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Agriculture 

In 1916, Chicago, Bill was a worker employed in a foundry. Following an 
altercation, he fled the city, accompanied by his girlfriend Abby and his sister Linda. 
He found refuge in Texas where wheat was harvested from huge arable areas and a 
favorable climate allowed him to grow it. Hired as a seasonal worker by a wealthy 
farmer suffering from an incurable disease, Bill pushed Abby to give in to his 
employer’s advances. A calculation to get out of poverty? Set in a bourgeois house 
drowned in an almost endless expanse of wheat, inspired by the paintings of the 
American painter Andrew Wyeth (1917–2009), Days of Heaven (1978) recounts a 
psychological drama [MAL 78]. The contemplative camera of its author, the 
American filmmaker Terence Malik, also depicts the blazing sun of long working 
days, the power of harvesting machines and the hazards of harvests, stormy bad 
weather or locust invasion, which become a tragedy subject to the whims of the sky 
– whose unpredictability symbolizes that of human passion? 

Controlled and perfected for more than 10,000 years, as attested to by remains 
from ancient Egypt (Figure 1.1), agriculture remains a survival challenge for a 
humanity facing climate change in the 21st Century even though it is capable of 
changing its practices. 

 

Figure 1.1. Cereal harvest, Tomb of Menna, Sheikh Abd el-Gournah Necropolis, 
Egypt (source: 10,000 Meisterwerke der Malerei, The Yorck Project) 
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1.1. Feeding the world 

Agriculture is also at the center of current ecological concerns and strategic 
issues, particularly those of state food sovereignty, to which simulation techniques 
provide answers. Today, the world’s cultivated land covers more than 50 million km2 
(Figure 1.2): this area is about three times that of Russia, the largest country in the 
world with 17 million km2. 

 

Figure 1.2. Allocation of land areas for food production (source: Our World in 
Data/https://ourworldindata.org/yields-and-land-use-in-agriculture). For a color 

version of this figure, see www.iste.co.uk/sigrist/simulation2.zip 

COMMENT ON FIGURE 1.2.– Only 30% of the total area of our planet is covered by 
land, 70% of which is considered habitable (about 100 million km2). Humans use 
about half of it for agriculture, and less than one-tenth for urban infrastructure. 
More than three-quarters of the agricultural land is used for animal husbandry, 
combining land allocated to pasture and feed production (these aggregate data 
obviously do not reflect disparities between countries). 

The share of cultivated land has grown steadily for more than 10,000 years to 
meet the needs of a constantly growing world population. The latter was estimated at 
less than 1 billion people at the beginning of the 19th Century, reaching nearly  
7 billion at the beginning of the 21st Century. In 2015, the four most populous 
countries in the world were China (1.4 billion), India (1.3 billion), the United States 
(305 million) and Brazil (201 million). Demographic projections estimate a world 
population of more than 11 billion people in 2100 (Figure 1.3). 



Figure 1
(sour

COMMEN

undergo
result of
increase
than 2%
estimate 
differenc
transitio
populati

The p
area ava
and the 
While pe
humanity
Earth can

1.3. World pop
rce: Our World

NT ON FIGUR

ing a demogr
f the combine

e that commen
% in 1973 and 

it at 0.1% 
ces between c
n: the world
on growth. 

productive cap
ailable or used
available cult
eople’s lifesty
y as a whole 
n provide. 

pulation growth
d in Data/https

RE 1.3.– Sinc
raphic transit
ed effects of b
nced at the be
has since dec
by 2100. Be

countries. Pov
d’s least wea

pacity of each
d for agricultu
tivation techn
yles are very d
lives on cred

h between 175
s://ourworldind

ce the 1970s
tion. The gro
births and de
eginning of th
clined to 1.2%
ehind this glo
verty is the fir
lthy countries

h country (Fig
ure, the climat
niques and agr
disparate and 
dit, consuming

 

 

50 and 2015 a
data.org/world

, humanity a
wth of the w

eaths. It is ma
he 20th Centu

% in 2015. De
obal represen
rst factor dela
s are also th

gure 1.4) depen
tic conditions 
ricultural prac
partly reflect

g resources at

Agric

and projection
d-population-gr

as a whole h
orld populati
arked by a si
ury. It peaked
mographic pr

ntation are si
aying the dem
hose with the

nds on soil qu
to which it is

ctices develop
t the wealth of
t a faster rate

culture     3 

 

ns to 2100 
rowth) 

has been 
ion is the 
ignificant 
d at more 
rojections 
ignificant 

mographic 
e highest 

uality, the 
s exposed 
ped there. 
f nations, 

e than the 



4     Nume

Figure 1
Wheat is
consump
use-in-ag
simulatio

The 
calculate
the curre
that the p
from this
meet hu
planets E
shows th
of the fir

