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Preface

The digital transformation of the economy and society has gained pace over the 
last years. Digitalisation is regarded as “enabler” to facilitate our life, for exam-
ple, by making processes more efficient and/or more customised. However, digi-
talisation does not only bring benefits, but also bears risks, such as digital divides 
between regions or population groups. In 2019, the European Commission has set 
“A Europe Fit for the Digital Age” as a headline ambition for its political agenda 
and adopted a Communication on the “Digital Decade” in 2021 proposing a com-
pass for a way forward.1 Proactive steering and capacity building are essential to 
use the potential of digitalisation effectively and manage the transformative pro-
cesses responsibly.

The agricultural sector is no exception. Digital technologies more and more 
shape the day-to day-work of farmers. There have been waves in the digitalisa-
tion in agriculture, driven by e.g. the increasing availability of data, noteworthy by 
GPS2 data and freely available satellite imagery, as well as by certain technologi-
cal advancement, for instance in the development of apps. While 20 years ago, the 
main focus was on precision farming, the scope of digitalisation in the sector has 
quickly extended to smart farming and the digitalisation of supply chains. While 
in the early stages, digital technologies were predominantly associated with key 
decision-making support, nowadays, as the portfolio of applications has increased 
rapidly, farmers often need decision aid to take the right choice of smart farming 
tools.

In agriculture, digital technologies can support all types of farming—e.g. con-
ventional, organic, large- and small-scale farming. Digitalisation allows to effi-
ciently and effectively link competitiveness and sustainability ambitions, which are 
often regarded as trade-offs. Digital technologies can serve as “enabler” to main-
tain productivity, and food security, while increasing environmental benefits.

Against this background, digital technologies in agriculture have received much 
political attention globally. Their development and uptake have been supported 
through numerous commitments and programmes. For instance, the Commu-
nique of the Global Forum for Food and Agriculture (GFFA) in 20193 highlights 
the importance of digital innovation in supporting farmers, while acknowledg-
ing the projected increase in the world’s population; the agricultural ministers of 
74 nations called for smart solutions in increasing agricultural production in full 
commitment to the goals of the 2030 Agenda for Sustainable Development and 
the Paris Agreement on Climate Change. Subsequently, the Food and Agriculture 
Organisation of the United Nations (FAO) has launched the process to imple-
ment an International Digital Council for Food and  Agriculture4. In the  European 

1  Communication from the Commission to the European Parliament, the Council, the European 
Economic and Social Committee and the Committee of the Regions “2030 Digital Compass: the 
European way for the Digital Decade”, see https://ec.europa.eu/info/sites/info/files/communica-
tion-digital-compass-2030_en.pdf.

2 “GPS” stands for “Global Positioning System”.
3 https://www.gffa-berlin.de/wp-content/uploads/2015/10/GFFA-2019-Communique.pdf.
4 http://www.fao.org/3/ca7485en/ca7485en.pdf.
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Union digitalisation will form an inherent part of the so-called cross-cutting 
objective of the Common Agricultural Policy (CAP) post-2022, complement-
ing the CAP general goals and specific objectives and acknowledging its enabling 
potential.5

Fascinating and performing innovative digital solutions for agriculture are 
available on the market. However, to achieve wide outreach among farmers, bar-
riers to the uptake of digital technologies have to be addressed. Therefore, for the 
digital transformation of the agricultural sector, more is needed than innovative 
digital tools. While digital technologies may serve as “enabler”, an environment 
enabling farmers to take up and effectively deploy them is indispensable. A prereq-
uisite is broadband; beyond that, for instance digital skills, and/or advice to farm-
ers are essential. Capacities to invest and to cooperate may determine the level of 
advancements in using digital technologies and generating data.

Data and data technologies are important determinants for the effectiveness 
of digital technologies. For instance, freely available satellite or meteorological 
data can enable many farmers to benefit from digitalisation. More cost-intensive 
data collected with sensors allows higher levels of precision in digital applications 
and thus more tailored production. The data pool considered in the analytics to 
enhance production can be increased with reference data from other farms, and 
other regions. Hence, data sharing is a vehicle to boost the digital transformation. 
Data sharing is also required for most farmers to get their data analysed and inter-
preted. Agricultural data is of value not only for famers, but also for actors in 
the up- and down-streaming sectors and for public good purposes, such as policy 
monitoring. At the same time, agricultural data may form business data, including 
secrets, such as the keys to successful production. Next to trust, clarity about the 
rights of the individual actors involved in data sharing, about data ownership and 
data interoperability is essential for the digital transformation of the sector.

