horizon, roots can be divided into two types: ‘fine’ roots and ‘coarse’ roots
with an arbitrary separation. The two types are characterised by the ratio between the
diameters of coarse to fine roots (rapdiap) and their respective lifespan (debsenracf
and debsenracg). Their respective proportion is driven by the propracfmax,
parameter, which is the maximal share of fine roots. The parazorac;, parameter is the
C/N ratio of roots when the nitrogen nutrition index (NNI) is 1.

’ 4
dracmoy - n~RTDP~longsperacP

dracmoy

dracf = [

1—propracfmaxp}rapdiap+propracfmaxp

dracg = rapdiaP - dracf (5.18]
The specific root length is calculated for fine (longsperacf) and coarse roots
(longsperacg):

_ 4
longsperacf = wdract’RTD,

longsperacg = (5.1 9)

-4
mdracg®RTD,
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The daily root length emission per elementary layer (drliz) is divided between fine and
coarse roots in a proportion close to the initial value:

debsenrac,

debsenracf =
\’rapdiap
debsenracg = debsenrac; \/rapdiap (5.2 0)

The living biomass can be calculated for each type of root. These calculations are
performed for each soil layer.

. rlf(z,t—l)
propracflz(z, t) = rlf(z,t—1)+rlg(z,t—1)

if (propracfiz(z, t) < propracfmaxp] then
drlizf(z, t) = drliz(z, t)

drlizg(z, t) =0

else

drlizf(z, t) = drliz(z, t) - propracfmaxp
drlizg(z, t) = drlidz, t) -(1- propracfmaxp)
Arltotf = Arltotf + drlizf(z, t)

Arltotg = Arltotg + drlizg(z, t) (5 2 1)

5.3.3.4.3 Calculation with a single kind of root

In this case, it is not necessary to define the parameters cited in the above section.
Conversely, the specific root length (longsperac,) becomes a parameter.

5.3.3.4.4 Illustrations of influences of parametrisation scenarios with the true
density option

The example illustrated in Figure 5.12A originates from the aforementioned wheat
crop case study in northern France. It demonstrates the sensitivity of the rltot and
Iracsentot variables to options and one parameter. The variable rltot exhibits a
dynamical pattern close to patterns of the lai for annual crops. The default parameter-
isation of winter wheat entails activating of codedisrac, and codtrophrac; options
as opposed to code_diff_root; option. The stoprac, parameter is equal to ‘SEN. A
strong influence of codtrophrac, appears in early stages, and either the code_diff_
root; option or stoprac, parameter during the end of the cycle, when codedisrac,
option deactivation has a low influence.

Furthermore, two maps of the root system of the winter wheat crop were created in
March and June, and provided a proxy of the root length (data not shown). The simu-
lations were satisfactory with the default parametrisation in March and better in June
when the stoprac, parameter was changed from the ‘SEN’ to the ‘LAX’ stage, indi-
cating the role of the root senescence parametrisation on the residual living roots.

The variable Iracsentot presents a monotone increase versus time for the same
example, shown in Figure 5.12B. Deactivating codtrophrac, slows down root
mortality in early stages. Activating code_diff_root, triggers early mortality due to
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the existence of fine roots; the final higher value with this option is influenced by
the additional root parameters which it needed. Conversely, choosing the LAX stage
for stoprac, reduces the final value. The codedisrac, option has low influence on
mortality, as expected.
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Figure 5.12. Example of the root length kinetics (cm root/cm? soil surface) versus time
according to either scenario options or stoprac, parameter value: a) length density of living
ritot; b) length density of senescent roots Iracsentot.

» 5.4 Turnover of root biomass and N content allocation

5.4.1 Introduction

Root biomass turnover is by default acted at annual scale, regardless of whether the
standard profile or true density option is selected (Figure 5.3). Both options can
be used to calculate the dead root biomass at harvest. However, the true density
option allows users to perform a dynamical simulation of the biomass decay when
the code_rootdeposition, is activated. This choice permits the daily simulation
of N immobilisation due to root decomposition along a crop cycle. Accounting
for this dynamical process appears to be mandatory to correctly simulate the soil
mineral content in a perennial crop such as Miscanthus x giganteus (Strullu et al.,
2014). However, reliably predicting N immobilisation requires an accurate root
parameterisation (Yin et al., 2020).

5.4.2 Daily root biomass decay

Daily root senescence dltamsracmort is daily calculated in the case of code_
rootdeposition; activation.
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If the code_diff_root; option is not activated, there is no distinction between coarse
and fine roots and the biomass of dead roots is calculated as follow:
drisen(z, t)

longsperac (5 2 2)

ditamsracmort(z, ¢)=100-

If the code_diff_rootP option is activated, then:

drisenf(z, ) drlsendz, t)
longsperacf * longsperacg

ditamsracmort(z, t)=100- (5.23)

When annual crops are harvested or when perennial crops are destroyed, the death of
the whole living root system results in additional root residues. The biomass of the dead
roots (msracmort) at soil depth z on day t is also calculated using either the mean root
length when a single kind of root is simulated ((5.24)), or the root length of fine and coarse
roots if the code_diff_root, option is activated (rlf and rlg, respectively): Eq (5.25).

rl f(z t)

longsperacf

rl f(z t] rl g(z, t)

Iongsperacf longsperacg

msracmort(z, t)= 100- (5.24)

msracmort(z, t)=100- (5.25)

The daily inputs of C due to dying roots (dltaQCracmort) are the product of
dltamsracmort and the root C content (assumed to be equal to 380 g C kg-!). The
daily inputs of N due to dying roots (dltaQNracmort) are the ratio of dltaQCracmort
and the mean C/N ratio of the roots (CsurNrac) depending on the amount of N in the
living root (QNrac). The cumulative C and N inputs over the whole root profile are

then calculated as indicated previously:
zrac

QCracmort(t 380- Z msracmort(z t] [5.26)

QNracmort(t 380- ZZ msracmort(z t) Z’CV:ZE (5.27]

Part of these C and N inputs occur in the biologically active layer and thus undergo
decomposition. The remaining fraction enters the deep soil layer (below profhumy)
and is summed up in the variables Crprof and Nrprof. This organic matter accumu-
lates because this deep layer has no simulated biological activity.

The Figure 5.13 illustrates the daily prediction of root length and root biomass
is given for two types of roots in a winter wheat crop (from the aforementioned
example in northern France). The respective contribution of fine and coarse roots
strongly varies in terms of length and biomass; obviously, this contribution depends
on the values of their respective parameters.

5.4.3 Root biomass decay only at the crop growth scale

Dead root biomass is calculated by default either at the day of harvest of annual crops or
of the forage cut. The root length can be converted into root biomass using the specific
parameter longsperac,. Note that a critical appraisal of the predicted root residue is
welcome, in order to avoid overestimating N immobilisation due to root decay.
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Figure 5.13. Illustration of root growth and root senescence versus time with different types
of roots (code_diff_rootp activated; suffixes on root types: f=fine; g=coarse): a) in total root
length ritot and cumulative length of senescent roots Iracsentot; b) in living root biomass
msracf and dead root biomass msracmort.

— When the standard profile option is selected (coderacine; = 1), roots are assumed
to accumulate in soil until plant death (usually at harvest). The biomass of dead roots
(msracmort) is assumed to be a linear function of the aboveground biomass at harvest
(masecnp):

msracmort = masecnp - proprac .+ yOmsrac (5 2 8)

G

where propracg is a allocation coefficient between below- and above- ground organs
(0.20) and yOmsracg is the minimum root production when aboveground growth is
very limited (0.7 t ha-!). The two coefficients are assumed to be similar for all plants.

— When the true density option is selected (coderacine, =2), root growth and senes-
cence are simulated continuously, while the biomass of died root is recycled back into
soil only at harvest if the option code_rootdeposition; is not activated, as already
shown in Eq (5.23).

For both options, standard profile or true density, the amount of carbon in the dead
root material (QCracmort) is the product of the dead root biomass and its mean C
content which is assumed to be 380 g C kg™

As there is no absorption of N by roots when the option code_rootdeposition,, is not
activated, we assumed that the N content in roots is equal to the N content in the vegeta-
tive organs of the crop. The amount of nitrogen in the dead root material (QNracmort)
is equal to the product of the dead root biomass and N content of vegetative organs.
These inputs are assumed to be homogeneously distributed in the biologically active
layer [0, profhum]. Please note that in this case, the N balance does not loop.
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» 5.5 Calculation of root density for water
and nitrogen absorption

5.5.1 Root density profiles

The living root density profile is rl, as a variable of time and depth, while its integration
at a given time (t) is rltot, as show in Eq. (5.29):

rltot = Zz:O (rl(z, t)]
rllz, t)=ri(z, t - 1)+ drliz- drisenz, t)  (5.29)

For water and nitrogen absorption, an efficient root length density Iracz is calculated
by applying the threshold Ivopt to the total root length density, rl. By default, the
value used for the optimum root density threshold lvept is 0.5 cm cm™3 soil (Brisson
et al., 1998b). In this way, it is possible to represent a root system for various species
exhibiting fasciculate or pivotal type root systems (see Figure 5.14).

Efficient root length density (cm cm=3 soil)

0.0 0.2 0.4 0.6 0.8
0 4
_50 A
-100 A
— Rapeseed
--- Maize
~—— Durum wheat
-150 -

Root system depth (cm)

Figure 5.14. Root length density profile, with the standard profile option, for a root front depth
of 150 cm, described by the efficient root density Iracz as a function of depth z, for rapeseed,
maize and durum wheat.

5.5.2 Comparison of the two kinds of density profiles

The differences between the two options in root profile simulation can be significant
(Figure 5.15), but the effect on the simulated water and nitrogen uptakes may not be

significant because of the functional root density threshold of 0.5 cm cm ™.
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Figure 5.15. Root length density profile as a function of the root depth z, at tillering and at
grain filling stages, simulated with the standard profile option (codedisrac, option deactivated)
and the true density option.

5.5.3 Comparison of root profiles in intercrops

STICS is able to simulate the effects of interaction between the shoots and roots of
intercrops using the true density option for each crop (§5.3.3). STICS deals with
intercropping using only the effect of the equivalent plant density on the root length
density of each crop and the simulation of the micro-climate conditions (Eq. (4.5)).

The water and N competition between intercrops are accounted for by simulating
their availability in soil. The soil volume occupied by each crop is different in sole
crops and intercrops. Adiku et al. (2001) showed that root systems of component
plants in a mixture may intermingle considerably in well-watered situations whereas
under water-stressed conditions the root systems may show a tendency to cluster
within their ‘own’ zones. This behaviour does not fit the notion of a standard root
profile (§ 5.3.2), but it does fit with true density profiles. In our model, we consid-
ered neither allelopathy nor other direct effects of a crop species against the other
(such as mechanical support), but we assumed that for intercrops, the influence of
the crop root systems on each other results from the influence of the soil status on
the root distribution. There is no adaptation of the threshold Ivopt, which is 0.5 by
default for each species.

The Figure 5.16 illustrates the simulation of root profile dynamics in a case study of pea
(Pisum sativum) and barley (Hordeum vulgare) sole crops and a pea-barley intercrop.
This example shows the ability of the STICS model to describe the interaction between
root systems due to intercropping. This interaction originates from two different
phenomena: i) nitrogen and water stress conditions are modified in the intercrops;

115



STICS soil-crop model

ii) to a lesser extent, the thermal time differs because of the crop temperatures if the
growth of the root front is calculated with the crop temperature option. This inter-
action mainly depends on the N supply (Corre-Hellou et al., 2007).

Root density (cm cm= soil)
OO.O 0;1 0:2 0;3 0;4 0.5

-50 4

-1004’ ,
))/ ‘ — Sole pea
1,“ ;’J --- Intercrop pea
/'/ — Sole barley
e --- Intercrop barley

~150 *'/(

Root system depth (cm)

Figure 5.16. Comparison of root profiles in sole crop and intercrops at stoprac=LAX stage
(23 June).

9.5.4 Root system evolution between successive cycles of perennials

The current version of STICS (10.0) allows users to simulate root system kinetics
of perennial crops according the influences of both winter conditions and crop cut.
Figure 5.17 provides an example where the dynamics of ritot f and ritotg are compared
to those of LAl in a deep loamy soil in an organic system (Strullu et al., 2020).

During winter, the fine root length decreases considerably while the coarse root length
remains stable, due to the longer lifespan of coarse roots when LAI is nil. During
spring and summer, both root lengths increase in concomitance with those of LAl and
slightly decrease after a forage cut.

The simulated rhizodeposition then allows for reliable simulations of soil mineral
nitrogen during and after crop destruction. The distribution of ritot f within the soil
provides the variable root length density for each soil layer, i.e. from LRACH(1) to
LRACH(5). In the Figure 5.18, the roots successively colonised the different layers
according to their depth and then decayed.

116



Root growth

Root density (cm surface cm) lai (m? m2)
200 - 8
150 + F6
100 - F4
50 A F2
01 ro
: < < X ' p:
/\(OQQ ,\0?’ %‘@ o %%?)Q %00
& K3 & & 3 &
Date

Figure 5.17. Dynamics of total root length for fine and coarse roots (rltot f and ritotg, respec-
tively) compared to those of lai in a deep loamy soil in organic system for Medicago sativa L.
with the STICS model v10.
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Figure 5.18. Dynamics of fine and coarse root mass in different soil layers for living root
biomass (msrac) and dead root biomass (msracmort) for fine and coarse roots (suffixes f and g
respectively) for Medicago sativa L. with the STICS model v10.
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Chapter 6

Nitrogen acquisition by plants

BRUNO MARY, FABIEN FERCHAUD, Loic STRULLU
AND NADINE BRISSON

REVIEWED BY: NICOLAS BEAUDOIN

» 6.1 Nitrogen uptake by plants

6.1.1 Introduction

Nitrogen uptake by the crop is simulated using the concepts of soil supply and crop
demand. Uptake is assumed to be equal to the smallest of these two terms, which is
therefore the limiting factor of N uptake. The model calculates and compares these
two terms daily.

The crop demand in STICS is defined by considering the concept of “nitrogen dilu-
tion curves” Lemaire and Gastal (1997) have shown that the nitrogen concentration
in plant shoots (expressed in g N kg~! dry matter) inevitably decreases over time and
along with shoot dry matter. This “dilution” is due to the increasing proportion of
structural tissues and the increased shading of lower leaves throughout crop growth.
It is possible to define a nitrogen concentration in shoots below which the crop growth
rate is reduced: this concentration is called the “critical N content” Its value decreases
with time and with crop biomass. It is also possible to define maximal and minimal
dilution curves by considering the upper and lower envelope curves representing data
from all experiments. The maximal dilution curve allows to calculate the crop demand.
The rate of decrease of these dilution curves varies throughout the crop lifecycle and
depends on three factors:

— the plant metabolism, which requires less nitrogen in C4 than in C3 plants;

— the plant ability to store N in the form of reserves (protein, amino acids, etc.) which
is greater, for example, in legumes than in cereals;

— inter-plant competition which affects senescence and thus the plant C/N ratio,
requiring to consider differently isolated plants and plants within a dense canopy.

These three factors are not always given the same attention. If we consider isolated
plants, N concentrations of the maximal and critical curves always decrease with time,
whereas they remain constant during a very early crop phase under dense canopies.
In practice only the critical curve can be determined rigorously (Justes et al., 1994),
whereas the maximum level is difficult to define accurately.
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Finally, during the reproductive phase, the N demand of the storage organs has to be
taken into account.

6.1.2 Nitrogen demand of the crop

If Nmax is the maximum crop N concentration (in g N kg™!) and W the crop biomass
(sum of masecnp and the harvested fruit biomass in case of fruit picking, in t ha™1),
the daily N demand (demande, in kg N ha~! day!) is the product of the crop growth
rate (dltams, in t ha™! day™!) and the derivative of Nmax relative to W:

demandd(e)= 20medd)_ Nmadw) o (6.)

Nmax depends on two factors: the density of the canopy and the presence of storage
organs; the first factor defines the parameters of the curves Nmax=£f(W) (according
to Lemaire and Gastal (1997) or Justes et al. (1997)) and the second one defines W.

6.1.2.1 Nitrogen dilution curves in aboveground organs

According to the type of crop, plants can either interact within a dense canopy or be
isolated plants. In the first case (dense canopy, codeplisoleN; = 1) the critical dilution
curve (Nc) is defined by the classical power function:

N{D)=adil,- w(e) " (6.2)
with W(t)=max[masecnp, masecNmaxP] (6.3)

and the maximum dilution curve (Nmax) is defined by the function:
—bdil
Nmax(t] = adilmax, - W(t] e (6.4)

In the case of isolated plants (codeplisoleN;=2), the critical dilution curve (Ni) is
described by two successive power functions:

~bdili
N I(t] = adili - W(t) if masecnp < masecNmaxp

)—bdilp

Nz(t] = adil, - W(t if masecnp 2 masecNmax, [6.5]

with W(t)=max[masecnp, masecmetap] (6.6)

and the maximum dilution curve (Nmaxi) is defined by the function:

) A -bdilmaxi,
N maxi(t) = adilmaxi, - W(t] if masecnp < masecNmaxp

—bdil,

Nmaxi(t) = adilmax, - W(t) if masecnp 2 masecNmaxp (6.7)
The parameters adil, and bdil, are common to both options. The additional parame-
ters used for the isolated plant option (adili and bdili) are obtained using the following
assumptions:
— the N contained in young plantlets is only used for N metabolism, not in structures.
The concentration of this metabolic-N (Nmeta,) is a function of species metabolism:
6.47% for C3 crops (e.g. wheat) and 4.80% for C4 crops (e.g. maize) (Justes et al., 1997;
Lemaire and Gastal, 1997);
— N dilution starts when the plantlet biomass exceeds a biomass threshold called
masecmeta, (0.04 t ha™!; Justes ef al. (1997));
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— the difference between the maximum and the critical N concentrations, when
biomass is equal to masecNmax,, is Nreserve;

— in dense canopy, when biomass is greater than masecNmax,, the curvature of the
maximal curve is the same than that of the critical curve: bdilmax,, = bdil,.

Using these assumptions, the missing parameters of Eq. (6.4) and (6.5) can be calcu-
lated as follows:

bdili bdilp‘log(masecNmaxP)—Iug(adilp}rlog(Nmetap)
1=

Iog(masecNmaxP)—Iog(masecmetaP] (6'8]

. Nmeta,
adili= masecmeta " (6'9)

Nreserve,
adilmax, = adil, + —————a; 6.10
P P masecNmabed'lF ( )

. . Iog(adilmaxp-masecNmax;,bdﬂ” )—Iog(NmetaP)
bdilmaxi= -

Iog[masecNmaxP]—log[masecmetaP) (6' 1 1]
) ) Nmeta,
adilmaxi = Tasecmeta P (6.12)

An example of these dilution curves is given in Figure 6.1.

Nitrogen content (%)

—— NC vineyard
— NC wheat

=== Nmax vineyard
---- Nmax wheat

e rr—
.

10 15

20
Aboveground biomass (t DM ha™)

Figure 6.1. Maximal (Nmax) and critical (NC) dilution curves for wheat (dense canopy) and
vineyard (isolated plants).

6.1.2.2 Nitrogen dilution during filling of storage organs

The N demand due to vegetative organs is assumed to follow the maximal dilution
curve, whereas the demand associated with the “fruit” (either grains or storage organs)
depends on the nitrogen status of the crop through the variable absodrp. The biomass
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(W) used to calculate the N demand from the maximal dilution curve depends on the
vegetative biomass (masecveg), the daily increase of grain biomass (dltags) and the
crop N status (absodrp):

W(t) = masecveg(t)+ absodrp(t)- ditags(t) ~ (6.13)

absodrp is defined using the parameters inngrain1, and inngrain2:

inns(t]—inngrainz »
absodr dt) = inngrain1 -inngrain2,

absodrp(t)=1 if inns(t)< inngrainl,
absodrp(t)=0 if inns(t)= inngrain2, (6.14)

The relationship between inns and absodrp is shown in Figure 6.2 for winter wheat
(inngrain1,=0.26 and inngrain2, = 1.60).

absodrp
1.00 -
0.75 4
0.50 1
inngraint,
0.25 4
0.00 A
00 05 10 15

inns

Figure 6.2. absodrp versus nitrogen stress index (inns).

6.1.2.3 Nitrogen demand of the structural part of non-perennial organs

The N demand of the structural part of green leaves and stems is used to determine the N
allocation to leaves, stems and reserves (§ 7). It is calculated with the C/N ratio of these
organs using the parameters parazofmorte; and parazotmorte, which represent the
C/N ratio of the structural part of dead leaves or stems respectively, when the nitrogen
nutrition index (inn) is equal to 1. The N demand of the two organs (demandefv and
demandet, respectively) depends on the nitrogen nutrition index of the crop (inn) and
the amount of biomass allocated daily to these organs (dltafv and dltat, respectively):

demandefv(t) = Cshoot % -inn (6.15)

dit
demandet(t) = Cshoot - W#ﬁfgmn -inn [6.16)
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The structural N demand (demandestruc) is limited by the amount of N allocated to
the aerial organs (absoaer + dltaremobilN):

demandestruc{t) = min[demande f v(t] + demandet[t), absoaer(t] + dItaremobiIN(t]] (6.1 7)

6.1.2.4 Nitrogen demand of roots and perennial organs

The C/N ratio of roots (CsurNrac) and perennial organs (CsurNper) depends on the
nitrogen nutrition index (inn) and the parameters parazorac; and Parazoper:

parazorac
CsurNrac=——  (6.18)

Parazoper
CsurNper=—m—  (6.19)

The N demand of roots (demanderac) and perennial organs (demandeper) is calcu-
lated using the C/N ratio of these organs (parazorac, and Parazoper), respectively)
which vary according to the inn and the amount of biomass allocated to these organs
(dltamsrac and dltarestemp, respectively) (Eq. (6.20) and (6.21)).

demanderac = ditamsrac - CSJE,F\,arZC (6.20)

demandeper = ditarestemp - % (6.21)

where CCrac and CCper represent the carbon concentration in root and perennial
organs (380 and 440 g C kg, respectively).

6.1.3 Soil nitrogen supply

The soil nitrogen supply is the maximum amount of mineral N that the soil can deliver
to the root surface, for a given status of soil and plant root system. It is calculated
for each elementary layer (1cm thick) from the surface to the maximum rooting
depth (zrac, in cm). It does not account for possible nitrate upflow by capillary rise
(this would require knowledge of the nitrate concentration in the subsoil below the
maximum soil depth).

The soil N supply in each soil layer (fluxsol , in kg N ha™! day~!) is determined by the
transport of mineral N from a given soil location to the nearest root by convection and
diffusion:

fluxsolz, )= conv(z, £)+diff(z, t)  (6.22)

The convection flow in each elementary soil layer (conv, in kg N ha™! day™!) is the
product of the water flow (i.e. the transpiration flow epz, in mm day~, see § 11.5.3)
and the mean NO; concentration (concN, in kg N ha~! mm™! water). The exchange-
able NH, is not included, since it is assumed to be immobile. There is no nitrate
transport by convection if the transpiration is nil (due to absence of roots or severe
water stress):

conv(z, t) = epZ(Z, t) . concl\(z, t) (6.2 3)

The diffusion flow in each elementary soil layer (diff, in kg N ha~! day!) is the product of
the effective diffusion coefficient of mineral N (difNe, in cm? day~!) and the horizontal
gradient of mineral N concentration in the soil (in kg N ha~! mm~! water cm™! soil).
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This gradient is calculated from the effective root density profile (Iracz), assuming that
roots are vertical and equidistant and that mineral N concentration decreases linearly
from the middle of two adjacent roots up to root surface (mineral N concentration is
nil at the root surface). These assumptions lead to:

dif flz t)= 4\/; -difNelz, ¢)- (nitlz, t)+amm(z, t))- Iradz, t)  (6.24)

The effective diffusion coefficient is a function of soil water content and bulk density
(Cockborne et al., 1988). Only the moisture effect (which is the main effect) is consi-
dered in STICS.

x[ hur(z, t) - humin(z)

d|fNe(Z, t) =ma. 0, difNG . hucc(z) _ hum"{z) (625)

The uniform root distribution hypothesis maximises the diffusive flow. In fact,
roots are heterogeneously distributed so that the diffusive flow is lower. In order
to account for this effect, the diffusion coefficient at field capacity (difNy) used in
STICS (0.018 cm? day™!) is lower than the measured values reported in the liter-
ature (0.10-0.25 cm? day~!) (Barber and Silberbush, 2015; Cockborne et al., 1988;
Kersebaum and Richter, 1991).

6.1.4 Nitrogen uptake capacity of the crop

The N uptake by the root system is an active physiological process which depends
on the intrinsic absorption capacity of the plant, its root density and the nitrate
concentration in the soil. The specific absorption capacity Vabs (per unit of root area,
in pmol N h™! cm™ root) increases with the mineral N concentration according to

fluxrac (kg ha™' day~")

4
— HATS
— LATS
==+ Total

2 4

0 4

‘i 1I0 160
concN (kg N ha™)
Figure 6.3. N uptake capacity of each system (HATS and LATS) versus nitrate content in

soil (logarithmic scale). Parameter values: Vmax1,=0.0018; Kmabs1,=50;Vmax2;,=0.050;
Kmabs?2, =25000; Iracz =0.20; zrac = 60; hur =0.20, DAF¢=1.50.
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double Michaelis-Menten kinetics (Devienne-Barret et al., 2000) (Eq. (6.26)). These
kinetics correspond to two types of transport systems: a high affinity transport system
“HATS” (with low Vmax1, and Kmabs1;) and a low affinity transport system “LATS”
(with high Vmax2, and Kmabs2,).
Vmax1,- concN(z, t) Vmax2;- concN(z, t)
= +
Kmabs1, + concN(z, t) Kmabs2, + concN(z, t)

Vabs(z, t) (6.26)

In Eq. (6.26), concN is the molar concentration of mineral nitrogen (umol 17!) and
the parameters Vmax1, and Vmax2, are expressed in pmol cm~ h™!. Mineral N is
considered as a whole (NH,+NOj;), so that any selectivity between ammonium and
nitrate absorption is not accounted for.

The potential uptake rate in each soil layer is fluxrac (kg N ha™! day™). It is propor-
tional to the effective root density (Eq. (6.27)) which is limited by the threshold lvopt,
above which uptake is no longer limited by root density:

fluxradz, t)=33.6-Vabs(z, t)-Iracdz t)  (6.27)
The coefficient 33.6 is the ratio of pmol cm=2 h™! to kg ha™! day~!. Figure 6.3 shows

the dynamics of fluxrac versus the nitrate content in soil and the contribution of both
transport systems to the uptake capacity.

6.1.5 Actual N uptake

The mineral N available for root uptake in each layer (offrN) is equal to the smallest of
the three terms: soil supply, uptake capacity and available mineral N:

offrN(z, t) = min( fluxsol(z, t), fluxrad(z, t), nit(z, t)+amm(z,t))  (6.28)

The integration of offrN over the whole profile yields cumoffrN. In each layer, the N
supply can be compared to the crop demand through the ratio demsup:

. demandetot[t)
demsup(t) = mm[l, —cumo ffrl\(t] (6.2 9)

If demsup =1, the soil N supply is the factor limiting N uptake. In this case the N
uptake in each layer is equal to the N supply offrN. Conversely, the demand is the
factor limiting N uptake if demsup < 1; in this case, the actual N uptake in each layer
is smaller than and proportional to the N supply.

In both cases, the actual N uptake in each soil layer (absz) and the total uptake over the
root profile (abso) can be written as a function of the demsup variable:

absA(z, t)= of frNz, t)- demsup(t)  (6.30)
abso(t) = cumoffrN(t) - demsup(t)  (6.31)
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» 6.2 Nitrogen fixation by legumes

Many authors have demonstrated experimentally the influence of crop growth and
phenology on the activity of biologic nitrogen fixation (BNF) as well as the influence
of environmental factors, and especially of soil nitrate availability (Voisin et al., 2002).

First, BNF intensity is known to vary during crop growth. It increases until the early
stages of reproductive development and then plateaus defore declining until the end
of crop life (Bethlenfalvay et al., 1978; Bethlenfalvay and Phillips, 1977; Lawrie and
Wheeler, 1974). These variations are thought to be the result of competition for carbon
between nodules and seeds (Jeuffroy and Warembourg, 1991), and differ according to
species and sometimes cultivars (Cousin, 1997).

Second, BNF has been shown to be closely linked to crop photosynthetic activity
through experiments using labelled CO, (Gordon et al., 1985; Kouchi and Nakaji,
1985; Voisin, 2003; Warembourg, 1983), and thus correlated to crop growth rate (Finn
and Brun, 1982; Jensen, 1987; Voisin et al., 2002).

Finally, several abiotic factors have been mentioned to explain BNF inhibition, and espe-
cially soil nitrate availability. The negative effect of nitrate on BNF has been reported by
several authors (MacDuff et al., 1996; Waterer and Vessey, 1993), with soil nitrate avail-
ability inhibiting both nodule formation and nitrogenase activity (Sprent et al., 1988).
BNF is also limited by soil water deficiency (Peiia-Cabriales and Castellanos, 1993), but
this effect may be reversible (Guérin et al., 1991). Waterlogging may prevent BNF by
limiting O, availability for bacteria (Jayasundara et al., 1997). Low temperatures reduce
nodule activity (Rennie and Kemp, 1981) and high temperatures affect both bacterial
lifespan in the soil (Hungria and Vargas, 2000) and nitrogenase activity.

In STICS, three criteria are considered to simulate symbiotic N, fixation by legumes.
The first criterion is the presence of nodules, depending on their own phenology and
lifespan as well as the inhibiting effect of excessive nitrate in the soil. The second is the
capacity of the plant to feed these supplementary symbiotic organs depending on plant
growth rate, and the third is the soil-dependent physicochemical conditions allowing
optimal nodule activity, i.e. soil nitrate level, water deficit, anoxia and temperature
(Debaeke et al., 2001; Voisin, 2003). The first two criteria define the potential N,
fixation while the third defines the actual N, fixation.

6.2.1 Potential N, fixation

The potential N, fixation (fixpot, in kg N ha™! day™!) is calculated as the product of
a phenology-dependent coefficient propfixpot (between 0 and 1) and the maximum
fixation capacity of the crop (fixmaxvar, in kg N ha=! day~?):

Ffixpot(t) = propfixpot{t)- fixmaxvar ~ (6.32)

The propfixpot coefficient varies according to growing degree-days (Eq. (6.33)) and is
calculated the same way as for root growth (see § 5.2.2). The fixation process begins at
the idno stage (defined by the thermal duration stlevdno;) and stops at the ifno stage
(defined by the thermal duration stdnofno;). The potential curve then decreases
until the death of nodules, corresponding to the ifvino stage, during the stfnofvino,
thermal duration. The establishment rate of nodules between the idno and ifno stages
depends on the potential rate vitno, and on growing degree-days (Figure 6.4).
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It may be inhibited by high mineral nitrogen levels, under the control of nodn which is
nil when the soil mineral nitrate concentration exceeds the threshold concNnodseuil,
(in kg N ha~! mm™! water), and otherwise is equal to 1.

propfixpot(t)=0 if t<idno or t>ifvino
propfixpot(t) = propfixpot{t - 1)+ vitno, - nodn(t) - max{0, (¢cult(t) - temin,)|
if idno<t<ifno

propfixpot(t) = propfixpot{t - 1) - %ﬁ(‘:ﬂ - max[0, (tcult(t) - tcmin,)|

if ifno<t<ifvino

propfixpot(t)<1  (6.33)

propfixpot
1.25 4

1.00 -

0.75 {

0.50 1 idno ifvino

0.25 4

0004 —m—mm '

0 500 1000 1500 2000 2500
Growing degree days since ILEV

Figure 6.4. Evolution of Propfixpot versus thermal time, for a low level of soil nitrate content
(nodn =1). Parameter values: stlevdno, = 500, stdnofno, = 1200, stfnofvinop = 300, vitno, = 0.0025.

The maximum fixation capacity of the crop (fixmaxvar) can be either constant (equal
to fixmax,) if codefixpot, is equal to 1, or variable depending on vegetative and
reproducive growth if codefixpot; is equal to 2. In the latter case, it is calculated as:

fixmaxvar = fixmaxvegp . (dltams{t] - dltags[t]] + fixmaxgrp . dltags[t) (6.34)

where dltams is the daily biomass increase and dltags is the daily increase of grain
biomass. The parameter fixmaxveg, is the maximum amount of N fixed per ton of
vegetative biomass and fixmaxgr, is the maximum amount of N fixed per ton of grain
biomass.
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6.2.2 Actual N, fixation

To calculate the actual N, fixation (fixreel, in kg N ha~! day~!), the potential N, fixation
fixpot is multiplied by indices (varying between 0 and 1) corresponding to constraints
due to anoxia (fxa), temperature (fxt), water content (fxw) and soil mineral nitrogen

(fxn):
f ixreel(t)z f ixpot(t)~ fxt{t)~ fxa(t]- min(fxw(t), fxn(t)) (6.3 5)
The impact of temperature on fixation (fxt) is described by using soil temperature in

the nodulation zone. It is a trapezoidal function defined by four cardinal temperatures
(tempnod1, to tempnod4,;) (Figure 6.5):

fxt
1.25 4

[ tempnod2, ] [ tempnod3, ]

1.00

0.75 4

0.50 + tempnod1, tempnod4,,

0.25 4

0.00{ — o ——

0 20 40
tsol (°C)

Figure 6.5. Effect of soil temperature on N, fixation. Parameter values are tempnod1,=0,
tempnod21D =15, tempnod3p =25, tempnod4—P =35.

The water stress factor (fxw) is equal to the proportion of elementary soil layers in the
nodulation area which have a water content hur equal or greater than the permanent
wilting point:

profnod,,

f XW(t) = profnodp—;rofsemTﬂE H(t' Z]

z=profsem,.
with
Ht z)=1 if hurt, z)> humin(z)
H(t z)=0 if hurt z)<huminz) (6.36)

Limitation by anoxia (fxa) is calculated according to the same principle (it is equal to

the proportion of elementary soil layers which are in anaerobic conditions) using the
anox variable (see § 5.3.3.3).
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profnod,

fra(t)=1- profnod,, - [1)rofsemT +1 Z anox(z,t)  (637)

z:profsemT

Finally, fixation can be partially inhibited either by soil mineral nitrogen amount
(if codefxng =2) or by mineral N concentration (if codefxng =3). There is no inhi-
bition if codefxng=1. In the case where codefxn; =2, N fixation is partly inhibited
(fxn < 1) when the mean amount of mineral nitrogen in the rooting zone (azorac/zrac,
in kg N ha™! cm™! soil) exceeds the threshold concNrac100,, and is fully inhibited
(fxn =0) when the amount exceeds the threshold concNracO;, (Figure 6.6).

fxn
1.25 4

concNrac100,

1.00 -
0.75 4
0.50 4

| concNracO, I

0.25 4

0.00 -

0.0 0.5 1.0 1.5
azorac/zrac (kg N ha' cm™)

Figure 6.6. Effect of soil mineral N content on N, fixation (codefxn, =2). Parameter values are
concNrac0, =0.80 and concNrac100, =0.125.
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Chapter 7

Biomass and nitrogen partitioning

Loic STruLLu, JEAN-Louis DURAND, BRUNO MARY,
NicoLAS BEAUDOIN AND NADINE BRISSON

» 7.1 Introduction

Allocation of assimilates is critical to the operation of some models (such as
SUCROS, described by Van Ittersum et al., 2003). The STICS module for allocation
of assimilates between organs was added at a late stage, mainly to help dimension
the N and C reserve pools. For annual plants with determinate growth, the parti-
tioning calculations allow users to dimension envelopes of harvested organs which
may play a trophic role and ensure information input for the senescence module.
For perennial plants or those with indeterminate growth, these calculations allow
users to dimension a reserve compartment. We will refer to this concept as “cumu-
lative partitioning” (code_acti_reserve,=2). It is suitable for annual simulations
but not for long-term simulations of perennial plants. With the increasing interest
among researchers in studying perennial crops as a means for biofuels produc-
tion, C and N sequestration in soils or the effects of climate change on cropping
systems, cumulative partitioning has shown its limits. These limits are due to:
1. The lack of location of reserve compartments in the plant and the absence of paral-
lelism between biomass and nitrogen pools simulated by the model. This means the
model cannot accurately simulate biomass or nitrogen dynamics in perennial or
non-perennial organs.

2. The model’s incapacity to simulate biomass and nitrogen remobilisation from
non-perennial to perennial organs, and thus to simulate long-term perennial crops
functioning.

3. The absence of simulation of C and N fluxes from the plant to the soil due to peren-
nial organ or root death leading to bias in long-term simulations of cropping systems
with perennial crops.

We substantially modified the module for allocation of C and N assimilates in the plant
to be able to simulate cropping systems with perennial crops over the long term (Strullu
et al., 2020, 2014; Strullu et al., 2015). We will refer to this concept as “daily partitioning”
(code_acti_reserve,=1) and will describe it in further detail in this chapter. The current
STICS model includes both the cumulative and daily partitioning concepts because all
crops have not yet been parameterised for the new daily partitioning concept.
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» 7.2 Identified organs and compartments

7.2.1 Cumulative partitioning

With this option (code_acti_reserve, = 2), the reasons for identifying an organ or a
compartment (Table 7.1) are to determine its internal trophic role within the plant or
its external role in the carbon or nitrogen balance of the system (such as falling leaves
and root recycling). The reserve compartment is not located in a specific organ: it
represents a certain amount of carbon and nitrogen available for plant growth.

Table 7.1. Various organs identified in STICS for cumulative biomass partitioning.

leaves Green leaves mafeuilverte
. Yellow leaves remaining .
mafeuil hed to the pl mafeuiljaune
Un-harvested attached to the plant
R masecveg )
biomass Structural part of stems matigestruc
Reserve as non-localised
restemp
compartment
Yellow leaves fallin, .
) & mafeuiltombe
to the soil
Harvested organs Envelops maenfruit
Roots msrac Fruits mafruit

7.2.2 Daily partitioning

Currently, these new formalisms can only be applied to perennial crops. With this
option (code_acti_reserve, = 1), nitrogen partitioning mirrors biomass partitioning
(Figures 7.1 and 7.2 adapted from Strullu et al., 2020). Perennial organs (maperenne,
QNperenne) are now distinguished from non-perennial organs (masecnp,
QNplantenp). This allows the model to better describe and consider reserves
dynamics within the crops. The fluxes between these compartments are due biomass
remobilisation (no biomass is directly allocated to perennial organs) or nitrogen remo-
bilisation and absorption for nitrogen. The biomass of non-perennial organs masecnp
is divided into four compartments during the vegetative growth phase: the structural
part of stems (matigestruc), the structural part of green leaves (mafeuilverte), the
structural part of yellow leaves (mafeuiljaune) and the temporary reserves (restemp)
contained in the stems and green leaves. The nitrogen content of non perennial organs
(QNplantenp) is divided into three compartments during the vegetative growth
phase: the structural part of stems (QNtige), the structural part of leaves (green or
yellow leaves still on the crop) (QNfeuil), and the temporary reserves (QNrestemp)
contained mainly in green leaves (RuBisCo).

The biomass of perennial organs maperenne is divided into two compartments: the
structural part of perennial organs (resperennestruc) and the perennial reserves
(resperenne). The nitrogen content of perennial organs QNperenne is divided into
two compartments: the structural part of perennial organs (QNresperennestruc) and
the perennial reserves (QNresperenne).
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» 7.3 Vegetative organs

7.3.1 Cumulative partitioning
7.3.1.1 Biomass

7.3.1.1.1 Stem and leaves

The biomass of green leaves is calculated without accounting for potential reserves that
may be stored in the leaves and later remobilised. Instead, these are accounted for in the
restemp non-located reserve pool. The mafeuilverte variable is deducted from the lai,
based on the maximum specific leaf area parameter slamax;, (Eq. (7.1)). We assume that
the difference between the actual sla and slamax;, corresponds to remobilised leaf carbon.

Ial(t)

slamax, - 100 (7.1)

maf euilverte(t] =
The biomass of yellow leaves mafeuiljaune is calculated in the senescence module.
The proportion of leaves in the senescent biomass on a given day (dltamsen) is deter-
mined using the pfeuilverte ratio (proportion of green leaves in the non-senescent
biomass) on the day of production of this senescent biomass (Eq. (7.2)).

t
mafeuil jaune(t) = Zdltamsen(t) (7.2)
ilev
Some of these yellow leaves may fall to the ground depending on the abscission,
parameter (between 0 and 1). The daily falling quantity dltamstombe is recycled in
the carbon and nitrogen balance; its cumulative value is mafeuiltombe (Eq. (7.3)).

dl tamstombe(t) = abscission, - dltamser{t)

t

maf euiltombe{t) = Z dltamstombe(t) (7.3)
i=ilev

The structural component of stems, matigestruc variable, is calculated as a constant

proportion (tigefeuille,) of the total mass of foliage (Eq. (7.4)).

mati gestruc(t] = tigefeuille - (ma f euilverte(t] +mafeuil jaune[t)) (7.4)

The non-structural component, if significant, can be included in the reserve compartment
(e.g. for cereals) or in the harvested part (sugar cane). For monocotyledonous plants, the
stem is secondary and the matigestruc variable is only incremented from the time when
accumulated biomass allows it. It is thus assumed that the first organs to emerge are the
leaves. For dicotyledonous plants, it is assumed that the tigefeuille, proportionality
is always respected. Consequently, if the accumulated biomass and the foliage biomass
(calculated from the leaf area index and sla) are incompatible with this proportionality,
then the sla (or leaf area index if the sla arises from fixed limits) is recalculated. The
matigestruc variable cannot decrease, except in the case of cutting fodder crops.

7.3.1.1.2 Reserves

Reserves (restemp) are calculated as the difference between the total biomass and the
accumulated biomass of leaves, stems and harvested organs (Eq. (7.5)).
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restemp(t) = masec(t) -maf euil(t) - mati gestruc(t)
- maenf ruit(t] -maf ruit(t] (7.5)

For perennial plants, at the beginning of the cropping season, the reserves (carbon)
can be initialised at a non-zero value (restemp0,), to represent the role played by
reserves at growth resumption. The reserve pool is not located in the crop and the
variable restemp represents the non-structural biomass that can be mobilised. The use
of reserves applies to perennial or indeterminate plants. For determinate annuals, the
use of reserves for grain filling is not simulated as such, but taken into account overall
when calculating the ircarb variable (index of progressive harvest). The harvested
organs (grains, fruits or tuber) are the only ones characterised in terms of number and
biomass (see § 8).

Yet it is assumed that a limit exists regarding the reserve compartment size, which is
called resplmax;. If this limit is reached, a “sink / source” effect is simulated (Eq. (7.6)).

if (restemp(t) >10- resplmax,- densite{t)] dltams(t] =0 (7.6)

The results of the above calculations are illustrated in the case of wheat and grapevine
in Figure (7.2):

1.00] cmmmmmmmana,

0.75 1

Proportion of organs
o
()
o

0 50 100 150 200 250
Days from emergence

0.25 1

Proportion of organs
o
()
o

0.00 1

0 50 100 150
Days from bud break

Partition == Fruit :--- Leaves - Reserves

Figure 7.2. Proportion of the shoot biomass allocated to leaves, fruits or grains and to the
virtual component of reserves for two different crops: a) wheat, b) grapevine.

7.3.1.2 Nitrogen

Nitrogen uptake and accumulation in the plant is a function of daily nitrogen uptake
and nitrogen fixation by the crop (see § 6). Nitrogen is not found in one specific location
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in the plant and can be defined as reserves or structural nitrogen. The only organs for
which nitrogen partitioning is simulated are harvested organs (grains, fruits, tuber).
For perennial plants, at the beginning of the cropping season, the N reserves can be
initialised at a non-zero value (QNplante0)).

7.3.2 Daily partitioning
7.3.2.1 Non perennial organs

7.3.2.1.1 Biomass

When crop growth starts, the aerial biomass is initialised from an initial leaf area
index, inilai:

lai(t) = inilai,

maf euilverte(t] _ ald

slamax,

-100
matigestruc{t) = tigefeuille - maf euilverte(t)

masecnp{t) =maf euilverte[t) + mati gestruc(t) (7.7)

The daily biomass available for plant growth (dltams and the remobilised biomass
dltaremobil+remobilj) is shared between the different organs following the principles
of i) priority of biomass allocation between the different organs, and ii) confrontation
between supply and demand. It is important to note here that potential leaf and stem
growth can be decrease due to a negative effect of the photoperiod on cell elongation
and division (Eq. (7.8)). For this example, we used the reduction factor photoperiod
index (rfpi) calculated for crop development (see § 3). The negative effect of the photo-
period on potential leaf area index growth occured when the photoperiod decreases.
If the photoperiod is lower than the base photoperiod of the crop (phobase;), then
growth of stems and leaves is null (rfpi=0).

if [phoi(t) < phoi(t - 1]]
del tai[t) = deltal(t] -rfpi
ratioTF = tigefeuille,

if [phoi (t) < phobase P]

rfpi=0

deltai(t] = deltai[t) ‘rfpi

ratioTF = tigefeuille .- r fpi (7.8)

We put forward the hypothesis that biomass is first used where it is produced and so
the priority for biomass allocation is given to the structural part of green leaves (dltafv).
If the daily biomass production (dItams) is insufficient to support the potential growth
of lai(t), then the latter is limited (Eq. (7.9)) to respect the maximum specific leaf area
(slamaxy) of the green leaves.
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ditafi(e) =Smld 10

if (ditap(t)> ditams(t)) ditaf(t)= ditams(t)

. delta(t) ditaf(t)
if (—dsz vk 100> slamaxp] deltaz(t] = slamax, - —g5

maf euilverte(t) =maf euilverte(t - 1) +dltaf v(t]
maf euil(t) =maf euilverte(t) +mafeuil jaune(t] (7.9]

If there is still biomass available after leaf growth, then the growth of the structural
part of stem (dltat) is calculated (Eq. (7.10)).

if (dltafu(e)<ditams(t))

dltat(t) = max(ratioTF - (ma f euil(t) -maf euil(t - 1), O)
if (ditad(t)> (ditams(t) - ditaft))

ditat(t) = ditams(t) - ditaf(t)

matigestruc(t] = matigestruc(t - 1) + dItat(t) (7.10)

Finally, after calculating the biomass actually allocated to the structural parts of the
green leaves (dltafv) and stems (dltat), the biomass surplus is allocated to temporary
reserves (dltares) (Eq. (7.11)).

ditares(t) = ditams(t) - dltaf(t) - ditat(t)
restemp(t] = restemp{t - 1) +del tares(t] (7.1 1)

During leaf senescence (Eq. (7.12)), some of the biomass can be remobilised
(dltaremobsen) to feed the plant’s temporary reserves pool (restemp).

t
dl taremobsen{t) = Z (dltamf(t) . (1 - ratiosen,)- pf euilverte[t))
to

restemp(t] = restemp[t - 1) +dl taremobsen(t) (7.1 2]

Temporary reserves are limited and are accumulated during a growing cycle in living
non-perennial vegetative organs, although they are not precisely partitioned between
stems and leaves (Eq. (7.13)). The plant can remobilise these reserves (§ 7.4).

masecveg(t) = masecnp(t) - magrair(t - 1)

maf euilverte(t)

mafeuld) masecveg(t] (7.1 3)

restempmax(t) = propres =

Figure 7.3 shows an example of biomass partitioning in non-perennial organs (stems
and leaves) for Medicago sativa L.
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Biomass (t DM ha cm-)
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Figure 7.3. Simulation of biomass partitioning in non-perennial organs of Medicago sativa L.

7.3.2.1.2 Nitrogen

Nitrogen is allocated to the aerial non-perennial organs (absoaer) as a function
of their nitrogen demand (see § 6), once the nitrogen demand of perennial organs
(see § 7.3.2.2.2) and roots (see § 7.6.2) is met (Eq. (7.14)).

if (absotot(t) - absoper(t) - absorac(t)] >0)
absoaer(t) = demande(t)

if (absoaer{t) > (absotot(t) - absoper{t) - absorac(t)))
absoaer(t) = absotot[t) - absoper(t] - absorac{t) (7.14)

Prioritising nitrogen allocation between organs allows users to simulate the effect
of root and perennial organs growth on nitrogen availability for the growth of aerial
non-perennial organs. N is allocated to roots and non-perennial organs first, because
N demand of perennial organs is nil at the beginning of a growing cycle (Figure 7.4).
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Allocation of absorbed and fixed nitrogen (kg ha cm™)
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Figure 7.4. Simulation of nitrogen allocation in non-perennial organs, perennial organs and
roots of Medicago sativa L. with the STICS model v10.

Nitrogen allocated

to aerial non-perennial organs is shared among green leaves

(dltaQNfeuille), stems (dltaQNtige) and temporary reserves (dltaQNrestemp)
following the same allocation priorities as biomass as a function of their nitrogen

demand (see § 6) (Eq. (7.15)).
if (demande f v(t)) < (demandestruc(t))
ditaQN f euille(t) =demandef v(t]
dltaQNti ge(t) = demandestruc(t) - demande f v(t]

ditaQN restemp(t] = demandestruc(t] - (d[ taQN f euille(t) +dItaQNti ge(t))

if (demande f v(t)) > [demandestruc(t)]
ditaQN f euille(t) = demandestruc(t)
dltaQNtige(t)=0

ditaQN restemp(t] =0 (7.1 5)

The Figure 7.5 shows an example of N partitioning in non-perennial organs (stems and

leaves) for Medicago sativa L.
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Figure 7.5. Simulation of nitrogen partitioning in non-perennial organs of Medicago sativa L.
with the STICS model v10.

7.3.2.2 Perennial organs

7.3.2.2.1 Biomass

Biomass is allocated between reserves (resperenne) or structural parts of the peren-
nial organs using an allocation coefficient (alloresp) (Eq. (7.16)). The underlying
assumption is that the reserves are first stored in the pre-existing organs and then,
when the perennial organs reach their reserve storage limit, the structural part of the
perennial organs increases and receives new reserves. When developing the model,
we considered that the perennial organs do not operate as sink organs for the biomass
produced (unlike vegetative aerial organs or reproductive organs), but only as passive
receptacles for the biomass surplus produced by the plant.

resperennemax(t) = propresp,,- maperenne(t)
resperenne{t) = resperenne(t) +dltarestemp

if (resperenne(t)> resperennemax(t))
alloresp = propresp,

dltaresper = alloresp - dltarestemp

resperenne{t) = resperenne(t) - dltarestemp + dltaresper (7.1 6)
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7.3.2.2.2 Nitrogen

Nitrogen absorbed or fixed by the plant (absotot) is allocated first to the perennial
organs (absoper; Eq. (7.17)) as a function of their nitrogen demand (see § 6).

absoper{t) = demandep(t]

if (absoper{t) > absotot(t))
absoper{t) = absotot(t)
absotot(t) = absotot(t) - absoper{t] (7.17)
The nitrogen allocated to the perennial organs is shared between the structure and

reserves (dltaresperN) according to the carbohydrate allocation and the parameter
proprespn,; (Eq. (7.18)).

if [dltarespstruc(t] > O] dItaresperN(t] = absoper(t] - proprespn,,
if [dltarespstruc(t] = O] dItaresperN(t] = absoper{t] (7.18)

» 7.4 Remobilisation of reserves

7.4.1 Source/sink ratio

The source/sink ratio corresponds to a comparison between the daily biomass
produced by the crop dltams and the biomass demand by the vegetative or repro-
ductive organs (Eq. (7.19)). Biomass remobilisation occurs if the source/sink ratio is

lower than 1.
ditams(t)

= ot fordd 1Y

sourcepui tsl(t)

The sink strength of vegetative organs fpv is a function of the daily real leaf area index
growth rate deltai and the potential growth rate of vegetative organs depending on
the minimal specific leaf area parameter (slamin;) and the ratio between stems and
leaves (ratioTF) (Eq. (7.20)).

deltai(t)- 10*
fodt)= %
1+ratioTF

(7.20)

The sink strength of reproductive organs fpft is calculated only for indeterminate
crops and is described in § 8. It is important to note here that fpft and fpv are not
exactly the same: fpft refers to potential growth while fpv corresponds to real growth.
By design, this difference puts a priority on fruits and can generate a day-to-day insta-
bility of the variable sourcepuits by the feedback of sourcepuits on fpv via the stress
index splai (see § 4). A second source/sink ratio value (sourcepuits) is calculated to
account for possible reserve remobilisation (Eq. (7.21)). This variable drives trophic
stresses, useful for simulating indeterminate crop competition between vegetative and
reproductive sinks.
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dltams(t] +dl taremobil(t) +remobil ](t)
fore)+ fofle)

Sourcepuit.s{t) = (7.2 1]

7.4.2 Calculation of reserves remobilisation for cumulative biomass
partitioning

7.4.2.1 Biomass

The daily flux of remobilised biomass dltaremobil is obtained by the remobilisation
of reserves in perennial plants. Each day the maximal proportion of the reserves
that can be remobilised is remob, until perennial stocks are exhausted (Eq. (7.22)).
restempO; only represents carbon reserves, and nitrogen reserves can only be
added through initiation of the QNplante0; parameter. These remobilisations
contribute to increasing the source/sink ratio the following day because they are
counted in the variable dltams.

if (sourcepuitsl(t) < 1] and [cumdltaremobil[t) < restempO,)

remob(t) = Upvf(i)pﬂ] - dltams

if (remob(t) <remobres;- restemp(t))
dltaremobil(t) = remob(t]

if (remob(t) >remobres; - restemp(t))

dltaremobil(t) =remobres; restemp(t)

cumdl taremobil[t) = cumdltaremobil(t - 1) + dltaremobil(t] [7.2 2)

Reserves built up during the vegetative cycle (restemp) and reused later contribute to
the the source/sink ratio estimation for indeterminate crops. The maximum quantity
which can be remobilised per day (remobilj) is calculated similarly to dltaremobil
(Eq. (7.22)). If the plant is both perennial and indeterminate, the reserves originating
from the previous cycle are first used (dltaremobil), and when they are exhausted, the
current cycle’s reserves (remobilj) can be used.

7.4.2.2 Nitrogen

The remobilisation rate of initial nitrogen perennial reserves QNplante0, is assumed
to be equal to the crop nitrogen demand, see § 6. The remobilisation stops when initial
reserves are exhausted.

7.4.3 Calculation of reserves remobilisation for daily biomass
partitionning

7.4.3.1 Biomass

Each day, the flux of remobilised raw carbohydrates (dltaremobilbrut) is obtained by
remobilising perennial reserves (Eq. (7.23)), with temporary reserves given priority for
remobilisation.
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if (sourcepuitsl(t] < 1) and (resperenne(t) > 0)

remob(t) = U’”Vfofé’ /o) _ ditams

if [remob(t) <remobres - resperenne(t)] dltaremobilbrut{t) = remob(t)

if [remob(t) >remobres - resperenne(t)]

dltaremobilbrut(t] =remobres; resperenne(t]
if (dltaremobilbrut(t) > resperenne(t]] dltaremobilbrut(t] = resperenne(t]

resperenne(t) = resperenne(t) - dltaremobilbrut(t] (7.2 3]

Some of the carbohydrate reserves are burned through respiration of the perennial
organs during the remobilisation phase (dltaCO2resperenne) (Avice et al., 1996).
Although respiration is taken into account in the model for the production of newly
synthesised biomass via the radiation use efficiency (RUE), the respiration associated
with the remobilisation of C and N reserves stored in perennial organs is not. This
prevents an asymmetry when considering of respiration between the remobilisation
of carbohydrate reserves in spring (for which respiration needs to be modelled) and
carbohydrate storage (for which respiration is integrated into the RUE). The parameter
efremobil, corresponds to the remobilisation efficiency of carbohydrate reserves
and is used to calculate the net flow of remobilised carbohydrate reserves as well as
carbon losses in the form of CO, (Eq. (7.24)).

dl taremobil(t) = efremobil,.d! taremobilbrut(t)
ditaCOZ2resperenne = 0.40[1 - efremobil P).dl taremobilbrut(t) (7.24]

If the remobilisation of the perennial reserves is not sufficient to meet the demand of
the growing vegetative or reproductive organs, the temporary reserves built up during
the vegetative cycle (restemp) can in turn be remobilised (remobilj) (Eq. (7.25)).

dltams(t}dltaremobil(t)].l00
forekfofet)

sourcepui tsz(t) = [

if (sourcepuitsz(t) < 1) and (restemp(t) > 0)
remob(t) = % -dl tams(t) + dltaremobil(t)
if (remob(t] <remobres; - restemp[t)) remobil ](t) = remob(t)

if (remob(t) >remobres; restemp[t))

remobil ](t) =remobres; restemp(t)
if (remobil ](t) > restemp(t)) remobil ](t) = restemp(t)

restemp(t) = restemp(t) - remobil j(t) (7.2 5)
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In perennial plants, the storage of biomass in perennial organs (dltarestemp)
(Eq. (7.26)) is calculated if:

1. The limit for storage of temporary reserves in aerial organs is reached: the biomass
surplus is then allocated to perennial organs;

2. There is senescence of the aerial non-perennial organs: temporary reserves are allo-
cated to perennial organs.

if (restemp[t) > restempmax(t))
dltarestemp = restemp(t) - restempmax(t)
restemp(t] = restempmax(t] (7.26)

7.4.3.2 Nitrogen

The amount of remobilised N (dltaremobilN) is a function of the amount of remo-
bilised carbohydrates (dltaremobilbrut) and the N concentration of source organs
(CNresperenne) (Eq.(7.27)). Nitrogen remobilisation cannot exceed the nitrogen
demand of non perennial organs (see § 6).

QN resperenne{t)
resperenne(t]

CN resperenne(t] =

dl taremobilN(t] =dl taremobilbrut(t).(] N resperenne(t)

if [dltaremobiIN(t] > demandeaer{t)] dltaremobiIN[t) = demandeaer(t) [7.2 7)

During senescence of vegetative organs and when the emission of new leaves is nil
(ilax stage reached), temporary N reserves in the non-perennial organs are remobi-
lised (dltarestempN) to the perennial organs. The ilax stage can be reached for two
reasons:

— The degree days required to reach the stage have been accumulated;

— The photoperiod is shorter than the photoperiod triggering senescence and the
photoperiod is decreasing (when the option ‘effect of photoperiod on senescence’ is
activated).

The amount of remobilised N is a function of the amount of remobilised carbohydrates
(dltarestemp) and N concentration in temporary reserves (CNrestemp) (Eq. (7.28)).

if [nlax >0 and restemp(t) > 0) CNrestemp(t] = %
dl tarestempN(t] =dl tarestemp(t].C N restemp[t))

if [dl tarestempN(t) > QN restemp(t)] dltarestempN(t] =QN restemp(t] [7.2 8)

The partition of the N allocated to the perennial organs between reserves and struc-
ture is a function of remobilised carbohydrate allocation (Eq. (7.29)).
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if (dltarespstruc[t) > 0)

dltaresperN(t] = dltarestempN(t] -proprespn,

if (dltarespstruc(t) = 0)
dltaresperN(t] = dltarestempN(t] (7.29)

» 7.5 Harvested organs

7.5.1 Biomass

The calculation of the number and mass of fruits (indeterminate plants) or grains
(determinate plants) is described in the § 8. The mass corresponding to the enve-
lope is assumed to depend solely upon the number of organs. Regardless, it cannot
exceed the residual biomass (masecveg-mafeuilverte-mafeuiljaune-matigestruc).
The envfruit, parameter corresponds to the proportion of pericarp related to the
maximum weight of the fruit (Eq. (7.30)).

maenfrui t(t] =nbfrui t(t) -envfruit, - pgrainmaxi,, - 1 02 (7.3 0)

If the sea}, parameter is not zero, then this biomass is transformed into an equivalent
leaf surface area, photosynthetically active from the idrp stage to the idebdes stage.

7.5.2 Nitrogen

The amount of nitrogen in harvested organs QNgrain, is an increasing proportion of
the amount of nitrogen in the biomass (see § 8).

» 7.6 Roots

7.6.1 Biomass

The model features two methods of root biomass calculation, depending on the chosen
simulation options. If the user choose the profile type option, the root biomass is calcu-
lated at harvest. It is a proportion (proprac;) of the above ground biomass produced
by the crop (masecnp). The parameter yOmsrac, corresponds to the minimal amount
of root biomass which returns to the soil if above ground biomass is nil (Eq. (7.31)).

msrac(t) = masecnp(t) - proprac, + y0msracp [7.3 1)
If the user chooses the true density option, the root biomass is calculated daily as a
function of total length of fine and coarse roots (rltotf and rltotg respectively) and

their specific root length (longsperacf and longsperacg respectively) (see § 5 for
more detail concerning root system simulation) (Eq. (7.32)).

rltot f(t)
msracj(t) = Tongsperacy * 100

rltoty(t)

msracg(t) = Tongsperacg - 100

msrat{t) =msrac f{t) +msrac, g(t] (7.3 2)
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7.6.2 Nitrogen

Consequently, the model has two methods to calculate root nitrogen content,
depending on the chosen simulation options. If the user chooses the profile type or
true density option, the root nitrogen content is calculated at harvest in function of
root biomass and nitrogen concentration in the vegetative organs (Eq. (7.33)).

QNrac(t] = msrac{t) -CN veget(t) (7.3 3]

Daily nitrogen allocation to roots is calculated by the model if and only if the true
density and root deposition options are activated. In that case, if there is still nitrogen
available after nitrogen allocation to perennial organs, remaining nitrogen is allocated
to the roots (absorac) as a function of their nitrogen demand (see § 6) (Eq. (7.34)).

if (absotot(t] - absoper(t)) >0) absorac(t) = demanderac(t)

if (absoraL{t) > (absotot(t] - absoper{t]]
absorac(t) = absotot(t] - absoper(t) (7.3 4)

» 7.7 Biomass and nitrogen partitioning after cut of forages

7.7.1 A priori calculation or parameterisation of residual biomass,
nitrogen content and LAl after cutting as a function of cutting height

If the option for the dynamic calculation of residual biomass and leaf area index is
not activated, the model can either calculate both these variables from cutting height
or read them in the technical file. Calculation of the residual biomass (msres) from
cutting height (hautcoupe;) is performed using the parameter coefmshaut; to
convert height into biomass, and the parameter hautbase;, which corresponds to the
basal height of the crop (Eq. (7.35)).

msres{t) = coefmshaut, - (hautcoupep - hautbasep) (7.3 5)

The residual leaf area index is calculated with the parameter khaut; to convert crop
height into leaf area, the previously defined parameter hautbase, and the parameter
hautmax,, which corresponds to the maximum height of the crop (Eq. (7.36)).

-1
! Cll(t) = hautcoupe -hautbase, (7'3 6)
khautp ° I (0] 1 - ( hautmaxp ])

The nitrogen content remaining in the residual biomass after harvest depends on the
residual biomass and parameters of the nitrogen dilution curve (Eq. (7.37)).

if (msres(t) < masecNmax P)

ONplantenp(t) = (adil,, - masecNmax,™4) . in - msres(t)
if (msres(t) > masecNmax P)

QN plantenp(t) = (adilp . msres(t)(_bdﬂp}) -inn- msres(t] (7.3 7)
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7.7.2 A posteriori dynamic calculation of residual biomass, nitrogen
content and LAl after cutting as a function of cutting height

The model dynamically simulates the biomass and the amount of nitrogen in peren-
nial organs that will be available for regrowth. For the aerial part, the residual aerial
biomass is determined from the cutting height (hautcoupe) (Eq. (7.35)). The model
calculates the residual green leaf biomass (mafeuilverte) by removing the biomass of
fallen leaves (mafeuiltombefauche), the biomass of dead leaves (mafeuiljaune) and
the biomass remobilised during their senescence (cumdltaremobsen) between two
cuts to the theoretical green leaf biomass remaining after harvest (Eq. (7.38)).

mafeuilver te(t— 1) ]

mafeuilver te(t) =ms res(tl( masecnp(t-1)

- (ma feuiltombef auche(t) +cumdl taremobsen(t) +mafeuil jaune(tD (7.3 8)

Finally, the residual lai(t) is calculated by multiplying the residual green leaf biomass
by the maximum specific leaf area of leaves (slamax;) (Eq. (7.39)).

1 . il
Iaz(t) _ (s amax, n;% j; eui verte(t]) (7.39)

The amount of nitrogen in the aerial part (QNplantenp) is determined using the
amount of residual biomass after cutting (msres) and the N content of the plant prior
to cutting (CNplante) (Eq. (7.40)).

QN plantenp(t) = msres{t}C N, plante{t) (7.40)

» 7.8 N and C inputs to the soil from perennial crops

The turnover of storage organs (rhizomes, taproots, etc.) in perennial crops such as
miscanthus, switchgrass or alfalfa leads to C and N inputs to the soil (code_acti_
reserve,=1). The model assumes that these storage organs have a constant daily
mortality rate (tauxmortresp,), except when the plant is in its winter dormancy
stage. In this case (i.e. when the leaf area index is nil), there is no more mortality of
perennnial organs. Decomposition of organic residues is presented in § 12.

The daily inputs of dead biomass are:

dl tamaperennesen[t) = tauxmortp - maperenne(t] [7.4 1)

The cumulative C inputs related to storage organs mortality (QCperennemort) are
calculated assuming a C content of 440 g kg~ in these organs:

t
QcC perennemort(t) =440 Z 1 dltamaperennesen(t) (7.42)
niev

The cumulative N inputs related to storage organs mortality (QNperennemort) are
calculated using the C/N ratio of these organs (CsurNper):

QNperenne(t)
maperenne[t)

CsurN per(t) =
t

QN, perennemort(t] = Z 1 dltamaperennesen(th surh, per{t) (7.43)
nlev

These C and N inputs are assumed to be homogeneously distributed within the biolo-
gically active soil layer (profhum,).
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Chapter 8

Yield formation

NADINE BRISSON, INAKI GARCIA DE CORTAZAR ATAURI,
FRANCOISE RUGET AND BENJAMIN DUMONT

REVIEWED BY: NICOLAS BEAUDOIN

Yield prediction is a goal of most crop models. Let’s note that this chapter refers to the
‘biological yield, as opposed to the ‘farmer’s yield; the latter being generally affected
by losses of the combine harvester. By definition, yield is the weight and quality of
the harvested organs. These organs can be reproductive organs — either grains (dehy-
drated) or fruits (hydrated) — or vegetative storage organs — either stems (sugarcane)
or roots (tubers). Forage crops, where the total aboveground biomass (leaves, stems
and sometimes grains) is harvested in its entirety, is also considered in the following
sections. The determinate or indeterminate character (as defined within the STICS
model') does not indicate the type of harvested organs. However, by convention, we
will call the harvested organs of determinate species ‘grains’ and the harvested organs
of indeterminate species ‘fruit’

Warren-Wilson (1972) suggested that the plant should be considered as a set of
compartments playing the role of sources and/or sinks for assimilates. This concept
can be applied to carbon, water, nitrogen or any metabolite of interest. However,
hereafter we will use it only for carbon, though it is also thoroughly documented for
nitrogen (Barbottin et al., 2005; Jeuffroy et al., 2000; Sinclair and de Wit, 1976). The
source and sink compartments usually represent organs (e.g. roots, leaves, grains, etc.),
which can change their function during a cycle: ‘source then sink’ for roots and trunks
in perennial plants, or ‘sink then source’ for leaves. Application of this concept to crop
models generates self-regulation of the system between the growth of different types of
organs. It is particularly well-suited to crops with an indeterminate growth habit and
to perennial crops, in which trophic competition exists between growing and storage
organs (Jeuffroy and Warembourg, 1991; Munier-Jolain et al., 1998). Source capacity
includes both newly-formed assimilates and remobilised resources translocated from
vegetative organs. Carbon sink strength, i.e. potential growth rate, is usually repre-
sented by a continuous or discrete function of the physiological age of the organ. The
problems with this approach lie in determining the size of the source capacity and

1. Within STICS, ‘indeterminate’ denotes species for which there is significant trophic competition between
vegetative organs and harvested organs.

149



STICS soil-crop model

remobilised resources, which is difficult to estimate experimentally. Furthermore, it
is often necessary to introduce prioritisation between organs, thus reproducing the
species strategy, and this may be speculative. One alternative is to impose a constant
distribution of assimilates by phenological stage, which is frequently applied in deter-
minate crops (Weir et al., 1984). The source-sink approach is used, for example, by
Ritchie and Otter (1985) or Jones et al. (2003).

A second alternative, proposed by Spaeth and Sinclair (1985), is to extend the notion
of the final harvest index (ratio of grain biomass to total shoot biomass) to the dynamic
accumulation of biomass in grains, understanding that a linear variation of the harvest
index as a function of time could be assumed. This approach has the advantage of
pooling the two sources of assimilates, and it is economical in terms of parameters.
However, it is important to impose a threshold on this harvest index dynamic, in order
to avoid simulating unrealistic remobilisation levels or exceeding the maximum filling
allowed by the number of organs and the maximum weight of an organ. Apart from
cereals, this approach can be used for very different species, such as pea (Lecoeur and
Sinclair, 2001) or grapevine (Bindi et al., 1999).

Both these approaches are implemented in the STICS model: the source/sink
approach for indeterminate crops and the dynamic harvest index for determinate
crops. The number of organs harvested is rarely simulated in crop models and, if
so, is often calculated independently from yield simulation. In the STICS model,
the number of harvested reproductive organs (grains or fruits) is explicitly calcu-
lated before the allocation of biomass to these reproductive organs and will act as a
genetic limitation to yield.

» 8.1 Quantitative yield

8.1.1 For determinate growth plants

In the case of plants with determinate growth, the hypothesis is made that the
number and filling of organs for harvest do not depend on the other organs’ growth
requirements.

The number of grains is fixed during a phase of variable duration (nbjgrain,; in days),
which precedes the onset of filling (idrp ). This number depends on the mean growth
rate of the canopy during this period (vitmoy in gm2d™"), which in turns depends on
dynamics specific to the particular species (Eq. (8.1)).
idrp,r
dltams| j
vitmo y(idrpT) = Wrai(nll)) (8.1)

j=idrp, -nbjgrain +1

The number of grains per m? (nbgrains) is defined at the idrp stage (Eq. (8.2)). It
depends on i) the growth variable (vitmoy in gm2) that integrates the effect of the
prevailing stresses during the period preceding the idrp stage, ii) three species-de-
pendent parameters cgrainvO, (unitless), cgrain, (in g'm?) and nbgrmin,
(in grains nr2) and iii) a genetic-dependent parameter nbgrmax, (in grains nr2). The
last two parameters define the limits of variation of nbgrains.
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nbgrains(idrpT) = [cgrainvOP +cgrain,, - vitmo y[idrpT]] -nbgrmax b

nbgrains{idrpT] =nbgrmax , if nbgrains(idrpT] >nbgrmax,,

(8.2)
nbgrains{idrpT) =nbgrmin,, if nbgrains{idrpT) <nbgrmin,,

nbgrains ies bet nbgrmin
nhgrmax, Varies between Spora
and its variability among species expresses the sensitivity of grain onset to growth

conditions (Figure 8.1).

According to Eq. (8.2), the normalised value and 1

nbgrains / nbgrmax,

1.00 . —
0.75 {
0.50 +
0.25 -
— Maize
----- Pea
——— Rapeseed
- Wheat
0.00 +
0 10 20 30 40
vitmoy (g m2 d-")
Figure 8.1. Proportion of grain number, for the maximum allowed by the variety ( nbgrains )

nbgrmax

a function of growth during the pre-grain filling period. Examples are provided for maize (Psolid
black line: cgrainv0,=0.111, cgrain,=0.050, nbgrmin,=1500 , nbgrmax,,=4500), pea (dash-dotted
black line: cgrainv0,=0.000, cgrain,=0.031, nbgrmin,=447 , nbgrmax,=3500), rapeseed (solid
grey line: cgrainv0,=0.000, cgrain,=0.050, nbgrmin,=50000, nbgrmaxP:SSOOOO) and wheat
(dash-dotted grey line: cgrainvOF:O.OOO, cgrainP=0.036, nbgrminp=6000, nbgrmaxP:BOOOO).

After the idrp stage, the grain number can be reduced in the event of frost (Eq. (8.3)

and § 4.4.4) and the daily proportion of grains affected is (1-fgelflo), whatever their
state of growth. The corresponding weight (pgraingel in gm2) is deducted from the
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grain weight (Eq. (8.6)), using the elementary current grain weight (pgrain in g)
defined in Eq. (8.7).

nbgraingel(¢) = nbgrains(t - 1)- (1 - fgel flo(t))

nbgrains(t) = nbgrains(idrpT) —Z nbgraingel(})

j=idrp, +1

for t> idrpT

pgraingel(t) = Zt pgrain(j - 1)- nbgraingel(;) (8.3)

j=idrp,+1

The quantity of dry matter accumulated in grains is calculated by applying a progres-
sive ‘harvest index’ to the dry weight of the plant. This ircarb index (defined in
Eq. (8.4)) increases linearly with time (vitircarb; in 9yrain gL d™), from the idrp;

day to the imat day and the final harvest index is restricted to the irmax, parameter.
The dynamics of ircarb for various species are depicted in Figure 8.2.

ircarb

0.6

0.4 -

0.2 K

' — Maize

===+ Pea
~—— Rapeseed
=== Wheat

0.0 -

0 20 40 60
days after idrp,
Figure 8.2. Dynamics of the grain to shoot biomass ratio (ircarb), as a function of time since
the stage idrp,. Examples are provided for maize (solid black line: vitircarb,=0.0103 and
irmax, =0.53), pea (dash-dotted black line: vitircarb,=0.022 and irmax,=0.65), rapeseed

(solid grey line: vitircarb,=0.008 and irmax,=0.50) and wheat (dash-dotted grey line:
vitircarb, = 0.0107 and irmax, = 0.55).
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ircarb(t)= vitircarb, - (t —idrp, + 1) (84)

ircarb(t] = irmax, if ircarb(t) >irmaxp

A transposition of the formalism has also been developed to account for thermal time.
Under this formalisation, Eq. (8.4) is adapted: ircarb is computed by taking vitircarbT),
as the input parameter, and the thermal time accumulation between idrp and imat;
as the dynamic variable of time.

Yet these dynamics may not be the actual grain filling dynamics since threshold
translocation temperatures defining the thermal stress ftempremp (tminremp, and
tmaxremp,, see §4.4.4) may stop the carbon filling of harvested organs. Conse-
quently, grain filling (dltags in t ha'l) is calculated at a daily time step, in order to
account for the effect of a potential thermal stress (as defined by Eq. (8.5)).

dlta gs(t + 1) = [ircarb(t + 1] . masec(t + 1] (8 5)

- ircarb(t) - masedt)]- ftemprempl(t)
The daily grain filling is then accumulated within the mafruit (in ¢ ha1) variable, as
defined in Eq. (8.6).The mass of each grain is finally calculated as the ratio of the mass
to the number of grains, although this cannot exceed the genetic pgrainmaxi, limit,
as defined in Eq. (8.7).
¢

mafruit(t]zz dltags[j)—%gem

j=idrp,.
mafruit(t) = pgrainmaxi, - nbgrains(t),
if mafruit(t)> pgrainmaxi,, - nbgrains(t) (s.6)

pgrain(t) = % -100

(8.7)

pgrair{t) = pgrainmaxi , if pgrair’(t) > pgrainmaxi,

8.1.2 For indeterminate growth plants

These species go on growing leaves while producing and growing harvested organs
(fruits) during a period of time. The STICS model thus accounts for a trophic inter-
action between the growth of various groups of organs and among successive cohorts
of harvested organs via the source/sink approach, using the notion of trophic stress
defined in § 4.4.3). Both processes of organ setting and filling are concerned, assuming
that abortion cannot occur during the filling phase.

The simulation technique adopted in the STICS model was inspired from the ‘boxcar-
train’ technique (Goudriaan et al., 1986) that is used in the TOMGRO model (Jones
et al., 1991). During growth, the fruits go through nboite, compartments corre-
sponding to increasing physiological ages. The time fruits spend in a compartment
depends on temperature. In each compartment, fruit growth is equal to the product
of a ‘sink-strength’ function and the source-sink ratio. The fruit sink strength is the
derivative of a logistic function that takes the genetic growth potential of a fruit into
consideration (Bertin and Gary, 1993).
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8.1.2.1 Fruit setting

Fruits are set between the idrps stage and the inous stage (end of setting), defined by
the stdrpnou,; phasic course. If this setting period lasts a long time, then the number
of simultaneous compartments (i.e. fruits of different ages) is high, which indicates
that there must be agreement between the values of stdrpnou; and nboite,.

During this setting period, on each day, the number of set fruits (nfruitnou) (Eq. (8.8))
depends on afruitpot,, a varietal parameter expressed as the potential number of
set fruits per inflorescence and per degree-day; the daily development rate (upvt);
the number of inflorescences per plant (nbinflop); the plant density (densite); the
trophic stress index (spfruit); and the frost stress index acting on fruits from flowering
(fgelflo). Introducing the concept of inflorescence (group of fruits) into the model
is only useful when technical or trophic regulation occurs at the inflorescence level
(e.g. in grapevine). Furthermore, the number of fruit/flowers can also be modified
(reduced) by human interventions (see § 13.2.3.2).

nfrui tnou(t) = afruitpot,- upvt(t] . nbinflop(t]
- densi te(t) -spfrui t(t) - fgelf Io(t)

If the number of inflorescences is more than 1 (e.g. in the case of grapevine, inflores-
cences=bunches), it can either be prescribed (nbinflo}), or calculated (nbinflo_recal)
as a function of the trophic status of the plant at an early stage (we have chosen iamfs).
In the latter case, nbinflo_recal is calculated using the pentinflores; and inflomax,
parameters (see Eq. (8.9)).

pentinflores,

nbinf Io_recal(iam f. s) = Zemsicdiamys) [masec(iam f. s] + resperenneO(iam f. s]]

(8.9)

nbinf Io_recal(iam f s) = inflomax,, if nbinf Io_recal(iam f s) > inflomax,

where resperenne (§ 7.3.1.1.2) is the amount of carbon reserves for perennial species
coming from the previous cycle. Pruning is not accounted for in this calculation.

8.1.2.2 Fruit filling

The time spent by each fruit in a given compartment is dureefruity

nboite,
is the total duration of fruit growth expressed in developmental units. In the last box

(or age class), the fruits no longer grow and the final dry mass of the fruit has been
reached: the fruit is assumed to have reached physiological maturity. A concrete
example is shown in Figure 8.3.

, where dureefruit,

Each day, in each growth compartment (K), the fruit growth (croifruit) depends on
the number of fruits in the K™ compartment (e.g. in the first compartment: nfruit(t, 1))
multiplied by the growth of each fruit, i.e. the elementary fruit sink strength (fpft) , the
trophic stress index (sourcepuits) and the thermal stress index (ftempremp) as given
in Eq. (8.10).