Yet, 
significa
humanity
resource

 

erical Simulation

1.4. Annual w
s the primary c
ption (source:
griculture). Fo
on2.zip. 

American n
es the Earth O
ent year on wh
planet is capa
s NGO’s calcu

umanity’s con
Earth are nee
hat the thresho
rst half of the 

in many Wes
ant waste of 
y has real roo

es that the plan

n, An Art of Pre

world wheat y
cereal produc
: Our World i
or a color ve

non-governme
Overshoot Day
hich humanity

able of regener
ulations is the
nsumption of 
eded to suppo
old of two pla
21st Century.

stern countries
food resourc

om for maneu
net that hosts i

diction 2 

yields for 201
ced in the worl
in Data/https:/
ersion of this

ental organiz
y each year. T
y is supposed
rating in 1 yea
e number of pl
f renewable r
ort humanity –
anets Earth w
 

s, consumptio
ces and prod
uver to change
it still offers.

14, expressed
rld, aimed at b
//ourworldinda

s figure, see 

zation Globa
The latter corr
 to have cons
ar. One of the
lanets Earth th
resources in 
– and the ext

will be exceede

on and produc
duction (Figur
e its relations

d in tons per
both human an
ata.org/yields-a

www.iste.co.

al Footprint 
responds to th
umed all the r

e pieces of dat
hat would be n
1 year. By 2
trapolation of
ed well befor

ction patterns 
re 1.5), show
hip with the w

 

r hectare. 
nd animal 
and-land-
uk/sigrist/ 

Network 
he date of 
resources 
ta derived 
needed to 
2018, 1.7 
f the data 
re the end 

lead to a 
wing that 
wealth of 



Agriculture     5 

 

Figure 1.5. Although edible, these tomatoes, produced in France, are discarded 
because they do not meet certain criteria based on the standardization of production 
and their packaging (source: © Jacques Péré, from the series “La Beauté du diable”, 
exhibition at the Galerie Lyeux Communs, Tours, June 2018). For a color version of 
this figure, see www.iste.co.uk/sigrist/simulation2.zip. 

COMMENT ON FIGURE 1.5.– Nearly one-third of the food produced annually 
worldwide (1.3 billion tons) is destroyed or wasted. The leading position is occupied 
by fruits and vegetables. The amount of food lost every year is equivalent to more 
than half of the annual cereal production. Waste is higher in rich countries, where 
consumers throw away as much food each year as sub-Saharan Africa produces at 
the same time (more than 220 million tons). Food waste is observed at all stages of 
the food chain and concerns all actors: 32% is attributed to agricultural production, 
21% to processing, 14% to distribution, 14% to collective and commercial catering 
and 19% to home consumption (sources: www.fao.org, www.ademe.fr). 

From the resources they consume, those from agriculture are among the most 
important for humans and the most strategic for States. During the 20th Century, 
advances in agricultural technology as a whole have generally reduced famine 
episodes whose causes are attributable to yield collapse [PIN 18b]. They have also 
been accompanied by irreversible environmental destruction, for example when new 
areas are being sought for intensive cultivation through massive deforestation. 

All over the world, some farmers are trying to renew current agricultural 
practices. Their credo is that more sober techniques can give as good results as those 
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of intensive agriculture in particular, which consumes a lot of energy and water 
(Figure 1.6), and whose excesses are also increasingly contested [SOL 19]. 

“Nature has so much real wealth to unveil and humans have such a 
definitively superior potential for intelligence, that the combination of the 
two frankly gives hope [...] Working with nature and not against it, we 
realize that the solutions are there, before our eyes and that they often 
prove to be simpler and less costly in energy [...] We have divided by 
thirty our energy efficiency to produce food since the time of our 
grandparents... that sounds like a terrible insult to human intelligence” 
[ROS 18]. 

 

Figure 1.6. How thirsty is our food? (source: 
https://www.statista.com/chart/9483/how-thirsty-is-our-food/) 

COMMENT ON FIGURE 1.6.– We use water in any productive activity, the amount 
consumed depending on two main factors: the climate of the production region and 
the agricultural practices developed there. For example, 35 L of water is needed to 
produce a cup of tea, 140 L for a cup of coffee, 75 L for a glass of beer and 120 L 
for a glass of wine; 2,400 L are consumed for the production of a hamburger, 40 L 
for a slice of bread and 13 L for a tomato (source: www.fao.org). 