Data sharing in agriculture and interoperability are only two fields linked 
to the digital transformation of the sector, where systemic action appears to be 
advantageous. Here, the question for policy-makers arises, whether to intervene or 
not, and whether to take horizontal or sector-specific action, and at which level, 
e.g. national or EU, considering that agri-food supply chains have often a global 
dimension. Next to possible (self-)coordinating or regulatory actions, other types 
of interventions can be instrumental to boost digitalisation in the sector. For 
instance, support through the provision of data, data infrastructure and digital 
infrastructure, as well as furthering innovation, the provision of advisory services 
and training in digital skills, and tailored investment measures are potentially rel-
evant fields of interventions. To be able to take such policy decisions, it is impor-
tant to foster a strategic approach and to take stock of the state of play of digital 

5  The “cross-cutting objective of modernising the sector by fostering and sharing of knowledge, inno-
vation and digitalisation in agriculture and rural areas, and encouraging their uptake” is set out in 
Article 5 of the Regulation (EU) 2021/2115. The general objectives set for the CAP post-2022 are (a) 
to foster a smart, competitive, resilient and diversified agricultural sector ensuring long-term food 
security; (b) to support and strengthen environmental protection, including biodiversity, and climate 
action and to contribute to achieving the environmental and climate-related objectives of the Union, 
including its commitments under the Paris Agreement; (c) to strengthen the socio-economic fabric 
of rural areas. 7 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32021R2115

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32021R2115


VII
Preface

technologies in agriculture in a certain region or country, seeing it in an interna-
tional context.

The Handbook

Why a handbook? One may raise the question, whether a book is the right format 
to discuss digital technologies in agriculture in the digital age, a time characterised 
by the trend towards shorter and more frequent and numerous pieces of informa-
tion. A time, where “innovation” in technologies may be regarded “common prac-
tice” after a very short period of time, and might better be captured in fast-track 
scientific papers. Without doubt, in one year from now, there will be technological 
advancements in the field of digital agriculture.

Yet, the primary objective of a handbook is not to present the latest novelties, 
but to take stock of the state of play as well as of past and future trends to pro-
vide the reader a comprehensive overview of a complex subject at the intersection 
of multiple disciplines. This handbook sheds light on the situation of digitalisa-
tion in agriculture in Central, Eastern and Western Europe. It will guide the digital 
transformation of the sector in the decade to come. A period, in which, innovation 
ecosystems, business models, or data sharing regimes evolve and benefit from doc-
umented and shared experiences.

This book is a valuable help for public authorities and policy-makers in 
Europe, when developing digitalisation strategies and/or designing interventions 
for the agricultural sector; and also actors from other parts of the world will be 
able to transfer the lessons learnt presented in this book.

This handbook is important also for farmers and their advisors to take 
informed decisions on the digital future of farms. This book will facilitate capac-
ity building for taking decisions, which digital tools to deploy and for perform-
ing human oversight of digital technologies. Moreover, farmers have to be in a 
position to judge how far digital technologies take over tasks on the farm, and in 
which way they best continue to follow their passion as a farmer. Such a personal 
decision may also be influenced by the fact that agriculture is not only a business, 
but also a culture, and is linked to deep-rooted traditions in many regions across 
Europe going along with expectations at community and societal levels.

At the same time, this book may provide insights for the interested public, 
and reveal that an increased use of technologies in farming does not necessarily 
go along with intensification and increased impact on the environment, explaining 
the opportunities and challenges to achieve sustainability ambitions through digi-
tal technologies.

Scientists will gain from this handbook to set their work in the field of digitali-
sation in agriculture into context, and get inspired in the development of compre-
hensive study designs, as this handbook closes an important gap in the literature, 
complementing a portfolio of scientific papers and reports.

I am grateful to the authors for joining forces and bringing this handbook to 
life. All of them are widely acknowledged experts in their fields, including e.g. law, 
agricultural economics, as well as digital and machinery technologies. The tailored 
compilation and interplay of their contributions in this handbook adds value to 
authors’ works, and results in outstanding nonfiction.
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Personally, I may opt for the printed, rather than for the e-edition of this hand-
book: this book is thought-provoking, and invites to scribble, and I am convinced 
that I will revisit it several times over the next decade to reflect on the progress in 
the digital transformation of the agricultural sector.

Doris Marquardt
Directorate-General for Agriculture and Rural 

Development of the European Commission
(The information and views set out in this preface are those of the author and 

do not necessarily reflect the official opinion of the European Commission.)
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Introduction

5 Clear targets to transform farming to-
wards a defined more sustainable future

5 Sound methodologies to scale from sin-
gle successes to broad-scale adoption

5 Holistic technology overview to identify 
and address key usability issues

5 Agronomy process thinking to assure 
products interoperating seamlessly

5 Farming product and territorial require-
ments to specify value adding solutions

5 Sustainability associations, methods and 
directions to lower entry hurdle

The content of the book comes from two 
different perspectives. The top-down per-
spective understands farming as part of an 
ecosystem incl. nature and environment, so-
ciety, politics and law, but also technologies 
and standards (see . Fig. 1.1). Scaling up 
Digital Farming requires policies, funding 
programs and product portfolios targeting 
key environmental and farming needs.