Croifruit(t, K) =nf ruit{t, K) - fpof t[K) . sourcepuits[t) . ftempremp(t] (8.10)

The fruit sink strength function is the derivative of the potential growth of a fruit
(potcroifruit) plotted against the fruit development stage (dfr). There are two succes-
sive phases in fruit growth; the first corresponds to a cell division phase while the
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Figure 8.3. Illustration of the dynamics of fruit cohorts using the boxcartrain simulation
technique. In this example stdrpnoup =130, nboite, = 5, dureefruit, = 300.

second is devoted to expansion of the cells already set. In order to account for this
double dynamic, the fruit potential cumulative growth is defined as the sum of two
functions, as specified in Eq. (8.11) and illustrated in Figure 8.4:
— an exponential-type function describing the cell division phase (using the parame-
ters cfpf}, and dfpf)
— alogistic-type function describing the cell elongation phase (using the parameters
afpf;, and bfpf),)

%‘w = dfpf,-(1- exp( - cfpf - dfr(K)) 11

a
* 1+exp|-bfpf P{dfl’(K)—afprD - 'B

In Eq. (8.11), @ and B are calculated so that the following conditions are respected
(Eq. (8.12)):

{potcroifruit(o] =0 5.12)

potcroifruit(1) = pgrainmaxi b

where pgrainmaxi, is the genetic-dependent maximal weight of the fruit and dfr
stands for the fruit development stage of each age class, varying between 0 and 1; this
value is calculated for each age class (K) in a discrete way (Eq. (8.13)).
K
df(K) = nboite; (8.13)

This double dynamic is particularly interesting for grapevine (Garcia de Cortdzar
Atauri et al., 2009b; 2006). In many other cases (tomato, sugar beet, sugarcane), the
cell division phase is so fast that the logistic function is enough to describe fruit growth
(in this case, one of the parameters cfpf, or dfpf, must be zero).
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potcroifruit (dfr) / pgrainmaxi,

1.00
Cell division

=== Cell expansion

— Potential growth
0.75 #
0.50 4
0.25 4
0.00

0.00 0.25 050 0.75 1.00
dfr
potcroifruit

Figure 8.4. Normalised potential fruit growth (pgrainmaxiP) versus fruit development status
(dfr) with its two components: the exponential dynamic representing cell division and the
logistic-type dynamic representing cell expansion. In this example, we used grapevine values:
afpf,=0.55, bfpf, =18, cfpf, =15 and dfpf,=0.20.

If the potential fruit growth is represented by a simple logistic curve, Figure 8.5 shows
that when varying the parameters afpf, and bfpf,, various dynamics, including linear
dynamic, can be represented.

The daily fruit sink strength function (fpft) is then calculated for each age class,
according to Eq. (8.14), accounting for the duration of fruit growth from setting to
maturity, expressed in developmental units (dureefruit;).

The sensitivity of the model for subdividing fruit growth into discrete units (nboite,,
parameter) also depends on the potcroifruit dynamics, as shown in Figure 8.6. Conse-
quently, three elements must be taken into account to give a value to the parameter
nboite;: the fruit setting duration, the fruit growth dynamics and the location of the
idebdess stage allowing the fruit water dynamics to be initiated.
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bfpf ;o
foft(t, K)= pgrainmaxi, - devjour{t)dfpf o cfpf - EXp[ - cfpf,- dfr(K)) + (l;:)zy ]
Y = exp| - bfpf,-(dfr(K) - afpf ) (8.14)
with .
tcult{t}—tdmlnp

devijour(t) = ~garestrait,

potcroifruit (dfr) / pgrainmaxi,

1.00 { —

--=+ bfpf,=1 and afpf,=0.5

--= bfpf,=9 and afpf,=0.5

— bfpf,=9 and afpf,=0.2

bfpf,=9 and afpf,=0.8
0.75 1
l" ‘0"
l' 0'
0.50 1 e
0.25
0.00
0.00 0.25 0.50 0.75 1.00
dfr
potcroifruit

Figure 8.5. Normalised potential logistic fruit growth (pngmxiP) versus fruit development
status (dfr) with various parameterisations corresponding to afpf » and bfpf, values.
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Figure 8.6. Influence of the discretisation of fruit growth through the number of boxes
(nboite,) in relation to the form of the dynamics: “S” shape in panel a): (afpf,=0.7 and bpf »= 9)
or nearly linear in panel b): (afpf,=0.5 and bpf = 2).

If allocation to fruits (allocfruit variable calculated in Eq.(8.15) exceeds the
allocfrmax, threshold, the sourcepuits variable is reduced in proportion to the
alloc fruit
allocfrmax,
fruits on the plant, known as fruit load, is represented by chargefruit variable. If the

ratio. In the last box, the fruits are ripe and stop growing. The number of

codefrmurg is set to 1, then chargefruit will take into account the fruits in the last
box (ripe); if not, it will only take into account the (N— 1) first boxes.

Zzitep_lcroifruit(t, K)
dltams{t)

allocf ruit(t) = (8.1 5)

8.1.3 The special case of forage crop

8.1.3.1 General considerations

Like all crops, grasslands/pastures establish aerial and underground organs, whether
they are natural and already established or newly sown, and whether they are mono-
culture or multi-specific and composed of grasses or legumes.
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Unlike annual crops, where harvest means the death of the plant, grasslands/pastures
are perennial crops. This means that after harvest of the exploitable yield, the plant will
grow back. Accordingly, there are some specificities regarding the crop (re-)growth
(§ 4) and yield elaboration (discussed in this section).

‘Exploited grasslands’ (agronomically speaking), also called mown grasslands, can be
defined as perennial crops partially harvested by ‘cutting’ operations. Cutting can be
achieved through machinery — here, we mean the actual operation of mowing using
human-made tools — or via animals — i.e. grazing.

It will therefore be necessary to determine what is exported during a cut (i.e. the
harvested part) and what remains in place, which is referred to as the remaining dry
matter or the residual dry matter (see § 7.7).

In its current version, the STICS model is distributed with species of the func-
tional type B, namely tall fescue (Lolium arundinaceum), orchard grass (Dactylis
glomerata) or permanent pasture. The functional type B is defined by Duru, Tallowin
and Cruz (2005) as a group of species with a capture strategy, rather than conserva-
tion, and with a slow organ recycling rate (Cruz et al., 2002). In a broader context,
according to their ‘habitat preference and use-value; type B species are defined as
‘species of fertile environments, that are fairly large in size, have a medium-to-early
phenological development, are suitable to achieve a fairly early and good quality
forage’ (Cruz et al., 2010).

The results presented in the following section are based on the standard parameter
set distributed with the STICS soil-crop model and described in Ruget et al. (2006),
which is itself based on considerations proposed by Diaz and Cabido (1997) to account
for the functional type B species. Other functional types of grassland species could, of
course, be re-parameterised to run the model. Finally, the STICS model has recently
been successfully used to simulate C and N dynamics in alfalfa (Medicago sativa in
Strullu et al., 2020).

The following sections will describe how the decision to cut is taken (§ 8.1.3.2) and how
the biomass is pooled into the different organs to constitute the harvestable/harvested
organs and the residual dry matter (§ 8.1.3.3)

8.1.3.2 Decision to initiate cutting

A cut might be attempted when at least a given date has been reached. However, it is
only undertaken if the dual conditions of minimal quantities to be left on the field and
to be harvested are met.

Regarding the cutting date, two possibilities are offered, depending upon the nature of
the work envisioned:

— If the calendar cutting dates are known, the ‘calendar in days’ option should be
used. Each cutting date is then entered in the model immediately as a day of the year
(julfauche);

— If the user wishes to perform cuts at similar grassland development under variable
pedoclimatic contexts, the cutting dates should be defined at specific phenological
stages (tempfauche), i.e. according to thresholds of cumulated upvt (§ 3.3), which
must be initialised at sowing or reinitialised after the last cut (Duru et al., 1993;
Theau et al., 1998).
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A synthesis of the user-defined options related to forage cutting management is
summarized at § 13.2.4.1. This section also describes a third option to perform cuts,
using an automatic computation option.

Furthermore, the user must define what remains on the ground. This information can
be entered in the model in two ways:

— From the height of the crop that has to remain on the field after cutting, i.e. the
user-defined cutting height hautcoupe ;

— Alternatively, from the values of leaf area index (LAI) and biomass that the user
would want to leave on the field after the cutting. These parameters are known respec-
tively as the residual LAI - variable lairesiduel - and the residual biomass - variable
msresiduel.

If the user enters the height, the residual LAI and biomass will not be read as input
parameters even though they would have been defined. When height is stipulated,
lairesiduel; and msresiduel; are calculated according to Eq. (8.16) and Eq. (8.17),
that specify the relationships and changes in dry matter and LAI as a function of height
(Brougham, 1956; see also § 7.7).

hautcoupe -hautbase,

lairesiduel; = g -Iog(l— T ] (8.16)

msresiduel; = coefmshaut; - (hautcoupeT - hautbasep) (8.17)

In these equations, Khaut; is the extinction coefficient, assumed to be plant-inde-
pendent, connecting LAI to crop height (see § 9.2.1.1), hautbase;, and hautmax; are
plant-dependent parameters defining the lower and upper limits of foliage growth and
coefmshaut; accounts for the relationship between crop biomass and crop height.

Finally, additional conditions have to be met to ensure the cut can actually be
performed:

— The LAI state reached by the crop must be higher than the LAI the user wants to
leave on the field (i.e. lairesiduel);

— Similarly, the actual biomass state reached by the crop must be higher than the
biomass the user wants to leave on the field (i.e. msresiduel;);

— Finally, the harvestable fractions, called msrec_fou (§ 8.1.3.3), must be greater than
a minimum amount that the user is willing to accept to harvest (mscoupeminir).

In the actual model version, mscoupemini; is defined by a unique parameter value
that is specified for all cuts referring to a given management itinerary. Contrarily, the
parameters lairesiduel and msresiduel are defined individually at each cut.

By modulating these criteria, cutting can be postponed until all three criteria
(lairesiduel, msresiduel; and mscoupemini;) are met. These options were
designed to allow adaptation of the management according to seasons or farmers’
decisions, in order to match the harvest with needs.

8.1.3.3 Biomass pools, harvestable and harvested organs

The three biomass pools of interest in this section are the total crop biomass (masec)
the biomass considered as potentially harvestable (mafruit) and the biomass that will
actually be harvested (msrec_fou).

160



Yield formation

The variable masec represents the total aboveground biomass that exists on a given
day. This biomass is the result of different sources (Eq. (8.18)):

— the residual biomass from the previous cut (msresiduel;) that is still photosyn-
thetically active;

— the newly produced biomass since the previous cut that is still photosynthetically
active (masecneo).

— a dead fallen pool, which refers to a fraction of the biomass that might experience
senescence and undergo abscission (mafeuiltombe, see § 7.3.1.1.1).

masec(t) = [msresiduelT[nc) + masecneo] - mafeuiltombe
n (8.18)

= [msresiduelT(nc) + Zi:ncdayﬂdl tams(t)] - mafeuiltombe

where nc is the number that corresponds to the last cut and masecneo is the sum of

the daily increase in biomass (dltams) since the day following the last cut (ncgqy) till

day n.

In the case of forage, the non-senescent potentially harvestable biomass (mafruit,
Eq. (8.19)) will be constituted by the non-senescent aboveground biomass which
offers a use-value, i.e. which is photosynthetically active. The senescent tissues are
considered as having no-value — they serve no purpose and/or will likely be lost during
harvest. They must be removed from the aboveground biomass. In line with the two
fractions comprising masec, the senescent tissues are pooled as follows:

— Senescent or dead pool coming from the residual biomass (msresjaune)

— The (non-fallen) senescent fraction of the newly formed biomass (msneojaune). It
should be noted that msneojaune is assimilated to mafeuiljaune (§ 7.3.1.1.1).

mafruit = masec{t) - [msres jaune + msneo jaune] (8.19]

Finally, the harvested fraction msrec_fou (Eq. (8.20)) will be constituted by the
non-senescent potentially harvestable biomass (mafruit) from which the fraction that
will remain on the field/pasture after the next cut (msresiduel;) must be removed.

msrec_fou = mafruit — msresiduel; (8.2 0)

An additional variable integrating the whole forage produced is also outputted from the
model (masectot). It accounts for all the biomass that has been produced (non-dead
or senescent) and harvested along the cropping season.

Figure 8.7 shows the evolution over a cropping season of the variables related to
forage production, including four cutting events, illustrating the differences between
total aboveground biomass, harvestable and harvested biomass — namely masec,
mafruit and msrec_fou — and showing the year-to-date production (masectot).
Figure 8.7 illustrates how the harvested dry matter (msrec_fou) increases every day,
and might, due to its mathematical construction, become negative when what is
harvestable (mafruit) is lower than what should remain on the ground at the next cut
(msresiduel;). This usually occurs in periods of low productivity when senescence is
active, i.e. mainly during dry summer.
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Figure 8.7. Evolution of biomass pools along a cropping season (Lusignan, France, 1991). In
this example, three cuts are performed.

M 8.2 Yield quality

8.2.1 Water content of organs

For non-harvested organs, the water contents are assumed to be constant. The corre-
sponding parameters are called h2ofeuilverte,, h2ofeuiljaune;, h2otigestruc,
and h2oreserve,; for green leaves, dead leaves, stems and reserves, respectively: they
are expressed in terms of fresh weight (hereafter referred to as ‘FTM’), i.e.in g, .9z%,.
They are used to calculate the fresh weight of each organ: mafraisfeuille (for all green
and yellow leaves), mafraistige (stems) and mafraisres (reserves).

For harvested organs, it is assumed that the water content is constant (h2ofrvert,;)
up to the stage idebdess (§ 3). This stage may occur before physiological maturity.
For indeterminate plants, it does not occur at the same time for all fruit cohorts but
it corresponds to one of the age classes. We shall call this stage ‘onset of fruit water
dynamics; which can be hydration or dehydration and which results from the concom-
itant water and dry matter influx into the fruit or grain. From this stage, we assume
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that there is a ‘programmed’ time course in the water content of fruits, and so this
is expressed using the deshydbase, parameter (in g, 97, d™), which will modify
the fruit water content (teaugrain) day after day from its initial value h2ofrvert,.
For dehydration, deshydbase, is positive; if the programme evolution tends towards
hydration, deshydbase; is negative. Dehydration may be accelerated (or provoked)
by water stress, which is characterised by the difference between the crop and air
temperatures. The proportionality coefficient is called tempdeshydy, (in g, 95, °C h.
In summary, the water content (teaugrain) is the result of Eq. (8.21) where the index K
(for the box number) is of no use for determinate plants. An example is provided for
grapevine in Figure 8.8.

teaugrain(t, K)= h2ofrvert, - deshydbase, - (t - idebdess(K) + 1)

‘ vy (821)
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Figure 8.8. Evolution of the thermal difference (tcult-tair, black points) and the grape
water content (solid grey line) for the 2003 season in Montpellier, France, influenced by the
phenological course (the dynamic started on 26 July).
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8.2.2 Biochemical composition

The quantity of nitrogen in harvested organs, both for determinate and indetermi-
nate species (QNgrain), is an increasing proportion (irazo computed in Eq. (8.22))
of the quantity of nitrogen in the biomass (QNplante): the concept of the harvest
index is extended to nitrogen (Lecoeur and Sinclair, 2001), using the parameter
vitirazo, (see also §6.1.2.2). Obviously, as for carbon, the grain/fruit nitrogen
filling can be affected by thermal stress which requires a daily calculation (dltazo
computed in Eq. (8.23)). The temperature effect on nitrogen grain filling is assumed
to be the same as for carbon. The nitrogen harvest index is assumed to be limited to
a parameter irazomax,, as explained in Eq. (8.22).

irazo(t) = vitirazo, - (t —idrp, + 1)
(8.22)
irazo(t) = irazomax , if irazo(t) > irazomax,

Sugar proportion (g g;;,l)
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Degree—days since idrp,.

Figure 8.9. Evolution of sugar content in relation to fruit development for sugarcane
(vitpropsucrep =0.00030) and sugar beet (vitpropsucre,=0.00035).
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ditazo(t+ 1) = [irazd(t+1)- QNplante(t + 1)
- irazd(t)- QNplante(t))- fremprempl(¢)

To complete the quality components of simulated harvested organs, we propose a
very simple estimate of the sugar and oil contents. From the beginning of fruit/grain
filling until physiological maturity, we assume that there is a gradual increase in the
proportions of these two types of components in the fruit dry matter. This increase
is determined using the vitpropsucre; (Figure 8.9) and vitprophuile, parameters
expressed in g g;}, degreeday-1. The combination of this evolution and the evolution in
the water content in fruits produces contents based on fresh matter, which depends on
the development of each crop.

(8.23)

For indeterminate crops, the calculation is made for each age class separately, and
then combined for all age classes. Finally, for the special case of grapevine, it should be
noted that a new formalism was developed to compute and predict the sugar content,
which will influence the alcohol content, based on the evolution of water content
(Garcia de Cortézar Atauri et al., 2009b).
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Chapter 9

Canopy microclimate

NADINE BRISSON, MARIE LAUNAY AND GAETAN LOUARN

REVIEWED BY: NICOLAS BEAUDOIN AND DIDIER COMBES

» 9.1 Introduction

9.1.1 Context and importance of the microclimate

Biological processes in the crop-soil system directly depend on several physical vari-
ables such as light, temperature and humidity. The physical properties of biological
entities within this system and the way they function also affect the environmental
variables at their immediate boundary. The climate to which the plants and soil are
exposed (i.e. the microclimate) can thus differ substantially from the standard plant
climate as defined for weather forecast (local climate). These changes result from an
exchange of force, momentum, energy, and mass within the boundary layer (Jones,
2013). These exchanges imply two important kinds of coupling: radiative coupling,
where energy is transferred through electromagnetic vibration, and diffusive coupling,
where heat, water vapor, are exchanged.

This chapter examines the modelling principle related to the plant microclimate
in STICS. The relevant variables (i.e. crop temperature, light interception and air
humidity), drive many processes that take place within the plant canopy such as
phasic development, photosynthesis and evapotranspiration. Moreover, they
provide the boundary conditions for the calculation of soil microclimate (see § 10)
and thus influence processes occurring within the soil, such as organic matter
mineralisation (see § 12), and plant germination (see § 3). Microclimate also alters
water balance (see § 11).

Most crop models do not go into detail about microclimate calculation and use the
standard measured weather variables as the driving variables for the model (Brisson
et al., 2006). The calculation of the temperature and air humidity within the canopy
from a daily energy balance is among the original components of STICS, and it allows
users to account for the combined effects of weather and water balance.

The energy balance calculations with a daily time step, although questionable in terms
of physics , have already been carried out as part of an operational estimation of crop
water requirements (Smith ez al., 1998). The daily crop temperature is assumed to be the
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arithmetic mean of the maximum and minimum crop temperatures. Two calculation
methods are proposed (depending on the availability of wind and air humidity input
data): one uses an empirical relationship from Seguin and Itier (1983) and the other
solves the energy balance. Both methods rely on the calculations of the daily sum of

evaporative fluxes and net radiation.

Table 9.1. Available formalism options for calculating microclimate in STICS.

Main process Output variable

Key variable

Option

A=Radiation interception Intercepted
radiation (%)

A.1 Beer's law

A.2 Radiation transfers

B=Energy budget a. Net radiation

Longwave radiation

B.a.1 Brunt's formula

B.a.2 Brutsaert's formula

b. Crop temperature

Daily minimum
and maximum
crop temperature

B.b.1 Empirical approach

B.b.2 Energy balance

C=Evaporative fluxes Crop transpiration,
soil and crop surface

evaporations

Potential
evapotranspiration

C.1 Crop coefficient

Soil evaporation, maximum
plant transpiration, direct
evaporation of water
intercepted by the foliage
or by the mulch, surface
resistances

C.2 Resistance approach
(Shuttleworth-Wallace)

Plant surface evaporation

C.3 Water persistence
on foliage
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9.1.2 Formalism options in STICS

STICS has several options to calculate the microclimate variables. Some of them
are alternatives to be chosen, some are mandatory for given purposes, and others
are options that may be activated or not according to the targeted availability of the

inputs. Table 9.1 summarises the available options.

Hypothesis

‘When is it mandatory

Comment

Homogeneous crop

Canopies in row; intercropping;
when the leaf status variable

is the ground cover instead

of the leaf area

Options A.1 and A.2 are
alternatives (one or the
other must be activated)

Simplest option: depends on the crop
temperature, the insolation fraction
and the vapour pressure

More precise: illustrates clearly the soil
and atmospheric components

Options B.a.1 and B.a.2
are alternatives

Daily minimum crop temperature
=daily minimum air temperature
Daily maximum crop temperature
=linear function (net radiation, daily
maximum air temperature, daily
evapotranspiration, canopy height
and surface rugosity)

When neither wind speed nor
air humidity data are available

Options B.b.1 and B.b.2
are alternatives

Daily maximum and minimum
temperatures are calculated from two
instantaneous energy balances assuming
that all fluxes are maximal and minimal
at the same time: (i) maximum values
of crop temperature, air temperature,
net radiation, soil heat, evapotranspiration
and aerodynamic resistance occur

at midday, while (ii) minimum values

of the same variables occur at the end
of the night

Brutsaert's formula

is used to calculate the
long wave radiation
component of the

two energy balances;
the Shuttleworth-
Wallace approach

is used to calculate the
aerodynamic resistance
between the cover and
the reference level

Homogenous canopy with leaves being
randomly distributed

(i) Canopies in rows; heterogenous
crop (such as intercrop);

(ii) Climate change studies

(this option allows users to
illustrate the CO2 concentration
effect on the stomatal
conductance)

When evaporation of intercepted
water (rainfall, irrigation) mostly
offsets (even exactly) for the
decrease in evaporative demand

Options C.1 and C.2

are alternatives;

Option C.3 is additive
(may be activated or not)
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STICS has two options with regard to radiation interception: a simple Beer’s law, recom-
mended for homogenous crops, and a more complex calculation for radiation transfers
within the canopy, recommended for crops in rows. If the leaf status variable is the ground
cover and not the leaf area index (LAI), then only the Beer’s law option is permitted. The
longwave radiation component of the net radiation may be calculated according to the
Brunt’s formula or the Brutsaert’s formula; the latter formula clearly illustrates the soil
and atmospheric components of the longwave radiation. Two calculation methods are
proposed for crop temperature, depending on weather data availability: users may choose
either an empirical approach or the energy balance. Finally, evaporative fluxes can be
assessed using the simple crop coeflicient approach, the potential evapotranspiration as
the driving variable to calculate the plant water requirement, or the resistance approach
using empirical resistance parameters to estimate the energy budget of canopies.

9.1.3 Linking with other modules

The upstream microclimate module provides key variables for other modules in
the model. The intercepted radiation, the canopy temperature and moisture, the
evaporative fluxes and the stomatal conductance are calculated here, allowing users
to simulate both crop development and growth as well as the water balance. The inter-
cepted radiation determines the photosynthesis outcome and thus the crop growth
(see § 4). As soon as the canopy temperature is activated as a driver (instead of the
air or soil temperature), it drives leaf and root growth (see § 4 and 5), while becoming
a limiting factor when reaching extreme values, especially for the filling of grain,
fruit or other storage organs (see § 8). When the resistance approach is activated, the
evaporative fluxes (soil evaporation, direct evaporation of water intercepted by the
foliage or mulch, and maximum plant transpiration) and the stomatal conductance
control the water balance (see § 11). Finally, when coupling STICS with models running
at an hourly time scale, crop temperature and canopy moisture may be provided at the
same time step, thanks to the microclimate module skills.

» 9.2 Radiation interception

9.2.1 Sole crop

Since most crop models are designed for industrial crops, the canopy is assumed to be
a homogenous environment with leaves being randomly distributed over the area. A
consequence of this random, homogeneous representation is that an optical analogy
(Beer’s law) can be used to estimate the interception of photosynthetically active
radiation. This law, having only one parameter (the extinction coefficient), has been
thoroughly studied for many crops (Varlet-Grancher et al., 1989): the more erect the
plant leaves, the smaller the extinction coefficient.

This approach produces very good results for homogenous crops, but is poorly suited
to canopies in rows or during the first stages of an annual crop because the homoge-
neity hypothesis cannot apply. Consequently, the STICS model, like CROPGRO (Boote
and Pickering, 1994) can simulate canopies in rows, with prediction of light intercep-
tion dependent not only on LAI, but also on plant height and width, row spacing, plant
spacing, and direct and diffuse light absorption (radiative transfer approach). Such
capabilities are also required to simulate intercropping (see 9.3.4).
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9.2.1.1 Beer’s law and calculation of height

The radiation intercepted by the crop raint (Eq. (9.1)) is expressed according to a Beer’s

law function of lai. The extin, parameter is a daily extinction coefficient and parsurrgg

is a climatic parameter corresponding to the ratio (in radiative energy) of photosyntheti-

cally active radiation to the global radiation trg (around 0.48, Varlet-Grancher et al.,

1982). The ratio raint to trg for different homogeneous crops is plotted in Figure 9.1.
Using explicit lai :

raint(t] =0.95: parsurrg " trg(t] . [1 - exp( - extinp - (Iaz(t] + eal(t))))

Using ground cover tauxcouv[t) :
raint(t] =0.95- parsurrg_.- trg(t] . tauxcouv(t] (9.1)

raint/trg
0.5+
J——
WQ_,‘«-‘"Q& ________
0.4 T T e
0.3 / o
0.2 /
/)
/ '," — Maize extin, = 0.7
0.1+ - — Sunflower extin, = 0.9
S - Wheat extin, = 0.5
0.0 T T T T . ,
0 1 2 3 4 5 6

lai (M2 m?)
Figure 9.1. Proportion of global radiation (raint/trg) intercepted for maize, sunflower and
wheat (extin, values of 0.7, 0.9 and 0.5, respectively).

The height of homogeneous crops is deduced from the leaf area index or the ground
cover (Eq. (9.2)). It is used especially in the calculation module for water requirements
via the resistive option. The khaut parameter is assumed to be plant independent (a
general value of 0.7 is proposed), while the potential height of foliage growth (hauteur)
is mostly plant dependent and defined by the two limits hautbase, and hautmax,.

Using explicit lai :

hauteur{t) = hautmax;, - [1 - exp( - khaut, - (Ial(t] + Iaisen(t)])] +hautbase,

Using ground cover tauxcouv(t):

hauteur{t) = hautmax; - tauxcouv(t] +hautbase, (9.2]
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9.2.1.2 Radiative transfers and plant shape

Calculating the radiation transfer enables users to estimate the radiation intercepted by
a crop in rows, and a simple approach takes the crop’s geometry into account. The objec-
tive is to estimate, on a daily time step, the fraction of radiation intercepted by the crop
and the fraction transmitted to the layer below, which can be either the soil or another
crop (e.g. in intercropping). To calculate these two fractions, the soil surface is divided
into a shaded part and a sunlit part. By convention, the shaded part corresponds to the
vertical projection of the crop foliage onto the soil surface. The available daily variables
are the leaf area index (lai), calculated independently, and the global radiation (trg).

9.2.1.2.1 Radiation transfers

The simplest method of calculating the radiation received at a given point X (located
on the soil in the inter-row, see Figure 9.2) is to calculate angles H1 and H2, which
correspond to the critical angles between which point X receives direct radiation. At
angles below H1 and above H2, point X receives an amount of radiation that is less
than the radiation value due to absorption by the crop. Within those angle windows,
Beer’s law is used to estimate the fraction of transmitted radiation.

It is assumed that a canopy can be represented by a simple geometric shape (rectangle
or triangle) and that it is isotropically infinite. We can therefore describe the daily
radiation received at point X as the sum of the radiation not intercepted by the crop
(rdroit) (sun at an angle between H1 and H2) and the radiation transmitted (rtransmis).
The ‘infinite canopy’ hypothesis allows us to assume that when the sun is at an angle
below H1 and H2, all the radiation passes through the crop.

O
©

Largeur
A H2
E
Y
A
hautbase, H1
A X

interrang,

Figure 9.2. Simplified representation of the plant canopy and the principles used to calculate
daily radiation received by the inter-row (interrang,.): hautbasep is the base height of the canopy,
E its thickness, largeur its width, X is any point located in the inter-row and H1 and H2 are the
two sun height angles corresponding to the daily positions 1 and 2 of the sun between which X
is directly illuminated (adapted from Brisson et al., 2004).

Each part of the radiation received at X includes a direct component and a diffuse

component. Let us assume that, for the transmitted part, the same extinction coefficient
(ktrouy,) applies to both fractions (which is generally accepted to be the case when the
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general Beer’s law is used with a daily time scale). In Eq. (9.3), the parameter ktrou,
corresponds to a gap fraction (Baret et al., 1993).

rtransmis(t, X) = (1 - rdroit(t, X)) exp( - ktrou, - (lai(t)+ea(t)))  (9.3)

In contrast, for rdroit (Eq. (9.4)), direct and diffuse components should be separated
because of the directional nature of the direct component, which requires the calcu-
lation of separate proportions of radiation reaching the soil (kgdiffus and kgdirect are
the proportions of diffuse radiation, rdiffus, and direct radiation, rdirect, respectively,
that reach the soil):

rdroit(¢, X) = kadiffus(¢, X)- rdiffus(¢)+ kgdirect(t, X)- rdirect(t) ~ (9.4)

— The case of direct components

If 6, and 6, are the hourly angles (the actual angles that are zero at 12h TSV) corre-
sponding to H1 and H2, and assuming sinusoidal variation in the direct radiation
during the day, we can write (Eq. (9.5)):

kadirect(t, )= 0.5cos{Z +6,(t, X))+ col T + 04t X)) (9.5)
In order to calculate the 6 angles, we must solve the following set of equations
(Eq. (9.6)):
si(H) = sin(latitudec) -si DEC)+ cos[latitudec] - cos(DEC)- cos(6)

o 5( A) _ (—cos{latitudec)sin(DEC};S)I‘Sr[I[I-IIz)ntitudeC}cos(DEC}cos[e])

tan(H)=G- sin{A + orientrangT) (9.6)

where H is the height of the sun, A its azimuth, latitude is the latitude of the loca-
tion, DEC the declination angle which depends on the day (Varlet-Grancher et al.,
1993), and orientrang is the azimuth angle of the rows. G, the apparent tangent of
H in Figure 9.2, depends on canopy geometry (largeur, E and hautbase; defined in
Figure 9.2) and the position of the given point within the inter-row (X).

hautbase,+E

largeur
2

For example, assuming X > and the angle H,, G=

largeur

X- 2

The borderline between sun (surf(as)) and shade (surf(ao)) is arbitrarily considered as
largeur/2. The above set of equations cannot be solved using analytical methods, and
must therefore be solved numerically (loop over @ with a basic variation of 3 degrees
followed by linear interpolation).

— The case of diffuse components

We take 46 directions (azimuth, height) and their corresponding percentage of diffuse
radiation (SOC standard). For each direction, point X is checked to see if it is directly
illuminated, depending on canopy geometry. The variable kgdiffus corresponds to the
cumulative proportion of radiation received at point X for the 46 directions.

The diffuse to total radiation ratio (rdif ; Eq. (9.7)) is calculated according to Spitters
et al. (1986) on the basis of the total to extraterrestrial radiation ratio (RsRso), with
the extraterrestrial radiation being calculated from the classical astronomical formula
(Varlet-Grancher et al., 1993) represented in Figure 9.3.
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if RsRso(t)<0.07 rdif(t)=1

if RsRso(t)=0.07 rdiflt)
if RsRso(t)>0.35 rdif(t)

1-2.3-(RsRso(t) - 0.07)°

1.33-1.46-RsRso(t)

if RsRso(t)>0.75 rdif(t)=023 (9.7)
rdif
1.2 4
1.0 4
0.8
0.6 1

0.4 A

0.2 A

0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2
RsRso

Figure 9.3. Relationship between the diffuse to total radiation ratio (rdif) and the total to

extraterrestrial radiation ratio (RsRso).

The above equations are applied to points spread equally along the inter-row, and
the transmitted radiation values are then averaged for the shaded fraction (rombre)
and the sunlit fraction (rsoleil). The complementary part to the global radiation
corresponds to the radiation intercepted by the crop (raint ; Eq. (9.8)).

raint(t) = parsurrg,.- trg(t) ‘(1- rombre(t) . Surf(aOXt)
- rsoleil(t)- surf(as)¢))  (9.8)

9.2.1.2.2 Crop geometry

The largeur and E values are calculated using the following assumptions:

— The volume of the crown (or the group of crop leaves) has a simple shape. We assume
that its cross section is rectangular or triangular (parameter forme; as a code).

This volume can be evaluated on the basis of lai, the inter-row value (interrangy),
the leaf density (dfol), and the rapforme, ratio (thickness/width: E /largeur) of the
shape. The dfol value is a ‘within the shape’ leaf density, which differs from the classical
definition of leaf density as a ratio of leaf surface to 1 m? of air. The dfol value can vary
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between two limits (dfolbas;, and dfolhaut,;). It depends on the foliage produced FP,
which accounts for lai, eai, laisen and leaves suppressed by specific techniques such
as topping (lairognecum) or leaf removal (laieffeuil;) (Eq. (9.9); see § 13.2.3) and the
slope adfol,. If we assume a constant foliage density, then dfolbas, = dfolhaut,.

FP(t] = Ial(t) + eat(t) + Iairognecum(t) +laief f cum(t) + Iaisen(t)
if adfol,>0 dfol(t)=adfol,- FP(t)
if adfol,<0 dfol(t)=adfol,- FP(t)+ dfolbas, + dfolhaut,
if dfol(t)<dfolbas, dfol(t)=dfolbas,
if dfol(t)=dfolhaut, dfol(t)=dfolhaut, (9.9)
— This formalisation of leaf density makes it possible to represent both foliage getting

denser while growing (e.g. grapevine) or conversely becoming less dense while growing
(e.g. cereals, Figure 9.4).

dfol (m? m3)
12 4

10 +

2 1 — Grapevine: adfol, = 7, dfolbas,, = 5, dfolhaut, = 10
— Barley: adfol, = -2, dfolbas,, = 4, dfolhaut, = 6

0 1 2 3 4
FP (m? m?)

Figure 9.4. Leaf density (dfol) evolution for grapevine and barley according to the cumulative
foliage produced (FP), as two opposite examples.

— 'The plant canopy width largeur is calculated according to its rectangular or trian-
gular shape (Eq. (9.10)).

Im(t}interrang
Iargeur{t] = #merm‘:’, for the rectangle
lai(t}interrang .
Iargeur{t] = \PWI“‘"“‘:P and for the triangle [9.10)
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— Two types of triangles can be chosen: ‘right way up’ or ‘upside down’ The more
appropriate shape for radiative transfer is the ‘right way-up’ triangle (Brisson et al.,
2004) because this shape suggests that the low leaf density (in the classical sense of
leaf area per m3) measured in the upper parts allows more radiation to be transmitted
than in the lower parts where the leaf density is higher. With our simple model based
on a constant leaf density within the shape, this can be accounted for only by a triangle.
Thus the shape required as a parameter in the model is more closely linked to the leaf
density profile than to the external shape of the plant foliage.

A maximum limit, hautmax; , is imposed on the plant height value (hautbase; +E).
Thereby, inthefirststage, theshape ofthe plantevolvesisotropically. Oncethe hautmax,
value is reached, the only way in which the shape can evolve is in terms of width.
Height and width can also be limited by topping.

9.2.2 Intercrop

In intercropping systems (see 2.2.3 for more information on the conceptual frame-
work), the objective is to estimate, on a daily time step, the part of the radiation
intercepted by the dominant crop and the part transmitted to both components
of the understorey crop: the shaded (rombre) and the sunlit (rsoleil). To solve this
problem, STICS uses the most complex method for radiation transfers within the
canopy (see details in § 9.2.1.2). While the basic level of calculation for sole crops is
the soil, for intercropping, it is the top of the understorey canopy. On a daily time
step, the shaded part of the understorey canopy corresponds to the vertical projec-
tion of the dominant foliage at the soil surface. The elementary pixel for calculation
consists of the largeur/2 part of the dominant crop (see § 9.2.1.2.2 and Figure 9.2),
the shaded surface of the understorey crop (surf(ao)) and the sunlit surface of the
understorey crop (surf(as)) (Figure 9.5).

9.2.2.1 Radiation intercepted by both crops

The radiation intercepted by the dominant crop and its complementary part trans-
mitted to the understorey canopy must be calculated using the radiation transfer
formalisms, using the series of equations and crop geometry given in §9.2.1.2.
Those equations lead to the simple calculations of rombre and rsoleil, assuming a
discretisation of the inter-row distance of 20 points.

Thus, for 20 points spread equally along the inter-row, XSH points are on the shaded
part of the understorey crop, and rombre (Eq. (9.11)) is the average value for those
XSH points of the transmitted radiation (which is the sum of the radiation not inter-
cepted by the dominant crop (rdroit), and the transmitted radiation through the
dominant crop (rtransmis), while rsoleil is the complementary value for the 20 - XSH
points (Eq. (9.11); see Eq. (9.4) and Eq. (9.3) for rdroit and rtransmis calculations).

XSH
rombre(t) = X%H . Zx—1 (rdroi t(t, X ) + rtransmis(t, X ))
and

20-XSH
rsoleil(t) = ﬁz ) (rdroit(t, X ) + rtransmis(t, XD (9.11)
x

176



Canopy microclimate
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Figure 9.5. Simplified representation of an elementary pixel of the system. largeur/2 represents
the half-width of the dominant crop part, SURFAO represents the shaded surface of the
understorey crop part, and SURFAS represents the sunlit surface of the understorey crop part
of this elementary pixel.

The proportion of income radiation intercepted by the dominant (faparp) and the
understorey crop (fapar) can then be easily obtained from Eq. (9.11) coupled to
Eq. (9.1) (Beer’s law analogue applied to the understorey crop) (Eq. (9.12)).

f aparD(t) 1- rombre(t) -sur f(aoXt) + rsoleil(t) - sur f1 (asIt)

and

fapar l,(t)

raintu(t,AO}sur f(aoxt)-l-raintu(t,AS}sur f(asIt]
parsurrg C-trg(t)

(9.12)

The fapar of both crops greatly depends on their respective heights, which not only
depend on the plant characteristics but also on the growth conditions as demonstrated
in Figure 9.6.

9.2.2.2 (Inter)crop geometry

When both canopies (dominant and understorey) are vertically mixed, the sole upper
part of the dominant crop, located above the understorey crop, is accounted for in the
radiative transfer calculations. Accordingly, an efficient shape is defined for the domi-
nant crop; in the case of the ‘upside down’ triangle, the efficient shape is trapezoidal
but it is assumed to be rectangular to simplify the geometrical calculations.

To allow inversion of dominancy of both crops, the intercrop plant status (dominant
or understorey) is based on the respective plant heights, which can change several
times throughout the growing cycle as a function of growth rates of each crop.
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fapar Height (m)
1.00 a)
F1.5
0.75 4
0.50 1 [ 10
0.25 1 0.5
0.001__: r—— . . 0.0
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Julian day
fapar Height (m)
1.00 4
b)
F1.5
0.75
0.50 - 10
0.25 [ 0.5
0.00{ = z 0.0
75 100 125 150 175 200
Julian day
— Barley fapar --- Barley height — Peafapar =--- Pea height

Figure 9.6. Comparison of pea-barley intercrops in Denmark a) and France b) in terms of
respective crop heights (hauteur) and proportion of intercepted radiation (fapar).

» 9.3 Energy budget and crop temperature

9.3.1 Calculation of net radiation

Net radiation (Eq. (9.13)) takes into account both the surface albedo (albedolai)
applied to solar radiation (trg), and long wave radiation (Rglo).

rnet(t) = (1 - albedolai(t)) . trg(t) + Rglo(t] (9.1 3)

9.3.1.1 Albedo

The surface albedo (albedolai; Eq.(9.14)) varies between the soil value (albsol) and the
vegetation value (albveg.) which is equal to 0.23 (Ritchie, 1985).

albedolai(t) = albveg,_ - (albveg, - albsol(t))- d-07stald)  (9.14)

The soil albedo (albsol) varies as a function of soil type (albedog of dry soil),
moisture in the surface layer (Figure 9.7), and the presence of any plastic or plant
cover (see § 11.4.7). It decreases linearly with the water content of the surface layer
(hur (1)) according to a relationship established from experimental results obtained
for different types of soil (hucc (1) and humin (1) being the water content at field
capacity and wilting point, respectively). The albedo of the plastic or plant cover
(albedomulchplastique and albedomulchresidus , respectively), is taken into
account, as well as the proportion of soil cover (parameter couvermulchplastique
for a plastic cover, and variable couvermulch(t) for a plant cover).
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hur (¢,1)-humin(1) ) )

albsol(t) =albedos-(1- 0517+ 7= Ty

(1 - couvermulch(t)) +albedomulch - couvermulch(t)
and

hur(t, 1) > humin(l] — hur(t, 1): humin(l)
hur(t, 1) < hucc[l] — hur(t, 1)= hucc[l] (9.15]

albsol
0.3 A
\ — Dark and loose

\\ —— Dark and compacted

\ --- Clear and compacted
0.2 |
0.1 A
0.0 -

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Water content of the surface layer (m® m-3)

Figure 9.7. Variation in a loam-sandy soil albedo based on its surface characteristics: water
content, colour (dry albedo of 0.18 for a dark soil or 0.28 for a light soil) and bulk density
(1.2 for a loose soil or 1.5 for a compacted soil).

9.3.1.2 Long wave radiation

Two formulas are proposed to calculate long wave radiation (Rglo in MJ m~2) based
on crop temperature (tcult in °C), the insolation fraction (fracinsol) and the vapour
pressure (tpm in mbars). Brunt’s formula (Brunt, 2007), given in Eq. (9.16), is used in
many applications such as in Penman’s potential evapotranspiration formula (Penman,
1948), while Brutsaert’s formula (Brutsaert, 1982), given in Eq. (9.17), is considered to
be more precise (Guyot, 1997). The latter clearly illustrates the soil (Rsol) and atmos-
pheric (Ratm) components of Rglo using the Stefan-Boltzman law and the emissivity
of the atmosphere (emissa).

Rglo(t) = -49¢9- (tcult(t) + 273.16]4 . (0.1 +0.9- fracinsol(t))
(056-0.08-\tprdt))  (9.16)
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Rglo{t)= Ratmit)- Rsol(t)=5.67-10®-(tculd(t)+ 273.15)"
-(1- emissd(t))- 3600-24- 107
and

emissa(t) = E abrut[t] + [1 -f racinsol(t))
(1~ Eabrug(t)) (1 -4 tcult(ti1273.15]

and
1

7

Eabrut(t)= 1.24- (%) (9.17)

The insolation fraction is estimated using Angstrom’s formula (Eq. (9.18)), the parame-

ters of which are aangst. = 0.18 and bangst. = 0.62. Extraterrestrial radiation (RGEX)

is calculated using standard astronomic formulae (Grebet, 1993). If the vapour pressure

is not available, it is estimated as the saturated vapour pressure at the temperature
TDEW =tmin -corecTrosee.

tro(t)
— () —aangst
f racinsol(t] = %gstcc (9.1 8)

The saturated vapour pressure/temperature function (TVAR: Eq. (9.19)) is represented in
Figure 9.8 (see also Figure 9.9). The order of magnitude of the parameter corecTrosee .
is of a few degrees, from 0 for the wettest locations to 3°C for the driest ones.

,(0.0174532393. TDEW])8-827 [

TVARTDEW)=6.1070-(1+2 -si 9.19)

Saturating vapour pressure (mbars)

30 4

25 4

20 vapour

TDEW !

0 5 10 15 20 25
Temperature (°C)
Figure 9.8. Variation in the saturated vapour pressure as a function of temperature according
to Alt (1978) referred to by Guyot (1997). The water status in the air is vapour represented by
the point and the temperature corresponding to the same pressure on the curve is the dew
temperature (TDEW).
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Saturating vapour pressure at tmin (mbars)

30

25 4

204
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Daily vapor pressure (mbars)

Figure 9.9. Visual evaluation of the estimate of the actual vapour pressure using the hypothesis
TDEW=tmin in Avignon, France.

In both calculations, wich are compared in Figure 9.10, the crop temperature is
subjected to an iterative convergence procedure (explained in § 9.3.2), meaning that
these calculations need to be performed several times in succession.

rnet Brunt (MJ m)

20 {

154

10 4

_5_

-5 0 5 10 15 20
rnet Brutsaert (MJ m2)

Figure 9.10. Comparison of Brunt’s and Brutsaert’s formulae for the calculation of net
radiation in Avignon, France.
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9.3.2 Calculation of crop temperature

The tcult value is assumed to be the arithmetic mean of the maximum crop tempera-
ture (tcultmax) and the minimum crop temperature (tcultmin).

9.3.2.1 Empirical approach

This method must be used when neither wind speed nor air humidity data are available.
It is based on a relationship between midday surface temperature and daily evapora-
tion (Seguin and Itier, 1983), and allows users to calculate tcultmax (Eq. (9.20)) taking
in account the parameterisation from Riou et al. (1988).

rret(t)

tcultmax (t) = tmax (t) + (Wi#

n[—=
zO(t]

zO(t) =0.13-hauteur(t]
and
20(¢) <001 —> 20(¢)=0.01  (9.20)

where rnet is the net daily radiation in MJ m2, et is the daily evapotranspiration in
mm, and hauteur is the canopy height (see § 9.2.1.1). The tcultmax value cannot be
lower than tmax. In this approach, we assume that tcultmin =tmin.

Crop temperature from empirical relationship (°C)
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Figure 9.11. Comparison between the empirical relationship and the energy balance for the
calculation of crop temperature for two different surfaces (bare soil and a sunflower crop) in
Avignon, France, using two bare soil roughness factors z0solnug: a) 1 mm and b) 5 mm).
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9.3.2.2 Energy balance

Two instantaneous energy balances are calculated to estimate tcultmax and tcultmin,
which are assumed to occur at midday and at the end of the night, respectively.

tcultmax(t) = tmax(t) + metmax(t)—glr;gg(t}etmax(t) . raamax(t)
tcultmin(t) = tmin(t) + '""“’“""'{t}“j%'ét}“’""”m . raamin(t] (9.2 1)

Eq. (9.21) shows the minimum and maximum values of the various fluxes: net radia-
tion (rnetmin and rnetmax), soil heat (gmin and gmax) and evapotranspiration (ETMIN
and etmax), as well as the minimum and maximum values of the aerodynamic resist-
ance (raamin and raamax).

To calculate long wave radiation, i) atmospheric radiation is assumed to remain constant
throughout the day and is estimated using Brutsaert’s formula (Eq. (9.17)), and ii) surface
radiation is calculated using tcultmax and tcultmin, requiring the iterative convergence
procedure. At the end of the night, ETMIN and rgmin are zero, while rgmax and etmax
are estimated assuming sinusoidal changes during the day. The gmin value is calculated
as an empirical function of the wind speed under the cover (Cellier et al., 1996). The
gmax value is assumed to be 25 % of the maximum net radiation below the cover. In
addition to the canopy height (hauteur) and the bare soil roughness (zOsolnuy), the
calculation of raamax and raamin requires wind speed values (see § 11.3.2): the night-
time wind speed is assumed to be equal to 50 % of the daily mean wind speed, and the
daytime wind speed is assumed to be 150 % of the daily mean wind speed.

Figure 9.11 shows the impact of surface type and soil roughness on the temperature
calculation: the rougher the soil, the greater the soil evaporation. Meanwhile, Figure 9.12
shows that the energy balance method, for the minimum temperature, produces results
which are identical to the driving hypothesis of the empirical method (tcultmin =tmin).

tcultmin (°C)

25 4

20

15 4

104

® Bare soil
@ Sunflower

0 5 10 15 20 25
tmin (°C)
Figure 9.12. Evaluation of the assumption tcultmin=tmin by running the energy balance in
Avignon, France.
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9.3.2.3 Iterative calculation of tcult

We have seen that tcult is involved in the calculation of net radiation, which in turn
is used to calculate energy balances. We introduced an iterative calculation process
based on a difference of 0.5°C between two iterations. In the option using the refer-
ence evapotranspiration as an input, the iterative process is only used to calculate net
radiation, while in the option using Shuttleworth-Wallace the iteration also concerns
estimates of water requirements (Figure 9.13).

a) et
teult, = tmoy

Y

> rnet, = f(tcult)

N

tcult, , = f(met, et)
t=1t+1 difftcult = tcult, -tcult,

no

A,
| |difftcult}<0.5 or t = 5

1 yes

tcult

)

rnet, = f(tcult)

Y

v

esol=f(rnet) and eop, = f(rnet,)
t=1t+1 et = eop,.swfac, + esol,
no tcult, , = f(met, et)

difftcult = tcult, -tcult,

| !

| |difftoulti<05 ort=5 |

yes

ep = f(eop)

tcult = f(rnet, esol+ep)

Figure 9.13. Diagrams representing the iteration loop of tcult calculations implementaing a test
on the value of difftcult for each option: a) reference evapotranspiration and b) Shuttleworth
and Wallace. difftcult is the variation of tcult between two successive days, eop is the maximum
plant transpiration, EP the actual plant transpiration, SWFAC the EP/eop ratio from the
previous day, and esol the actual soil evaporation.
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9.3.3 Calculating the energy budget using the resistance approach

The calculations are based on the resistance scheme shown in Figure 9.14 and involving
four flows: i) soil evaporation (esol), ii) maximum plant transpiration (eop), iii) direct
evaporation of water intercepted by the foliage (Emd) or mulch (emulch), and iv) two
types of resistance: resistance to diffusion between the canopy and soil (ras) and the
cover and reference level (raa), and the surface resistance of canopy (rc) and canopy
boundary layer (rac). All the fluxes are actual ones except the plant transpiration flux,
which is the maximum one (whether or not it is actual).

Each flux is calculated using the same type of formula as for the potential soil evapora-
tion (Eq. (11.3), see § 11.2.1), resulting in Eq. (9.22), (9.23) and (9.24).

Meteorological reference level

dsat
Maximum transpiration
(eop) Direct leaf evaporation
raa
dos
ras

Vegetal muich
evaporation
(emulch)

Soil evaporation

(esol) Soil resistance accounting
for in the soil evaporation
calculation

Figure 9.14. Drawing of the resistance scheme applied to the soil crop system (adapted from
Brisson et al., 2004).

— Limited by mouillmulch:
deltat(t)- rnetS(t)+105.03- (::—28

L - (dettat(t)+ gamma) -couvermulcht)  (9.22)

emulchit)=

— Limited by mouill:

deltat(t)- RNETP1(t)+105.03- ﬁg

E md[t = L- (deltat(t) + gamma] [9'23)
and:
deltat(t] . rneth(t) +105.03- fzz((g
eop(t) = 0 (9.24)
L (deltal{t) +gamma- [1 * mc[t)D
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The amount of energy required for the direct evaporation of water on leaves (Emd)
is RNETP1 while this energy used for direct evaporation must be deducted to eval-
uate the resulting energy available for transpiration (RNETP2). Energy distribution
between bare soil and the soil cover (mulch) depends on couvermulch (Eq. (9.22)),
with mouill being the water retained on the foliage and mouillmulch the water retained
by the vegetal mulch. The deltat value is the gradient of the relationship between satu-
ration vapour pressure and temperature, rnetS is the net radiation at the soil surface,
and y is the psychrometric constant (mbar °C™!). The dos variable is the saturation
deficit within the vegetation and links all the fluxes. It is calculated (Eq. (9.25) using
the method by Shuttleworth and Wallace (1985).

dos(t)= dsat(t)+(dettat(t)- rnet(t) - (deftat(t) + gamma) - L(¢) - EVAPO(t))-
%a_(ot)g with
EVAPO(t) = esol(t)+ emulci(t) +E md(t) +eop(t) (9.25)

where dsat is the air saturation deficit (mbar); rnet (MJ m~2) is the net daily radia-
tion; L is the latent heat of vaporisation (M] kg™!); raa is the aerodynamic resistance
between the canopy and the reference height of weather measurements (zr. gene-
rally 2m) calculated from the canopy height and wind speed (see § 11.3); EVAPO
is the total transpiration and evaporation; esol, emulch and emd are evaporation
(in mm) from soil, mulch, and free water on leaves, respectively; and eop is the daily
maximum plant transpiration flux (in mm).

Eq. (9.25) is very similar to Eq. (9.37) (see § 9.4.1), except that the evaporative term
EVAPO implies a potential transpiration flux: EVAPO is the accumulation of tran-
spiration fluxes eop and all the direct evaporation fluxes, i.e. esol, Emd and emulch.
The value of this direct evaporation affects dos and can cause the evaporative demand
of the plant to fluctuate. The three components of the direct evaporation are calcu-
lated from an intermediate value of the saturation deficit dos based on the hypothesis
that, at complete saturation of the surfaces, the evaporation can be treated using a
Priestley-Taylor type formalisation (Brisson et al., 1998a).

To solve the above equations, several terms must be calculated: i) the distribution of
the energy sources between the soil and the plants (rnetS, RNETP and RNETP), ii) the
water retention on the foliage and in the mulch (Emd and emulch), iii) the resistances
to diffusion (raa and ras), and iv) the surface resistances (rc and rac) (see § 9.3.3.3), and
v) the soil evaporation (esol).

9.3.3.1 Available energy and its distribution

The calculation of the whole surface net radiation was described in § 9.3.1. To
evaluate the distribution of this available energy between the soil and the plants, we
use the fraction of PAR intercepted by the plants (fapar) calculated using the raint
variable (Eq. (9.26)). Thornley (1996) inferred the net radiation extinction coeffi-
cient from the extinction coefficient of the total radiation by applying a coefficient
of 0.83, which corresponds to the range of measurements under a soya bean canopy
(Brisson et al., 1998a).
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RNETP1= 0.83~fapar-rnet(t)

and fapar = . raind)

parsurrg o)
rnetS=rnet(t)- RNETP1
RNETP2= RNETP1-Emd(t) (9.26)

9.3.3.2 Calculation of resistances to diffusion

We have adopted the formalisations proposed by Shuttleworth and Wallace (1985),
which are described in detail in Brisson et al. (1998a). The characteristic lengths, bare
soil roughness (zOsolnuy), crop roughness (z) and displacement height (dh) are usually
estimated as a function of the canopy height (hauteur), when plants are present, and
as a fixed value for bare soil (Eq. (9.27)).

For aplant stand : ZO(t) =0.10- hauteur(t)
For a bare soil stand : ZO(t) =z0solnug and dh(t) =6.6- ZO(t) (9.2 7)

Cumulative esol (mm)
400 {

300 4 /

200
100 | z0solnug
— 0.0001
— 0.01
04
0 100 200 300

Julian days

Figure 9.15. Influence of soil roughness (zOsolnug in m) on the cumulative soil evaporation
over one year in the region of Avignon, France.

The bare soil value of roughness can vary from 1072 for very rough ploughing to 10~ m
for a very flat soil surface. Figure 9.15 shows the effect of this parameter on soil evapo-
ration: the greater the roughness, the higher the soil evaporation in the given example,
the annual difference between extreme values is about 70 mm. The reference height
taken for meteorological data is 2 m. If the plant canopy height exceeds this threshold,
a wind speed value is recalculated at a reference height of over 2 m (parameter zr.) by

187



STICS soil-crop model

applying a logarithmic profile. The other meteorological values are not recalculated.
The calculations of diffusive resistances are different for bare soil (Eq. (9.28)) and cover
crops (Eq. (9.30) for lai =4), while for non-cover crops (0< lai <4) an LAI-dependent
linear combination of the two first values is used (Eq. (9.29)). They all depend on wind
speed (tvent).

For Ial(t] =0

ln(z();)rlfms }ln(zz(:g;];:?lrlf_:)]
ras O(t) =T 04ttvendr)

er
raayt)= ln(zosomuS] - ras{t)

0.41% tvent(t)
(9.28)

For 0< Iaz(t)
ras(t = %( az(t rasmJ [4 Iaz(tD raso[t])
raa[t = %( raam(t (4 - lal(t)] . raao(t])

(9.29)

For Ialft] 24

zr, dr(t)
00() ln( Z)(t) ) hauteui{t)
raset 0.41%¢tvent(t) 2.5{hauteur{t)—dh(t)] ’

)

(12.18- expl25- (1- Sty

r, I'( )
o)
rada.\t)= 0.41%tvent(t) *

( ( zrc—dl”(t) ) hauteur{t)
n hauteur(t) + 2.5{hauteur{t)-dn(t)) '

fofes [1-2229) 1)) (039

9.3.3.3 Calculation of surface resistances

To simplify calculations, the resistance of the canopy boundary layer (rac; Eq. (9.31))
is solely a function of the leaf area index of the canopy:

rad(t) = 5. I ( J witha lower threshold at radt)=12.5smt  (9.31)

The canopy resistance (rc; Eq. (9.32)) is the product of four factors:
. 05-laf{t)+1 28
rdt) = rsmin, - Ol (0.039- dsat(t)+0.45) 251t feozs  (9.32)

where rsmin,; is the minimal stomatal resistance of leaves, dsat (in mbars) is the
saturation deficit, trg (in MJ m~2 s7!) is the global radiation and fco2s is a CO,
dependent variable.
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Due to the daily time step, the parameter rsmin, cannot be inferred from the instan-
taneous values of measurements but must be obtained using a top-down approach
(Brisson et al., 1998a; Tolk et al., 1996; Baldocchi et al., 1991). Values of 250, 215 and
220 sm~! where found for soybean, maize and sorghum respectively (Brisson et al.,
1998a; Brisson et al., 2004). The sensitivity of ep to those variables are shown in
Figures 9.16 and 9.17

The ‘saturation deficit’ and ‘radiation’ components are taken from research by Stockle
and Kjelgaard (1996). With regard to the conditions for applying the proposed formulae,
the saturation deficit is calculated at the meteorological scale and the radiation is the
incident radiation above the crop.

Cumulative ep (mm)

100 4
75 |
50
rsmin,
— 150
5 | — 250
«== 500
0 4
100 200 300

Julian days

Figure 9.16. Influence of the minimal stomatal resistance (rsmin, in m s!) on the cumulative
transpiration of a rainfed vineyard in Avignon, France.

If the atmospheric CO, is high, stomatal conductance falls. Idso (1991) demon-
strated the existence of proportionality between the CO, effect on conversion
efficiency and the CO, effect on stomatal conductance, at a ratio of 2.5 for the addi-
tion of 300 ppm in the nominal concentration. Furthermore, Stockle et al. (1992)
proposed a species-dependent formalisation (Figure 9.18). We propose combining
these two approaches to take into account the species and ensure a continual effect
of CO, (Eq. (9.33)). The fco2 value is the species-dependent CO, effect on conver-
sion efficiency (Eq. (4.20)), which affects the value of the species-dependent factor
on stomatal closure (fco2s).

26 =
Jeozs=T7 0.771-5%)-(1-5%)

(9.33)
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Cumulative ep (mm)
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Figure 9.17. Influence of the plant maximum height (hautmax, in m) on the cumulative
transpiration of a rainfed vineyard in Avignon, France.
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Figure 9.18. Influence of the species on the stomatal resistance CO, dependent effect.
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9.3.4 Intercrop

To simulate intercropping, the later energy budget, calculated using the ‘resistance
approach’ option is used to estimate the crop water requirement. This approach is
particularly relevant for intercrops because it allows for microclimatic effects on water
requirements: convection beneath the dominant canopy and a decrease in the vapour
pressure deficit due to transpiration from the understorey plants. Actual soil evapora-
tion and plant transpiration are then calculated independently by means of a soil water
balance (see § 11.2 and 11.5). These fluxes are then re-introduced into the energy budget
to calculate crop temperature, which is a driving variable for plant growth and develop-
ment (see § 3, 4, and 5). The required adaptations for intercrops concern the first stage.

9.3.4.1 Theoretical basis

Following the relative position of the dominant and the understorey crops, the energy
budget calculations rely on slightly different resistance networks (Figure 9.19). This
simplification aims to limit the number of sites playing the role of water vapour
sources to just two. The resistance scheme for a low understorey crop (Figure 9.19a)
was extrapolated from the original model by Shuttleworth and Wallace (1985), and the
resistance scheme for a high understorey crop (Figure 9.19b) was extrapolated from
the model proposed by Wallace (1995) for intercrops. Those two schemes are applied
at a daily time step relying on Monteith’s theory (Monteith, 1965) and its consequences
(Allen et al., 1994), as well as on a previous study (Brisson et al., 1998a) in which full
details of definitions and formulations are given.

The calculations involve five evaporative fluxes, three net radiation budgets, and
three types of resistance. The five evaporative fluxes are i) soil evaporation (esol),
ii) maximum plant transpiration for the dominant crop (eopp), iii) maximum plant
transpiration for the understorey crop (eopy), iv) direct evaporation of the water
intercepted by the “dominant” leaves (emdp,) and v) direct evaporation of the “under-
storey” leaves (emdy;). The three net radiation budgets are i) the net radiation for the
soil rnetS, ii) the net radiation for the dominant crop rnetPp, and iii) the net radiation
fo the understorey crop rnetPy;. The three types of resistance are i) the eddy diffusion
resistances ras and raa, ii) the bulk boundary layer resistances of both crops RAC,
and RAC and iii) the surface resistances: soil resistance is accounted for in the soil
evaporation calculation, rcp, and rcy. Each flux is calculated using a formula such
as those given in Eq. (9.24) and (9.25) (Brisson et al., 2004). Combining the three
subsystems (soil and both crops) into two requires varying the bulk boundary layer
resistance applied to the lower level: either (RAC + ras) for the low configuration or
RAC, for the high configuration of the understorey crop.

9.3.4.2 Available energy and its distribution in intercropping systems

To evaluate the distribution of available energy between the soil and both crops, we
have based our method on the hypothesis that we know the proportion of global
radiation intercepted by the crops (fapar , and fapar , see Eq. (9.12)). In the case of
intercrops, the net radiation corresponding to plants (RNETP1 in Eq. (9.34)) consists
of the net radiation of the dominant and understorey crops, rnetP , and rnet
respectively (Eq. (9.34)).
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RNETPA(t) =rnetP,(t)+rnetP,(t)
=0.83- faparD(t) . rnet{t) +0.83- faparu(t) . rnet{t) [9.34]

But the energy actually available for crop transpiration must also account for possible
direct water evaporation from the leaves.

a) Low understorey crop Meteorological level
D
raa
dD
ras
b) High understorey crop Meteorological level
D

Figure 9.19. The two possible schemes of resistance networks used to estimate water
requirements for intercrops (right-hand side of the schemes) and the fluxes (left-hand side of
the schemes). a) The understorey crop is near the ground, b) the understorey crop is nearly as
high as the dominant crop (adapted from Brisson et al., 2004).
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9.3.4.3 Water persistence on foliage

Most crop models do not usually include the simulation of rainfall interception,
although it is an important process in forestry models (Bussiere, 1995). A common
idea is that evaporation of intercepted water offsets the decrease in evaporative
demand exactly, especially for herbaceous canopies (McMillan and Burgy, 1960).
With regard to intercrops, the processes are more complex and the abovementioned
offsetting is not very likely; offsetting depends on rain events, evaporative demand
and intercrop structure. It would seem worthwhile to include these processes in
an intercrop model to correctly predict water use by canopies, especially in humid
tropical climates (high evaporative demand combined with frequent rainfall). The
objective of simulating stemflow and direct water evaporation from leaf surfaces
is to correctly evaluate the amount of water that will reach the soil rather than to
partition water between the two crops. Indeed, once the water is in the soil, it is
assumed to be evenly available for both root systems, which overlooks the horizontal
variability of soil water content.

To account for these processes, water persistence and direct evaporation from the
dominant (emd ) and understorey (emd ;) crop foliage as well as the stemflow along
the dominant stems are simulated as described in § 13.4.2 and 11.3. Another value of
net radiation is then obtained (RNETP2) using Eq. (9.34).

9.3.4.4 Specific considerations when calculating the eddy diffusion
resistance (raa and ras)

Specific aspects that must be considered regarding the application to intercropping
are the crop and soil roughness (z and zs) and the displacement height (DH), which are
evaluated as follows:

For the low understorey crop (Eq. (9.35); see Figure 9.19a):
DH(t) =0.66- hauteur|t)
ZO(t) =0.10- hauteurD(t)

208(t) =0.10- hauteur,(t)  (9.35)
For the high understorey crop (Eq. (9.36); see Figure 9.19b):

DH(t) =0.66-(hauteurf¢) + 2eerddieerid)
20(6) =0.10- (hauteur{¢) + eerddioerdd)

zOS(t) = z0solnug (9.3 6)

where hauteur  and hauteur ; are the heights of the dominant and the understorey
crops respectively. The threshold height for the low understorey crop is arbitrarily
fixed at 0.2 m. The reference height taken from meteorological data is 2 m. If the plant
canopy height exceeds this threshold, a wind speed value is recalculated at a reference
height of over 2 m by applying a logarithmic profile. The other meteorological values
are not recalculated.
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9.3.4.5 Surface resistances

The resistances of the boundary layers are calculated for dominant and understorey
crops as functions of the leaf area index of each crop, as described for a sole crop in
Eq. (9.31). Concerning the canopy resistances (Eq. (9.32)), the saturation deficit is the
same for both crops, corresponding to the DO level (Figure 9.19), while the incident
radiations differ for each crop.

» 9.4 Canopy moisture

9.4.1 Daily average

The saturation deficit within the canopy (dos in mbars, Eq. (9.37)) can be calculated
using the Shuttleworth-Wallace formula (Shuttleworth and Wallace, 1985) and the
sum of evaporation fluxes (evaporation from soil, mulch, free water on leaves and
transpiration). If the resistance approach is not activated, a default value of the aero-
dynamic resistance is used, which is supposed to be constant and depends on the
location of the weather station.

dos(t] = dsat[t) + (del tat(t] . rnet(t) - (deltat{t) + y(t)) . l(t) -E VAP(tD
raa(t)

" 105.03
with

dsat(t) =TVAR(TAIR(t))- tpm(t)
deltat(t) =TVAR(TAIR(t)+0.5)- TVAR(TAIR(t)-0.5)
E VAP(t] = esol(t) + emulch[t) + emd(t] + ep(t)

t) =(2500840-2358.6- TAIR(t))- 10°°

y =065 000" and PATM, in mbars (9.37)

where deltat is the gradient of the relationship between saturation vapour pressure and
temperature; tair (°C) is the average daily temperature; rnet (MJ m=2) is the net daily
radiation; L is the latent heat of vaporisation (M] kg™); ¥ is the psychometric constant
(mbar °C™!) depending on atmospheric pressure patm; dsat is the air saturation deficit
(mbar); TVAR is the saturated vapour pressure based on the temperature (mbar) (see
§9.3.1.2); raa is the aerodynamic resistance between the canopy and the reference
height of weather measurements (zr¢ generally 2m) calculated from the canopy height
and wind speed (see § 11.3); esol , emulch and emd are evaporation (in mm) from soil,
mulch, and free water on leaves, respectively; and ep is plant transpiration (in mm).

The average daily moisture (humidite) is then calculated based on the crop tempera-

ture (Eq. (9.38)):
. T VAR(tcult(t)] - dos(t)
humldlte(t)— VA R(tcu ; t(t)] (9.38)

If the wind speed weather variable is not available, a default value of raa is used (rac).
If air humidity is not available the same assumption is made as before, using the
parameter corecTroseec (see § 9.3.1.2). The moisture variable can thus be calculated
if actual weather data is not available.
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9.4.2 Reconstitution of hourly variables

To enable coupling with plant disease models, an hourly reconstitution of microcli-
mate state variables (crop temperature and air moisture) is made according to the
following principle:

— The maximum crop temperature is assumed to occur at 14:00 UTC and the
minimum at sunrise. Between these two time points, linear interpolations make it
possible to reconstitute hourly temperatures.

— The dew point temperature is calculated from tcult and humidite by reversing the
TVAR function (Eq. (9.19)). An hourly reconstitution similar to that used for the crop
temperature is made by applying recurrent hypotheses to the minimum value of the
dewpoint temperature, until there is convergence at the level of average daily moisture
levels (Figure 9.20):

| difdewmin = 0°C |

!

tdewmin = tcultmin-difdewmin <—|

Hourly reconstitution
Hum(h)

'

Hum-humidite > 0.01

difdewmin + 1°C

Figure 9.20. Diagrams representing the iteration loop of hourly humidity (Hum(h)) calculations
based on the convergence between the average hourly values and the daily value, the fitted
variable being the minimum dewpoint value.

Convergence is generally achieved in under five iterations, and the comparison
between mean daily values and daily values for crop moisture and temperature is satis-
factory (no bias and r? > 0.99: Figure 9.21). The dynamics over a few days are presented
in Figure 9.22.

» 9.5 Climate under shelter

The incoming radiation above the crop (trg) grown under a shelter is less than the
outside radiation (trgext) and the proportionality coefficient between the two
(Eq. (9.39)) is the transmission coefficient (transplastic), the value of which depends
on the plastic used for the structure.

trg(t) = trgext(t) . transplasticT (9.39)

For an unheated (‘cold’) shelter, water requirements are estimated using the reference
evapotranspiration approach. The potential evapotranspiration is easily estimated
(Eq. (9.40)) using a multiplicative coefficient of radiation, coefdevil. (De Villele, 1974).

tetp(t] = trg(t) - coefdevil - (9.40]

Rainfall is assumed to be zero and thus the crop must be watered by irrigation.
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Figure 9.21. Comparisons between average hourly values and daily values of a) crop tempera-
ture and b) canopy humidity.
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Figure 9.22. Hourly dynamics of the microclimatic variables over eight days: b) crop tempera-
ture, dew point and a) humidity.
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Temperature variations under a cold shelter are estimated using an energy balance based
on the work by Boulard and Wang (2000). On a daily time step, the heat flux in the soil
is ignored, assuming that the losses and gains balance out. The difference in mean daily
temperature inside and outside (deItatem p) is thus expressed in Eq. (9.41).

deltatemp(t]

kh(t)+ks[t]}24—360010’6
. (coefrnetc . trgext{t) - L[t] . estimet{t)] (9.4 1)

where kh is the coefficient of heat transfer (W m=2 K1) of the shelter, ks is the coef-
ficient of energy losses between the outside and inside of the shelter (W m=2 K1),
coefrnet is a synthetic coefficient which converts external global radiation into net
interior radiation (with a standard value 0of 0.59), L is the latent heat of vaporisation and
estimet is the evapotranspiration estimated from the water balance for the previous
day (et) and the evaporative demand for the day (tetp , Eq. (9.42)).

estimet(t) tez&t_ )1) tetp(t) (9.42)

where ks (Eq. (9.43)) increases with the external wind speed (tvent) using the param-
eters aks. and bks, equal to 6.0 and 0.5 respectively. The kh variable (Eq. (9.43))
depends on the proportion of vents related to the total surface area of the greenhouse
(surfouvre ) and the wind speed. The values of the constants cvent. and phivO. are
0.16 and 4.1073, respectively. The surfouvre input can take three values during the
growth cycle.

ks(t) =aks.+bks,- tvent(t]

sur fouvre(t)
2

k) =12156-( cvent, - tvent(t)+ phiv, ) (9.43)

These calculations enable an estimation of the mean elevation of temperature under
shelter (tmoy) by comparison with the mean external temperature (tmoyext). This
difference is entirely allocated to the maximum temperature (Eq. (9.44)).

tmo y(t) =tmo yext(t] + deltatemp(t)
tmin(t) = tminext(t)

tmax(t) =2-tmoy(t)- tmint)  (9.44)

» 9.6 Correcting temperatures for high altitude climates

The model is driven by standard weather variables (radiation, minimum and maximum
temperatures, rainfall, reference evapotranspiration and possibly wind speed and
humidity) on a daily time step. These meteorological data are obtained from a weather
station and entered in an input file. The difference in altitude between the weather
station and the simulation site can be taken into account but only in terms of recalcu-
lation of temperatures, the other weather readings remain unchanged.

As a general rule, temperatures in mountain regions (see Figure 9.23) show a gradual
fall with altitude, and a difference in temperature between the south-facing and
north-facing slopes. In addition, the temperature inversion phenomenon, which
affects minimum temperatures, must be accounted for. Different studies Seguin and
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Antonioletti (1988) have conducted on temperatures in mountain regions, and the
values used are thus taken from these studies. Differences in incident radiation also
occur between south and north-facing slopes but the model does not account for them.

9.6.1 Parameterisation of the various phenomena

The altisimul- and altistation. parameters are the altitudes of the simulation
site and the weather station, respectively, with the assumption that altisimul.- >
altistation.

To account for the gradual fall in temperature with increasing altitude (adiabatic gradient),
we have used the values provided by Douguedroit (1986), who proposed a reduction of
0.55°C (£ 0.08°C) per 100 m at night and a reduction of 0.61°C (+ 0.03°C) during the day.
These mean values were assigned to the parameters gradtx and gradtn, which affect
the calculation of the maximum and minimum temperatures, respectively.

For the differences between south- and north-facing slopes, the problem is more
complex, and studies are lacking. According to Seguin and Antonioletti (1988), the
difference between south- and north-facing slopes is mainly found to affect maximum
temperatures. In the case of Mont Ventoux (south-eastern France), maximum
temperatures exhibit an almost constant difference of about 1.4°C. The parameter
ombragetx . represents this constant difference, and is removed to the maximum
temperature when the simulation site is on the north-facing slope (parameter
codadret. =2, otherwise=1).

The phenomenon of temperature inversion is due to the circulation of air masses
during clear weather at night, which causes a flux of cold air into valleys. This leads
to a rise in temperature as the altitude increases (approximately 1.3°C per 100 m
up to an altitude of between 400 m and 900 m) (Antonioletti, 1986). This has been
included in the model through the parameter gradtninv. up to the threshold altitude
altinversion.. The notion of ‘clear weather’ has been taken into account by calcu-
lating the complement of cloud cover fracinsol (Eq. (9.18)), which must reach at least
the value of the parameter cielclair.

9.6.2 Calculation of the maximum temperature

The maximum temperature at altisimul - (tmax) depends on the reference maximum
temperature measured by the weather station (tmaxs( t ] ) and the adiabatic gradient
(gradtx.) corrected by ombragetx (>0) for a north-facing slope (Eq. (9.45))

altisimul ~altistation,

tmax(t) = tmaxs(t) + gradtx .- 100

+ (codadretc - 1] -ombragetx . (9.45)

9.6.3 Calculation of the minimum temperature

The relative position of the inversion altitude requires defining two functions, corre-
sponding to the adiabatic (ADIA) and the inversion (INV) gradients (Eq. (9.46)).

ADIA(T, ALT1, ALT2)= T + gradn - 45534
INV(T, ALT1, ALT2)= T +gradtninv .- L5502 (9.46)
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where T is the temperature, and ALT1 and ALT2 are two increasing altitudes
(ALT2>ALT1), gradtn. <0 and gradtninv. > 0. Two cases must then be considered
to calculate the resulting minimum temperature of the simulated site (tmin) based on

the measured reference temperature (tmins( t )); Eq. (9.47)):
1. altinversion, > altistation, altisimul -
tmin(t) = IN V[tmins(t), altisimul altistationc]
2. altisimul - > altinversion > altistation,

tmin(t)= ADIAIN V(tmins[t], altinversion,, altistationc], altisimul, altinversion]

For a 100 m elevation:
- gradtn, for minimum temperatures
- gradtx, for maximum temperatures

And for north-facing side:
- ombragetx_ for maximum temperatures

Under the altinversion,, altitude :
+ gradtninv,, for minimum temperatures

Figure 9.23. Temperature variations at high altitudes (northern hemisphere).

(9.47)
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Transfers in soil:
water, nitrate and heat fluxes
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» 10.1 Water and nitrate fluxes

Two main approaches are commonly used to model the transfer of water and solutes
in the soil (Addiscott and Wagenet, 1985): the functional reservoir-type model, which
is simple and easy to parameterise, and the flux-gradient model which has a stronger
physical basis. Most crop models perform successfully using the first approach. Several
studies have shown that the transfer of nitrate can be accurately simulated with a
reservoir-type model provided that the thickness of elementary soil layers used for
calculation is proportional to the soil dispersivity length (Van Der Ploeg et al., 1995;
Vinten and Redman, 1990). The main limitations of the reservoir approach are related
to the redistribution of water during evaporating phases and the capillary rise of
water and nitrate, which are simulated empirically. These processes can be rigorously
simulated with models based on Darcy’s law and the convection-dispersion equation
(Addiscott and Wagenet, 1985). Pedotransfer functions are increasingly available to
estimate the hydrodynamic parameters of these models using soil properties. However,
these parameters remain strongly variable in space and time and are difficult to assess
locally with sufficient accuracy. Another limit of the reservoir approach is that it is
difficult to predict rapid variations in soil water content in the superficial soil layers,
especially near water saturation. This can hinder accurate prediction of processes
taking place near soil surface, such as plant germination and emergence or denitrifi-
cation. However, models based on Darcy’s law and Richards’ equation and using daily
rainfall inputs only are also limited when it comes to such processes.

10.1.1 Soil layers and pore space compartments

In STICS, the soil is described through a maximum of five horizontal soil layers, each
with its own specific physical properties. The layers can be defined either as soil hori-
zons if they show strong discontinuities in soil properties or as standard layers when
soil properties vary continuously. In the latter case, the layer thickness can be constant
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(e.g. 30cm) in order to compare with water or mineral N measurements that are
made at the same depths. Each layer is characterised according to five basic physical
properties:

— the gravimetric water content at field capacity (hccf , in %),

— the gravimetric water content at permanent wilting point (hminf , in %),

— the volumetric content of pebbles (caillouxg, in %),

— the bulk density of the fine earth fraction (DAFg, in g cm™3),

— the dispersion thickness (epdg , in cm).

These properties must be defined in the soil input file. They are used to derive total
soil porosity assuming a constant solid density (2.66 g cm™3). For computational
purposes, the five layers are divided into “elementary layers” (1 cm thick) in order to
simulate water, nitrate and heat transfers in soil as well as root functioning. However,
model outputs are mostly available at the scale of each soil layer described in the soil
input file. The soil pore space can involve up to five compartments: microporosity,
macroposity, cracks, pebbles and artificial drains:
— Microporosity is the main compartment and the only one which is mandatory
because this is where the non-preferential flow of water and nitrate occurs. At the
daily scale, water content in microporosity cannot exceed field capacity. It can exceed
field capacity temporarily at an hourly scale when the hourly water filled pore space
(WEPS) option is active (§ 12.3.5).
— Macroporosity allows water in excess over field capacity to accumulate at the
bottom of any soil layer when its infiltration rate is limiting, i.e. lower than the down-
wards water flow. The volume occupied by the macroporosity, which is assumed to be
nil by default, is calculated if codemacroporg=1, as follows:
_ DAF, hccf

macroporosity =1-5—z¢" -0 ' DAF; (10.1]
— Cracks are intended to simulate water flow in swelling clay soils and bypass flow in
soils having a variable porosity. Cracks, which are not activated by default, are active if
codefenteg=1 and if the macroporosity option is also active.
— pebbles can be explicitly taken into account when they represent a large percentage
of the soil volume because their properties strongly differ from those of the soil matrix.
Pebbles, which are not activated by default, are active if codecaillouxg = 1.
— artificial drains are sometimes installed on poorly draining soils. Their effect is
not simulated by default but is activated if codrainage¢ =1 and if the macroporosity
option is also activated.