In the 21st Century, will numerical modeling contribute to the development of 
agricultural techniques that ensure a sufficient level of agricultural production for all 
humanity and limit the degradation of its environment? 
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1.2. Agriculture is being digitized 

In the richest countries, agriculture is becoming digital and modeling is a key 
focus of this change [WAL 18]. David Makowski, an expert in this field at INRA*, 
explains the objective: 

“Germany, Australia, France, Italy, the United States and the Netherlands 
are the pioneering countries in the use of numerical modeling in 
agriculture, recently joined by China. Numerical simulation makes it 
possible to assess the impact of agricultural practices, soil quality and 
climate on yields and the environment. The applications are varied and 
allow farmers, companies and public agencies to estimate the 
performance of different production methods in different situations. 
Despite the sometimes significant uncertainty of their simulations, models 
are frequently used to predict the environmental impact of agriculture by 
assessing the emissions of particulate matter, greenhouse gases or 
pollutants due to agricultural practices”. 

Numerical simulations in agronomy have used “mechanistic models” for two to 
three decades. These allow the functioning of crops to be described by means of 
equations; these, for instance, represent the production of biomass as a function of 
solar radiation, or the growth of plants as a function of soil temperature or humidity. 
Simulations make it possible to account for the physiological and biological 
dynamics of plants, on the scale of a plot or a set of cultivated lands. They can 
represent different agricultural practices and help to assess their impact on yields. 

An example of modeling applicable to biological phenomena? The interaction 
model between hosts and biological control auxiliaries. It describes how biological 
populations, such as predators and their prey (aphids and ladybirds for example), 
evolve in an ecosystem. For example, it explains the development cycles of many 
species (animal, plant, etc.) in many environments, such as the marine 
phytoplankton (Figure 1.7). 

The model consists of two differential equations, proposed independently by two 
mathematicians, the Austrian Alfred-James Lotka (1880–1949) and the Italian Vito 
Volterra (1860–1940), in 1925–1926. These equations are written as: 

൞ ݐ݀(ݐ)ݔ݀ = (ݐ)ݔߙ − ݐ݀(ݐ)ݕ݀(ݐ)ݕ(ݐ)ݔߚ = (ݐ)ݔ′ߙ− +  (ݐ)ݔ(ݐ)ݕ′ߚ
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The equations describe the evolution of the prey and predator population, 
represented by variables (ݐ)ݔ and (ݐ)ݕ. The first equation states that prey, having 
access to an unlimited source of food, would grow exponentially (this is rendered by 
the first term in the right-hand side of the equation (ݐ)ݔߙ), and are sometime faced 
with predators at certain occurrence (this is rendered by the second term of in the 
right hand side of the equation −(ݐ)ݕ(ݐ)ݔߚ). The second equation states that 
predators perish from natural death (this is rendered by the first term in the right-
hand side of the equation −(ݐ)ݔ′ߙ), but grow by hunting prey (this is rendered by 
the second term of in the right-hand side of the equation +(ݐ)ݔ(ݐ)ݕ′ߚ). 

 

Figure 1.7. Satellite image showing algae growth in a  
North Atlantic region (source: www.nasa.gov). For a color version  

of this figure, see www.iste.co.uk/sigrist/simulation2.zip 

COMMENT ON FIGURE 1.7.– In the waters of the North Atlantic, a large amount of 
phytoplankton, microscopic algae that play a role in the food chain of the marine 
ecosystem and contribute to the ocean carbon cycle, develops each spring and fall. 
The image is a photograph taken by NASA’s “Suomi” satellite on September 23, 
2015. Blue spirals represent high concentrations of algae, waters loaded with 
microscopic creatures that contribute to the production of part of the planet’s oxygen. 

The Lotka–Volterra equations have as unknown the populations of the 
competing species, the coefficients describe their survival and mortality rates. They 
predict a cyclical evolution of populations that is consistent with the observations 
(Figure 1.8). Many other equation-based models are available for studies of organic 
and agricultural systems. In recent years, data-based simulations have been 
developed to complement these models – nowadays, they use methods such as 
automatic learning techniques, discussed in Chapter 4 of the first volume. Statistical 
models are based on an adjustment of equations to data and allow an empirical 
relationship between different quantities to be established. 
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simulation data. The efficiency and reliability of ‘Big-Data’ techniques is 
increasing, and it is not excluded that they may eventually replace models 
based on equations...”. 

Simulations involve equations coupling different scales (plant, plot, farm or 
agricultural region). They require a large amount of data and still require very long 
computational times. Despite these current limitations, which artificial intelligence 
algorithms help to push back, modeling in agriculture is becoming more widespread 
and a tool for scientific debate and political decisions. Let us listen to the researchers 
involved in the development of models through a few examples. 