The bottom-up perspective under-
stands farming as an efficient production 
process with key production factors meas-
urable, but not completely adjustable like 
soil, precipitation, disease pressure, etc. 
This production process includes the up-
stream value chain incl. technology, invest-
ment goods and input providers, the actual 
farming production and the downstream 
value chain including commodity traders, 
primary processors, food brands and re-
tails and finally the consumer (see center 
of . Fig. 1.1). Scaling new approaches and 
methods requires a better performance in 
terms of sustainable yield level, production 
costs, and process efficiency (incl. set up 
times) as with the current state of the art.

Increasing the adoption of Digi-
tal Farming in farm practice for the bene-
fit of farmers, environment, market players 
and society in this environment is a chal-
lenge. It requires a joined understanding of 
the farmers’ profitability and sustainabil-
ity needs, societal and political targets, as 
well as agronomic processes and technology 

1.1   Motivation and Overview

1.1.1   Motivation

The starting point of Digital Farming as 
we see it today was Monsanto’s acquisi-
tion of Precision Planting in 2012 followed 
by acquisition of The Climate Corporation 
in 2013. Michael Porters article on “How 
smart, connected products are transform-
ing competition,” published in 2014, lifted 
data-based strategies to the center of atten-
tion of leading ag and tech industries, start-
ups, scientists and strategic farmers. Also, 
policy makers on state, member state and 
EU level consider Digital Farming solu-
tions as key enabler for a more profitable, 
sustainable, diverse and resilient farming.

Despite the general understanding that 
Digital Farming is the way to go, today’s 
situation is mixed. On the one hand Digi-
tal Farming solutions are available on farm 
level. On the other hand, studies confirm 
Digital Farming implementation is behind 
expectations, from an on-farm efficiency and 
a market adoption point of view. There is a 
gap between the Digital Farming ambition 
to transform farming toward more sustaina-
ble agriculture and today’s farming practice.

In December 2019 the European Union 
published the Green Deal, later translated 
to farming by the Farm to Fork Strategy 
as part of the new Common Agricultural 
Policy (CAP). Digital Farming was named 
key to translate these political objectives to 
farm operations big scale. If  this is the tip-
ping point for large-scale adoption of Digi-
tal Farming, the question is how to support 
this development and ensure that Digital 
Farming is applied at a large scale.

The following convictions shaped the 
content of the book. In principle, end con-
sumers’ acceptance and willingness to in-
vest are the best drivers for transformation. 
The digital transformation toward more 
sustainable agriculture requires in addition:
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Digital Farming, various system classes of 
Digital Farming solutions emerged in the 
last decades (see . Fig. 1.2): various infor-
mation systems such as GIS emerged that 
each offered specialized functionalities to 
the farmers. The information systems de-
veloped into full-fledged connected Farm 
Management Information Systems (FMISs) 
that are nowadays often platform-based 
and offer a multitude of functionalities 
ranging from GIS functionality via field di-
ary functionalities to sophisticated decision 
support. In the embedded world a multi-
tude of sensors and actuators were devel-
oped, e.g., the widely adopted GPS sensors. 
Those sensors and actuators can be stand-
alone. Nowadays, they work together in 
highly connected cyber-physical and au-
tonomous systems to provide highly auto-
mated or even autonomous functionalities 
like in a tractor, its implements, harvest-
ers, or autonomous robots in the field. In 
addition, with the development of smart-
phones and tablets, various apps emerged 
for these mobile systems, e.g., for detect-
ing weed or for workforce management. 
All these systems together, even though 
they are often not highly interoperable, 
shape a sophisticated digital agricultural  
ecosystem.

challenges. The editors experienced in mul-
tiple project discussions, even when we look 
at and talk about the same things, that the 
novelty of the subject, the missing stand-
ards and evaluation methods make it hard 
to meet the expectations.

On the business side, companies are 
proud to deliver a minimum viable product. 
The customer underestimates the training, 
setup and maintenance efforts required to 
use the first products. The data manager is 
happy about the first data sets, but actually 
requires much more data with higher time 
and local resolution. The budget owner 
needs to match the total sales potential 
with the final product, not with the initial 
MVP feature. And finally, the methods are 
premature to proof to farmers, why a Dig-
ital Farming tool finally helped to increase 
yield by, e.g., 3% compared to last season.