Among these five pore space compartments, which are summarised in Figure 10.1,
only the first is compulsory. The four other optional compartments should be used
in specific situations that cannot be handled by the standard soil description and
associated transfer model, which is the only one that has been extensively tested.
The optional compartments and their associated formalisms require additional
parameters which are not easy to provide. It should be noted that the nitrification,
denitrification and N,O emissions routines incorporate a hourly WEPS option
which allows users to take into account occurrence of soil water content values
between field capacity and saturation near the soil surface on rainy days (§ 12.3.5).
However, these water content values do not appear in daily outputs: it is assumed
that they occur only within a 24 hour period and do not influence the return to field
capacity the next day.
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Figure 10.1. Diagram of soil pore space components.

10.1.2 Transfer of water and nitrate in freely draining soil

The standard model of water and nitrate transfer occurs in the soil microporosity. Soil
water content is calculated in each elementary layer (1 cm) using a reservoir-type analogy.
Water entering the soil fills the elementary layers from top to bottom, assuming that the
maximum soil water content of each layer is its field capacity. The initial soil moisture,
water contents at field capacity and permanent wilting point of each elementary layer
are derived from the five soil layers described in the soil input file. When an elementary
layer is filled, the excess water above field capacity infiltrates downwards (without any
flow rate limitation) into the next layer and so on. Equilibrium occurs within a day. Soil
water can only be removed from each elementary layer through evaporation and plant
transpiration. Evaporation can occur down to a maximum depth (zesxg, in cm) and may
deplete the water content of each elementary layer down to a minimum (the residual soil
water content), which is itself estimated from clay content. Soil water removal by plant
transpiration occurs over the soil depth colonised by roots but transpiration only cannot
dry out a layer below soil water content at the permanent wilting point.

The transfer of nitrate is also described using this reservoir-type analogy, according
to the “mixing cells” principle: any nitrate arriving by convection with water in an
elementary layer mixes with the nitrate already present in this layer. Excess water then
flows downward with the new concentration of the mixture. This description produces
results which are close to those obtained with a convection-dispersion model if the
thickness of the mixing cell is equal to double the dispersivity length (Mary et al.,
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1999; Van Der Ploeg et al., 1995). In the first STICS versions, the thickness of mixing
cells was equal to that of elementary layers (1 cm) which often resulted in an under-
estimation of nitrate dispersion in the soil profile. This is why the thickness of mixing
cells is now considered independently from the thickness of elementary layers and
provided in the soil input file as a specific dispersion parameter of each layer (epdy).
This parameter varies between 1 cm and 30 cm, depending on the type of soil porosity.
The relationship between dispersivity and soil textural class, as shown for example in
Perfect et al. (2002) can be used to estimate the mixing cell thickness. STICS does not
simulate the upward nitrate movement.

When water or nitrate reaches a layer deeper than maximum root depth, it becomes
unavailable for plants. It may be retrievable by a subsequent crop if it remains above
the base of the soil profile. If not, it is definitively lost. The model allows users to define
a minimum nitrate concentration level which cannot be leached or taken up by the
crop. This threshold (concseuilg, in kg hal mm1) allows users to simulate soils having
an anionic exchange capacity. It is provided in the soil input file.

When they represent a significant percentage of the soil volume, pebbles can affect
the properties of the soil microporosity and then water and nitrate flows. In STICS,
the volumetric percentage of pebbles in each soil layer caillouxg (%) can be provided,
together with the type of pebble. Each type of pebble has a specific bulk density
masvolcx; (gcm3) and moisture at field capacity heeexg (%), while the minimal

h
moisture content of pebbles is assumed to be equal to hminfS%Cfx;. Using this infor-

mation, equivalent properties of the whole soil are calculated as the volume-weighted
average of the fine earth fraction and pebble properties. When the percentage of
pebbles is high, fluxes such as evaporation can be strongly affected (Figure 10.2).

10.1.3 Transfer of water and nitrate in restricted conditions

When at least one soil layer impedes the downward transfer of water, the macroporosity
option may be used to simulate this process. When this option is activated, the water
flow at the bottom of this layer cannot exceed a maximum infiltration rate (infilg, in
mm day!) given in the soil input file. When the deepest elementary layer included in
this layer has reached field capacity, part of the excess water flows downward at a rate
equal to the infiltrability while the rest of the excess water accumulates in the macro-
porosity. When the macroporosity of this elementary layer is filled, water begins to fill
the macroporosity of the next elementary layer up. This means the considered soil layer
will progressively fill from the bottom to the top. The macroporosity option has no effect
if the rainfall intensity is lower than the infiltrability rate. When an elementary layer has
reached saturation (macroporosity is filled), its anoxia index becomes equal to 1 and can
restrict root growth. The macroporosity option may be useful for simulating the effect of
soil flooding or a plough sole, as illustrated in Figure 10.3.

In addition to the macroporosity option itself, several suboptions are available to
describe capillary rise, bypass flow through cracks or agricultural drainage. In all
cases, the macroporosity option must be activated.

Capillary rise from the subsoil can be described, although crudely, by an alternative
use of the macroporosity option. To do this, the infiltrability of the deepest soil layer
should be equal to 0. Capillary rise occurs only if the deepest layer becomes drier
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Figure 10.2. Effect of pebbles (70 % in volume) on soil evaporation and the consequences on
mean spring crop temperature in a vineyard in south-eastern France.

than the water content threshold humcapilg (%). Capillary rise occurs at a constant
rate capiljourg (mm day™!) until the water content of the deepest layer reaches the
humecapil threshold (in %).

Bypass flow can be considered in the case of swelling clay soils, where water flow can
enter the soil through shrinkage cracks. In the model, cracks are represented in the
form of a unique compartment, extending from the soil surface to the maximum soil
depth, which replaces the macroporosity described above. The macroporosity volume
(in mm cm™! soil) is then redefined as a proportion (50%) of the available water:

macroporosity = 0.05- [hccf < — hminf 5) - DAF; (1 0.2)

Cracks can only be filled from the soil surface, due to overflow from the surface layer
or runoff when present. Direct feeding by rainfall interception is not considered.

The impact of an artificial drainage system (e.g. mole drains) installed on poorly
draining soils can be taken into account in the model. Although artificial drainage
is better described in three dimensions rather than one and with shorter time steps
than the day, it can be approximated by steady state drainage equations such as the
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Figure 10.3. Effect of a strong decrease in infiltrability (infils) at the base of the second layer
located at 30 cm on the soil water content over 0-30 cm.

Hooghoudt equation (Hooghoudt, 1940; Tournebize et al., 2004), which assumes
constant drain spacing and uses the property of symmetry that results from it. The
drainage system is described in the soil input file of STICS with four parameters:

— the depth of the drains profdraing (cm),

the spacing of drains ecartdraing (cm),

the upper depth of the impermeable layer (from soil surface) profimperg (cm),
the hydraulic conductivity ksolg (mm day-1).

The daily water outflow from drains is obtained from a simplification of the original
Hooghoudt’s equation. The hydraulic conductivity is assumed to be the same above
and below the drains. The nitrate leached through the drains is calculated assuming
that nitrate concentration in the drained water equals the soil nitrate concentration at
the depth corresponding to the top of water table.

Figure 10.4 summarizes the different types of water and nitrate transfers available in
STICS and above described.
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Figure 10.4. Water and nitrate flows in the soil: they are mainly downward but can be upward
if cracks are present or if capillary rise occurs.
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10.1.4 Predawn plant water potential

At dawn, plant water potential is assumed to be in equilibrium with the soil water. This
measurement is then often used as a daily assessment of water stress and provides a rele-
vant integrated measurement of soil behaviour. To be able to compare STICS outputs
to this type of measurement, a simple calculation of predawn plant water potential is
proposed, based on Brisson et al. (1993). Predawn plant potential is calculated as the
arithmetic mean of soil water potential over depth, weighted by root density.

The soil potential psisol (Mpa) in each elementary layer is calculated according to the
Clapp and Hornberger (1978) formula:

hur(z, )+ satlz, )} T
wsat(z)

psisolz, t) = psisols - (10.3)

with wsat depending on whether the codefenteg option is active or not (§ 10.1.1 and
10.1.3).

The parameters bpsisol (unitless) and psisols (MPa) are calculated using the two points:
(hucc, —0.03 MPa) and (humin, —1.5MPa).

The predawn leaf water potential (psibase) is calculated as:

1) ) .
Zizr;semrracmeps{z,t}pszsol(z,t)

pszbase(t) = SR ‘,{.isemTracinepSIt) (10.4]
with
racinepsiz, t)=Iracz(z, t) if psisol(z, t)> - 1.5
racinepsiz, t)=0 if psisollz, t)< -1.5  (10.5)

since the roots contributing to predawn water potential are only those located in moist
layers, in which psisol is above —1.5 MPa.

The predawn leaf water potential depends on the rooting system and rainfall events as
illustrated in Figure 10.5.

» 10.2 Soil temperature

Temperature variation in soil depends both on the soil surface conditions which deter-
mine the daily thermal variation and on the thermal inertia related to the environment.
This inertia is the cause of the attenuated daily average temperature variations in deep
layers compared to those at the surface. The temperature at the upper limit used to
calculate soil temperature is assumed to be tcult (°C). Crop temperature calculations are
explained in § 9.3.2. The daily thermal amplitude amplsurf (°C) at the soil surface is then:

amplsurf (t] = tcultmax (t] - tcultmin (t) (10.6)

The daily thermal amplitude amplz is calculated using a formalism suggested by
McCann et al. (1991):

=
amplz(z, t) = amplsurf(t)- exp ( - Z\’%hgg% ] (10.7)
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Figure 10.5. Influence of rooting depth and rainfall events on psibase. Example of a vineyard

in the Rhone valley: the simulated production of the shallow rooted vineyard is half of that of
the deeply rooted vineyard.

The thermal diffusivity difthermg (cm2s1) is assumed to be a constant whatever the
soil or soil water content. A value of 5.37 107 cm2s-1 is proposed, based on the work of
McCann et al. (1991).

The soil temperature tsol (°C) at the soil depth z is calculated recurrently, using the
temperature of the previous day:

tsolz )= tsolz, £ - 1) - =22, e - 1) - teultmin(z)

amplsurf(t)
+0.1(tcult(t - 1) - tsolz, ¢t - 1))+ M (10.8)

An example of soil temperature evolution in spring is given in the following figure:
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Figure 10.6. Simulated evolution of the soil temperature in two soil layers for two values of
albedo at soil surface, in spring and northern France.

» 10.3 Modifications of surface conditions that influence water
and heat transfer

Generally, rainfall (or irrigation) and surface temperature directly control the transfer
of water and heat in soil. However there are situations in which these control variables
have to be corrected to reflect the real boundary conditions at the soil surface. This
is the case for example when precipitation falls as snow, in which case it accumulates
until snowmelt, thus delaying water flow into the soil. The snow cover also acts as an
insulator, preventing the soil surface temperature to reach negative values. Another
example is surface runoff, where only part of the rainfall infiltrates into the soil or is
intercepted by vegetation or mulch.

To deal with snow precipitation and its consequences, STICS uses a method
proposed by Trnka et al. (2010). A snow-cover model pre-processes the climate
data to account for the influence of snow cover on the soil temperature and water
budget (see § 10.3.1 below). Equations derived from the work of Bélanger et al.
(2002) were used for the calculation of snow accumulation. For snow melt and snow
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depth calculations, equations derived from Thorsen et al. (2010) were used. Model
parameterisation and validation under Canadian climatic conditions are presented
in Jégo et al. (2014).

Regarding runoff, STICS does not include a component dedicated to its prediction, such
as depending on soil surface state or rainfall properties. However, STICS does integrate
a linear relationship between runoft and daily rainfall that can be used to reproduce the
water loss from runoff by providing adequate parameters (see § 11.4.3). The presence of
vegetation cover or mulch modifies runoft behaviour by intercepting some of the rainfall.

10.3.1 Simulation of the snow cover and its consequences

Snow fall is estimated using a set of equations that had previously been validated for
several sites across Canada (Jégo et al., 2014). Unlike in the original snowMAUS model
proposed by Trnka et al. (2010), these equations use the daily maximum temperature
(tmax) to determine the partitioning between snowfall and rainfall. The fraction of snow-
fall in the precipitation (Fs) depends on two threshold temperatures trmax and tsmax
(in °C). Between these two thresholds, the model assumes a mix of rain and snow:

Fs= % if tsmax,< tmax[t) < trmax,

Fs=0 if tmax(t)> trmax,

Fs=1 if tmax(t)<tsmax. (10.9)

The snowfall accumulation on day t (Snowaccu, expressed in mm water) is the product
of Fs and the daily total precipitation (trr, in mm d-!):

Snowaccu(t)=Fs-trr(t)  (10.10)

The snow cover is either affected by the process of refreezing or the process of melting.
The amount of snow cover in the refreezing process (Mrf, in mm d~!) depends on the
average daily air temperature (tmoy) and the threshold temperature Tmf. (in °C):

Mrf = max|{0, SWrf-(Tmf,-tmoy]] (10.11)

The refreezing process is controlled by the parameter SWrf. (in mm °C~1 d-1). Mrf is
nil if tmoy is higher than Tmf ..

The amount of snow cover in the process of melting (M, in mm d!) also depends on
tmoy and Tmf:

M=max0, K-(tmoy(t)-Tmf.)] (10.12)

where K (in mm °C~! d™!) is the melting rate. Due to the seasonal variation in incoming
solar radiation and albedo, K follows a sinusoidal function over a year period, with
a minimum melting rate (Kming, in mm °C™! d~!) reached on December 21, and a
maximum amplitude (DKmax, in mm °C~! d~!) reached on June 21:

K = Kmin + m (1+sin n{153 - 046))  (10.13)

The snow cover which consists in a mixture of water in a solid state and liquid state is
estimated according to the model proposed by Thorsen et al. (2010), using the daily
precipitation. The amount of snow cover in a solid state (Sdry, in mm) is calculated as
follows:
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Sdry(t) = Sdry(t - 1)+Fs- trr{t)+ Mrf-M
if M<Sdry(t-1)
Sdry(¢)=0 if M>Sdry(t-1)  (10.14)

The amount of snow cover in a liquid state (Swet, in mm) is calculated similarly, but
cannot exceed 10% of the amount of solid snow:

Swet(t) = max[0.1Sdry(t), Swet(¢t-1)+(1-Fs)- trr{t)- Mrf+ M|
if Mrf< Swet(t — 1)
Swet(t)=0 if Mrf>Swet{t—1) (10.15)

The snow depth (Sdepth, in m) is calculated as the sum of three terms:
s ¢

Sdepth(t)=(1-E)- SdeptHt - 1)+ ”{T“” -%  (10.16)
The first term represents the remaining snow after sublimation and compaction of the
accumulated snow. The empirical parameter E¢. (in mm mm-1d ™) is assumed to capture
the combined effect of the metamorphosis of snow crystals and the densification of
the lower snow layers. The second term corresponds to the addition of new snow, the
density of which is assumed to be 100 kg m=, i.e. 10 times lower than water density.
The third term stands for the snow melting on the current day. It is determined using
the density of the snow cover (ps, in kg m~3), itself calculated as follows:

Sdry(t-1)+Swet(t-1)
- Sdepth{t-1) (10'17]

The snow cover behaves as a thermal insulator: it prevents the soil temperature to drop
as low as the minimum air temperature (tmin) and to get as high as the maximum air
temperature (tmax). In order to simulate this thermal effect, the climate input data
are modified on days with a snow cover: the minimum and maximum air temperature
data are replaced by re-calculated values (called tminrec and tmaxrec) as indicated
below, and the model run again with these new climatic data.

When the snow depth Sdepth (m) reaches or exceeds a user-defined threshold
prof , the re-calculated minimum air temperature tminrec reaches a threshold called
tminseuil (in °C), and the re-calculated maximum air temperature tmaxrec reaches
tmaxseuil (in °C).

When the snow depth lies between 0 and prof o2 linear function is used to calculate
the new temperatures: tminrec varies linearly between tmin and tminseuil ; tmaxrec
varies linearly between tmax and tmaxseuil. If there is no snow cover, tminrec and
tminrec are equal to tmin and tmax:

tminred(t) = tminseuil - - (ltmin(t] +tminseuil ) 1 - ;f::; )

if 0<Sdep$profc
tminrec(t =tminseuil, if Sdep> prof ¢ and tmin(t] < tminseuil -
tminrec(t = tmin(t) if Sdep> prof c and tminseuil; < tmin(t) < tmaxseuil -
tminrec(t) =tmaxseuil. if Sdep> prof B and tmin[t] > tmaxseuil -

tminrec(t) = tmin(t) if Sdep=0 (10.18)
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. sd
tmaxrev(t) = tmaxseuil - + tmax(t 1- pr:fc ]

if 0<Sdep<prof. and tmax(t] >0
tmaxrec(t =0 if 0<Sdep < prof c and tmax(t) <0

tmaxrec(t) tminseuil,  if Sdep>prof . and tmax[t]<tminseuilc

tmaxrec(t) tmax(t] if Sdep> prof ¢ and tminseuil, < tmax(t) < tmaxseuil ;
tmaxrec(t) =tmaxseuil, if Sdep> prof c and tmax(t) > tmaxseuil-
tmaxrec(t) = tmax(t) if Sdep=0 (1 0.19)

The snow cover also influences the soil water budget. If both rainfall and snowfall
occur, only the liquid water fraction enters the soil and moves down in soil. The water
equivalent of the snowfall is assumed to enter the soil profile only after melting.

The snow water equivalent (S_WE, in mm) is the sum of Sdry and Swet:
S_WH(t)=Sdry(t)+Swet(t)  (10.20)
The variation in the snow cover depth (ASnowmelt[t), in mm water) is:
ASnowmelt(t) = 100 (SdeptH(t - 1) - SdeptHt))  (10.21)

The daily rainfall preciprec (in mmd™) is re-calculated based on the total daily preci-
pitation and the snow cover depth variation, as follows:

preciprec[t) = trr{t] - Snowaccu + ASnowmel t(t) - Mrf

if S_WHt)<S_WH¢t-1)

precipred(t) = trr{t) - Snowaccu  if S_WHt)=S WHe-1)  (10.22)
In order to simulate these effects on soil water, the climate input data are modified
on days with a snow cover: the daily precipitation data are replaced by re-calculated

values (preciprec) as indicated above for temperature data, and the model run again
with these new climatic data.
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Chapter 11

Water balance

NADINE BRISSON, REMI VEzY, DOMINIQUE RIPOCHE-WACHTER
AND PATRICK BERTUZZI

REVIEWED BY: NICOLAS BEAUDOIN AND JEAN-LoOuUIS DURAND

» 11.1 Background and conceptual framework

The water balance in crop models (Brisson et al., 2006) has a dual purpose: to estimate
soil water content and fluxes (which drive nitrogen mineralisation and leaching in the
soil, for example) and water stress indices (which drive plant behaviour). Being able to
estimate water stress indices differentiates crop models from irrigation management
models, and forces a distinct separation between evaporation and transpiration.

This separation is usually applied at the level of the potential crop demand, according to
the partitioning into potential plant transpiration and potential soil evaporation using
a calculation based on Beer’s law. The potential crop demand comprises both crop and
weather components. However, this variable differs from the classic maximum evapo-
transpiration variable, as defined for example by (Itier et al., 1997) because it assumes
that all surfaces (soil and foliage) are saturated with water.

As for the weather component, the local availability of meteorological data usually
determines the calculation method. Yet when compared to standard, well-watered
grass measurements, differences emerge. Allen et al. (1998) showed that the FAO24
Penman model predicted overly severe water deficits compared to the FAO56
Penman-Monteith model, while Sau et al. (2004) showed that the Priestley-Taylor
function (Priestley and Taylor, 1972) tended to over-predict for cool regions, although
it did produce good results for conditions of moderate evaporative demand.

The crop component is usually linked to the leaf area index at time t (lai). The lai not
only represents the gas exchange surface area with the atmosphere but also the crop
height and its roughness during growth (with reference to the standard grass evapo-
ration). It also affects the degree of the convective component of evapotranspiration.
Convection under the plant canopy, which affects maximum transpiration, may be
poorly reproduced by this optical analogy, particularly for row crops; as such, applying
an energy balance calculation (optional in STICS) may be justified.

To calculate the amount of water actually transpired by the crop, most models are based
on a concept which includes the amount of water physically available in the soil and the
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capacity of the plant to extract this water due to its root characteristics. This is the frac-
tion of transpirable soil water (Lacape et al., 1998; Pellegrino et al., 2002; Sinclair, 1986),
which also corresponds to the concept of maximum available water content (amount of
water between field capacity and wilting point). This approach does not allow a precise
estimation of the location of root absorption in the soil layer (on a daily time step, all
models assume that transpiration equals absorption), but it does have the advantage of
implicitly taking into account capillary rise within the root zone. However, the threshold
of sensitivity may vary over time. This global estimate of transpiration is used in STICS,
while in other models (e.g. CERES) the calculation of uptake is differentiated in terms of
the soil layer, because of the need to simulate capillary rise. In that alternative approach,
water uptake per unit root length is based on the equation for radial flow to roots.

» 11.2 Soil evaporation

Soil evaporation is calculated in two steps: potential evaporation related to the energy
available at the soil level and actual evaporation related to water availability. It is then
distributed over the soil profile.

There are two options for calculating potential evaporation related to plant cover above
the soil: i) using either LAI or fractional ground cover, and ii) the possible presence of
an inert cover placed on the soil (Brisson et al., 1998a). The first option corresponds to
a Beer’s law equivalent applied to the potential evaporation/reference evapotranspi-
ration ratio (Penman) with a constant extinction coefficient. The second is an energy
balance approach (§ 9.1.2).

The calculation of actual evaporation, described in detail in Brisson and Perrier (1991),
is based on concepts that resemble those put forward by Ritchie (1972).

11.2.1 Potential evaporation

The two methods calculating soil evaporation (eos) involve the plant cover above the soil
(lai or tauxcouv) and, if relevant, the presence of any mulch on the soil (couvermulch).

The first method, Eq. (11.1) illustrated in Figure 11.1, relies on a Beer’s law equivalent
and is linked to the ‘crop coefficient approach’ for the estimation of plant requirements
(§ 11.3); it uses the reference potential evapotranspiration (tetp):

eos(t] = tetp[t) - e-deltalai(t) . (1 - couvermulch(t)) with delta = extinp - 0.2 [1 1.1)

or, if the cover rate is used instead of the lai (§ 4.1.4; Eq. (11.2)):
eos(t) = tetp(t] . (1 - tauxcouv(t)] . (1 - couvermulch[t)) (1 1.2]

When using the radiation transfer option, the values of extin; and delta; are dynam-
ically recalculated as a function of the canopy geometry and the quality of radiation
(direct/diffusive radiation). However, for row crops, which justify the use of the radia-
tion transfer calculations, it is highly recommended to use the second method, known
as the energy balance approach, which is explained as follows.

The energy balance method (Eq. (11.3)) is available only if the lai is explicitly calculated:

dettat{t)- rnets(t)+105.03- fﬁ—f[g

L-(deltat(¢)t)+ gamma)

eos\t)= -(1 - couvermulci{t]) (1 1.3)

216



Water balance

eos/tetp
1.00 -
extin,
“\ — Maize = 0.7
'\ — Sunflower = 0.9
0.75 4 %, -=- Wheat = 0.5
0.50 |
0.25 |
0.00 -
0 2 4 6

lai (m? m=)

Figure 11.1. Relative potential evaporation as a function of LAI for three different crops.

where rnetS is the net radiation at soil level (Eq. (9.26)), deltat is the slope of the rela-
tionship between saturation vapour pressure and temperature (Eq. (11.4)) using the
function TVAR explained in chapter 9 (Eq. (9.19)), L is the latent heat of vaporisation,
gamma is the psychrometric constant (Eq. (9.37)), ras is the aerodynamic resistance
between the soil and the vegetation (Eq. (9.28), (9.29), (9.30)) and dos is the saturation
deficit in the vegetation (Eq. (11.5)).

deltat(¢) = TVAR(tair(t)+ 0.5) - TVAR(tmoy(t)- 0.5)  (11.4)

The dos variable is calculated assuming that, under soil conditions which are kept
moist, total evapotranspiration (ePT: soil+canopy) can be written in the form of
evaporation according to Priestley and Taylor (Brisson et al., 1998a) as:

dos(t) = dsat(t)+[gamma-rnet(t)—(deltat(t)+gamma]~ePT(t)]~%’&?3 with

deltat(t)

deltat{t}-gamma (1 1. 5]

ePT(t)= 1.32-rnetS-

where raa is the aerodynamic resistance between the vegetation and the reference
level (Eq. (9.28), (9.29), (9.30)), and dsat is the air saturation deficit at the same level.

11.2.2 Actual soil evaporation

The calculation of actual soil evaporation relies on a semi-empirical model that is
fully developed and justified in Brisson and Perrier (1991). Following a rain event,
soil evaporation is assumed to follow two successive phases, as in Ritchie’s approach
(Ritchie, 1972), improved by Boesten and Stroosnijder (1986).
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During the first phase, evaporation is potential until the daily evaporation accumu-
lation reaches the qOg threshold. During the second phase, evaporation decreases;
this decrease depends on the weather and soil type through the parameter aevap
(Eq. (11.6)):

with

aevap=1 -aclim.-(0.63- ha)’ - (hucd(1)-ha) and ha= % -DAH(1),  (11.6)

esol(t) = \/(2 -aevap- ),

2
T eos(t) +aevap ] aevap
beginning 2" phase beginning 2 phase

where aclim is a weather parameter which depends mainly on the average wind
speed, hucc is the water content at field capacity of the surface layer, DAF; is the
bulk density of the surface layer and argig is the clay content used here to estimate
the residual moisture, ha. Nevertheless, the sensitivity of soil evaporation to these
parameters (Figures 11.2 and 11.3) is rather low compared to the sensitivity to qOg
(Figure 11.4). Although qOg depends on the soil texture and structure, it is diffi-
cult to infer it from soil particle size distribution or bulk density. It generally varies
between 0 to 30 mm.

> esol (mm)
12 4

argiq
— Clayey soil=60
— Sandy soil=5

0 10 20 30
> eos (mm)
Figure 11.2. Sensitivity of cumulative soil evaporation (ces) as function of the cumulative
evaporative demand (sum_eos) for two soil types (Clay soil: argig=60 and hucc=0.4, Sandy
soil: argig=10 and hucc=0.2).

The formalisation (Eq. (11.6) and Eq. (11.7)) also provides an estimate of the thick-
ness of the dry layer in the surface (or natural mulch: XMULCH), which is accounted
for in the water profile in the soil, since this layer is assumed to not participate in
evaporation.
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> esol (mm)
12

aclimg
— No windy location=20
— Windy location=14

0 10 20 30
> eos (mm)

Figure 11.3. Sensitivity of cumulative soil evaporation (ces) as function of the cumulative
evaporative demand (sum_eos) for two weather conditions (No windy location, for wind speed
of 1 m s71, aclim¢ =20, Windy location, for wind speed of 2 m s7}, aclim = 14).

> esol (mm)
150 -
100 -
50
0
240 280 320 360
Julian day

Figure 11.4. Cumulative soil evaporation from 1 August until 31 December in northern France
for three values of qOs.

219



STICS soil-crop model

11.2.3 Distribution of soil evaporation in the soil profile

The method of calculating the distribution of evaporation resembles that in the LIXIM
model (Mary et al., 1999). The daily evaporation value esol, calculated in equation
(11.6), is assumed to affect the layers of soil up from the base of the natural mulch
XMULCH (if present) to a maximum depth of zesxg. Below this depth, there is no evap-
oration. The contribution of each basic soil layer to evaporation esz decreases with
depth, according to the following function (Eq. (11.7)):

for XMULCH < z < zesx,

esAzt) _ (Pﬁ]dess'w(zlt)

- cfes.
esol(t) W17 SWizt)
with

Wiz, t) = —:32(5(3:: (11.7)

where cfesg is a slope coefficient, and Wi is an ‘evaporative conductance; hur is the
actual volumetric soil water content, ha is the residual soil water content defined in
Eq. (11.6). By varying parameters zesxg and cfesy, it is possible to account for diffe-
rences in hydraulic conductivity from one soil to another. A very high surface moisture
gradient during soil drying is correctly represented by a high cfesg value. The sensi-
tivity of the soil evaporation depth partitioning to the parameters cfesg and zesxg is
represented in Figures 11.5 and 11.6. If nothing is known about the soil, the user can
enter the standard proposed values: cfesg = 5 and zesxg = 60 cm.

z (cm)
0
-20
zesxg
— 120
— 30
--- 60
=== 90
-40
cfes,=5
-60
0.00 0.05 0.10 0.15

esz(z)/esol

Figure 11.5. Partitioning of soil evaporation with depth as a function of the parameter zesxg
and cfesg =5, assuming Wi=1 and XMULCH =0.
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z (cm)
0 4
=20 A
ZesX,
— 120
— 30
- 60
- 80
—40
cfesg =1
—60 A
0.00 0.05 0.10 0.15 0.20

esz(z)/esol

Figure 11.6. Partitioning of soil evaporation with depth as a function of the parameter zesxg
and cfesg=1, assuming Wi=1 and XMULCH =0.

» 11.3 Potential crop water requirements

The two approaches described for soil potential evaporation have their equivalent for
plant water requirements (or maximum transpiration, eop).

11.3.1 The crop coefficient approach

In the crop coefficient approach, fully documented in Brisson et al. (1992), plant
water requirements (maximum transpiration) are calculated in several steps using the
potential evapotranspiration as the driving variable.

The first calculation pertains to what the crop evaporation value would be if none of
the soil or plant surfaces had limited water (e0). This evaporation is a logistic function
of the lai (or a linear function of the ground cover), which involves the kmax, param-
eter, the maximum crop coefficient of the crop (Eq. (11.8) and (11.9) and Figures 11.7
and 11.8). The kmax,, value is attained when the lai is approximately 5 (or tauxcouv
equals tauxrecouvkmax, generally taken to 1) and depends on the reference evap-
otranspiration used (Penman, Penman-Monteith or Priestley-Taylor: Penman (1948),
Monteith (1965), Priestley and Taylor (1972)).

kmax, -1
eo(t) = tetp(t)-[1+ Tootshd3 gl'sil T3 (11.8)
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1.5
1049
SIMULATION
— eop/tetp for dry soil (esol = 0)
0.5 1 - eop/tetp for wet soil (esol = eos)
=== eos/tetp
oo{ 4/ T
0 2 4 6

Figure 11.7.

lai

Relative evaporative demand applied to soil (eos/tetp) and crop (eop/tetp)

accounting for the actual soil surface water state (esol=eos or esol=0) for canopy qualified

in lai.

1.5 1

1.0 4

0.5 1

0.0 1

SIMULATION

— eop/tetp for dry soil (esol = 0)
—— eop/tetp for wet soil (esol = eos)
--- eos/tetp

0.00 0.25 0.50 0.75 1.00

tauxcouv

Figure 11.8. Relative evaporative demand applied to soil (eos/tetp) and crop eop/tetp)
accounting for the actual soil surface water state (esol = eos or esol =0) for canopy qualified in
ground cover (tauxcouv).
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If ground cover is used instead of lai (§ 4.1.4):

eot)= tetpl)- etz - (kmax,) - 1)+ 1]
if tauxcouv(t] < tauxrecouvkmax,

eo(t) = kmax, - tetp(t)
if tauxcouv[t) = tauxrecouvkmax, (1 1.9)

If the leaves (mouill = 0) or the plant mulch laid on the soil surface (mouillmulch = 0)
have intercepted water (§9), this water will evaporate depending on the reference
evaporative demand (tetp): Emd for leaves (Eq. (11.10) and (11.11)) and emulch for
mulch (Eq. (9.22)). Naturally, the Emd threshold is set by the amount of water retained
on the foliage (mouill), while the emulch threshold is set by the amount of water
retained in the mulch (mouillmulch). The evaporated water contributes to reducing
evaporative demand at the plant level.

Emd(t) = min(mouilt), edt) - tetp(t)- e-PELT4Iad)  (11.10)
Or, if ground cover is used instead of lai § 4.1.4:
Emd(t)= min(mouil(t), ed(t) - tetpt)-(1- tauxcoudlt))  (11.11)

Maximum transpiration depends on the available energy in plants, estimated by
subtracting eos from eo, but also on atmospheric conditions in the vegetation. To
account for the increase in plant demand due to the dryness of the soil below the
vegetation, we use the empirical relationship (Eq. (11.12)) based on the param-
eter BETA deduced from work by Denmead (1973), Ritchie (1985) or Feddes and
Hooghart (1987).

Edirect(t) ] (11.12)

eop{t) = (eo[t) - EdirectM(t] . [bEta(; - (beta(} - 1) ’ EdirectM(t]

considering that Edirectm corresponds to evaporation of water intercepted by soil,
mulch and leaves together, and that Edirect corresponds to the actual evaporation of
the three together. A value of 1.4 is taken for beta. This value causes eop to increase
by a maximum of 40% when the soil is completely dry.

11.3.2 The resistance approach

The crop coefficient approach can create problems in cases where it is not possible to
apply Beer’s law in a straightforward way (see § 4.2, or when the relationship between
LAI and canopy height is not stable). Moreover, that approach is somewhat unreliable
with regard to the soil evaporation variable and the microclimatic effect around the
plant. We therefore implemented an alternative approach which consists in estimating
plant water requirements and soil evaporation using the Shuttleworth-Wallace daily
time-step model (Brisson et al., 1998a). This has proved to be effective for explaining
the canopy energy budget (Sene, 1994), provided that appropriate empirical resist-
ance parameters are used (Fisher and Elliot, 1996) (see § 9.3.3 for a full description of
theoretical bases and resistance calculations).
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11.3.2.1 Calculating soil evaporation

Soil evaporation, which was described in § 11.2, is calculated using a potential evapo-
ration value obtained from an intermediate value of the saturation deficit. This
computation is based on the hypothesis that the evaporation can be estimated using a
Priestley-Taylor-type formalisation when the soil is near complete saturation.

» 11.4 Physical soil surface conditions

11.4.1 Impacts of mulch on soil water balance

This section is devoted to the characterisation of the soil surface conditions to predict
their effects on the water and heat balances of the soil-crop system. These effects are
integrated into the calculations of water requirements (§ 11.3) and water and heat
transfers (§ 10). However, to make it easier to understand the formalisations used
in these processes, we explain below the modifications that result from taking soil
surface conditions into account.

Soil surface conditions are characterised by soil and technical parameters. One of
them is the soil albedo under dry conditions (albedog). Another is the runoff coef-
ficient (ruisolnug), which provides the proportion of rainfall subject to runoff that
occurs when the soil is bare and when rainfall exceeds a given threshold (pminruis).
These parameters summarise the effects of soil slope and roughness on surface runoff,
which are assumed to be constant throughout the simulation.

The model also needs to know whether a plant or plastic mulch is present (§ 13.2.7).

Height processes are modelled, the first five of which are related to the impacts of
plant mulching on soil water balance, which is the theme of this section. The last
three processes — effect on crop temperature and crusting — are discussed in the cited
chapters. The height processes are:

— Plant mulch dynamics and proportion of soil cover (§ 12.2.3);

— Surface runoff due to the presence of obstacles at the soil surface (§ 11.4.3);

— Water interception by the mulch (see § 11.4.4, in relation to the energy balance
calculations in § 9.3);

— Direct evaporation by the mulch and the decrease in soil evaporation induced by
the presence of mulch (§ 11.2);

— Effects of these modified fluxes on the plant’s water requirements (§ 11.3);

— Modifications to crop temperature linked to changes in the fluxes and albedo of the
soil surface (§ 9.3);

— Soil crusting during emergence (§ 3.4.1.4);

— Snow effect on water transfer and crop temperature (§ 10.3).

Figure 11.9 provides an example to illustrate the abovementioned effects of mulch on
the water balance (transpiration, soil and mulch evaporation) on a winter wheat crop
growing in the north of France. Note that this example is also treated on Figure 13.1
with other variables.

The link between the physical role of the plant mulch accounted for here and the
biochemical role of carbon and nitrogen mineralisation is not programmed in STICS yet.
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To account for this biochemical role, it is essential to also consider the mulch as a crop
residue left on the soil surface, and to determine its chemical composition with appro-
priate parameters (§ 13.5.3).

400 ~

Bare soil Black plastic Plant mulch Plant mulch Plant mulch
mulch (1t/ha) (6t/ha) (6t/ha) + tillage
(50% cover)

. Plant transpiration (mm) . Soil evaporation (mm) Mulch evaporation (mm)

Figure 11.9. Simulated effects of a mulch on the various processes involved in the water and
nitrogen balances, and their consequences on the water fluxes.

11.4.2 Evolution of soil cover

The processes of mulch decomposition and mulch quantity are presented in § 12.2.3.

The proportion of soil covered by mulch (couvermulchplastique;) is also expo-
nentially related to the quantity of mulch (gmulch, in t ha™!) using the parameter
kcouvmlchg (Eq. (11.13)). Scopel et al. (1998) gave kcouvmlch; values ranging from
0.092 to 0.367 depending on the type of plant residue (entire plant, fresh or decom-
posed, stalks). This parameterisation indicates that the type of plant residue affects
both the proportion of soil cover and the rate of decomposition (Figure 11.10). As for
plastic mulching, couvermulch is constant and treated as a technical parameter.

For plant mulching:
couvermulch(t) = 1 - ekeouvmichzgmuici{)  (11.13)

For plastic mulching:

couvermulcf(t) = couvermulchplastique (1 1.14)
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Proportion of soil cover gmulch (t ha-")
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Figure 11.10. Variation in the proportion of the soil covered by a plant mulch, whose quantity
(gmulch in t DM ha7}, initial mulch amount =6 t DM ha™!) decreases as a function of the type
of the crop residue given by the parameter kcouvmlchg; (a high value for entire fresh plants
and a low value for cut stalks).

11.4.3 Surface runoff

We separate surface runoff associated with soil surface conditions (ruisselsurf) and
runoff associated with a lack of soil infiltrability; the latter is simulated by the water and
nitrogen transfer (§ 10.1). We calculate the surface runoff fruis variable (Eq. (11.16)),
which is the proportion of runoft water above the activation threshold (pminruis),
as shown in Eq. (11.15).

ruisselsur f(t] = fruis(t) . (precip(t) - stemf Iow(t) - pminruis G)
if (precip(t) - stemf Iow(t)] > pminruis .
ruisselsur f1 (t] =0

if [precip(t) - stemf low(t]) < pminruis . (1 1.1 5)

where qmulchruisOg is the mass of mulch above which runoff starts. For values
between gmulch=0.1 and gmulch = gmulchruisOg, we use the relationship estab-
lished by Scopel et al. (1998) to calculate FRUIS: above qmulchruisO, FRUIS is zero,
and below 0.1 we take the value of ruisolnug (Figure 11.11).

fruis(t) =ruisolnug if (gmulcHt)< 0.1
f ruis(t) =0.33- (qmulchruiso o qmulch] if 0.1< qmulch(t] < gmulchruis0,,
fruis(t) =0 if qgmulcKt)> qmulchruis0 c (11.16)
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Figure 11.11. Proportion of runoff water as a function of the soil surface (ruisolnug) and the
plant mulch (qmulchruisOg and gmulch).

The effect of vegetation being present above the soil (lai) is accounted for via mecha-
nisms for the flow of water along stems (stemflow) as the fruis proportion only applies
to the amount of water not involved in stemflow (Eq. (11.17)).

stemflow = stemflowmax,, - [trr(t) + airg(t]) .
[1 - exp( - kstemflow, - IaI(tD [1 1.1 7)

The stemflowmax, parameter may vary from 0.2 to 0.5, depending on the species.
The kstemflow, parameter is less well known: it can initially be equal to the solar
radiation extinction coefficient (extinp).

11.4.4 Interception of water by mulch

The maximum water content of the plant mulch (mouillmulch), calcu-
lated using Eq.(11.18) is proportional to the mulch mass (qmulch), and its
wettability (mouillabilmulchg). The mulch wettability can vary between 0.22 and
0.38 mm t~! ha™! (Scopel et al., 1998). The amount of water retained is limited by the
incident rainfall minus the surface runoff.

mouillmulch(t) = mouillabilmulch,. - gmuici(t) ~ (11.18)

The amount of water directly evaporated from the mulch (emulch) can be calculated
in two ways, using either the reference evapotranspiration (Eq. (11.19)) given in the
weather input file (tetp intended to be the Penman value) or the raw weather vari-
ables, which include wind speed and air humidity. The emulch value is limited by
mouillmulch:
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emulch(t) = tetp(t) . couvermulch(t) . exp{ - (extinp - 0.2) . Iaz(t])
Orif cover rate is used instead o f

emulch(t) = tetp(t) . couvermulch(t) . (1 - tauxcouv(t])

and emulcht)< mouillmulch ~ (11.19)

With the first method, it is assumed that the water contained in mulch evaporates in
the same way as from a grass canopy, according to a resistance/height compensation
phenomenon. This phenomenon corresponds to the ‘extinction of energy at the soil
level’ by the vegetation (as is the case for soil). If the extin, parameter is not active
(because the radiation intercepted by the canopy is calculated with the radiation
transfer model and not using the Beer’s law approach as explained in § 9.2.1.1), the
value is recalculated and varies depending on the crop geometry and the quality
of radiation.

With the second method, the Shuttleworth-Wallace formalisation is applied as
explained in § 11.3.2, and emulch evaporates in the same way as free water located at
the soil level receiving energy. It takes into account the proportion of soil covered by
the mulch (couvermulch).

In both cases emulch is limited by the amount of water intercepted by the plant mulch,
mouillmulch.

11.4.5 Modification to soil evaporation due to the presence of mulch

Incident energy at the soil level under the mulch is linearly related to the proportion
of soil covered, which considerably reduces direct soil evaporation. In the option
using the reference evapotranspiration as an input, the relationship is directly
applied to the potential soil evaporation (eos) as given in Eq. (11.20), while it is
applied to the radiation balance in the option using the Shuttleworth-Wallace
formalisation (§ 11.2).

eos(t) = tetplt) - (1 - couvermulch) - elextin-02haie)  (11.20)

11.4.6 Modification of crop requirements by the presence of mulch

If the Shuttleworth-Wallace formalisation is used, emulch contributes to a reduc-
tion in the saturation deficit (dos) in the same way as direct soil evaporation and the
evaporation of water intercepted by the foliage (§ 11.2 and § 9.3.4.3). If the reference
potential evapotranspiration approach is adopted, emulch also reduces the evaporative
demand according to an empirical formula given in § 11.3.

11.4.7 Modification of crop and soil temperatures by the presence of mulch

First, the mulch influences the temperature regime by modifying the soil surface
albedo as defined in Eq. (9.15), using the parameter albedomulchresidus. Second,
the total evapotranspiration from the soil-plant system (evaporation + transpiration),
to which the energy balance is applied, accounts for evaporation from the mulch.
Taken together, these two phenomena modify the crop temperature. When plastic
mulch is used, the temperature is considerably modified.
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» 11.5 Plant transpiration and derived stresses

To calculate actual transpiration, we chose to use a relationship linking relative
transpiration (ratio of actual to maximum transpiration) to soil water content. Such
a simplified mathematical representation was proposed by van Bavel (1953) for the
total evapotranspiration. He suggested a straight-line relationship allowing simple
calculations of soil water balance. Subsequent studies have shown that the relation-
ship was more likely to be curvilinear (Denmead and Shaw, 1962; Eagleman, 1971)
or exponential (Baier, 1969). Nevertheless a bilinear function may provide a good
representation of experimental data (Burch et al, 1978; Meyer and Green, 1981;
Robertson et al., 1993; Rosenthal et al., 1985) and was adopted as the driving equa-
tion of many simple water balance models (Leenhardt et al., 1995). This relationship
assumes that a crop is able to take up soil water at a maximal rate to meet atmos-
pheric demand until the soil water content falls below some threshold value. Though
in many models, this threshold is assumed to be a constant equal to 30%, 40% or
50% of the maximum available water content (Fisher and Elliot, 1996; Hunt and
Pararajasingham, 1995; Mailhol et al., 1996; Robertson et al., 1993), it was shown to
depend on atmospheric demand, species and time within the crop cycle (Burch et al.,
1978; Cordery and Graham, 1989; Doorenbos et al., 1980; Gardner, 1991; Hallaire,
1964; Novak, 1989; Palacios and Quevedo, 1996; Texeira et al., 1996). Based on work
by Slabbers (1980), we proposed an operational formula to calculate this threshold
using the soil water content, derived from basic laws governing water transfer in the
soil-plant atmosphere continuum (Brisson et al., 1998a).

11.5.1 Actual transpiration

On a daily time scale, root uptake can be considered to be equal to leaf transpira-
tion. The overall calculation of root uptake is then distributed between the soil layers.
Relative transpiration, i.e. the relationship between actual transpiration and maximum
transpiration (ep/eop), is a bilinear function of the available water content in the root
zone, teta (i.e. the water content above the wilting point in cm? of water cm™ of dry
soil). The ep/eop ratio is considered as the stomatal water stress (swfac, Eq. (11.21)),
which is represented in Figure 4.11.
ent)

swfac=m (11.21]

The water content threshold separating the maximum transpiration stage and the
reduced transpiration stage (tetstomate) depends on root density, the stomatal func-
tioning of the plant, and the evaporative demand as expressed in Eq. (11.22), according
to Brisson et al. (1998a), who showed that that this threshold does not depend on the
soil type, for example via the maximal available soil water content.

tetstomate(t)= 35 -

eop(t] 1
n 271-cumlracz{t}psisto};l0’4 +In (rayon . \] cumlracz(t) )] (11'22)
P zrac{t]

where cumlracz is the sum over the whole rooting depth (zrac), of effective root length
density Iracz (in cm cm~3), psisto,, (positive in bars) is the critical leaf water potential
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of stomatal closure, and rayon;, is the mean root radius, which is assumed to be equal
to 0.02 cm. When using this formula, we find that the tetstomate threshold tends to
be stable beyond a certain root depth (Figure 11.12). Table 11.1 summarises the role
played by the various factors influencing this value. It highlights the dominant effect of
evaporative demand (EOP), and the parameter of stomatal closure, psistoy.

tetstomate (%vol)

0.071
eop
— 1mm
— 9mm

0.06 1

0.05 1

0.04 1

20 40 60 80

zrac (cm)

Figure 11.12. Influence of the rooting depth (zrac) and the maximum daily transpiration
(eop) on the threshold of soil water content above wilting point (tetstomate) below which the
transpiration is reduced.

Table 11.1. Sensitivity analysis of the threshold tetstomate (in cm® water cm™ soil above
the wilting point).

Parameters Nominal value tetstomate sensitivity
Root profile (pivot, ramified) In between 0.050 0.068
rayon (5e-3 to 7e-2 cm) 0.02 0.052 0.060
psisto (5 to 25 bars) 15 0.050 0.070
eop (1 to 9 mm) 4 0.039 0.066

11.5.2 Extrapolation to the water stress turgor index

The ep/eop ratio is equal to the stomatal stress index, swfac. The stress turgor index
turfac, which affects leaf growth, comes into play earlier. The method for calculating
this index is similar to the method used for swfac and uses the critical potential of cell
expansion psiturg, in Eq. (11.22). Since psiturg, is lower than psisto,, we obtain
a higher teturg threshold. In other words, leaf growth can be inhibited even when
transpiration is still at its maximum level (Figure 4.11).
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11.5.3 Distribution of root water extraction within the profile

Water absorption ep is distributed in the root zone (epz profile) 1 per 1 cm layer
of soil, according to two factors, each having the same influence: the effective root
density profile, Iracz, and the available water content (hur — humin) (Eq. (11.23)).
The roots are assumed to be effective whenever the soil layer water content is above
wilting point. Moreover, it is assumed that the water located in the macroporosity
does not contribute to transpiration. It is assumed that macroporosity fills up when
microporosity is already filled.

_ ) Iracz(z){ hur(z)-humin(z))
epzz, t)=eplt) S cacd ) hurfz)-hurmin(2)

An iterative calculation distributes the transpiration within the soil profile, ensuring
that the whole of ep is shared out according to both root and water availability.

(11.23)

» 11.6 Water balance

The calculation of all the variables contributing to water fluxes in the soil-plant-atmos-
phere continuum contributes to the water balance (Table 11.2). These fluxes are used
to compute the water balance of the daily soil water content.

Table 11.2. Components of the water balance in a STICS output.

Inputs (mm) Outputs (mm)

Initial water content 300 Final water content 284
Rain 830 Evaporation 46
Irrigation 94 Transpiration 448
Runoff 0

Capillary rise 0

Deep infiltration 364

Mole drainage 0

Leaf interception 0

Mulch interception 82

Ineffective irrigation 0

INITIAL TOTAL 1224 FINAL TOTAL 1224
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Chapter 12

Carbon and nitrogen transformations
in soil and balances

BRUNO MARY, FABIEN FERCHAUD, HUGUES CLIVOT
AND JOEL LEONARD

REVIEWED BY: NICOLAS BEAUDOIN

» 12.1 Organic and mineral C-N pools

The nitrogen balance in the soil-plant system depends on the main processes affecting
the organic and/or mineral nitrogen pools in soil (mineralisation, immobilization,
nitrification, volatilisation, denitrification, leaching) and the source/sink effect of
the crop (symbiotic N fixation, absorption of mineral N). The various C and N pools
considered in the STICS model, together with the corresponding C and N fluxes, are
shown in Figure 12.1. They include:

— mulch residues, i.e. organic residues added and remaining at the soil surface,
coming from aerial crop residues brought after harvest operations (QCressuite),
leaves or stems falling to the soil during pruning or trimming operations (QCrogne),
senescent leaves falling to the soil (QCplantetombe) and exogenous organic residues
(QCresorg) such as manure, added as fertilisers or amendments;

— organic residues mixed in soil layers (Cr) down to the depth profhumg;

— microbial biomass (Cb) involved in the decomposition of these organic residues
(‘zymogeneous biomass’), both in the mulch and the biologically active soil layers;

— ‘humified’ organic matter (Chumt), composed of an active pool (Chuma) and an
inert pool (Chumi);

— mineral pools (CO, and mineral N) resulting from the decomposition of organic
matter or N inputs through N fixation and mineral N fertilisers.

The net N mineralisation, i.e. the net production of mineral N by the soil, is the sum
of two components:

‘Humus’ mineralisation, which results from the decomposition of the active soil
organic matter pool. This is a permanent process which always leads to a release of
mineral N, i.e. a positive net mineralisation, called ‘basal’ mineralisation.

Organic residues mineralisation, which is associated with the decomposition of
crop residues (straw, roots, etc.) or organic wastes added to the soil. It is a process
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which is highly variable over time. During a first phase after the addition of resi-
dues, the mineralisation can be positive or negative (immobilisation of soil mineral
N). During the second phase, it is positive through the ‘re-mineralisation’ process
which releases N coming from either the residue or the microbial biomass which
has broken it down.

The humified organic N in soil (Nhumt, in kg ha™!) is composed of two pools: an active
pool (Nhuma) and an inert pool (Nhumi). The first pool is fed by the humification of
fresh organic residues and contributes to mineralisation, whereas the second is assumed
to be inert on the time scale of a century. Such an inert pool is included in most models
simulating the long-term evolution of soil organic matter. However the models differ
greatly in the size of this pool, which may vary from less than 10% in ROTHC (Coleman
and Jenkinson, 1996) to 50% in CENTURY (Parton et al., 1987), 40% to 80% in AMG
(Clivot et al., 2019) and even 60% to 80% (Ludwig et al., 2007, 2003).

In STICS, the initial proportion of the inert pool (finertg, ratio of Chumi to Chumt) is
set to a default value of 0.65. This value appeared to be adequate to simulate the evolu-
tion of soil organic carbon in long-term arable experiments with the AMG model
(Saffih-Hdadi and Mary, 2008), which includes a mineralisation function similar to
STICS (Clivot et al., 2019). However this value depends on the cropping history of the
field. It should be smaller (down to 0.40) if the soil had a recent history of grassland or
forest land use or if it received large amounts of organic amendments.

The decomposition and mineralisation processes are dependent on soil and envi-
ronmental conditions, and may be affected differently by them, particularly soil
temperature and water content. The effect of temperature on C or N mineralisation
in soil is still a matter of controversy, as pointed out by Kirschbaum (2006). We
attribute some of the disagreement between authors to the fact that the tempera-
ture response differs according to the type of organic matter decomposed. In STICS
we use a different function for decomposition of humified soil organic matter
(SOM) and fresh organic residues. The effect of soil moisture might also be different
for the two processes, but little is known about this aspect. Therefore we use a
single function to describe the effect of water content on decomposition and C and
N mineralisation.

» 12.2 Decomposition and mineralisation of organic matter

12.2.1 Mineralisation of humified organic matter

Decomposition of humified SOM takes place mainly in the upper layer of soil.
Although the soil below the tilled depth and the subsoil may contain important
reserves of organic C and N, their decomposition rate appears to be slow compared to
the upper soil layer (Fontaine et al., 2007; Clivot et al., 2017). In STICS, mineralisation
is assumed to occur down to a maximum depth (profhumg, in cm) and be negligible
below this depth. The N mineralisation rate (Vminh, in kg N ha~! day!) depends on
the amount of active soil organic nitrogen (Nhuma, in kg N ha=!) over this depth and
the actual mineralisation rate constant (K2, in day™):

VminHt) = K2(¢)- Numd(t)  (12.1)
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Nhuma varies throughout time. At the beginning of simulation, Nhuma is calculated
as follows:

profhum,

ill
Nhuma=1000 Z Norg -(1- finert)- DAF(z)- (1 - %HS(S(Z)) (12.2)

z=1
where profhumyg is the depth of the biologically active layer (in cm), Norgg is its
organic N content (in %), finertg is the fraction of inert carbon in SOM, DAF
(in g cm™3) is the bulk density of the fine earth and caillouxg is the volumic percentage
of pebbles in soil (proportion of material > 2 mm, in %).
The actual mineralisation rate constant K2 is calculated as:

K2(t)=K2hum-tnh  (12.3)

with

profhum

Z *fH¢, z) - fth(t, z)

profhum .

tnh= (12.4)

Khum is the potential mineralisation rate constant (day™), i.e. the mineralisation rate
constant of a soil maintained at the reference temperature value (trefh;=15°C) and
reference moisture content (field capacity). The tnh factor (unitless) is the norma-
lised time for humus mineralisation, accounting for the effect of soil moisture and
temperature compared to reference conditions.

The soil water content (hur) modifies the mineralisation rate according to a multi-
linear function (Eq. (12.5)). Mineralisation is nil when the soil water content is below
hminmg (Figure 12.2). It increases when the water content increases and then
decreases. The maximum rate is reached when the soil water content (expressed as a
proportion of field capacity) is between hoptmg and 1. It decreases and reaches the
rate fhminsat; when the soil is saturated. Values of these parameters can be different
for temperate and tropical soils.

hminmg;

hur(zt)
hucz{z) I"(Z t)
fh(z, t] mm[—hoptm “hminm, 1] if hminmg<-— Taeds) < <1

(1-fhminsat Jwfps+wfpsccfhminsat,-1 . . hur{zt)
(Zr t] = wfpscc-1 if hucd(z) 21

fh(z t)=0 if :l:i(z) < hminmg; (12.5)

where wfps and wfpscc are the values of the water-filled pore space at actual water
content and at field capacity, respectively.

The effect of soil temperature on basal mineralisation (fth) can be described either by an
Arrhenius or a logistic function (Valé, 2006). We have chosen a logistic function which
enables to simulate the slower increase in mineralisation rate at high temperatures
when microbial activity slows down (Figure 12.3).

The proposed function is roughly exponential from 0°C to 25°C and increases more
slowly above this temperature (Eq. (12.6)). It relies on three parameters including the
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Figure 12.2. Influence of relative soil water content (hur/hucc) on decomposition rate of soil
organic matter in two soils. Values of hoptm . and hminm,, = are 0.90 and 0.25 for the temperate
soil (standard parameters, adapted from Rodrigo et al. (1997)) and 0.67 and 0.22 for the tropical
soil (Sierra et al., 2003). fhminsat; = 0.50 and DAF,=1.50 in both soils.

Temperature effect

—10 0 10 20 30 40
tsol (°C)

Figure 12.3. Influence of temperature on decomposition rates of organic matter: factor fth for
humus and ftr for organic residues. Parameter: tmin_mineralisationg=0.
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reference temperature (trefh, set at 15°C). The parameter ftemha corresponds to
the asymptotic value of fth and has been set to 25. Using these settings, the two param-
eters defining fth are ftemhg=0.120 K! and ftemhb = 145.

_ ftemha;
fth(Z, t) T 1+f temhb-exp(—ftemhg-tso[z,t)]
fth(z, t)=0 if tsolz, t)< tmin_mineralisation G (12.6)
with

ftemhb = [ftemhaG - 1) - exp (fteth . treth) (12.7)

where tmin_mineralisationg is the temperature below which mineralisation rate is nil.
This logistic function allowed several authors to adequately simulate C or N mineralisation
kinetics measured in controlled conditions in temperate or tropical soils (Balesdent and
Recous, 1997; Nicolardot et al., 2006; Valé, 2006). It is very close to an Arrhenius function
with an activation energy E , =78 k] mol™! K~! between 0 and 35°C. It is also equivalent to
a Van't Hoft function between 0°C and 25°C with a Q, coefficient equal to 3.15.

The effect of soil tillage is not explicitly considered but is accounted for as follows.
In a regularly ploughed soil, the nitrogen concentration is homogeneous in the
ploughed layer and corresponds to Norgg. In this case profhumg must be equal to or
slightly greater than the ploughing depth in order to take into account the contribu-
tion of lower layers to the total mineralisation. However several studies (Valé, 2006;
Oorts et al., 2007; Clivot et al., 2017) suggest that this contribution is small.

If the soil is no longer ploughed, the organic nitrogen distribution in the old plough
layer becomes heterogeneous. The same calculation can be applied but profhumg
corresponds to the old depth of ploughing and Norgg represents the mean organic N
concentration over this depth. If Norgg is measured over the new (and smaller) depth of
soil tillage, profhumg must correspond to that depth. In both cases, the possible change
in bulk density (increase due to the reduction in soil tillage) must be taken into account.

According to Clivot et al. (2017), the potential mineralisation rate constant (Khum)
depends on the clay content measured after decarbonation (argig in %), the CaCO,
content (calcg in %), the soil pH measured in water (pHOg) and the C/N ratio of the
soil organic matter (CsurNsol). Khum is the product of four factors (f1-f4) and involves
seven parameters (gminlg - gmin7.):

K2hum=gmin1,_- f1-f2- f3- f4  (12.8)

with

fl=exp| - gminZG . al‘gis] (12.9)
R B

f2= [1+gmin36.calcs] (12.10)

2
f3=exp| - gmin4 - (pHOS - gminSG) ] (12.11)

2
f4=02+08- exp| - gmin6_-(CsurNsol-gmin7 || (12.12)

The effects of clay content, CaCO, content, pH and C/N ratio on K2hum are illustrated
in Figure 12.4.
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Figure 12.4. Influence of clay content (argis in %), CaCOj; content (calcg in %), pH (pHOS) and
C/N ratio (CsurNsol) on the potential decomposition rate of soil organic matter.

12.2.2 Decomposition of organic residues mixed in the soil

STICS simulates the decomposition of various organic residues and their humifica-
tion due to microbial activity, as described by Nicolardot et al. (2001) and Justes et al.
(2009) for crop residues. Nitrogen mineralisation depends on the decomposition rate
of organic residues (i.e. carbon fluxes), their C/N ratio (CsurNres), the C/N ratio of
the zymogeneous biomass (CNbio) and the C/N ratio of the newly formed humified
matter (CNhum).

Ten categories (index r) of organic residues are considered in STICS:

— crop residues from mature crops (e.g. straw)

— crop residues from young plants (e.g. cover crops)

— animal manures

— green composts

— sewage sludges

— vinasses

— cattle horn

— vineyard prunings

— pig slurry

— rhizomes.

The fate of residues in each category (r) is followed separately. Figure 12.5 shows the
carbon and nitrogen flows occurring during the decomposition of the organic residues.

The model is defined by six parameters, three of them being residue-dependent: two
decomposition rate constants (kres and Kbiog, in day™!), two partition parameters
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(yresg and hres) and two C/N ratios (CNbio and CNhum). For a given category, the
parameters are either constant (kbiog, yresg, and CNhum=1/Wh() or dependent
upon the C/N ratio of the organic residue (CsurNres.), according to the following
relationships:

bkres(;[r]
CsurNres,{r]

bwb(r)
CsurNresT(r]

kres(r) = akresa(r] + (1 2.1 3]

CNbio(r) = awb{r)+ (12.14)

CsurNresT(r)
bhres{r}+CsurNres,(r)

hres{r) =1- ahresG(r) . (1 2.1 5)

CO

2

CO

Biomass Humus
CNbiof) |~->| CNhum
A ¢

Organic
residue [ oo

\

»

Mineral N

Figure 12.5. Flow diagram of the decomposition of organic residues in soil (Nicolardot et al.,
2001). The continuous lines indicate carbon flows and the dashed lines nitrogen flows.

The decomposition rate of organic residues (4Cres, in kg C ha™! day™!) is assumed
to follow first order kinetics versus the amount of decomposable carbon (Cres) and
depends on their nature (kres), soil temperature (fth), water content (fh) and the soil
mineral nitrogen in the layers containing the residues:

ACres(z, t,r)= - kres(r)- Cres(z, t, r)- ftr{z, t)- fh(z, t)- fredkN(z, t)  (12.16)

where fredkN; is a reduction factor of the decomposition rate of residues due to lack
of nitrogen.

The change in the associated microbial biomass (Cbio) and the rate of humus forma-
tion (AChum), both in kg C ha™! day, are calculated as follows:

ACbio(z, t, r) = - yres{r)- ACres(z, t, r) - kbioJr)- Chidz, t, r)- ftr{z, t)- fh(z, t)  (12.17)
AChuml(z, t, r) = kbio{r)- hres(r)- Cbioz, t, r)- ftr{(z, t)- fh(z, t)  (12.18)

The soil moisture content influences decomposition similarly to the decomposi-
tion of humified materials (Eq. (12.5)) whereas the soil temperature has a specific
effect on the decomposition rate of organic residues. The thermal effect on residue
mineralisation ftr is based on the data published by Balesdent and Recous (1997).
It is similar to the logistic function defined for humus decomposition (Eq. (12.6)),
but with different parameters. Using the same reference temperature (trefrg), the
parameters are: ftemrg=0.103 K ~! and ftemrag=12. The shape of the curve is
shown in Figure 12.3.

The depth of residue incorporation in soil modifies their decomposition since
water content and temperature vary with depth and their localisation determines
the amount of mineral nitrogen available for the microbial biomass. Each tillage
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operation is assumed to mix the residues uniformly with the soil over the depth
defined by a minimal value (profres;) and a maximal value (proftrav). The
lower depth is a rather straightforward parameter to define. The upper depth has
no true physical meaning (it should be 0) but is an equivalent depth defining the
“residuesphere’, i.e. the volume of soil in close contact with the residues. It has been
shown that decomposition and N immobilisation are markedly reduced when resi-
dues are stratified (i.e. located in a fraction of soil volume) compared to a situation
where residues are homogeneously distributed throughout the soil (Magid et al.,
2006). Oorts et al. (2007) obtained a good simulation of C and N mineralisation
under field conditions after addition of straw by considering that the residuesphere
represented 10% of the total soil volume. Since STICS is a 1D model, it is not possible
to simulate this effect explicitly: it must be done indirectly by considering the ratio
profres. / proftrav; as the fraction of soil volume occupied by the residuesphere
(see § 13.3.2).

The net N mineralisation rate (4N, in kg N ha~! day~}, positive or negative) resulting
from residue decomposition is calculated as the complement of the variation in the

three organic pools:
10

AN(z, t)= ), - ONres(z, t, r) - ANbiolz, t, r) - ANhum(z, 6, r)  (12.19)
r=1

A lack of mineral nitrogen modifies the decomposition and mineralisation rates
through five domino effects:
— a reduction in the decomposition rate of residues (Giacomini et al., 2007; Recous
et al., 1995) (factor fredkN);
— a shift in the C/N ratio of the zymogeneous biomass which reduces the N immobi-
lisation rate (factor fNCbio);
— areduction of the N humification rate (factor fNChum);
— a priming effect resulting in an increase of the decomposition rate of humified
organic matter (factor Priming);
— a decrease in the microbial assimilation yield (factor f{CUE).

The changes in the three N pools (residue, microbial biomass, humus) are calculated
using the C/N ratio or N/C ratio of the three compartments, as follows:
Cres(z,t,r)

ANres(z, t,r)= Carres () (12.20)

ANbio(z, t r) = -yres;: ACres(z, t, r) . NCbio(r) . fNCbio(z, t)
- kbiog - Nbioz, t)-ftr(z, ¢)- fhz, ¢)  (12.21)
ANhum(z, t, r)= AChum(z, t, r)- NChum- fNChum ~ (12.22)
Examples of C and N dynamics predicted by the model are given in Figure 12.6. The

variation in organic pools may exceed the amount of N added by the residue when
mineral N is immobilised.

The C and N mineralisation kinetics differ according to the type of organic residue
(Figure 12.7). Decomposition results in net release of N for residues with a low C/N
ratio (vinasse, C/N=8; catch crop C/N=15) and net immobilization with residues
poor in N (rapeseed straw, C/N =45).
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Figure 12.6. Evolution of C and N pools simulated during the decomposition of a crop residue
(rapeseed straw) finely mixed in the soil, assuming no limitation by mineral N. The abscissa
represents the normalised time (constant temperature and moisture). The ordinate is expressed
in % of C or N added by the residue.
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Figure 12.7. Evolution of C and N mineralised due to the decomposition of three types of
organic residues (rapeseed straw, catch crop shoots and vinasse). The abscissa represents
the normalised time (constant temperature and moisture, no limitation by mineral N). The
ordinate is expressed in % of C added or kg N ha™L.
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12.2.3 Decomposition of organic residues at the soil surface

The decomposition of organic residues left as mulch at the soil surface is simulated
similarly to mixed residues but with two main differences. First, the mulch is assumed
to be composed of two layers: i) the upper layer, which is supposed to be above the soil
and therefore cannot decompose; ii) the lower layer, in contact with the soil, which is
decomposable. The partition between the two layers depends on the mulch amount.
The lower layer corresponds to a mulch mass equal or lower than gmulchdec. Every
day, the part of the mulch which decomposes in the lower layer is replaced by an
equivalent mass coming from the upper layer until complete depletion of this layer.
Second, the decomposition parameters of organic residues decomposing in the mulch
are modified compared to residues mixed in soil, and particularly the decomposi-
tion rates which are reduced. The calibration was also realized by fitting the model to
incubation experiments, with or without soil mixing.

12.2.4 CO, emissions

STICS simulates the net CO, exchange between plant and atmosphere, but does
not simulate the gross photosynthesis and the autotrophic respiration of the plant.
It simulates the cumulative CO, emitted by the soil and distinguishes the origin of
the emissions: coming from mineralisation of humus (QCO2hum), mineralisation of
residues in the mulch (QCO2mul) and mineralisation of all residues including mulch
and residues incorporated in the soil (QCO2res). The variable QCO2sol is the sum of
QCO2res and QCO2hum; it corresponds to the heterotrophic respiration of soil.

» 12.3 Nitrification

Nitrate production in soil results from two successive processes: mineralisation (or
ammonification) and nitrification. Nitrification is often a rapid process in cultivated
soils under temperate climates, which may justify avoiding describing nitrification and
assimilating mineral N to nitrate-N. However in some soil and climatic conditions
(e.g. acidic, hydromorphic or tropical soils), the nitrification process may be much
slower and ammonium ions may persist in soil. Furthermore, the simulation of N,O
emissions due to nitrification requires a description of nitrification, as well as the
simulation of ammonia volatilisation which is highly dependent on NH,* concentra-
tion. Accordingly, the present version of STICS can simulate nitrification and the two
forms of mineral N separately.

Nitrification is calculated in the biologically active layer (profhumy). If the nitrifica-
tion option is not activated, the ammonium produced by the soil or added as fertilizer is
instantly converted into nitrate. If the nitrification option is activated, the nitrification
rate (vnit, in mg N kg~! day™!) is calculated as the product of the potential nitrifica-
tion rate (vnitpot , in mg N kg~! day!) and three factors depending on environmental
conditions: soil pH (fpHn), temperature (fTn) and water content (thn).

vnit = vnitpot - fpHn- fTn- fhn ~ (12.23)
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12.3.1 Potential nitrification rate

The potential nitrification rate is calculated as the product of a maximum nitrifica-
tion rate (vnitmax, in mg N kg~! day~!) and a function depending on the ammonium
concentration (fy;y,, unitless):

vnitpot = vnitmax - f (12.24)

vnitpot can be calculated in two ways according to the option code_vnit,,.

With the first order option (code_vnit;=1), vnitmax is proportional to the ammo-
nium concentration:

vnitmax =fnx;- NH, (12.25)
fNH4=1—N’,’V‘§,’j"” (12.26)

where fnxg is the maximum fraction of NH, which can be nitrified daily (day™!) and
NH4min (mg kg™!) is the minimal concentration of exchangeable NH, in soil.

With the second option (code_vnitg=2), vnitmax is an input value (vnitmax). The
effect of ammonium concentration is described by a Michaelis-Menten function:
NH,~NH4min
f NH, ~ NH-NHamin-wKammg (12-2 7)

where w is the gravimetric soil water content (L kg™!) and Kammg (mg N L!) is the
affinity constant of nitrifiers for NH,,.

Figure 12.8 shows vnitpot when code_vnit;=1 and when code_vnit;=2 for two
values of Kammg; (24 and 202 mg N L~!) and two values of w (0.15 and 0.24 g g7!).

vnitpot (mg N kg~ day")

80 -
60 A
— code_vnit; =1
- code_vnit, =2, Kamm =202 and w=0.15
-=- code_vnit, =2, Kamm =202 and w =0.24
40 — code_vnit, =2, Kamm =24 and w=0.15
=== code_vnit, =2, Kamm =24 and w = 0.24
20 -
0

é 2I5 5I0 7I5 1 60
NH, (mg N kg™)

Figure 12.8. Influence of the soil NH, content on the potential nitrification rate. Parameters:
fnx;=0.8, vnitmax;=27.3 and NH4min=1.
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However, the second option has its drawbacks. Indeed, after a classical fertilisation at
soil surface, the nitrogen supplied is located in the first elementary soil layer. Since the
thickness of this layer is only 1 cm, ammonium concentration becomes very high and
funa reaches 1. The nitrification rate is maximum in the first centimetre of soil and can
be very low in the soil below 1 cm. Total nitrification may be greatly under-estimated.
This effect can be corrected by placing the fertiliser over a greater depth, but this
requires one more parameter to estimate. The linear approach avoids this difficulty
thanks to the absence of a saturation of the nitrification rate that compensates for the
small thickness of the soil layer concerned.

12.3.2 pH effect

The effect of pH on nitrification is linear between pHminnit; where nitrification
is zero and pHmaxnit; where nitrification is maximum. Figure 12.9 illustrates this
relationship with the default values in STICS.

fpH nitrification

1.00
0.75 {
0.50
0251 pHminnit, pHmaxnit,
0.00
4 6 8
pH

Figure 12.9. Influence of soil pH on the relative nitrification rate. Parameters: pHminnit . = 4.0,
pHmaxnit =72

12.3.3 Temperature effect

The temperature effect is described either by a piecewise linear model (code_tnit;=1)
or by a Gaussian function (code_tnit;=2). In the first case, nitrification rate is
maximal when soil temperature lies between tnitopt; and tnitopt2. In the second
case, nitrification rate is maximal when soil temperature is equal to tnitopt_gaussg
and is defined as follows:

2
(tsol - tnitopt_gauss G)

fTn= exp (12.28)

scale_tnitoptz
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It is easier to use the Gaussian function to manipulate the optimum temperature, such
as when shifting it according to the average temperature. The two functions are illus-
trated in Figure 12.10.

T nitrification
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Figure 12.10. Influence of soil temperature on the relative nitrification rate. Parameters:
tnitopt_gauss = 32.5, scale_tnitopt .=16.0.

12.3.4 Water content effect

Soil water content has a double effect on nitrification by simultaneously changing the
soil water potential and the volume of water saturated soil. Therefore, nitrification
rate increases when soil water content increases until a maximum and then decreases
due to anoxia which stops nitrification. This effect is described by a piecewise linear
function of the relative water content or water-filled pore space (Figure 12.11). The
two soil moisture thresholds (hminng, hoptng) are expressed as a fraction of soil
moisture at field capacity. Nitrification is zero below hminng or when the soil is
completely saturated with water. It is optimal between hoptng and 1 (field capacity).
It increases linearly between hminng and hoptng, and decreases linearly between 1
(field capacity) and saturation.

hur :
huce —hminn;

fhn=max|0, W] if hur<hucc- hoptn,_.

fhn=1 if hucc-hoptn_<hur<hucc

1-wfps
1-wfpscc

fhn=max[o, | i hur>huec  (12:29)

It must be noticed that the optimal water contents for nitrification (hoptn) and miner-
alisation (hoptm,) can be different, which can lead to NH,* accumulation in soil.
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Figure 12.11. Influence of the relative water content (hur/hucc) on the relative nitrification
rate. Parameters: hminng = 0.30, hoptn . = 0.90. Bulk density = 1.30 g cm™?, water content at field
capacity=0.24 g g 1.
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12.3.5 Daily or hourly simulations of water content at soil surface

Soil WEPS is a key variable for both nitrification, denitrification and associated N,O
emissions. However, the STICS model is a daily time step tipping-bucket model where
drainage to the underlying soil layers occurs as soon (and only) as field capacity is
reached. As a result, without any additional mechanism, the near-saturation soil water
content that may temporarily exist near the ground surface during rainfall or in the
hours that follow is not simulated. Moreover, since the soil water content is limited to
field capacity which corresponds more or less to the soil water content at which anoxia
begins to develop, all processes that are highly dependent on this anoxia (nitrification
rate, proportion of N,O emitted by nitrification, denitrification rate, reduction of N,O
to N,) are underestimated.

An option is available for simulating soil water at the hourly scale. It is activated
by default. Activating the hourly WEPS calculation options for nitrification (code_
hourly_wfps_nit;=1) and denitrification (code_hourly_wfps_denit;=1) enables
to simulate soil water content as temporarily higher than field capacity during days
with rainfall, and its consequences on the nitrification, denitrification and N,O
emissions processes.

If precip > 0 (day with rain or irrigation), a wetting front depth is calculated by gradually
rising the soil water content up to saturation. Each elementary layer from top to bottom
becomes saturated until all of the precipitation has been stored. The water volume
of each layer being filled is the difference between theta_sat and hur. Water is then
redistributed by free drainage. The evolution of soil water content until the next day is
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assumed to be driven by drainage, the rate of which is proportional to the water excess,
theta_sat - hucc. This results in an exponential evolution of soil water content over time
(every hour), in which kdesat is the desaturation rate constant (day™!):

hur(t) = hucc +(theta_sat - hucc)- exp(-kdesat,-t)  (12.30)

Figure 12.12 illustrates the hourly evolution of the volumetric water content of a top
soil layer after initial saturation by rainfall, using the default kdesat value =3 day~.

Soil volumetric water content

| theta_sat
0.42 -
0.40 -
0.38 -
BB li T o = e o e e A e SN ¥ B SR H S N
0.00 0.25 0.50 0.75 1.00
Time (day)

Figure 12.12. Evolution of the volumetric water content of a top soil layer during a day after
initial saturation by rainfall (DAFg=1.50 g cm3, hucc =0.36 cm® cm3).

The default value of kdesat enables 95% of the water to be drained during one day
and thus to reach at the end of the day a value which is very close to field capacity, in
line with the daily soil water content calculated by the STICS water transfer submodel.

Each function of soil moisture or wfps is then integrated from t=0 to t=1 instead of
being applied to the daily soil moisture content, thus accounting soil water contents
exceeding field capacity and simulating active denitrification.

» 12.4 Denitrification

Denitrification is assumed to occur only in the top soil, over the depth defined by the
parameter profdenitg. The denitrification rate (vdenit, in kg N ha~! day™!) is calcu-
lated as the product of a potential rate (vpotdenit, in kg N ha~! day~!) and three control
factors: the substrate availability (NO,), the soil temperature (fTd) and the water-filled
pore space (fwfps):

vdenit = vpotdenit - fy, - fTd- f (12.31)

wfps
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There is no pH effect taken into account on the denitrification rate itself, although
some studies suggest that the optimum pH may be soil dependent.

12.4.1 Potential denitrification

The potential denitrification rate can either be read from the file sols.xml (vpotdenit,
if code_pdenit; =1 which is the default value) or calculated from soil organic carbon
concentration (if code_pdenit;=2).

With the first option, the value read in the soil file (vpotdenit,) represents the poten-
tial denitrification rate (kg N ha-! day~!) over the depth profdenitg. This value can be
converted to mg kg~! day~! by dividing it by soil bulk density and profdenit;.

With the second option, the potential denitrification rate (in mg N kg™ day™!)
is calculated as a function of the initial soil organic carbon concentration, using
the variables Norgg and CsurNsolg. The calculation is based on a data compi-
lation from the literature relating to the denitrification potential and the soil
carbon content. However the diversity of methods and conditions used to charac-
terise the denitrification potential makes this function uncertain. Furthermore
soil carbon content may not be a good estimate of easily available carbon. This
aspect needs further work and the proposed function should be used with care.
The potential denitrification rate is minimal when the soil organic C concentration is
lower than cmin_pdenit (in %) and maximal when the soil organic C concentration
exceeds cmax_pdenit (in %). It increases linearly between these two values. The
minimum value of the potential denitrification rate is equal to min_pdenit and its
maximum value to max_pdenit, (Figure 12.13).

Denitrification potential (mg kg~ day~")

20 1
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104

cmin_pdenit cmax_pdenit,

0 2 4 6 8
Soil organic carbon (%)

Figure 12.13. Influence of the soil organic carbon content (%) on the potential denitrification
rate. Parameters: cmin_pdenit = 1, cmax_pdenit =6 min_pdenit =L max_pdenitG =20.
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The denitrification potential values refer to specific reference conditions. In STICS
the reference conditions are a temperature of 20°C, a soil nitrate concentration of
200 mg N kg1, water saturation (wfps = 1) and no addition of carbon substrate. Under
these reference conditions, the actual denitrification rate is equal to the potential
denitrification rate.

12.4.2 Effect of nitrate concentration

Nitrate concentration modulates denitrification (fyo3) according to a Michaelis-

Menten function:

NO.
fN03 = N03+w~3KdG (12-32)

where w is the gravimetric soil water content (L kg™!), NO; is the nitrate content
(mg N kg! soil) and Kdg (mg N L) is the affinity constant of denitrifiers for nitrate
(Figure 12.14).
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Figure 12.14. Influence of the soil nitrate concentration on the relative denitrification rate for
two values of w (0.15 and 0.24 g g™!). Parameter: Kd; = 148.