1.3. Decision-making support 

Farmers, political and economic decision makers, and consumers shape the 
landscape of agricultural practices to varying degrees, each acting at its own level: 
by guiding a continental agricultural policy, by deciding to invest in a new machine 
tool, or simply by doing one’s shopping. Different agents, actors and practices 
influence it and the behaviors of each have societal and environmental 
consequences. 

Some agricultural practices have potentially negative impacts on climate and 
biodiversity, for example [BEL 19]. The disappearance of many insect species is 
attributed to the destruction of their habitat by intensive agriculture and their 
poisoning by the widespread use of pesticides [HAL 17, SAN 19]. How can these 
harmful effects be anticipated and limited? How can climate change be taken into 
account in current and future practices [BAS 14]? What is the best combination of 
agricultural practices that makes it possible to produce while guaranteeing a 
country’s food sovereignty? How can we legislate and cultivate for the benefit of the 
greatest number of people? Hélène Raynal, researcher at INRA and project manager 
of a digital platform dedicated to agrosystems [BER 13] provides an initial answer: 

“Different models aggregated within a shared computer system make it 
possible to represent agricultural systems taking into account their 
complexity. Modeling should be able to represent biological processes, 
such as plant growth. They must also make it possible to account for 
physical processes related, for example, to water (evaporation of water 
from the soil, drainage of water to the deep layers of the soil, etc.), carbon 
and nitrogen, which are the factors that determine agricultural production. 
They must also integrate the climate dimension or farmers’ practices 
(such as irrigation levels), and socio-economic aspects. These processes 
fit into different scale levels and, depending on the issue, the model is 
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used to simulate a cultivated field, an agricultural operation – or even an 
entire region. The aim is to integrate as much relevant information as 
possible into the model, from soil chemistry to local climate factors, 
agricultural practices and assumed market trends or climate changes. 
Simulations make it possible to play on various scenarios and estimate the 
impact of a decision taken by stakeholders in the sector on agricultural 
production. They can also help to design new agricultural systems 
adapted to different issues, such as climate change and the reduction of 
chemical inputs to the crop”. 

This collaborative platform1 offers various services for the construction and 
computer simulation of models. In particular, it offers a range of mechanistic 
models produced by agronomists. Based on mathematical equations, they 
explain the biophysical and chemical phenomena involved in crop growth, the 
effects of bioaggressors or model economic balances. They are built separately 
by specialists in these different fields [RAY 18]. 

“In an overall simulation, it is a question of coupling different scales of 
description and reporting changes over time at the desired frequency (day, 
month, year), as well as in heterogeneous territories. When simulations 
aim to secure public actions, they focus on the country’s overall 
production. It is necessary to have a set of calculation points representing 
the different practices, which change according to the soil, the size and 
type of farms, the varieties grown and, of course, the weather conditions. 
Having data available to feed the models is a key point in the simulations”. 

The complexity of the different models used in interaction in a simulation leads 
to rather long calculations: performed on dedicated IT infrastructures, an overall 
simulation requires 2 days full of calculations and generates several gigabytes of 
data. The researchers’ experimental design is limited to half a dozen situations used 
to generate data for subsequent analyses. 

Scientists develop global indicators, reflecting the state of the system: they 
include soil quality, the yield of the territories observed (plot, farm and region), 
water (consumed, drained or irrigated) and nitrogen (consumed, drained or 
generated) cycles. Additional simulations on targeted areas allow the results to be 
refined. Together, they contribute to estimating the dynamics of the simulated 
systems, characterizing their agronomic interest and their environmental and 
economic sustainability (Figure 1.10). In some cases, simulation can help inform 
public decision-making, such as assessing the consequences of a public policy 
decision. 

                            
1 Available at: https://www6.inra.fr/record. 
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des services écosystémiques). Launched in 2012 by the French Ministry of the 
Environment, the study aims to provide knowledge on the current state and 
sustainable use of ecosystems. 

The transition from their farm to the AB label, which warrants organic farming 
practices, was done at the cost of intense work: 

“The first three years, we gradually adapted our plots; this was 
accompanied by a drop in yield that was not immediately offset by an 
increase in quality. It took us about ten years to ensure a quality and 
performance that we consider satisfactory!” 

More than 20 years ago, this mode of production was not understood. At the 
beginning of the 2000s, it became a guarantee of quality and consumers were not 
mistaken, meeting the offer proposed by the two brothers and by other producers in 
their region. Their bet proved to be a win–win situation for all. 

Models developed by researchers in digital agriculture can support the decision 
and transition required by such reconversions (Figure 1.11). Hélène Raynal explains: 

“Models contributing to decision-making are a delicate matter. They 
reproduce, at the farm level, the calculations made, for example, for the 
whole country in the context of public policies. Including detailed data –
such as the equipment available for irrigation or exploitation, crop 
organization and location on the land, possible polyculture rotations, 
cohabitation with livestock, etc. In addition, the models also seek to 
capture farmers’ preferences: the risks they are willing to take in their 
investments, the balance they want to favor between short- and long-term 
productivity, the time they spend at work and how they can integrate 
environmental issues”. 