On the technology side, more and more 
Digital Farming systems are emerging. As 
the term Digital Farming is assigned with 
different meanings, we define it for this 
book as “the software-supported optimiza-
tion and automation of agricultural work 
and business processes as well as the ena-
blement of innovative business models.” 
The terms Agriculture 4.0 and Smart Farm-
ing are seen as synonyms. In the realm of 

Social systems 

Natural systems

Economic systems

Poli�cal framework

Produc�on factors
Field, Water, Weather, Labor,  … 

Technology systems

Values, Consump�on, Society, Global/Local, …

UN, EU, Policies, Law, Standards, … Intelligence, Automa�on, Sensor, Pla�orm, Data, …

Commodi�es, Trade, Value Chain, Subsidies, …

Fauna, Flora, Habitat, Soil, Weather, …

AgricultureUpstream Downstream Endconsumer

Products and services
- Seed 
- Machinery 
- So�ware 

Primary produc�on
- Field crop farming
- Livestock farming
- Indoor farming 

Food produc�on 
- Trade 
- Processing
- Retails

Products
- Fresh produce
- Processed food
- Meat and dairy 

AgFood produc�on system

. Fig . 1 .1 Overview on agricultural ecosystem elements and influencing factors
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“What methodologies and technologies are 
available today?”, “What is their cost–ben-
efit ratio?”, and “How will this technol-
ogy area develop in future, e.g., with re-
gard to performance or cost?”. For read-
ers with an interest in agronomy, 7 Chaps. 
4 and 5 will provide insights in the current 
use of Digital Farming solutions in vari-
ous agronomic areas and in different farm-
ing systems in Europe. Example questions 
answered in these chapters are “How to cre-
ate and capture value with Digital Farm-
ing technologies?”; “What digital products 
are currently used?”, “Which Digital Farm-
ing tools are used for specific farming sys-
tems?”, and “What are the still unsolved 
needs, where can Digital Farming improve? 
“. For readers with an interest in sustaina-
bility, 7 Chap. 6 will explain how Digital 
Farming can be used to contribute to sus-
tainability, either directly or indirectly by 
supporting other, non-digital measures. Ex-
ample questions answered are “Which sus-
tainability goals affect Digital Farming?”, 
and “How can Digital Farming contribute 
to sustainable farming approaches?”.

This handbook is intended for farm-
ers, managers and developers in businesses, 
scientists, students and policy makers. It 

1.1.2   Rationale for This Handbook 
and Scope

As described in the motivation, there are 
fast advances in the state of the art and 
state of the practice of Digital Farming. 
The future of digitally enabled, sustaina-
ble farming will be co-created as farming 
is a remote process, which is supported by 
multiple stakeholders, industries, systems 
and products. This handbook summarizes 
the baseline about what was achieved dur-
ing the “rise of Digital Farming opportu-
nities” decade (2010–2020) and provides 
structure, terminology, technology and ex-
amples for the “scale-up Digital Farming” 
decade (post 2020).

Digital Farming is a multifaceted topic. 
Therefore, this handbook aims to con-
nect statements of key experts on their 
view from a multitude of different perspec-
tives. For readers with an interest in meth-
odological and technological know-how, es-
pecially 7 Chaps. 2 and 3 will be of inter-
est. There, the authors present the elements 
of a framework for the digital transforma-
tion of the agricultural ecosystem and de-
scribe key technological areas. Exemplary 
questions answered in these chapters are: 

IT Megatrend: Integra�on

Big data / data analy�cs

Connected 
FMIS

Mobile
Systems

Informa�on
Systems

Embedded 
Systems

Digital ag 
Ecosystems

Autonomous &
Cyber-physical Systems

Specialized Func�onality

Sensors
Actuators

Smartphone 
Tablets

Mul�-func�onal
Pla�orms

Tractors and implements
Harvesters
Robots

. Fig . 1 .2 Overview on system classes of Digital Farming solutions shaping the digital agricultural ecosystem
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European Markets. We believe that many 
views are transferrable to many other areas 
in the world as well. From a farming system 
perspective, the main focus is on field crops, 
but also specialty crops and livestock farm-
ing examples complete the picture. The per-
spective beyond field cash crop farming is 
especially important, as more sustainable 
farming in the future will require closing 
the nitrogen and carbon circle, thus closer 
interaction between the different farm pro-
duction systems.

1.1.3   Overview on Contents

In this section we provide an overview on 
the contents of this book, which is also vis-
ualized in . Fig. 1.3.

Chap. 1 describes the current chal-
lenges, requirements and targets in the ag-
ricultural ecosystem when it comes to digi-
tal transformation. It begins with a farmer’s 
perspective and moves through sustainabil-
ity and environmental perspectives to a de-
scription of the state of the practice in the 
adoption and acceptance of Digital Farm-
ing technologies. It provides key require-
ments and open issues to be addressed 

 describes the state of the art and state of 
the practice with regard to Digital Farming. 
It provides existing challenges in various di-
mensions, such as technology, business and 
sustainability. It sketches an outlook about 
current developments and future extensions 
of Digital Farming solutions. It is also 
meant as an invitation for discussion: the 
digital transformation of the agricultural 
food chain will be an interactive, interdis-
ciplinary process with a lot of testing and 
discussion. This book provides the baseline 
for all friends of Digital Farming to these 
discussions. It provides a foundation of 
necessary terminology and views, fostering 
the discussion about new farming practices 
and new cross value chain partnership op-
portunities.