12.4.3 Effect of temperature

The effect of temperature on denitrification is described by a Gaussian function
(Figure 12.15):

2
(tsol—tdenitopt_gauss G]

fTd= exp| - (12.33)

scale_tdenitopté

where tdenitopt_gauss is the optimal temperature for denitrification:
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Figure 12.15. Influence of the soil temperature on the relative denitrification rate. Parameters:
tdenitopt_gauss . =47 and scale_tdenitopt = 25.

12.4.4 Effect of water-filled pore space

Denitrification is an anaerobic process. Thus, the higher wfps, the less aerated the soil
is and the more active the denitrification is. The intensity of denitrification is described
as a function of wfps via a function combining a threshold above which denitrification
is active (wfpscg) and a rapid increase of the denitrification rate above this threshold

(Figure 12.16):
wfps-wfpsc 174
— max[O, (—1_wfpscG G) (12.34)

The wfpsc threshold depends on soil texture. Some work suggests that it varies from
about 0.50 for a coarse texture to 0.70 for a fine texture. However, there is currently
no function linking this threshold to soil texture in STICS and the default value is
wfpsc;=0.62.

An option is available to simulate the soil water content and the wfps at an hourly
time step. If it is activated (code_hourly_wfps_denitg; = 1), water content and wfps
are calculated every hour, assuming that each layer being saturated after a rainfall
event then desaturates at a exponential rate (kdesat;=3 day!). The values of the
hourly water content and water-filled pore space are calculated (see Eq. (12.30)) and
integrated at the daily scale.
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Figure 12.16. Influence of the water-filled pore space on the relative denitrification rate, with

the default value of wfpscG =0.62 and two alternative values (0.50 and 0.70).

» 12.5 N,0 emissions
The N,O emissions associated with each of the two processes, nitrification and
denitrification, are described as a fixed or variable proportion of the nitrification or

denitrification rate, respectively:
N,0,,=z-vnit  (12.35)
(12.36)

N50 i =1 - vdenit
12.5.1 Emissions associated with nitrification
If code_rationit;=1, the fraction z of the nitrified nitrogen emitted as N,O is
constant and is equal to rationitg, whose default value is 0.0016 (Khalil ez al., 2004).

1.04-0.40Wfps

If code_rationitg =2 (default option), the z fraction varies with wfps:
1.04-wfps ] (12-37)

z =rationit, - (
As wfps approaches 1, anoxia becomes dominant in soil and favours losses in the
N,O form (Figure 12.17). For low wfps values, the value of z is 0.16% (like the default

constant value).
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Figure 12.17. Influence of the water-filled pore space on the fraction of nitrified nitrogen
emitted as N,0. Parameter: rationit; =0.0016.

12.5.2 Emissions associated with denitrification

If code_ratiodenit;=1, the fraction r of denitrified nitrogen emitted as N,O is
constant and equal to ratiodenit;, whose default value is set at 0.20.

If code_ratiodenit =2 (default option), the fraction r varies with pH (factor Gph),
water-filled pore space (factor Gw) and nitrate concentration (factor Gn), in decreasing
order of importance. It is calculated as:

r=min1, r0-Gph-Gw-Gn]  (12.38)

where the factor rO depends on the value of the wfps threshold for denitrification
(wfpscg). With the standard value wfpscg =0.62, r0 is equal to 2.05.

12.5.2.1 pH effect (factor Gph)

Soil pH has a strong effect on the soil ability to reduce N,O to N,. Reduction is usually
very limited when pH is below 6 and close to its maximum when pH reaches 8. The
fraction r of denitrified nitrogen emitted as N, O is therefore highly pH dependent. The
relationship (obtained from the compilation of data from different studies) between
the observed values of r and soil pH is a piecewise linear function. The Gph factor is
equal to 1 (denitrification only produces N,O) if the pH is less than pHmindeng; it
is zero (denitrification only produces N,) if the pH is greater than pHmaxdeng and
decreases linearly between these two thresholds (Figure 12.18):

pHmaxden -pH
Gph=min1 2
bn= » pHmaxden G—pHminden B

(12.39)
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Figure 12.18. Effect of soil pH on the proportion of N,O emitted by denitrification. Parameters:
pHminden = 5.6, pHmaxden  =9.2.

12.5.2.2 Effect of water-filled pore space (factor Gw)

Water content and wfps influence the molar fraction r because high values of wfps
result in low oxygen availability, promoting complete denitrification and reducing the
proportion of denitrified nitrogen emitted as N,O. When wfps is close to the threshold
above which denitrification begins to start (wfpscg), the soil is still well aerated and
the reduction of N,O to N, is minimal, and r is maximum. On the contrary, when the
soil is completely saturated with water, the reduction is maximum and r is minimum.
The WFps effect (factor Gw) on r is assumed to decrease linearly with wfps, between
wfpscg and 1 (Figure 12.19):

f
Gw= mm{1, fwvzpiﬁ] (12.40)

12.5.2.3 Effect of nitrate concentration (factor Gn)

The value of 7 is also influenced by nitrate concentration through an inhibition of
the reduction of N,O to N,, which increases with nitrate concentration. This effect is
represented in STICS by a Michaelis-Menten function (where nitrate concentration is
expressed in mg kg™1):

Gn=woy  (1241)

This function is shown in Figure 12.20. Inhibition is important as soon as nitrate
concentration exceeds a few mg kg~!. Thus, in most conditions where nitrate levels are
significant, this effect is not noticeable because Gn is close to 1.
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Figure 12.19. Effect of water-filled pore space on the proportion of N,O emitted by
denitrification. Parameter: wfpsc ;=0.62.
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Figure 12.20. Effect of soil nitrate concentration on the proportion of N,O emitted by
denitrification.
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The combined effects of pH, wfps and nitrate on the molar fraction r are illustrated in
Figure 12.21.
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Figure 12.21. Influence of combined factors on the fraction of denitrified nitrogen emitted
as N,O.

» 12.6 Ammonia volatilisation

Ammonia volatilisation is a purely chemical process which operates on the soil
ammonium pool (NH,*) and converts it into gaseous ammonia (NH,). It affects the
ammonium derived from mineral fertilisers or from organic fertilisers which contain
large amounts of ammonium (such as liquid manure) and/or which have rapid miner-
alising potentials (e.g. vinasses). The current STICS version explicitly simulates the
volatilisation only in the case of an application of liquid organic manure (see § 13.5.2.1
for volatilisation from mineral fertilisers).

In order to simulate volatilisation, four forms of ammonia compounds which are in
equilibrium (Génermont and Cellier, 1997) must be considered:

— NH,s: ammonium ions (NH,*) adsorbed onto the mineral or organic soil fractions;
— NH,l: ammonium ions in solution in the liquid soil phase;

— NH;l: ammonia molecules (NH;) in solution in the liquid soil phase;

— NH;g: ammonia molecules in the gaseous soil phase.

All conditions which move these equilibria towards the last form (e.g. high pH and
temperature) stimulate volatilisation. Volatilisation occurs at the soil surface and
depends on the NH,* concentration there: it is thus affected by fertiliser type, fertiliser
rate, soil water content and NH,* movement in soil. The equilibrium between NH,s
and NH,! forms can be characterised by an adsorption isotherm which depends on
soil CEC (cation exchange capacity, itself linked to clay and organic matter contents).
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NH,I and NHjl are linked through a chemical equilibrium which is pH and temper-
ature dependent. The solubility equilibrium between NH;l and NH;g forms mainly
depends on temperature.

The first step consists in defining the volatilisable NH,* immediately after the applica-
tion. The exchangeable NH,* (Nminres, in kg N ha™!) is split into two pools: a pool
which remains at the soil surface and which can be volatilised (Nvolatorg, in kg N ha™!)
and a pool which infiltrates and is not volatilisable. The volatilisable NH,* at the time
of application (t0) is:

Nvolatorg(¢0) = Nminres; - propvolat  (12.42)

The proportion of the volatilisable fraction (propvolat) decreases with the water
content of the manure (eaures), as follows in Figure 12.22.

propvolat
1.0 4
0.8 1
— No tillage
0.6 1 ==+ Tilled soil
0.4 4
70 80 90 100

eaures; (%)

Figure 12.22. Effect of soil tillage and water content of slurry on its volatilisable fraction.

The proportion of the volatilisable fraction is also affected by soil tillage: it decreases if
the soil has been tilled during the last 7 days before manure spreading (trsolvolat=—1)
and increases otherwise (trsolvolat = +1) (Morvan, 1999). It is calculated as follows:

propvolat = 0.37+0.029-(100 - eaures;)+0.117 - trsolvolat ~ (12.43)
Furthermore, the addition of manure (containing urea-type compounds and bicar-
bonates) is accompanied by a pH increase which is considered in the calculations.

Immediately after the manure application, the soil pH at soil surface (pHvol) increases
by a value dpHvol, which varies with the mineral N level as follows:
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dpHvol=dpHvolm if pH <7

pHvols -pHg
dpHvol=dpHvolm- “pHvols 7 if 7<pH <pHvols,

dpHvol=0 if pH,>pHvols, (12.44)

with

dpHvolm = min[devolmax » alphapH - NminresT] (12.45)
Using the data given by Morvan and Leterme (2001) and Chantigny et al. (2004), we
can propose the following parameter values: alphapH;=0.005, dpHvolmax;=1.0

and pHvols;=8.6. Based on these values, the soil pH variation immediately after
manure application is shown below:

dpHvol
1.00 1
0.75 4
= pH=6
0.50 + — pH=76
--- pH=83
0.25 4
0.00 H

0 100 200 300 400
Nminres; (kg N ha™)

Figure 12.23. Effect of mineral N content of slurry and soil pH on the initial pH increase
following slurry application.

During the following days, the pH at the soil surface (pHvol) returns to the soil pH
value (pHy), at a rate proportional to the decrease in the volatilisable pool:

Nvolatord(t) (1 24 6)

pHVO(t) = pH5 +dpHvol-: Nvolatord(t0)

The model then calculates the amounts of the four forms: NH4s, NH4l, NH3Il and
NH3g (in mol m~2), using the acido-basic equilibria equations, the Henry solubility
equation and the transfer equations of Beutier and Renon (1978). These amounts
depend on soil temperature, water content, soil porosity, pH at soil surface and wind
speed. The ammonia concentration at the soil surface (NHsurf, in ug N m3) is:

NH3surf(¢)=1.2- NH3d¢)- 10°  (12.47)
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The potential ammonia volatilisation rate (FsSNH, in pg N m=2s7!) is:

FsNH3(e) = L2INEL (15 4g)

where NH3ref. is the atmospheric ammonia concentration, which is about 10 pg m=3
in cattle production areas and 0 elsewhere; ras and raa (in s m!) are the resistances
calculated according to Shuttleworth and Wallace (1985) if the ‘resistive’ option is acti-
vated (codeetp =4); otherwise raa is the default parameter (ra-=50) and ras=0. The
calculation of FSNH3 is made hourly because volatilisation decreases rapidly, assuming
constant weather data throughout the day.

The actual ammonia volatilisation rate (Nvolorg, in kg N ha~! day™!) is proportional
to FsNH through a coefficient 0.864 which is a unit conversion factor (ug m=2 s~! into
kg ha~! day~!). However it can exceed neither the amount of ammonium at the soil
surface (amm(1)) nor the volatilisable pool (Nvolatorg):

Nvolorg(t) = min[0.864 - FsSNH3(¢), amm(1), Nvolatorg(t)]  (12.49)

Finally, the volatilisable pool is updated daily:
Nvolatorg(t) = Nvolatorg(t) - Nvolorg(t)  (12.50)

» 12.7 Carbon and nitrogen balances

The Cand N balances in soil are provided by the STICS output balance file (mod_b’usm’
sti). They concern the soil mineral N pool and the soil organic C and N pools. They
display the variations in the pools between the initial and final simulation dates, and
the input and output fluxes occurring during the simulation period. The sum of initial
pools and input fluxes is equal to the sum of final pools and output fluxes.

12.7.1 Soil mineral N balance

The mineral N pool is composed of NH, and NO;. The input fluxes include N contained
in rainfall, irrigation and mineral fertilisers, and the net mineralisation derived from
humus or organic residues. The output fluxes include plant N uptake, nitrate leaching
through natural and artificial drainage, fertiliser immobilisation, NH; volatilisation
derived from mineral or organic fertilisers and N losses as (N, + N,O) derived from
denitrification and nitrification.

12.7.2 Soil organic N balance

The whole soil organic N pool is composed of N contained in humified organic
matter (active and inert), microbial biomass (zymogeneous), organic residues mixed
in soil, organic residues in mulch at soil surface and deep root residues (present
below the biologically active layer). The zymogeneous biomass-N and deep root
residue-N are assumed to be nil when simulation starts. The input fluxes include
the mineral fertiliser immobilisation and the addition of organic fertilisers, crop
residues, fallen and trimmed leaves, dead roots and dead perennial organs. The
output fluxes concern only net N mineralisation, including that produced by the
priming effect (PE).
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Table 12.1. Components of the soil mineral nitrogen balance (kg N ha™1).

Initial pools Final pools
NH,-N 3 4
NO,-N 30 25
Total mineral N 33 29
Input fluxes Output fluxes
Plant N uptake 273
Precipitation 17 Nitrate leaching 8
Irrigation 10 Leaching in mole drains 0
Fertiliser 110 Fertiliser immobilisation 32
Fertiliser volatilisation 12
Humus mineralisation 187 Manure volatilisation 0
Residue mineralisation 10 (N,+N,0)-N losses 13
TOTAL INITIAL 367 TOTAL FINAL 367

Table 12.2. Components of the soil organic nitrogen balance (kg N ha™1).

Initial pools Final pools
Active humified 1963 1751
Inert humified 3646 3646
Zymogeneous biomass 0 64
Organic residues 0 11
Deep root residues 0 4
Mulch residues 0 327
Total organic N pools 5609 5803
Input fluxes Output fluxes
Fertiliser immobilisation 0
Organic fertiliser 3
Crop residues 309
Fallen leaves 67 priming (PE) 0
Trimmed leaves 0 mineralisation - PE 238
Dead roots 53
Dead perennial organs 0
TOTAL INITIAL 6041 TOTAL FINAL 6041

12.7.3 Soil organic C balance

The whole soil organic C pool comes from the same organic pools as those for nitrogen.
The zymogeneous biomass-C and deep root residue-C are also assumed to be nil when
simulation starts. The input and output C fluxes are similar to those relative to N fluxes.
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Table 12.3. Components of the soil organic carbon balance (kg C ha™!).

Initial pools Final pools
Active humified 27877 24870
Inert humified 51771 51771
Zymogeneous biomass 0 868
Organic residues 0 432
Deep root residues 0 152
Mulch residues 0 6762
Total organic C pools 79648 84855
Input fluxes Output fluxes
Fertiliser immobilisation 0
Organic fertiliser 12
Crop residues 6468
Fallen leaves 1059 priming (PE) 0
Trimmed leaves 0 mineralisation - PE 4319
Dead roots 1987
Dead perennial organs 0
TOTAL INITIAL 89174 TOTAL FINAL 89174

12.7.4 Nitrogen surplus and losses

The mineral N surplus (Nsurplus_min) is the difference between the inputs and
outputs relative to the soil-plant system. The inputs include the atmospheric N supply
(precipN), the irrigation N supply (irrigN), the mineral fertiliser-N (totapN) and the
biological N fixation (Qfix). The only output is the crop N exported (QNexport):

Nsurplus_min= precipN +irrigN + totapN + Qfix - QNexport (12.5 1)

The total N surplus (Nsurplus) is similar, but also includes the supply of organic fertil-
iser (QNresorg):

Nsurplus = Nsurplus_min+ QNresorg (1 2.5 2]

The gaseous N losses (QNgaz) are the sum of N denitrified (QNdenit), N volatilised
by mineral fertilisers (QNvoleng), N volatilised by organic fertilisers (QNvolorg) and
N emitted as N,O by nitrification (Qem_N20nit):

QNgaz = QNdenit + QNvoleng + QNvolorg + Qem_N20nit [1 2.5 3)
The total N surplus can also be written:

Nsurplus = DSON + DSMN + DQNtot2+QNgaz + Qles  (12.54)

where DSON is the variation in soil organic N, DSMN is the variation in soil mineral N,
DQNTtot?2 is the variation in crop N content (one or two crops in the case of intercrop-
ping) and Qles is the N leaching loss during the whole simulation period.
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If we consider annual crops grown for several years, the terms DSMN and DQNtot2
are negligible. In that case, Eq. (12.54) can be simplified as:

Nsurplus = DSON + QNgaz + Qles (1 2.55)

This equation shows that: i) a negative N surplus implies that soil organic N is neces-
sarily decreasing over time and ii) a positive N surplus indicates that N losses (NOs,
NHj;, N,, N,O) occur and/or that N has been stored in soil organic matter.

12.7.5 Greenhouse gas budget

The greenhouse gas budget (GHG) is calculated as the contribution of two gases, CO,
and N,0O, assuming that the emission of CH, is negligible. This assumption holds for
all crops except flooded crops such as rice. The other assumption is that the amount
of CO, evolved from the soil-plant system is equal to the variation in soil organic
carbon (DSOC). This is valid for annual crops, but not for perennial crops which can
store significant amounts of C in their biomass. The global warming potential GWP is
assumed to be 1 for CO, and 298 for N,O (IPCC, 2007). The GHG budget during the
simulation is calculated in kg CO,eq ha™! as follows:

GHG= -DSOC- % +298-Qem_N20-%  (12.56)
where DSOC is the variation in soil organic carbon and Qem_N20 is the amount
of N emitted as N,O during the simulation period. Other emissions due to ferti-

liser production and fuel consumption must be added to this value in order to have a
complete GHG assessment (e.g. Autret et al., 2020).
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Chapter 13

Soil-crop management effects

NADINE BRISSON, BRUNO MARY
AND DOMINIQUE RIPOCHE-WACHTER

REVIEWED BY: NICOLAS BEAUDOIN

» 13.1 Introduction

The very first crop models (de Wit, 1978; Weir et al., 1984) sought to describe the
ecophysiology of crops in detail, often for didactic purposes; however, they paid little
attention to agronomic objectives. The next generation of models started to include
farming practices in the inputs (Ritchie and Otter, 1985; Williams et al., 1984), particu-
larly those related to irrigation and fertilisation. Accounting for farming practices in
the models requires an explicit and adequate simulation of the main state variable(s)
that the practice is assumed to modify, such as soil water content for irrigation, organic
residue dynamics for manure application or annual wood production for pruning. In
STICS, emphasis has been placed on crop and soil management which is important
for simulating industrial crops and essential for high value-added crops. However,
some techniques are not yet accounted for in the model when the corresponding state
variables are poorly described (e.g. those relating to soil structure) or not calculated at
all (e.g. those relating to crop health status).

» 13.2 Crop management

For industrial crops, the direct effects of crop management on the soil-plant system
are at minimum induced by the two boundary operations of sowing and harvest. They
also often include operations related to fertilisation and irrigation. For high-value
crops such as vegetables or grapevine, farmers perform additional operations during
the crop cycle to regulate yield. Finally, other operations such as soil tillage, organic
fertilisation or pruning may occur outside the crop cycle period, impacting both the
soil functioning and the growth of the following crop.

13.2.1 Plant establishment

For annual crops, there are two choices of plant establishment: by sowing seeds (wheat,
rapeseed, sugarbeet, etc.) or transplanting plantlets (lettuce, tomato, strawberry, etc.).
With the sowing option, the very first stages of plant growth occurring beneath the
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soil (germination and underground shoot growth) are simulated (§ 3.4.1), depending
on sowing depth. With the planting option, the model simply considers a lag time from
transplanting to the start of actual plantlet growth (§ 3.4.2); this option requires the
user to initialise the plant state in terms of leaf area index, biomass, nitrogen status,
rooting depth and root density profile.

For STICS the uncertainty on sowing depth is assumed to be 2 cm, so that the
prevailing soil conditions for emergence (humidity in the seed bed) are those found in
the layer [x-2, x+2], where x is the prescribed sowing depth. However, this variation
in depth does not lead to variability in the emergence rate: all plants that emerge do
so at the same time.

The model also requires information about the crop’s geometrical pattern, which is
very important for radiation interception. The pattern can either be homogeneous
or in rows. In the latter case, the model requires geometrical parameters, such as the
inter-row distance and row orientation (§ 9.2.1.2).

STICS can also simulate a companion crop such as grass in vineyards. In this case, the
system is simulated as an intercropping system (§ 9.3.4).

13.2.2 Sowing

Users have the option to prescribe the sowing date (ipltO;) or calculate it (iplts)
using rules relative to the weather and soil water status. To calculate the sowing
date, a period when sowing is allowed and defined as the interval [iplt; iplt; +
nbjmaxapressemis|]. Four criteria are taken into account to postpone sowing
within this sowing window:

— the soil must be wet enough: the water content in the seedbed layer must be
greater than the water content at wilting point. The depth of the seedbed is defined as
profsem | + 2 cm;

— the soil must be warm enough: the air temperature (tair) must exceed tdmin,, for
several days (nbjseuiltempref) to avoid germination delay or the stopping of plant
emergence (§ 3.4.1);

— the risk of freezing must be low: the minimum air temperature (tmin) must be
greater than tdebgel, for at least nbjseuiltempref . days (§ 3.4.1.3);

— the soil must be not too wet so as to avoid compaction risks: the soil water content is
considered as damaging if it exceeds prophumtasssem x hccf in the zone between
the soil surface and the depth profhumsemoir (§ 13.3.1.1).

13.2.3 Regulation of canopy structure and yield

Yield regulation is generally used for high-value crops such as tomato or grapevine. It
can be performed either by foliage regulation or by fruit removal.

13.2.3.1 Foliage regulation by topping or leaf removal

This option is activated using the code codepalissage in the .tec file.

If the plant exhibits indeterminate growth, a trellis system may be required to support
plants. It can be simulated by imposing a maximum height and width: hautmaxtec
and largtec.
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Topping only concerns crops having a row structure and consists in restricting plant
structure in terms of height (hautrogne ) and/or width (largrogner). Two topping
options are available. With automatic calculation, topping occurs as soon as the plant
height exceeds hautrogne +margerogne;. With the second option, topping is
performed at an imposed date (julrogne ). In this case, topping is carried out at the
specified height (hautrogne ) or width (largrogne ). The topped LAI (lairogne)
depends on these parameters and the foliage density.

The topped biomass (biorogne) is calculated as:

biorogne(t) = 100- ’“":Zf(’z;[t) (13.1)

with
S bv(t) 1+t1;1((§£ieu1l (1 3 -2)

where sla is the specific leaf area and tigefeuil, is the ratio of stem to leaf area.
Topping is performed only if the topped biomass exceeds a specified threshold
(biorognemy). The topped biomass and the corresponding LAI are subtracted
from the biomass and LAI of the plant. The topped biomass returns to the soil and is
recycled in C and N soil pools.

Leaf removal is another technique which directly reduces the leaf area and does not
depend on the canopy geometry like topping does. Two options are possible for leaf
removal. With automatic calculation, a constant proportion (effeuil;) of the new
foliage generated each day (deltai) is removed as soon as the LAI reaches a threshold
value (laidebeff ). With the second option, leaf removal is performed only once on
day juleffeuil ;. and the specified leaf area laieffeuil is removed. The corresponding
biomass is calculated from the specific leaf area (sla) and substracted from the living
plant biomass. The location of leaf removal may be either the top or the bottom of the
canopy, which affects the radiation interception and water balance of crops in rows.

13.2.3.2 Fruit removal

This option is activated using the code codeclaircie in the .tec file.

Fruit removal occurs on day juleclair and the prescribed parameter is the number
of fruits or inflorescences removed per plant (nbinfloecl). For mono-inflorescence
plants, only the younger fruits (taken from the first or younger “box”) are removed
whereas for multi-inflorescence plants, the removed fruits are taken from all “boxes”
(§ 8.1.2). This action interacts with the other determinisms of the number of fruits
($8.1.2.1).

13.2.4 Harvest management

There are two harvest methods: cutting (the entire plant is cut and removed or partly
returned onto the soil) or picking (only the fruits are picked). There may be several
cuts (e.g. forage crops) or several pickings (e.g. fruit crops with a spread of maturity).

13.2.4.1 Harvest of forage crops

This option is activated using the code codefauche in the .tec file.
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Forage crops can be cut according to one of the following three methods:

— With automatic calculation, as soon as the crop reaches the stage defined by the
parameter stadecoupedf, the forage crop is cut at the height corresponding to
hautcoupedefaut,. The biomass of the cutting is calculated using the crop-specific
conversion parameter coefmshaut; (in t ha™! m™!).

— With imposed dates, a table providing all cutting dates is entered, linked to
either a single parameter (the cutting height hautcoupe;) or five other parame-
ters: the residual LAI after cutting (lairesiduel), the residual biomass after cutting
(msresiduel;), the N fertilisation rate after cutting (anitcouper;), the minimum
aerial biomass required for cutting (mscoupeminiy) and the fraction (0-1) of the
cut which is exported (tauxexportfauche ). This last parameter allows users to
simulate leys with a partial or total return of the grass biomass. The default value
for this parameter is 1 (the whole cut is exported). If the user does not supply these
five parameters, they are calculated based on the cutting height using the parameter
coefmshaut; and the height/LAI ratio.

— With imposed crop stages, the procedure is similar but uses physiological dates
instead of Julian days, with the cutting dates defined by cumulative development units.

Whatever the method chosen, the amount of biomass harvested equals the difference
between the non-senescent living biomass and the biomass left on the ground. It must
be greater than a minimum fixed by the user. Once the cutting date or stage has been
reached, these conditions define the remaining and harvestable parts. Cutting occurs
if three conditions are fulfilled:

— lai is greater than the minimum harvestable LAI (lairesiduel);

— the aerial biomass (masec) is greater than the minimum harvestable biomass
(msresiduel;);

— the harvestable biomass (msrec_fou) is greater than the minimum amount that we
accept to harvest (mscoupeminir).

These three criteria (residual LAI, residual biomass and harvestable biomass) are
defined for each cut and allow cuts to be postponed. The third criterion makes it
possible to change the threshold according to the season or the farmer’s decisions,
according to the harvest needs (e.g. small quantities if there is stress on herd feeding).

13.2.4.2 Protracted fruit picking

This option is activated using the code codcueille; in the .tec file.

Protracted maturity occurs for indeterminate crops (e.g. tomato) after a long period
of fruit setting (parameter stdrpnouy;) and leads to the harvest being spread out. The
first harvest starts at physiological maturity of the first cohort of fruits (transferred into
the last “box”) (see § 8.1.2.1) and the summary outputs concern the last ripe fruits. The
number of cuttings and the harvest duration depend on the picking rate (cadencerec)
which represents the number of days between two successive pickings. If the rate is too
fast with respect to the fruit growth rate, harvest is delayed until ripe fruits appear
again (i.e. fill in the last “box” of the fruit growth-development period).

13.2.4.3 Harvest decision

This option is activated using the code codrecolte in the .tec file. The harvest date
can either be imposed (fixed date) or calculated using a decision rule. In the latter case,
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the decision to harvest is taken based on crop maturity status or depending on other
criteria such as soil water status, crop health or even economic criteria. The harvest
date is calculated according to one of the six following criteria:

— the physiological maturity (end of growth-development period) is reached,

— the maximum fruit water content is reached, as shown by the dehydration dynamics
(h2ograinmaxy) after the stage idebdess,

— the minimum fruit water content is reached, as shown by the hydration dynamics
(h2ograinmin,) after the stage idebdess,

— the minimum fruit sugar content (sucrerecy) is reached,

— the minimum fruit nitrogen content (CNgrainrec,) is reached,

— the minimum fruit oil content (huilerecy) is reached.

If the soil is too wet at this date, it is possible to postpone harvest to avoid soil compac-
tion. In this case, a period (nbjmaxapresrecolte ) following the calculated harvest
date is defined during which the average soil water content is tested. The average soil
water content in the zone between soil surface and the maximum depth affected by the
harvesting equipment (profhumrecolteuse) is considered damaging if it is greater
than prophumtassrecg x hccfg. However, harvest cannot occur after irecbutoir
which is the latest date for harvesting. Several reasons lead to fix this deadline: the risk
of crop health problems or yield losses or the need to free up the field for the following
crop or due to economical constraints.

13.2.5 Pruning

This option is activated using the code codetaille in the .tec file.

Winter pruning is used for perennial woody crops like grapevine. On the prescribed day
of winter pruning (jultaille), the biomass of stems and leaves remaining on the plant
(mabois) is removed from the living plant and returned to soil so that the following
cycle starts with the reserves only. The C and N concentrations in these organs are
assumed to be 420 g C kg™ and 5 g N kg! respectively, yielding a C/N ratio of 84.

In reality, pruning is also a technique to regulate yield through the number of remaining
buds. However the model does not establish a relationship between pruning and the
number of inflorescences (nbinflo) or the number of fruits removed (nbinfloecl;),
which are predicted independently.

13.2.6 Plant mulching

Plant mulch affects the physical conditions at soil surface (§ 11.4.1) and therefore
the water balance and the C-N transformations (§ 12.2.3). If the mulch is a crop
residue applied at the beginning of the simulation, the user must specify the amount
of plant mulch supplied (qresy), the day it was applied (julres;) and the type of
mulch (coderes;) (Table 13.4). At harvest, crop residues are returned to the soil
surface as mulch. The user only needs to indicate the fate of the residues (ressuite)
(§ 13.5.3.2).

13.2.7 Plastic mulching

Plastic mulch also affects the soil moisture and temperature conditions (§ 11.4.1).
These effects are simulated if the plastic mulch option is activated using the code
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codepaillage in the tec file. The user must specify two parameters: the albedo of the
plastic cover, which is related to its colour (albedomulchplastique ) and the propor-
tion of soil cover (couvermulchplastique ). Another option (codeactimulch ) can
also be activated. It re-inforces the simulation of the “natural” mulch effect, i.e. drying
out at the soil surface.

Figure 13.1 simulates a winter wheat crop growing in the north of France, with a cover
crop used as mulch residue to provide an example showing an order of magnitude
related to the above mentioned mulch effects, which are described in further detail
later (§ 11.4.1 and § 12.2.3). The parameter albedomulchplastique . is 0.49 (Hidayat
et al., 2019) and the fraction of soil covered (couvermulchplastiquer) is 0.50. The
increase in N mineralisation is simply due to the increase in soil temperature.

No mulch Black plastic Plant mulch
Bare soil 50% cover 1t ha™ 6t ha™! 6t ha™ + tillage

Yield (t ha) [l Biomass (t ha") [JJJ] Mineratisation (kg N ha)

Figure 13.1. Simulated effects of various mulches on the crop yield, crop biomass and net N
mineralisation

The simulated effects of the same mulches on the various processes involved in the
water and their consequences on the water fluxes are presented in Figure 11.9.

13.2.8 Crop destruction
This option is activated by the code codejourdes in the tec file.

Crop destruction occurs automatically after harvest of annual crops, but can be
forced on a given day for perennial crops. In both cases, crop destruction results
in the death of above- and below-ground organs; they are returned to the soil as
dead organic residues (§ 13.5.3.2). The amount of N returned to soil is equal to the
amount of N present in the living plant on destruction day, whereas the amount of
C returned to the soil (kg C ha™!) is equal to the plant biomass (t ha~!) multiplied
by the C concentration of organs (g C kg™!). C concentration in aerials, roots and
perennial organs is assumed to be equal to 420, 380 and 440 g C kg™}, respectively.
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» 13.3 Crop operations and soil tillage

The aim of crop operations, particularly sowing and harvesting, and soil tillage opera-
tions is to support crop growth. However, they can also impact soil structure, physical
soil conditions (water, temperature and aeration) and biological processes in soil
(decomposition, denitrification).

13.3.1 Changes in soil structure

By default, STICS considers that the soil structure is a permanent characteristic that is
invariable during the simulation. The primary variables used to describe the structure
of each soil layer are the bulk density (DAFg in g cm~3) and the infiltrability (infilg in
mm day~!) at the base of the layer (see Fig 15.22).

Knowledge of bulk density is used to calculate the total soil porosity, assuming that the
solid density (density of the solid phase) is equal to 2.66 g cm™. Furthermore, the soil
water content prediction allows the user to calculate the proportion of the porosity
filled with water, called the water filled pore space (wfps). Porosity can be divided into
two parts: textural porosity (or microporosity) which is filled with water at the field
capacity (hccf) and structural porosity (or macroporosity) which is its complement.

While the assumption of invariability of soil structure in deep layers is relevant, it may
not hold for the upper layers, where the structure is affected by tillage and farming
equipment operations in conjunction with the climate (Richard et al., 2007). An alter-
native option is available for simulating a change in soil structure due to crop or soil
operations (codeDST = 2). However, this option has not been fully tested in all situa-
tions. The corresponding formalisms have been developed in the DST project to assess
the risks of soil degradation linked to the soil compaction (http://temis.documentation.
developpement-durable.gouv.fr/docs/Temis/0070/Temis-0070960/19514._Synthese.
pdf) and a Ph.D. thesis (Lefebvre, 2010). Furthermore, this option does neither simu-
late the eventual de-compaction effects of climate, root activity and macrofauna,
nor the protection effect of the soil structure thanks to the pebbles, due to a lack of
knowledge about these effects.

Users can activate this option to simulate a change in soil compaction after farming
operations: either an increase in bulk density and a decrease of soil infiltrability (infilg
in g cm™3) after sowing or harvesting or a decrease in bulk density (DAFg in mm day?)
and an increase of soil infiltrability after tillage by ploughing or chiselling. With this
option, STICS simulates a change in soil parameters driving soil evaporation: the soil
depth affected by evaporation (zesxg in cm) and the cumulative soil evaporation above
which the evaporation rate is decreased (qOg in mm), as demonstrated in a loamy soil
of the Paris Basin (Richard et al., 2007; Table 13.1).
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Table 13.1. Values of parameters linked to the bulk density of the ploughed soil layer in the
Paris Basin, established from the data taken from (Mumen, 2006).

DAFS infilS zesx$S q0S
1.1 5.2 30.0 9.0
12 3.7 32.4 7.2
1.3 2.6 35.0 5.7
1.4 1.8 37.8 45
1.5 1.3 40.8 3.6
1.6 0.9 44.1 2.9

13.3.1.1 Compaction caused by sowing and harvesting operations
This option is activated using the code codeDSTtass in the tec file.

It is assumed that the farming machinery that causes severe compaction is only that
involved in sowing and harvesting operations. Six parameters are involved at sowing
and harvest:

the relative soil water contents (fraction of water content at field capacity) above
which compaction occurs (prophumtasssemg at sowing and prophumtassrecg;
at harvest);

— the soil depths affected by compaction (profhumsemoir; at sowing and
profhumrecolteuse at harvest);

— the bulk densities reached after compaction (dasemis at sowing and darecolte
at harvest).

The relationships between these parameters and the nature of the soil machinery could
be linked in the future as more mechanistic knowledge of soil mechanics is gained
(Defossez et al., 2003). Compaction is assumed to occur in the first two upper soil layers.
It results in an increase in bulk density, a decrease in layer thickness, a decrease in layer
infiltrability, an increase in the depth affected by evaporation (zesx) and an increase in
q0g (Table 13.1). The soil surface roughness (z0solnuy) is assumed not to be affected.

The modification of the soil geometry affects the water and mineral N contents
throughout the soil profile: soil mass conservation is assumed in the new layers with
uniform partitioning within each layer.

13.3.1.2 Fragmentation caused by tillage operations

This option is activated using the code codeDST ; in the .tec file.

Soil tillage operations, whether they invert the soil or not, fragment the soil and
decrease bulk density. Depending on the type of tool used, fragmentation occurs either
in a superficial layer (e.g. surface tillage after harvest) or in the whole tilled layer if a
mouldboard plough or subsoiler is used. Consequently, changes in the soil structure
depend on soil tillage operations. For each tool, the resulting bulk density and rough-
ness are defined as technical parameters. For instance bulk density reaches dachisel;
(1.10 g cm™) after chiselling and dalabour; (1.30 g cm™) after ploughing. The soil
roughness becomes rugochisel; (0.001 m) and rugolabour, (0.01 m) respectively.
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The modification in bulk density affects infiltrability, water and nitrogen profiles,
following the rules previously defined. So ploughing tends to increase soil evaporation
by increasing the roughness of soil surface, but the water balance generally remains
positive due to the increase in water storage as a consequence of greater infiltrability.

13.3.2 Impact of soil tillage on C and N cycles

The positioning of organic residues in soil and their subsequent decomposition are also
affected by soil tillage operations. The effects of tillage are twofold: the operation i) mixes
the newly added organic residues and remixes the previous residues that are decom-
posing; and ii) modifies the environmental conditions of decomposition: temperature,
soil water content, aeration and mineral N availability which may exert a feedback effect
on decomposition. Only three parameters are required to characterise the tillage oper-
ations: the date, the upper depth (profres;) and the lower depth (proftrav,) affected
by tillage. The zone affected by tillage is the layer [1, proftrav;] whereas the zone in
which organic residues are mixed is the layer [profres, proftrav] (see § 12.2.2). The
parameter profres. can either be set by the user (see Beaudoin et al. (2008)) or calcu-
lated by the model (when code_auto_profres;=1). In that latter case, the default
values for the parameters resk and resz are 0.14 and 5, respectively.

As soon as tillage occurs, the mulch at the soil surface disappears. Consequently, the
decomposition parameters shift from those specific to the soil surface to those specific
to mixed residues in soil, resulting in particular in an increase of the decomposition
rate of crop residues.

Tillage is supposed to mix the residues and humified C-N pools, the water and the
mineral N contents uniformly in the layer [profres|, proftrav;]. As a result, the
environmental soil conditions (temperature, soil water content, aeration and mineral
N) are modified either immediately after tillage or later on. The mulch disappearance
also changes the albedo of the soil-plant system.

STICS can simulate no-till situations, although it does not involve a specific tillage
coefficient for simulating an eventual reduction in mineralisation rate due to the reduc-
tion of physical disturbance. Such a coefficient (which appears in other models) may
not be necessary to simulate the absence of soil tillage, as shown by Mary et al. (2020)
in a 47-year experiment on soil tillage. Meta-analyses relative to long-term tillage (Luo
et al., 2010; Meurer et al., 2018) have shown that the main effect of reduced or no
tillage is a stratification of organic matter in the soil profile rather than a change in
carbon storage over the whole soil profile. These findings confirm results obtained in
temperate wet climates (Dimassi et al., 2014, 2013).

» 13.4 Soil water management

Water reaching the soil is attributable to rain or irrigation, after eventual transit
through vegetation and losses through surface runoff. The daily amount of water
which infiltrates the soil is called precip.

13.4.1 Irrigation

Depending on the irrigation system used, water may be applied above the foliage
(codlocirrig = 1),belowthefoliage (codlocirrig; = 2) orinthesoil (codlocirrig; = 3)
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at a given depth (locirrig;) intended to mimic drip irrigation. For irrigation below
the foliage, water supply is not subject to the mechanism of rainfall interception by
the foliage. For underground irrigation, water supply is also withdrawn from the soil
evaporation calculation. The parameter effirr stands for irrigation efficiency (0-1),
which accounts for water losses during irrigation. It is applied as a multiplier to each
irrigation amount.

The amounts of water applied can be entered from an irrigation calendar or calculated
automatically by the model if the code codecalirrig; is activated.

In automatic mode, a specified irrigation rate (irrlevg) of about 20 mm is applied at
the sowing date if rainfall on that day is smaller than this value, in order to ensure good
germination. The model then calculates the water inputs needed over time to satisfy a
fraction (ratiol;) of crop water requirements: the model triggers irrigation when the
stomatal stress index (swfac) becomes smaller than ratiol;. The amount of irrigation
applied (airg) allows to raise the soil water content between soil surface and rooting
front up to field capacity. It cannot exceed a maximum daily irrigation rate dose autho-
rised by the irrigation system (dosimxy) and is nil if it is smaller than doseirrigmin:

airg[t) = min{dosimxT, erzc[t)(huccs(z) - hur{z, t))] if swf ac(t) <ratiol;

7=

airg[t) =0 if airg(t]< doseirrigminT (13.3]

The irrigation schedule calculated by the model can be restricted to a specific time
period. If the code codedate_irrigauto; is activated, irrigation is initiated on day
datedeb_irrigauto and ends on day datefin_irrigauto-.

13.4.2 Interception of water by foliage
This option is activated using the code codeintercept; in the .plt file.

The interception of water by foliage concerns rainfall (trr) and irrigation above foliage
(airg). It does not concern the irrigation water provided by drip irrigation or micro-
irrigation under the plant canopy. Water that persists on the foliage, which is directly
subject to the evaporative demand of the surrounding atmosphere, may significantly
reduce the saturation deficit within the canopy as the water evaporates, and thus affect
the crop water requirements. In humid, tropical environments with a high frequency of
rainfall combined with a high evaporative demand (mainly radiative), this phenomenon
exerts a marked effect on the water balance (Brisson et al., 1998a). Similar effects can
occur in summer under irrigated crops in temperate and Mediterranean climates.

The importance of runoff down stems (stemflow) needs to be evaluated to avoid over-
estimating the retention of water on foliage. Based on the work of Bussiere (1995),
stemflow is considered as a priority. It is calculated based on incident rainfall (trr+ airg)
with a maximum given by stemflowmax,, and increases with the LAI (see Eq. (11.17)).

Water that does not flow away via stemflow is partly retained on the foliage, up to
a maximum value which is proportional to the LAIL The proportionality parameter,
mouillabil;, represents leaf wettability (mm m~2) and depends on leaf surface prop-
erties: shape, texture and pilosity. The value can be obtained by direct measurement or
by solving the water balance equation (examples of values are given in Table 13.2). This
water retained on the foliage then evaporates like free water (§ 11.3).
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Table 13.2. Leaf wettability of several plants.

Plant Forage grass Maize Sorghum Gliricidia Banana
Indirect estimate 0.27 0.27 0.28 0.23 0.68
Direct measurement - - - 0.17 -

» 13.5 Nitrogen and carbon inputs in soil

The inorganic N pool in soil can be replenished with the addition of synthetic ferti-
lisers (called ‘mineral fertilisers’), organic fertilisers which contain significant amounts
of mineral N (e.g. pig slurry or distillery vinasse), and mineral N contained in rainfall
or irrigation water.

The N inputs coming from rain and irrigation are summed up in the variables precipN
and irrigN, respectively. The N inputs derived from mineral fertilisers (NH,+N03) and
from the inorganic fraction of organic fertilisers are summed up in the variable totapN.

13.5.1 N inputs from rain and irrigation

The daily N inputs from rainfall precipjN (kg N ha~! day™!) are the product of
the amount of rainfall (trr, in mm day~!) and its mean N concentration concrrg
(kg N ha~! mm™1). Let us remind that a mean concentration of 1 mg N L~! corresponds
to 0.01 kg N ha™! mm~. The N input from rainfall occurs at the soil surface and is
assumed to consist of 50% NH, and 50% NO;.

The N inputs from irrigation water irrigjN (kg N ha~! day~!) are also the product of the
amounts of irrigation water airg (mm day!) and its mean concentration (concirry
in kg N ha™! mm™!), defined in the .tec file. The N input is located either at the
soil surface or at the depth locirrig; if the option ‘localised irrigation’ is activated
(codlocirrigy =3). The mineral N in the irrigation water is assumed to be exclusively
in the form of NO;.

13.5.2 N inputs from mineral fertilisers

The N added as mineral fertiliser can be applied either at the soil surface or at a given
depth (locfertiy) if the option ‘localised fertilisation’ is activated (codlocferti =2).

The STICS model includes eight types of mineral fertilisers. As a simplification, urea is
considered as an ammonium fertiliser since its hydrolysis into ammonium carbonate
is a very fast process (Recous et al., 1988). The main characteristics of these fertilisers
are given in Table 13.3.

The fraction of ammonium (or ammonium formed from urea) contained in the ferti-
liser (engammy;) is used when the option ‘nitrification’ is activated (codenitrifg=1).
In this case, the NH, and NO; forms are distinct. The other variables are defined in the
following paragraph. The type of mineral fertiliser added must be defined for each date
of fertiliser application.

For forage crops, forage cuts and mineral fertilisation can be synchronised. The ferti-
liser rate associated with each cut is defined in the .tec file as anitcoupe-. Fertilisation
is then triggered by the cutting calendar.
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Table 13.3. List of available mineral fertilisers and corresponding parameters.

Code 1 2 3 4 5 6 7 8

g “ g g
E ) 2 3 % %‘
S 3 $ s §s E£ Es %
& < 58 5 < 5 <3 <45 S E o5
engammt 0.50 0.75 1.00 1.00 1.00 1.00 0.0 0.50
denengt 0.11 0.13 0.10 0.10 0.10 0.10 0.2 0.05
volengt 0.12 0.30 0.35 0.35 0.25 0.25 0.0 0.05
orgengt 3000 3380 3770 3770 3770  37.70 25.0 0.20

1 With this option the denengt volengt and orgengtvalues represent the proportion of fertiliser which is
denitrified, volatilised and immobilised in soil, respectively.

13.5.2.1 Nitrogen use efficiency

The nitrogen use efficiency effN, i.e. the fraction of fertiliser N available for plant
uptake (0-1), can either be imposed or calculated by the model. If effN is fixed, the
type 8 mineral fertiliser must be chosen and its nitrogen use efficiency must be defined
in the general parameter file. Part of the fertiliser is considered to be unavailable to
the plant because it will be immobilised in the soil by microbial activity, denitrified
or volatilized. The efficiency effN is the complement of these ‘losses’ to 1. It should
be noted that nitrate leaching is not included in these losses since the nitrate transfer
module operates directly on the soil mineral nitrogen amount.

The nitrogen use efficiency can be measured either by the difference in plant uptake
between a fertilised and an unfertilised treatment, relative to the fertiliser rate, or by
the >N method which provides the recovery of a 1°N-labelled fertiliser in the crop
directly. The first method often results in higher values than the second option; the
difference is mainly attributed to substitution effects occurring between the soil and
the fertiliser. In STICS, the efficiency falls between the two methods because the
model considers all sources of losses aside from fertiliser leaching.

The calculation of losses is based on the concept of competition between the soil and
the crop. (Limaux et al., 1999) have shown that the nitrogen use efficiency depends on
the crop growth rate at the time of fertiliser application. The greater the crop growth
rate, the higher the N use efficiency. Since nitrate leaching from fertiliser is usually
negligible, the higher efficiency is attributed to smaller gaseous losses (denitrification
and volatilization) from the fertiliser.

In STICS these losses are assumed to depend on the nitrogen uptake rate imme-
diately before fertiliser application (vabsmoy, in kg N ha~! day~!). The parameters
deneng; and voleng, specific to each type of fertiliser, represent the maximum
amounts of N losses by denitrification and volatilisation, respectively (Table 15.12).
The potential gaseous losses are assumed to be proportional to the N fertiliser
rate (anit, in kg N ha™!). The actual losses depend on the nitrogen uptake rate
recorded during the five days before fertiliser application (vabsmoy) through a
hyperbolic relationship.
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The daily N loss through denitrification (emitted as N,+N,0) is calculated as follows:

Vabs2
Ndenit(t) = deneng ¢ Vabs2g+ valGJsmoy . anit(t) [13.4)

where the parameter Vabs2 corresponds to the crop uptake rate (kg N ha=! day~!) at
which losses represent 50% of their maximum.

The daily N loss through NH; volatilization (Nvoleng) is calculated in a similar way,
but also depends on soil pH: it increases linearly when the soil pH increases from

pHminvol; to pHmaxvol:

Nvoleng(t) = voleng . % -anit(t)- fpH ~ (13.5)

with
pH-pHminvol , . .
fPH = piimaxvol pimmvol. 1f pHminvol , < pH, < pHmaxvol .

fpH=0 if pH, < pHminvol .
fpH=1 if pHSZpHmaxvolG (13.6)

The Figure 13.2 is an example of N losses predicted by the model versus N uptake rate:

N loss (% added)

30
=— Nvoleng
— Ndenit
-=-- Norgeng
201
10 -
0

0 1 2 3 4
vabsmoy (kg N ha™' day~)

Figure 13.2. Predicted fertiliser-N losses versus crop N uptake rate at the time of fertiliser
application. The example applies to UAN (urea and ammonium nitrate) fertiliser added at the
rate of 100 kg N ha~! in a soil with a pH of 7.5.

The N fertiliser losses through immobilisation and volatilisation are always calcu-
lated as indicated above. However the N losses through denitrification (coming from
soil and fertiliser) can be calculated more mechanistically by activating the option
codedenit (§ 12.4).
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With regard to N immobilisation, studies conducted with ®N-labelled fertilisers
have shown that the microbial immobilisation of N derived from fertiliser depends
mainly on the N rate and the type of fertiliser (Bronson et al., 1991; Limaux et al.,
1999; Powlson et al., 1986; Recous et al., 1992; Recous and Machet, 1999). Using these
published data, we have derived a quadratic relationship between the amount of N
immobilised (Norgeng, in kg N ha™!) and the fertiliser N rate:

ani t(t)(ZXorgmax G—ani t(t])
N orgeng{t) = orgeng_ - Xorgmax?

if anit(t) <Xorgmax .

N orgeng(t) = orgeng. if anit(t] 2 Xorgmax . (13.7)

Norgeng (kg ha™)

40
30 A
20 A
10
NH,NO, [2,4,5]
—e— Urea[1,3,5]
KNO, [4]
04
6 5'0 160 15'0 260 2£ISO

anit(t) (kg N ha™)

Figure 13.3. Relationship between fertiliser-N immobilised in soil and the amount of fertiliser,
for three types of 1°N-labelled mineral fertilisers. (Data from: [1] Recous and Machet, 1999; [2]
Limaux et al., 1999; [3] Bronson et al., 1991; [4] Powlson et al., 1992; [5] Recous et al., 1992).

The parameter orgeng represents the maximum amount of microbial immobilised
N from the fertiliser and Xorgmaxg is the N rate at which this maximum is reached.
Only the orgeng parameter is specific to the type of fertiliser. Both parameters are
expressed in kg N ha=!.

It is also possible to impose a fixed efficiency by choosing a type 8 fertiliser. In this case, the
microbial immobilisation, the volatilisation and denitrification are fixed and expressed as
a fraction (0-1) of fertiliser-N. The efficiency is the complement of these values to 1.

Whatever the chosen option, the final N use efficiency (effN) is calculated as:

_ QNvoleng(t) + QNdenit(t] + QNorgeng(t)
effN(t) =1- totapN(t]

(13.8)
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where QNvoleng, QNdenit and QNorgeng represent the cumulative losses by deni-
trification, volatilisation and immobilisation.

13.5.2.2 Fertilisation calendar

The amounts of Fertiliser N applied can be entered from an fertiliser calendar or calcu-
lated as a proportion of a total amount if the code codefracappN; is activated. The
mineral fertiliser type must be known and documented for each date.

Similarly to water applications, fertiliser N applications can be either prescribed
(option generally used) or calculated by the model. Conversely to water applications,
it is a non sense to daily optimise fertiliser N applications. Optimal fertilisation is
expected to cover all the crop cycle in order to anticipate the balance between the
crop needs and the soil N supply (Berthommé, 2012). So this option should be used
with great care.

13.5.3 N and C inputs from organic residues

13.5.3.1 Typology of residues

The N inputs from organic residues arrive onto the soil either under mineral form
(mainly as NH}) or under organic form. The mineral fraction enters the soil mineral
pool and is submitted to NH; volatilization, nitrification, leaching and plant uptake.
The organic fractions decompose at different rates and mineralise C and N according
to the decomposition module (§ 12.2). The module is generic and can simulate most
types of organic residues. Ten categories are considered:

Table 13.4. Types of organic residues.

Residue type Residue number

Mature crop 1

Catch crop

Manure

Green compost

Sewage sludge

Vinasse

Horn meal

Grapevine shoots

O [0 ||\ || |W [N

Liquid manure

—
(=]

Rhizomes

Roots are also considered specifically.

The decomposition parameters (Table 13.5) are specific to each type of residue. The
net mineralisation (positive or negative) associated with the decomposition of these
residues depends on the type of residue and its C/N ratio. The characteristics of each
type of organic residue are defined in the .tec file: category, depth of incorporation
in soil, amount of fresh matter added, carbon content, C/N ratio, water content and
mineral N content. Default values are proposed:
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Table 13.5. List of organic residues and corresponding default parameters.

Residue Average Carbon . Mineral N Water Reference
C/N ratio
code rate content content content (pers.com.)
t FM ha! %DM %FM %FM
coderes; qres, crespc,  csurnres, nminres, — eaures,
MATURE CROP RESIDUES
Cereals (straw) 1 9 42 90 0 7
Sugarbeet
(leaves and 1 40 42 22 0 90  J.-M. Machet
crowns)
Grain maize 1 1 43 60 0 95
(stalks)
Soya bean (straw 1 5 14 75 0 10
and roots)
Proteaginous
pea (foliage and 1 4 42 28 0 10  B. Nicolardot
roots)
Rapeseed (roots, 1 6 44 45 0 10 E.Justes
pods and straw)
CATCH CROP RESIDUES
Wheat, rye 2 8 1 15 0 80
(cereals)
Mustard 2 10 42 15 0 70 J.-M. Machet
(cruciferous)
Phacelia 2 15 42 20 0 80
(cruciferous)
Radish, oil seed 2 10 42 16 0 80  E.Justes
(cruciferous)
Ryegrass (grass) 2 18 40 25 0 80
MANURE
Bovine manure 3 45 32 20 0 75
Ovine manure 3 45 45 20 0 75 T. Morvan
Poultry manure 3 22 45
COMPOST
Rubbish 4 10 25 19 0.08 44
compost
Green waste
4 10 26 18 0.04 30 S. Houot

compost
Compost of 4 10 37 19 0.04 50
sewage sludge
SEWAGE SLUDGE
Non-processed 5 60 30 8 0.12 90

sludge
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Residue Average Carbon . Mineral N Water Reference
C/N ratio
code rate content content content (pers.com.)
t FM ha! %DM %FM %FM

coderes, qres, crespc,  csurnres, nminres,  eaures,
Limed sludge 5 25 25 10 0.13 70  V.Parnaudeau
Physicochemical 5 2 30 15 0.05 75
sludge
CONCEN-
TRATED 6 3 40 8 0 50  J.-M. Machet
VINASSE
GROUND )
HORN 7 40 3.8 0 10 B. Nicolardot
Grapevine
prunings 8
(not yet known)
LIQUID MANURE
Porcine liquid

9 50 35 15 0.35 91  T. Morvan

manure
Bovine liquid 9 50 95 18 01 94
manure
Rhizomes 10

(not yet known)

The coderes number refers to mineralisation dynamics as described in § 13.5.3.2.

13.5.3.2 N and C inputs from aboveground residues

Crop residues return to the soil either after harvest for annual crops or after destruc-
tion of the perennial crops at a prescribed date (juldes). The calculation of crop residues
returning to the soil, in terms of quantity (Qressuite) and quality (CsurNressuite),
depends on the parameter ressuite which defines six possible management practices
according to the harvest technique:

— roots (ressuite ="roots”) when all the aboveground biomass is exported, e.g. with
lettuce or textile flax;

— straw and roots (ressuite| = "straws+roots”) when all of the straw is returned to the
soil, e.g. with cereals, sugarbeet or potato;

— stubble and roots (ressuite = "stubble+roots”) when stubble (representing 35% of
the straw) is returned to the soil, e.g. with cereals;

— stubbleand roots (ressuite = "stubbleveg”) when a variable fraction of aboveground
biomass (stubblevegratio) is returned to the soil, e.g. with silage maize or meadow
cuts;

— whole crop (ressuite| = “whole_crop”) when all of the biomass is returned to the
soil, e.g. with catch crops, cover crops or volunteers;

— prunings (ressuite| = “prunings”) corresponding to the return of wood prunings to
the soil, e.g. in vineyards.
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The C and N returned to soil at harvest as aboveground residues (QCressuite and
QNressuite) are calculated by assuming that the crop residues have a carbon content
of 420 g kg, as follows:

QCressuite = (masecnp - mafrui t] -420

and

QNressuite = QNplantenp - QN grain if ressuite;="straw+roots"

QCressuite=0.35- [masecnp - mafruit) 420
and
QNressuite=0.35- (QNplantenp - QN grain] if ressuite;="stubble+roots"

QCressuite = Stubblevegratio - [masecnp - maf ruit) -420

and

QNressuite = Stubblevegratio .- (QN plantenp - QN grain) if ressuite;="stubbleveg'

QCressuite = masecnp - 420

and
QNressuite = QNplantenp if ressuite;="whole_crop"

QCressuite = mabois - 420
and
QNressuite = mabois - 5 if ressuite;="prunings" (13.9]

Plant residues are assumed to remain at the soil surface until being buried by the next
soil tillage, except for dead roots which remain at depth in the layer where they were
produced.

For chained simulations, the model simulates the characteristics of the crop residues
being returned to the soil and takes them into account automatically in the following
simulation (§ 12.1).
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Chapter 14
Ways of STICS use

NicoLAS BEAUDOIN, JULIE CONSTANTIN, ANNE-ISABELLE GRAUX,
GATIEN FALCONNIER, FRANGOIS AFFHOLDER,
FRANCOISE RUGET AND LAURENT Ruiz

This chapter will discuss the purposes of STICS uses along with scale variability and
coupling possibilities.

Some 328 peer-reviewed papers involving the use of STICS were published from 1998
to 2020 (not counting numerous operational papers and reports) that showed that
STICS specifications allowed for a large range of uses. The topics of these papers were
analysed according to their abstracts, with a focus on the last decade (Figure 14.1). In
58% of them, STICS use dealt with agronomy and crop and environmental sciences,
while statistics and modelling sciences, bioclimatology and soil science also repre-
sented a substantial share (32%). STICS applications in microbiology, ecology, animal
science and rural economy were less frequent.

Since it was first developed in 1996, STICS has evolved to deal with an larger range of
issues requiring new skills (Beaudoin et al., 2021). STICS has been used in various deci-
sion-support systems and participatory approaches in several countries (e.g. France,
Canada, Brazil, India) to: assess regional production potential, quantify crop water
and nitrogen needs, identify opportunities to reduce nitrate leaching through inno-
vative agricultural practices, support precision agriculture (including by assimilation
of remote sensing data), forecast forage production, and adapt to climate change. In
recent years, the focus has shifted to evaluating agronomic and environmental perfor-
mances of agroecological cropping systems, intercrops, perennial crops for bioenergy.
It has also focused more on greenhouse gas (GHG) emissions and long-term soil
carbon sequestration. STICS is now one of the five most cited soil-crop models in
academic literature (Keating and Thorburn, 2018). A majority of publications (58%)
over the last decade deal with case studies outside France.

This chapter explains the many possible uses of STICS, while the chapters on ‘tools’
and ‘model extension” provide more practical details. This chapter starts by defining
the ‘unit of simulation (USM), a core concept in STICS, and then shows possible
STICS applications for simulations on large temporal and spatial scales and on objects
beyond soil-crop systems through model coupling. A typology of STICS uses for
diagnosis, scenario exploration, support for decision-making and testing of scientific
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hypotheses is then described, with examples from case studies. The chapter concludes
with options for model improvements, including concepts and methods to integrate
issues related to agroecology. Some paragraphs of this chapter come from the trans-
lation of the book chapter “Modélisation du fonctionnement des agro-écosystemes:
I'épopée STICS” (Beaudoin et al., 2019), with the permission of QUAE Editions.

Agronomy

Crop science

Environmental sciences

Statistics and modelling sciences

Bioclimatology

Soil science

Rural economy

Animal sciences

Ecology or microbiology

Figure 14.1. Discipline classification of papers involving STICS from 2010 to 2020 (n=231).

» 14.1 Defining the unit of simulation (USM)

A unit of simulation (USM) corresponds to a cropping situation for which all the
parameters determining the results of a simulation are assumed to be spatially
constant. Thus, a USM is the combination of a soil type, a weather condition and a crop
species with its management (§ 1.4.1). It is determined for a simulation period over the
crop-growing season and can be preceded or followed by a bare soil period. A USM
gathers the required information to run the simulation (Figure 14.2): daily weather
data for the simulation period, soil characteristics, ecophysiological and agronomic
characteristics of the crop species, and crop management (sowing date, density and
depth, fertilisation and irrigation amounts and dates, etc.). Other important inputs are
the initial soil water and nitrogen contents and, if necessary, the plant growth status
when the simulation starts. Depending on the user’s objectives, STICS may simulate a
single or successive USMs in order to simulate crop rotations in the same plot (§ 2.2.2).
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Considering spatial scale, STICS is usually used to simulate plots. However, it can be
used to simulate a few square meters and up to several square kilometers, depending
on the realism of the assumption relative to the invariance of the parameters over the
area considered.

Starting DOY Finishing DOY
. UsMm >

1 site + 1 climate (1-2 years) + 1 soil + 1 management + 1 initialisation + 0, 1 or 2 crops

|
| |
| I
1 1
1 1
| |

Bare soil | Crop residues; soil tillage; organic fertilisation |
] Sowing Harvest* 1

Annual crop

pz ZZ7ZZZZZ
Intercrop (2 T

|
Perennial crop I
| |

*With or without biomass sxpt:rtationI

Figure 14.2. Different types of unit of simulation (USM) in STICS. Bare soil periods are in
brown and crop growing periods in green. Hatches mean that simulating a bare soil period is
optional, depending on the objectives of the simulation. DOY: day of the year.

14.1.1 Single crops

A USM generally corresponds to one crop but can be run with two crops or none at
all. The simulation can start with or without an established crop (useful for perennial
crops). If there is no crop at the start of the simulation, sowing can be simulated, and is
characterised mainly by sowing date, density and depth. The model simulates harvest at
a fixed date, or calculates the date according to physiological maturity or water, oil or
sugar content of harvested organs. At harvest, the user must choose the share of biomass
to export (between 0 and 1): only grains, or grains and straw for cash crops. In the case of
perennial crops such as grass or grapevine, several cuts or harvests defined either at fixed
dates or according to the sum of temperatures and decision rules (e.g. minimal biomass
to be harvested) can be simulated. A period of bare soil can be simulated before and/or
after the crop-growing period, within the same USM. This is optional as simulations can
run from sowing to harvest or within a specific crop-growing period.

14.1.2 Bare soils

STICS can simulate bare soils (without any crops), if for example a user wants to
analyse soil water and N dynamics during a bare fallow. All management options such
as fertilisation, irrigation, organic input (manure, crop residues) and soil tillage actions
can be simulated during bare soil periods. The model will simulate water, N and C
balances for the bare soil, i.e. residue decomposition, C and N mineralisation, water
drainage, nitrate leaching and gaseous emissions.

14.1.3 Intercrops

Intercropping consists of growing several crops (annual or perennial) simultaneously,
each crop developing and growing at its own rate because of resource partitioning
(§2.2.3). USMs are created to simulate intercropping using one unique soil type and
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weather data, and agro-physiological and management properties specific to the two
intercropped species. Although various spatial arrangements exist (strip intercrops,
alley crops, mixed intercrops or even windbreaks), STICS is only able to simulate row
intercropping.

The two management files of the USM and separated initialisation of the two crops
allow users to simulate i) different crop statuses at the start of the simulation and
ii) different sowing and harvest dates (Figure 14.2). N fertilisation, irrigation and soil
tillage apply to both crops.

» 14.2 Rotations and long-term simulations

Our literature review showed the crop cycle scale represented in 57% of the publica-
tions involving STICS over the last decade under either actual or future climate when
the daily scale was marginally investigated, mainly for sensitivity studies (Figure 14.3).
Mid- or long-term studies together accounted for 38% of the publications, which
means that STICS is useful for cropping system model simulation (Keating and Thor-
burn, 2018). Short-term (day to month) biological and physical processes such as soil
anoxia, denitrification and crop freezing occur during the crop cycle. These short-term
processes can have little impact in the long run (several years to a decade). Conversely
processes affecting soil organic matter (SOM) mainly play a long-term role through
their cumulative effects.

Temporal scale (n=224)

o e
o CYCIG —
< crop cycle ‘
T T T T T
0 20 40

Changed climate - Actual climate

Figure 14.3. Temporal scale investigated in papers involving STICS from 2010 to 2020.
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STICS can be used over the long term either i) with regular re-initialisation (reset) using
in situ observations or ii) with continuous simulations, where the initial water and N
content for only the first USM are provided. In the first case, reset runs allow a close fit of
the model to the observations. This close fit allows the model to simulate accurately vari-
ables that are difficult to measure, such as N and C mineralisation, nitrate leaching, water
drainage and N,O emissions. In the second case, the model can simulate the impacts
of alternative crop management, cropping systems and future plausible climates. The
complementarity of these two possible uses has been well illustrated (Beaudoin et al.,
2008; Constantin et al., 2012). A lack of observations on initial soil status for each USM
shows the advantages of the continuous option over the reset option in long-term
simulations (Kollas et al., 2015); their respective interests are detailed in 14.2.2.

The comparison of soil carbon and nitrogen turnover simulations with a range of
soil-crop models (CERES, NCSOIL, SUNDIAL and STICS) highlighted a trade-off
between short-term (day to year) prediction of N mineralisation and long-term (year
to decade) SOM dynamics in arable cropping systems (Gabrielle et al., 2002). STICS
correctly simulated the SOM mineralisation rate when the amount of incorporated
residues was known. Similarly, long-term predictions were sensitive to root biomass
parameters (Yin et al., 2020). This topic will be further discussed in § 14.2.4.

14.2.1 Defining USM for crop rotations or perennial crops

Using STICS to simulate rotations requires defining crop sequences, bare soil periods
and their repetition over time. These rotations can correspond to monocrops, cereal
rotations (including temporary grassland or not), cover crops and bare soil periods,
and permanent cover such as permanent grassland or grapevines.

Al ©® W @ © O W W WO
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temporary grassland
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Simulation duration (days)
Crop [ Baresoil [ Barley WM Grassland M Maize Wheat

Figure 14.4. Example of three rotations defined to simulate the ORE-ACBB experiment (long
term experimental observatory system for environmental research of biologeochimical cycle
and biodiversity in agrosystems) over the period 2005-2017 (https://www.soere-acbb.com).

The user needs to define the schedule of each of the USMs involved in the rotation

(Figure 14.4). The simulated period can be divided into USMs in several ways; the
same rotation and its repetition over time can be defined differently depending on
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the user. However, each USM must start the day after the previous USM ended. In the
case of a sown annual crop, the USM can start a few days before sowing and end a few
days after harvest. The user can also choose to define independent USMs for bare soil
periods only, as discussed previously.

When chaining USMs, STICS automatically considers the final simulated values of SOM
and recycled crop residues from the previous USM as initial conditions for the following
USM (§ 2.2.2). A USM cannot exceed two years. Thus, for grassland, for example, the
user must create several USMs. The first USM could start a few days before sowing of
the grassland or January 1st in the case of established grasslands. The USM can end a
few days after the final autumn or winter herbage removal of the first year. The following
USMs may start the following day and end a few days after the final autumn or winter
herbage removal of the second year, and so on, for the rest of the simulation period.

14.2.2 Long term simulations with USM re-initialisation or chaining

There are two ways to simulate long-term experiments:

— Run a single USM over a long-term climatic series, with a fixed management
strategy, to represent monocropping (activation of ‘succession’ in the ‘climatic series’
option in the ‘param_gen.xml file).

— Run different USMs successively with specific crop management practices to repre-
sent crop rotation.

The successive runs can either be independent or linked with both options (Table 14.1).
— In ‘reset’ or 'independent’ USM mode, initial conditions at the beginning of each
USM are set by the user.

— In ‘continuous’ or ‘linked’ USM mode, initial conditions at the beginning of a given
USM are provided by model outputs of the previous USM.

The ‘reset’ option can be used to:

— assess model sensitivity to cumulative effects by comparing outputs between reset
and continuous options (Constantin et al., 2012),

— provide a confident diagnosis of the impact of past agricultural practices when both
crop management and initial values are well known (Beaudoin et al., 2008; Ferchaud
and Mary, 2016; Nicoullaud et al., 2004). This approach requires observations of all
state variables to define the initial conditions of each USM.

The ‘continuous’ option is recommended to:

— account for the absence of observations of the initial conditions of each USM, espe-
cially in lysimeters where coring is excluded (Yin et al., 2020) or better account for the
impact of SOM changes and residue decomposition on environmental outputs such as
nitrate leaching (Constantin et al., 2012).

— simulate perennial crops. For instance, the response of various French vineyards to
global warming was evaluated by comparing STICS simulations for 1970-2000 and
2070-2099 (Garcia de Cortazar Atauri, 2006).

— perform long-term predictive studies with climate change impact or cropping
system change (Ducharne et al., 2007; Tribouillois et al., 2018a).

With the ‘continuous’ option, results do not depend on the segmentation of the simu-
lated period into successive USMs but rely on STICS accuracy in simulating long-term
dynamics of soil and plant variables. If observation of the initial conditions of the first
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USM are missing, the model can be run for some years preceding the first year of
interest to calculate reliable simulated initial values, such as initialization of multi-year
STICS prediction in organic alfalfa systems (Strullu et al., 2020).

Table 14.1. Summary of key differences between reset and continuous options in
simulations.

Option for long-term simulations

("climatic series" in the param_gen files
or rotation with different USMs)

Reset Continuous

Link between USMs Independent, no link Dependent on the previous one
Crop status Values from Last values simulated

P the "*_ini.xml" file in the previous USM
Soil water Values from Last values simulated
and N mineral content the "*_ini.xml" file in the previous USM
Soil Organic N Value from 'norg' Last Nhumt' simulated
initialization in the soil file in the previous USM
Other soil parameters Values from the soil file Values from the soil file except

organic N (see above)

Last values simulated in the previous USM,
according to ressuite parameter
in the "*_tec.xml" file

Crop residues Values provided
at the start of the USM in the "*_tec.xml" file

In the following sections, we will illustrate how these two options can influence model
outputs.

14.2.3 Illustration of the impact of “reset” and “continuous” options

14.2.3.1 Monocrops: simulation of grassland carbon reserves

Plant carbon reserves (resperenne) are supplied once the demands of all organs —
i.e. leaves, stalks and possibly seeds or fruits — are satisfied (see § 7.3.1.1.2). They can
also be consumed when photosynthesis is insufficient (see § 7.4). Reserve filling or
emptying depends both on plant parameters (slamax, , tigefeuil, , remobres;) and
soil and weather conditions (Figure 14.5). The choice of a continuous or reset option
largely affects the carbon reserve dynamic. With the reset option, the plant starts each
year without any reserves. The continuous option allows the simulation of plurian-
nual behavior of C reserves, which is more consistent with our knowledge of how
grasslands function. Differences in carbon reserve simulation between the reset and
continuous options are particularly important in winter when grassland reserves are
used to initiate spring growth.
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Figure 14.5. Carbon reserve (resperenne) dynamics for a temperate grass (Festuca arundinacea),
with reset and continuous simulations from 1994 to 2003 (Ruget and Brisson, 2007).

14.2.3.2 Crop rotation and simulation of soil mineral content

STICS was run on various soils of the small catchment of Bruyeres, in northern France,
using either the reset or continuous options; the simulations were then compared.
Simulated biomass and residue N content differed only marginally between the two
options, but residue mineralisation was significantly greater with the continuous simu-
lations (Table 14.2). With the continuous option, the amount of root residues from the
previous crop was simulated; this was not the case with the reset simulations. The
impact of the two options differed across soil types. In sandy soils, residue mineralisa-
tion was similar in reset and continuous simulations due to the high N content of root
residues that did not induce significant N immobilisation in the next USM; conversely,
residue mineralisation differed most between the two options in deep loamy soils.

Table 14.2. Comparison of STICS predictions of annual residue biomass, N content and
mineralisation for reset and continuous simulations in the Bruyéres catchment from
1991 to 1999. Measurements were taken from 36 sampling sites with various soil types
(Beaudoin et al., 2008).

Mean prediction soil type
deeploam  shallowsandy shallow loamy shallow loamy
loam on clayonmarl  sand on sand.
limestone and rock
reset simulations
Residue biomass mg ha-ly™! 8 7.3 5.6 5.7
Residue N content % 0.8 0.9 0.8 1.3
Residue mineralization kg ha™!y! -5 -9 -5 -8
continuous simulations
Residue biomass mg ha™!y! 7.7 6.6 5.2 5.6
Residue N content % 0.8 0.8 0.8 1.3
Residue mineralization kg ha!y~! -21 -22 -17 -6
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Simulated and measured soil nitrate contents for continuous and reset simulations were
compared for two contrasting soils within the same field (Figure 14.6): a) shallow sandy
stony loam overlying limestone and b) deep loamy soil. In the reset simulations, soil
nitrate values were reset twice a year against data and the model correctly mimicked the
remaining part of observed data. Continuous simulations were less in agreement with
measurements, especially in the case of the deep loamy soil. The largest discrepancies
occurred for long fallow periods during dry winter conditions. Hence, using measure-
ments to force the initial soil nitrate USM provides better results at the year scale. This
study also showed that model sensitivity to soil parameters such as profhumg (thickness
of mineralisation layer) or obstaracg (depth of obstacle to root system) greatly depends
on both the simulation duration and the nature of the variable of interest.

a) Shallow sandy loam
Soil NO~-N
(kg ha™)

—— Continuous simulation
180 —— Simulation with reset
A Observation

150

120 A

90
A
y
60| :
30 A A
A A
A
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b) Deep loam

Soil NO,-N
(kg ha™)
—— Continuous simulation
180 —— Simulation with reset
A Observation /
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A
1204
A
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A
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0 ;A
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Figure 14.6. Observed and simulated soil nitrate contents during the 1991-1999 period for two
use options (reset vs continuous) and two contrasting soils: a) shallow sandy loam overlying
limestone and b) a deep loamy soil from the same field. The successive crops include sugarbeet,
winter wheat, winter barley, catch crops, spring peas (Beaudoin et al., 2008).
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14.2.4 Carry-over effects in simulated soil organic matter

The incorporation or export of crop residues has a strong influence on the long-
term change in SOM. Crop residues can include different plant parts (e.g. fine
roots only, or the whole plant for green manure), in addition to stems and stubble
(ressuiter). The crop residues C/N ratio (CsurNres;) and the amount of crop resi-
dues left on the soil (qres;) are accounted for in the crop management file. The
user can supply them when using the reset option, while the model calculates them
in the continuous option. Residue incorporation is determined by tillage depth and
the dates documented in the crop management file (for both options). If these oper-
ations occur at the end of the USM, crop residue decomposition carries over in
the next USM in the continuous simulation. In this case, errors in the estimation
of crop residue biomass, C/N ratio and incorporation depth can cause bias in the
simulated changes in SOM and N mineralisation. The equations detailing the incor-
poration of crop residue according to the ressuite| parameter and root simulation
options are givenin § 12.

As a result, parameters governing SOM dynamics are more influential in continuous
simulation than in reset simulations, especially in low N input systems. Estimating
these parameters requires specific attention for long-term simulation, but they have
little influence over the short term (i.e. one year). The influence of model calibration,
cropping systems, and crop management on net N mineralisation in continuous simu-
lations is illustrated in Table 14.3. Blind model runs, i.e. without parameter calibration,
slightly underestimated net N mineralisation, which resulted in underestimated N
uptake and N leaching. The independent calibration of crop root parameters of sugar
beet, peas and mustard coupled with optimisation of the soil parameters profhumg,
obstaracg and finertg (initially stable: total soil organic N ratio), against a quarter of
the dataset, improved model performance, despite a slight remaining bias.

Table 14.3. Comparison of simulated (continuous simulations) and measured (lysimeter
experimental data) net N mineralisation (kg N ha™! year™!) over 1990-2012, for a bare
soil and a crop rotation with and without cover crops. *Independent calibration of root
parameters and optimization of three soil parameters against a part of the dataset (adapted
from Yin et al., 2020).

Bare soil Without With

cover crop cover crop
Mean observed 42 124 132
Simulated mean in blind test 33 89 90
Simulated mean after calibration* 41 111 120

14.2.5 Climate change scenarios

14.2.5.1 Background and challenges

At the end of the 1990s, assessing the impact of climate change on agricultural produc-
tion became a key objective. In the 2000s, climate series became available at spatial
scales compatible with impact models, including STICS. Modelling studies dealing
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with climate change and STICS were scarce at first (Ducharne et al., 2007; Perarnaud
et al., 2005) but that quickly changed: climate change became a major topic and was
covered in 21% of the papers involving STICS published from 2010 to 2020. Crop
models can be used to study the impact of climate change on crops through changes in
temperature, radiation, CO, concentration and water availability, as well as alternative
and more adapted cropping systems.

To estimate the possible contribution of agricultural systems to climate change miti-
gation, accurate simulations of greenhouse gas emissions (GHG), such as N,O, is
essential (Bessou et al., 2010; Brilli et al., 2017; Ehrhardt et al., 2018; Peyrard et al.,
2017). Carbon storage simulation is also crucial to assess cropping system GHG
balance (Pellerin et al., 2020; Tribouillois et al., 2018b). Accurate and meaningful
simulations imply that the effect of climate change on C inputs and soil C mineralisa-
tion are accurately predicted.

STICS can take into account climate change-related issues in three ways by i) esti-
mating the effects of climate change and increased atmospheric CO, concentrations
on changes in agricultural productivity and environmental impacts; ii) designing and
evaluating strategies to adapt management practices and cropping systems; and iii)
proposing ways to mitigate GHG emissions from agriculture.

Using STICS in this changing climatic context has meant revisiting some of the
model’s formalisms to address extreme temperature phenomena, prolonged water
stress, increased atmospheric CO, concentrations, and the way these phenomena
interact. It has also led to coupling STICS with other models, especially when it comes
to considering biotic factors. This section provides some examples.

14.2.5.2 Selected options

When simulating the impact of future climate on soil-crop systems, the user must first
choose between reset or continuous simulations (§ 14.2.2). Independent simulations
with annual re-initialisation of soil status can be useful to compare crop performance
under current and future climate conditions while avoiding possible cumulative effects
(Durand et al., 2018; Jing et al., 2017). Conversely, the continuous simulation option
is appropriate for studies that aim to assess long-term dynamics (e.g. for soil organic
carbon) where continuous soil water, C and N calculations are needed (Constantin
et al., 2012; Ducharne et al., 2007). To simulate cropping system adaptation, the user
can simulate different cropping systems by modifying the crop rotation (or ‘USM
chaining’) and technical files accordingly.

To take into account the effect of CO, atmospheric concentration effect on photosyn-
thesis and radiation use efficiency, the user must activate the ‘climate change’ option in
the station file. Changes in atmospheric CO, concentration can also affect crop tran-
spiration efficiency. To consider this effect, the user must choose the ‘Shuttleworth
and Wallace’ equations (in the station file) to compute evapotranspiration (§ 9 and 15).

14.2.5.3 Examples of climate change studies using STICS

The ANR CLIMATOR project (2007-2010), coordinated by Nadine Brisson, is a major
point of reference in France on the study of climate change impacts and the required
adaptation of agriculture at the scale of France (Figure 14.7).
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Figure 14.7. Approach of the ANR CLIMATOR project: multi-site implementation of a set
of models and multi-criteria analysis of climate change impacts (Brisson and Levrault, 2010).