Simulations are carried out on the plots and make it possible to develop an 
overview of everyone’s practices. By enriching them with climate change data, they 
offer farmers the opportunity to anticipate some of their consequences in the long 
term. 

“The criteria for analyzing simulation data are developed with the farmers 
involved in the process: this joint approach is essential to ensure its 
relevance and quality. While the most traditional indicators are those of 
investments and returns, operators also include those of quality of work, 
such as the possibility of taking days off... This criterion is, for example, a 
determining factor in the choices of certain operators – and it is highly 
contextual”. 
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1.4. Environmental impact 

Fertilizers are organic substances, of plant or animal origin, or mineral 
substances (synthesized by the industrial fixation of atmospheric nitrogen) intended 
to provide plants with nutrient supplements. They contribute to improving their 
growth and increasing the yield and quality of production. 

 

Figure 1.14. Fertilizers promote plant growth but their overintensive use has  
long-term harmful effects on the environment or may be dangerous for  

human health (source: www.123rf.com/) 

COMMENT ON FIGURE 1.14.– Often used in a mixture, fertilizers are mainly 
composed of three elements: nitrogen contributes to the vegetative development of 
all overground parts of the plant, phosphorus strengthens their resistance and 
participates in root development, and potassium promotes flowering and fruit 
development. They also provide plants with complementary elements (such as 
calcium or magnesium) and trace elements (such as iron, manganese, sodium or 
zinc), useful for plant life and development. Their use dates back to the early days of 
agriculture and, nowadays, the development of the chemical industry encourages 
their use, sometimes to an excessive extent. 

Their widespread use worldwide (Figure 1.15) supports the yields expected by 
some farmers, often at the expense of soil, water and air quality. Used in excessive 
quantities, fertilizers are responsible for the depletion, or even destruction, of 
ecosystems – inhibiting the ability of soils to regenerate naturally or permanently 
polluting groundwater reserves. 
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consequences of certain livestock practices – which are also responsible for high 
nitrogen emissions [SMI 09]. 

Models are carried out for a plot, a small agricultural region, a country, or even, 
in the long term, a continent! They take into account the various factors that 
influence the migration of ammoniacal nitrogen in the environment – and exploit the 
data that make it possible to characterize it: meteorological, geological variables for 
the composition of surface soils, physical and chemical variables for the 
composition of fertilizers, statistics for the input practices carried out by farmers.  

“The simulations consist in solving equations modeling the physical, 
physicochemical and biological phenomena at work in soils, and at the 
interface between the soil and the atmosphere. Carried out on a plot scale, 
they give very fast results: a few seconds of calculation give an idea of the 
evolution of the phenomena that can actually be observed over a few weeks 
and this at an hourly time step!” 

Many physical processes are modeled by equations that form the basis of the models 
used in the simulations of changes in chemical species concentrations. These include the 
laws established in the 19th Century by the French physicist Jean-Baptiste Biot (1774–
1862), the French engineer Henry Darcy (1803–1858) and the German physiologist Adolf 
Fick (1829–1901). They relate the flow of a physical quantity to a variation of another 
quantity: 

– the law described by Fourier and formulated by Biot reflects the diffusion of heat. It 
is written as follows ϕ = −λ∇T and stipulates that the heat flux (ϕ) flows from hot areas 
to cold areas (∇T), all the more easily as the medium in question is conductive (λ); 

– Darcy’s law expresses the flow rate of an incompressible fluid filtering through a 
porous medium. It is written as follows ϕ = K∇H and indicates that the flow of a fluid 
between two points, made by its flow (ϕ), is all the easier as the medium is porous (ܭ) 
and that the resistance to its flow, expressed by the hydraulic pressure losses (∇H), is low; 

– Fick’s law accounts for the diffusion of matter. It is written as follows ϕ = −ρD∇c 
and indicates that a chemical species spreads from areas where it is highly concentrated to 
areas where it is less concentrated. The mass flow of a component (ϕ) is inversely 
proportional to changes in its concentration (∇c) and depends on its density (ρ) and its 
propensity to spread (D). 