This handbook has an intended, limited 
scope. Technology-wise, all relevant Digital 
Farming technologies are in scope without 
territorial or farming system restrictions, 
but with a focus on technology for crop 
farming. From an agronomy perspective, 
the handbook focusses on the European 
market with humid, maritime climates with 
yield levels larger than 5t/ha including cen-
tral European countries like France, Ger-
many, Netherlands, UK, as well as Eastern 

Stakeholders

Perspec�ves

Seeding
Crop management
Harves�ng

Commodity field crops
Fruits and Grapes
Vegetables 
Livestock 

Chapter 1: be�er (digital) agricultural ecosystem 
incl. challenges, requirements, targets

Chapter 2: transforma�on and enablement 
incl. methods, tools, approaches

Farmer Nature Consumer Poli�cs

Chapter 3: 
Technologies  

Chapter 4: Agronomy  
Services Process Food chain

Chapter 5: 
Farming systems

Chapter 6: 
Sustainability 

Associa�ons
Evalua�on 
Approaches 

Data 
Systems 
Precision Farming
Interoperability

Solu�ons
E-Commerce
Insurance 

Direct marke�ng
Food industry 
Demand forecast

Chapter 7: Summary 
incl. key insights, remaining challenges and vision for future 

Conclusions 

. Fig . 1 .3 Overview on various stakeholders, process steps, and cross-cutting technologies in the agricultural 
value chain
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current Precision Farming technologies 
ranging from positioning systems, via sen-
sors systems to Farm Management Sys-
tems. Typical Precision Farming applica-
tion scenarios are outlined as well. Further, 
one article highlights the current state of 
the art and specific challenges of safe object 
detection and how such systems can be en-
gineered. A large challenge in the digital ag-
ricultural ecosystems is the interoperability 
of the different Digital Farming solutions. 
Therefore, a reference architecture on how 
to achieve better interoperability is pre-
sented. As more and more Digital Farm-
ing solutions rely on artificial intelligence, 
the use of AI in agriculture is outlined by 
sketching technology and key application 
scenarios. In order to successfully develop 
innovative Digital Farming solutions, agri-
cultural data must be available and acces-
sible. Therefore, a view on data sharing in 
agriculture and relevant technologies such 
as ontologies and terminologies for de-
scribing the data is given. As one key area 
of agricultural data is geo-related data, we 
highlight the role of geo-based data and 
its farm-specific integration. As closing of 
7 Chap. 3, a comprehensive outlook on 
technology developments in various tech-
nological areas is provided.

After these technology-oriented per-
spectives in 7 Chaps. 2 and 3, 7 Chap. 4 
provides an agronomy perspective along 
the agricultural production process and 
value chain (see also . Fig. 1.3). We start 
with a view on the change in sales in the ag-
ricultural upstream sector from products 
to solutions, why this is a trend and how 
the sales will change. Then we switch to 
cross-cutting and enabling topics that sup-
port the primary production processes (see 
“Services” in . Fig. 1.3) presenting solu-
tions in the area of interoperability of Dig-
ital Farming solutions, E-commerce and 
logistics solutions for the upstream and 
downstream sector, as well as new insur-
ance models related to Digital Farming 
solutions. After this, we switch to the pri-

when developing or using Digital Farming 
technologies. Finally, it provides insights 
how policy makers see the topic of Digital 
Farming and how the current status of ag-
ricultural digital and data law gives a frame 
for Digital Farming technologies.

7 Chap. 2 presents methods, tools and 
approaches on the transformation pro-
cess itself  and its enablement. It starts with 
a view on the history of Digital Farm-
ing technology and a first view on a poten-
tial future roadmap. Then it presents major 
(macroeconomic) trends that are impact-
ing the current digital agricultural ecosys-
tem. From this macroeconomic perspec-
tive we switch the view toward possibilities 
to make an economic benefit quantification 
on a farm level, knowing that questionable 
economic viability is among the top causes 
for neglecting Digital Farming technolo-
gies. This is followed by a French perspec-
tive how Digital Farming tools can be suc-
cessfully disseminated. We provide the key 
lessons learned on how the stakeholders in 
our agricultural ecosystem should behave in 
order to support a better adoption of Dig-
ital Farming technologies. Besides the dis-
semination of these technologies, many 
companies (farmers as well as companies 
in the upstream and downstream of agri-
culture) consider how to establish new, suc-
cessful business models. Therefore, a model 
and approach for business model innova-
tion with a concrete example application 
in agriculture are outlined. This chapter 
ends with an experience report on accelera-
tors and partnerships in the agricultural do-
main. It describes why establishing success-
ful business models is hard and states how 
to adopt innovative Digital Farming pro-
grams to better prepare for the new chal-
lenges ahead.