In the ANR CLIMATOR project, STICS highlighted the interaction between crop
phenology shifts due to global warming, and the occurrence of increasing abiotic
factors such as heat and drought. The model behaved differently between spring and
winter crops in terms of their development and the consequences on flowering and
maturity dates (Figure 14.8). The model also showed a shift and increase in total water
requirements, which increased the need for irrigation at a time of the year when aqui-
fers are vulnerable. This in silico experiment showed that sorghum was a relevant
alternative to maize in southern cropping systems facing increasing droughts caused
by climate change.

It also is crucial to properly anticipate the direct and indirect effects of climate
change (via a host) on crop diseases. The impact of climate change on biotic factors
(pests and diseases) often remains poorly understood, particularly in the case of
fungal diseases, which are nowadays responsible for 16% of harvest losses and thus
already threatening the food security (Flood, 2010; Savary et al., 2012). Coupling
STICS to integrate pest and disease pressure is therefore challenging when it comes
to dealing with climate deregulation (see § 14.4.2 for the method). For instance, in
the ANR CLIMATOR project, a dedicated disease module (MILA) was developed
and coupled with STICS to reproduce fungal disease development and damage on
crop development (Caubel et al., 2014, 2012). In a recent study on the evolution of
leaf rust of wheat in France, STICS-MILA showed a much earlier disease onset and
an increase in final disease severity for the 2070-2100 period (Caubel et al., 2017;
Caubel et al., 2012).
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Figure 14.8. STICS simulations for the CLIMATOR ANR project: global warming impacts
differently winter and spring crops, at a fixed sowing date (Brisson and Levrault, 2010).

14.2.5.4 Uncertainties and interest of model intercomparison

Exploring the impact of climate change on soil-crop systems with STICS comes with
uncertainties that the user needs to deal with. Uncertainties can arise from two sources:
i) crop model structure and parameterisation, and ii) the climate models and down-
scaling method used. The use of climate and crop model ensembles can help quantify
the contribution of these different sources to the total variance of final outputs. A total
of 33% of the 115 publications in our literature review (for the 2016-2020 period)
that involved STICS used the intercomparison approach. As a general guideline, crop
model structure was found to contribute most to the total variance of ensemble projec-
tions, followed by downscaled climate projections and crop parameters (Tao et al.,
2018). Below we describe in more detail how users can address uncertainty related to
crop model structure and parameterisation.

By using STICS to explore the impact of climate change on crops, the user makes
the implicit assumption that model structure and parameterisation is appropriate to
reproduce the impact of elevated CO, concentration (eCO,), extreme temperatures,
drought and excess water on crops. But most crop models, including STICS, were not
developed for this purpose (Rotter et al., 2012). Recently, initiatives within the Agri-
cultural Model Intercomparison and Improvement Project (AgMIP), among other
initiatives, have started to compare crop model predictions with observations made
in free-air CO, enrichment (FACE) experiments, with possible additional heat stress
(e.g. heat shocks and continuous temperature increases) and water stress (e.g. rainfed
versus supplemental irrigation). So far, models accuracy in reproducing the impact of
eCO, has only been evaluated for wheat (Asseng et al., 2019), eCO, combined with
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temperature and/or water stress and maize (Durand et al., 2018), eCO, combined with
water stress. These studies showed that models generally captured the impact of eCO,
and its interaction with heat and drought stress quite well, despite considerable varia-
bility across models. STICS has participated in these studies and benefited from the
lessons drawn from these activities so users can get information about STICS predic-
tion reliability of the impact of eCO,, drought and heat on wheat and maize. To date,
no systematic appraisal of model accuracy exists when dealing with eCO,, tempera-
ture or water stress for crops other than wheat and maize. Initiatives are ongoing for
crops including rice, soybean, potato and canola, and STICS is participating in some of
these initiatives, but great caution is required when analysing the outcomes of a climate
change impact study using STICS for crops other than wheat or maize.

Existing ensemble studies have mainly focused on temperate, high-input environ-
ments. Recently, the AgMIP ‘low-input smallholder systems’ study has given users the
ability to assess the ability of a crop model to accurately predict maize yield (and other
intermediary variables) in low-input environments in the tropics. STICS was ranked
among the more accurate and consistent models (Figure 14.9). The study in question
explored the potential impact of climate change (i.e. changes in CO,, temperature and
rainfall), but the simulated impacts of eCO,, heat stress and water stress were not
compared against experimental data.
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Figure 14.9. Sum of ranks (based on relative root mean squared error for maize grain yield,
total aboveground plant biomass at maturity, maximum leaf area index, aboveground plant
nitrogen at maturity, harvest index and in-season soil water content) for 20 fully calibrated
models on ten experimental plots across sub-Saharan Africa (Falconnier et al, 2020). The
vertical dotted line indicates the median sum of ranks. ST=STICS model. The most consistent
models have a low sum of rank (i.e. they are among the best models, for all simulated variables).
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Climate change can also impact soil processes (e.g. the dynamics of soil organic matter
mineralisation). Despite a review of the strengths and weaknesses of different crop
models to simulate C and N fluxes (Brilli et al., 2017), we are unaware of any study
to date that has tested the accuracy of a simulated impact of eCO,, heat stress and
drought stress on soil processes against experimental data. However, the hypothesis of
the effect of a probable microbial biomass adaptation to climate change was tested in
tropical conditions (Sierra et al., 2010; § 14.5.4).

» 14.3 Simulation over large spatial scales

14.3.1 Principles of spatial application for STICS

Spatialising a crop model such as STICS over a large scale consists in simulating a large
number of elementary spatial units. Elementary spatial unit size generally exceeds that
of a field; accordingly, the soil, climate and management characteristics for these units
are assumed to be homogeneous over an area larger than one field. Since the STICS
model is often used for large-scale assessment (38% of publications from 2010-2020)
some principles of large-scale application are given in this section.

Several approaches for large-scale application of a crop model, called ‘scaling-up’
methods, are presented in Ewert et al. (2011) and Faivre et al. (2004). There are several
ways to apply STICS at large scale, namely:

— A-Sampling representative conditions to explore the range of variability encoun-
tered over the region by simulating only some specific points;

— B-Using a grid approach with full coverage, at high or low resolution depending on
input data availability and the study objectives;

— C-Dividing the studied area into agro-ecological zones and simulating them as
homogeneous areas.

In approach A, only a few ‘representative points’ are simulated. The user can spatially
extrapolate the outputs of the model to obtain full coverage of the spatial area studied
if necessary. A meta-model can be developed to extrapolate them as in Julie Constantin
et al. (2015) or Graux et al. (2020).

In approaches B and C, inputs are spatialised before applying the model and cover the
whole spatial area. These approaches generally involve more simulations, particularly
when using a high-resolution grid (Hoffmann et al., 2016a). Moreover, the limit of the
system as well as the link between the different spatial units of simulation have to be
defined. For instance, some water or matter fluxes can be simulated between near-by
fields, due to runoff or erosion, particularly in watersheds with a sharp slope. These
hypotheses can drive the framework since the spatial units behave independently (I)
or dependently (D) when considering the modelled processes.

— Assumption (I) can be achieved by coupling STICS to a geographical information
system (GIS), which includes soil mapping of the agroecosystem (Guérif et al., 2007;
Nicoullaud et al., 2004).

— Assumption (D) can be achieved by coupling STICS to a spatially distributed hydro-
logical model, which allows the user to describe lateral interactions occurring across
the landscape (Beaujouan et al., 2002; Ferrant et al., 2014). These kinds of links are not
necessarily considered in spatialised simulations, but they can be essential depending
on the objectives of the model application.
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The use of STICS at scales larger than a homogenous field requires expertise and infor-
mation about soil and agricultural practices. A useful example is the case study of the
Seine River basin (PIREN-Seine) (§ 14.3.2). In this study, pedotransfer functions were
developed to infer STICS inputs (soil parameters such as field capacity and wilting
point) from a soil map that included qualitative soil description (Le Bas, 2016; Lefe-
bvre, 2010). Using data from remote sensing or digital soil mapping can also be useful
to access, through model inversion, to: i) soil properties, since the climatic condi-
tions allowed to exhibit these properties, e.g. water storage versus drought (Varella
et al., 2010a); ii) technical parameters that are not accurately available everywhere
(Courault et al., 2010).

Finally, STICS simulation accuracy is mainly evaluated at plot scale and there are
limited possibilities to evaluate this accuracy at larger scales such as the region,
watershed or country (Beaudoin et al., 2018; Beblik and Kersebaum, 2001; Loague
and Corwin, 1996). In this case, analysis of model output sensitivity to varying spatial
resolution and accuracy of inputs can guide the parameterisation work and indicate
the required improvement in input accuracy depending on the focus of the study.

14.3.2 Sensitivity of STICS output to input data

Some data such as crop/soil management, soil properties or even weather data are not
available at high resolution for large-scale assessment. Nevertheless, the user must still
find a way to enter the model parameters. The chosen scaling-up approach will influence
STICS results. Since management data over large areas are scarce, the assumption of
homogeneous, fixed management is often made. Alternatively, farmer decision rules can
be defined to simulate crop/soil management according to climate and/or soil conditions.

The impact of input choices is also dependent on the temporal (daily, annual and/or
multi-annual) and spatial (field, small watershed, region, country) level of analysis of
the outputs. Some studies on scaling methods for crop models, within the MACSUR
and AgMIP projects, have been conducted to quantify the impact of climate, soil and
management resolutions on STICS outputs (crop yield, gross primary production,
drainage and soil organic matter changes over time). These impacts were analysed
depending on the output of interest and its level of aggregation in space or time. The
detailed results are available in several publications (Constantin et al., 2019; Grosz
et al., 2017; Hoffmann et al., 2016b; Hoffmann et al., 2015; Kuhnert et al., 2017;
Maharjan et al., 2019; Zhao et al., 2016, 2015). These studies showed that:

— The regional multi-annual average of model outputs was not sensitive to the resolu-
tion (from 1 x 1km to 100 x 100 km) of the simulation grid or the variability in climate,
soil and management.

— The impact of the resolution of climate, soil and management data varied per output;
for example, soil organic matter dynamics through time were strongly impacted by the
soil data resolution, but they were not very sensitive to climate.

— The regional annual average of model outputs was, in some cases, very sensitive to
the input data resolution.

— Comparing soil and climate resolutions, the impact of soil resolution is higher than
that for climate, which reflects the higher variability of soil than climate.

— The impact of the management data resolution can be substantial and should not be
neglected at a large scale, despite the scarcity of observed data.
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We believe that these outcomes can help users make relevant choice to represent
climate, soil and cropping systems in accordance with the objectives of the large-scale
assessment.

14.3.3 Examples of spatial application
— Case study of type A:

The long-term evaluation of impacts of application of recommended practices in
cropping systems in the Bruyeéres small arable catchment relied on the survey of 36
permanent soil-sampling sites representing the soil-crop variability within a 145 ha area
over 22 years (Beaudoin et al., 2021). The STICS model was used to simulate infiltrated
water and nitrate leached below the rooting zone at the year-sampling site scale. In
order to improve prediction accuracy of N leached, the model was reset every year using
soil mineral nitrogen (SMN) data measured at harvest. The predicted values were then
extrapolated within the same field to the zone having the same parent material. It was
assumed that running STICS at well characterised sample sites was more relevant than
distributing the model over all the soil units without knowing their initial SMN. The
assumption was supported by a previous comparison between the output of this type
A approach and the outputs of the type C approach, applied with fine soil map resolu-
tions (1:7500 and 1:25000), which showed the water and nitrogen fluxes were close on
average at the basin scale (Beaudoin, 2006). Coupling STICS and the dataset provided
a sufficiently robust prediction of the NO, concentration in drained water to be able to
determine the efficacy of recommend practices to meet EU limits for drinking water.

— Case study of type B and C:

Three studies, commissioned by the French ministries of agriculture and ecology
to assess the ecosystem services of agroecosystems, grasslands and the 4per1000
initiative (Graux et al., 2020; Pellerin et al., 2020; Therond et al., 2017), used STICS
for national-scale assessment on agricultural land. In these case studies, we used a
high-resolution modelling approach to quantify various aspects of French agriculture
linked with crop production, C storage and GHG balance, or water and N services
provided by current and alternative crop rotations or permanent grasslands in France.
The cropping systems (rotations and crop management) and the associated pedocli-
matic conditions were described in as much detail as possible to run long-term STICS
simulations. We considered that STICS had been thoroughly calibrated and evaluated
for a wide range of cropping systems, soils and climates in France (Constantin et al.,
2012; Coucheney et al., 2015; Graux et al., 2020; Yin et al., 2020) to simulate water, N
and C balances at the field scale.

Soil mapping units of the 1:1,000,000 French soil map and 8 km x 8 km SAFRAN climate
grids were spatially intersected to identify 30,966 pedoclimatic units (Figure 14.10). A
total of 23,149 pedoclimatic units (PCUs) of agricultural area were selected according
to the French Land Parcel Identification System, representing 97% of the agricultural
area in mainland France (annual and perennial crops, grasslands, market gardens and
fallow land). Since spatial distribution of soil types within each soil mapping unit was
unknown, they were selected in decreasing order of percentage until they covered at
least 70% of the area. Initial soil organic carbon (SOC) stock in the topsoil was esti-
mated from soil data at a 90 m x 90 m resolution (Mulder et al., 2016). The one to two
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most common crop rotations were chosen, including only crops that were calibrated
in STICS. For maize, we adapted the crop cycle duration of cultivars to each PCU
growing-degree days available between sowing and harvest. For the other crops, we
chose the most common cultivar in France available in STICS.

We used the Agricultural Practices Survey conducted in 2006 and 2011 by the French
Ministry of Agriculture, Agrifood and Forestry for around 14,000 fields throughout
France to determine crop management. Since the data was available and considered
representative at the administrative region level (NUTS II; Eurostat, 2018), we used
the median of observations per arable crop and administrative region for sowing
and harvest dates, mineral or organic fertiliser dose, dates of mineral N fertilisation,
percentage of the crop with organic N fertilisation, type and frequency of organic N
fertilisation, and frequency of tillage.

In accordance with the French application of the European Union Nitrates Direc-
tive (Council Directive 91/676/EEC), cover crops were included in rotations in PCUs
located in Nitrate Vulnerable Zones in 2012. Nitrate Vulnerable Zones are “areas
of land which drain into polluted waters or waters at risk of pollution and which
contribute to nitrate pollution” Cover crops were sown before spring crops, except
when the previous crop was grain maize or sugar beet, after which the soil was left
bare. Cover crop species (white mustard or Italian ryegrass) and dates of sowing and
destruction by soil tillage were defined per region based on the Agricultural Prac-
tices Survey. Results were expressed at a spatial scale larger than the field by averaging
results, weighted by their areas. Figure 14.11 shows one example of the results obtained
from the 4per1000 initiative.

The first two years were used only to initialise soil mineral N and water contents
according to agro-pedoclimatic conditions. Yearly outputs were then analysed for
1984-2013 and averaged over the 30 years at the PCU level.

— Case study of type C:

The Interdisciplinary Research Programme on water and the environment in the Seine
basin (PIREN-Seine) started in 1989 to protect and manage the water resources of the
Seine river and Normandy basins. Multiscale evaluations of the impact of either actual
or improved cropping systems on yield and water resource quality aimed to prevent
diffuse pollution from nitrate and pesticides affecting drinking water, which mainly
comes from deep aquifers. A modelling chain was created to quantify the impacts
of scenarios of farming practices (Ledoux et al., 2007; Tavakoly et al., 2019) on crop
yield and water resource quality. STICS was calibrated and tested independently
before being integrated into the modelling chain. The STICS inputs were provided by
cross-referencing several datasets that integrated all the spatiotemporal variability at
a given resolution (Figure 14.12).

The Figure 14.12 indicates the following:

— Upper line, information layers (from left to right):

— SAFRAN grid providing local meteorological data (Quintana Segui et al., 2009);

— French soil geographical database at 107 scale (INRA, 1998) containing the soil
mapping units (SMUs); each SMU can contain several soil type units (STUs);

— Agricultural database (Mignolet et al., 2007; Mignolet et al., 2004; Puech et al.,
2015; Schott et al., 2010) containing both the 95 agricultural modelling units (AMUSs)
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Figure 14.11. Maps of a) annual soil organic carbon (SOC) storage in the baseline scenario and
b) to f) additional SOC storage in mitigation scenarios (kg C ha™! yr!) in the topsoil (0-0.3m
deep) in cropping systems simulated over 30 years with STICS. Additional SOC storage
potential relative to the baseline scenario when implementing mitigation scenarios: b) cover
crop insertion, c) insertion of temporary grasslands instead of silage maize, d) extension of
temporary grassland duration, e) improved recycling of organic resources and f) consistent
combination of these mitigation scenarios when possible at the cropping system scale (from

Launay et al., 2021).
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and the seven agricultural districts, which originated from expert enquiries and crop
succession modelling using the Markow chain.
— Lower line, distribution process of the model run in time and space.

Finally, a quality assurance protocol (Refsgaard et al., 2005) was used to qualify the
reliability of STICS outputs over the Seine-Normandie basin (Beaudoin et al., 2018).
The modelling chain predictions were tested and submitted for expert appraisal before
being discussed with stakeholders (Figure 14.13). In this project, stakeholders needed
to explore the consequences of innovative scenarios that would ensure food security
while reducing the transfer of nitrates and pesticides to surface and deep water, and
of gaseous pollutants to the atmosphere. These scenarios were simulated at the scale
of local catchments (Seine tributary basin and Seine River Basin). They showed, for
example: no change in fertilisation, a 20% reduction in N fertilisation, adoption of
best management practices, and the generalisation of organic farming. Scenarios were
developed with involvement from farmers’ groups, agricultural extension services
and water resource stakeholders. Using STICS required a rigorous calibration and
evaluation of the model ability to reproduce the impact of various N management
practices on N balance. Moreover, the ability of STICS to simulate GHG emissions and
N balance of conventional or agroecosystems was improved both for experimental
conditions (Autret et al., 2020; Peyrard et al., 2017) and “on farm” research (Benoit
et al., 2016; Rakotovololona, 2018). Scenarios highlighted strong differences in terms
of N balance and N gaseous losses between systems.

» 14.4 Simulation with coupled models

14.4.1 Principles and typology of coupling

Coupling two models involves the exchange of information between them. Models
can be linked externally or internally (Table 14.4). There are four types of external
links that deal with STICS inputs or outputs. A geographical link can connect model
inputs or outputs of STICS to vectors of coordinates managed in a geographical infor-
mation system (GIS) at the same spatiotemporal resolution as STICS. A statistical link
uses an equation built with a numerical experiment on the response of the variable of
interest to the variability of STICS inputs, at a more integrating time step than STICS.
A dynamical link uses STICS outputs as inputs for the second model at STICS spatio-
temporal resolution. STICS was mostly used to force another model downstream. The
upstream forcing of STICS by another model is also possible.

The internal link implements a dialogue (involving a change in model codes) during
model daily loops. It results in intermediate variable exchange between the coupled
models. STICS then comes into play both upstream and downstream of the other
model along the daily loop. The two models must have the same time step, but their
spatial resolutions can differ. Similarities in model specifications (e.g. functional
or generic) favour the coupling. This linkage can be implemented in stand-alone
computer software or through a platform that frequently connects to a GIS.

With regard to the published papers involving STICS, the type of link appeared to be
weakly influenced by the application domain of the study: a given link can occur in
different application domains (Table 14.4). These different types of links are illustrated
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Figure 14.13. Maps of spatially mean outputs of the chain modelling (Beaudoin et al., 2018): a)
weighted mean nitrate concentration in drained water simulated in agricultural areas; b) mean
difference (simulated value — observed value) in nitrate concentration at monitored outlet of
the aquifers represented by different colors.
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in the following paragraph. The use of the lone GIS seems limited to biological or
biogeochemical studies. The use of the statistical response function appeared most
frequently in socio-economic studies. However, these studies can also mobilise internal
links. This short overview indicates that the coupling specifications must be driven by
considerations of scale, operational skills and the expectations of the project partner
rather than by standard rules. However, the scientific basis for linking models across
disciplines and scales is still weak and requires specific attention in future research
(Ewert et al., 2009).

Table 14.4. Typology of the STICS coupling according to the publications involving STICS
for the 2016-2020 period.

Application domain

s = — R

o EBR: £ Egd
Nature of the link Code link ] T , & e 3 = Total

on = oL = c 8 5 » S

oW =359 S & S5 g

35 S8 9 SI] SIS

(OIS Mm .8 v o < & ©
1) Lone GIS External Yes 6 0 0 6
2) Statistical response  External Yes 0 0 7 7
fonction No 1 0 0 1
3) Dynamical External Yes 0 1 0 1
upstream No 1 0 0 1
4) Dynamical External Yes 5 0 0 5
downstream No 4 1 1 6
5) Dynamically Internal Yes 7 0 2 9
interactive No 3 0 0 3
Total 27 2 10 39

14.4.2 Examples of STICS model coupling

STICS has been coupled in various forms and for various purposes. In this section, we
provide illustrations of each type of link and then, one example that combines several
types of link.

- With GIS

Coupling a crop model with a GIS has emerged as a promising opportunity since the
1990s in agro-environmental studies. Doing so has allowed users to deal with the spatial
variability of land use, soil properties and crop management (Corwin and Wagenet,
1996; Wagenet and Hutson, 1996). Behind the apparent simplicity of the approach is a
combination of naturalistic or mechanistic models (Nicoullaud et al., 2004):

— spatial representations of the distribution of soil types and climate;

— databases of the values of parameters or functions, known as pedotransfer;

— asoil-crop model, generally one-dimensional;

— a panel of rules for forecasting initial conditions;

— amodel for farmer decisions or a data-base of technical interventions.
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A first type of application is the spatially distributed prediction of crop production,
like in the EU’s European BIOMA platform for forage production. Other examples
show the reliability of STICS application for predicting crop production and nitrate
leaching at small catchment scale (Schnebelen et al., 2004; Tournebize et al., 2004);
the results of these studies can support STICS application at the larger basin scale
(§ 14.3.2).

— Statistical response function

Numerical experiments using STICS produced statistical functions or surface
responses for a range of variables (e.g. crop yield, crop water requirement, NOj; losses,
N,O emissions) to the variability of inputs (e.g. nitrogen supply) for a given crop-
ping system. These statistical models simplify the link with the economic model.
One example of the whole process is the AROPA]J platform (Figure 14.14). This meta
agro-economic model generator can optimise farm production systems. Several
studies applied it to investigate the environmental responses of cropping systems
to different policy scenarios (Humblot et al., 2013; Jayet and Petsakos, 2013; Leclere
et al., 2013). Another example consists in using STICS to simulate the impacts on
N,O emission of scenarios of urban waste application and irrigation, using life cycle
assessment (LCA) in African cities (Perrin et al., 2017).

AROPAj-STICS STICS-MODCOU
NO3 I — %
annual losses
Reference (base 2002)
year
Day 1, day 2... dayN Daily NO3 Annual
trati
Spatialized NO3 annual losses | Spatialized NO3 daily losses ?: rt]r?: r;c;iilfz? SHmmery
on the root zone on the root zone
AROPAJ-STICS Temporal disaggregation based
on STICS time series (2002) MODCOU
Tax ]
implementation = i 5 —_
scenarios Scenario 1 L
and impact >
on nitrogen l
concentration |
in aquifers - - 5 - 15 —
—
Scenario N Daily NO3 Annual
Spatialized NO3 annual losses concentration summary
on the root zone in the aquifer

Figure 14.14. Diagram of the coupling of STICS and hydrologic (MODCOU) and economic
(AROPA)j) models in the PIREN-Seine modelling platform (Beaudoin et al., 2019).

— Dynamical upstream external link

This type of link is rarely used. One good example is the satellite data assimilation by
STICS. Onboard remote sensing instruments provide high spatial resolution images of
land cover and crop canopy. However, the raw data must be geolocalised and corrected
for atmospheric effects using physical models. Multispectral pixel data can be used
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to calculate vegetation indices and ultimately LAI using statistical relationships. The
computed LAI can be forced into the model, or used to re-optimise unknown model
inputs (e.g. field capacity). Such an approach has been implemented to estimate forage
and annual crop production (Courault ez al., 2010; Jégo et al., 2012a) and optimise soil
parameters (Ferrant et al., 2014; Varella et al., 2010a).

— Dynamical downstream external link

This type of link was more frequent in published studies involving STICS. The
exchange between models concerns their respective outputs and retroaction cannot
be implemented. A good example is the STICS-MACRO chain, which aims to simu-
late pesticide transfer within the soil profile (Figure 14.15). It combines the strengths
of each model: STICS can account for the effects of varying agricultural practices
(fertilisation, waste, mulch or crop residue management) on soil organic C/N changes;
MACRO integrates the roles of microporosity and macroporosity on the retention and
transfer of pesticide molecules. The coupling implements a sequential transfer of data
on the soil parameters of both models. STICS outputs (potential evapotranspiration,
LAI, height, root depth) are then transferred to MACRO; some MACRO parameters
are re-estimated. A MACRO run will eventually predict pesticide behaviour.

Another example of the downstream external link is the chaining of STICS with ecolo-
gical and hydrological models, within a platform including a GIS. Here, the pixels
cannot spatially interact and the outputs of the agronomical model become inputs for
the hydrological one. For example, in the PIREN-Seine project, the platform simulates
crop production and soil C and N balances in cropping systems as well as their long-
term impacts on water resources (§ 14.3.2). Another example is the ORCHIDEE land
surface model, which predicts water and C flows at the European scale (Wu et al., 2016).

Cropping systems Pesticides
Soil Soil
Climate Climate

°® Leaf area index - — Pesticides

"C ‘ Root depth o leaching in
Sﬁﬁg Crop height > cropping
— Potential evapotranspiration systems

Figure 14.15. Sequential use of the STICS crop model and the MACRO pesticide fate model to
simulate pesticide leaching in cropping systems (from Lammoglia et al., 2017).

— Internal link

This type of link allows the retroactions between models by coupling the daily loops
of the models. Examples of stand-alone STICS coupling cover a large range of topics:
— MILA-STICS simulates in 1D, the development and impact of pathogenic fungi on
LAI and crop growth. The crop-disease model MILA-STICS was able to simulate a
range of airborne fungal diseases (Figure 14.16).

The climate change is an emblematic stake for this couple (§ 14.2.5.3).
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PROCESS-BASED CROP MODEL

Green leaf surface

Susceptible Exposed Infectious Removed
surface € surface surface surface

\ 1 ) 1

Secondary inoculum
production

Deposition L) Infection > Latency

Lesion lifespan

MODEL FOR THE DEVELOPMENT OF AIRBORNE FUNGAL PLANT PATHOGENS

Figure 14.16. Calculation of the susceptible, exposed, infectious and removed surface areas in
the conceptual design of and feedback to a process-based crop model (MILA-STICS coupling).
The available surface is the green leaf surface minus the exposed surface. The infectious surface
is deducted from the green surface (from Caubel et al., 2012).

— PE-STICS simulates, in 1D, the retention and transfer of pesticides and nitrate
within the daily loop (Queyrel et al., 2016).

— FLORSYS predicts crop - weed interactions in 3D; seed stock, seed germination and
seed stock growth are simulated at plant level, while STICS predicts soil temperature,
moisture, nitrate availability and organic matter dynamic in 1D (Moreau et al., 2021).
— Hi-sAFe simulates agroforestry system behaviour in 3D by coupling STICS with a
tree model (sAFe-Tree) on a daily time step (Dupraz et al., 2019).

Encapsulating STICS in the RECORD platform results in a turnkey simulator for crop-
ping system functioning and management at varying spatiotemporal scales (Bergez
et al., 2013). Encapsulation relies on the modularity of the STICS code within its
daily loop (§ 16). It addresses the following issues: (1) water resource management at
farm and regional scales with MouSTICS (Bergez et al., 2012); (2) ecosystem service
assessment with the EFESE project (Therond et al., 2017); (3) livestock farm studies
with MELODIE (Moreau et al., 2013); and (4) water and N cycles within the agro-
hydrosphere at landscape scale, with the TN'T model, which allows users to deal with
interactions between pixels (Beaujouan et al., 2002; Ferrant et al., 2014).

— Combining multiple links

The case study of the Adaptation of Irrigated Agriculture to Climate Change (AICHA)
and Accompanying The adaption of irrigated agriculture to climate CHAnge (ATCHA)
projects, in India, is an emblematic example where multiple links were combined. The
‘groundwater revolution’ started three decades ago and allowed millions of small-
holder farmers to access irrigation with individually owned bore wells. It increased
crop production but resulted in a well-identified ‘groundwater crisis’ with tremen-
dous impact on water resources and ecosystems. In such a highly dynamic system, a
multi-link approach was necessary to account for the critical interactions and feed-
back between the variations of groundwater availability and crop prices, and farmer
decisions for crop choice and irrigation scheduling. The STICS model is a component
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of the integrated biophysical and economic model NAMASTE (Robert et al., 2018)
created to design and assess scenarios of farming system adaptation, with a partici-
patory approach involving farmers and policymakers, in a network of experimental
watersheds in southern India (Figure 14.17).

Using this soil-crop model to simulate the impact of management scenarios in the
Indian context is a scientific and technical challenge due to the high diversity of crop
species found in Indian farming systems. In addition to several intensively farmed
cash crops (e.g. maize, sunflower) for which default calibration is available in STICS,
there are many other crops (e.g. millet, pulses, spices such as turmeric) that need to
be calibrated by drawing on a reliable database (see the chapter on ‘model extension’).
Another challenge consists in checking the reliability of the water-C-N balance predic-
tions in the tropical context of South India, characterised by the monsoon regime, and
the impact of soil salinisation, which occurs in some places due to potash fertilisa-
tion (Buvaneshwari et al., 2020). Accordingly, the salinity impact on crop growth was
quantified (§ 14.5.1). STICS coupling with a groundwater model showed that ground-
water irrigation plays an important role in the accumulation of saline solute in soil
and groundwater, and threatens the sustainability of farming systems in the long term
(Buvaneshwari et al., 2018).

STICS was also used to estimate soil properties by model inversion using surface soil
moisture and LAI data assimilation (Sreelash et al., 2017, 2012). Finally, STICS appli-
cation at field scale relies on the classic coupling with a GIS and the data assimilation
from remote sensing to secure its predictions.

» 14.5 Typology of STICS uses

STICS specifications associated with the STICS community dynamic allowed a large
range of uses. With regard to issues on biophysical system behavior, crop models
have two main types of uses: diagnosing an agronomic situation or a new part of the
model, and creating a prognosis to estimate hard-to-measure variables. For issues
dealing with agro-ecosystem management as well as the scientific protocol design of
science building, diagnosis and prognosis are frequently combined in more complex
approaches. Finally, this chapter briefly addresses model calibration and testing, which
also contribute to the heuristic approaches (§ 16).

14.5.1 Diagnosis

Agronomic diagnosis mobilizes scientific knowledge to explain observations. For yield
gap analysis, simulated potential yield (P) or water limited or only N limited yield, are
compared to measured actual yield, namely farmer yield (F). STICS was used for yield
gap analysis in tropical regions, at the scale of France (Brisson et al., 2010) or at global
scale (Kvaki'c et al., 2018). STICS was also used to estimate yield losses due to water and
N limitations in complex contexts, as following. In tropical smallholder farms, STICS
was used to quantitatively determine the respective share of suboptimal stand density,
water stress and nitrogen stress in deviations of actual yields to potential yield across a
region, and helped determine the role of other biotic and abiotic stresses (Aftholder et al.,
2003 and Figure 14.18). In temperate organic systems, STICS was used to predict the
potential yield and the water and N stresses in the actual situation; so it was assumed the
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N availability to the crop was well predicted when the actual crop yield was affected by
both abiotic and biotic stresses (Rakotovololona, 2018). In the aforementioned ATCHA
project, the impact of groundwater salinisation on turmeric yield was quantified in a
watershed in Karnataka using yield gap analysis (Figure 14.19).
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Figure 14.18. Boxplots of potential (P), water-limited (WL) and farmers’ (F) grain yield. “Up.
Rice”: upland rice. Predictions were made using an ad-hoc model for potential yield estimation
derived from STICS and SARRA models (Affholder et al., 2013).
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Figure 14.19. Effect of groundwater salinity on turmeric production. X axis = electrical conduc-
tivity (Ece, deciSiemens per metre) of irrigated water; y axis = observed yield to potential yield
simulated by STICS ratio (Kizza et al., 2016).
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14.5.2 Prognosis

In prognosis, the model predicts the behaviour of a given system. Context and varia-
bles of interest can differ and include: i) crop yield response to sowing date, e.g. durum
wheat, in water scarcity contexts(Debaeke and Aboudrare, 2004), ii) nitrogen leaching
with current practices (Schnebelen et al., 2004), iii) nitrate in drained water according
to varying catch crops. This third situation provides the following emblematic example
of STICS relevance for prognosis.

14.5.2.1 Stochastic prognosis of catch crop effectiveness.

The model was used in the INRA expertise report on the effectiveness of cover crops in
reducing nitrate pollution establishment (Justes et al., 2017). After calibration of cover
crop species, a multi-site frequency study of the outputs of the numerical experiment
focused on nitrate leaching and nitrogen uptake of the subsequent crop in response
to different fallow period management methods (Figure 14.20). With meta-modelling,
indicators for optimal management (reducing nitrate losses and maximising the ‘green
manure’ effect) were defined in France (J. Constantin et al., 2015a, 2015b) and, in
Switzerland (Buchi et al., 2016).

Assimilation of remote sensing data to increase model reliability at regional scale can
be used for prognosis, such as to predict grassland or maize yields (Courault et al.,
2010; Jégo et al., 2012a).
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Figure 14.20. Simulated response of nitrate concentration in drained water to catch crop
management versus emergence and termination dates and species: a) mustard, b) ryegrass,
c) vetch. The line is the EU standard of water drinkability (Justes et al., 2012).

311



STICS soil-crop model

14.5.2.2 Regional yield of grasslands

There were two main types of yield estimations: i) the present yield (in real time),
and ii) the future achievable yield, taking into account the possible future climate. In
order to estimate inter-annual variations in grassland production in approximately
200 regions in France, the input data are entered at various regional scales (Gateau
et al., 2006): information for climate in each forage area and several items for soil
and management practices. The model was parameterised for each type of grassland
(permanent, less than six years or pure legumes) and was interfaced with specially
built national databases characterising climate, soil and technical conditions for the
areas of France where sufficient surfaces of grasslands exist.

STICS was then used to estimate regional inter-annual yield variations. STICS
contributed to the monitoring of the forage production response to water stress in
mainland France (ISOP, Ruget et al., 2006). This monitoring system has been used
since 2000 by the French Ministry of Agriculture to financially compensate farmers
in the event of production losses due to drought. A yield indicator for permanent
grasslands — ‘ISOP’ — is regularly provided. It equals, at a given date, the ratio
between the cumulative growth at this date since the beginning of the year and the
cumulative growth at the same date calculated over the reference period 1989-2018
(Figure 14.21).

[ Large deficit: 75% and less

Low deficit: more than 75% to 90%
® Normal: more than 90% to 110%
M Surplus: more than 110%

Figure 14.21. Permanent grassland yield indicator, by forage region, as of April 20, 2021.
(Agreste Infos rapides, 2021)

Several other projects have explored the impacts of climate change on grassland
production. Knowing the response of forage production to pedoclimatic variability is
crucial for the feed security of livestock farms and for the dairy and meat industries.
Studying the effect of global climate change relied on an accurate representation of the
changed environmental conditions with regard to primary production and soil water
consumption (Gonzalez-Camacho et al., 2008; Ruget et al., 2012). The model thus
helped farmers adapt their livestock feeding strategies (Moreau et al., 2012), which
illustrates the following section: the model can be used to support decision making.
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14.5.3 Decision-making support
— Example of public policy

Addressing global challenges requires model coupling within a modelling platform
(§ 14.4.2). One particular platform can be highlighted here: The AROPAj platform
linked a STICS meta-model with an economical model to study the response of farmer
income and N leaching to scenarios of fertiliser tax policy (Jayet and Petsakos, 2013).
Besides, the SVAT-ORCHIDEE platform was used to study the influence of cropland
on the European carbon and water budgets (Gervois et al., 2004). The TNT platform
was used to evaluate scenarios of land occupation and management with regard to the
risk of green tide (Moreau et al., 2012).

— Examples of decision tools for farmers

Decision tools can support either tactical or strategical decision-making. Some of
them have already been described in § 14.4.2 since they require coupling in a user-
friendly interface. Tactical tools need STICS to be coupled with decision rules. Such
tools have addressed either crop irrigation (e.g. MOUSTICS tool, Bergez et al., 2012)
or N fertilization for precision farming (Baret et al., 2007; Mesbah et al., 2017). Stra-
tegical decision-making tools require coupling with a farm-decision model. STICS
has been used to prototype innovative cropping systems, e.g. in the MICMAC-Design
project (Bergez et al., 2014).

The EpiSTICS model combines a biophysical and a decisional model designed to
generate irrigation and N fertilisation schedules in apple orchards (Nesme et al.,
2006). Irrigation and fertilisation are key management activities for fruit tree cropping
systems. The simulation of crop water and N requirements was adapted for orchards.
First, EpiSTICS simulated state variables (soil nitrate, water content) were positively
compared with observations. Second, model-generated schedules were qualitatively
evaluated based on interviews with farmers about their own practices. The model
prediction generally aligned with actual farmer practices, but it showed a sharp differ-
ence at the beginning of the irrigation period (Figure 14.22). Model simulation would
improve by taking into account irrigation rounds and the constraints imposed by
specific practices to control scab and codling moth.

In a tropical context, STICS was used to determine optimal sowing dates, accounting
for both agronomic and environmental indicators (Silva et al., 2019). The case study
was maize cultivation in the Brazilian Cerrado, in two locations with contrasting
climates: Goiania (1600 mm annual rain) and Barreiras (1160 mm). Three management
options were evaluated — conventional tillage, no-tillage, and no-tillage with millet
residue mulch — on shallow (obstaracg=90 cm) and deep (obstaracg =180 cm) soils.
Optimal sowing windows were identified based on maximum yield, minimum yield
variability, run-off and drainage. Cultivar-specific parameters for tropical maize and
parameters for millet residue mulch were calibrated based on two field experiments in
the study area. A series of historical weather data was used to run scenarios with the
calibrated model. The simulation highlighted that no-tillage systems i) increased grain
yield compared with conventional tillage systems, ii) decreased water run-off and the
associated erosion risk, but iii) increased water drainage below the root zone and thus
the associated risk of nutrient leaching (Figure 14.23).
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Figure 14.22, Difference in simulated minus observed days of year of beginning of irrigation in
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Figure 14.23. Optimal sowing windows calculated to comply with criteria on yield (Yield),
yield variability (Yield var.), drainage (Drain.) and runoff (Run.) for the conventional tillage
(CT), no-tillage (NT), no-tillage with millet residue mulch (NTM) cropping systems, for two
maximum rooting depths (90 and 180 cm) at the Goiania experimental site. Grey bars indicate
that no sowing dates matched the criteria (from Silva et al., 2019).
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Maximising yield while minimising yield variability, water run-off and drainage could
only be achieved for a narrow optimal sowing window. The approach developed in this
study can form the basis of a comprehensive decision support system that accounts
for soil characteristics, mulch effects, and the occurrence of dry spells during the rainy
season.

14.5.4 Testing scientific hypotheses

STICS has also been used to test hypotheses on agro-ecological systems functioning.
Three examples of different purposes are provided in this section: i) to simulate
energy, water and nitrogen shares between intercrops, ii) to test the effect of climate
change on microbial activity or iii) to test the role of perennial nitrogen reserves on the
regrowth of multi-year species.

The first example, intercropping, illustrates how to represent a complex system in
several functional units. Since the STICS model is 1D, adapting it to intercropping
involves a simplified definition of the agronomic system (§2.2.3). This simplified
representation determines the way the light intercepted by each crop according to its
respective spatial structure throughout the day is calculated (Brisson et al., 2004). Each
day is divided into 24 parts to integrate the variation of the sun azimuth (§ 9.2.1.2.1).
The part of the radiation intercepted by the dominant crop and the part transmitted to
both components of the understorey crop are then simulated according to the geom-
etry of each crop (§ 9.2.2). This conceptual framework was applied to spring pea-barley
intercropping (Corre-Hellou et al., 2009). It permitted a realistic prediction of the land
equivalent ratio (LER) for aerial dry matter and N accumulation of each intercrop and
their association (Figure 14.24).
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Figure 14.24. Comparison of simulated and observed total and partial land equivalent ratio
(LER) values for dry matter and N accumulation, in pea-barley intercropping. Average values

obtained in intercrops grown in 2002 and 2003 with N or without N fertilization. Error bars
represent the standard error of observed values (from Corre-Hellou et al., 2009).

A second example deals with the controversial effects of climate deregulation on SOM
behaviour in the tropics (Sierra et al., 2010). The impact of climate change on the
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underlying mechanisms controlling SOM dynamics was analysed in ferralitic soil
under two contrasting tropical crops ( maize as C4 plant and banana as C3 plant)
with the tropical humid conditions of Guadeloupe (French Antilles). The effect of
microbial thermal adaptation on C mineralisation was modelled at crop system scale
and was introduced in STICS. This adaptation was based on a reported theory for
thermal acclimation of plant and soil respiration. The climatic generator (ARPEGE
model with IPCC emission scenario A1B) predicted a 3.4°C increase in air tempera-
ture and 1100 mm yr~! for rainfall as a response to a 375 ppm increase in atmospheric
carbon dioxide concentration in 2090—-2099 compared with 1950-1959. STICS simu-
lations indicated that crops affected SOM response to climate change by controlling
the change in C input, soil temperature and soil moisture. SOM content varied little
until 2020, and then decreased faster for maize than for banana. This decrease was
weakened under the hypothesis of thermal adaptation, and this effect was greater for
maize than for banana (Figure 14.25). The greater SOM loss in maize was mainly due
to the negative effect of warming on maize growth that decreased C input from resi-
dues. Climate change had a small effect on banana growth, and SOM loss was linked to
the climate change impact on C mineralisation. Thermal adaptation reduced the initial
increase in mineralisation, but its effect was lower on the final decrease, which was
mainly controlled by substrate limitation. No stabilisation in SOM status was attained
at the end of the analysed period because C mineralisation was always greater than
C input. Model predictions indicated that microbial thermal adaptation modifies the
temporal pattern of SOM dynamics, without changing its trend.
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Figure 14.25. Impact of thermal adaptation of soil microorganisms and crop system on the
dynamics of organic matter in a tropical soil under a climate change scenario (Sierra et al., 2010).

For perennial crop behaviour, the hypothesis was double: i) the remobilisation of the

perennial pool of N reserves represents the main N supply of the growing canopy,
when senescence of the canopy permitted this pool to refill, and ii) the crop N status
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is the main driver of canopy growth as opposed to crop ontology; thus, the nitrogen
nutrition index (NNI) allows to mimic its behaviour, with a unique corpus of forma-
lisms and parameters from sowing to destruction. This hypothesis was positively tested
with the bioenergy crop Miscanthus G. and then for the perennial leguminous alfalfa
(Strullu et al., 2020, 2014). In unfertilised treatment of Miscanthus G., the perennial
reserve can reach 200 kg N ha~!. Periodic depletion affects the perennial biomass pool,
when aerial biomass is accumulating. The model was calibrated against treatment with
late harvest and tested against the ones with early harvest. The periodic pattern was
satisfactorily simulated by the model during four growing seasons (Figure 14.26).
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Figure 14.26. Simulation and observation of biomass of Miscanthus G., of unfertilised
treatment with early harvest (November) after sowing in spring 2006. Evaluation of the STICS
predictions against an independent dataset (Strullu et al., 2014).

14.5.5 Dialogue between stakeholders or disciplines

14.5.5.1 Cognitive role

The collective construction of STICS makes it a good tool for training and synthesising
interdisciplinary knowledge at both national and international levels. The numerous
parameters in STICS are frequently criticised. However, we would counter this criti-
cism with three arguments: 1) no parameter is written directly in the code and they are
all accessible, 2) the model genericity increases the number of options and their asso-
ciated parameters, and 3) most of the parameters are invariant (general), while only a
few must be adjusted by the user (local paramters; § 15). These features can be both
scientific assets and operational limitations. The STICS project team is continuing its
efforts to optimise the number of parameters.

Predictive performance depends on the quality of local parameter calibration,
which must be done by the user. Misunderstandings can arise between disciplinary
researchers and agronomists about the meaning of formalisms or parameters because
of the functional design of STICS (§ 2). Discussions on the concepts and basis of the
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model specifications are encouraged. The STICS project team has been involved in
training sessions on modelling and the use of STICS, in order to promote the ‘suitable
and reasonable’ use of the model (§ 1 and § 15). Continued discussions about STICS
conceptual bases are vital in order to renew the model.

Evaluating an extension of the scope of STICS requires specific efforts with a rigorous
collection of input data, observations and metadata. Such efforts are made through a
scientific projectif the project relates to processes, or as an engineering project (§ 16). A
comprehensive generic test was completed based on a large dataset covering 15 single
crops and a wide range of agro-pedoclimatic conditions in France (Figure 14.27).
STICS was also tested at the crop rotation scale (Beaudoin et al., 2008; Constantin
et al., 2012; Jégo et al., 2012b; Plaza-Bonilla et al., 2015), including a comparison with
other models (Yin et al., 2020).
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Figure 14.27. Distribution of STICS v8.2.2 prediction discrepancies in four agro-environmental
variables for 15 crops of interest, for 1809 plot-year simulation units in France (Coucheney
et al., 2015).

14.5.5.2 Contribution to education

STICS has been used in a total of 71 PhD theses until 2020 and numerous master’s
internships. Around 20 to 30 people per year attend STICS training courses in France.
Overseas training courses were held in 2008 in Argentina, 2013 in Sri Lanka, 2014 in
India, and 2017 in India and China. A special STICS open house day was held at the
European Society of Agronomy (ESA) Conference in Scotland (2016) and at a joint
congress in Montpellier (2020). Recently, STICS courses were produced as webinars.

318



Ways of STICS use

14.5.5.3 Contribution to the dialogue between partners

STICS has encouraged a dialogue between agricultural development actors (e.g. tech-
nical institutes, chambers of agriculture) and scientists. It also contributes to
participatory approaches involving farmers, such as when working to identify oppor-
tunities for better N management, whether in conventional systems (Bergez et al.,
2014) or organic systems (Rakotovololona, 2018).

The aforementioned ANR CLIMATOR (Figure 14.7), PIREN-Seine (Figure 14.12),
ATCHA (Figure 14.17) and ISOP (Figure 14.21) projects have interested large audi-
ences about studying behavior and impacts of cropping system.

STICS contributes to international inter-comparison model exercises: in Europe
MACSUR (C-yield and C-N balance), and at the global scale with AgMIP (yield) or
CN-MIP (N,0).

» 14.6 Perspectives for model capacity extension
toward agroecology

14.6.1 Context and background

STICS can be used either as a soil-crop model at the crop cycle scale or as a crop-
ping system model at the crop rotation scale (Keating and Thorburn, 2018). Users can
assess and/or optimise crop management strategies over the short to long terms based
on agro-environmental criteria.

However, the farm scale is insufficiently addressed (3% of the studies in our literature
review), considering its important role in driving the agroecological transition. It falls
between the field and market levels, and poses the most challenging scale problem
when it comes to integrated assessment of agri-environmental systems (Ewert et al.,
2011). This challenge stresses on the needs of STICS coupling at farm scale to assess
farm variables such as climatic risks or ecosystem services.

New needs related to global climate change mitigation and adaptation for food secu-
rity emerged from our discussions with students who received STICS training in
different countries.

14.6.2 Contribution to the development of agroecology

Agroecology is expected to enhance the efficiency and resilience of cropping systems
to extreme climate events, support climate change attenuation and biodiversity enrich-
ment, and therefore bolster food security. Agroecological practices rely on promoting
both biological regulations and nutrient recycling. Possible levers include crop rota-
tion diversification, intercropping, cover crops, low- or no-till farming, biological
control of weeds and pests, and living mulch. Some agroecological systems, such as
agroforestry and crop livestock systems, have also been identified as useful.

The actual ecosystem services of the implemented systems need to be evaluated
and compared to conventional systems with regard to their agronomic, economic
and environmental dimensions (De Notaris et al., 2018; Mondelaers et al., 2009).
Modelling agro-ecological cropping systems requires knowledge engineering
and/or model coupling.
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STICS can help to quantify the ecosystem services linked to the water, C and N cycles
in the soil-crop system. It allows users to test the agronomical and environmental
interests of cover crops (Justes et al., 2017; Plaza-Bonilla et al., 2015; Tribouillois
et al., 2015) and to lesser extent, intercrops (Bedoussac et al., 2017; Launay et al.,
2009; Shili-Touzi et al., 2010) and grasslands (Graux et al., 2020), which are pillars
of agro-ecology. STICS has been mostly applied to conventional farming systems but
is also now used to simulate low-input and organic farming systems (Figure 14.28).
This application makes explicit assumptions about the role of biotic factors, and more
specifically, that they are sufficiently controlled to allow STICS to accurately predict
crop biomass and N balance. The first studies where STICS was adapted to arboricul-
ture (Demestihas et al., 2018), agroforestry (Dufour et al., 2013; Dupraz et al., 2019)
and agrivoltaic systems (Dinesh and Pearce, 2016) were recently conducted, namely by
coupling STICS to other models.

Modelling the phosphorus cycle is a new priority for the STICS project team in order
to go beyond the current field of application and address questions linked to, for
instance, the eutrophication of environments. Other investigations are in progress
to i) improve the formalism of crop height kinetics and their consequences on inter-
crop behaviour; ii) account for the roles of organic amendments on soil C-N storage
(Levavasseur et al., 2021) and iii) better represent the functioning perennial crops
(Strullu et al., 2020; Strullu ez al., 2015), especially the diversity of grassland types and
management strategies (including animal returns at grazing) and grasslands’ ability to
store C in their soils (Graux et al., 2020).
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Figure 14.28. Simulation with the research version of STICS (tagged v10) of the evolution of
organic N stocks (mg N ha™!) in a) the long-term DOK (Thervil, Switzerland) and b) Organic
(Foulum, Denmark) trials, comparing conventional (CONMIN, CONFYM, C4) and agri-biological
systems (NOFERT, BIOORG, O2, O4); from Beaudoin et al. (2019) and Autret et al. (2020).
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The desired agroecological transition has called into question the ability of research
to build and implement solutions to tackle future climate variations and their abiotic
and biotic consequences. Combined practices limiting both input use and the risks
of additional stresses on crops have emerged as ways to address today’s food security
challenges.

14.6.3 Dealing with robustness and capacity extension, at national
and international levels

A challenge for the governance of any crop model consists in combining research
creativity to renew the conceptual framework with rigorous software engineering to
maintain the code and testing model performance, which is a good illustration of the
concept of organisational ambidexterity.

Ensuring the robustness of the standard STICS version while increasing the scope
of the model and its international reputation as a crop/cropping simulation model
remains the project team’s priority challenges. This will be done by increasing the
number of observed situations used to assess STICS (IDE-STICS dataset), which
will be available via open access for users who want to calibrate or evaluate STICS or
another model (§ 16).

Increasing the scope of STICS will be mainly based on discussions between the STICS
project team members and the STICS community, taking into account possibilities of
code management (versioning, modularisation) as explained in § 1.
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Chapter 15

Tools for smart use
of the standard STICS model version

DoMINIQUE RiPOCHE-WACHTER, CHRISTINE LE BAS
AND NADINE BRISSON

REVIEWED BY: NICOLAS BEAUDOIN AND FLORENT LEVAVASSEUR

This chapter aims to guide users in their use of the model. Building the STICS model
has always been a twofold scientific and technical challenge, as explained in Beaudoin
etal. (2019) (§ 2.2.1).

The STICS conceptual scheme is built like a set of modular bricks, which means that
many processes are available in the standard version and new ones can be easily added
in the research branches (§ 1.5.2). These processes can be activated or deactivated as
options to reproduce actual farming practices or to describe soil physics, crop devel-
opment and growth processes. The first three sections deal with these options: § 15.1
covers the driving options, § 15.2 the strategy options and § 15.3 the formalisms.

As we mentioned above, users must determine the relevant local parameters, but we
do provide some tips in § 15.4 to help users fill in these values. In the last part of
the chapter, we present a brief overview of the STICS software tools (the JavaStics
interface and Stics R packages) and the STICS forum where users can get additional
support and information.

» 15.1 Driving use options

Like most dynamic crop models, STICS is driven by the weather, but several options
are available to calculate evapotranspiration. The different options are explained
below. The final choice will depend on available climatic data as well as the formalisa-
tion used for the simulated crop or cropping system.

It is also possible to drive the model with observed values in order to force the model
to use values for certain state variables measured in the field or via remote sensing
(e.g. observed phenological stages or leaf area index - LAI).

15.1.1 Regular weather driving variables

STICS is driven by the weather on a daily time step. The minimal set of weather varia-
bles required to run the model comprises the minimum and maximum temperatures
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(°C), global radiation (MJ m~2 d~!) and rainfall (mm d~!). There are four possible ways
of estimating evapotranspiration (tetp(t)), for which additional variables are required.
The least demanding option is to use the calculation developed by Priestley and Taylor
(1972) (§ 15.1.1.2), followed by the calculation that imposes a pre-calculated value
(§ 15.1.1.1). The other two options require two additional primary weather vari-
ables: wind speed (m s~!) and vapour pressure (mbars). The first one is to use the
Penman formula (§ 15.1.1.3) and the second does not rely on evapotranspiration but
directly calculates water requirements at the plant level through a resistive approach
(§ 15.1.1.4). For the three first options (Priestley-Taylor, pre-calculated value and
Penman formula), users should note the close dependence between the reference
evapotranspiration value and the kmax, value (because kmax, is experimentally
calculated with a given reference evapotranspiration). A change of option should
theoretically lead to a change in kmax,. In a comparative work cited by Smith et al.
(1998), many reference evapotranspiration calculations were compared to lysimeter
measurements from 11 locations. The Penman formula exhibits a 0.60-0.70 mm error
regardless of the environment, while the Priestley-Taylor formula appears to perform
far better in humid environments (0.68 mm) than in arid ones (1.89 mm).

15.1.1.1 Pre-calculated values of evapotranspiration

If potential evapotranspiration (PET) data are available, users can enter them as
climatic data inputs. The STICS model has been parameterised for a Penman PET
calculation. If the data are not available, then users must choose one of the three
options described below to calculate evapotranspiration (in the climatic station file).

15.1.1.2 Calculation of Priestley-Taylor reference evapotranspiration

This calculation (Eq. (15.1)) is recommended if wind speed and humidity measure-
ments are not available, but users should note that it does not take convective factors
into account very well. The Priestley-Taylor calculation relies on the site-dependent
coefficient alphapt, whose value for many soil surface conditions is 1.26, an empir-
ical calculation for the net radiation (rnet_PT) and a constant value of the latent heat
of vaporisation (2.5 MJ kg™'). The other variables have already been defined in § 9.4,
see Eq. (9.25).
deltat(t)

¢ 2.5(deltat{t}-gamma)

withrnet_PT(t) =0.8-0.72-trgt)- 09504  (15.1)

tetp(t] = alphapt . rnet_PT(t]

15.1.1.3 Calculation of Penman evapotranspiration

The formula shown in Eq. (15.2) is from Penman (1948) and fully described in Brochet
and Gerbier (1968).

deltat(t)
tetp(t] = Lt){dettat(t):gamma) rnet—PE(t)

gamma

+ 2etatDrgarma - 026+ (1+0.54 - tvent(t))- dsat(t) (15.2)

where rnet_PE is estimated by combining Eq. (9.13) and Eq. (9.17).
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15.1.1.4 Use of Shuttleworth-Wallace

This option is based on the energy balance approach (§ 9.3.3). Users should note that:
— This option is mandatory to simulate intercropping systems.

— This option is mandatory to take the CO, effect (on stomatal resistance) into
account.

— To use this option, the climatic file must contain the wind speed and the vapour
pressure.

15.1.2 Driving the model with observed stages

The model can be driven using observed phenological stages. The dates of the different
phenological stages are read from the technical file instead of being calculated by the
model. The observed stages may be the vegetative stages ilevs, iamfs, and ilaxs, or the
harvested organ stages idrps, imats and irecs. The phenological stages are described
in § 3.2.2. The flowering stage iflos is always calculated by the model from a given
stflodrp, parameter which corresponds to the thermal duration between flowering
and the onset of filling of the harvested organs idrp. There is no point in driving this
flowering stage date iflos with observed data, because it does not trigger any calcula-
tion in the model. A combination of observed and calculated dates can be used, but
the order of the stages is a priori fixed; should there be any disagreement between the
calculated and observed dates for consecutive stages, the model will cease to run. The
model can be driven also by the ilan and isen stages only if the LAI calculation is
in the direct LAInet option.

15.1.3 Driving the model with the LAl

In this case, the model uses the observed LAI data as inputs (Ripoche et al., 2001). This
driving method can be very useful when developing the model or adapting a new crop.
By imposing the LAI, the water and nitrogen requirement levels that are suitable to
cope with stress are also imposed.

Because obtaining daily observed LAI data is usually difficult, a tool was developed in
the JavaStics interface to interpolate LAl measurements using a statistical relationship
representing the LAI time course (Eq. (15.3)). This function is fitted to calculate daily
LAI from measurements. These LAI data will be the data prescribed to the model.

lai(t) =K_LAI-(

1+exp(—B_LAI{ST1_LAI(t)—TI_LAI)]
—exp(A_LAI-(ST_LAI(t)-TF_LAI) (15.3)

where ST_LAI is the growing degree-days since emergence, K_LAI is the maximal LAI
produced (which is higher than the maximal measured LAI because of the effect of
senescence), TI_LAl and TF_LAI are the growing degree-days for the point of inflexion
of the growth curve and complete senescence, respectively, and A_LAl and B_LAI
describe the shapes of the growth and senescence curves (Figure 15.1).

The first term of Eq. (15.3) stands for the green leaf appearance and the second for leaf
senescence.

The example in Figure 15.2 shows the three LAI curves for a wheat crop. The daily
prescribed LAI data were calculated by fitting the five parameters of Eq. (15.3) to the
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LAI measurements. Next, the daily prescribed LAIs were used to drive the model,
improving the simulation of above-ground biomass (masec) (Figure 15.3).

lai (m? leaf m2 soil)

5

— Senescence
—— Growth

-~ _lai

TF_LAI

0 500 1000 1500
> temperature (°C)

Figure 15.1. Empirical relationship representing the time course of LAI, and its two
components, green leaf appearance and leaf senescence.

lai (m? m=)
8
— Fitted then prescribed
® Measured
Simulated
6 -
[ ]
4 4
[ ]
[ ]
2 A
0 - G
0 100 200 300

Days after sowing

Figure 15.2. Example of simulated LAI versus fitted LAI using this method.
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masec (t ha™)

40
® Measured
- Simulated aboveground biomass with prescribed LAI
30 Simulated aboveground biomass with simulated LAI
20
104
04

0 100 200 300
Days after sowing

Figure 15.3. Improvement of the above ground biomass values (masec) when the model is run
by prescribed LAI versus the free simulation of LAIL

» 15.2 Strategy use options

The strategy options allow users to activate or deactivate water or nitrogen stresses, or
to calculate the initial soil water or nitrogen content with depth.

15.2.1 Activating or deactivating water or nitrogen stress

Users should note that even when deactivated, the stress indices are calculated but
may not be considered as ‘actual’ values.

STICS users can deactivate the water and nitrogen stress effects to simulate crop
growth and development without water or nitrogen stress (Figure 15.4). With these
options, users can predict ‘potential’ yield, for example, or organise these stresses into
a hierarchy (by deactivating them separately). It is a tool of diagnosis of crop func-
tioning, namely yield gap analysis (§ 14.5.1). Only water and nitrogen stress effects
(Tables 4.1 and 4.2) may be deactivated, while trophic, temperature, waterlogging or
stress effects linked to the soil structure remain activated.

However, even if water or nitrogen stress is deactivated and does not influence
crop growth and development, the model still calculates these stresses and they are
available to users in the model outputs. However, in this case, these stress index values
may not be considered as ‘actual’ values because they depend on crop growth, which
is calculated as a ‘potential’ value.
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lai (m2 m2) Stress indices

— innlai
— lai with stress
- lai without stress

7.5 1 F1.5
=== turfac

50| L1.0
25| Los
00| Lo.0
0 50 100 150 200
Julian days

Figure 15.4. Comparison of stressed and unstressed LAI dynamics and the evolution of water
and nitrogen stress indices over the cropping season (calculated when influencing crop growth).

Soil mineral nitrogen content (kg ha™)
0.0 0.5 1.0 1.5 2.0

0 1 ‘/’I/
_50
-100 -
— Smoothed nitrogen content
= Unsmoothed nitrogen content
-150 -

Soil depth (cm)

Figure 15.5. Nitrogen content partitioning with soil depth, with or without the smoothing
option activated.
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15.2.2 Smoothing of initial profiles

To avoid discontinuities of water and nitrogen content between soil layers, a smoothing
option may be activated. This option smooths initial profiles of water and nitrogen
content (Figure 15.5) using a spline function.

15.2.3 Long-term simulation pathways

STICS is easily able to run monoculture cropping systems as described in the
chapter 14.1. There are two ways to do this:

— by chaining the same agricultural configuration (or unit of simulation - USM) over
several years with successive weather files (§ 15.2.3.1).

— by taking into account crop rotations by chaining various USMs (§ 15.2.3.2).

With regard to initial conditions, in both cases, the model can either be reset (use
the prescribed initial conditions) or run continuously (use the final conditions of the
previous simulation as initial conditions of the current one) over the succeeding USM.
For crop rotations, the ‘run continuously’ option is generally used, but in some cases,
the reset option is chosen, especially when evaluating the predictive performance
of a model on the processes at the interface between the USMs, or, for educational
purposes, to understand the rotation effects.

We will now briefly explain the methodology for both the climatic succession and crop
rotation options. More explanations are available in § 14.2.2, 14.2.3 and § 15.4.4.2.

15.2.3.1 Climatic successions

This option is available to run a climatic succession or climatic serial, such as to
simulate the effect of climate change with climate scenarios as in the AgMIP! inter-
comparison and improvement modelling exercises.

To do this, a single USM is created with the first climatic file as the first year (e.g. 2000)
and the second climatic file as the last year of the serial (e.g. 2100, if the model is run
with global change climatic scenarios from 2000 to 2100). The crop management is
the same for all the climatic years, the climate is the only variant factor. Users can
choose to reinitialise the water and nitrogen soil conditions or to simulate a contin-
uous balance (‘climatic series’, codeinitprecg=‘succession’ or ‘reset’).

15.2.3.2 Crop rotations

In this case, several USMs (one crop cycle, with a maximum of one or two calendar
years) are chained in a succession of crops, climates and cultural practices.

The time scale in STICS is based on the concept of Julian days (i.e. 1 January=day 1, ...,
31 December =day 365), and by default, the time scale functions over two successive
years. From that point, the time is cumulative for the second year (i.e. 366 to 730 days)
(Figure 15.6).

1. https://agmip.org/
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| Calendar YEAR 1 | Calendar YEAR 2 |

| ] 1

1 365 366 730
112 | e | 300
Sowing / rop &YCle  Hanvest
Bud break

USM (1 calendar year)

270 | | 525
Sowing / Crop Cycle Harvest
Bud break

USM (2 calendar years)

Figure 15.6. Time scale for a single USM (over one or two calendar years).

The beginning time scale could start or end outside the crop period (Figure 15.7).

| Calendar YEAR 1 I Calendar YEAR 2 |
: 365 ' 366 5
270 | 525
Sowing / Crop Cycle Harvest
Bud break USM
I Bare Soil I Crop Cycle {525
20 Sowing / Harvest
Bud break )5y
e e
Sowing / p Cyels Harvest Biare Soll

Bud break sm

Figure 15.7. Three examples of time scale for a single USM (with or without a bare soil period).

To run over two years (two successive crops), a second USM must be built, as shown
in Figure 15.8.

| Calendar YEAR 1 | Calendar YEAR 2 |
I I 1
1 365 366 730
| Crop Cycle | Fallow period Crop Cycle |
| | | P |
Sowing Wheat Harvest Maize
B USM 1 USM 2
USM 1 OR (also possible) USM 2

< >

Figure 15.8. Time scale for a crop succession.
For an example of a long-term rotation, see § 14.2.1.

15.2.4 Case of intercropping

As § 2.2.3 explains, the genericity of the STICS model conceptual scheme means users
can simulate an intercropping system with two crops on the same field and at the same
time. For this situation, the USM is defined as shown in the Figure 15.9. Users choose
the plant they consider dominant at the start of the crop cycle (main crop), knowing
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that the model handles the inversion of dominance if the height of the associated crop
exceeds that of the main crop. The harvest can take place on the same date (maturity
of the earliest) or at two different dates (maturity of both) (Table 15.9). The system is
described briefly in the § 14.1.3 and a use case is given in § 14.5.4.

For this kind of simulated system, the Shuttleworth-Wallace PET option based on the
energy balance approach is mandatory (§ 9.3.3).

sk JavaStics - C:\HOME\dripoche\STICS_versions\JavaSTICS-1.5.1-STICS-10.0.0\JavaSTICS-1.5.1-STICS-10.0.0\example — (]
File Model inputs Running model Model outputs Observations  Tools Help
ks USM selection X
Choose a USM Climate Run
intercrop_pea_barley ¥ | Station: readcasj_staxml v
L Save
Begin date: |70 < - -
Climate file (1st year) : reading;j.2004 v s
Enddate:  [274 —_— 2VE
Climate file (2nd year) : readingj.2004 £
Initializations LK e 9 Remove
orgpoi_inixml v ]2 years crop % Close
Kind of crop Main plant Associated plant
| sole crop Plant file : proto_pea_InterCrop_plt.xml v Plant file : proto_barley_InterCrop_plt.xml v ‘
QIR Technical file: | piadand_tecxml v Technical ... | aiadand_tecxml v ‘
Sol | LAl forci... v LAl forcing : v
Limon-Paris v Fobs: v| Fobs: =

Figure 15.9. Example of an intercropping USM (pea/barley).

» 15.3 Model formalism options

The model’s genericity is made possible mainly because of the availability of forma-
lisation options, some of which must be used exclusively of others. Moreover, some
formalisation choices are linked to each other; for example, the option to calculate the
foliage amount simply as ground cover precludes the use of the mechanistic option of
calculating water balance with a resistive approach. These choices drive the efficient
parameter number.

These options address options on simulations (Table 15.1), plant and variety ecophy-
siology (Tables 15.3 to 15.8), soil biophysics (Table 15.2) or crop management (Tables
15.9 to 15.13). While the plant and variety ecophysiology option is predetermined by
species specialists, soil biophysics and crop management options require user input
based on descriptions of the local cropping system conditions.

15.3.1 Simulation condition options

Some of the options shown in the Table 15.1 describe the strategy (*) or simulation
‘conditions’ and are available in the param_gen.xml file. The strategy options are
detailed in § 15.2.
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Table 15.1. Formalisation options for simulation and strategy conditions.

Code name: option name Option choice

codeinnact (*): Nitrogen stress activation (yes/no)

codeh2oact (*): Water stress activation (yes/no)

codeminopt: Optimum mineralisation in bare soil

(yes/no)
iniprofil (*): Smoothing of initial profiles (yes/no)
codeprofmes: Depth for mineral N profmes
and water stocks calculation profsol
dein ()l reset
codeinitprec (*): Climatic series
Strategy P succession
and simulation - -
options codemsfinal: Biomass and yield conservation

after harvest (yes/no)

codeactimulch: Take account of mulch (yes/no)

all fruits (including ripe ones)

codefrmur: Fruit load
growing fruits only

codemicheur: Hourly microclimate (yes/no)

codeoutscient: Scientific writing in st2
and report (yes/no)

codeseprapport: Separator spaces in report (yes/no)

codesensibilite: Activation of model sensitivity
analysis (yes/no)

15.3.2 Soil formalisation options

The soil options (Table 15.2) are used to describe soil functioning in terms of heat,
water and nitrate transfers in the soil layers. The “;” parameters cited in this table are
found in the soils.xml file and the “;” parameters are found in the param_gen.xml file.

Table 15.2. Formalisation options for soil biophysics.

Chapter Formalisation Code name Option name Comments
codecaillouxg pebbles (yes/no) f;zzizzp;f;ﬁis
codemacroporg ?;:Sr?g )0 rosity See §10.1.1
TrainSfefS " cracks (case of Activation of macrop
soil: water, : . -
d codefente swelling clay soils) .
nitrate and Transfers S (yes /no% Y orosity mandatory
heat fluxes 0 -
coderemontcapg E;Esl /:;;, rse See §10.1.3
. artificial drainage  Activation of macrop-
codrainageg

(yes/no) orosity mandatory
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Sub-option code name:

Comments .
sub-option name

Option choice

The stress is always calculated
but has no effect if 'no' is chosen

The stress is always calculated
but has no effect if 'no' is chosen

Mandatory for rotation simulation

Sub-option code name Sub-option name Option choice

average

codhnappeg calculation of groundwater if drainage - - —
interdrain localisation
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Chapter Formalisation Code name Option name Comments
i - . i nitrification
Tr?nsfers M Nitrification codenitrifg See chap. 12.3
soil: water, (yes/no)
nitrate and
heat fluxes
P . denitrification
Denitrification  codedenitg (yesl/ni)) ! See chap. 12.4

15.3.3 Plant formalisation options

As explained in § 2.4.3, the modular code development allows for crop genericity by
giving users the option to choose ‘strategies; i.e. to determine whether to activate
certain formalisations or not according to the species ecophysiology they want to
simulate (Figure 2.5). For example, there is a module dedicated to plant development,
which simulates (or not) the action of the photoperiod and the vernalisation require-

Table 15.3. Formalisation options that address plant and variety ecophysiology for
development.

.. Code name: . .
Chapter Formalisation . Option choice Comments
option name

Not really an option
but a backdoor option
which imposes call of
functions in the model

codeplante

air temperature
Development  codetemp: driving

driving temperature

temperature
within canopy
codeperenne:
Emergence annul; Lor annual
Development  ,,q starting f
perennial
perennial
sensiphot, phobase
codephot‘: . yes and phosat in genotype
photoperiodic parameter
plant
Aboveground no
biomass ves
development coderetflo: delay o
effect of stress
(yes/no) vernalisation jvc in genotype
(herbaceous) parameter
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Sub-option code name Sub-option name Option choice
) piecewise linear
code_tnitg temperature function for nitrification
gaussian
linear
code_vnitg nitrification rate dependence on NH4

Michaelis_Menten

hourly WEPS calculation for nitrification

code_hourly_wfps_nit (yes/no)

ments. There are other formalisation options for each module so, the model can take
into account the specific ecophysiology of different crops. These various options are
listed in the following tables and grouped by formalisations.

All parameters in these tables are in the ‘crop name’_plt.xml file.

Sub-option code name:

Sub-option code name: sub-option name Option choice .
sub option name

daily scale

codegdh: time scale
hourly scale

codegermin: germination or latency (yes/no)

hypocotyle growth

codehypo: plantlet growth
planting

codgellev: plantlet or emergence frost (yes/no)

codephot_part: effect of decreasing photoperiod
on biomass allocation (yes/no)
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L Code name: X .
Chapter Formalisation . Option choice Comments
option name

Aboveground . stdordebour in
Development biomass codebfroid: cold dormancy (woody) genotype parameter
requirements
development
no

Table 15.4. Formalisation options that address plant and variety ecophysiology for shoot growth.

Chapter Formalisation Code name: option name Option choice

ground cover

codelaitr: leaf dynamics

LAI
Shoot growth
codemontaison: Calculation of the
stem elongation stage for perennial
grasslands (yes/no)
Shoot growth
codedyntalle: Simulation of tiller yes
dynamics for grasslands
no
Beer's law
codetransrad: radiation
. interception radiation transfers
Shoot biomass
growth codeclichange: climate change,
effect on atmospheric concentration
(yes/no)
codestrphot: effect of photoperiod
Senescence
on senescence (yes/no)
-, codeINN: calculation nitrogen NNI cumulative
N nutrition .
nutrition index (NNI) NNI instantaneous
Biomass and Partitioning of ~ code_acti_reserve: Simulation
nitrogen biomass of nitrogen and carbon reserves
partitioning in organs (yes/no)

336



Tools for smart use of the standard STICS model version

Sub-option code name:

Sub-option code name: sub-option name Option choice sub option name
forcing
codedormance: dormancy calculation Richardson
Bidabe

code_WangEngel:

daily temperatures Wang and Engel (yes/no)

codegdhdeb: post dormancy calculation

hourly
temperatures
Comments Sub-option code name: sub-option name Option choice
Radiation transfers, trophic
stress, resistive & energy
balances approaches are
forbidden
direct LAInet
codlainet: LAI calculation option LAlInet =
Trophic stress LAIbrut-senes
for codindetermin = - - -
indeterminate growing plant codgeljuv: leaf frost at juvenile phase
(till AMF) (no/yes)
codgelveg: leaf frost at adult phase (no/yes)
codetranspitalle: choice of the ratio et/etm
used to calculate tiller mortality ep/eop

Mandatory with resistive
& energy balance approaches

In link with resistive approach

Link to the option
codeperenne = perennial

or codeindetermin =
indeterminate growing plant
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Table 15.5. Formalisation options that address plant and variety ecophysiology for yield

Chapter Formalisation Code name: option name Option choice

determinate

codeindetermin: growing plant

rowing dynamics . .
g g dy indeterminate

growing plant
Yield formation

Yield codetremp: thermal stress
on filling (yes/no)
codgelflo (yes/no)
codazofruit: nitrogen stress no
on fruit/grain number yes (inns)

Table 15.6. Formalisation options that address plant and variety ecophysiology
for root growth.

Chapter Formalisation Code name: option name Option choice

temperature within the

Root front codetemprac: driving canopy

growth temperature
soil (threshold TGMIN)

function of dry matter
codemortalracine: calculation ~ Production between two

Root death for . i
of the root death at cutting date Successive cuts
grassland p land
or grasslands no specific root death at
cutting
standard profile
Root growth
Growth in root . .
. coderacine: root density
density true density
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Sub-option code name:

Comments . Option choice
sub-option name
days
codeir: unit Harvest Index
degree days
prescribed
codcalinflo: number of inflorescences
trophic status function
Sub-option code name: . . Sub-option code name:
Comments P Option choice P

sub-option name

sub option name

codedisrac: standard root
distribution (yes/no)

codazorac: N effect on root
distribution (yes/no)

codtrophrac: trophic-linked

continuous link

. threshold
production
no
code_stress_root: deactivation
of the effect of NNI on biomass
allocation to roots (yes/no)

. o5 code_diff_root: simulation
code_rootdeposition: y of 2 root classes (yes/no)
rootdeposition activation

no
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Table 15.7. Formalisation options that address plant and variety ecophysiology

for water balance.

L. Code name: . .
Chapter Formalisation . Option choice
option name

crop coefficient
Water balance ~ Water balance codebeso: water requirements

resistance approach
Canopy Water persistence on codeintercept: interception
microclimate foliage of water by foliage (yes/no)

Table 15.8. Formalisation options that address plant and variety ecophysiology for nitrogen transfor:

S Code name: ) .
Chapter Formalisation option name Option choice
dense canopies
Nitrogen uptake codeplisoleN: calculation (initial)
Nitrogen by plant nitrogen requirements isolated plants
acquisition (new calculation)
by plants
. . . yes
Nitrogen fixation codelegume: leguminous
no

15.3.4 Crop management formalisation options

This set of tables summarises the options that allow users to describe their cropping

system, from crop establishment to harvest.

Table 15.9. Formalisation options for crop management and crop environment through

the effect on plants (crop design and cover crop regulation).

Code name:

Chapter Sub chapter Formalisation .
option name
Soil-crop Planting design and
management Crop management  simulation of the decision
effects to sow crop establishment
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Sub-option Sub-option
Comments code name: Option choice code name:
sub-option name sub option name

Mandatory for intercropping.

Has to be chosen with radiation
interception = radiation transfers &
calculation of crop temperature =
Energy balance approach.

In link with climate change,

effect on atmospheric

concentration =yes

nations.

Comments

Sub-option code name:
sub-option name

Sub-option code name:

Option choice .
P sub option name

Classical dilution
curve

codefixpot: maximal constant
fixation capacity growth function

Option choice

Sub-option code name:

Comments .
sub-option name

Option choice

sole crop

Define at the usm level

intercrop

sowing grains

codedecisemis: rules to
Define by the initialisation prescribe the sowing date
(starting on bare soil) (sowing delay depending on

the physical soil conditions)

yes/ no

planting plantlets
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L Code name:
Chapter Sub chapter Formalisation .
option name
no establishment
(perennial plants)
Planting design codetradtec: planting
and simulation of structure (if radiative
the decision to sow transfer)
codepalissage: trellis system
codrognage: topping
Soil-crop
management Crop management
effects

Yield regulation

codeffeuil: leaf removal

codeclaircie: thinning

Pruning

codetaille: pruning

Table 15.10. Formalisation options for crop management, in particular for the harvest.