The calculation algorithms consist of solving these equations, to which are added, on 
the one hand, those of the physicochemical equilibria between the different species in play 
present in the gaseous, aqueous state, or adsorbed on clays and organic matter of the soil 
(highly dependent on temperature, soil moisture and its acidity), and, on the other hand, 
those making consumption and/or production effects by biological reactions linked to the 
presence of microorganisms. Physicochemical models make it possible to calculate the 
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evolution of chemical concentrations in the different soil layers, and in particular at the 
surface. Volatilization is then calculated by using equations describing the convection and 
diffusion effects of gaseous ammonia from the ground surface to the atmosphere based on 
the effects of wind conditions and stability of the lower atmospheric layers. 

Box 1.1. Physicochemical equations 

A set of simulations, aggregated for different plots and taking into account 
composition differences as well as meteorological factors, allows data to be 
reproduced on larger scales – typically a small agricultural region. 

“It is possible to scale up, for a country, with the same principle: by 
performing as many simulations as necessary to describe an entire region 
and synthesize the results of the calculations. No less than 150,000 
simulations are needed to represent the use of mineral and organic 
fertilizers during the soil fertilization phase (in the fall and then from 
February to late spring) and estimate their effects on the scale of a country 
like France. Two days of calculation on about forty cores are necessary to 
realize it!”. 

 
(a) Use of nitrogen fertilizers (b) Ammonia emissions 

Figure 1.16. From the use of nitrogen fertilizers  
to ammonia emissions in France [HAM 14] 

COMMENT ON FIGURE 1.16.– The figure on the left represents the quantities of 
nitrogen used in agriculture in France during the 2005–2006 crop year in the form  
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of ammonia and urea and therefore susceptible to volatilization (the values are 
expressed in thousands of tons of ammoniacal nitrogen). The figure on the right 
shows the resulting ammonia emissions (values are expressed in thousands of tons 
of ammonia, NH3). The choice is made here to present the results of the calculations 
for the entire season, according to the different regions of the country and for the 
two main categories of fertilizers: synthetic fertilizers (in gray) and organic waste 
products (in black). 

The difficulty of the calculation lies in the reliability of the data required to 
inform the model: composition of the fertilizers used, types of fertilized soil, crop 
species and the fertilization routes preferred by farmers, including dates, doses and 
forms of fertilizer applied and methods of application. 

“Simulations allow us to identify interesting trends. Their quality depends 
very much on the quality of the data on which they are based. Soil type, 
range of inputs, emission data and field surveys are the preferred sources 
for researchers to inform their models. The validation of the calculations 
continues to pose problems: although the simulations are able to report 
the concentration of ammonia in the air with good spatial and temporal 
resolution, we do not currently have such an accurate measurement 
network to directly compare the results of our calculations with field 
observations – this is a current area of research involving different teams 
in France”. 

The researchers’ calculations tend to reflect the variability of the situations 
encountered through sensitivity studies: their analyses are being refined and are 
providing decision-makers with tangible evidence for assessing the risks associated 
with the massive use of fertilizers and, in the near future, phyto-pharmaceuticals. 

NOTE.– At the heart of the matter to understand soil chemistry. 

For the American physicist Richard Feynman (1918–1988), simulating the world 
asks us to account for the mechanics of the infinitely small: “Nature isn’t classical, 
damnit, and if you want to make a simulation of nature, you’d better make it 
quantum mechanical, and by golly it’s a wonderful problem, because it doesn’t 
look so easy” (quoted by [BAI 16]). This idea was followed by two researchers in 
theoretical physico-chemistry, Fabienne Bessac and Sophie Hoyau, in order to 
study the mechanisms of pollutant adsorption in soils [BEL 17a, BEL 17b]: 

“Atrazine is an herbicide whose marketing and use have been banned 
in France since September 2002 and June 2003, respectively. 
However, they are still found in groundwater in some regions today.  
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what the associated energies are. The simulation allows us to find the most 
probable structures after the adsorption of the pesticide on the clay. 

“Due to the complexity and size of the models, we used HPC calculation methods. 
Simulating the desorption of the pesticide in water requires, for example, nearly 
two million hours of calculation – spread over the thousands of cores of a 
supercomputer!” 

Calculation at the atomic scale is a first step in research: it serves as a reference for 
validating models that introduce simplifications and lend themselves to faster 
calculations. The objective is to carry out simulations under environmental 
conditions, with the data collected in the fields. Calculations using these models, in 
which accuracy is demonstrated by comparison with the atomic scale calculation, 
should determine the pesticide partition constants between the liquid and mineral 
phases – and answer the initial question. It is a wonderful problem, because it is far 
from simple! 

1.5. Plant growth 

Vegetation is one of the crucial resources for humanity, providing it with food 
and energy – and in some cases a place to live. Satellite observations help to 
consolidate plant occupancy data on the planet’s surface (Figure 1.19). They enable 
scientists to understand the influence of natural cycles on vegetation (such as 
droughts or epidemics) or that of human activities (such as deforestation or CO2 
emissions). 