7 Chap. 3 starts with a perspective on 
how the efficient system engineering for au-
tomation and autonomous machines will 
change in the future into the direction of 
highly automated, flexible equipment sys-
tems. This is followed by an  overview of 
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like high manual harvest efforts, such as la-
bor costs, the particularly high harvesting 
efforts with fruits and vegetables and spe-
cific requirements linked with permanent 
plantations like fruits and grapes or live-
stock requirements like animal welfare. In 
addition to the production-specific topics 
the section on wine puts more attention to 
downstream opportunities and the ques-
tion, how Digital Farming can support dif-
ferentiation in the end-consumer market. 
We close with an experience report from 
a family farm in the Netherlands taking a 
look back into a long history and into the 
future.

The topic of sustainability gets more 
and more attention when it comes to the 
digital transformation of the agricultural 
sector. Therefore, 7 Chap. 6 deals with 
this important topic. It starts with a view 
on sustainable farming associations and 
the frameworks they developed. It con-
tinuous with a perspective on how digi-
tal technology can contribute to sustaina-
bility including some case studies. We then 
switch to the perspective of hybrid agricul-
ture as an emerging concept to deal with 
sustainability and continue this chapter 
with a view on how digitalization can sup-
port addressing sustainability especially 
for cropping systems. We close the chapter 
with a perspective on carbon farming and 
how digital technologies enable this new  
approach.

7 Chap. 7 summarizes this handbook. 
The key lessons learnt about the current 
state of the practice are presented in a chap-
ter-by-chapter fashion. Next, a selection of 
the remaining challenges for future develop-
ments of Digital Farming is summarized.

1.1.4   Information for Reading This 
Book

7 Section 1.1 and 7 Chap. 7 are written by 
the co-editors of this book. The remainder 
of the book (i.e., 7 Sect. 1.2 to 7 Chap. 6), 

mary agricultural production process and 
describe how Digital Farming solutions 
support soil and seed management, the nu-
trient supply of plants (i.e., fertilizing), the 
crop protection, capturing information 
about weather and usage of equipment for 
irrigation, and finally for the harvesting of 
the crops. Then we switch perspective to the 
use of digital tools for the sales of the pro-
duced goods of farmers. We start with de-
scribing the relevance and possibilities of 
software tools for direct marketing, fol-
lowed by highlighting the economics point 
of view of direct marketing. Further, we 
present how advanced start-ups are chal-
lenging the established food retailers and 
describe which new infrastructures, pro-
cesses and business models are emerging in 
this respect. We close this chapter with an 
outlook on how Artificial Intelligence could 
be used for demand forecasting and sus-
tainable crop planning.

7 Chap. 5 takes the farming systems 
perspective. At the beginning we acknowl-
edge the key challenge is not only to show 
the yield, cost, and sustainability bene-
fits achieved with Digital Farming solu-
tions, but make the solutions available be-
yond early mover, strategic thinking, big 
farms, and contract farmers. Another chal-
lenge is supporting the low and average per-
forming farms striving toward the biologi-
cal optimum of crops and location. This is 
followed by a perspective on cereal-based 
production systems, from a crop manage-
ment process (e.g., observe, analyze, decide, 
act and record), a country and cross farm 
point of view (e.g., France, Germany and 
the Netherlands). To complete the require-
ments from additional farming perspec-
tives, the chapter further focusses on farm-
ing systems, which are more closely con-
nected with the food value chain, as they a) 
grow and market fresh produce like vegeta-
bles and fruits, b) processed products like 
wine or c) livestock farming products like 
meat, milk or other dairy products. These 
sections focus on the specific requirements 
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Environmental issues, limited resources, cli-
mate change, negative public perception of 
agriculture in many industrialized coun-
tries, agricultural policy, limited labor avail-
ability, new technologies and a growing in-
terest of investors in agriculture lead to 
increasing costs for land, labor and farm in-
puts, a rapidly growing number of regula-
tions and booming bureaucracy. At the same 
time yield increases are slowing down and 
prices of most agricultural products are vola-
tile but stagnating and similar worldwide due 
to globalization and worldwide commod-
ity trade. Hence, farm producers in countries 
with lower land prices, lower labor costs and 
fewer regulations are at a significant competi-
tive advantage.
This situation forces farmers to either mas-
sively grow their operation in size to lever-
age economy of scale or to differentiate, e.g., 
to shift to premium or niche products, direct 
marketing, renewable energy, contract pro-
duction or tourism. However, these markets 
are limited and the majority of farmer pro-
ducers will remain in the commodity busi-
ness. Hence, many farmers will move to part-
time farming and finally sell or lease out 
their operations. Additionally, some farm 
production will shift to countries with less 
regulations, lower labor costs, lower land 
prices and a less critical public.
In summary the structural change and con-
solidation in farming will continue and fur-
ther accelerate. Farming structure and pro-
duction will become much more diverse and 
new opportunities for people with entrepre-
neurial mindset will appear. Digitalization in-
tensifies these developments. Politics will re-
main very influential and not predictable but 
won’t be able to stop or reverse these trends.