Code name:

Chapter Sub.Chapter Formalisation .
option name
codcueille:
method of harvest
Soil-crop
management Crop management  Harvest policy
effects codefauche:
cut crop

(particular case
of forage crop)
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Option choice

Comments .
sub-option name

Sub-option code name:

Option choice

The starting stage
and the crop status

have to be filled in

Has to be chosen with

yes radiation transfer
no
Has to be chosen
yes .
for vineyard
no
fixed date
o codcalrogne: -
¥ topping calendar automatic
calculation
no
codhauteff: bottom
location of leaf of the canopy
removal top of the canopy
yes
) automatic
codcaleffeuil: calculation
leaf removal calculation
fixed date
no
yes
no
yes
no

Option choice

Sub-option code name:

Comments .
sub-option name

Option choice

cutting
picking nbcueille: number one at the end
of pickings many during the cycle
automatic
s codemodfauche: calendar in days

Y method of cutting calendar in degree
days (physiological
calendar)

no
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Code name:

Chapter Sub.Chapter Formalisation .
option name
codrecolte:
harvest decision
Soil-crop
management Crop management  Decision of harvest
effects codedecirecolte: rules of

harvest/moisture status
of the soil harvest delay
(depending on the soil
physical conditions)

coderecolteassoc: decision of
harvest for associated crops

codejourdes: date of plant
destruction

Table 15.11. Formalisation options for crop management and crop environment through soil water

Code name:

Chapter Sub.Chapter Formalisation . Option choice
option name
yes
— codecalirrig:
Irrigation amount . .
automatic calculation
. and date o
Soil-crop of irrigations
management  Irrigation
effects
no
codlocirrig: above foliage
Irrigation system location under foliage
of irrigation in the soil
Water . codeintercepty:
Canopy ) Interception ) cepty
. . persistence . interception of water yes/no
microclimate ) of water by foliage ;
on foliage by foliage
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Sub-option code name:

Option choice Comments .
sub-option name

Option choice

physiological maturity

water content codeaumin: minimum  Minimum
(in harversted organs) or maximum maximum

sugar content
(in harversted organs)

nitrogen content
(in harversted organs)

oil content
(in harversted organs)

buffer date of harvest

yes/no

maturity of the

earliest crop Has to be chosen

for the Intercrop

maturity of both simulation
(2 dates)
Only for perennial
crops
upply.
Sub-opti d :
Comments ub-op 101{ code name Option choice Comments
sub-option name
codedate_irrigauto: dates
dates to drive automatic
irrigations (start and end) stages
Depending on the water
stress, recharges the soil
amounts calculated
water content to field
capacity
in sum of upvt
codedateappH2O: date of (physiological dates)
irrigation - -
in Julian days
amounts fixed
Available

in the plant file
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Code name:

Chapter Sub.Chapter Formalisation . Option choice
option name
Transfers in Management
soil: water, g X Modification of codesnow:
. of snow and its . N yes/no

nitrate and rainfall by snow Snow activation
consequences

heat fluxes

Table 15.12. Formalisation options for crop management and crop environment through net nitroge

Code name: option

Chapter Sub.Chapter Formalisation Option choice
name
N inputs
from rain
and irrigations
type of mineral
Nitrogen use fertiliser
efficiency (7 different given types
+ 1 "blank” type
yes
. . codecalfertig;
Soil-crop N inputs Fertilisation automatic
management  from mineral .
e calendar calculation of
effects fertiliser e
fertilisation
no
codlocferti: location of .
. . . at soil surface
mineral nitrogen inputs
Localisation
below soil
surface
N and C inputs type of organic residues
from organic (9 different given types
residues + rhizomes + roots)
Nand C
inputs from types of crop residues
aboveground (whole_crop / straw
and / stubble /prunings /
belowground stubbleveg/ roots)
residues
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Sub-option code name:

Comments . Option choice Comments
sub-option name

Available

in general

parameter file

n supply.
Sub-option code name: . .
Comments P . Option choice Comments
sub-option name

Mean

concentration

to define in crop

management file

for irrigations

in general

parameter file

for rainfall
. 1. . Only available
impose fertiliser efficiency ny

with the type number 8

calculated fertiliser Only available
efficiency with the 7 first types
automatic N fertilisation
(1=based on rainfall, minimum rainfall

Use with care, 2 =based on soil water threshold

because very content)

dependent on

automatic N fertilisation

the water suppl = i
PPy (1=Dbasedon ra}mfall, threshold
2 =based on soil water
content)
codedateappN: sum of upvt
date of fertilisation (physiological dates)
codedateappN: Julian days (calendar
date of fertilisation dates)

daily amounts fixed

347



STICS soil-crop model

Table 15.13. Formalisation options for crop management and crop environment through physical so

L. Code name: . .
Chapter Sub.Chapter Formalisation . Option choice
option name
Presence no plastic mulch
Plastic mulch . codepaillage: mulch
of plastic cover .
plastic mulch

Fragmentation
Soil-crop indt}ced codeDST: actiyation yes/no
management by tillage of fragmentation

operations
effects - Soil structure

Compaction modification

induced by codeDSTtass: activation

sowing and of compaction at yes/no

harvesting sowing/harvest

operations

Calculation of codernet: calculation of Brunt

net radiation net radiation Brutsaert

Calculation _ empirical
Ca.mop t of cro codecaltemp: calculation e]ation
microclimate P Microclimate of crop temperature

temperature

Estimation of
microclimate
under shelter

energy balance

codabri: no/yes

» 15.4 Parameterisation

This chapter presents some examples of plant, soil and crop management parameters.

The methodology for plant parameterisation (formalisation choice and parameter
values) is discussed in detail in the § 16.2.

15.4.1 Example of plant parameters

The following tables (15.14 to 15.15) provide examples of plant parameterisation
with plant parameter values for five different crops: two perennial crops, Miscanthus
(Miscanthus sinensis) and grapevine (Vitis vinifera L.), and three annual crops, spring
pea (Pisum sativum L.), wheat (Triticum aestivum L.) and corn (Zea mays L.). In these
tables, some parameter values are not indicated if the equations for which they are
needed have not yet been formulated or used for the relevant species. Others are given
for different varieties when they are variety dependent.
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il surface conditions, soil structure modification and microclimate.

Comments

Sub-option code name:
sub-option name

Option choice

Comments

The plant mulch is taking
account by the organic
residues (voir Table15.13)

Mandatory when
water requirements
= crop coefficient
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Table 15.14. Plant parameters for development.

Chapter/formalism Parameter Corn Wheat

tdmin 6.000 0.000
tdmax 32.000 28.000
codetemp 1.000 2.000
codegdh 1.000 1.000
coeflevamf 1.000
coefamflax 1.000
coeflaxsen 1.000
coefsenlan 1.000
coeflevdrp 1.000
coefdrpmat 1.000
coeftlodrp 1.000
codephot 2.000 1.000
codephot_part 2.000 2.000
coderetflo 2.000 1.000

dDee\:zl;););n:rx:tt/Phasic stressdev 0.200
codebfroid 1.000 2.000
jvemini 7.000
julvernal 274.000
tfroid 6.500
ampfroid 10.000
tdmindeb
tdmaxdeb
codedormance 3.000 3.000
ifindorm
qlo0
idebdorm
codegdhdeb 2.000 2.000
code_WangEngel 2.000 2.000
tdoptdeb
stlevamf 225.000 275.000
stamflax 450.000 375.000

Development/ stlevdrp 995.000 837.000

Phasic development® stflodrp 250.000 0.000
stdrpdes 650.000 700.000
jve 55.000
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Pea Miscanthus (Chardonnay (Cabernet
0.0000 6.0 10.00
25.0000 35.0 37.00
2.0000 1.0 1.00
1.0000 1.0 1.00
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
2.0000 2.0 2.00
2.0000 2.0 2.00
2.0000 1.0 2.00
0.1
1.0000 3.0 3.00
0.0 5.00
50.0 25.00
3.0000 1.0 3.00
15.0
2.17
213.00
2.0000 1.0 2.00
2.0000 1.0 2.00
11.7
230.0000 150.0 25.00
418.0000 2,400.0 1,123.00 926.60
900.0000 2,550.0 363.30 304.90
216.0000 0.0 50.00 51.00
700.0000 50.0 96.00 95.00
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Chapter/formalism Parameter Corn Wheat
stdordebour
Development/ sensiphot 0.000
Phasic development* phobase 6.300
phosat 20.000
tgmin 8.000 0.000
codeperenne 1.000 1.000
codegermin 1.000 1.000
stpltger 35.000 50.000
potgermi -1.600 -1.600
nbjgerlim 50.000 50.000
propjgermin 1.000 1.000
codehypo 1.000 1.000
Development/ belong 0.022 0.012
Emergence and starting celong 2.040 3.200
elmax 8.000 8.000
nlevlim1 50.000 10.000
nlevlim? 50.000 50.000
vigueurbat 1.000 1.000
laiplantule
nbfeuilplant
masecplantule
zracplantule
The * in this table indicates genotype parameters.
Table 15.15. Shoot growth parameters.
Chapter/formalism Parameter Corn Wheat
phyllotherme 70.0000 120.00000
laicomp 0.0000 0.30400
tcmin 8.0000 0.00000
tcmax 32.0000 40.00000
texstop 35.0000 100.00000
Leaves codelaitr 1.0000 1.00000
vlaimax 2.2000 2.20000
pentlaimax 5.5000 5.50000
udlaimax 3.0000 3.00000
ratiodurviel 1.0000 0.80000
ratiosen 0.8000 0.80000
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pea Miscanthus (Chardonnay (Cabernet
70.0 9,174.30 6,576.70
0.0000 6.0 10.00
1.0000 2.0 2.00
1.0000 2.0 2.00
60.0000
—-1.6000
50.0000
1.0000
1.0000 2.0 1.00
0.0115 0.00
4.5701 0.00
7.2100 0.00
10.0000 0.00
50.0000 0.00
1.0000 1.00
0.0
0.0
0.0
1.0
pea Miscanthus (Chardonnay (Cabernet
120.00000 70.0000 25.000
0.00000 3.0000 0.000
0.00000 6.0000 10.000
30.00000 35.0000 37.000
100.00000 40.0000 100.000
1.00000 1.0000 1.000
2.20000 1.5000 2.200
5.50000 10.0000 5.000
3.00000 2.0000 3.000
0.80000 0.5000 1.000
0.25000 0.3000 0.800
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Chapter/formalism Parameter Corn Wheat
abscission 0.0000 0.00000
parazofmorte 13.0000 13.00000
innturgmin 0.3000 -0.65000
dlaimin 0.0000 0.00000
codlainet 2.0000 2.00000
tustressmin
durviesupmax 0.4000 0.40000
Leaves codestrphot 2.0000 2.00000
phobasesen
dltamsmaxsen
dltamsminsen
alphaphot
tauxrecouvmax
tauxrecouvkmax
pentrecouv
infrecouv
adens —-0.1200 —0.60000
bdens 5.0000 7.00000
hautbase 0.0000 0.00000
hautmax 2.5000 1.20000
khaut 0.7000 0.70000
Leaves® durvieF 200.0000 200.00000
stlaxsen
stsenlan
dlaimax
dlaimaxbrut 0.0016 0.00047
innsen 1.0000 0.17000
rapsenturg 0.0000 0.50000
temax 32.0000 40.00000
teoptbis 32.0000 17.00000
efcroijuv 1.9000 2.20000
Shoot biomass growth efcroiveg 3.8000 4.25000
efcroirepro 3.8000 4.25000
remobres 0.2000 0.20000
coefmshaut 0.0000 0.00000
Shoot biomass growth® temin 8.0000 0.00000
teopt 24.0000 12.00000

The * in this table indicates genotype parameters.
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pea Miscanthus (Chardonnay (Cabernet
0.00000 0.8500 1.000
13.00000 120.0000 13.000
0.30000 —2.0000 0.300
0.00000 0.0100 0.000
1.00000 2.0000 2.000

0.70000

0.0000 0.100
2.00000 1.0000 1.000
12.0000 12.000
0.1000 0.010
0.0100 0.150
0.2500 200.000
—0.45000 —-1.5000 0.000
10.00000 1.5000 1.000

0.00000 0.1000 0.600 0.300
0.65000 4.0000 2.500
0.70000 0.7000 0.700
160.00000 150.0000 400.000
350.00000 1.000
280.00000 0.000
0.00047 0.000
0.0175 0.015
1.0000 0.870
0.0000 0.050
30.00000 35.0000 37.000
20.00000 30.0000 25.000
1.20000 2.6000 1.200
2.70000 5.2000 1.040
3.30000 2.6000 2.250
0.20000 0.1000 0.073
0.00000 7.5000 0.000
0.00000 6.0000 10.000
15.00000 25.0000 25.000
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Table 15.16. Radiation interception parameters.

Chapter/formalism Parameter Corn Wheat
codetransrad 1.0 1.0
forme

Radiation interception rapforme
adfol
dfolbas
dfolhaut

Radiation interception*® extin 07 05
ktrou

The * in this table indicates genotype parameters.

Table 15.17. Yield formation parameters.

Chapter/formalism Parameter Corn Wheat
codeindetermin 1.0000 1.0000
cgrain 0.0500 0.0360
cgrainvQ 0.1110 0.0000
irazomax 0.0000 0.0000
codeir 2.0000 1.0000
irmax 0.5500
nboite
allocfrmax
afpf

Yield formation bipf
cfpf
dfpf
spfrmin
spfrmax
splaimin
splaimax
codcalinflo 1.0000 1.0000
codetremp 1.0000 1.0000
tminremp 0.0000 0.0000
tmaxremp 40.0000 38.0000
pgrainmaxi 0.3130 0.0397
Yield formation* vitpropsucre 0.0000 0.0000
vitprophuile 0.0000 0.0000
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Micnes  Srolne | e
1.00 1.0 2.00
2.00
1.50
3.16
1.50
11.50
0.85 0.7
1.70
icnes  Srolne | e
1.000 1 2.00000
0.031 0
0.000 0
0.000 0
1.000 2 1.00000
0.650
10.00000
1.00000
0.55000
18.00000
15.00000
0.20000
0.75000
1.00000
0.63000
1.00000
1.000 2 1.00000
1.000 2 1.00000
8.000 0.00000
40.000 37.00000
0.350 0 1.96000 2.00000
0.000 0 0.00290
0.000 0 0.00000
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Chapter/formalism Parameter Corn Wheat

vitirazo 0.0110 0.0145
deshydbase 0.0080 0.0080
nbjgrain 20.0000 30.0000
nbgrmin 1,500.0000 6,000.0000
nbgrmax 4,000.0000 30,000.0000
stdrpmat 640.0000 700.0000

Vield formation® vitircarb 0.0107
vitircarbT 0.0011
afruitpot
dureefruit
stdrpnou
nbinflo
inflomax
pentinflores

The * in this table indicates genotype parameters.

Table 15.18. Root parameters.

Chapter/formalism Parameter Corn Wheat
sensanox 0 1
stoprac lax sen
sensrsec 0 0.5
contrdamax 0 0.3
rayon 0.02 0.02
codetemprac 2 1
codemortalracine 2 2
coefracoupe
coderacine 2 2

Roots zlabour
zpente
zprlim
draclong 5000 80
debsenrac 1500 1000
Ivfront 0.05 0.05
longsperac 11000 18182
codedisrac 2 2
kdisrac
alloperirac
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Pea Miscanthus (Chardonam) (Cabornet
0.022 0 0.00400
0.008 0 0.00159 0.00132
15.000 0
447.000 0
3,500.000 1,000
490.000 1,000
0.022 0.00000
0
1.15000 2.12000
1,472.00000 1,280.00000
91.00000 90.00000
15.00000 22.00000
Pea Miscanthus (Chardonnay) (Cabornet
0 0 0
lax lax lax
0.4 1 0
0.34 0 0.3
0.02 0.025 0.02
2 2 1
2 2 2
2 2 2
30 400 40
1000 2250 2000
0.05 0.075 0.005
3300 1553 1021
2 1 2
0.002
0
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Chapter/formalism Parameter Corn Wheat
codazorac 2 2
minefnra
minazorac
maxazorac
codtrophrac 3 3
repracpermax
repracpermin
krepracperm
repracseumax

Roots repracseumin
krepracseu
code_INN_root 2 2
code_stress_root 2 2
parazorac
code_diff_root 2 2
lvmax
rapdia
RTD
propracfmax
Roots* croirac 0.15 0.12
The * in this table indicates genotype parameters.
Table 15.19. Nitrogen parameters.

Chapter/formalism Parameter Corn Wheat
Vmax1 0.0018 0.0018
Kmabsl 50.0000 50.0000
Vmax2 0.0170 0.0500
Kmabs2 25,000.0000 25,000.0000
adil 3.5000 5.3500

Nitrogen bdil 0.3700 0.4400
masecNmax 1.0000 1.5400
INNmin 0.3000 0.3600
INNimin —0.5000 -0.5000
inngrainl 2.0000 0.0300
inngrain2 2.0000 1.2000
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pea Miscanthus (Chardonnay (Cabernet

2 2 2
3 1 3

0.1

0.15

2
2 1 2
2 1 2

30
2 1 2

2.6

2.6

0.3

0.8
0.12 0.06 0

Pea Miscanthus (Chardonnay (Cabernet

0.012 0.0025 0.0018
50.000 20.0000 50.0000
0.120 0.0500 0.0058
20,000.000 4,000.0000 25,000.0000
5.080 2.7000 3.3000
0.320 0.4800 0.4400
1.000 0.1000 1.6000
0.300 0.3000 0.3000
-0.500 0.0000 —-0.4900
0.300 2.0000 1.0000
0.900 2.0000 1.0000
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Chapter/formalism Parameter Corn Wheat

bdilmax 0.3700 0.4400
codeplisoleN 2.0000 1.0000
adilmax 8.5000
Nmeta 4.8000
masecmeta 0.0400
Nreserve 1.5000
codeINN 1.0000 2.0000
codelegume 1.0000 1.0000
stlevdno
stdnofno
stfnofvino
vitno

Roots profnod
concNnodseuil
concNrac0
concNracl00
tempnodl
tempnod2
tempnod3
tempnod4
codefixpot 1.0000 1.0000
fixmax
fixmaxveg
fixmaxgr
codazofruit 2.0000 1.0000

The * in this table indicates genotype parameters.

Table 15.20. Stress parameters.

Chapter/formalism Parameter Corn Wheat

h2ofeuilverte 0.900 0.900
h2ofeuiljaune 0.150 0.150
h2otigestruc 0.600 0.600

Water h2oreserve 0.700 0.700
h2ofrvert 0.400 0.400
tempdeshyd 0.005 0.005
codebeso 1.000 1.000
kmax 1.200 1.000
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pea Miscanthus (Chardonnay (Cabernet
0.320 0.4800 0.4400
2.000 1.0000 2.0000
4.5000
6.470 6.0000
0.040 0.0400
0.500 1.6000
1.000 1.0000 2.0000
2.000 1.0000 1.0000
0.000
2,000.000
0.000
1.000
30.000
6.000
2.700
0.040
0.000
15.000
25.000
35.000
2.000 2.0000 1.0000
30.000
9.500
1.000 1.0000 1.0000
pea Miscanthus (Chardonnay (Cabernet
0.900 0.630 0.75000
0.150 0.100 0.50000
0.600 0.590 0.70000
0.700 0.620 0.70000
0.550 0.400 0.92500
0.005 0.005 0.00016
1.000 1.000 2.00000
1.300 1.000
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Chapter/formalism Parameter Corn Wheat
rsmin
codeintercept 2.000 2.000
Water mouillabil
stemflowmax
kstemflow
psisto 12.000 15.000
Water* psiturg 5.000 4.000
swfacmin 0.100 0.100
tletale -5.000 —-25.000
tdebgel 0.000 —4.000
codgellev 1.000 2.000
nbfgellev 2.000
tgellevo0 —-20.000
Frost codgeljuv 1.000 2.000
tgeljuv90 ~20.000
codgelveg 1.000 2.000
tgelveg90 -10.000
codgelflo 1.000 2.000
tgelflo10 —-4.500
tgelflo90 —6.500
tgellevl0 -1.000 —4.000
Frost* tgeljuvl0 —-1.000 —-10.000
tgelveglO —-1.000 —4.500

The * in this table indicates genotype parameters.

The beginning of growth for forage crops and grapevine is usually simulated after the
winter rest period (dormancy and budding having being parameterised for grapevine,
see Garcia de Cortdzar Atauri (2006)), when perennial reserves are remobilised. The
root system for grapevine is considered to be already completely established (Garcia
de Cortézar Atauri et al., 2009; Garcia de Cortdzar Atauri, 2006), whereas the root
system for forage crops is partially established and will continue to grow during the
cropping period. Forage crop parameterisation was done for a grass mixture with
an ecophysiology similar to tall fescue (Festuca arundinacea Schreb.) and cocksfoot
(Dactylis glomerata L.) (Ruget et al., 2006). Sugar beet is considered an annual crop by
the model because of how it is grown and despite the fact that it completes its vegeta-
tive cycle in two years (Launay and Brisson, 2004). For winter wheat only parameters
controlling the photoperiod slowing effect (phobase,, phosat, and sensiphot;) and
the vernalisation requirement (jvcminip, julvernal,, tfroid, and ampfroid;) are
activated (Brisson et al., 2002).
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Pea Miscanthus (Chardonnay (Cabernet
250.00000
2.000 2.000 2.00000
10.000 25.000 15.00000
2.000 20.000 6.00000
0.100 0.100 0.10000
—25.000 —-30.000 —20.00000
—4.000 —-1.000 —-1.50000
2.000 2.000 1.00000
2.000 3.000
—20.000 -8.000
2.000 2.000 2.00000
—20.000 -8.000 —5.00000
2.000 2.000 2.00000
—10.000 -8.000 —5.00000
2.000 1.000 2.00000
—-4.500 —2.00000
—-6.500 —5.00000
—-4.000 0.00000
—10.000 —2.00000
—-4.500 —2.00000

Shoot growth, and especially leaf production, are unrestricted throughout the
cropping period for forage crops and sugar beet, which are simulated using a
high stamflax, parameter value (Launay and Brisson, 2004). Considering the
row-planting arrangement of grapevine and the need to simulate intercropping
with peas, these two crops were parameterised in order to use the radiation transfer
formalisation (§ 9.2.1.2.1) and the associated resistive approach, involving the esti-
mation of ktrou,, forme,, rapforme,, adfol,, dfolbas;, dfolhaut;, and rsmin,
parameters (Table 15.16).

With regard to yield formation, forage crops, spring pea and winter wheat are simulated
as determinate crops, whereas sugar beet and grapevine are simulated as indetermi-
nate (§ 8). The parameterisation for forage crops was not targeted to grain production
but rather to the aboveground biomass prediction, since this is the harvested part of
the crop (Ruget et al., 2006). For sugar beet, we assumed that only one tuber (storage
and harvested root) was set by each plant (nbinflo,=1), and the trophic stress effects
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on tuber setting were cancelled by means of very low spfrmin, and spfrmax,
parameter values; storage root growth was assumed to be linear over the growth cycle
(bfpf,=1) (Launay and Brisson, 2004).

Finally, root length growth was simulated as trophic linked for spring pea, as demon-
strated in trials comparing sole and intercropped pea (Corre-Hellou et al., 2007).
Symbiotic N uptake formalisation was also parameterised for this legume (Corre-
Hellou et al., 2009). The instantaneous nitrogen nutrition index (INNI) based on the
daily accumulation of N (Eq. (4.24); § 4.4.2) was chosen to avoid the notable inertia of
the NNI dynamics in grapevine and winter wheat (Mary and Guérif, 2005).

15.4.2 Soil parameterisation

Table 15.21 summarises the various soil parameters, recommends methods to assign
these parameters, and provides the default value when available. The hydrodynamic
parameters need to be discretised by layers (there can be up to five). A minimum
amount of information about the soil functioning must be known to be able to deter-
mine which options could be activated if necessary. As mentioned by Léonard (2016), it
is preferable to use the default options and settings to test the results before modifying
any options, especially with regard to the macroporosity option, which must used only
for soils showing hydromorphy or capillary rise, or for soils with artificial drainage.

Table 15.21. List of soil parameters with recommendations to assign them. PTF stands for
pedotransfer functions or rules. The sensitivity levels are only suggestions and depend on
the purpose of the simulation.

Recommended Links between Sensitivity
Parameter L. Default value
assigning method parameters level
Mandatory parameters
albedog Reflectance Table 15.24 *
measurements
arei Soil analysis (with "
8ls decarbonatation)
Non calcareous=1
calcg Soil analysis Limestone=10
Chalk=60
Estimation by fitting
to water content profiles
cfesg . . 5
during evaporation
periods
. . . 0.01 in temperate
Estimation by fitting soil
concseuilg to the mineral nitrogen - - epdg(z) *
content profile 0.20 in tropical
soil
0 (if O this value
CsurNsol Initial C to N ratio is recalculated
s of soil humus by the model
=1./Wh)
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Recommended

Links between Sensitivity

Parameter L Default value
assigning method parameters level
Vineyard
s0ils=0.06
Norgg Soil analysis Arable crop profhumg e
soils=0.14
Pasture soils=0.20
Observed depth
of appearance
obstaracg of mechanical constraints 200 cm *
or chemical toxicity
for roots
pHg Soil analysis 7 *
h of soil
profhumg Qbserved depth of sof 30 cm Norgg *
tilling
Estimation by fitting to
q0g measurements of water Figure 15.12 DAFg(1)
reserve on bare soil
3 cm: insensitive
1.5 cm: low
mulchbatg sensitivity q0g o
0.5 cm: high
Sensitivity to crusting sensitivity
estimated by fitting
to emergence in terms ?O mm:
of date and density Insensitive
pluiebatg 10 H?IT‘:.IOW q0g w*
sensitivity
3 mm: high
sensitivity
Runoff coefficient
penteruig taken into account 0.33
for plant mulch
ruisolnug Table 15.3 *
Estimation by fitting
Zesxs to V\.Jater contenF profiles 60 cm DAE(1) .
during evaporation
periods
Measurements by 0.001 m for sowed
a roughness meter. soil
Z0solnus Estimated as 1/10 of the (.01 m for DAFs(1)
average asperity height ploughed soil
epcg(z) Soil description 30 cm
Estimation by fitting
epdg(z) to soil nitrate contents 10 cm concseuilg **

during infiltration periods

367



STICS soil-crop model

Recommended Links between Sensitivity
Parameter .. Default value
assigning method parameters level

In situ measurements

DAEy(2) or PTF
Soil analysis, in situ

hccfy(z) measurement of water o
content in winter or PTF

hminf(z) Soil analysis or PTF

Parameters linked to soil options

capiljourg Capillary rises 0 -
Threshold of soil

humcapil gravimetric water content N

Pls under which capillary

rises occur

ecartdraing Between drain 1/2 spacing 150 *
Hydraulic conductivity

ksolg in the soil above and 1 o
below drains

profdraing Drain depth 80 o
Upper depth of the
impermeable layer

profimperg (from the soil surface). 150
May be greater than
the soil depth.

. Thickness of the

profdenits denitrifying layer 20
Potential rate

vpotdenit of denitrification for .

P 5 the whole denitrifying

layer (profdenit)

caillouxg(z) In situ estimation

typecaillouxg(z) Soil description Table 15.25
Estimation by fitting

infilg(z) to the water content Table 15.22 DAFg(z) i

profile during rainy events

When soil information is missing, some soil parameters, considered as permanent
characteristics, can be estimated using pedotransfer functions (PTF) or rules (Bouma,
1989), i.e. their values can be inferred from other available soil data such as texture,
particle size distribution, organic matter content, etc. PTF has been used extensively
for field capacity and wilting point, and to a lesser extent for bulk density. Many
pedotransfer functions exist for estimating the soil hydraulic properties (for example,
see reviews by Wosten et al. (1999) or Vereecken et al. (2010)).

To choose the appropriate pedotransfer function, it is better to use a PTF developed for
a region with similar soils and landscape history (Wosten et al., 2001) and with a large
number of samples (Pachepsky and Rawls, 2004). McBratney et al. (2002) consider two
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principles for choosing a PTF. The first is the effort required to measure the predictors: an
efficient PTF is one where the predictors are more easily available (i.e. less expensive, less
time consuming) than the property to predict. The second principle is to choose a PTF
where uncertainty is evaluated (using first-order Taylor analysis or bootstrap method)
and with minimum variance. McBratney et al. (2002) also suggest avoiding extrapolation
and propose a method for determining if data are inside or outside a PTF’s training set
(the published PTF must include statistics on the training data set).

In France, the choice of which PTF to use could be linked to the availability of input
data among the most recent PTFs such as Al Majou et al. (2008), Bruand et al. (2004)
or Romdan Dobarco et al. (2019). Pedotransfer functions have also been established at
the European level (Téth et al., 2015).

To enable STICS users to parameterise their soil (at least roughly for test runs), we
have created pedotransfer tables based on well-known literature. The tables mostly
use textural information so parameter values are likely to change with soil structure
and organic matter content (Figure 15.10 and Table 15.22).

oL
[\2

% % ° % %K’B @

(%) Sand 50-2000 pm

Figure 15.10. Soil transfer functions to assess the QO parameter as a function of clay and
sand content.

In Table 15.22, the permeability classes proposed by Ritchie (1985) are arbitrarily asso-
ciated with textural classes and correspond to a percentage of the amount of water
stored in the macroporosity that infiltrates from one day to the next. The calculations
show that the effect of layer thickness on infilg disappears as permeability decreases.
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We can also refer users to the work of Lefebvre (2010), which proposes a method to
estimate various soil parameters using the Soil Geographical Data Base for France at
1:1,000,000 (INRA, 2018).

Table 15.22. Pedotransfer table to estimate hydrodynamic parameters according to
textural classes based on Wosten et al. (1999), Ritchie (1985) and Brisson (Pers. Com.).

Textural class HCCF HMINF DAF INFIL fox: various layer
thickness

c(l%;ls(z)(:% é%;lsoo(ilg) (gem™@)  5cm 10 cm 15cm

coarse 0.13 0.05 1.30 50.00 50.00 50.00

medium 0.22 0.12 1.30 22.69 12.66 8.54

topsoil medium fine 0.25 0.10 1.30 8.17 4.29 2.87
fine 0.31 0.21 1.30 4.22 2.12 1.41

very fine 0.38 0.26 1.30 1.81 091 0.60

coarse 0.08 0.03 1.45 50.00 50.00 46.97

medium 0.19 0.10 1.45 24.43 13.63 9.20

subsoil medium fine 0.22 0.10 1.45 6.94 3.64 2.44
fine 0.27 0.20 1.50 1.04 0.52 0.43

very fine 0.33 0.25 1.45 0.27 0.27 0.27

The values of ruisolnug (Table 15.23), derived from the USDA Runoff Curve
Number method, are rather low because they represent only Hortonian (surface)
runoff, which only depends on obstacles created by plants and on the water velocity
on a slope field. The STICS model takes into account other component of runoff,
i.e. resistance to infiltration, as well as the presence of a plant mulch (§ 11.4).

The Table 15.23 provides the values of the parameter ruisolnug as the proportion of
Hortonian runoff to incoming precipitation minus the pminruis threshold, based
on the USDA Runoff Curve Number approach described in Chapman and Lake (2003).

Table 15.23. Values of the parameter ruisolnu.

Soil cover Slope classes
0-2% 2-5% 5-10% >10%
Smooth soil 0.05 0.07 0.1 0.13
Ploughed soil 0 0.03 0.06 0.08
Row crop in direction of slope 0.05 0.07 0.1 0.13
Row crop perpendicular to slope 0 0.03 0.06 0.09
Homogeneous crop 0 0.03 0.07 0.1

The albedog parameter applies to dry soil, with the effect of water content being simu-
lated (Eq. (9.15)). There are two criteria to assign this parameter, texture or colour; the
latter is read from a Munsell chart (Table 15.24). The relationship between soil colour
and albedo can also be found in Post et al. (2000).
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INFIL for various layer thicknesses

20 cm 25 cm 30 cm 40 cm 50 cm 60 cm 80 cm 100 cm 120 cm

50.00 50.00 45.93 34.48 27.59 22.99 17.24 13.79 13.69

6.42 513 4.28 4.18 4.18 4.18 4.18 4.18 4.18
2.28 2.28 2.28 2.28 2.28 2.28 2.28 2.28 2.28
1.06 0.85 0.71 0.58 0.58 0.58 0.58 0.58 0.58
0.45 0.36 0.30 0.27 0.27 0.27 0.27 0.27 0.27
36.09 29.10 24.31 18.25 14.60 13.56 13.56 13.56 13.56
6.91 5.53 4.61 3.45 3.33 3.33 3.33 3.33 3.33
1.83 1.66 1.66 1.66 1.66 1.66 1.66 1.66 1.66
0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43 0.43
0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27

Table 15.24. Values of the dry soil albedo using either textural classes or colours, based on
Richard and Cellier (1998), Jacquemoud et al. (1992).

Soil type albedo
TEXTURE
Limestone 0.31
Loamy sand 0.25
Clayey loam 0.18 - 0.22
Loam 0.22 - 0.23
Crusted loam 0.28
Clay 0.28
COLOUR
Brown soil 0.27
Red soil 0.29
Black soil 0.17
Grey soil 0.29
Yellow soil 0.35

Pebbles are characterised according to their water retention ability. Tetegan et al.
(2011) assess hydraulic properties for sedimentary pebbles frequently found in French
agricultural fields (Table 15.25). For non sedimentary pebbles, we refer to Gras (1994).
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Table 15.25. Average values of volumetric mass and gravimetric water content at field
capacity for various sedimentary pebbles in France from Tetegan et al. (2011) and Gras
(1994).

Pebbles type Volumetric mass Field capacity
incm g3 ing/100 g

Gaize 1.44 31
Chalk 1.76 21
Chert 2.07 13
Limestone 2.18
Flint 2.22 6
Sandstone or unaltered granite 2.65 0
Altered granite 2.3 10
Default types of pebbles of STICS
Beauce limestone 1 2,2 7
Beauce limestone 2 1,8 16
Lutetian limestone 2,1 11
Lutetian Brackish marl and limestone 2,3 5
Morainic gravels 2,5 3
Unweathered flint, sandstone or granite 2,65 1
Weathered granite 2,3 5
Jurassic limestone 2,2 5
Pebbles from Magneraud 1,5 26

Table 15.26. List of techniques included in the STICS model and the corresponding parameters.

Compulsory parameters

Techni
echnique if the technique is applied
If fragmentation dependent:
(codeDST activated)

o jultrav, If compaction dependent
Soil tillage profres (codeDSTtass activated)
and residue ’
incorporation’! proftrav, If sowing date calculated

coderes and compaction dependent
If codedecirecolte activated and compaction
dependent
densite If annual:
If row crop:
Sowing!

variete
If sowing date is calculated:
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15.4.3 Crop management parameterisation

While management data are probably the easiest input to provide, the links between
practices and the proper state variables in the model can require users to implement
transfer rules. For example, the interactions between fertilisers and the soil-crop
system are highly dependent on the type of fertiliser, whether organic or mineral,
of course, but also within each of these types, their proper biochemical and phys-
ical behaviour must be taken into account. As listed in Table 15.26, STICS accounts
for practices related to bare soil and cropping periods for industrial crops as well as
fruit and vegetables crops. There is no information about the crop health status. The
options and parameters for crop management process are described in chapter 13.

Optional parameters if the technique is applied

Codification Dependant parameters

dachisel, dalabour, rugochisel, rugolabour

dasemis, darecolte, prothumsemoir, )
profhumrecolteuse coderes qlrles, CsurlNres, crespc, nminres,
all mineralisation parameters
(see Table 13.14) P

prophumtassem (see Table 13.14)

prophumtassrec

iplt, profsem
interrang, orientrang
nbjmaxapressemis, nbj_pr_apres_semis, ) .
) o o o variete All varietal parameters
humirac_decisemis,eau_mini_decisemis,

nbjseuiltempref
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Compulsory parameters

Technique if the technique is applied

If prescribed by dates:

If prescribed by phasic stages:
Irrigation® 2 effirr P P &

If calculated:

If in the soil:

If fert-irrigation:
dosen If calendar application:
Fertilisation!
engrais If phasic application:

If in the soil:

If non physiological:

If water content dependent:

If sugar dependent:
Harvesting! ressuite If nitrogen dependent:

If oil dependent:

If several pickings:

If codecirecolte activacted:

If prescribed cuts:

Forage cutting!
If calendar prescription:
If phasic prescription:

If calculated:

If plastic:

Mulching
If plant (link to the residue properties):

hautmaxtec
Trellising crops
largtec
largrogne If prescribed:
Tactical shape
1 hautrogne If calculated:
control
biorognem
If prescribed:
Leaf removal! codhauteff
If calculated:
Fruit removal juleclair,
nbfrote
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Optional parameters if the technique is applied

Codification Dependant parameters
julapi, dosei
upvttapi, dosei
ratiol, dosimx
locirrig
concirr
] engamm,
julapn engrais orgeng,
upvttapn (see Table 13.3) deneng,

voleng

locferti
irecbutoir

h2ograinmin or h2ograinmax
sucrerec

cngrainrec

huilrec

cadencerec

nbjmaxaprerecolte

hautcoupe, lairesiduel, msresiduel,
restit, mscoupemini,

anitcoupe, engraiscoupe,
tauxexportfauche

julfauche

tempfauche

stadecoupedf, haucoupedefaut

couvermulchplastique,
albedomulchplastique
detypr qmulchruis0, mouillabilmulch,
?;:T);I't))lzsl 5.27) kcouvmlch, albedomulchresidus,
: Qmulchdec
julrogne
margerogne

juleffeuil, laieffeuil

laidebeff, effeuil

375



STICS soil-crop model

Compulsory parameters

Technique if the technique is applied
Pruning jultaille
Crop destruction juldes
Shelter transplastic If shelter opened occasionally (3 times

maximum):

1 Several cultivation operations can be planned to bury or mix in residues (of different types) in the soil.
These operations include adding new residues or simply modifying the structural and moisture conditions
of previously added residues.

2 Technique that can either be prescribed or partly calculated using decision rules (Table 15.28).

In this table, all the parameters are available in the crop management file excepted for the typology
parameters, which are available in the general parameters file.

Table 15.27. Various types of plant mulch and corresponding parameters.

decomposmulch  qmulchruis0 mouillabilmulch  kcouvmlch albedomulch

Maize stalk 0.007 1 0.4 0.367 0.10
Sugar cane 0.007 1 0.4 0.367 0.50
Vine stems 0.007 1 0.0 0.050 0.08

Many of the above mentioned techniques can be calculated using simple decision
rules (Table 15.28).

Table 15.28. Decision rules to help to implement practices.

Technique Possible decision rules

Sowing Date based on soil water status and temperature

Irrigation Calendar dates or phenological stages and amounts based
on water stress

Fertilisation Calendar dates or phenological stages and amounts based on nitrogen
stress and soil surface water status

Harvesting Date based on plant physiology and soil water status

Forage cutting Calendar dates or phenological stages with a minimum level of biomass

Tactical shape control ~ Dates and amounts based on expected shape

Leaf removal Dates and amounts based on the leaf quantity to remove

Crop destruction Calendar dates

15.4.4 System initialisations

15.4.4.1 Initialisation parameterisation

To ensure good simulation results, knowledge of the field status at the beginning of
the simulation is very important. The simulation start date depends on the knowledge
of the system: the date the water and mineral N content was measured, and the date
of the first crop intervention (sowing or planting, fertilisation, soil tillage, spreading of
organic residues, etc.). When simulating the crop rotation, the start and end date must
be successive between two USMs of the rotation as described in § 15.2.3.2.
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Optional parameters if the technique is applied

Codification Dependant parameters

surfouvre, julouvre

With regard to the crop, if bare soil (i.e. before sowing), is selected as the initial situ-
ation, the initial values of the crop can be ignored. This may be desirable if there is
uncertainty about the initial crop status, see § 14.2.2

Regarding the water content value, if the status at sowing is unknown, users can start
the simulation at a date where it is known (i.e. at the end of the winter when the soil
moisture is at field capacity).

More generally, initialisation values of soil water content and mineral N content are
those without the pebble compartment (i.e. fine earth only, because the model will
integrate the pebble role) whereas the observed values must integrate the pebble
compartment.

15.4.4.2 Specific case of succession for perennial crops

For perennial crops like grapevine, miscanthus or sometimes forage, the crop status at
the beginning of the simulation must be known:

— phenological stage at the beginning date of simulation (stade0,),

— leaf area index laiO,,

— initial grain dry weight magrain0O,,

— initial plant biomass masec0,, initial N amount in the plant QNplante0,, initial
value of biomass of storage organs in perennial crops restemp0O, (if the option to
simulate N and C reserves is not activated),

— initial value of biomass of storage organs in perennial crops maperenne0, and initial
aerial biomass masecnp0, (if the option to simulate N and C reserves is activated),

— initial value of nitrogen amount in storage organs in perennial crops QNperenne0,
and initial N amount in the plant (if the option to simulate N and C reserves is not
activated) QNplantenp0; if the option to simulate N and C reserves is activated).

For grapevine, in particular, a recurrent question deals with how to use STICS to simu-
late several consecutive years with grapevine in order to carry over all the information
(N, water, carbon cycles) from the previous year. To use STICS for grapevine, a resistive
model (i.e. Shuttleworth-Wallace model) is required. In this case, users will need all the
climatic variables (temperature, rainfall, radiation, wind speed and humidity).

Here are the two options available in STICS - with and without dormancy.
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Option 1: With dormancy
— In the general parameters file (param_gen.xml), choose ‘Succession’ from the Simu-
lation options/Climatic series
— Open the USM to use with all the information:
« For the Begin date, introduce the date 345
« For the End date, introduce the date 710 (pruning date)
« In the Climate file (first year), select the first year (i.e. 2001)
« In the Climate file (second year), select the last year (i.e. 2015)
« Tick the 2-year crop’ box.

If the information has been entered correctly, a single balance file will appear with all the
information from the first year to the last. Because the simulation is started at day 345
(after the start of dormancy), dormancy break and budbreak will not occur and the first
year will not produce anything (no phenology, vield, or anything else): the model will
consider the system as having a bare soil. After this first year, the model will consider the
succession and take into account the different simulated cycles (C, N, water).

Option 2: Without dormancy

WARNING: All the files provided in the current version of the STICS crop model
have been calibrated and validated using the dormancy break model (BRIN model). If
a different version of the model is used, results may be strange, so users should keep
this risk in mind.

— In the general parameters file (param_gen.xml), choose ‘Succession’ from the Simu-
lation options/Climatic series

Table 15.29. Table of tools uses.

Launch model Manage files Visualise Evaluate
JavaStics interface # * * *
JavaStics in command line *
Record platform *
Batch users *
SticsRfiles * o
SticsOnR *
CroptimizR
CropPlotR

* available, ** preferable
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— In the plant file (the relevant variety file), choose the forcing option in the phasic
development/cold requirements/dormancy/dormancy calculation
— Enter a new value for the parameter stdordebour, (the value currently available
was calculated using the BRIN model (Garcia de Cortazar Atauri et al., 2005))
— Open the USM to use with all the information:

« For the Begin date, introduce the date 1

« For the End date, introduce the date 365 (pruning date)

« In the Climate file (first year), select the first year (i.e. 2001)

« In the Climate file (second year), select the last year (i.e. 2015)

« Untick 2-year crop’ box.

If everything has been entered correctly, a single balance file will appear with all the
information from the first year to the last.

Please note: The same configuration is used for all the years; It cannot be changed
(adaptation). Option 2 is only possible if users do not take into account dormancy. In
this case, users must verify if the phenology is correctly simulated. This method is not
suited to climate change studies.

» 15.5 Tools for users

A set of tools are available for the user community. In some cases, the choice of tools
can depend on the uses and the knowledge of the development platform, such as for
the R Packages. The table below (Table 15.29) can be used as a guide.

Starting

Optimise with the model

Multi-simulation Calibration Pre-requisites

#* ek #* #* No

* ek No

o o Record or web record

No

Rstudio

o Rstudio

w* Rstudio

Rstudio
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15.5.1 The JavaStics interface

JavaStics 1.5.0 is an interface for managing simulations with the STICS crop model
on Windows or Linux platforms. This tool provides a user-friendly environment for
managing input and output to and from the model and for its operational use.

Users can access the JavaStics interface and STICS model from the STICS web site
after a registering®. The downloaded .zip file should be unzipped to an independent
JavaStics directory. The model executables for Windows and Linux are all included in
the zip file.

The main menu items for the JavaStics interface are organised as follows:

— File: select or create a simulation directory. The simulation directory contains the
parameter files that can be edited by the user as well as the STICS output files.

— Model inputs: view and edit STICS input files.

— Running model: launch simulations.

— Model outputs: select outputs (before simulation) and view the model outputs when
the simulation is complete.

— Observations: process observed data.

— Tools: tools for converting files from earlier STICS versions.

— Help: display the application version.

$% JavaStics - CA\HOME\dripoche\STICS versions\JavaSTICS-1.5.1-STICS-10.0.0\JavaSTICS-1.5.1-STICS-1...  — O X

File ~ Modelinputs  Runningmodel ~ Model outputs ~ Observations ~ Tools  Help

Figure 15.11. JavaStics menus.

Users can use JavaSticsCmd.exe to run the model from a terminal or command
prompt. The command options can be used only when executing JavaSticsCmd.exe
(users should replace the text below in italics with the name of their own workspace,
USM or file path):

— "—run": Use this command to run STICS. The command should be launched in a
JavaStics workspace. For example: —run workspace USM or run workspace

— "—run-successive": Use this command to run successive USMs. The command
should be launched in a JavaStics workspace. For example: —run-successive workspace
USM1 USM?2 etc.

2. https://wwwé.paca.inrae.fr/stics_eng/Download
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— "—generate-txt": Use this command to generate Fortran binary input files from Java-
Stics input files (all the files necessary for the simulation). For example: —generate-txt
workspace USM

Please note: for use on Linux, replace JavaSticsCmd.exe with java -jar JavaSticsCmd.
exe in the command line. Java version 11 is required for using JavaStics 1.5.0 command
line interface as for the graphical interface.

Sample batch files are available in the JavaStics root directory (for Windows: example_
batch.bat, or for Linux: example_batch.sh).

15.5.2 STICS R packages

SticsRPacks is a suite of R packages composed of tools developed to help user during
the different steps of using the STICS model:

Some packages are devoted to drive the STICS model from R:

— SticsRFiles (Lecharpentier ez al., 2021b): this package was designed for reading and
writing the input and output files for STICS either from the xml files or directly from
the text files (e.g. ficplt.txt or var.mod).

— SticsOnR (Lecharpentier et al., 2021a): this package was designed to control STICS
from R, e.g. create USMs and simulation instances, run the STICS model, extract the
raw results, etc.

Other packages are generic to link crop models (STICS as well as ApsimX, Siri-
usQuality and many others) with mathematical methods such as parameter estimation
and model evaluation:

— CroptimizR (Buis et al., 2021): a package to estimate parameters of crop models
using R.

— CropPlotR (Vezy et al., 2021): a package to analyse crop model simulation outputs
(plots and statistics).

These packages are developed with an open-source licence and available in the GitHub
repository>. They are used for such processes as model calibration (§ 16.2.2.4).

15.5.3 The links and interactions with the users community

The STICS team has established a discussion forum on its web site? as a place to ask
questions and get answers from the STICS team and model users.

This forum is organised by items in order to target the right person in charge of the
item and is widely used by the STICS community (Figure 15.12). The main thematic
approaches are the crop system (44%), followed by software (30%) and soil (16%),
with an average of 15 questions per month (117 from 1 January 2021 to the end of
august 2021).

3. https://github.com/SticsRPacks
4. https://w3.avignon.inra.fr/forge/projects/stics_main_projecu/boards
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Chapter 16

Model capacity extension methods

SAMUEL Buis, GUILLAUME JEGO AND ErRic CASELLAS

REVIEWED BY: NICOLAS BEAUDOIN, GATIEN FALCONNIER,
FABIEN FERCHAUD, MARIE LAUNAY AND RONAN TREPOS

» 16.1 Introduction

A model’s domain of validity is the range of conditions for which the model is intended
to adequately represent the system under study (see § 2.2).

If the model is to be applied to conditions outside this domain of validity, or if it is not
performing to the expected level of accuracy or precision, its capacity can be extended by:
— adapting the model to new plants or cultivars (or re-parameterising existing plant
or cultivar adaptations),

— re-parameterising, modifying or adding formalisms, or

— coupling STICS with other models.

This chapter provides information and references on how to do this.

The first section focuses on model evaluation and offers guidelines so users can
assess the performance of the model for their particular application. The second and
third sections discuss how to adapt STICS to new crops or cultivars as well handle
model coupling.

Readers interested in the (re-)parameterisation of formalisms can refer to § 16.3,
which provides general guidelines and references on estimating model parameters.
Modifying or introducing new formalisms is a vast subject which depends heavily on
the type of formalism in question, and requires modifying the STICS code. Informa-
tion and advice about how to modify the STICS code will be the subject of a new
chapter in future versions of this book.

» 16.2 Evaluating model performances

16.2.1 Introduction

Model evaluation is a crucial step that aims to:
— detect any problem or limit in the model during the model development and
improvement process,
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— establish the model’s overall credibility, and
— ensure the model’s use is appropriate for a particular application.

This process therefore concerns both model developers and users.

The term ‘model evaluation’ has been defined in many ways, and different terminology
is found in the literature for similar topics such as verification, validation or assessment.
The subject is still under debate and we will not go into further detail about the issue.
We will use the general term ‘model evaluation’, defined quite broadly by Bellocchi
et al. (2010) as including ‘any action in which the quality of a model is established’

16.2.2 Objective and dataset

Model quality must be assessed with regard to a given objective, which will determine
the way the evaluation is approached. More specifically, the choice of the dataset used
to evaluate the model will depend on the objective.

For example, our objective as the STICS model team is to ensure the overall credi-
bility of the model. Accordingly, we must evaluate the model based on a wide range
of conditions (e.g. different crops and cultivars, soil types, weather, agricultural prac-
tices) and a large set of output variables with final and in-season values (see § 14.5.5.1).
Meanwhile, users may be more interested in assessing its credibility for a given crop,
perhaps in particular locations in the world or for specific agricultural practices or
environmental conditions. This determines the target population, i.e. the range of
conditions and variables of interest.

The dataset used for model evaluation (and model calibration; § 16.3) should be as
representative of this target population as possible. Adequate agro-pedoclimatic
indicators can be particularly useful in this context to characterise the variability of
conditions represented in a dataset (Ojeda et al., 2021). But if observations of non-
targeted variables are available, they can improve understanding of whether the model
behaviour is appropriate. They can also be used as a proxy if certain targeted variables
are not observed. For example, the water content of the different soil layers (HR(1),
HR(2)...) can provide information about the distribution of water uptake in the soil
profile, and therefore the root system depth (§ 16.3.3.4).

Finally, to ensure an unbiased evaluation, the dataset used for model evaluation should
be as independent from the dataset used to calibrate it as possible. At the very least, it
should not include situations (called ‘simulation units’ or ‘'USMs’ in STICS language)
nor, if possible, plots or years that have been used to calibrate the model.

16.2.3 Methods

Various complementary model evaluation methods exist:

— Graphical plots are often used to compare observations and simulations, as well as
to qualitatively assess the agreement between model results and observed data points.
When represented in appropriate formats, these plots can yield significant insights
into model performance, pinpoint systematic bias or identify specific situations where
observations and simulations differ widely. Typical graphical plot examples are scatter
plots representing simulated values or residues as a function of observed values for a
given variable, together with their linear regressions (Bennett et al., 2013; Vezy et al.,
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2021). Dynamic plots that display simulated and observed values over time for each
variable can also be very useful. Such plots can help identify time lags between simu-
lations and observations or periods that differ considerably.

— Goodness-of-fit criteria compute numerical metrics comparing model simulations
to corresponding observations. They are the most popular way of evaluating models
since they provide a quantitative assessment of model performance. Many different
metrics are used in the literature. Mean square error (MSE) and its breakdown into
different terms, mean absolute error (MAE), and model efficiency are among the most
popular. Readers can refer to D. Wallach et al. (2018) for a comprehensive description
of the main criteria used for crop models. Each individual goodness-of-fit criterion
provides an image of model performance from a particular point of view. Use of multiple
complementary criteria is thus advisable to ensure a good characterisation of the struc-
ture of the differences between model simulations and observations. Note also that
multiple criteria can be combined in an integrated indicator to rank the performance of
different simulated variables or different models (see e.g. Bellocchi et al., 2002).

— Behavioural analysis examines the response to changes in key variables or para-
meters in the model to evaluate whether the model subcomponents behave, at least
qualitatively, according to current knowledge about the real physical system being
simulated. For example, Coucheney et al. (2015) used graphs to compare the relative
variations of a set of simulated and observed variables between classes of agro-
pedoclimatic indicators (global radiation, fertilisation rate, soil water content at field
capacity, etc.). Holzworth et al. (2011) referred to this evaluation process as conducting
‘sensibility tests’ They gave several examples, such as the plot of the predicted response
of lupin yield in function of in-season cumulative rainfall and its comparison with a
potential yield computed using a simple water use efficiency model. For this example,
they verified that the envelope curve of the predicted yield, which takes into account
various stresses, was consistent with the variation of the potential yield with respect to
the different rainfall conditions.

The behaviour analysis evaluation method is less frequently used and published than
the first two methods listed here. However, its importance is recognised because
demonstrating that model outputs more or less fit a dataset is a necessary but not
sufficient indication of validity. It is nearly impossible to put together a relevant, high-
quality dataset that can evaluate most of the model subcomponents on a representative
sample of the target population (Sinclair and Seligman, 2000). It is simply not feasible
to measure everything in the soil, crop and atmosphere for reasons of cost or techno-
logical limitations. Moreover, the target population may also include rare or even future
events for which it is very difficult or impossible to have corresponding measured
data. This is why many authors advise systematically integrating behavioural analyses
into model evaluation to assess whether the model faithfully captures the under-
lying process driving the system (Bellocchi et al., 2010; Jakeman et al., 2006; Sinclair
and Seligman, 2000). We should mention the importance of scrutinising the results
obtained for variables for which there are no observations included in the evaluation
and calibration datasets used (e.g. harvest index, root characteristics) and the results
obtained for synthetic situations (e.g. non-limiting soil and weather), even if doing so
does not strictly fall within the behavioural analysis method according to the definition
given in the papers cited here. But since such data are not generally taken into account
in calibration procedures, they may reveal non-expected behaviours.
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The CroPlotR R package (Vezy et al., 2021) can be used to facilitate the application of
all these methods on crop models.

16.2.4 Published evaluation of the STICS model

In addition to their own evaluations, users can refer to the many published studies
using the STICS model. Coucheney et al. (2015) is one of the rare studies to date on
crop model evaluation that combines all three of the evaluation methods described
above and uses a very large dataset. In this study, version 8.2.2 of the STICS model
with its standard set of parameters was evaluated using multiple complementary
methods with a large dataset covering 15 crops and a wide range of agro-pedoclimatic
conditions in France (see § 14.5.5.1). Evaluation of STICS performance on different
crops and environments can also be found in many other articles (see e.g. § 14 for
references on various types of applications and contexts).

Furthermore, STICS is automatically evaluated each time its source code or parameter
values are modified in its version control system (Buis et al., 2016). This allows the
STICS team to preserve and enhance the performance and robustness of future model
versions and associated parameters. Evaluation reports per species produced for each
distributed version of the model can be found in the doc/evaluations folder of the
corresponding JavaStics distribution.

16.2.5 Dealing with poor results

If an evaluation process results in unsatisfactory performances, the following sugges-
tions can be useful to address the issue:
— Verify whether the conditions represented in the dataset used belong to the model’s
domain of validity:
« Was the dataset used for model calibration representative of the target popula-
tion? Simulating conditions that are very different from those used for the model
calibration may explain poor performance. In this case, evaluating the behaviour of
the main expressed formalisms with respect to the range of conditions explored in
both calibration and evaluation datasets may help identify the problem.
« Are all the important processes expressed in the measured situations included in
the model? Some processes may have been overlooked; for example, perhaps there
were problems with disease or weeds in the experiment and these processes are
not represented in the model. This can be a source of a major discrepancy between
simulations and observations.
— Check the evaluation dataset: users must remember that, as the model outputs, the
observed datasets also provide imperfect information regarding the true status of the
system. Observation errors may affect model inputs (e.g. soil measurements, weather
data) and thus model simulation results: rubbish in means rubbish out. Malone et al.
(2011), for example, showed the large impact of frequent errors in weather data on
model simulations and described the commonly recommended quality check and
correction procedures for different elements. If some model inputs are likely to be
quite uncertain, uncertainty analysis techniques can be used to check the impact of
these uncertainties on simulated model outputs. Errors on observations of model
outputs may also affect the evaluation process if it is based, at least partly, on the
comparison of simulations and observations. Poor-quality data may be eliminated.
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Note, however, that if errors have large variances but are unbiased, a large dataset
can compensate for large variance (Montesino-San Martin et al., 2018). Quantity and
quality issues are especially important when dealing with remote-sensing data and
participatory science.

— Post questions and discussion topics on the STICS forum!: experts are there to try
to answer your questions!

Having a detailed knowledge of the system under study, the dataset and the model,
is of great help to correctly interpret discrepancies between measured data and
simulation outputs.

» 16.3 Adapting STICS to a new crop or cultivar

16.3.1 Introduction

Adapting STICS to a new crop or cultivar involves i) choosing the appropriate options
for the different formalisms implemented in the model (e.g. activate or deactivate) and
ii) setting the model parameter values for the crop/cultivar in question.

These two steps must be carefully executed because they determine the simulation
model, i.e. the equations that will be used to carry out the simulations. Their impact
on the simulated results — and thus on model accuracy, precision and robustness — is
therefore decisive.

Often, the choice of formalism options is largely based on agronomic and ecophysi-
ological expertise and the available literature on the crop or cultivar considered. The
choice of parameter values is often more difficult.

In STICS, we have adopted the commonly used definitions for parameters and varia-
bles: parameters are considered as constant throughout the simulation while variables
vary over time (§ 14.5.5.1). The reason parameter values are difficult to set is mainly
because generic crop models tend to have many parameters. STICS has 10 to 15 active
cultivar parameters and 100 to 150 active specific parameters in the plant files that
come with the model. These figures reflect the many proposed formalisms and the
STICS team’s decision to give users transparent access to all these parameters for the
sake of clarity and flexibility: no parameter value is hard coded. The actual number
of parameters depends on which formalisms the user activates or deactivates and the
associated option codes that determine the set of equations constituting the model
(see § 15.3 and § 16.3.2).

Some of these parameters are closely linked to processes and have a well-identified
biophysical definition (e.g. the minimum and maximum specific leaf area para-
meters, slamin, and slamax, or the minimum temperature for photosynthesis,
temin,). We can assume that such parameters can be obtained independently from
the model through experiments, especially those carried out in controlled environ-
ments. However, some parameters have no clear biophysical definition or encompass
many processes (e.g. the maximal lifespan of an adult leaf, durvieF; or the interplant
competition parameter, adens;). These parameters are difficult or sometimes impos-
sible to measure with experiments and must be set by using mathematical-parameter

1. (https://w3.avignon.inra.fr/forge/projects/stics_main_projecu/boards)
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estimation techniques. This typically consists in finding the parameter values which
minimise a distance between the results of model simulations obtained on an
experimental dataset and the corresponding observations for a given set of variables of
interest. We will call this process ‘model calibration’ in the remainder of the chapter.

It is difficult to propose a single process to adapt STICS to new crops or cultivars,
because it is bound to the user aim, relevant plant, experimental data, available biblio-
graphy, and possible analogy between the crop/cultivar of interest and those already
parameterised in STICS. Moreover, the crop modelling community is nowhere near a
consensus on how to calibrate crop models (Wallach et al., 2021). Thus, this chapter puts
forward several methodological elements, guidelines, specific information about STICS,
and bibliographic and software references to help users determine their own methodo-
logy according to their particular situation. Readers will find more detailed information,
especially on statistical methods, in the excellent book by Daniel Wallach et al. (2018).

16.3.2 Choosing simulation options

Formalism option choices can depend on several factors. First, they can be based on
ecophysiological and agronomical knowledge of the plant to represent: Is it a dicoty-
ledon or monocotyledon? Annual or perennial? Does the stand quickly become
homogeneous during growth (e.g. wheat, corn, sugar beet), or should the radiative
transfer approach be applied (e.g. in the case of grapevine or intercropping)? Does
the plant undergo vernalisation or dormancy? Photoperiodic development? Is there
competition between the vegetative and harvested organ growth (e.g. in indeterminate
plants, such as sugar beet, tomato or grapevine)? § 15.3 lists the available formalism
options. Choices done for different plants are illustrated in Figure 2.5.

The user can also determine some formalism choices: Which choice is best consi-
dering the output variable the user is interested in? What is the most or least important
process for the case at hand? For example, for leaf coverage, if the user determines
that this process is not critical for his/her simulations and that there is not enough
information to parameterise a more mechanistic formalism, the user could choose
to calculate a coverage rate rather than a leaf area index. In this case, the formalism
choices must be adapted to the model use purpose.

Finally, some choices are made by default due to a lack of plant and environmental data.
Some more mechanistic formalisms that require more parameters can be replaced
with others that are more empirical but easier to configure.

16.3.3 Model calibration

16.3.3.1 Objective and dataset

Just like the preliminary model evaluation process, defining the objective and associ-
ated target population for the model calibration process is crucial and helps determine
the requirements for the choice of the existing dataset to use or for the dedicated
experiment to set-up.

The results of the model calibration process can be highly dependent on the type and
quantity of observations of model outputs used (see e.g. Guillaume et al. (2011) or He
et al. (2017)). This raises the question of which data to use for model calibration. The
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same principles as outlined for model evaluation can also be applied for model cali-
bration (see § 16.2): more specifically, the selected dataset must be as representative
of the target population as possible, i.e. in terms of the variability of conditions and
variables to predict.

Should all available variables be used in the calibration process? Two opposite
approaches can be considered:

— Use all available observed variables: This would produce the best results if the model
were perfect — but it is not. Due to misspecifications in the model and errors in fixed
parameters, the parameter values that produce the best predictions for different vari-
ables are not the same. This means that using all observed variables for calibration
generally results in a sort of compromise rather than the best predictions.

— Use only the observations of the target variable(s): This may produce the best
predictions for these variable(s), but may not for others. It could even produce worse
predictions than the default parameter values (Guillaume et al., 2011).

When adapting the model to a new crop or cultivar, even if there is only one target variable,
we recommend using several observed variables to at least roughly calibrate the different
processes involved in the model. The tables given in § 16.3.3.4 describe the list of the
main parameters and associated variables for the main model processes. When resetting
the parameters to improve the model prediction performance for a particular objective,
i.e. if a set of parameter values for the crop and the cultivar considered is already avail-
able, then we would instead suggest keeping only observations of the target variable(s).

16.3.3.2 Initial Setting

The chosen formalism options determine the list of active parameters in the model.
This list can be displayed in the JavaStics graphical user interface (menu Model inputs
> Global parameters > Plant and genotype) or by editing the XML plant file used.
For a cultivar adaptation, only cultivar parameters of the considered crop should be
changed, i.e. those included in the ‘cultivar parameters’ section of the associated plant
file. For a new crop adaptation, it is often advisable to start from an existing plant file
of a functionally or ecophysiologically related crop to have default values for all para-
meters. Note, however, that the distinction between species and cultivar parameters is
still under debate. If users want to consider a species parameter as a cultivar one, they
can create different plant files for different cultivars of the same crop.

The values of some of these parameters can then be estimated either by using experi-
mental data, information from the literature or analogy to other species. For instance,
the base temperatures of the development and growth processes are often available
in the literature. Experimental measurements of key development stages can then
be used to calculate some phenological parameters using the previously estimated
base temperature. Regarding yield, maximum grain weight and maximum number of
grains can often be determined using the maximal values measured in experiments
(providing that treatments not causing water or N stress are available) or available
in the literature. The parameter values that are not available in the literature or from
experiments can be set by analogy to other crops or cultivars, especially if they are not
very sensitive or are quite constant among crops/cultivars. For example, the parameter
idebdorm,, (day of dormancy start), may be fixed at an early date, such as August 1,
which prevents missing out the early cold periods.
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16.3.3.3 Choosing the parameters to calibrate

Available datasets often do not allow a robust estimate of all crop model parameters
using calibration processes. This often leads to parameter values that make the model
well fit the data used for calibration, but not the independent data. Parameters to esti-
mate using calibration processes must thus be chosen, and other parameters set to the
default value determined during the initial setting step (see previous section).

In short, if some parameters are not estimated using calibration and are set to erro-
neous values, and if the observed outputs used in the calibration process are sensitive
to the corresponding errors, this will lead to errors in estimated parameters. However,
estimating too many parameters with respect to the quantity of information included
in the observed dataset will lead to considerable uncertainty in parameter values, and
thus in model simulations, due to either compensation between parameters or low
sensitivity. This is often referred to as the equifinality problem: different parameter
values may lead to an equivalent model fit to observations. A mechanistic model
should not be changed into a statistical model, and model calibration must not
become a cumbersome method for curve fitting: this is what happens when trying to
estimate too many parameters with respect to the information in the dataset using
model calibration.

Selecting the parameters to estimate is a major problem in crop model calibration
(Seidel et al., 2018), and it is still very difficult to recommend a single selection proce-
dure. Although several methods exist, very few elements in the literature are helpful
in making an objective choice. This book does not aim to detail the existing methods,
but rather touch on the main options and provide specific information and feedback
about the STICS model.

First, expertise on the calibrated model may be extremely useful to select a first set
of candidate parameters to estimate. Parameters that should significantly impact
the selected observed variables should be candidates. § 16.3.3.4 provides tables that
list the main parameters for each model process depending on the type of model
calibration application.

Sensitivity analysis may provide elements to further assess the impact of the model
parameters on the target and observed outputs for the considered dataset, given the
range of uncertainty of the different candidate parameters. If a given parameter does
not impact a given observed output variable on the range of observed situations,
there is little chance that its estimation using this observed variable will improve
model performance. Sensitivity analysis may thus be useful to initially narrow down
model parameters by excluding those that do not impact the observed variables.
Global sensitivity analysis methods are preferable since they take into account
parameter interactions (Saltelli ez al., 2019). They can be applied directly to the opti-
mised criterion to simultaneously take into account several variables and situations
(Ratto et al., 2001).

Finally, some model selection techniques often used in statistical modelling may also
be useful. For example, Akaike’s or Bayesian information criteria (known by the acro-
nyms AIC or BIC) are a relatively computationally inexpensive way to compare the
quality of different models (e.g. a single mechanistic model but with different para-
meter values) with a given dataset. They compute the trade-off between the goodness
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of fit and the simplicity of the model, i.e. between the risk of overfitting and underfit-
ting. If users have doubts about including a parameter or set of parameters in the list
of parameters to estimate in the calibration process, they can perform the calibration
with and without the (set of) parameter(s) and compare the information criterion
values obtained to decide which list of parameters should be estimated (see Tremblay
and Wallach (2004) for an example of this technique in use).

Parameter values should be adjusted within plausible ranges. It is advisable to gather
prior information about the parameter values and to use bound-constraint minimisa-
tion or Bayesian methods to include this information in the calibration process.

16.3.3.4 Calibration patterns

Traditionally, multi-step procedures have been used to calibrate the STICS crop
model to adapt it to new crops or cultivars. The calibration process is divided into
several consecutive steps. Depending on the calibration objective (specific or cultivar),
the type of plant and the data available, the following tables propose several series of
steps for each step, with a list of parameters to estimate and observed variables to use.
This information, resulting from the expertise on the model, can be combined with the
methods presented above to determine a calibration scheme adapted to its own case
(Figure 16.1). When leaf area index (LAI) and/or phenology information is available, it
is possible to use these observations to drive the model during the calibration process.
This is called ‘forcing’ in the following tables. Finally, when certain formalism options
are activated, additional parameters must be calibrated. When nothing is specified or
when ‘in all situations’ is noted, this means that these parameters can be calibrated
regardless of the chosen formalism.

16.3.3.4.1 Specific and cultivar: the case of a determinate plant

With *.lai files avalaible and the dates of observed stages (in the following tables,
“emergence date” means “emergence date” or “bud burst date” depending on whether
the crop is annual or perennial)

Table 16.1. Calibration pattern 1

Ste Forcin Process Parameters Targeted
P 8 to calibrate variable
Root . zrac, HR
1 croirac
growth or resmes
fil
(nglelgfodt zfloowesoil C zlabour, zpente, HR, resmes
simulation) zprlim and/or azomes
LAL+ . draclong, debsenrac,
Etgezgloglcal oot vfront HR, resmes,
a 8 growth True density + activation of azomes, msrac,
(required to simulate  continuous trophic or LRACH
soil C dynamic) linked production: and C&N stocks
repracpermax, evolution (under
repracpermin, perennial crops)
krepracperm
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Ste Forcin Process Parameters Targeted
P g to calibrate variable
+ activation of
standard Root
distribution: kdisrac, ~ HR, resmes,
True density alloperirac azomes, msrac,
Root ) . ivati LRACH
la 00 (required to simulate T actlva.tlon of or c
growth simulation of 2 Root ~ and C&N stocks

soil C dynamic) .
Y classes (recommended evolution (under

for perennial crops): perennial crops)
RTD, rapdia,
propracfmax

efcroijuv, efcroiveg,
In all situations efcroirepro, teopt, masec
teoptbis, sea, psisto

Biomass

2 growth Additional
parameters propresP + Propres masecnp,
for simulation + tauxmortresp maperenne
of C reserves
LAIL+ vmax2, inngrainl
phenological In all situations inngrain2, INNmin QNplante
stages
Additional PropresPN
parameters
. . + parazoper QNplantenp,
. for simulation
Nitrogen e + parazorac QNperenne,
3 . of N partitioning
absorption + parazofmorte, QNrac
(structural N, arazotmorte
reserves and Root) P
Additional fixmaxveg, fixmaxgr,
parameters concNrac0, Qfix
for legumes concNracl00
vitircarb/vitircarbT,
4 Elaboration of yield IRmax, tmaxremp, mafruit
nbgrmax, pgrainmaxi
Vitirazo, stdrpdes,
. . tempdeshyd, CNgrain,
5 Elaboration of the quality deshydbase, H20rec, o,
of harvested organs . .
vitprophuile, sugar
vitpropsucre
stlevamf, jvc, sensiphot IAMF
6 Development stamflax, stlevdrp, ILAX, IDRP,
stdrpmat IMAT
Emergence
date dlaimaxbrut/dlaimax,
7 Foliage growth Flgefeuﬂ, innturgmin, LAI
innsen, rapsenturg,
psiturg, adens, durvieF
Remarks:

— We suggest repeating steps 2 and 3 after step 7 to ‘balance’ the effects: 1, 1a, 2, 3, 4,
5,6,7,2,3.

— Step la can be skipped knowing that the resmes and azomes values, from which the
root density growth settings are estimated, also depend on foliage growth (important
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for calculating transpiration, which affects resmes) and aerial biomass growth (impor-
tant for calculating nitrogen which affects azomes).

— Step 2 could be divided into two separate steps: one to estimate efcroijuvp,
efcroiveg,, efcroirepro,, teopt,, teoptbis,, on masec with USMs in “almost
non-limiting” growth conditions, and one to estimate psisto, on the same variable
but with limited water conditions. The same approach could be applied for step 3 with
the estimation of Vmax2, using USMs without N stress and then the estimation of
inngrainf,, inngrain2, and INNmin, using USMs with N stress.

Without *.lai files available but with the dates of observed stages (in italics: infor-

mation that differs from Table 16.1).

Table 16.2. Calibration pattern 2

Step Forcing Process Parameters Targeted
to calibrate variable
1 Root growth croirac zrac, HR or
resmes
Standard profile ., zlabour, zpente, HR, resmes and/
(does not allow soil .
C simulation) zprlim or azomes
draclong, debsenrac,
Ivfront
+ activation of
continuous trophic
linked production:
repracpermax,
repracpermin,
Root krepracperm HR, resmes,
la growth True density — azomes, msrac,
(required to + activation or LRACH and
Phenological simulate soil C of standard root C&N stocks
stages dynamic) distribution: kdisrac,  eyolution (under
alloperirac perennial crops)
+ activation
of simulation of
2 Root classes
(recommended for
perennial crops):
RTD, rapdia,
propracfmax
efcroijuy, efcroiveg,
In all situations efcroirepro, teopt, masec
teoptbis, sea, psisto
2 Biomass .
growth Additional
parameters propresP + Propres masecnp,
for simulation + tauxmortresp maperenne
of C reserves
3 Nltrogep In all situations YmaxZ., mngraml., QNplante
absorption inngrain2, INNmin
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. Parameters Targeted
Step Forcing Process to calibrate variable
Additional PropresPN
parameters + parazoper QNplanten
for simulation p P P P,
e + parazorac QNperenne,
of N partitioning
+ parazofmorte, QNrac
Nitrogen  (structural N,
3 parazotmorte
absorption reserves and Root)
Additional fixmaxveg,
fixmaxgr,
) parameters NracO Qfix
Phenological for legumes conc )
stages concNracl00
vitircarb/vitircarbT,
4 Elaboration of yield IRmax, tmaxremp, mafruit
nbgrmax, pgrainmaxi
Vitirazo, stdrpdes,
. . tempdeshyd, CNgrain,
5 Elaboration of the quality deshydbase, H2Orec, oil,
of harvested organs . .
vitprophuile, sugar
vitpropsucre
stlev.amf, jve, IAME
sensiphot
6 Development
stamflax, stlevdrp, ILAX, IDRP,
stdrpmat IMAT
Emergence
date dlaimaxbrut/dlaimax,
tigefeuil, innturgmin,
7 Foliage growth innsen, rapsenturg, LAI
psiturg, adens,
durvieF
Remarks:

— We can suggest an iterative process by following the steps in this order: 1, 2, 3, 6, 2,
3,6,2,3,4,5,6,7 (to ‘balance’ the compensation effects).
— The same remarks as in Table 16.1 for steps 1a and 2.

With *.lai file available but without the dates of observed stages, except emer-
gence date (in italics: information that differs from Table 16.1 ).
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Table 16.3. Calibration pattern 3

Ste Forcin. Process Parameters Targeted
P 8 to calibrate variable
Root R zrac, HR
1 croirac
growth or resmes
Standard profile
P zlabour, zpente, HR, resmes
(does not allow .
0o . zprlim and/or azomes
soil C simulation)
draclong, debsenrac,
Ivfront
+ activation of
. . HR, resmes,
continuous trophic AZOMES. MSrac
linked production: ’ !
reprac permax or LRACH and
pracpermax, C&N stocks
la Root i repracpermin, evolution (under
growth True density krepracperm .
(required to perennial crops)
simulate soil C + activation of standard
dynamic) root distribution:
kdisrac, alloperirac
+ activation of HR,resmes,
simulation of 2 Root azomes, msrac,
classes (recommended or LRACH and
for perennial C&N stocks
crops): RTD, rapdia, evolution (under
LAL + propracfmax perennial crops)
emergence - .
date efcroijuv, efcroiveg,
In all situations efcroirepro, teopt, masec
teoptbis, sea, psisto
9 Biomass —
growth Additional
parameters propresP + Propres masecnp,
for simulation + tauxmortresp maperenne
of C reserves
. . vmax2, inngrainl,
In all situations . . . Nplante
inngrain2, INNmin QNp
Additional
PropresPN
parameters
. . + parazoper QNplantenp,
. for simulation
Nitrogen s + parazorac QNperenne,
3 absorption of N partitioning + parazofmorte QNrac
P (structural N, aF:azotmorte ’
reserves and Root) P
Additional fixmaxveg, fixmaxgr,
parameters concNrac0, Qfix
for leguminous concNracl00
vitircarb/vitircarbT,
. ) IRmax, tmaxremp, )
4 Elaboration of yield nbgrmax, pgrainmaxi mafruit

stlevdrp, stdrpmat
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. Parameters Targeted
Step Forcing Process to calibrate variable
Vitirazo, stdrpdes, .
LAL+ Elaboration of the quality tempdeshyd, deshydbase, CNgrain, .
5 emergence X ! H2O0rec, oil,
of harvested organs vitprophuile,
date . sugar
vitpropsucre
dlaimaxbrut/dlaimax,
tigefeuil, innturgmin,
Emergence ) innsen, rapsenturg,
6 Jate Foliage growth psiturg, adens, durvieF ~ LAI

stlevamf, stamflax, jvc

(annual crops), sensiphot

Without *.lai files available and without the dates of observed stages (except
emergence date): we recommend starting with step 6 and then proceeding with steps

1,2,3,4and5.

16.3.3.4.2 cultivar calibration schemes: the case of a determinate plant

The calibration patterns presented here can be used in the case of adding a new
cultivar or recalibrating an existing cultivar and when the specific parameters have
been previously calibrated.

With *.lai files available and the dates of observed stages

Table 16.4. Calibration pattern 4

Step Forcing Process Parameters to calibrate Targeted variable
1 Root growth croirac zrac, HR
or resmes
2 Biomass growth temin, tef)pt,l extin, masec
ktrou, psisto
LAL+ mafeuilvert
3 Phenological Biomass partitioning slamax, tigefeuil as &
matigestruc
stages
4 Elaboration of yield v1t1rcarb/v1t1rcz'irbT, . mafruit
nbgrmax, pgrainmaxi
5 Quality elaboration  vitirazo, stdrpdes, deshydbase, CNgrain, H2Orec,
of harvested organs  vitprophuile, vitpropsucre oil, sugar
stlev.amf, jvc(annual crops), IAME
sensiphot
6 Development
ILAX, IDRP,
Emergence stamflax, stlevdrp, stdrpmat
IMAT
date
adens, bdens, durvieF,
7 Foliage growth dlaimax, dlaimaxbrut, innsen, LAI

rapsenturg, psiturg!

L In the event of situations with and without water stress.

Without *.lai files available but with the dates of observed stages (in italics: infor-
mation that differs from the first cultivar calibration scheme Table (Table 16.4).
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Table 16.5. Calibration pattern 5

Step Forcing Process Parameters to calibrate Targeted variable
1 Root growth croirac zrac, HR or resmes
2 Biomass growth temin, teopt, extin, ktrou, psisto1 masec

. L . . mafeuilverte,
Phenological Biomass partitioning  slamax, tigefeuil matigestruc
stages " o
4 Elaboration of yield v1t1r§arb/V{t1rcarbT, nbgrmax, mafruit
pgrainmaxi
5 Quality elaboration vitirazo, stdrpdes, deshydbase, = CNgrain, H2Orec,
of harvested organs vitprophuile, vitpropsucre oil, sugar
stlev.amf, jvc(annual crops), IAME
6 Development sensiphot
Emergence stamflax, stlevdrp, stdrpmat ILAX, IDRP, IMAT
date adens, bdens, durvieF,
7 Foliage growth dlaimax, dlaimaxbrut, innsen, LAI

rapsenturg, psiturg!

1 In the event of situations with and without water stress.

Remarks:

— We can suggest an iterative process by following the steps in this order: 1, 2, 6, 2, 6,

2,3,4,5,6,7.

With *.lai files available and without the dates of observed stages, except emer-
gence date (or bud burst date) (in italics:: information that is different from the first
cultivar calibration scheme Table (Table 16.4).

Table 16.6. Calibration pattern 6

Step Forcing Process Parameters to calibrate Targeted variable
1 Root growth croirac zrac, HR or resmes
2 Biomass growth temin, teopt, extin, ktrou, psisto1 masec

LAl Biomass partitioning  slamax, tigefeuil 22{?;?{::?’
emergence vitircarb/vitircarbT, nbgrmax,
4 date Elaboration of yield pgrainmaxi mafruit
stlevdrp, stdrpmat
5 Quality elaboration vitirazo, stdrpdes, deshydbase, CNgrain, H2Orec,
of harvested organs vitprophuile, vitpropsucre oil, sugar
6 Roots growth croirac zrac, HR or resmes
adens, bdens, durvieF,
Emergence dlaimax, dlaimaxbrut, innsen,
7 date Foliage growth rapsenturg, psiturg' LAI

stlevamf, stamflax, jvc (annual
crops), sensiphot

LIn the event of situations with and without water stress.