 

Figure 1.19. Vegetation map obtained from satellite observations  
(source: NASA/www.nasa.gouv). For a color version of this figure,  

see www.iste.co.uk/sigrist/simulation2.zip 
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COMMENT ON FIGURE 1.19.– The shades of green on the map correspond to values 
ranging from 0.0 to 1.0, in arbitrary units. Values close to 1.0 (dark green) indicate 
the presence of abundant vegetation, as in the Amazon rainforest. Values close to 
0.0 (beige) indicate areas with little vegetation, such as the oceans or the Arctic 
continent. Forests cover 30% of the world’s land area, equivalent to just under 40 
million km2, while treeless vegetation (tundra, savannah, temperate grasslands) 
occupies about the same area. 

In 1985, English filmmaker John Boorman recounted in The Esmerald Forest 
how a world disappears, the world of the Amazon rainforest tribes [BOO 85]. The 
son of an engineer who oversees the construction of a gigantic dam is taken from his 
parents by a tribe of Forest Men. As the dam’s construction was completed, the 
father and son found themselves in circumstances that led them both to confront 
progress and humanity. The dam will eventually give way under the waters of a 
river doped by torrential rain, engulfed by the songs of frogs calling on the forces of 
nature. The engineer who wanted to destroy his work to protect the future of his son 
and that of a tribe wishing to live in peace will not have this power. 

The Amazon rainforest is still one of the largest plant communities on the planet 
today. According to FAO2 estimates, it is now disappearing at an average rate of 
25,000 km2 per year (equivalent to half the size of Austria) to make way for new 
crops. At this rate, it will have completely disappeared by the first half of the next 
century. It pays the highest price for the consequences of human activities: more 
than half of the world’s deforestation. The evolution of vegetation as a whole is of 
particular concern because of its dual importance: it supports a large part of 
biodiversity and contributes to the absorption of atmospheric CO2. Analyzing 
satellite observation data, NASA researchers show that in just under 20 years, the 
planet has re-vegetated with an area equivalent to that of the Amazon, with India and 
China being among the main contributors to this trend. The observed vegetation 
corresponds, on the one hand, to the growth of new forests, contributing to the 
sequestration of carbon from the atmosphere, and, on the other hand, to an extension 
of agricultural areas, whose natural carbon storage balance is generally neutral [CHE 
19]. 

Understanding the growth mechanisms of species continues to occupy scientists. 
In the first half of the 20th Century, the British biologist d’Arcy Thompson (1881–
1946) became interested in the shape and growth of living organisms, publishing his 
thoughts in an exciting collection [THO 61]. He looks for invariants and universal 
principles that govern the evolution of life – for example, fractal structures or 
particular sequences (Figure 1.20). 

                            
2 Data available at: http://www.fao.org/forestry. 
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Figure 1.20. The Fibonacci spiral: a model (too simple?)  
to explain plant growth (source: www.123rf) 

COMMENT ON FIGURE 1.20.– Leonardo Fibonacci (1170–1250) was a 13th Century 
Italian mathematician. The Italy of his time was a region formed by scatterings of 
merchant cities in strong competition (Venice, Pisa, Genoa). Trade activities needed 
numbers and calculation to support their economic development. The mathematician 
developed algebraic methods to contribute to this. In particular, he drew inspiration 
from Indian and Arab mathematics, while Roman numerals, still widely used in 
Europe, forced calculation in a rigid numbering system that the invention of zero 
helped to loosen. The sequence that bears his name is defined from two values, then 
each term is calculated as the sum of the two previous ones. Thus, starting from 1 
and 1, the terms are 2, 3, 5, 8, 13, 21, etc. This sequence, which has properties of 
interest to mathematicians, is found in some natural growth mechanisms. The 
Fibonacci sequence hides the famous golden number Φ = (1 + √5)/2. Discovered 
in the 3rd Century BC by Greek mathematicians, Φ seems to be present behind the 
architectural choices made in antiquity, for example in the construction of the 
Parthenon in Greece. “Let no one ignorant of geometry enter” is the motto of the 
Academy, founded in Athens by Plato in the 4th Century BC. The Platonic school 
makes mathematics one of the instruments of the search for truth. To this is added 
that of harmony, whose golden number is the hyphen. Φ is the Greek letter 
traditionally used to designate it and it also refers to philosophy. For very different 
reasons, the golden number fascinates human beings who sometimes tend to find it 
everywhere even where it is not [LIV 02]. 

Created at the initiative of the Royal Botanical Garden of Edinburgh, the website 
The Plant List3 aims to provide an exhaustive list of the various plant species: there 

                            
3 Available at: http://www.theplantlist.org/. 
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are currently more than 1 million. Nature is characterized by a great variability of 
shapes (Figure 1.21): how can we accurately model the development of such diverse 
plants? 