1.2.1   Challenges

1.2.1.1   Environmental Issues
Agricultural crop production impacts the 
environment since natural vegetation is 

contains the views and perspectives on Dig-
ital Farming as written by corresponding 
experts in the field. Some articles are writ-
ten as experience reports, which is indicated 
for the reader in the subtitle. All articles are 
mostly self-contained, with the exception of 
back references to related topics when ad-
ditional relevant information is provided 
there. Forward references are not used in 
this book. The individual chapters align 
papers with regard to the perspectives out-
lined in 7 Sect. 1.1.2:
5 7 Chap. 2 presents elements of a frame-

work for the digital transformation of 
the agricultural ecosystem.

5 7 Chap. 3 describes key technological 
areas.

5 7 Chap. 4 provides insights in the cur-
rent use of Digital Farming solutions in 
various agronomic areas according to the 
value chain and production process steps.

5 7 Chap. 5 provides insights in the cur-
rent use of Digital Farming solutions 
according to different farming systems 
in Europe.

5 7 Chap. 6 explains how Digital Farming 
can be used to contribute to sustainability.

5 7 Chap. 7 provides a summary of the 
insights we gained in the previous chap-
ters and outlines remaining challenges 
from the viewpoint of the editors.

A glossary of key terms is included at the 
end of the book.

1.2   Today’s Farming Practice—
Challenges and Options

Christian Linke 

Abstract
This section describes the external factors 
and challenges impacting farm operations, 
farming for income in industrialized areas, 
mainly in the EU, and the consequential de-
velopment options farmers have.
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and weather extremes (droughts, storms, 
heavy rain fall, etc.) lead to higher produc-
tion risks and force farmers to adjust crop 
selection and cropping systems and to in-
vest in risk management measures, e.g., in-
surances [Elb15]. This will lead to shifts 
of production areas, production intensity 
and impact farm profitability, both nega-
tively and positively [LMH+09], [OTK+11], 
[VMM17].

1.2.1.4   Public Perception 
of Agriculture

The acceptance of modern agriculture by 
the public is declining. Environmental is-
sues, extensive use of resources and ani-
mal welfare in agriculture are widely dis-
cussed in the public and in the media, often 
with a negative view on modern agriculture 
[BPL06], [WR00], [Wir20], [ZIB+13]. The 
increasing awareness of environmental is-
sues and climate change, a growing focus 
on health and nutrition, a changing percep-
tion of nature and animals, food in abun-
dance, decreasing experience with agricul-
ture in daily life and activities of pressure 
groups are important drivers of this devel-
opment.

As a consequence, politics implements 
a growing number of laws and regulations 
on agriculture which usually lead to higher 
cost and more bureaucracy on farm level. 
Additionally, farmers face increasing resist-
ance to further develop and expand their 
operations and are increasingly demoti-
vated [Cop20].

1.2.1.5   Agricultural Policy
Sufficient food supply is a prerequisite for 
political and social stability. Hence, agricul-
tural policy is of high importance in most 
countries and agriculture is heavily regu-
lated [OEC19c]. Additionally, environmental  

 removed, landscape elements are modi-
fied (e.g., by soil tillage) and foreign mate-
rials such as seeds, crop protection prod-
ucts or fertilizers are added [Bra32], [Ell96]. 
This leads to environmental issues such as 
a reduction of biodiversity, soil damage, an 
increased discharge of nutrients and crop 
protection products or additional green-
house gas emission [Can17]. Since these ef-
fects usually do not directly impact farm 
production and profitability (“external 
cost”), governments and authorities enact 
laws and regulations on farm production to 
reduce the negative environmental impact. 
On farm level this leads to higher cost and 
more bureaucracy.

1.2.1.2   Limited Resources
The demand of farm products (food, 
bio-energy, bio-renewables) is growing 
worldwide due to population growth and 
increasing wealth [Fao+19]. Hence, more 
and more resources, mainly fossil fuel 
[Fao11], water [Fao17], phosphate [CW15] 
and agricultural land, are required.