Without *.lai files available and without the dates of observed stages, except
emergence date: adapt the process to this specific case.
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Table 16.7. Calibration pattern 7

Model capacity extension methods

. . Targeted
Step Forcing Process Parameters to calibrate "“ge ¢
variable
1 Root growth croirac Zrac or resmes
Standard profile
. . resmes
(does not allow soil  zlabour, zpente, zprlim
. . and/or azomes
C simulation)
draclong, debsenrac,
lvfront
+ activation of continuous  resmes,
trophic linked production:  3z0mes,
Root repracpermax, msrac, or
la growth True flensity repracpermin, krepracperm [ RACH
(required to + activation of standard and C&N
simulate soil C root distribution: kdisrac, ~ stocks
dynamic) alloperirac evolution
. . ) (under
+ activation of simulation erennial
of 2 Root classes E rops)
LAI + (recommended for P
Phenological perennial crops): RTD ,
stages rapdia, propracfmax
efcroijuv, efcroiveg,
In all situations efcroirepro, teopt, teoptbis, masec
remobres, abscission, psisto
9 Biomass —
growth Additional
parameters propresP + Propres masecnp,
for simulation + tauxmortresp maperenne
of C reserves
In all situations vmax2, INNmin QNplante
Additional
parameters QNplantenp,
P P
3 Nitrogen  for simulation ropresPN + parazoper QNperenne
absorption of N reserves
Additional
arameters for fixmaxveg, fixmaxgr, Qfix
p concNrac0, concNrac100
legumes
Innimin, innsen,
‘ ‘ rap.senturg, dlaimaxbru‘t/ LAL mafruit,
4 Foliage growth, elaboration dlaimax, slamax, spfrmin, QNplante
. of yield and nitrogen absorption splaimin, rsmin, tigefeuil, b frpuit ’
Phenological durvieF, afruitpot,
stages pgrainmaxi
. . Vitirazo, stdrpdes, CNgrain,
Elaborat f th lit .
5 aboration 0t the quaiity tempdeshyd, deshydbase, =~ H2Orec, oil,
of harvested organs . S
vitprophuile, vitpropsucre  sugar
stlevamf, jvc (annual
. IAMF
6 i:tlzrgence Development crops), sensiphot
stamflax, stlevdrp ILAX, IDRP
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16.3.3.4.3 Specific and cultivar calibration schemes:
the case of an indeterminate plant

With *.lai files available and the dates of observed stages

Same remarks as for determinate plants:

— We suggest repeating step 2 after step 6 to ‘balance’ the effects: 1, 1a, 2, 3,4, 5, 6, 2.
— Step la can be skipped if necessary, knowing that resmes and azomes values
depend on foliage and aerial biomass growth.

— Step 2 could be divided into two steps: one to estimate efcroijuv,, efcroiveg,
efcroirepro,, teopt,, teoptbis;,, Vmax2, on masec and QNplante with USMs in
“almost non-limiting” growth conditions, and one to estimate inngrain1,, inngrain?2,,
INNmin,, psisto, on the same variables but with water and nitrogen limited.

The same main patterns can be used for indeterminate crops (with LAI and without
stages, or with stages but without LAI, for cultivar calibration only).

16.3.3.5 Methods and tools

Two different families of methods are often considered for parameter estimation:
frequentist and Bayesian methods.

Frequentist methods involve minimising a goodness-of-fit criterion, i.e. trying to find
a single set of parameter values that minimise a distance between the selected model
variables and the corresponding observations on the given dataset. These methods are
often iterative: starting from initial parameter values, they sequentially propose new
values until they (hopefully) converge toward the global minimum value of the crite-
rion. Often, crop models have discontinuities and are coded in single-precision format,
which make it difficult to use well-known gradient-based minimisation methods such
as Gauss—Newton or Levenberg—Marquardt. A common approach is thus to use the
Nelder—Mead simplex algorithm, which is adapted to non-smooth functions because the
search for the optimum value is not based on the computation of the function’s gradient.
Although few theoretical results are available (Lagarias ef al., 1998), this algorithm is
very popular because it can be used for multidimensional minimisation for essentially
any function. As it may be sensitive to the presence of local minima, it is often advisable
to repeat the minimisation from different initial values of the parameters (including their
default values). Examples using the STICS model are numerous and can be found in the
literature (e.g. Guillaume et al. (2011); Jégo et al. (2012a) or Falconnier et al. (2019)).

Bayesian methods consider the estimated parameters as random variables and seek to
assess their joint probability distribution, called the posterior distribution. The uncer-
tainty in the estimated parameters is thus central to this approach. Another advantage of
the Bayesian approach is that it uses prior information about the parameter values that
may provide substantial information. Markov Chain Monte Carlo (MCMC) methods are
iterative methods that are classically used to estimate posterior distributions. Among
them, the DREAM g, algorithm is recognised as an efficient method for estimating
complex, high-dimensional and multi-modal posterior distributions. It is extensively
described in Vrugt (2016) and has been used in Dumont et al. (2014) for estimating STICS
parameters. GLUE is another popular method for estimating posterior distributions on
crop models (Makowski et al. (2002), Varella et al. (2010b), He et al. (2009), Sheng et al.
(2019)) and has the advantage of being easily parallelised compared to MCMC methods.
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Estimates from all these methods are based on the computation of a distance between
the selected model variables and corresponding observations on the given dataset.
Wallach et al. (2011) and He et al. (2010) selected different distances adapted for
crop models.

The CroptimizR R package (Buis et al., 2021) is dedicated to crop model calibration
and includes different types of methods and goodness-of-fit criteria. It has been inter-
faced with the STICS model through the SticsOnR (Lecharpentier et al., 2021a) and
SticsRFiles (Lecharpentier et al., 2021b) packages (see § 15.5.2). Examples of use with
STICS are described in the CroptimizR documentation.

16.3.3.6 Evaluating the results
How can the quality of the calibration results be evaluated?

First, the method used must be checked for solution convergence for the mathemat-
ical problem posed:

— Frequentist iterative methods often use a statistical criterion to assess how well the
estimated parameters converged toward the solution to stop the minimisation process.
However, they also often integrate other stopping criteria (e.g. based on the number
of iterations or detection of numerical problems). This means that after the calibra-
tion, users must check that the method stopped using a convergence criterion. If the
minimisation process is repeated based on different initial values, and if the different
repetitions produce very different final parameter values, users can run the calibration
again by increasing the number of repetitions based on different initial values to check
if the global minimum of the minimised criterion has been reached.

— MCMC methods are often applied on a predetermined number of iterations.
Specific convergence criteria can then be used a posteriori to check if the Markov
Chain(s) converged to the posterior distribution (Vehtari et al., 2021). If not, the
method should be run again from the point it had stopped to increase the number of
iterations and reach convergence.

Next, users must check that the calibration method did indeed minimise the distance
between the simulations and observations, i.e. that the simulations using the estimated
parameter values are closer to the observations than the simulations using the initial
values, as computed from the goodness-of-fit criterion used in the calibration process.

Evaluating the estimated parameter values is also often advisable. In particular, users
should systematically check that the estimated parameter values lie within accepted
physiological ranges. If not, or if they stick to their bounds, this is often due to error
compensation: either the model is missing a process to adequately represent the system
under study, or some of the (non-estimated) input parameters are set to inadequate
values or there are errors in observed values. In addition, compensations between
estimated parameter values may lead to a good fit to observations used in the calibra-
tion process but to a poor fit on independent datasets. Such compensations can be
identified using correlation matrices.

Finally, the results of the calibrated model must be evaluated based on a dataset that is:
— representative of the target population,

— not used in the calibration process, and which is as independent as possible from
that process.
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One part of the original dataset is often used for the calibration process and another
for evaluation. The evaluation process is then similar to the one described in § 16.2.
There are, however, many ways to divide the dataset into two parts, and doing so means
that a significant part of the dataset will not be used for the parameter estimation step.
Cross-validation techniques can be used to avoid these drawbacks, but they are much
more computationally expensive (see e.g. Daniel Wallach et al. (2018) for more details).

» 16.4 Tools and rules for model coupling

This section explains several technical aspects of the methods to extend the current
STICS model version beyond its initial scope. Applications of such coupling approaches
are extensively described in § 14.4.

16.4.1 Overview of STICS model software architecture

The STICS Fortran 90 source code base can be viewed as a two-part software appli-
cation: the modelling modules (where all the sub-model equations are defined), and
a simulation engine (handling simulation time and communication management
among the modules).

The execution steps for a single simulation in the program are as follows (and illus-
trated in Figure 16.2):

— First, several initialisation steps, where the user parameters are read in their respec-
tive input files, and additional initialisation validations and computations are made
(such as the reference evapotranspiration estimation - see § 15.1.1.2 or § 15.1.1.3, or
parameters forcing using param.sti files - see § 16.4.3).

— Next, two nested loops (yearly and daily), where the main computations are
performed to estimate the evolution of the system modelled.

— Finally, the finalisation steps to produce output files.

16.4.2 IT view on typology of model coupling approaches

There are two main model coupling approaches: internal and external coupling.
By ‘internal coupling, we mean the integration of new code within the STICS model
(including both its simulation engine as well as all existing modelling modules). For
example, the MILA-STICS coupling described in § 14.4.2 is an example of internal
coupling. By ‘external coupling, we mean the use and extension of all or part of the
STICS modelling modules with a different alternative simulation engine, such as
with the FLORSYS and Hi-sAFe coupling described in § 14.4.2. For details on how to
integrate new code within the STICS model, see § 1.5.2.

Coupling approaches can also be described as tight or loose. Here, ‘tight coupling’
is where the information exchanged between the different parts is done at the daily
time step, as with the MouSTICS coupling described in § 14.4.2. ‘Loose coupling’ is
typically done at the whole USM scale (generally using input and output files).

When using an external and tight coupling approach, users must take into consider-
ation the specificity of the simulation engine architecture of STICS. When using an
external and loose coupling approach, users must take into consideration the content
and structure of the input and output files (§ 1.4.1).
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16.4.3 Things to consider when coupling models with STICS

To a certain extent, the STICS model can be considered as a ‘big leaf’ model - it simu-
lates an homogeneous surface (STICS does nonetheless take into account some spatial
heterogeneity, such as the light interception of row crops, or intercrops - see § 9, or the
discretisation of soil and root functioning in the soil profile - see § 5). This means that
to represent more spatial heterogeneity in a coupled model, users will probably need
to have several separate instances of the STICS model to manage the corresponding
heterogeneity.

The use of STICS for large-scales applications requires some expertise on the soil and
technical input data. For a detailed discussion of this issue, see § 14.3.

Initialization steps

Modules pre—initialization

Y

Input file reading

Y

Inputs checking

v

Modules initialization

Computation loop

— P Yearly loop setup

\
\ 2

\ Modules daily computations
Yearly loop \ ..

s
l Daily loop

!

Finalization steps

Write output files

Figure 16.2. Schematic view of the STICS source code architecture.
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The STICS software expects all its input files to be in the same working directory with
fixed names. As such, if users want to manage a parallel use of the model, they will
need to either manage separate directories for each individual simulation or tell the
model where to find those files with different locations or names.

A STICS simulation using consecutive USMs (§ 14.1) is computed as several separate
simulations (with the internal state stored and/or restored from a recup.tmp file when
changing the USM).

When using codeetp options involving calculations (options 2, 3 and 4), the calcula-
tions are performed during the input checking part of initialisation step. Accordingly,
to integrate climate external data directly into the computation loop, users must have
also performed those potential evapotranspiration (ETP) calculations externally and
provided ETP as forced Penman (option 1).

One aspect to consider carefully can be an ‘off by one’ error when using a variable
value (a large number of variables holds only a single value corresponding to the vari-
able calculation performed in the previous daily step or the current day depending on
when you try to access these values). Some variables correspond to daily state variables
and others are integrated on various time spans. The CorrespondanceVariablesDeS-
orties subroutine can be used to get access to the variable values. The SticsRFiles R
package can also be used to handle STICS output files extraction (§ 15.5.2).

Forcing parameters without modifying the main STICS input files can be done by
using the param.sti file read by the subroutine Lecture_Optimisation between the main
input files read and inputs checking steps. This param.sti file is a text file that must
contain the list and associated values of the STICS parameters to force (the name of
the parameter on one line and its value on the following line). Any type of parameters
(soil, plant, technical, option codes, etc.) can be forced using this file. The SticsRFiles R
package (§ 15.5.2) can also be used to handle STICS input files modifications.
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Chapter 17

Definition of symbols

» 17.1 Definition of parameters

Nam, Definition Unit
aangst, Coefficient of thfe Ang?tr9m relationship ND
for extraterrestrial radiation
abscission, Fractlonbof senescent leaves falling ND
to the soil
aclim Climatic component to calculate actual soil mm
c evaporation (Brisson & Perrier, 1991)
adens, Interplant competition parameter ND
Parameter determining the leaf density
fol -1
adfol, evolution within the chosen shape m
adil Parameter of the critical dilution curve %
P [Nplante]=adil MS”(-bdil) ?
adilmax Parameter of the maximum dilution curve o
P [Nplante]=adilmax MS”(-bdilmax) ?
Parameter of the logistic function defining
sink strength of fruits (indeterminate
afpf, growth): relative fruit age at which growth ND
is maximal
Maximal number of set fruits per o 1
. . fruits inflorescence
afruitpot, inflorescence and per degree day 3
. . degree days
(indeterminate growth)
Parameter of organic residues
ahresg humification: hres=1-ahres*CsurNres/ ND
(bhres+CsurNres)
Parameter of organic residues
akresg decomposition: kres=akres+bkres/ day!
CsurNres
Parameter of calculation of the energetic
aks¢ loss between the inside and the outside W m2K!
of a greenhouse
albedog Albedo of the bare dry soil ND
albedomulchplastique;  Albedo of plastic cover ND
albedomulchresidusg Albedo of plant mulch ND
albveg. Albedo of the vegetation ND
allocfrmax, Maximal daily allocation to fruits ND
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Nam, Definition Unit
. Allocation rate of the seed reserves
alloperirac, . ND
(perisperm) to the rootlet growth
Coeflicient accounting for the modification
alphaCO2, of radiation use efficiency in case ND
of atmospheric CO2 increase
Maximal soil pH variation per unit 1
alphapHg of inorganic N added with slurry kg™ ha
Parameter of photoperiodic effect
alphaphot, on leaf lifespan ND
alphapt, Parameter of Priestley-Taylor formula ND
altinversion Altitude of inversion m
c of the thermal gradient
altisimul - Altitude of simulated site m
altistation. Altitude of the input metorological station m
. Semi thermal amplitude .
ampfroid, for vernalising effect c
. Amount of mineral N added by fertiliser 4
anitcoupe . kg ha
application at each cut of a forage crop
argig Clay content after decarbonation %
Parameter determining C/N ratio
awb of biomass during organic residues 1
G decomposition: £8
CsurNbio=awb+bwb/CsurNres
bangst, Coefficient of th.e Anggtrf)m s relationship ND
for extraterrestrial radiation
bdens, Mmlmal plant denIS}ty above which -2
interplant competition starts
. Parameter of the critical dilution curve
bdily [Nplante]=adil MSA(-bdil) ND
. Parameter of the maximum dilution curve
bdilmax, [Nplante]=adilmax MS*(-bdilmax) ND
belong, ParameFer of the curve of coleoptile degree days!
elongation
beta, Param'etef of increase of maximal ND
transpiration when a water stress occurs
Coefficient for the water table shape
bformnappeg (artificially drained soil) ND
Parameter of the logistic curve defining
bfpf, sink strength F)f fruits (mdetermmat? ND
growth): maximum growth rate relative
to maximum fruit weight
Parameter of organic residues
bhresg humification: gg!

hres=1-ahres*CsurNres/(bhres+CsurNres)
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Nam, Definition Unit
. Minimal crop biomass removed when a1
biorognem . . . tha
topping (automatic calculation)
Potential rate of decomposition of organic 1
bkres . 88
residues: kres=akres+bkres/CsurNres
Parameter of calculation of the energetic
bks. lost between the inside and the outside W m2K!
of a greenhouse
Parameter determining C/N ratio
of biomass during organic residues
bwb, > during org gg!
decomposition:
CsurNbio=awb+bwb/CsurNres
cadencerec; Number of days between two harvests days
. Volumetric content of pebbles
caillouxg ) %
per soil layer
calcg Total carbonate content %
capiljourg Capillary rise upward water flux mm day~!
celong, Parameter of the plantlet elongation curve ND
Parameter defining the soil contribution
cfesg . & ND
to evaporation versus depth
Parameter of the first potential growth
hase of fruit, correspondin
cfpf, P i comeSPORAIng . ND
to an exponential type function describing
the cell division phase
. Slope of the relationship between grain
cgrain, P b between g ttm?d
number and growth rate
. Fraction of the maximal number of grains
cgrainv0, . ND
when growth rate is zero
. . Fraction of sunny hours allowing the
cielclair. . . unny hours a ‘owlng . ND
inversion of thermal gradient with altitude
Soil organic carbon concentration above
cmax_pdenit which denitrification potential is constant g kg
and maximum
Soil organic carbon concentration below
cmin_pdenitg which denitrification potential is constant gkg!
and minimum
CNgrainrec; Minimal N content of grain at harvest gg!
Maximum value of C/N ratio of organic 1
CNresmaxg . g8
residue
. Minimum value of C/N ratio of organic 1
CNresming . g8
residue
. Option to activate cropping under shelter:
codabri; P pping code, 1to 2
1=no, 2=yes
Option to calculate mountain climate
codadret, taking into account the orientation: code, 1 to 2

1 =south, 2=north
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Nam,

Definition

Unit

codaltitude

Option to activate the calculation
of the climate in altitude: 1 =no, 2=yes

code, 1to 2

codazofruit,

Option to activate the direct effect
of N plant status on the fruit/grain
number: 1=no, 2=yes

code, 1to 2

codazorac,

Option to activate the effect of N stress
on root partitioning within the soil profile:
1=yes,2=no

code, 1to 2

codcaleffeuil ;

Option to calculate leaf removal by
thinning: 1 = proportion of leaf removed
(effeuil), 2 =lai minimal (laieffeuil)

code, 1to 2

codcalinflo,

Option to calculate the inflorescences
number: 1 =read in param.par,
2 =calculated at the amf stage

code, 1to 2

codcalrogne

Option to calculate topping: 1 =forced
topping, 2 = automatic calculation

code, 1to 2

codcueille

Option to define harvest type: 1 =single
harvest (cutting), 2 = multiple harvests
(picking)

code, 1to 2

code_acti_reserve,

Option to activate the simulation of
Nitrogen and Carbon reserves: 1 =yes,
2=no

code, 1to 2

code_auto_profres

Option to define profres: 1 =profres read
in tec file, 2 = profres calculated as proftrav
*(1-exp(-resk.(proftrav-resz))

code, 1 to 2

code_CsurNsol_dynamicg

Option to activate the dynamic calculation
of CsurNsol: 1 =yes, 2=no

code, 1to 2

code_diff_root;

Option to activate the simulation of 2 root
classes: 1 =yes, 2=no

code, 1to 2

code_hautfauche_dyn

Option to activate dynamic calculation
of residual LAL biomass and N content
after cutting: 1=yes, 2=no

code, 1to 2

code_hourly_wfps_denit;

Option to activate hourly WFPS
calculation for denitrification: 1 =vyes,
2=no

code, 1to 2

code_hourly_wfps_nitg

Option to activate hourly WFPS
calculation for nitrification: 1 =yes, 2=no

code, 1to 2

code_pdenitg

Option to define the denitrification
potential: 1 =read in soil parameter,

2 = calculated from soil organic carbon
concentration

code, 1to 2

code_ratiodenitg

Option to define the N20O/(N2+N2O0) ratio
of denitrification: 1 = constant, 2 = variable

code, 1to 2

code_rationitg

Option to define the N20O/(N2+N2O) ratio
of nitrification: 1 = constant, 2 = variable

code, 1to 2
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Nam,

Definition Unit

code_rootdeposition,

Code to simulate N demand and allocation
to roots and their turn-over during crop
growth cycle: 1 = daily deposition,

2 =deposition only at harvest

code, 1to 2

code_stress_root,

Option to activate the preferential
allocation of biomass to roots in case of code, 1to 2
water or N stress: 1 =yes, 2=no

Option to define the temperature function

code_tnitg for nitrification: 1= piecewise linear, code, 1 to 2
2 =gaussian
Option to define the nitrification rate

code_vnitg dependence on NH4: 1 =first order, code, 1to 2

2 = Michaelis-Menten

code_WangEngel,

Option to activate the effect of
temperature on development units for
emergence according to Wang et Engel
(1998): 1 =yes, 2=no

code, 1to 2

codeactimulchg

Option to activate the mulch effect at soil

,1to 2
surface: 1 =yes, 2=no code, L to

codeaumin;

Option to activate the harvest according to
grain/fruit water content: 1 =water content
> minimum threshold, 2 = water content <
maximum threshold

code, 1to 2

codebeso,

Option to calculate water requirements:

, 1
1=k.ETP approach, 2 =resistive method code, 1to 2

codebfroid,

Option to calculate chilling requirements:
1=no need, 2 =vernalising days, code, 1to 3
3 =development stage

codecaillouxg

Option to take into account pebbles

in the water and N balances: 1 =yes, 2=no code, Oto 1

codecalfertig

Option to activate the automatic
calculation of fertilisation rate: 1 =yes, code, 1to 2
2=no

codecalirrig;

Option to activate the automatic
calculation of irrigation requirements: code, 1to 2
1=yes, 2=no

codecaltemp.

Option to activate the use of crop
temperature for phasic development
calculation: 1 = empirical relation,

2 =energy balance

code, 1to 2

codeclaircie;

Option to simulate fruit removal: 1 =no,

2 =yes (for smallest fruits) code, 1 to 2

codeclichange_

Option to activate climate change: 1 =no,

code, 1to 2
2=yes

codedate_irrigauto

Option to activate the beginning and
the ending dates in case of automatic
irrigation: 1 =dates, 2 = crop stages,

3 =nothing

code, 1to 3
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STICS soil-crop model

Nam,

Definition

Unit

codedateappH20-

Option to calculate irrigation dates
according to sum of temperatures: 1 =yes,
2=no

code, 1to 2

codedateappN

Option to calculate mineral fertilizer
application dates according to sum of
temperatures: 1 =yes, 2=no

code, 1 to 2

codedecirecolte

Option to activate moisture and frost
effects on harvest decision: 1=yes, 2=no

code, 1to 2

codedecisemis

Option to activate the moisture effect
on harvest decision: 1 =yes, 2=no

code, 1to 2

codedenitg

Option to activate the calculation of
denitrification model: 1 =yes, 2=no

code, 1to 2

codedisrac,

Option to define root profile in soil:
1 =standard root distribution, 2 =root
emission proportional to root biomass

code, 1to 2

codedormance,

Option to calculate dormancy and chilling
requirements: 1 = forcing, 2 =Richardson,
3 =Bidabe

code, 1to 3

codeDST.

Option to activate the variations in
physical soil conditions due to tillage:
l=yes,2=no

code, 1to 2

codeDSTnbcouche

Option to define the number of compacted
soil layers: 1 =one layer, 2 =two layers

code, 1to 2

codeDSTtass

Option to activate the soil compaction
at sowing and harvest: 1 =yes, 2=no

code, 1to 2

codedyntalle,

Option to activate the module simulating
tillers dynamics: 1 =yes, 2=no

code, 1to 2

codeetp,

Option to calculate PET: 1 =forced
Penman, 2 = calculated Penman,

3 = Shuttleworth & Wallace,

4 =Priestley & Taylor

code, 1 to 4

codefauche

Option to activate cuts of forage crops:
1=yes, 2=no

code, 1to 2

codefenteg

Option to activate an additional water
compartment for swelling soils: 1 =yes,
2=no

code, 0 to 1

codeffeuil

Option to activate plant thinning: 1 =no,
2=yes

code, 1to 2

codefixpot,

Option to calculate the maximal symbiotic
fixation: 1 = fixed value read in the plant
file, 2 = depends on growth rate

code, 1to 2

codefracappN

Option to activate split applications
of N fertiliser: 1 = absolute value,
2 =fraction of total N application

code, 1to 2
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Nam,

Definition

Unit

codefrmurg

Option to define the maturity status of
the fruits in the variable CHARGEFRUIT:
1 =including ripe fruits (last box N),

2 = excluding ripe fruits (first N-1 boxes)

code, 1 to 2

codefxng

Option to define the effect of soil nitrate
on N fixation: 1 =no effect, 2 = effect

of nitrate amount, 3 = effect of nitrate
concentration

code, 1to 3

codegdh,;

Option to define the time step used for
calculating development units: 1 =hourly,
2 =daily

code, 1to 2

codegdhdeb,

Option to define the time step used for
calculating bud break date: 1 = daily,
2 =hourly growing degrees

code, 1to 2

codegermin,

Option to simulate germination:
1 =germination phase, 2=immediate
germination

code, 1to 2

codeh2oactg

Option to activate water stress effect
on crop growth: 1=yes, 2=no

code, 1to 2

codehypo,

Option to simulate plant emergency:
1 =phase of hypocotyl growth (sown
crops), 2 = plantation of plantlets

code, 1to 2

codeindetermin,

Option to simulate the type of leaf growth
and fruit growth: 1 = determinate,
2 =undeterminate

code, 1to 2

codeinitprecg

Option to activate reset of initial
conditions in case of chained simulations:
1=yes, 2=no

code, 1to 2

codeINN,

Option to compute NNI: 1 =cumulative
NNI, 2 =instantaneous NNI

code, 1to 2

codeinnactg

Option to activate N stress effect on root
length growth: 1 =yes, 2=no

code, 1to 2

codeintercept,

Option to simulate rainfall interception
by leaves: 1 =yes, 2=no

code, 1to 2

codeir,

Option to calculate the ratio grain weight/
total biomass: 1 =proportional to time,
2 = proportional to thermal time

code, 1 to 2

codejourdes|

Option to simulate perennial crops
destruction

code, 1to 2

codelaitr,

Option to calculate the intercepted
radiation according to: 1 =LAI,
2 =soil cover

code, 1to 2

codelegume,

Option to define if the crop is a legume
fixing N: 1 =yes, 2=no

code, 1to 2

codemacroporsg

Option to activate calculation of water flux
in soil macroporosity: 1 =yes, 2=no

code, 1to 2
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Nam,

Definition

Unit

codemicheurg

Option to calculate hourly microclimatic
outputs (output file humidite.sti): 1 =vyes,
2=no

code, 1to 2

codeminoptg

Option to simulate a bare soil with a
constant water content: 1=yes, 2=no

code,0to 1

codemodfauche;

Option to define the cutting mode:

1 =automatic calculation depending

on phenologic and trophic state,

2 =pre-established calendar in days,

3 =pre-established calendar in degree-days

code, 1to 3

codemodlsnow

Option to calculate snow variables:
1 =unused, 2 =unused, 3 = Snow model 3

code, 1to 3

codemonocot,

Option to define the type of plant:
1 =monocot, 2=dicot

code, 1to 2

codemontaison,

Option to stop the reserve limitation
after stem elongation in grassland:
1=yes, 2=no

code, 1to 2

codemortalracine,

Option to calculate the mass of dead roots
after a cut: 1 =based on masec, 2 =based
on masectot

code, 1to 2

codemsfinalg

Option to define if the biomass and yield
are conserved after harvest: 1 =yes, 2=no
(values set at 0)

code, 1to 2

codenitrify

Option to activate the nitrification model:
l1=yes,2=no

code, 1to 2

codeNmindecg

Option to activate the limitation of
residues decomposition due lack of
mineral N: 1 =yes, 2=no

code, 1 to 2

codeoutscient

Option to write outputs files with scientific
format: 1=yes, 2=no

code, 1to 2

codepaillage

Option to define soil cover: 1 =no cover,
2 =plastic cover partly covering the soil

code, 1to 2

codepalissage

Option to define if the plant is fixed onto
a vertical support: 1=no, 2=yes

code, 1to 2

codeperenne,

Option to define the crop perenniality:
1 =annual crop, 2 = perennial crop

code, 1to 2

codephot,

Option to define plant photoperiodism:
l1=yes,2=no

code, 1to 2

codephot_part,

Simulation of the effect of decreasing
photoperiod on biomass allocation:
l1=yes,2=no

code, 1to 2

codeplante,

Option to define the coding name
of the plant (3 characters)

ND

codeplisoleN,

Option to define N requirements at the
beginning of the cycle: 1 =dense plant
population, 2 = isolated plants

code, 1 to 2




Definition of symbols

Nam, Definition Unit

Option to replace rainfall by irrigation at

codepluiepoquet, poquet depth in the case of poquet sowing: code, 1to 2
1=yes, 2=no
Option of soil depth for calculating water

codeprofmesg and N stocks (1 = profmes, 2 = soil depth) code, 1 to2
Option to define the calculation of root

coderacine, growth and extension: 1 =standard profile, code, 1to 2
2 =root length density
Option to harvest intercrop species

imul ly, iological

coderecolteassoc stmu t.a neously, at the p t.lysm oglca code, 1to 2
maturity date of the earliest one:
1=no, 2=yes

coderemontcaps Option to activate capillary rise: code, 1 to 2

1=yes, 2=no

coderes

Residue type: 1 =mature crop, 2 = cover

crop, 3 =Manure, 4= Green compost,

5=Sewage sludge, 6 = Vinasse, 7 = Horn, code, 1 to 10
8 =vineyard prunings, 9 = pig slurry,

10 =rhizomes

coderes_pature

Residue type used to simulate bovine feces:

1-10 code, 1 to 10

Option to activate the effect of water stress

coderetflo, on development before the stage DRP code, 1to 2
(filling of harvested organs): 1 =yes, 2=no
Option to calculate net radiation: 1 =Brunt

d t ,1to2

codernete method, 2 = Cellier method code, 1 to

codesensibilite Opt{on to activate the sensitivity analysis code, 1 to 2
version of the model: 1 =yes, 2=no
Option to select the column separator
in the rapport.sti output file: 1 =space

codeseprapportg separator, 2 = separator indicated in the file code, 1to 2
rapport.sti
Option to define the type of crop

codesimul simulation: culture or 0 (LAI calculated by code,Oto 1
the model), feuille or 1 (LAI forced)

codesnow, Option to activate the snow module: code, 1to 2
l=yes,2=no

codestade, Option to force one or several code, 1 to 2
development stages: 1 =yes, 2=no

codestrphot, Opt'lon to activate the photoperiodic stress code, 1to 2
on lifespan (1 =yes, 2=no)

. Option to simulate several successive
codesuite; USM: 0=no, 1 = yes code,0to 1
codeSWDRH,, Optin to calculate the duration of surface code, 1t0 2

wetness: 1 =yes, 2=no
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STICS soil-crop model

Nam, Definition Unit

Option to calculate symbiotic N fixation:

codesymbiose 1=based on critical dilution curve, code, 1to 2
2 =specific calculation of N fixation

codetaille Option to activate pruning: 1 =no, 2 =yes code, 1to 2
Option to calculate thermal time for plant

codetemp, growth: 1 =based on air temperature, code, 1to 2
2 =based on crop temperature
Option to define the reference temperature

codetempfauche to compute cutting sum of temperatures: code, 1to 2
1=upvt, 2 =udevair
Option to calculate thermal time for root

codetemprac, growth: 1 =crop temperature, 2 =soil code, 1to 2
temperature
Option to define automatic N fertilisation

codetesthumN calculation: 1 =based on rainfall, 2 = based code, 1to 2
on soil water content
Option to activate the effect of crop

codetradtec structure on radiation transfer: 1 =vyes, code, 1to 2
2=no
Option to choose the ratio used to

codetranspitalle, calculate tiller mortality: 1 =et/etm, code, 1to 2
2=epc2/eopC

codetransrad, Option to calculate 'rafiiation interception: code, 1to 2
1 =Beer law, 2 =radiative transfer

codetremp, Op‘tion to activate heat effect on grain code, 1t02
filling: 1 =yes, 2=no
Option to calculate hourly dew
temperature: 1 =linear interpolation,

codetrosee . . de, 1 to 2

G 2 =sinusoidal interpolation (Debele Bekele code 210

et al, 2007)

codetycaillouxg Code for pebble type code, 1 to 10

codetypeng Code for fertiliser type code, 1to 8

codetypres Code for organic residue code, 1 to 10

codevar, Code for cultivar name ND

codgelflo, Optior? to activate the frost effect at code, 102
anthesis: 1 =no, 2 =yes

. i i he fi i LAI

codgeljuv, Optlor} to a'ctlvate the frost effect on code, 1to 2
at the juvenile stage: 1 =no, 2=yes

codgellev, Option to activate the frost effect on code, 1 to 2
plantlet growth: 1=no, 2=yes

codgelveg, Option to activate the frost effect on LAI code, 1to 2

at adult stage: 1 =no, 2 =yes
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Nam,

Definition

Unit

codhauteff

Option to define the height of leaf removal
(if the thinning option is activated):

1 =bottom of the canopy, 2 =top of the
canopy

code, 1to 2

codhnappeg

Option to calculate the watertable level:
1=mean height, 2 = height at the distance
distdrain

code, 1to 2

codlainet,

Option to calculate the LAI: 1=net LAJ,
2 =difference between gross LAI and
senescent LAI

code, 1to 2

codlocferti

Option to define localized fertilisation:
1 =at soil surface, 2 =deeper in the soil

code, 1to 2

codlocirrig,

Option to define localized irrigation:
1 =above the foliage, 2 = below the foliage
above the soil, 3 =in the soil

code, 1to 3

codoptimy,

Option to activate the optimisation code:
0=no, 1 =optimisation for the main crop,
2 = optimisation for the associated crop

code, 0 to 2

codrainageg

Option to simulate artificial drainage:
1=yes,2=no

code, 1to 2

codrecolte

Option to define harvest strategy:

1 = at physiological maturity, 2 = according
to water content, 3 =according to sugar
content, 4 =according to nitrogen content,
5=according to oil content

code, 1to 5

codrognage

Option to activate foliage control by
trimming: 1=no, 2 =yes

code, 1to 2

codtrophrac;

Option to activate a trophic effect on root
length growth: 1 =permanent link, 2 =link
by thresholds, 3 =no effect

code, 1to 3

coef_calcul_doseNg

Crop N concentration below which there
is no N return to the soil through animal
urine

gkg™

coef_calcul_gresg

Crop N concentration used to calculate
animal feces from animal grass dry matter
intake

gkg!

coefamflax,

Multiplier coefficient applied to the
thermal time requirement between stages
AMF and LAX

ND

coefbg

Parameter defining the radiation saturation
effect on biomass conversion efficiency

gMJ!

coefdevil -

Multiplier coefficient of the outdoor
radiation to calculate PET inside of a
greenhouse

ND

447



STICS soil-crop model

Nam, Definition Unit
Multiplier coefficient applied to the
coefdrpmat,; thermal time requirement between stages ND
DRP and MAT
Multiplier coefficient applied to the
coefflodrp, thermal time requirement between stages ND
FLO and DRP
Multiplier coefficient applied to the
coeflaxsen, thermal time requirement between stages ND
LAX and SEN
Multiplier coefficient applied to the
coeflevamf, thermal time requirement between stages ND
LEV and AMF
Multiplier coefficient applied to the
coeflevdrp, thermal time requirement between stages ND
LEV and DRP
coefmshaut, RaFlo of crop biomass to useful cutting t hal m-1
height of crops
coefracoupe, Proportion of roots dying after a cut of a ND
forage crop
Coeflicient applied to the (outdoor) net
coefrnet. radiation to calculate the net radiation ND
under a greenhouse
Multiplier coefficient applied to the
coefsenlan, thermal time requirement between stages ND
SEN and LAN
concirr Concentration of mineral N ke ha-! mm-!
T (NH4+NO3-N) in irrigation water &
§
concNnodseul, Mg)ﬂmal concentration of mineral N in kg ha~! mm-!
soil for nodule onset
Nitrate-N concentration (if codefxN=3) a1 a1
. . kg ha™! mm
concNracO, or nitrate-N amount (if codefxN=2) above or ke ha-! em-!
which N fixation is totally inhibited J
Nitr?te-N concentratif)n (if codefxN=3) kg ha-! mm-!
concNrac100, or nitrate-N amount (if codefxN=2) below o
which N fixation is maximum orkgha™ cm
conerr Concentration of mineral N ke ha-! mm-!
¢ (NH4+NO3-N) in the rain i
concseuil Minimum concentration of NO3-N in soil ke ha-! mm-!
S (unavailable for leaching and for uptake) &
Maximal reduction factor applied to root
contrdamax, growth rate due to soil strengthness (high ND
bulk density)
Temperature to substract to Tmin to
corecTrosee. estimate dew point temperature (in case of °C

missing air humidity data)
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Nam, Definition Unit
Fraction of soil lasti
couvermulchplastique, raction of soil covered by the plastic ND
mulch
Crespcy C content in organic residue (DW) %
Crespc_patureg C content in animal feces (FW) %
CroCog Fraction of organic residue which is ND
decomposable
croirac, Elongation rate of the root apex cm degree days™
CsurNres C/N ratio of residue gg!
CsurNsolQg Initial C to N ratio of soil humus gg!
Number of calendar years involved in the
cultureany, crop cycle (1=1 year e.g. for spring crops, ND
2 =two years, e.g. for winter crops)
Parameter of the climate calculation under
cventc ND
shelter
Minimum ratio C/N of microbial biomass 1
cwbg . . . g8
decomposing organic residues
dachisel Bulk density of soil after soil tillage (Chisel) gcem™
Bulk density of soil below which root
dacohesg growth is reduced due to a lack of soil gcm™
cohesion
DAF, Bu.lk density of fine earth fraction in each gom3
soil layer
Bulk density of soil after full inversion 3
dalabour . gcm
tillage (plough)
darecolte; Bulk density of soil after harvest gcem™
dasemis; Bulk density of soil after sowing gcem™
daseuilbasg Bulk der.151ty of soil above which root gom3
growth is maximal
daseuilhaut, Bulk density of sqnl abov.e which root gom3
growth becomes impossible
datedeb_irrigauto Starting date of automatic irrigations julian day
datedebut Starting date of simulation julian day
datefing Ending date of simulation julian day
datefin_irrigauto Ending date of automatic irrigations julian day
debsenrac, Thermal time units deﬁm.ng Fhe beginning degree days
of root senescence (root life time)
Maximal fraction of the mineral fertilizer
deneng that can be denitrified (used if codedenit is ND
not activated)
L Initial root density in each of the five soil 3
densinitial; cm cm
layers
densitesem; Plant sowing density plm2
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STICS soil-crop model

Nam, Definition Unit
Rate of change of water content in fruits o o
deshydbase, (FW) vs thermal time (>0 or <0) gg degree days
dfolbas Minimal foliar density within the m? m-3
P considered shape
dfolhaut Maximal foliar density within the m? m-3
P considered shape
Parameter of the first potential growth
phase of fruit, corresponding to an
dfpfy exponential type function describing the ND
cell division phase
difN Diffusion coefficient of nitrate in soil at em? day-!

G field capacity Y
difthermg Soil thermal diffusivity cm?s7!
distdraing Distance between mole drains cm
DKmax, Dl‘ffc’erence betheen the maximum and the mm °C-1 day!

minimum melting rates for snow
dlaimax, Maximum rate of net daily increase of LAI ~ m? pl~! degree days™!
dlaimaxbrut, LM:;umum rate of gross daily increase of m? pl-! degree days!
dlaimin, iizeleratmg parameter for the lai growth ND
dltamsmaxsen Growth rate above which there is no more t ha-! day-!
P photoperiodic effect on senescence Y
Growth rate below which the
dltamsminsen, photoperiodic effect on senescence is tha! day™!
maximal
dosel; Daily amount of irrigation water mm day!
doseirrigming Minimal amount of daily irrigation mm day~!
Daily amount of N added through 4 71
doseN; fertilizers kg ha™ day
dosimx Maximum amount of irrigation water mm day-1
T applied daily (mode automatic irrigation) Y
. Maximum amount of fertiliser N applied a1
dosimxNg daily (mode automatic fertilisation) kg ha™ day
dpHvolmax Maximal pH increase following the ND
P G application of slurry
draclong, lg/iarl?;:stm rate of root length production cm pl-! degree days!
dureefruit Duration of the fruit between onset and degree davs
P physiological maturity & ¥
durvieF, Maximal lifespan of an adult leaf expressed ND

in summation of Q10=2 (2**(T-Tbase))
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Nam,

Definition

Unit

durviesupmax;,

Relative additional lifespan due to N excess
in plant (INN > 1)

ND

Ec

Snow compaction parameter

mm mm~! day~!

Minimum amount of rainfall required to

eau_mini_decisemis
- - T start sowing (when codesemis is activated) mm
eaures; Water content of organic residue (FW) %
Water content of animal feces deposited on
eaures_patureg . . . %
soil during grazing (FW)
ecartdraing Distance between mole drains cm
Maximum radiation use efficiency during
efcroijuv, . . MJ!
Juve the juvenile phase (LEV-AMEF) g MJ
efcroirepro Maximum radiation use efficiency during M1
prop the grain filling phase (DRP-MAT) i
efcroive Maximum radiation use efficiency during M
g the vegetative stage (AMF-DRP) &
effeuil Fraction of leaf removed by plant thinning ND
effirr Irrigation efficiency ND
. Effici f f h i
efremobil, ciency of use o carbq ydrates in ND
storage organs of perennials
Maximum elongation of the coleoptile in
elmax, . cm
darkness condition
engammg Fraction of ammonium in the N fertilizer ND
Fertilizer type (1 =ammonium nitrate,
2 =UAN solution, 3 =urea, 4 = anhydrous
engrais, ammonia, 5=ammonium sulfate, ND
6 =ammonium phosphate, 7 = calcium
nitrate, 8 =fixed efficiency fertiliser)
Fertilizer type used to mimic urine
excretion (1 =ammonium nitrate, 2= UAN
. solution, 3 =urea, 4 =anhydrous ammonia,
engrais_patureg . . ND
5=ammonium sulfate, 6 =ammonium
phosphate, 7 = calcium nitrate, 8 = fixed
efficiency fertiliser)
Fertilizer type (1 =ammonium nitrate,
2 =UAN solution, 3 =urea, 4 =anhydrous
engraiscoupe; ammonia, 5=ammonium sulfate, ND
6 =ammonium phosphate, 7 = calcium
nitrate, 8 = fixed efficiency fertiliser)
envfruit, Fraction of envelop in grainmaxi ND
epcg Thickness of each soil layer cm
Thickness of mixing cells in each soil layer
epdg . 1 . cm
(=2 * dispersion length)
extin, Extinction coefficient of photosynthetic ND

active radiation in the canopy
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Nam, Definition Unit
fclim1y Name of the first climate file ND
fclim?2, Name of the second climate file ND
fhminsat, Relatlvg soil mineralisation rate at water ND

saturation
. Initial fraction of inert pool in the soil
f t D
merts organic pool (= stable SON/ total SON) N
finit; Name of the initialisation file ND
fixmax, Maximal N symbiotic fixation rate kg ha™! day!
. Maximal N symbiotic fixation rate per unit 71
fixmaxgr, . kgt
of grain growth rate
. Maximal N symbiotic fixation rate per unit 4
fixmaxveg, . kgt
of vegetative growth rate
Option for writing the output files
(1=mod_history.sti, 2 = daily outputs,
. 4 =report outputs, 8 =balance outputs,
flagecritureg 16 = profile outputs, 32 = debug outputs, ND
64 =screen outputs) sum them to have
several types of outputs
flai, Name of the LAI file ND
Minimal value for the ratio N/C of
fNCbioming the microbial biomass when N limits gg!
decomposition
Minimal fraction of mineral N available
fNmindecming for residues decomposition ND
(if codeNmindec is activated)
fnx Maximum fraction of NH4 nitrified each ND
G day (first order model)
fobs Name of the observed file ND
forme, Option to define the shape‘ of leaf density code, 1to 2
profile: 1 =rectangle, 2 = triangle
fplt, Name of the plant file ND
fracN, Prop.ort%on of fertiliser N applied at each %
application
Reduction factor of decomposition rate of
fredkNg organic residues when mineral N ND
is limiting
Reduction factor of decomposition rate of
fredINg microbial biomass when mineral N ND
is limiting
Additional reduction factor of residues
fredNsupg decomposition rate when mineral N ND
is highly limiting
fstation Name of the weather station file ND
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Nam, Definition Unit
ftec; Name of the technical file ND
Parameter (1/2) of the temperature
ftemh -1
temhg function on humus decomposition rate K
Parameter (2/2) of the temperature
ftemhag function on humus decomposition rate ND
Parameter (1/2) of the temperature
ftemrg function on decomposition rate K1
of organic residues
Parameter (2/2) of the temperature
ftemrag function on decomposition rate ND
of organic residues
Parameter (1/7) of the new mineralization o
GMIN1g function (Clivot et al, 2017) day
Parameter (2/7) of the new mineralization 1o
GMINZg function (Clivot et al, 2017) %
Parameter (3/7) of the new mineralization
MIN -19
G 3q function (Clivot et al, 2017) i
Parameter (4/7) of the new mineralization 1
GMIN4 function (Clivot et al, 2017) pH
Parameter (5/7) of the new mineralization
GMIN>¢ function (Clivot et al, 2017) pH
Parameter (6/7) of the new mineralization 4
GMING6g function (Clivot et al, 2017) £8
Parameter (7/7) of the new mineralization o
GMIN7 function (Clivot et al, 2017) §8
gradn, Thermal gradient in altitude for minimal °C 100m-1
temperatures
gradtninv, Thermal gradient in altlt'ude fqr minimal °C 100m-1
temperatures under the inversion level
gradix, Thermal gradient in altitude for maximal °C 100m-1
temperatures
h2ofeuiljaune, Water content of yellow leaves (FW) gg!
h2ofeuilverte, Water content of green leaves (FW) gg!
h2ofrvert Water content of fruits before the 1
P beginning of dehydration (FW) 8
h2oerainmax Maximal water content of fruits 3
g T at harvest (FW) £8
h20grainmin Minimal water content of fruits 1
g T at harvest (FW) 88
h2oreserve, Water content of crop reserve (FW) gg!
h2otigestruc, z)li/z\lxt,e)r content of structural stem part gg!
hautbase, Basal height of crop m
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STICS soil-crop model

Nam, Definition Unit
hautcoupe Cut height for forage crops (calendar fixed) m
hautcoupedefaut, Cut height for forage crops (calendar m

calculated)
hautmax, Maximum height of crop m
hautmaxtec, Maximal height of the plant allowed m
by the management
hautrogne Cutting height for trimmed plants m
heeex Gravimetric water content at field capacity %
G of each type of pebble (dry soil) ’
heef Gravimetric water content at field capacity %
S of each soil layer (in fine earth, dry soil) ?
. Initial gravimetric water content of each o
Hinitf, soil layer (in fine earth, dry soil) %
. Gravimetric water content at wilting point o
hminf, of each soil layer (in fine earth, dry soil) %
Relative water content (fraction of field
hminmg capacity) below which mineralisation rate ND
is nil
Relative water content (fraction of field
hminng capacity) below which nitrification rate ND
is nil
Relative water content (fraction of field
hoptm capacity) above which mineralisation rate ND
is maximum
Relative water content (fraction of field
hoptng capacity) above which nitrification rate ND
is maximum
huilerec Minimal oil content of fruits at harvest o
humeanpil Threshold of soil gravimetric water content %
Plls under which capillary rise occurs (dry soil) ?
A revoir: 1=1Ia fonction F_humirac atteint
humirac, un Plateau (ancien codfe) / 2.= la fonction n ND
atteint pas de plateau (identique a la phase
germination-levee)
Relative soil moisture threshold above
humirac_decisemis which sowing is possible (0 = no sensitivity ND
to drought, 1 =highly sensitive)
iamf Day when the stage AMF is reached ‘ulian da
T (999 if not reached) ) Y
ichsly Soil number in the param.soil file ND
idebdorm, Day of the dormancy entrance julian day
idor; Day of the dormancy entrance julian day
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Nam, Definition Unit
Day of the stage DRP (beginning of grain
idrp; filling) when the stage is observed julian day
(else 999)
ifindorm, Day of dormancy break julian day
iflo; Day of anthesis julian day
ifwater Day of the end of simulation julian day
ilan Day when the stage LAN is reached ulian da
T (999 if not observed) ) Y
ilax Day when the stage LAX is reached ‘ulian da
T (999 if not observed) ) Y
ilev Day when the stage LEV is reached ‘ulian da
T (999 if not observed) ) Y
imat Day when the stage MAT is reached ‘ulian da
T (999 if not observed) ) Y
. Infiltrability rate at the base of each soil o
infilg . mm day
layer (if codemacropor=1)
inflomax, g/ie;x;:;li number of inflorescences ND
infrecouv, Ulai at the stage AMF (maximal rate ND
of leaf growth)
inilai, Initial value of lai for cotyledons m? m~2
Option of smoothing out the initial
iniprofilg mineral N and water profiles ND
(spline function): 0 =no, 1 =yes
. . NNI below which net absorption of N
inngrain1, . AP . ND
during grain filling is maximal
inngrain2, NN'I abovet whicfh n‘et a})sorption of N ND
during grain filling is nil
INNimin, LI:I;\IE Iflllr:it:ntaneous NNI) corresponding ND
INNmin, Minimum value of NNI possible ND
for the crop
. Parameter of the N stress function active
innsen, ND
on senescence (INNsenes)
innturemin Parameter of the N stress function active ND
g P on leaf expansion (INNLAI)
interrang Width of the crop interrow m
iplt; Date of sowing julian day
ipltO; Date of sowing julian day
irazomax; Maximum nitrogen harvest index ND
irec; Date of harvest julian day
irecbutoir; Latest date of harvest (imposed if the crop julian day

cycle is not finished at this date)
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Nam, Definition Unit
irmax, Maximum harvest index ND
Amount of irrigation applied automatically
irrlevg on the sowing day to allow germination mm
when the model calculates irrigation
isen Day when the stage SEN is reached ulian da
T (999 if not observed) ) Y
isnu, Date when the soil is bare julian day
iwatery Starting day of the simulation julian day
julapl; Date(s) of irrigation julian day
julapN. Date(s) of fertilizer application julian day
juldes; Day of perennial crop destruction julian day
juleclair Day of fruits removal julian day
juleffeuil Day of leaf removal julian day
julfauche Date(s) of each cut for forage crops julian day
julouvre2 Day (1/2) of opening the shelter julian day
julouvre3 Day (2/2) of opening the shelter julian day
julres; Date(s) of organic residue addition to soil julian day
julrogne Day of plant trimming julian day
jultaille Day of pruning julian day
jultrav, Date(s) of soil tillage julian day
‘ulvernal Day of initiation of vernalisation in ulian da
J P perennial crops (between 1 and 365) ) Y
Ve Number of vernalising days davs
Ve or dormancy units 4
jvcmini, Minimum number of vernalising days days
Kamm Affinity constant for NH4 in nitrification me L1
G (if Michaelis_Menten formalism is used) &
kbiog Potential d.ecay rate 'of m{croblal biomass day™!
decomposing organic residues
kcouvmlch, Extinction coefficient connecting the soil ND
cover to the amount of plant mulch
Kd, Afﬁ?ut‘y cor?stant for nitrate in mg L1
denitrification
kdesat Rate constant of de-saturation day!

. Rate constant defining root length )
kdisracy distribution throughout the profile om
Khaut, Extmctlon‘ coefficient connecting LAI ND

to crop height
Kmabs1, Affinity constant of N uptake by roots micromole L-1

for the fast uptake system
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Nam,

Definition

Unit

Affinity constant of N uptake by roots

Kmabs2, micromole L1
for the low uptake system
Maximum crop coefficient for water
kmax; requirements (= MET/PET) ND
Kmin Minimum snow meltlng rate on 21 mm °C-1 day"
December
Parameter of biomass root partitioning:
krepracperm, evolution of the ratio root/total ND
(permanent trophic link)
Parameter of biomass root partitioning:
krepracseu, evolution of the ratio root/total (trophic ND
link by thresholds)
ksol Soil hydrau%lc conductivity in the vicinity ND
of mole drains
kstemflow, Extinction coefficient connecting LAI ND
to stemflow
Extinction coefficient of PAR through
ktrou, the crop (used in the radiative transfer ND
module)
1ai0, Initial leaf area index m? m~2
. LAT above which competition between 9o
laicomp, m*m
plants starts
laidebeff LAI at the beginning of leaf removal m? m~2
laieffeuil, ‘LAI rerpoved from the crop at day m? m-2
juleffeuil
laiplantule, LAI of plantlet at the plantation m? m~2
lairesiduel ; Residual LAI after each cut of forage crop m? m~2
largrogne; Trimmed width m
largtec, Technical width m
latitude, Latitude of the site degree
locferti Soil depth at which fertiliser is applied cm
locirrig Soil depth at which irrigation is applied cm
longsperac, Specific root length cmg!
Ivfront, Root density at the root apex c¢cmcm™
Maximum root length density in the top 3
lvmax, . cm cm
soil (used to calculate root mass)
Root length density (RLD) above which
Ivopt, water and N uptake are maximum cmcem™
and independent of RLD
magrain0; Initial grain dry weight gm™
maperenned, Initial value of biomass of storage organs t ha-!

in perennial crops
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Nam, Definition Unit

Topping occurs when plant height exceeds

margerogner (hautrogne+margerogne) when automatic m
trimming is activated
Initial plant biomass (if the option to

masec0, . p ( P . tha!
simulate N and C reserves is not activated)
Biomass of the plantlet supposed to be

masecmeta, P "+ Supp tha!
composed of metabolic N
Aerial biomass above which N dilution a1

masecNmax, oV . tha
occurs (critical and maximal curves)

masecnp0, Initial aerial biomass tha!

masecplantule, Initial shoot biomass of plantlet tha!

masvolcxg Bulk density of each type of pebble gcm™

max_pdenitg

Maximal value of the denitrification
potential (if code_pdenit =2)

kg ha™! cm™! day™!

maxazoracp

Mineral N concentration in soil above
which root growth is maximum

kg ha™! cm™!

maxtalle,

Maximum tillers density per soil area

nb m~2

min_pdenitg;

Minimal value of the denitrification
potential (if code_pdenit=2)

kgha ! cm™ day!

Mineral N concentration in soil below

i -1 om-1
minazoracp which root growth is reduced kgha™ cm
. Reduction factor on root growth when soil
minefnra, . e . ND
mineral N is limiting (< minazorac)
mouillabil, Maximum wettability of leaves mm m2
mouillabilmulchg Maximum wettability of crop mulch mm t~! ha
. Minimum value of aerial biomass required 71
mscoupeminiy tha
to make a cut of forage crop
. Residual aerial biomass after a cut of a a1
msresiduel forage crop t ha
Mulch depth at which a crust occurs (a
mulchbat, Value. must be given but if in the plt.xml om
the vigueurbat parameter is equal to 1 then
the parameter is inactive)
nbans Number of years for a simulation years
nbeueille, Number of fruit harvests during the crop code, 1 to 2
cycle: 1 =one harvest, 2 = several harvests
nbfeuilplant, Leaf number per plant when planting pl!
Leaf number at the end of the juvenile 1
nbfgellev, e pl
phase (frost sensitivity)
Maximum number of fruits per surface )
nbgrmax;, area m
. Minimum number of fruits per surface 5
nbgrmin, m

area
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Nam, Definition Unit
nbinflo, Imposed number of inflorescences per pl'!
plant
. Number of inflorescences or fruits 4
nbinfloecl . pl
removed at fruit removal
Number of days used to calculate rainfall
nbj_pr_apres_semis requirement to start sowing (if codesemis days
is activated)
nbigerlim Maximum number of days after grain davs
g P imbibition allowing full germination 4
nbigrain Number of days used to compute the davs
Jgrainy number of viable grains 4
Maximum number of days allowed for
nbjmaxapresrecolte harvest (if the soil compaction option is days
activated)
Maximum number of days allowed for
nbjmaxapressemis; sowing (if the soil compaction option is days
activated)
Number of days during which rainfall is
nbjoursrrversirrigg replaced by irrigation in the soil after a days
sowing poquet
nbjres Number of residue additions ND
nbjseuiltempref, I\.Tumbe':r of da}rs w1th01.1t fr.ost fgr sowing days
(if sowing decision option is activated)
nbjtrav, Number of tillage operations ND
Number of boxes or age classes of
nboite, fruits used to calculate fruit growth for ND
undeterminate crops
nbplantes Number of simulated plants ND
NH3ref- NH3 concentration in the atmosphere microgram m™>
. Minimum (fixed ?) NH4 concentration 3
nh4_ming found in soil mg kg
NH4initf, Initial a.mount of NH4-N in each of the soil kg ha™!
layers (in fine earth)
nlevlim1 Number of days after germination after davs
P which plant emergence is reduced 4
. Number of days after germination after
nlevlim2, . . . days
which plant emergence is impossible
Nmeta, Proportion of metabolic N in the plantlet %
. Proportion of mineral N content in organic o
Nminres; residues (FW) %
. Proportion of N mineral content in animal
Nminres_patureg feces (EW) %
NO3initf, Initial amount of NO3-N in each of the soil kg ha™!

layers (in fine earth)
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Nam, Definition Unit
nomy Name of the USM ND
nomsol, Name of the soil ND

Soil organic N content in the first soil layer
Norgg (constant down to the depth profhum, dry %
soil)
Maximal proportion of N in plant reserves
Nreserve, (difference between the maximal and %
critical dilution curves)
numsol Soil number ND
obstarac; Soil depth a-t which rooF growth is stopped om
due to physical constraints
Change in air temperature in the northern
ombragetx. hillslope of mountains (activated if °C
codadret=2)
option_patureg Option to activate grazing in pastures: code, 1 to 2
l1=yes,2=no
orgen Maximal amount of fertilizer N that can be ke ha-1
geNgq immobilized in the soil (fraction for type 8) J
orientrang, Direction of crop rows (relative to north) rad
arazofmorte C/N ratio of dead leaves when crop .
1Y P NNI=1 g8
C/N ratio of perennial organs when crop 1
Parazoper, NNI=1 gg
parazorac, C/N ratio of roots when crop NNI=1 gg!
C/N ratio of dead stems when crop 1
ParazoTmorte, NNI=1 gg
Fraction of photosynthetically active
parsurrge radiation in global radiation (PAR/RG) ND
patm, Atmospheric pressure hPa
penteruig Runoff coefficient taking into account the ND
plant mulch
entinflores Parameter used to calculate Kol
p P the inflorescences number J
pentlaimax, Parameter of the logistic curve of LAI ND
growth
pentrecouv, Parameter of the logistic curve of soil cover ND
rate
Fraction of animal feces and urine not
. returned in grazed paddocks (e.g. in
pertes_restit_ext; . . . ND
resting area, milking parlour, housing and
paths/roads)
. . Maximum grain weight (at 0% water
pgrainmaxi, g

content)
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Nam, Definition Unit
pHOq Initial soil pH (water solution) pH
. Parameter allowing the calculation of the
phiv0c climate under shelter ND
PH beyond which the N20O molar fraction
pHmaxdeng in the denitrification process is minimum pH
(<=ratiodenit)
pHmaxnit, Soil PH above which nitrification rate is pH
maximum
Hmaxvol Soil pH above which NH3 volatilisation H
p G derived from fertiliser is maximum P
PH below which the N20O molar fraction
pHmindeng in the denitrification process is maximum pH
(100%)
pHminnit; Soil pH below which nitrification is nil pH
Hminvol Soil pH below which NH3 volatilisation H
p G derived from fertiliser is nil P
phobase, Basal photoperiod hours
Photoperiod under which the
phobasesen, photoperiodic stress affects the lifespan of hours
leaves
phosat, Saturating photoperiod hours
Hvols Parameter used to calculate the variation H
p G of soil pH after the addition of slurry P
phyllotherme, Thermal durat}on between the apRa[‘lthl’l degree days
of two successive leaves on the main stem
. Minimal amount of rain required to start 1
pINming . o mm day
an automatic N fertilisation
Minimal amount of rain required to create
. a soil crust (a value must be given but if o
pluiebatg . . . mm day
in the plt.xml the vigueurbat parameter is
equal to 1 then the parameter is inactive)
minruis Minimal amount of rain required to mm day-1
p G produce runoff Y
Pns. Density of the new snow kg m~3
otgermi Soil water potential below which seed MPa
potg P imbibition is impeded
primingmax Max1mum‘ Prlmlng ratio (relative to SOM ND
decomposition rate)
prof. Snow cover threshold for snow insulation cm
rofdenit Soil depth at which denitrification is active om
P S (if codedenit is activated)
profdraing Depth of mole drains cm

461



STICS soil-crop model

Nam,

Definition

Unit

profhumg

Maximum soil depth with an active
biological activity

cm

profhumrecolteuse

Soil depth at which moisture is considered
to allow harvesting (if soil compaction
is activated)

cm

profhumsemoir

Soil depth at which moisture is considered
to allow sowing (if soil compaction
is activated)

cm

profimperg

Upper depth of the impermeable layer
(from the soil surface)

cm

proflabourg

Minimal soil depth for ploughing
(if soil compaction is activated)

cm

profmes

Depth of measurement of the soil water
reserve

cm

profnod,

Maximum depth at which N2 fixation
by legume crops is possible

cm

profres

Upper depth of organic residue
incorporation

cm

profsem

Depth of sowing

cm

proftrav;

Maximum depth affected by soil tillage

cm

proftravming

Minimal soil depth for chisel tillage
(if soil compaction is activated)

cm

prophumtassrecg

Soil moisture content (fraction of field
capacity) above which compaction may
occur and delay harvest

ND

prophumtasssem

Soil moisture content (fraction of field
capacity) above which compaction may
occur and delay sowing

ND

propjgermin,

Minimal fraction of the duration nbjgerlim
when the temperature is higher than the
temperature threshold Tdmax

%

propracg

Ratio of root mass to aerial mass at harvest

ND

propracfmax,

Fraction of fine roots emitted in the layer
0-1 c¢m (in length, maximum value
over the root profile)

ND

Propres;

Maximal fraction of the biomass reserves
that can be mobilized from aerial organs
in all crops

ND

propresP;

Maximal fraction of the biomass reserves
that can be mobilized from storage organs
in perennials

ND

PropresPN,

Maximal fraction of the N reserves that
can be mobilized from storage organs
in perennials

ND
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Nam, Definition Unit
psO; Initial density of the snow cover kg m~3
psihuce, Soil water poFential corresponding MPa

to field capacity
psihuming Soil sz?ter pqtential corresponding MPa
to wilting point
sisto Potential of stomatal closing bars
p P (absolute value)
situr Potential of the beginning of decrease bars
P Ee of the cellular extension (absolute value)
0 Cumulative soil evaporation above which mm
Ps evaporation rate is decreased
Q10 used for the dormancy break
10 calculation ND
gmulchdecg Maximal amount of decomposable mulch tha!

. Amount of mulch above which runoff .
gmulchruisOg is suppressed tha
QNperenne0, Initial v'alue of m'trogen amount in storage kg ha"!

organs in perennial crops
Initial N amount in the plant
QNplante0; (if the option to simulate N and C reserves tha!
is not activated)
Initial N amount in non-perennial organs
Npl ! -1
QNplantenp0; of the plant kg ha
. Minimal amount of N in the plant required
QNpltminINN to compute INN P 1 kg ha™!
res Mass of organic residues added to soil t ha-l
qresy (fresh weight)
Total amount of mineral N fertilizer 1
Qtot Ny applications kg ha
Aerodynamic resistance
rac (used in volatilization module with sm!
the PET approach)
rapdia, Rfltlo of coarse roots diameter to fine roots ND
diameter
Ratio of thickness to width of the crop
rapforme, shape (negative when the base of the form ND
< top)
Slope of the linear relationship between
rapNmindec the fraction of mineral N available 1
P G for residue decomposition and the amount 8
of C in decomposing residues
Threshold soil water content active
rapsenturg, to simulate water senescence stress as ND

a proportion of the turgor stress
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Nam, Definition Unit
. . Fraction of N2 i it of
ratiodenit, dt:;lcig?ge(:i N20 emitted per unit of N ND
Life span of early leaves expressed
ratiodurviel, as a fraction of the life span of the last ND
leaves emitted DURVIEF
Water stress index below which irrigation
ratiol is started in automatic mode ND
(0 in manual mode)
Nitrogen stress index below which
ratiolNg fertilisation is started in automatic mode ND
(0 in manual mode)
rationit if;clgzg of N20 emitted per unit of N ND
. Fraction of senescent biomass
ratiosen, . . ND
(relative to total biomass)
rayon, Average radius of the roots cm
rdraing Radius of the mole drains cm
remobres, Fraction of daily remobilisable C reserves day!
Maximum root biomass relative to total
repracpermaxp, . S ND
biomass (permanent trophic link)
. Minimum root biomass relative to total
repracpermin, . - ND
biomass (permanent trophic link)
repracseumax Maximum root biomass relative to total ND
P P biomass (trophic link by thresholds)
repracseumin Minimum root biomass relative to total ND
P P biomass (trophic link by thresholds)
Parameter 1/2 used to calculate profres
resk; (if code_auto_profres =2): profres = proftrav cm™?
*(1-exp(-resk.(proftrav-resz))
resplmax, Maximal reserve of biomass tha!
. T f idue: hol
ressuite; ype of crop residue: roots / who e_crop / ND
straw+roots / stubble+roots / prunings
Initial biomass of metabolic reserves a1
restempO, . . tha
in the perennial organs
restit,; Option of restitution in case of pasture code, 1 to 2
yes (1), no (2)
Parameter 2/2 used to calculate profres
resz (if code_auto_profres =2): profres = proftrav cm
*(1-exp(-resk.(proftrav-resz))
rsmin, Minimal stomatal resistance of leaves sm™!
RTD, Root tissue density gcm™
. Roughness length of bare soil after chisel
rugochisel m

tillage (if soil compaction is activated)
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Nam, Definition Unit
Roughness length of bare soil after
rugolabour mouldboard ploughing (if soil compaction m
is activated)
. Fraction of runoff (relative to total rainfall)
ruisolnug . . ND
in a bare soil
scale_tdenitopt, Parameter related to. the range of optimum ND
temperature for denitrification
scale_tnitopt Parameter related‘to. the range of optimum ND
temperature for nitrification
SdepthO, Initial snow cover depth m
Sdrv0 Initial water in solid state mm
Yo in the snow cover
seap Specific area of fruit envelops cm? g1
sensanox, Inde?( of anox1?\ §en51t1v1ty (0 =insensitive, ND
1 =highly sensitive)
. Index of photoperiod sensitivity
sensiphot, (1 =insensitive, 0= highly sensitive) ND
sensrsec, Inde'x of r(?o't sen51t1Y1ty to drqught ND
(1 =insensitive, 0 = highly sensitive)
separateurrapportg Column separator in rapport.sti file ND
. imal value of LAI+LAI
seuilLAlapex,, i/[:;: II:::( i\;a>u§ of LAL+LAlapex when m? m~2
. Relative transpiration threshold 3
seuilmortalle, . . mm day
to calculate tiller mortality
. Tiller density below which the entire )
seuilreconspeupl, . . m
population will not be regenerated
sigmadistalle, Param?ter used for calculating tiller ND
mortality (gamma law)
Maximum SLA (specific leaf area) 9 1
slamax, cm* g
of green leaves
. Minimum SLA (specific leaf area) 9 1
slamin, cm®g
of green leaves
Maximal sources/sinks value allowing
spfrmax;, . . . ND
the trophic stress calculation for fruit onset
spfrmin Minimal sources/sinks value allowing ND
P P the trophic stress calculation for fruit onset
. Maximal sources/sinks value allowing
splaimax; . , ) ND
the trophic stress calculation for leaf growing
splaimin Minimal value of ratio sources/sinks ND
P P for the leaf growth
stade0, Crop stage at the beginning of simulation ND
Equivalent stage in BBCH-scale
stadebbchamf, (amf'=maximum acceleration of leaf ND

growth, end of juvenile phase)
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Nam, Definition Unit
Equivalent stage in BBCH-scale
stadebbchdebdes, (debdes = date of onset of water dynamics ND
in harvested organs)
Equivalent stage in BBCH-scale (drp =
stadebbchdrp, starting date of filling of harvested organs) ND
stadebbchfindorm, Equivalent stage in BBCH-scale ND
(end of dormancy)
stadebbchflo, Equivalent stage in BBCH-scale (flowering) ND
stadebbchger, EqulvglenF stage in BBCH-scale ND
(germination)
Equivalent stage in BBCH-scale
stadebbchlax, (lax = maximum leaf area index, ND
end of leaf growth)
stadebbchlev, Equivalent stage in BBCH-scale ND
(emergence)
stadebbchmat, Equivalent stage in BBCH-scale (maturity) ND
stadebbchnou, Equivalent stage in BBCH-scale (fruit set) ND
stadebbchplt, Equivalent stage in BBCH-scale (sowing) ND
stadebbchrec, Equivalent stage in BBCH-scale (harvest) ND
stadebbchsen, Equivalent stage in BBCH-scale ND
(senescence)
stadecoupedf Stage of automatic cut for forage crops ND
Phenological stage for ending automatic
stage_end_irrigauto irrigations (plt, ger, lev, amf, lax, drp ,flo, ND
sen, rec, mat, debdorm, findorm)
Phenological stage for starting automatic
stage_start_irrigauto irrigations (plt, ger, lev, amf, lax, drp ,flo, ND
sen, rec, mat, debdorm, findorm)
Cumulative thermal time between
the stages AMF (maximum acceleration of
stamflax, leaf growth, end of juvenile phase) degree days
and LAX (maximum leaf area index,
end of leaf growth)
stdnofno Cumulative thermal time between the degree davs
P beginning and the end of nodulation & 4
Cumulative thermal time between the
stdordebour, dormancy break and the bud break degree days
Cumulative thermal time between the DRP
stage (starting date of filling of harvested
stdrpdes, organs) and DEBDES (date of onset of degree days
water dynamics in harvested organs)
Cumulative thermal time between
stdrpmat, the stages DRP (starting date of filling degree days

of harvested organs) and MAT (maturity)
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Nam,

Definition

Unit

stdrpnou,

Cumulative thermal time between
the stages DRP (starting date of filling
of harvested organs) and NOU

(end of setting)

degree days

stemflowmax,

Maximal fraction of rainfall flowing down
along the stems

ND

stflodrp,

Cumulative thermal time between FLO
(anthesis) and DRP (starting date of filling
of harvested organs) (only for indication)

degree days

stfnofvino,

Cumulative thermal time between
the end of the nodulation and the end
of the nodule life

degree days

stlaxsen,

Cumulative thermal time between

the stages LAX (maximum leaf area index,
end of leaf growth) and SEN (beginning
of leaf senescence)

degree days

stlevamf,

Cumulative thermal time between

the stages LEV (emergence) and AMF
(maximum acceleration of leaf growth,
end of juvenile phase)

degree days

stlevdno,

Cumulative thermal time between
emergence and the beginning
of nodulation

degree days

stlevdrp,

Cumulative thermal time between
the stages LEV (emergence) and DRP
(starting date of filling of harvested organs)

degree days

stoprac,

Stage when root growth stops

(LAX = maximum leaf area index,
end of leaf growth or SEN=beginning
of leaf senescence)

ND

stpltger,

Cumulative thermal time allowing
germination

degree days

stressdev,

Maximum phasic delay allowed due
to stresses

ND

stsenlan,

Cumulative thermal time between the
stages SEN (beginning of leaf senescence)
and LAN

degree days

stubblevegratio

Fraction of unharvested biomass stubble
to vegetative biomass at harvest

ND

sucrerecy

Minimal sugar concentration at harvest
(/ fresh matter)

gg ' FW

surfapex,

Equivalent surface of a transpiring apex

surfouvrel

Relative area of the shelter opened
the first day of opening

ND

surfouvre2

Relative area of the shelter opened the
second day of opening

ND
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Nam, Definition Unit
Relative area of the shelter opened the
surfouvre3 S . P ND
third day of opening
Initial water in liquid state in the snow
Swet0, mm
cover
. Minimal value for drought stress index
swfacmin, ND
(turfac, swfac, senfac)
SWrf, Degree‘ day temperature index for snow mm °C-! day™!
refreezing
tauxexportfauche; Fraction of cut which is exported ND
tauxmortresP, Mortality rate of perennial organs day!
Soil cover rate corresponding to the
tauxrecouvkmax, maximal crop coefficient for water m? m~2
requirement (plant surface / soil surface)
Maximal soil cover rate (plant surface / soil 9 o
tauxrecouvmax, m?m
surface)
Maximum temperature at which growth .
tcmax, C
ceases
. Minimum temperature at which growth .
tcmin, C
ceases
texstop, Temperature beyond which foliar growth oC
stops
tdebgel, Temperature below which frost affects oC
plant growth
tdenitopt_gaussg Optimum temperature for denitrification °C
tdmax, Maximum temperature above which oC
development stops
Maximal temperature for hourly
tdmaxdeb, calculation of phasic duration between °C
dormancy and bud breaks
tdmin, Minimum temperature below which oC
development stops
Minimal thermal threshold for hourly
tdmindeb, calculation of phasic duration between °C
dormancy and bud breaks
Optimal temperature for calculation of
tdoptdeb, phasic duration between dormancy and °C
bud breaks
Maximal temperature above which plant .
temax, C
growth stops
temin, Minimum temperature for development °C
Increase in fruit dehydration rate due
tempdeshyd, to the increase in crop temperature % °C~!

(Tcult-Tair)
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Nam, Definition Unit
Cumulative thermal time between two cuts
tempfauche; degree days
of forage crops
Temperature parameter (1/4) used to .
tempnod1, calculate N fixation by legumes c
Temperature parameter (2/4) used to .
tempnodz, calculate N fixation by legumes c
Temperature parameter (3/4) used to R
tempnod3, calculate N fixation by legumes c
Temperature parameter (4/4) used to
4 o,
tempnodd, calculate N fixation by legumes ¢
teopt, ;[;zlvrtr;al temperature (1/2) for plant oC
teoptbis, ;zir;al temperature (2/2) for plant o
tfroid, Optimal temperature for vernalisation °C
PP
tgelflo10, Temperature resulting in 10/) of frost o
damages on flowers and fruits
e ono
tgelflo90, Temperature resulting in 90‘%; of frost o
damages on flowers and fruits
. Temperature resulting in 10% of frost .
tgeljuvioy damage on LAI (juvenile stage) c
. Temperature resulting in 90% of frost .
tgeljuva0y damage on LAI (juvenile stage) c
PP
tgellevi0, Temperature resulting in 10% of frost oC
damages on plantlet
e ono
tgellev90, Temperature resulting in 90% of frost o
damages on plantlet
Temperature resulting in 10% of frost .
tgelveg10, damage on LAI (adult stage) ¢
Temperature resulting in 90% of frost .
tgelvegd0, damage on LAI (adult stage) c
. Minimum temperature below which .
tgmin, ) C
emergence is stopped
tigefeuil, Ratio stem (structural part)/leaf ND
tigefeuilcoupe, 51211;1; sgtzr;; (structural part)/leaf on the ND
tletale, Lethal temperature for the plant °C
Maximal temperature above which grain .
tmaxremp, . C
filling stops
. Maximum temperature when snow cover .
tmaxseuil - . C
is higher than prof
Tmf- Threshold temperature for snow melting °C
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Nam, Definition Unit
. . — Minimal temperature for decomposition .
tmin_mineralisationg . . C
of humified organic matter
. Minimal temperature below which grain .
tminremp, . C
filling stops
. . Minimum temperature when snow cover .
tminseuil - . C
is higher than prof
. Maximal temperature above which .
tnitmax D C
nitrification stops
T Minimal temperature below which .
tnitming s . C
nitrification stops
tnitoptg Optimal temperature (1/2) for nitrification °C
tnitopt_gaussg Optimal temperature (1/2) for nitrification °C
tnitopt2 Optimal temperature (2/2) for nitrification °C
Transmission coefficient
transplastic D
P T of the plastic shelter N
f f iti
trefhg Re erence temperz.ature or decomposition oC
of humified organic matter
trefrg Referenc.e terr}perature for decomposition oC
of organic residues
Maximum air temperature (tmax)
trmax. above which all precipitation is assumed °C
to be rain
Maximum air temperature (tmax)
tsmax. below which all precipitation is assumed °C
to be snow
Water stress index (min(turfac,inns))
tustressmin, below which there is an extra LAI ND
senescence
Pebbles type: 1 =Beauce limestonel,
2 =Beauce limestone, 3 = Lutetian
limestone, 4 = Lutetian Brackish marl and
typecaillouxg limestone, 5= morainic gravels, ND
6 = unweathered flint, sandstone or
granite, 7 = weathered granite, 8 =Jurassic
limestone 9 = Pebbles from Magneraud
typsolg Soil type ND
udlaimax, Ulai from which the rate of leaf growth ND
decreases
upvttapl Thermal time from emergence dearee davs
pvttapir (UPVT units) driving irrigation & 4
Thermal time from emergence
upvttapN
p PRr (UPVT units) driving fertilization degree days
usmy Name of the USM ND

470



Definition of symbols

Nam, Definition Unit
N uptake rate at which fertilizer loss a1 o
Vabs2g is divided by 2 kg ha™" day
variete, Cultivar nl}mber com‘respondmg ND
to the cultivar name in the plant file
vigueurbat, Plant vigor 1r}dex allowing to emerge ND
through a soil crust
- Rate of increase of the N harvest index a1
vitirazo, Vs time gg*day
. Rate of increase of the C harvest index 1
vitircarb, vs time g gt day
- fi f the C h i
vitircarbT, ﬁ:f n(:allrtlicnrliase of the C harvest index vs g g degree days-!
Rate of increase of the potential biological

vitno, fixation rate after nodule onset, per unit nb degree days™
of thermal time

vitprophuile, Rate of increase of oil harvest index vs time gg ! day!

. Rate of increase of sugar harvest index a1
vitpropsucre, vs time gsugar g' day
vitreconspeupl, Rate of regeneration of the tiller population °C!
viaimax Ulai at the inflexion point of the function ND

P DELTAI=f(ULAI)
Vmax1, Maximum sPeaﬁc N uptake rate with micromole em-1 h-1
the low affinity transport system
Vmax2, Max1mum spgmﬁc N uptake rate with micromole cm-! h-1
the high affinity transport system
vnitmax Maximum nitrification rate (if Michaelis- me ke-! day-!
G Menten formalism is used) £X8 Y
volen Maximal fraction of mineral fertilizer ND
gs that can be volatilized
. Potential rate of denitrification a1 o
vpotdenit for the whole denitrifying layer kg ha™ day
wdataly Name of the first climate file ND
wdata?2; Name of the last climate file ND
WEPS (Water filled porosity space)
wfpscg threshold above which denitrification ND
occurs
Whg N/C ratio of soil humus gg!
Xoremax Maximal amount of N immobilised in soil ke ha-!
g G derived from the mineral fertilizer &

Omsrac Minimal amount of root mass at harvest t ha-l

y G (when aerial biomass is nil)
Carbon assimilation yield by the
yresg microbial biomass during crop residues ND

decomposition

471



STICS soil-crop model

Nam, Definition Unit

z0solnug Roughness length of bare soil m
Maximal soil depth affected by soil

ZesXg . cm
evaporation

zlabour, Depth of ploughing (reference profile) cm

Zpente Depth at which root density is 50% of om

P P the surface root density (reference profile)
zorlim Maximum depth of the root profile om
P P (reference profile)

Reference height of meteorological data

Zr; m
measurement

zracO, Initial depth of root apex of the crop cm

zracplantule, Initial depth of root apex of the plantlet cm

» 17.2 Definition of output variables

Name Definition Unit

abso(n) N uptake rate by the crop kg ha™! day!

age_prairie Age of the forage crop since sowing year

airg(n) Daily amount of irrigation water mm day!

albedolai Albedo.of the crop including soil and ND
vegetation

allocfruit Allocation ratio of assimilates to the fruits Oto1l

amm_1 30 Amount of NH4-N in the soil layer 1 to kg ha!
30 cm

amm_31_60 Amount of NH4-N in the soil layer 31-60 kg ha™!
cm

amm_61_90 Amount of NH4-N in the soil layer 61-90 kg ha™!
cm
Amount of NH4-N in soil over the depth 3

ammomes kg ha
profmes
Mean daily temperature range (tcult)

amptcultmat during the reproductive phase °C
(stages lax - rec)

anit(n) Daily amount of fertiliser-N added to crop kg ha™! day™!

anit_engrais(n) Daily nitrogen provided by fertiliser kgN ha1j!

anit_uree(n) Amount .of animal urine returned kN ha1j!
to the soil

anoxmoy Index of anoxia over the root depth Oto1l

AZamm(1) Amount of NH4-N in soil layer 1 kg ha™!