 

Figure 1.21. Variety of leaf shapes (source: www.123rf/Liliia Khuzhakhmetova) 

Since the late 1960s, scientists have been using a formalism that is particularly 
well suited to modeling plant growth. It finds its roots not in the field of 
mathematics but in that of grammar! Frédéric Boudon, a researcher at CIRAD*, is an 
expert in these tools, the so-called “L-systems”:  

“The L-systems were introduced in the late 1960s by Hungarian biologist 
Aristid Lindenmayer to describe some of the processes encountered in 
biology. They are particularly effective in modeling plant development 
and are based on the rules of ‘formal grammar’. These can provide a 
realistic account of the influence of the plant’s architecture, vitality and 
environment on its growth”. 

In an L-system, a plant is represented by a sentence whose elements, or modules, 
themselves symbolize the components of the plant (stem, branch, flower, leaf, etc.). 
A set of rules governs the dynamics of these modules: they formalize biological 
processes and model plant transformations. The production of a new element (leaf, 
flower, fruit), growth or division of an existing element (stem, branch) are therefore 
represented by sentence equivalents of our language, which itself has its own 
syntactic rules (the order of words in a sentence) and is based on a given semantics 
(a set of words). 
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Figure 1.22. Weeds generated by a three-dimensional L-system program 
(source: www.commons.wikimedia.org) 

COMMENT ON FIGURE 1.22.– The rules implemented in the L-systems seek to 
represent the living: the probability of regrowth of a cut part, the amount of biomass 
produced, the birth and hatching of a flower, the production and ripening of a fruit. 
They can take into account environmental factors: amount of light received, level of 
sugar reserves, concentration of a hormone, etc. They make it possible to arrive at a 
very realistic modeling, a genuine digital plant! 

“The validation of models is done by comparing them with the dynamics and 
patterns observed in the field. There are no specific restrictions on the use of 
L-systems and researchers can therefore treat any type of plant: grasses, 
plants, trees! Their architectures can be reproduced in a very realistic way, 
including at fine detail levels. By using so-called ‘stochastic approaches’, it 
is possible to reproduce by simulation the heterogeneity observed in nature. 
Different biophysical phenomena such as branch mechanics or their 
reorientation towards the sun or as a function of gravity can be included in 
these simulations”. 

While they formalize the understanding of plant growth through simple 
mathematical rules, L-system-based models allow different types of applications 
such as yield prediction. The challenge in this case is to have models interact at 
different scales in order to obtain an overview: from plants or planting groups, to the 
plot and the entire farm. This is a vast field of research in digital agriculture. 
Modeling by L-systems already contributes to the evaluation of certain techniques, 
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such as agro-ecology, which are receiving increasing interest due to the growing 
awareness of ecological issues and the need to preserve the emerald forest? 

NOTE.– Growing plants “in-silico” with L-systems. 

The typology of a plant, the phenotype, results from the expression of its genetic 
heritage (its genotype), and its interactions with the characteristics of the 
environment in which it develops (its environment). These interactions largely 
determine biomass production: reconstituting the phenotype of plants is therefore a 
key-factor in calculating the yield of a production. 

Artificial intelligence techniques based on deep learning from imaging data can 
contribute to this objective by automatically and quickly performing repetitive 
tasks such as counting sheets. In the learning phase, it is necessary to have a 
database large enough to make the algorithms efficient, which is not always the 
case in agronomy! The databases that can be used are generally limited and 
campaigns to enrich them are very expensive. One solution proposed by some 
researchers is to generate digital plants by simulation: the variety of forms 
produced thus enriches existing databases at low cost (Figure 1.23). 

 

Figure 1.23. The virtual plants (left), obtained in silico by means of L-systems,  
have similar characteristics to the real plants (right), obtained in vitro 

COMMENT ON FIGURE 1.23.– The efficiency of the L-systems is such that 
researchers show that the simulations are able to produce a variability in the 
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characteristics of synthetic plants close to that of real plants – otherwise the data 
used by the learning algorithms would not be of good quality. The researchers 
even demonstrate that the latter learn, with similar effectiveness, either from real 
data or from data produced by synthetic models [UBB 18]. 

Let us conclude this chapter with the understanding that, in general, agricultural 
modeling addresses three scientific issues: 

– understand and predict plant growth processes; 

– assess the impact of agricultural practices in ecological and economic terms; 

– informing the policies of decision makers and farmers’ choices. 

They are thus becoming an essential tool for agricultural research, meeting the 
vital needs of humanity in the 21st Century: feeding populations and preserving their 
environment. 



 

 