AZamm(2) Amount of NH4-N in soil layer 2 kg ha!

AZamm(3) Amount of NH4-N in soil layer 3 kg ha!
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Name Definition Unit
AZamm(4) Amount of NH4-N in soil layer 4 kg ha™!
AZamm(5) Amount of NH4-N in soil layer 5 kg ha™!
azlesd Pally amou.nt of NO3-N leached kg ha-! day-!

in mole drains
AZnit(1) Amount of NO3-N in soil layer 1 kg ha™!
AZnit(2) Amount of NO3-N in soil layer 2 kg ha™!
AZnit(3) Amount of NO3-N in soil layer 3 kg ha™!
AZnit(4) Amount of NO3-N in soil layer 4 kg ha™!
AZnit(5) Amount of NO3-N in soil layer 5 kg ha™!
azomes Amount of NO3-N in soil ke ha-l
over the depth profmes &
azsup_by_horizon(1) Lixiviation under the horizon 1 kgN ha™!
azsup_by_horizon(2) Lixiviation under the horizon 2 kgN ha™!
azsup_by_horizon(3) Lixiviation under the horizon 3 kgN ha~!
azsup_by_horizon(4) Lixiviation under the horizon 4 kgN ha™!
azsup_by_horizon(5) Lixiviation under the horizon 5 kgN ha!
azsup_under_profmes Lixiviation under the depth keN ha-!
of measurement profmes
Index showing if the shrinkage slots
bouchon are opened (0) or closed (1) code, 0to 1
Amount of C in the microbial biomass
Cb decomposing organic residues mixed kg ha™!
with soil
Amount of C in the microbial biomass
Cbmulch decomposing organic residues at soil kg ha!
surface (mulch)
Cumulative amount of N needed a1
cdemande by the plant (plant needs) kg ha
Total evaporation (water evaporated by
cEdirect the soil + intercepted by leaves and mulch) mm
integrated over the cropping season
Total evaporation (water evaporated by
cEdirecttout the soil + intercepted by leaves and mulch) mm
integrated over the simulation period
Cumulative transpiration
cep ) mm
over the cropping season of plant 1
Cumulative transpiration over the
cep2 . mm
cropping season of plants 1 and 2
Cumulative evaporation
ces . mm
over the cropping season
Cumulative evaporation
cestout mm

over the simulation period
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Name Definition Unit
Cumulative evapotranspiration over
cet_from_lev the cropping season (from emergence mm
or budbreak)
Cumulative evapotranspiration
cet_from_plt over the cropping season (from planting mm
or budbreak)
Cumulative evapotranspiration
cet . mm
over the cropping season
Cumulative maximum evapotranspiration
cetm . mm
over the cropping season
Cetmtout CumulatlYe maximum gvapotransplratlon mm
over the simulation period
cet Cumulative potential evapotranspiration mm
P (PET) over the cropping season
chargefruit Number of filling grains or ripe fruits m™2
Chuma Amou.nt of active C in humified kg ha™!
organic matter
Chumi Amou.nt of inert C in humified kg ha-!
organic matter
Chumt Amf)unt 9f Cin hul.mﬁed organic matter kg ha™!
(active + inert fractions)
. Cumulative amount of rain intercepted
cintermulch mm
by the mulch
. . Cumulative amount of rain intercepted
cinterpluie mm
by the leaves
Cmulch Amount of C in the whole plant mulch kg ha™!
Cmulchdec Amount of C in the decomposable mulch kg ha™!
Cmulchnd Amount of C in the non decomposable kg ha™!
mulch
CNgrain N concentration in fruits % dry weight
Amount of C in the undecomposable 1
Cnondec(T) mulch made of residues of type 1 kgha
Amount of C in the undecomposable a1
Cnondec(10) mulch made of residues of type 10 kg ha
Amount of C in the undecomposable 3
Cnondec(2) mulch made of residues of type 2 kg ha
Amount of C in the undecomposable 3
Cnondec(3) mulch made of residues of type 3 kgha
Amount of C in the undecomposable
4 -1
Cnondec(4) mulch made of residues of type 4 kg ha
Amount of C in the undecomposable 3
Cnondec(5) mulch made of residues of type 5 kg ha
Cnondec(6) Amount of C in the undecomposable kg ha™!

mulch made of residues of type 6
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Name Definition Unit

Amount of C in the undecomposable 1

Cnondec(7) mulch made of residues of type 7 kg ha
Amount of C in the undecomposable 3

Cnondec(8) mulch made of residues of type 8 kg ha
Amount of C in the undecomposable .

Cnondec(9) mulch made of residues of type 9 kg ha

CNplante N concentration in the aboveground plant % dry weight
Atmospheric CO2 concentration

co2(n) above 330 ppm ppm
Daily amount of CO2-C emitted due to o o

CO2hum the mineralisation of soil humus kg ha™" day

CO2res Daily ?moupt qf CO2-C err?lttedbdue to kg ha-! day!
the mineralisation of organic residues

CO2sol Dfnly arflou‘nt of CO2-C emitted slue tQ soil kg ha! day!
mineralisation (humus and organic residues)

codebbch_output Code of the bbch stage (see plant file) 0to 99

concN_W_drained

Daily nitrate concentration
in drainage water

mg NO3 1! day

concNO3les Nitrate concentration in drained water mg NO3 1!
concNO3sol(1) Nitrate concentration in soil layer 1 mg NO3 1!
concNO3sol(2) Nitrate concentration in soil layer 2 mg NO3 1!
concNO3sol(3) Nitrate concentration in soil layer 3 mg NO3 1!
concNO3sol(4) Nitrate concentration in soil layer 4 mg NO3 1!
concNO3sol(5) Nitrate concentration in soil layer 5 mg NO3 1!
condenit Ratio of actual to potential denitrifying rate Otol
couvermulch Cover ratio of mulch Oto1l
. Cumulative amount of rain
cpluie . . ) mm
over the simulation period
cprecip Sel;rsr:)lﬁa}tlve \‘vefter‘suppl'y o‘ver‘the cropping mm
precipitation + irrigation)
. Cumulative water supply over the simulation
cpreciptout . o R mm
period (precipitation + irrigation)
Cr Amount of C in organic residues mixed ke ha-1
with soil in the prothum layer &
. . Amount of C in residues over the soil 4
Cresiduprofil(1) depth profhum in the residue type 1 kg ha
. . Amount of C in residues over the soil 3
Cresiduprofil(10) depth profhum in the residue type 10 kg ha
. . Amount of C in residues over the soil
fil(2 -1
Cresiduprofil(2) depth profhum in the residue type 2 kg ha
Cresiduprofil(3) Amount of C in residues over the soil kg ha™!

depth profhum in the residue type 3

475



STICS soil-crop model

Name Definition Unit
. . Amount of C in residues over the soil
fil(4 ! -1
Cresiduprofil(4) depth profhum in the residue type 4 kg ha
. . Amount of C in residues over the soil 1
Cresiduprofil(5) depth profhum in the residue type 5 kg ha
. . Amount of C in residues over the soil 1
Cresiduprofil(6) depth profhum in the residue type 6 kg ha
. . Amount of C in residues over the soil 4
Cresiduprofil(7) depth profhum in the residue type 7 kg ha
. . Amount of C in residues over the soil
fil kg ha!
Cresiduprofil(8) depth profhum in the residue type 8 <6 ha
. . Amount of C in residues over the soil
fil -1
Cresiduprofil(9) depth profhum in the residue type 9 kg ha
crg Cumulative gl(?bal radiation MJ m2
over the cropping season
crgtout CumulatlYe glob.al radla’tlon M) m-2
over the simulation period
Amount of C in deep organic residues 3
Crprof mixed with soil (below the profhum depth) kg ha
Crtout Total amount of C in orga.mc residues kg ha™!
present over the whole soil profile
CsurNrac C/N ratio of living roots gg!
CsurNracmort C/N ratio of dead roots (cumulative) gg!
CsurNres_pature C/N ratio of residues in case of pasture gg!
C/N ratio of soil organic matter 3
CsurNsol in the profhum layer &8
ctairtout CumulatlYe air t.empera'ture (tair) oC
over the simulation period
cteult Cumulative crc')p temperature (tcult) oC
over the cropping season
cteulttout CumulatlYe crop tempe‘rature (tcult) oC
over the simulation period
ctetptout Cumulative pot‘entlal ‘evapotr'ansplratlon mm
(pet) over the simulation period
Cumulative air temperature .
ctmoy . C
over the cropping season
Cumulative maximum evapotranspiration
cum_et0_from_lev over the cropping season from germination mm
or budbreak (eop+eos)
Cumulative maximum evapotranspiration
cum_et0 ) mm
over the cropping season (eop+eos)
Cumulative amount of N immobilised
cum_immob_positif by the microbial biomass decomposing kg ha™!

residues (positive value)
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Name Definition Unit
Cumulative amount of N immobilised
cum_immob by the microbial biomass decomposing kg ha™!
residues
Cumulative length of active roots )
cumlracz . cm cm
per soil surface
cumraint Cumulative intercepted radiation MJ m~2
cumr Cumulative global radiation M) m-2
9 during the stage sowing-harvest
cumvminh Daily amount of N mineralised kg ha~! day-!
from humus
cumvmine Daily amou‘nt of N mineralised kg ha-! day-!
from organic residues
Bulk density of the layer 1 (recalculated 3
da(m by the model if codeDSTtass is 1) gem
Bulk density of the layer 2 (recalculated 3
da(2) by the model if codeDSTtass is 1) gem
date_irrigations(1) Date of irrigation julian day
date_irrigations(10) Date of irrigation julian day
date_irrigations(11) Date of irrigation julian day
date_irrigations(12) Date of irrigation julian day
date_irrigations(13) Date of irrigation julian day
date_irrigations(14) Date of irrigation julian day
date_irrigations(15) Date of irrigation julian day
date_irrigations(16) Date of irrigation julian day
date_irrigations(17) Date of irrigation julian day
date_irrigations(18) Date of irrigation julian day
date_irrigations(19) Date of irrigation julian day
date_irrigations(2) Date of irrigation julian day
date_irrigations(20) Date of irrigation julian day
date_irrigations(21) Date of irrigation julian day
date_irrigations(22) Date of irrigation julian day
date_irrigations(23) Date of irrigation julian day
date_irrigations(24) Date of irrigation julian day
date_irrigations(25) Date of irrigation julian day
date_irrigations(26) Date of irrigation julian day
date_irrigations(27) Date of irrigation julian day
date_irrigations(28) Date of irrigation julian day
date_irrigations(29) Date of irrigation julian day
date_irrigations(3) Date of irrigation julian day
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Name Definition Unit
date_irrigations(30) Date of irrigation julian day
date_irrigations(4) Date of irrigation julian day
date_irrigations(5) Date of irrigation julian day
date_irrigations(6) Date of irrigation julian day
date_irrigations(7) Date of irrigation julian day
date_irrigations(8) Date of irrigation julian day
date_irrigations(9) Date of irrigation julian day
day_after_begin_simul Nurpber o‘f days from the beginning days
of simulation

day_after_emergence Number of days after emergence days

day_after_sowing Days after sowing or planting days

day_cut Cut day julian day
Change in C amount in microbial

DCbmulch biomass decomposing mulch between the kg ha™!
beginning and the end of simulation

DChumt Change in hgm{ﬁed organic C in soil . kg ha™!
between beginning and end of simulation

DCmulch Change in @ulch C between the beginning kg ha™!
and end of simulation

DCr Cha'n'ge in C of organ%c res@ues between kg ha™!
begining and end of simulation
Change in deep root C between a1

DCrprof the beginning and end of simulation kg ha

deltai(n) Daily increase in green leaf index m? m-? day-!
per soil surface

deltaz Rate of deepening of the root front cm day™!

demande Daily N retqulrement of the plant kg ha-! day!
to maximise crop growth

demandeper Daily N requlr.en?ent of the perennial kg ha-! day-!
organs to maximise crop growth

demanderac Daily N rejqulrementof the roots kg ha-! day-!
to maximise crop growth
Daily N requirement of the plant

demandetot to maximise crop growth kg ha™! day™!
after susbtracting N fixation

densite Actual sowing density plants m~2

. . Equivalent plant density Dy

densiteequiv for the understorey crop plants m

dfol Within the shape leaf density m?m™3
Mean difference between crop and air

diftemplintercoupe temperatures during the vegetative phase °C

(emergence - maximum LAI)
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Name Definition Unit

Mean difference between crop and air

diftemp2intercoupe temperatures during the reproductive °C
phase (maximum LAI - maturity)

dltags Daily growth rate of the plantlets tha-!day!

ditaisen Pally change in the senescent leaf area m? m-? day-1
index

ditams(n) Daily growth rate of the plant tha™! day™!

dltamsen Daily senescence rate of the plant tha ! day!

dltaremobil Daily a@ount of perennial reserves t ha-! day’l
remobilised

ditaremobilN Daily ax.n}ount of perennial N reserves kg ha~! day-!
remobilised
Pour sorties ArchiSTICS: biomasse )

dlitmsrac_plante . : . g m? sol
journaliere allouee aux racines
Change in biomass N associated

DNbmulch with the mulch between beginning kg ha™!
and end of simulation

DNhumt Change in hgmlﬁed organic N in soil . kg ha-l
between beginning and end of simulation

DNmulch Change in n}ulch N between beginning kg ha-!
and end of simulation
Change in N of organic residues between 4

DN begining and end of simulation kg ha
Change in N of deep dead roots between a1

DNrprof begining and end of simulation kg ha
Change in N content of the two plants

DQNtot2 (aerial + root + perennial organs) between kg ha™!
beginning and end of simulation
Cumulative amount of water drained at

drain_from_lev the base of the soil profile during the crop mm
cycle (emergence or budbreak to harvest)
Cumulative amount of water drained at

drain_from_plt the base of the soil profile during the crop mm
cycle (planting to harvest)

. Daily amount of water drained at the base 1

drain . mm day
of the soil profile
Cumulative amount of water drained at the

drat base of the soil profile during mm
the simulation period

drlsenmortalle Root biomass corresponding to dead tillers tha ! day!
Change in soil mineral N between n

DSMN beginning and end of simulation kg ha

DSOC Change in soil organic C (without residues) kg ha™!

between beginning and end of simulation
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Name Definition Unit

Change in total soil organic C

DSOCtot (with residues) between beginning kg ha™!
and end of simulation
Change in soil organic N

DSON (without residues) between beginning kg ha™!
and end of simulation
Change in total soil organic N

DSONtot (with residues) between beginning kg ha™!
and end of simulation

DSTN Change in toFal §011 N (mineral + orgar}lc) kg ha™!
between beginning and end of simulation

dtj(n) Thermal time for root growth °Cd

dureehumec Number of hours which are Wet (rainy days hour
or days when tcult < dew point)
Number of night hours during which

RH h

duree relative humidity exceeds a 90% threshold our

durvie(n) Actual life span of the leaf surface °C

eai Equilvalent leaf area for ear m? m~2
Maximum radiation use efficiency during 71

ebmax_gr the vegetative stage (AMF-DRP) gM

ebmax Maximum value of radiation use efficiency cg MJ!

. Daily amount of water evaporated by 1
Edirect the soil + intercepted by leaves and mulch mm day
ofda Reduction factor on root growth due to 0to 1

physical constraint (through bulk density)
efdensite_rac Density factor on root growth Oto1
efdensite Density factor on leaf area growth Oto1l
efNrac_mean Redqctlon factor on rooF growth rate due 0to1
to mineral N concentration
em_N20 Daily amount of N2O-N emitted from soil kg ha™! day™!
em_N20den Daily am9unt F)f N20O-N emitted from soil kg ha~! day-!
by denitrification
em_N20nit Dall}.’ a'mouflt of N20-N emitted from soil kg ha-! day-!
by nitrification
Emd Daily amour.lt of watefr directly evaporated mm day-1
after leaves interception
emulch Daily amour?t of wate}r directly evaporated mm day-!
after mulch interception
Intermediary variable for the computation 1
eo o mm day
of evapotranspiration
eop Daily maximum transpiration flux mm day!
eos Daily maximum evaporation flux mm day~!
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Name Definition Unit
ep Daily actual transpiration flux mm day~!
epc_recal(1) Thickness of the soil layer 1 (recalculated om

pe- by the model if codeDSTtass is 1)
epc_recal(2) Thickness of the soil layer 2 (recalculated om
pc. by the model if codeDSTtass is 1)
epc_recal(3) Thickness of the soil layer 3 (recalculated om
pe by the model if codeDSTtass is 1)
epc_recal(4) Thickness of the soil layer 4 (recalculated om
pe by the model if codeDSTtass is 1)
epc_recal(5) Thickness of the soil layer 5 (recalculated om
pe by the model if codeDSTtass is 1)
epsib Radiation use efficiency tha ! MJ~ ! m?
esol Daily actual soil evaporation flux mm day!
et Daily evapotranspiration (esol + ep) mm day~!
ot0 Daily maximun evapotranspiration flux mm
(transpiration + soil evaporation)
etm_etrimoy Etm/etr ratio on the vegetative phase Otol
etm_etr2moy Etm/etr ratio on the reproductive phase Otol
otm Daily maximum evapotranspiration mm dav-1
(esol + eop) Y
Daily potential evapotranspiration as given =
etpp(n) by the formula of Penman mm day
etr_etmImoy Etr/etm ratio on the vegetative phase Oto1l
etr_etm2moy Etr/etm ratio on the reproductive phase Oto1l
exces() Amount of water in the macroporosity mm
of the layer 1
exces(2) Amount of water in the macroporosity mm
of the layer 2
exces(3) Amount of water in the macroporosity mm
of the layer 3
exces(4) Amount of water in the macroporosity mm
of the layer 4
exces(5) Amount of water in the macroporosity mm
of the layer 5
exobiom Reduction factor on biomass growth 0to 1
due to water excess
exofac Waterlogging index Oto1l
Mean value of the waterlogging index
exofacTmoy during the vegetative stage (emergence - Otol
fruit establishment)
Mean value of the waterlogging index
exofac2moy during the reproductive stage (fruit Otol

establishment - maturity)
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Name Definition Unit
. Reduction factor on leaf growth due
exolai Otol
to water excess
fapar Proportion of the radiation intercepted Oto1l
fco? Spec1e—dgpendant CO2 effect on radiation ND
use efficiency
fco2s Specie-dependant CO2 effect onstomate ND
closure
Reduction factor on the number of fruits
fgelflo Oto1l
due to frost
fixmaxvar Maximal rate of BNF (symbiotic fixation) kg ha! day™!
fixpot Potential rate of BNF (symbiotic fixation) kg ha™! day™!
fixreel Actual rate of BNF (symbiotic fixation) kg ha™! day~!
Daily amount of N taken up by the plant
flurac when N uptake is limited by the plant kg ha™! day™!
capacity absorption
Daily amount of N taken up by the plant
flusol when N uptake is limited by the transfer kg ha™! day™!
from soil to root
. Radiation factor on the calculation of 4
fpari_gr . ) gMJ
conversion efficiency
fpari Radiation effect on conversion efficiency gMJ!
fpft Daily sink capacity of fruits gm2day!
fpv(n) Daily sink capacity of growing leaves gm~2day!
FsNH3 Daily an}f)unF of NH3-N emitted from soil micro g m-? day!
by volatilisation
fstressgel Reduction factor on leaf growth 0to1l
due to frost
ftern Reduction factor on biomass growth 0to1l
P due to temperature-related epsibmax
Reduction factor on BNF (symbiotic
fxa . . . Otol
fixation) due to soil anoxia
Reduction factor on BNF (symbiotic
fxn . . . Oto1l
fixation) due to mineral N concentration
fxt Redl.lctlon factor on BNF (symbiotic 0to1
fixation) due to soil temperature
Reduction factor on BNF (symbiotic
fxw ) . Oto1l
fixation) due to soil water content
Proportion of leaves damaged by frost o
gell_percent before amf stage (end of juvenile phase) o
gel Stress factor on leaves damaged by frost 0to 1

before amf stage (end of juvenile phase)
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Name Definition Unit
Foprion v dmapetlyfossfis
S b nlene et g
gel3_percent E;of[;(()):ttion of flowers or fruits damaged %
gel3 E;r::ssftactor on flowers or fruits damaged 0to1

Greenhouse Gas emission (CO2 + N20)
GHG expressed in CO2eq/ha=Qem_ kg ha™!
N2044/28296 -DSOC*44/12
grain_dry_weight_mg Grain unit dry weight mg
H2Orec_percent Water content of harvested organs % fresh weight
H20rec Water content of harvested organs Otol
hauteur Height of canopy m
HI_C Harvest index for carbon Oto1l
HI_N Harvest index for nitrogen Otol
Hmax Ma?(imum height of water table between om
drains
Hnappe Height of water table affecting om
plant growth
Hpb Minimum depth of perched water table cm
Hph Maximum depth of perched water table cm
HR(1) Water content of the soil layer 1 % dry weight
HR(2) Water content of the soil layer 2 % dry weight
HR(3) Water content of the soil layer 3 % dry weight
HR(4) Water content of the soil layer 4 % dry weight
HR(5) Water content of the soil layer 5 % dry weight
HR_mm(1) Water content of the soil layer 1 mm
HR_mm(2) Water content of the soil layer 2 mm
HR_mm(3) Water content of the soil layer 3 mm
HR_mm(4) Water content of the soil layer 4 mm
HR_mm(5) Water content of the soil layer 5 mm
HR_mm_1_30 Water content of the layer 1-30 cm mm
HR_mm_31_60 Water content of the layer 31-60 cm mm
HR_mm_61_90 Water content of the layer 61-90 cm mm
HR_vol_1_10 Water content of the layer 1-10 cm mm~3 mm3
HR_vol_1_30 Water content of the layer 1-30 cm (table) mm~3 mm3
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Name

Definition

Unit

HR_vol_121_150

Water content of the layer 121-150 cm
(table)

mm~3 mm™

HR_vol_151_180

Water content of the layer 151-180 cm
(table)

mm~3 mm™3

HR _vol_31 60 Water content of the layer 31-60 cm (table) mm~3 mm3
HR_vol_61_90 Water content of the layer 61-90 cm (table) mm~3 mm3
HR vol 91 120 X(;a];tlzr) content of the layer 91-120 cm m=3 mm-3
huile_percent Oil content of harvested organs % fresh weight
huile Oil content of harvested organs Oto1l

humair_percent

Air moisture content

% saturation

humair

Air moisture content

Otol

humidite_percent

Air moisture content in the canopy

% saturation

humidite Air moisture content in the canopy Oto1l
Reduction factor on root growth
humirac_mean due to soil water content (mean value over Otol
the root profile)
hur_10_vol Soil water content in the soil at 10 cm cm/cm
husup_by_horizon(1) Drainage under the horizon 1 mm
husup_by_horizon(2) Drainage under the horizon 2 mm
husup_by_horizon(3) Drainage under the horizon 3 mm
husup_by_horizon(4) Drainage under the horizon 4 mm
husup_by_horizon(5) Drainage under the horizon 5 mm
husup_under_profmes Drainage under the depth of measurement mm
profmes
iamfs Date of amf stage (ma?(imu{n acceleration julian day
of leaf growth, end of juvenile phase)
idebdess Ela}tlzro‘fe‘:?:gto‘é:;"‘;er dynamics julian day
idebdorms Date of entry into dormancy julian day
idrps Starting date of filling of harvested organs julian day
ifindorms Date of emergence from dormancy julian day
iflos_minus_150 Date of flowering minus150 degrees day julian day
iflos_plus_150 Date of flowering plus 150 degrees day julian day
iflos Date of flowering julian day
igers Date of germination julian day
ilans Date of lan stage (leaf index nil) julian day
ilaxs Date of lax stage (leaf index maximum) julian day
ilevs Date of emergence julian day
imats Date of start of physiological maturity julian day
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Name Definition Unit
imontaisons Date of start of stem elongation julian day
infil_recal(1) Infiltrability parameter at the base mm day!

of the layer 1
s Infiltrability parameter at the base 1
infil_recal(2) of the layer 2 mm day
- Infiltrability parameter at the base 1
infil_recal(3) of the layer 3 mm day
o Infiltrability parameter at the base 3
infil_recal(4) of the layer 4 mm day
s Infiltrability parameter at the base 1
infil_recal(5) of the layer 5 mm day
inn Nitrogen nutrition index (NNTI) Oto2
Average NNI during the cut
innTintercoupe (cut crop vegetative phase: emergence to 0to2
maximum LATI)
innTmoy Average NNI during the vegetative stage Oto2
Average NNI during the cut
inn2intercoupe (cut crop reproductive phase: maximum Oto2
LAI to maturity)
inn2moy Average NNI during the reproductive stage 0to2
innlai Reduction factor on leaf growth innmin to 1
due to NNI (nitrogen deficiency)
inns Reduction factor on biomass growth innmin to 1
due to NNI (nitrogen deficiency)
innsenes Nitrogen stress index affecting leaves death innmin to 1
inous Ending date for setting of harvested organs julian day
. Daily amount of water intercepted
Ich -1
Intermulc by the mulch (vegetal) mm day
interpluie Daily amount of water intercepted mm day-!
by leaves
iplts Date of sowing or planting julian day
irazo(n) Nitrogen harvest index Otol
ircarb(n) Carbon harvest index Oto1l
irecs Date of harvest (first if several) julian day
irrigiN Dafly .amc.>unt of mineral N added kg ha~! day-!
by irrigation
. Cumulative amount of mineral N added 1
irrigN A kg ha
by irrigation
isens Date of begninning leaf senescence stage julian day
izrac Woater excess stress index on roots Otol
lai(n) Leaf area index (table) m? m
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Name Definition Unit
lai_mox_av_cut ?f?rl i)lftf(‘)::);:t, for others =lai(n)) ND
laimax Maximum leaf area index m? m~2
laisen(n) Leaf area index of senescent leaves (table) m? m
largeur Width of the plant shape m

Cumulative amount of NO3-N leached at
leaching_from_lev the base of the soil profile during the crop kg ha™!

cycle ( emergence or budbreak to harvest)

Cumulative amount of NO3-N leached at
leaching_from_plt the base of the soil profile during the crop kg ha™!

cycle (planting to harvest)
leai Leaf+ear area index = lai +eai m? m~2
Iracf(1) Root length density of fine roots in layer 1 cmcm™3
Iracf(2) Root length density of fine roots in layer 2 cmcm™
Iracf(3) Root length density of fine roots in layer 3 cmcm™
Iracf(4) Root length density of fine roots in layer 4 c¢cm cm™3
Iracf(5) Root length density of fine roots in layer 5 cm cm™3
Iracg(1) iIilol(;ty ‘leernlgth density of coarse roots om cm-3
Iracg(2) iI;olc;ty Lernzgth density of coarse roots om cm-3
Iracg(3) iI;Ol(:y Lernsgth density of coarse roots om cm-3
Iracg(4) iI;olc;ty Le;nfth density of coarse roots om cm-3
Iracg(5) ﬁlolc;ty Le;nSgth density of coarse roots em cm-3
LRACH(1) Root length density in soil layer 1 c¢cm cm™
LRACH(2) Root length density in soil layer 2 cm cm™?
LRACH(3) Root length density in soil layer 3 cmcm™3
LRACH(4) Root length density in soil layer 4 cmcm™3
LRACH(5) Root length density in soil layer 5 cmcm™
Iracsentotf Cumulative length of senescent roots cm root cm™2 soil
Iracsentotg Cumulative length of senescent roots cm root cm~2 soil
mabois Biomass removed by pruning tha!
maenfruit Biomass of harvested organ envelops tha™!
mafauche Biomass of forage cuts tha!
mafauchetot Cumulative biomass of forage cuts tha!
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Name Definition Unit
mafeuil_kg_ha Dry matter of leaves kg ha™!
mafeuil Biomass of leaves tha!
mafeuiljaune Biomass of yellow leaves tha!
mafeuiltombe Biomass of fallen leaves tha!
mafeuiltombefauche Biomass of fallen leaves between two cuts tha!
mafeuilverte Biomass of green leaves tha!
mafou Biomass of harvested organs for cut crops tha!
mafrais Aboveground fresh matter tha!
mafruit_kg_ha Dry matter of harvested organs kg ha™!
mafruit Biomass of harvested organs tha!
maperenne Biomass of perennial organs tha!
maperennemort Biomass of dead perennial organs tha™!
masec(n) Biomass of aboveground plant (table) tha!
masec_kg_ha Aboveground dry matter kg ha!
masec_mx_av_cut Aboveground dry matter before cut t ha-l

(for cut crops, for others = masec(n))
masecneo Biomass of newly-formed organs tha!
masecnp Biomass of aerials and non perennial t ha-1
organs
masectot (T;Ztra;illilinﬁolz)l?srja[s}serennial organs) tha™!
masecveg Biomass of vegetative organs tha!
matigestruc_kg_ha Dry matter of stems (only structural parts) kg ha™!
matigestruc Biomass of stems (only structural parts) tha™!
s e Dt s
Swfac mean on the period flowering
mean_swfac_flo_p_m_150  minus 150 degrees day to flowering Oto1l
plus 150 degrees days
mortalle Daily number of dying tillers day’!
mortmasec Cumulative biomass of dead tillers tha™!
mortreserve f;(ér::jsti(ﬁfeizserves corresponding t ha! day!
MSexporte Cumulative amount of harvested biomass tha!
msjaune Senescent biomass of the plant tha™!
msneojaune Newly-formed senescent biomass tha!
msrac(n) Biomass of roots tha™!
msracf(1) Biomass of fine roots in layer 1 tha!
msracf(2) Biomass of fine roots in layer 2 tha!
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STICS soil-crop model

Name Definition Unit
msracf(3) Biomass of fine roots in layer 3 tha!
msracf(4) Biomass of fine roots in layer 4 tha!
msracf(5) Biomass of fine roots in layer 5 tha™!
msracg(1) Biomass of coarse roots in layer 1 tha!
msracg(2) Biomass of coarse roots in layer 2 tha!
msracg(3) Biomass of coarse roots in layer 3 tha™!
msracg(4) Biomass of coarse roots in layer 4 tha!
msracg(5) Biomass of coarse roots in layer 5 tha!
msracmort Biomass of dead roots tha!
msracmortf(1) Cumulatlve biomass of dead fine roots t ha-!
in layer 1

msracmortf(2) ?umulatlve biomass of dead fine roots t ha-l
in layer 2

msracmortf(3) Cumulatlve biomass of dead fine roots t ha-1
in layer 3

msracmortf(4) Cumulatlve biomass of dead fine roots t ha-l
in layer 4

msracmortf(s) Cumulatlve biomass of dead fine roots t ha-l
in layer 5
Cumulative biomass of dead coarse roots 1

msracmortg(1) ) tha
in layer 1

msracmortg(2) Cumulatlve biomass of dead coarse roots t ha-l
in layer 2
Cumulative biomass of dead coarse roots a1

msracmortg(3) ) t ha
in layer 3

msracmortg(4) Cumulatlve biomass of dead coarse roots t ha-!
in layer 4

msracmortg(5) pumulatlve biomass of dead coarse roots t ha-l
in layer 5

msrec_fou_coupe Dry mfatter of harvested organs for forages t ha-1
at cutting
Dry matter of harvestable organs for .,

msrec_fou_tot forages cumulated over the USM tha

msrec_fou Biomass of harvested forage tha!

Cumulative amount of biomass returned to a
MSrecycle . t ha
soil (unexported at harvest + fallen leaves)

msresjaune Senescent residual dry matter tha!
Biomass of whole plant (aerial + root +
mstot ! plant ( t ha-l
perennial organs)
. . Cumulative amount of N mineralized 1
N_mineralisation kg ha

from humus and organic residues
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Name Definition Unit
n_tot_irrigations Total number of rrigations ND
I Cumulative amount of N volatilised 1
N_volatilisation . . kg ha
from fertilizer and organic inputs
Number of days of tcultmin< tdebgel
nb_days_frost_amf_120 from amf stage to amf+120 degrees day days
nb_days_humair_gt_90_ Number of days when humair_percent davs
percent1 >=90% between amf and lax 4
nb_days_humair_gt_90_ Number of days when humair_percent davs
percent2 >=90% between lax and drp ¥
Amount of N in the microbial biomass
Nb decomposing organic residues mixed kg ha™!
with soil
nbfeuille Number of leaves on main stem ND
nbinflo_recal Number of inflorescences per plant ND
nbjOremp Number of shrivelling days days
nbjechaudage Number of shrivelling days between lax days
and rec
. Number of frosting days active
nbjgel on the plant days
Number of days until harvest is launched
nbjpourdecirecolte when it is postponed by the harvest days
decision option
Number of days until sowing is launched
nbjpourdecisemis when it is postponed by the sowing days
decision option
Amount of N in microbial biomass .
Nbmulch decomposing the decomposable mulch kg ha
NCbio N/ C ratio of biomass decomposing organic ND
residues
Ndenit Dall.y (liemt%“lﬁc‘atlon.rate in soil (if option kg ha! day™!
denitrification is activated)
Ndfa Propprtlon of total plant N issued from N 0to1
fixation
Nexporte Cumulative amount of N removed by crop kg ha-l
harvests
nfruit(1) Number of fruits in box 1 ND
nfruit(2) Number of fruits in box 2 ND
nfruit(3) Number of fruits in box 3 ND
nfruit(4) Number of fruits in box 4 ND
nfruit(5) Number of fruits in box 5 ND
nfruit(nboite—1) Number of fruits in last but one box ND
nfruit(nboite) Number of fruits in last box ND
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Name Definition Unit
nfruitnou Number of set fruits fruits m~2
Nhuma Amount of N in active soil organic matter kg ha™!
Nhumi Amount of N in inert soil organic matter kg ha™!
Nhumt Amf)unt 9f Nin hur.'nus soil organic matter kg ha- 1

(active + inert fractions)
nit 1 30 Amount of NO3-N in the soil layer 1 kg ha™!
to 30 cm
nit 31.60 Amount of NO3-N in the soil layer 31 kg ha-l
to 60 cm
nit_61.90 Amount of NO3-N in the soil layer 61 kg ha™!
to 90 cm
nitetcult(n) Number of iterations to calculate tcult ND
I Daily nitrification rate in soil (if option 4
nitrif nitrification is activated) kg ha
Cumulative amount of N mineralized
Nmineral_from_lev during the crop cycle ( emergence or kg ha™!
budbreak-harvest)
. Cumulative amount of N mineralized 1
Nmineral_from_plt . . kg ha
during the crop cycle (sowing-harvest)
Nmulch Amount of N in the plant mulch kg ha™!
Nmulchdec Amount of N in the decomposable mulch kg ha™!
Nmulchnd Amount of N in the non decomposable kg ha™!
mulch
Amount of N in the undecomposable 3
Nnondec(T) mulch derived from residues type 1 kg ha
Amount of N in the undecomposable 1
Nnondec(10) mulch derived from residues type 10 kg ha
Amount of N in the undecomposable 1
Nnondec(2) mulch derived from residues type 2 kg ha
Amount of N in the undecomposable 4
Nnondec(3) mulch derived from residues type 3 kgha
Amount of N in the undecomposable 3
Nnondec(4) mulch derived from residues type 4 kg ha
Amount of N in the undecomposable a1
Nnondec(3) mulch derived from residues type 5 kg ha
Amount of N in the undecomposable 1
Nnondec(6) mulch derived from residues type 6 kg ha
Amount of N in the undecomposable 4
Nnondec(7) mulch derived from residues type 7 kgha
Amount of N in the undecomposable _1
Nnondec(8) mulch derived from residues type 8 kg ha
Nnondec(9) Amount of N in the undecomposable kg ha™!

mulch derived from residues type 9
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Name

Definition

Unit

nodn

Reduction factor on nodulation
establishment (potential BNF)
due to mineral N stress

Otol

Norgeng

Daily amount of N immobilized
from fertiliser

kg ha ! day™!

Nr

Amount of N in the decomposing organic
residues mixed with soil

kg ha'!

Nrecycle

Cumulative amount of N returned to soil
(unexported at harvest + fallen leaves)

kg ha™!

Nresiduprofil(1)

Amount of N in organic residues over
the profhum depth, derived from residues

type 1

-1

kg ha

Nresiduprofil(10)

Amount of N in organic residues over
the profhum depth, derived from residues
type 10

kg ha™!

Nresiduprofil(2)

Amount of N in organic residues over
the profhum depth, derived from residues

type 2

kg ha™!

Nresiduprofil(3)

Amount of N in organic residues over
the profhum depth, derived from residues

type 3

-1

kg ha

Nresiduprofil(4)

Amount of N in organic residues over
the profhum depth, derived from residues
type 4

kg ha™!

Nresiduprofil(5)

Amount of N in organic residues over
the profhum depth, derived from residues

type 5

kg ha™!

Nresiduprofil(6)

Amount of N in organic residues over
the profhum depth, derived from residues
type 6

kg ha™!

Nresiduprofil(7)

Amount of N in organic residues over
the profhum depth, derived from residues
type 7

kg ha™!

Nresiduprofil(8)

Amount of N in organic residues over
the profhum depth, derived from residues
type 8

kg ha™!

Nresiduprofil(9)

Amount of N in organic residues over
the profhum depth, derived from residues

type 9

kg ha™!

Nrprof

Amount of N in deep organic residues
mixed with soil (below the profhum depth)

kg ha!

Nrtout

Total amount of N in organic residues
present over the whole soil profile

kg ha'!

Nsurplus_min

Difference between N inputs and outputs
to the soil, without organic fertilizer inputs

kg ha™!
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STICS soil-crop model

Name Definition Unit
Difference between N inputs and outputs
Nsurplus to the soil, including organic fertilizer kg ha™!
inputs
numcoupe Cut number ND
numcult Crop season number ND
Cumulative amount of N volatilised
Nvolat_from_lev during the crop cycle( emergence or kg ha'!
budbreak-harvest)
Nvolat_from_plt Cumulative amount f)f N volatilised during kg ha™!
the crop cycle (planting-harvest)
Daily amount of N volatilised a1
Nvoleng from fertiliser kg ha™ day
Nvolorg Pally amount of N volatilised from organic kg ha-! day-!
inputs
Daily amount of N fixed symbiotically T
offrenod (BNE) kg ha™! day
p1000grain 1000 grains weight (dry weight) g
pdsfruit(1) Weight of fruits in box 1 gm™
pdsfruit(2) Weight of fruits in box 2 gm™?
pdsfruit(3) Weight of fruits in box 3 gm™
pdsfruit(4) Weight of fruits in box 4 gm™2
pdsfruit(5) Weight of fruits in box 5 gm™
pdsfruit(nboite—1) Weight of fruits in last but one box gm™2
pdsfruit(nboite) Weight of fruits in last box gm™
pdsfruitfrais Weight of fresh fruits gm™
penfruit Ratio of fruit envelops to plant biomass Otol
pfeuil(n) Ratio of leaves to plant biomass Otol
pfeuiljaune Ratio of yellow leaves to plant biomass Oto1l
pfeuilverte(n) Ratio o'f green leaves to non-senescent 0to1
plant biomass
phoi Photoperiod hour
pHvol PH. of soil sur'face? as affected by organic ND
residues application (slurry)
. Number of fruits transferred from one box
pousfruit ND
to the next
Mean reduction factor on the root growth
poussracmoy . . . . Otol
due to soil constraints (option true density)
Daily amount of water added to soil
precip (precipitation + irrigation - mulch mm day~!
interception - runoff at the surface)
precipjN Daily amount of mineral N added to soil kg ha! day-1

due to precipitation
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Name Definition Unit

precipN Cum‘ulative amoupt.of mineral N added kg ha"!
to soil due to precipitation

preciprec(n) Recalculated daily precipitation mm day~!
preserve Eir(;)rlla:;l;tsion of reserve in total plant 0to1
profexteau Average depth of water absorption by plant cm
profextN Average depth of N absorption by plant cm
profnappe Depth of water table cm
psibase Predawn leaf water potential MPa
ptigestruc ;r:rll)toljit(i)(;r:a(;i structural stems in total 0to1
g_irrigations(1) Amount of irrigation mm
qg_irrigations(10) Amount of irrigation mm
g_irrigations(11) Amount of irrigation mm
g_irrigations(12) Amount of irrigation mm
qg_irrigations(13) Amount of irrigation mm
qg_irrigations(14) Amount of irrigation mm
g_irrigations(15) Amount of irrigation mm
g_irrigations(16) Amount of irrigation mm
qg_irrigations(17) Amount of irrigation mm
qg_irrigations(18) Amount of irrigation mm
g_irrigations(19) Amount of irrigation mm
g_irrigations(2) Amount of irrigation mm
qg_irrigations(20) Amount of irrigation mm
g_irrigations(21) Amount of irrigation mm
qg_irrigations(22) Amount of irrigation mm
qg_irrigations(23) Amount of irrigation mm
g_irrigations(24) Amount of irrigation mm
qg_irrigations(25) Amount of irrigation mm
qg_irrigations(26) Amount of irrigation mm
q_irrigations(27) Amount of irrigation mm
g_irrigations(28) Amount of irrigation mm
qg_irrigations(29) Amount of irrigation mm
q_irrigations(3) Amount of irrigation mm
qg_irrigations(30) Amount of irrigation mm
qg_irrigations(4) Amount of irrigation mm
g_irrigations(5) Amount of irrigation mm
g_irrigations(6) Amount of irrigation mm
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Name Definition Unit
qg_irrigations(7) Amount of irrigation mm
g_irrigations(8) Amount of irrigation mm
qg_irrigations(9) Amount of irrigation mm
QCapp Cum.ulatlve amount of organic C added kg ha™!
to soil

QCO2hum Cumulatl've al’l’TOllI'lt of CO2-C emitted kg ha!
due to mineralisation of humus
Cumulative amount of CO2-C emitted due 4

QCozmul to mineralisation of residues in the mulch kg ha
Cumulative amount of CO2-C emitted

QCO2res due to mineralisation of residues kg ha™!
(including mulch)
Cumulative amount of CO2-C emitted

QCO2sol due to heterotrophic respiration kg ha™!
(QCO2res + QCO2hum)

QCperennemort Cumulative amount of C in dead perennial kg ha™!
organs

QCperennemort2 Cumulative amount of C in dead perennial kg ha-l
organs of the two plants
Cumulative amount of C added to soil 3

QCplantetombe by fallen leaves due to senescence kg ha
Cumulative amount of C added to soil

QCplantetombe2 by fallen leaves due to senescence kg ha!
for the two plants

QCprimed Cumt}la?lve amount of C mineralised kg ha™!
by priming effect

QCrac Amount of C in roots kg ha!

QCrac Amount of C in living roots kg ha™!

QCracmort Cumulative amount of C added to soil kg ha™!
by dead roots
Cumulative amount of C added to soil .

QCracmort2 by dead roots of the two plants kg ha
Cumulative amount of C added to soil 4

QCresorg . . kg ha
through organic exogenous residues

QCressuite_tot Cumu.latlve 'amount of C added to soil t ha-1
by aerial residues from all harvests
Cumulative amount of C added to soil

QCressuite_tot2 by aerial residues from all harvests of the kg ha™!
two plants

. Cumulative amount of C added to soil 1

QCressuite due to aerial residues at harvest kg ha
Cumulative amount of C added to soil

QCressuite2 due to aerial residues at harvest kg ha™!

for the two plants
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Name Definition Unit
Cumulative amount of C added to soil 3
QCrogne by fallen leaves due to trimming kg ha
Cumulative amount of C added to soil
QCrogne2 by fallen leaves due to trimming kg ha™!
of the two plants
Qdrain Water flow rate in mole drains mm day!
. Cumulative amount of water flowing
Qdraincum , . mm
in mole drains
Qem_N20 Cumula.tlve amount of N20O-N emitted kg ha™!
from soil
Cumulative amount of N20O-N emitted a1
Qem_N2Oden from soil by denitrification kg ha
Qem_N20nit Cumula.tlve artno.unt c?f N20O-N emitted kg ha™!
from soil by nitrification
gexport Biomass exported out of the field tha!
Qfix Amount of N fixed symbiotically (BNF) kg ha™!
between two cuts
. Cumulative amount of N fixed 1
Qfixtot symbiotically (BNF) kg ha
) Cumulative amount of N fixed 1
Qfixtot2 symbiotically (BNF) by the two plants kg ha
Qles Cumulative amount of NO3-N leached ke ha-!
at the base of the soil profile J
Qlesd Cumulatlve a@ount of NO3-N leached kg ha™!
into mole drains
Qmin Cumula.tlve amount of mineralized N kg ha™!
from soil
. Cumulative amount of mineralized N 1
Qminh derived from humus decomposition kg ha
Cumulative amount of mineralized
Qminr N derived from organic residues kg ha™!
decomposition
gmulch Biomass of plant mulch tha!
Cumulative N absorbed by the crop 3
QNabso (fixation not included) kg ha
Cumulative N absorbed by the two crops 4
QNabso2 (fixation not included) kg ha
Cumulative N absorbed by the crop 1
QNabsoaer and allocated to the aerials kg ha
Cumulative N absorbed by the crop a1
QNabsoper and allocated to the perennial organs kg ha
QNabsorac Cumulative N absorbed by the crop kg ha™!

and allocated to the roots
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Name Definition Unit
Cumulative N taken up by the crop, 3
QNabsotot including N fixation kg ha
Cumulative amount of organic N added
QNapp to soil (straw + roots + fallen leaves + kg ha™!
organic fertilisers)
Cumulative amount of N denitrified during
QNdenit_from_lev the crop cycle (emergence kg ha!
or budbreak-harvest)
QNdenit_from_plt Cumulative amount of N denitrified during kg ha™!
the crop cycle
QNdenit Cum.ulatlve. amour}t of N denitrified during kg ha™!
the simulation period
Amount of nitrogen exported at harvest 1
QNexport (harvested and removed parts) kg ha
Amount of nitrogen exported at harvest 1
QNexport2 from the two plants kg ha
QNfauche Amount of N exported in each cut kg ha™!
QNfauchetot Cumulative amount of N exported by all kg ha-!
cuts
QNfauchetot2 Cumulative amount of N exported by all kg ha™!
cuts of the two plants
QNfeuille N content of structural part of the leaves kg ha!
Cumulative amount of gaseous N losses 1
QNgaz (through volatilisation and denitrification) kg ha
. Amount of N in harvested organs 1
QNgrain (grains / fruits) kg ha
Qnitrif Cumulative amount of N nitrified in soil ke ha-1
(if option nitrification is activated) &
Cumulative amount of N immobilized 1
QNorgeng from fertiliser kg ha
QNperenne Amount of N in perennial organs kg ha™!
QNperennemort Cumulative amount of N in dead perennial kg ha-l
organs
QNperennemort Cumulative amount of N in dead perennial kg ha-l
organs of the two plants
Amount of nitrogen taken up by
QNplante_mx_av_cut the plant before cut (for cut crops, kg ha!
for others = QNplante)
QNplante Amount o.f N in plants (aerial + perennial kg ha"!
organs), without roots
Amount of N in non perennial organs 1
QNplantenp (aerials + roots) kg ha
QNplantetombe Cumulative amount of N added to soil kg ha™!

by fallen leaves
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Definition of symbols

Name Definition Unit
Cumulative amount of N added to soil a1
QNplantetombe2 by fallen leaves of the two plants kg ha
QNprimed Cuml}la.tlve amount of N mineralised kg ha-l
by priming effect
QNrac Amount of N in roots kg ha!
QNracmort Cumulative amount of N added to soil kg ha™!
by dead roots
Cumulative amount of N added to soil o
QNracmort2 by dead roots of the two plants kg ha
Cumulative amount of organic exogenous 1
QNresorg N added to soil kg ha
QNresperenne Amount of N in perennial reserves kg ha™!
QNresperennestruc Amount o‘f N in the structural pool kg ha"!
of perennial organs
. Cumulative amount of N added to soil 1
QNressuite_tot by aerial residues from all harvests kg ha
Cumulative amount of N added to soil
QNressuite_tot2 by aerial residues from all harvests kg ha™!
of the two plants
QNressuite Cumu'latlve ?mount of N added to soil kg ha-!
by aerial residues at harvest
. Cumulative amount of N added to soil 4
QNressuite2 by aerial residues of the two plants kg ha
Amount of N in temporary reserves of a1
QNrestemp vegetative organs that can be remobilised kg ha
QNrogne Cumulat}ve amount of N added to soil kg ha™!
due to trimming
Cumulative amount of N added to soil .
QNrogne2 due to trimming of the two plants kg ha
QNtige Structural nitrogen content in stems kg ha!
QNtot Amount 9f N in whole plant (aerial + root kg ha™!
+ perennial organs)
QNtot2 Amount 9f N in whole plant (aerial + root kg ha"!
+ perennial organs) of the two plants
QNveg Amount of N in vegetative organs kg ha™!
QNvegstruc Amount of N in the structural part kg ha™!
of vegetative organs
QNvoleng Cumulatl.v.e amount of N volatilised kg ha"!
from fertiliser
QNvolorg Cumulatlvg amount of N volatilised kg ha-l
from organic inputs
qres_pature Amount of crop residue by pasture applied ¢ ME ha-1

to the soil (fresh weight)
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STICS soil-crop model

Name Definition Unit
. Amount of total harvest residues
Qressuite_tot . tha!
(aerials + roots)
Biomass of residues from the previous crop
Qressuite returned to soil at harvest tha!
(without fallen leaves)
Aerodynamic resistance between .
ra_recal sm
the canopy and the reference level zr
. Photosynthetic active radiation intercepted
raint 4 P MJ m~2
by the canopy
Aerodynamic resistance between the soil _1
ras sm
and the canopy
ratiofT Leaves to stem ratio ND
Ratm Atmospheric radiation MJ m™2
rc Resistance of canopy sm!
. Ratio of diffuse radiation to global
rdif o globa 0to1l
radiation
- Daily amount of biomass remobilized
remobilj Y kg ha™! day~!
for growth
Capillary uptake from the base of the soil
remontee priary up mm day!
profile
rendementsec Biomass of harvested organs (0% moisture) tha!
Amount of soil water integrated
resmes mm
on the measurement depth
Biomass of metabolic reserves 4
resperenne . . tha
in the perennial organs
resrac Soil water reserve in the root zone mm
Biomass reserves (carbohydrates) in shoots
restemp that can be accumulated or mobilized tha!
for crop growth
. Reduction factor on plant development
rfpi ) p velop Otol
due to photoperiod
. Reduction factor on plant development
rfvi cononp veop Otol
due to vernalization
rlj Rate of root length growth m day~!
ot Total root length om em-2
(accounting for senescent roots)
Total root length
rltotf Lieng em cm-2
(accounting for senescent roots)
Total root length
rltotg L eng cm cm™?
(accounting for senescent roots)
rmaxi Maximum water reserve used mm
rnet Net radiation MJ m2
rnetS Net radiation at the soil surface MJ m2
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Name Definition Unit
rombre Fraction of the total radiation in the shade Otol
. Fraction of the total radiation
rsoleil : Oto1l
in the full sun
RsurRU Fraction of.plant available water 0to1
over the soil profile
RsurRUrac Fraction of plant available water 0to 1
over the root profile
Plant available water content
RU ) mm
over the soil profile
. Daily amount of water in total runoff n
ruissel mm day
(surface + overflow)
. Daily amount of water in runoff 1
ruisselsurf . mm day
at soil surface
. Cumulative amount of water in total runoft
ruisselt mm
(surface + overflow)
Cumulative amount of water in runoff
runoff_from_lev (surface + overflow) during the crop cycle mm
(emergence or budbreak-harvest)
Cumulative amount of water in runoff
runoff_from_plt (surface + overflow) during the crop cycle mm
(sowing-harvest)
Maximum plant available water content
RUrac mm
over the root profile
saturation Amount of water in the soil macroporosity mm
Sdepth(n) Snow cover depth m
Reduction factor on leaf life span due to
senfac . : Oto1l
water stress (increasing senescence rate)
sla Specific leaf area cm? g1
SMN Amount of'soﬂ mineral N content kg ha-!
over the soil profile
Amount of soil mineral N content
MN kg ha™!
SMNmes over the depth profmes <6 ha
Snowaccu(n) Dall‘y snowfall accumulation (mm water mm day!
equivalent)
Snowmelt(n) Daily snowmelt (mm water equivalent) mm day~!
Amount of soil organic C (= Chumt + Cb) 1
S0C over the profhum depth kg ha
Amount of soil organic C (= Chumt + Cb)
kg ha™!
S0C0 over the profhum depth at time 0 <6 ha
SOCbalance Soil organic C bal‘ance (inputs-outputs) kg ha"!
over the whole soil profile
SOCinputs Soil organic C inputs to the whole soil kg ha™!

profile
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STICS soil-crop model

Name Definition Unit
SocL(1) Amount of soil organic C (= Chumt + Cb) kg ha™!
in the layer 1
Amount of soil organic C (= Chumt + Cb
SOCLE@) in thet1 layer 2 ¢ ( : ) kgha™!
SOCLB3) ﬁlrrtl}?;{:yzi 2011 organic C (= Chumt + Cb) kg ha™!
Amount of soil organic C (= Chumt + Cb) B
SOCLA) in the layer 4 ’ kgha!
Amount of soil organic C (= Chumt + Cb
SOCLB) in the layer 5 ¢ ( ) kg ha™!
Amount of soil organic C (all organic a1
SOCtot pools) over the whole soil profile kg ha
SoilAVW_by layers(1) Amount of plant available water in soil mm
for layer 1
SolAVW._by layers(2) Amount of plant available water in soil mm
for layer 2
SoilAVW._by layers(3) Amount of plant available water in soil mm
for layer 3
SoilAVW_by_layers(4) Amount of plant available water in soil mm
for layer 4
SoilAVW._by layers(5) Amount of plant available water in soil mm
for layer 5
SoilAVW Amount of plant available water in soil m
over the depth profmes
soilN_rootdepth i\ot;x)lto;g;tc;f NO3-N in soil in the maximum kg ha™!
. Amount of mineral N in soil over a1
SoilN the depth profmes kg ha
SoilNM s;:f()r:ll:stl\olf NO3-N in soil over the depth kg ha-l
. Amount of plant available water in soil
SoilwatM over the depth profmesW mm
som HUR Cumulative water content of the soil mm
- microporosity
Cumulative amount of water in the soil
som_sat X mm
macroporosity
somcour Cumulative units of development (upvt) cd
between two stages
somcourdrp gsgzl:;tlt\:ou?;ts 0(1; de\{elopment (upvt) cd
productive stages
somcourfauche Sum of temperature beetwen 2 cuts cd
of forage crop
Cumulative units of development from .
somcourmont Cd

the start of vernalisation
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Name Definition Unit

somdifftculttair CumulaFlve terTlperatur.e dlffeFence ‘ oC
(tcult-tair) during the simulation period
Sum of temperatures (expressed in Q10 = .

somtemp sum (2.0 ** (udevair ou udevcult / 10.)) cd

somudevair Sum of a1'r temperature (udevair) oC
from sowing to harvest

somudeveult Sum of crop temperature (udevcult) oC
from sowing to harvest

somupvtsem Sum of de'velopment units (upvt) oC
from sowing to harvest
Amount of soil organic N (= Nhumt + Nb) o

SON over the profhum depth kg ha
Amount of soil organic N (= Nhumt + Nb) 1

SONO over the profhum depth at time 0 kg ha

SONbalance Soil organic N bal‘ance (inputs-outputs) kg ha-!
over the whole soil profile

SONinputs Soil organic N inputs to the whole soil kg ha™!
profile

SONL(1) Amount of soil organic N (= Nhumt + Nb) kg ha™!
in the layer 1

SONL() :Amount of soil organic N (= Nhumt + Nb) kg ha"!
in the layer 2

SONL(3) :Amount of soil organic N (=Nhumt + Nb) kg ha-!
in the layer 3
Amount of soil organic N (= Nhumt + Nb) 4

SONL() in the layer 4 kg ha

SONL(5) Amount of soil organic N (= Nhumt + Nb) kg ha"!
in the layer 5
Amount of soil organic N (all organic 1

SONtot pools) over the whole soil profile kg ha

sourcepuits ?ource to sink ratio of assimilates ND
in the plant

sofruit Reduction factor on the fruits number 0to 1

P due to trophic stress
. Source to sink ratio of assimilates

splai ) ND
in the leaves

stemflow Daily amount of water runoff along mm day-!
the stem

STN Total soil N (mineral + organic) kg ha!
Average stomatal water stress index

striintercoupe during the vegetative phase (emergence - Otol
maximum LAI) of forage crops
Average stomatal water stress index during

str2intercoupe the reproductive phase (maximum LAIT - Oto1l

maturity) of forage crops
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STICS soil-crop model

Name Definition Unit
Average turgescence water stress index
stulintercoupe during the vegetative phase (emergence - Otol
maximum LAI) of forage crops
Average turgescence water stress index
stu2intercoupe during the reproductive phase (maximum Otol
LAI - maturity) of forage crops
sucre_percent Sugar content of harvested organs % fresh weight
sucre Sugar content of harvested organs Otol
surf(ao) Fraction of the soil surface in the shade Oto1l
surf(as) Fraction of the soil surface in the sun Otol
swfac Stomatic water stress index Oto1l
Average stomatic water stress index over
swfacTmoy . Otol
the vegetative stage
Average stomatic water stress index over
swfac2moy . Oto1l
the reproductive stage
tairveille Mean air temperature at the previous day °C
tauxcouv(n) Cover rate of the canopy ND
. Difference between canopy temperature
tcult_tairveille . Py P °C
and air temperature
teult Crop surface temperature (daily average) °C
tcultrmax CroP surface temperature (daily oC
maximum)
tcultmin Crop surface temperature (daily minimum) °C
tempeff Efficient temperature for growth °C
Efficient potential evapotranspiration
tetp(n mm day!
p(m) (entered or calculated) Y
Threshold of soil water content limitin
tetstomate - h . & % vol
transpiration and photosynthesis
Threshold of soil water content limiting
teturg . % vol
the growth of leaves (in surface area)
Maximum active temperature of
tmax(n) x v P °C
atmosphere
Maximum temperature of external
tmaxext(n) P °C
atmosphere
Recalculated daily maximum temperature .
tmaxrec(n) ) C
(with presence of a snow cover)
. Minimum active temperature of
tmin(n) tmu v peratu °C
atmosphere
. Minimum temperature of external
tminext(n) P °C
atmsphere
. Recalculated daily minimum temperature
tminrec(n) Y P °C

(with presence of a snow cover)
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Name Definition Unit
tmoy(n) Mean active temperature of atmosphere °C
tmoyext(n) Mean temperature of external atmosphere °C

. Mean temperature from sowing

Ipl °
tmoylpltiuin or planting (iplt stage) until June 30 ¢
Mean temperature from sowing .
tmoylpltSept or planting (iplt stage) until September 30 c
tncultmat Average? of minimum crop temperatures C
(tcultmin) between the stages lax and rec
tnhc Cumulative normalised time davs
for the mineralisation of humus ¥
Cumulative normalised time
tnrc . o . . days
for the mineralisation of organic residues
totapN Cl'lmulatlve ‘a.mount of mlneFal N z@ded by kg ha™!
mineral fertilisers and organic fertilisers
totapNres Cumu‘latlve.a‘mount of mineral N added by kg ha-l
organic fertilisers
totir Cumulative amount of irrigation water mm
tpm(n) Water vapour pressure in air hPa
trg(n) Active radiation (entered or calculated) MJ m~2
trgext(n) Exterior radiation MJ m~2
trr(n) Daily rainfall mm day!
TS(1) Mean soil temperature (in layer 1) °C
TS(2) Mean soil temperature (in layer 2) °C
TS(3) Mean soil temperature (in layer 3) °C
TS(4) Mean soil temperature (in layer 4) °C
TS(5) Mean soil temperature (in layer 5) °C
tsol(10) Temperature in the soil at 10 cm degrees
tsol_mean_0_profsem Daily min soil temperature on the layer 1 days
to sowing depth
Mean soil temperature on the layer 1
tsol_mean_ger_lev_0_ . .. .
to sowing depth from germination date Cd
dpthsow
to emergence
Mean soil temperature on the layer 1 to
tsol_mean_plt_ger_0_ . . .
sowing depth from sowing date Cd
dpthsow o
to germination
tsol_min_0_profsem Daily mean soil temperature on the layer 1 days
to sowing depth
. Min soil temperature on the layer 1
tsol_min_ger_lev_0_ . .o o
to sowing depth from germination date Cd
dpthsow
to emergence
tsol min blt aer 0 Min soil temperature on the layer 1 to
-Min_pRger. sowing depth from sowing date °Cd

dpthsow

to germination
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STICS soil-crop model

Name Definition Unit
turfac Turgescence water stress index Otol
turfacmoy Ave.rage turgescense water stress index 0to 1
during the vegetative stage

turfac2moy Ave.rage turgescence Yvater stress index 0to 1
during the reproductive stage

tustress Reduction factor on leaf growth due to the 0to 1
effective water stress (= min(turfac,innlai))

tvent(n) Mfean daily wind speed at 2 m high above msl
soil

udevair Effective temperature for crop Cd
development, computed with tair

udeveult Effective temperature for crop cd
development, computed with tcult

ulai(n) Relative development unit for LAI 0to3

upvt(n) Development unit °’Cd

urac Daily relative development unit lto3
for root growth

vitmoy Mean canopy growth rate gm2day!

xmich Thlcl(nes‘s of the dry laygr created by om
evaporation from the soil and mulch

zrac Maximum depth reached by root system cm

Zracmax Maximum rooting depth cm

» 17.3 Internal variables definition
Name Definition Unit
A_LAI Shapes of the senescence curve ND
absoaer Daily N absorbed by the crop kg N ha!
and allocated to the aerials

absodrp Variable relecting the nitrogen status ND
of the crop from the starting date of filling
of harvested organs

absorac Daily N absorbed by the crop kg N ha™!
and allocated to the roots

absotot Daily N taken up by the crop, kg N ha!
including N fixation

absz Actual N uptake in each elementary kg N ha-! day!
soil layer

aevap Soil evaporation parameter combining mm
climatic and soils aspects

albsol Albedo of the soil ND

alloresp Daily coeffiscient of allocation of ND

remobilised biomass between structural
and reserves pools of perennial organs
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Name Definition Unit
amplsurf Daily thermal amplitude at the surface °C
amplz Daily thermal amplitude °C
anox Daily index of anoxia over the root depth Oto1l
azorac Amount of mineral nitrogen kg N ha™!

in the rooting zone
B_LAI Shapes of the growth curve ND
biorogne Topped biomass tha!
bpsisol Retention curve parameter 2 ND
CCper Carbon concentration in perennial organs g Ckg'DM
CCrac Carbon concentration in roots g Ckg'DM
code_diff_rac 1 two types of roots (fine and coarse roots ND
or 2 a single mean type of root
codeinstal Technical code to describe either seedling ND
or already installed crop
coeflev Ratio between the emerged ND
and the germinated density depending on
non-optimal water content
and temperature conditions
coeflevb Ratio between the emerged ND
and the germinated density depending
on the crust layer
concN Mean nitrate concentration kg N ha™! mm~! water
in each elementary soil layer
conv Daily convection flow of N kg N ha! day!
in each elementary soil layer
croifruit Fruit growth gm™
crust Indicator of crust conditions 0/1
at the soil surface
CsurNper C/N ratio of the storage organs ND
CsurNresid C/N ratio of falling leaves ND
CsurNressuite C/N ratio of calculated crop residue ND
for the next crop
CsurNsol C to N ratio of soil throughout time ND
cuh Chilling hourly units °C
cumoffrN Sum of nitrogen soil supply over the profile kg N ha™!
da Bulk soil density gcm™3
debsenracf Thermal time units defining the begining °C day!
of root senescence for fine roots
debsenracg Thermal time units defining the begining °C day!
of root senescence for coarse roots
deltabso Nitrogen dependant biomass growth tha! day!
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Name Definition Unit
deltai_ Daily increase of the green leaf index m? leaf m~2 soil
for determinate crops
deltai_ Daily increase of the green leaf index m? leaf m~2 soil
for indeterminate crops
deltai_dens Density component of deltai plant m~2
deltai_dev Phasic development component of deltai m? plant™! degree
day!
deltai_stress Stress component of deltai ND
deltai_T Thermal component of deltai degree days
deltaimax Maximum increase in leaf expansion m? leaf m~2 soil

deltamsresen

Senescence rate of residual dry matter
after forage crop cutting

t DM ha~! day!

deltat Gradient of the relationship between mbars
saturation pressure and temperature

deltatemp Difference in mean daily temperature °C
inside and outside a greenhouse

deltaz_stress Stress component of deltaz ND

deltaz_T Thermal component of deltaz cm day™!

densite_d Density of dominant plant plants m~2

densite_u Density of understorey plant plants m~2

densiteger Density of germinated plants plants m~2

densitelev Density of emerged plants plants m~2

devjour Daily development rate ND

dfr Fruit development stage of each age class ND

dh Displacement height m

difdewmin

diff Diffusion flow of N in each elementary kg N ha~! day~!
soil layer

difftcult Is the variation of tcult between two °C
successive days

difNe Effective diffusion coefficient of nitrate cm? day™!
in soil

dis A voir avec Nicolas ?

dltafv Daily biomass partitioning to the structural t DM ha!
part of green leaves

dltamsrac Daily root gowth t DM ha! day™!

dltamsracmort

Daily dead root biomass on the root depth

t DM ha! day™!

dltaQCracmort

Cumulative amount of C lost by dead roots
over the soil profile

kg N ha! day!

dltaQNracmort

Cumulative amount of N lost by dead roots
over the soil profile

kg N ha~! day~!
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Name Definition Unit

dltaremobsen Daily biomass remobilised during leaves t DM ha!
senescence

dltares Daily biomass partitioning t DM ha'!
to the temporary reserves

dltaresper Daily biomass remobilised from temporary t DM ha!
reserves allocated to perennial organs
reserves

ditarestemp Daily biomass remobilised from temporary t DM ha'!
reserves to perennial organs

dltarestemp Daily biomass remobilised from temporary t DM ha'!
reserves to perennial organs

dltat Daily biomass partitioning to the structural t DM ha!
part of stems

dltazo Daily increase of grain nitrogen content kgN ha~! day™!

dNdWc

dos Saturation deficit within the canopy mbars

dpHvol Increase of soil pH after manure ND
application

dpHvolm Maximum pH increase following the ND
application of slurry (taking into account
the amount of inorganic N applied)

drliz Daily root length emission per elementary cm root cm™ soil
layer

drlsenf Length of dead fine roots in layer iz cm cm~? soil
on day n

drlseng Length of dead coarse roots in layer iz cm cm~2 soil
on day n

dsat Air saturation deficit mbars

durage Natural lifespan of leaves Q10

durviel Lifespan of a young leal (at the AMF stage) Q10
expressed as a proportion of DURVIEF

durviesup Increase of lifespan in case of high Q10
availability of nitrogen

E Snow compaction parameter mm mm™! day?

Edirectm Maximum value of Edirect mm day~!

effN Nitrogen use efficiency ND

elong Elongation of the coleoptile cm

emissa Emissivity of the atmosphere Oto1l

Empd Evaporation from free water on leaves mm

ePTt Potential evapotranspiration according mm day!

to Priestley-Taylor formula
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Name Definition Unit

epz Daily transpiration flow in each elementary mm day~!
soil layer

estimet Evapotranspiration estimated from mm day~!
the water balance for the previous day
and the climatic demand of the day in case
of greenhouse

esz Evaporation soil profile mm day ! cm!

etmax Maximum value of daily evaporation flux W m2

etmin Minimum value of daily evaporation flux W m~2

EVAP Accumulation of evaporative fluxes mm
(esol, Emd, emulch)

fgeljuv Frost index acting on LAI during ND
the juvenile phase

fgellev Frost index acting on plant density during ND
the plantlet phase

fgelveg Frost index acting on LAI during the ND
vegetative phase

fh Moisture factor on humus and residue ND
decomposition rates

fluxrac Potential N uptake rate in each elementary kg N ha ! day!
soil layer

fluxsol Daily soil N supply in each elementary soil kg N ha ! day!
layer

FPH Soil pH effect on the volatilisation pH

Fr Ratio of rain in repartition between rain Otol
and snow rain

fracinsol Insolation fraction Oto1l

fruis Proportion of run-off water above ND
the activation threshold (pminruis)

Fs Ratio of snow in repartition between rain Oto1l
and snow rain

FsNH Potential ammonia volatilization rate microgram m~2 day™!

ftempremp Thermal stress index as a function of Otol
temperature using cardinal temperatures
(tminremp et tmaxremp)

fth Temperature factor on humus ND
mineralisation rate

ftr Temperature factor on residue ND
decomposition rate

gamma Psychrometrc constant mb °C!

gmax Maximum value of daily soil heat flux W m™2

gmin Minimum value of daily soil heat flux W m2

grainsnb Number of grains per square meter grains m—2
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Name Definition Unit
ha Residual soil water content in the sed bed mm water cm soil !
HB Soil layer between the seedbe cm
and the root front
HCUM Available water over the rooting zone mm water g soil™! x
100
hmin Water content at permanent wilting point %weight
of macro layer
hn Wilting point mean in the seed bed mm water cm soil !
hucc Elementary layer soil water content mm water cm soil !
at field capacity
Hum Hourly humidity mm
humin Elementary layer soil water content mm water cm soil !
at wilting point
humirac Influence of soil water content on ND
germination and root growth
humsol Soil moisture mm water cm soil !
hur Microporosity elementary layer soil water mm water cm soil ™!
content
hx Mean water content at field capacity mm water ¢cm soil !
in the sed bed
ilets Date of the plantlet stage days
IMB Date of the beginning of seed moistening days
inni Instantaneous nitrogen index ND
jvi Vernalizing contribution of a given day nb days
k Growth compartment ND
K Melting rate mm °C! day!
K_LAI Maximal LAI produced m? m~2
K Actual mineralisation rate of humus day!
Khum Potential mineralisation rate of humus day!
kgdiffus Proportion of diffusive radiation reaching ND
the soil
kgdirect Proportion of direct radiation reaching ND
the soil
kh Coefficient of heat transfer in the cold W m2K!
shelter
ks Coefficient of energy losses between W m2K!
the outside and inside of the shelter
L Latent heat of vaporization MJ kg™
laieffcum LAI removed ND
lairogne Lai topped ND
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Name Definition Unit
lairognecum Sum of topped leaf area index m? m~2
longsperacf Specific fine root length cmg!
longsperacg Specific coarse root length cmg!
Iracsentot Total length of senescent roots cm root cm™2 soil
Iracsenz Death root length density at depth z cm root cm™ soil
Iracz Efficient root length density cm root cm ™3 soil
M Snow in the process of melting mm day~!
mafraisfeuille Leaf fresh matter tha!
mafraisres Reserve fresh matter tha™!
mafraistige Structural stem fresh matter tha™!
masecabso Biomass accounting for nitrogen t DM ha'!

absorption
mouill Water retained on the foliage mm
mouillmulch Water retained by the vegetal mulch mm
Mrf Liquid water in the snow cover in the mm day~!
process of refreezing
msracmort Dead root biomass on the root depth tha™!
nbgraingel Number of frozen grains per square meter grains m—2
nbgrains Number of grains per square meter grains m—2
nbjgrauto Days of autotrophy for a moistened seed days
nbjhumec Maximal period that seedcan be in a moist days
status without seed death occurs
NC Critical nitrogen content %
newrac Root length growth thanks to seed reserve m day~!
remobilization during germination
NHg Ammonia concentration in the gaseous mol I
soil phase
NHsurf Ammonia concentration at the soil surface microgram N m~>
nhet Number of days of heterotrophy during day
germination
nit Amount of NO3-N in an elementary layer kg N ha™!
nodn Coefficient used to take into account ND
the effect of the soil mineral N content
on the potential N fixation
Nvolatorg Volatilizable NH4 kg N ha™!
Nvolorg Actual ammonia volatilization rate kg N ha ! day!
offrN Mineral N available for root uptake in each kg N ha!
elementary soil layer
pgrain Weight of grains per square meter gm™
pgraingel Weight of frozen grains per square meter gm™
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Name

Definition

Unit

pHvol

Soil surface pH varying after organic
residue application (such as slurry)

ND

potcroifruit

Potential growth of a fruit

g fruit! day!

propfixpot Phenology-dependent coefficient used ND
to calculate potential N fixation
propvolat Proportion of the volatilizable N fraction ND
of the residue
ps Density of the snow cover kg m~3
psisol Soil potential of the elementary layer Mpa
psisols Retention curve parameter 1 MPa
QNplantule Amount of nitrogen in the plantlet kg N ha!
QNplmax Maximal amount of N possible in the crop kg N ha!
raa Aerodynamic resistance between sm™!
the canopy and the reference height
of weather measurements
raamax Maximum daily value of the aerodynamic W m2
resistance between the cover et the
reference level zr
raamin Minimum daily value of the aerodynamic W m2
resistance between the cover et the
reference level zr
rac Resistance of the canopy boundary layer sm™!
racinepsi Efficient root length density participating cm root cm ™3 soil
in predawn potential, located in the moist
layers (PSISOL < —1.5 Mpa), else =0.
Ratm Atmospheric component of the long wave MJ m2day!
radiation
rc Resistance of canopy sm!
rdiffus Diffusive radiation MJ m~2 day!
rdirect Direct radiation MJ m~2 day!
rdroit Radiation not intercepted by the crop MJ m~2 day~!
reprac Underground/total biomass partitioning ND
coefficient
resperenne Initial biomass reserve tha!
rgex Extraterrestrial radiation MJ m~2 day™!
Rglo Long wave radiation MJ m~2 day™!
rgmax Maximum daily value of the global W m2
radiation
rgmin Minimum daily value of the global W m2
radiation
rl Root length density at depth z cm root cm™ soil
rif Length of fine roots in layer iz on day n cm cm~2 soil
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Name Definition Unit
rlg Length of coarse roots in layer iz on day n cm cm~2 soil
rli_dens Plant density component of rlj plant m~2
rlj_dev Plant density component of rlj m root plant™!
degree—day!
rlj_stress Stress component of root length growth rlj ND
rlj_T Thermal component of root length °C day™!
growth rlj
rljfront Root length growth at the root front m root m~2 day™?
rnet_PE Net radiation for Brunt formula MJ m~2
rnet_PT Net radiation for Priestley-Taylor MJ m~2
evapotranspiration calculation
rnetmax Maximum value of daily net radiation W m™2
rnetmin Minimum value of daily net radiation W m2
rnetP Net radiation affecting the crop MJ m~2
RNETP Net radiation affecting the crop MJ m~2 day™!
(use for direct evaporation)
RNETP Net radiation affecting the crop MJ m~2 day!
(use for transpiration)
Rsol Surface comopnent of the long wave MJ m~2 day!
radiation
RsRso Total to extraterrestrial radiation ratio ND
rtransmis Radiation transmistted through the crop MJ m2day!
S_WE Ratio between the snow water equivalent mm
sat Macroporosity elementary layer soil water ~ mm water cm soil ™!
content
SB Seed bed cm
sbv Specific surface area of biomass cm?g!
sbvmax Leaf expansion allowed per unit of biomass cm? gt
accumulated
Sdry Water in solid state in the snow cover mm
senstress Effect of the stresses (water and Nitrogen) Oto1l
on the lidespan
sla Maximum SLA (specific leaf area) cm? gt
of green leaves
somger Growing degree-days from planting °C
in the seed bed
somsen Current thermal time for senescence Q10
ST_LAI Growing degree-days since emergence °C
stdebsenrac_p Life span of roots °C day™!
sum_eos Sum of daily maximum evaporation flux mm
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Name Definition Unit
SURFAO Fraction of surface in the shade ND
SURFAS Fraction of surface in the sun ND
surfouvre Proportion of vents related to the total Oto1l
surface area of the greenhouse
Swet Water in liquid state in the snow cover mm
tair Mean air temperature (measured) °C
tdevelop Sum of temperature for the senescence Q10
calculation
TDEW Dewpoint temperature °C
tdewmin
teaugrain Water content of (harvested) organs gg!
teta Available water content in the root zone cm? water cm ™3 soil
tetsen Threshold soil water content accelering cm? water cm~3 soil
senescence
TF_LAI Growing degree-days for the point of °C
inflexion of the complete senescence
theta_sat Volumic soil water content at saturation cm? cm™3
TI_LAI Growing degree-days for the point °C
of inflexion of the growth curve
tmin Minimum temperature °C
tnh Normalised time (day) for humus ND
mineralization
tpm Vapour pressure in air mbars
TRECOUVMAXp Proportion of the soil covered by isolated ND
plant
tsol Soil temperature °C
tursla Mean water stress TURFAC experienced ND
since emergence
TVAR Saturating vapour pressure as a function mbars
of temperature
Vabs Specific N absorption capacity of the roots micromole N h! cm™!
root
vabsmoy Nitrogen uptake rate Kg N ha ! day!
VABSN Nitrogen accumulation rate in the plant kg N ha™! day™!
(uptake and fixation)
vnit Nitrification rate mg N kg™! day™!
vnitpot Potential nitrification rate mg N kg~! day™?
wfps Water filled pore space ND
wfpscc Water filled pore space at fied capacity ND
Wi Index of soil water availability (0-1) ND




STICS soil-crop model

Name Definition Unit
wsat Total porosity ND
XMULCH Thickness of mulch created by evaporation cm

from the soil
z Soil elementary layer of 1 cm cm
z Crop roughness m
zs Soil or understorey crop roughness m
zdemi Root depth that ensures at least an cm
extraction near the soil surface of 20%
of the water available
znonli Root depth if no obstacle cm
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The STICS soil-crop model simulates the production and environmental
impacts of cropping systems under current and changing climatic conditions.
It synthesises a significant share of agronomic knowledge about field and
cropping system behaviour. The model algorithms presented in this book
mainly draw from literature references in the bioclimatology, soil and crop
sciences; the model also considers most management practices. The book
is structured to reflect how the crop-soil system is modelled according to
weather conditions and farming practices. Each chapter focuses on a set
of important functions, such as plant functioning (development initiation,
growth, yield formation, water uptake and transpiration) and soil processes
of the water cycle and organic matter transformation and associated fluxes.

This new edition integrates all the STICS updates that have been developed,
evaluated and published over the last decade. Thanks to the innovative
editorial design of this digital format, modellers can develop a research
version of the model and users can track changes in the current version.
While this book is primarily intended for soil-crop modellers and agronomists
using STICS, its many illustrative examples of the processes involved and case
studies of crops and cropping systems may be of interest to a wider audience.
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