In Europe the volume of farm produc-
tion has been about stagnant in the last 
decades [Fao20a]. The availability of fos-
sil fuel, water (except of some areas) and 
phosphate has not yet been limited in Eu-
rope. The utilized agricultural area in Eu-
rope has remained about constant in the 
last decade [Eur20a], but land rents and 
land prices have risen in all European coun-
tries [Eur20b], [Eur20c], [Sav20]. In Eu-
rope land prices vary considerably between 
regions and countries, and prices in Den-
mark, Germany, Ireland, Italy, Netherlands 
and UK belong to the highest worldwide.

1.2.1.3   Climate Change
Climate change impacts agricultural produc-
tion significantly. Increasing temperatures 
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comfortable machines, appealing facilities 
and other benefits. Automation and robots 
can relieve of hard work, improve the qual-
ity of work, increase labor productivity and 
save labor, but may also lead to higher to-
tal cost.

1.2.1.7   New Technologies
Technologies are production factors which 
improve the competitiveness of an opera-
tion, provided the benefits, e.g., cost reduc-
tion, comfort gains or payments for environ-
mental benefits, are larger than the total cost 
of ownership. In a competitive market en-
vironment it is indispensable to utilize new 
beneficial technologies to remain competi-
tive. In farming a multitude of new technol-
ogies has been adopted until today [PB13].

It is often argued that the implementa-
tion of new technologies, especially digitali-
zation, can reduce or even offset cost disad-
vantages of European farmers. Most tech-
nologies are available worldwide today due 
to globalization, especially digital tech-
nologies. Hence, only a fast development 
and adoption of new technologies can cre-
ate a short-term advantage. In the EU, lim-
ited internet access in many rural areas, the 
strong restrictions on plant biotechnologies 
and related farm products, and a very cum-
bersome and restricted homologation of 
crop protection products are not advanta-
geous for farmers.

Software systems are a special case. A 
software-system is always developed for 
specific tasks or use-case, e.g., text pro-
cessing, herd management or decision sup-
port, and requires the user to follow a de-
fined process. While the development and 
maintenance of software is usually very 
costly, the costs for scaling, i.e., adding ad-
ditional users, are typically very low. That 
is why, a software-system specifically devel-
oped for one operation is very costly—of-
ten several hundred thousand Euros—and 
hence viable for very large operations only.  

and sustainability issues and the critical 
public perception of modern agriculture 
forces politics to manage public expectations 
and conflicting targets, mainly sufficient and 
secure supply of affordable safe food, envi-
ronmental und resource protection, animal 
welfare, sufficient farm income and rural de-
velopment.

In the European Union, agricultural 
policy is conducted within the framework 
of the Common Agricultural Policy (CAP) 
and adjusted and executed on national, re-
gional and local level. This leads to a rap-
idly growing number of laws, directives, 
regulations and decisions and a booming 
bureaucracy [Eur20d]. Due to the complex-
ity, unexpected side-effects and contradict-
ing regulations are inevitable. Furthermore, 
political decision making and execution 
are getting more and more complex and 
time-consuming and important decisions 
increasingly delayed. On farm level this 
causes growing cost and efforts for bureau-
cracy and complying with regulations. Ad-
ditionally, the investment risk increases due 
to unforeseeable changes.

1.2.1.6   Labor Availability
Agriculture competes on labor with other 
industries regarding wages and social 
standards such as daily working hours, free 
weekends, vacation or working conditions, 
career opportunities and job satisfaction. 
The aging of societies intensifies this situa-
tion. Hired labor can easily find an employ-
ment on other farms or in other industries, 
while family farms lack successors as the 
younger generation increasingly decides for 
other opportunities. However, studies indi-
cate that job satisfaction is often high in ag-
riculture [HG15], [JWH18].

As a consequence, farmers must provide 
attractive and competitive working condi-
tions not only regarding payment but also 
a cooperative management style, regular 
days off, summer vacations, modern and 
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1.2.1.9   Globalization
Most farm products are commodities, 
i.e., basic goods defined by specific stand-
ards are interchangeable with other goods 
of the same type. Today agricultural prod-
ucts are traded worldwide and national pro-
tection and tariffs of agricultural products 
have been significantly reduced in the last 
decades [BGJ19]. Since transport cost of 
most agricultural products are low today, 
and markets are highly competitive (trade 
boards), prices for many agricultural prod-
ucts are similar worldwide. That is why, 
farmers cannot set the price of their prod-
ucts, i.e., farmers are price-takers, and farm 
profitability depends mainly on cost of pro-
duction and subsidy payments.

In summary, farmers in Europe face high 
and further growing cost for land, labor 
and compliance with regulations, while 
product prices tend to be stagnant but in-
creasingly volatile [Fao20b]. The European 
community provides significant subsidy 
payments to farmers to support domes-
tic production and compensate for regula-
tions. However, the payment level is around 
OECD average and decreasing [OEC20a], 
while cost for land, labor and compliance 
is rapidly increasing. Furthermore, the pay-
ments are intensively discussed and under 
strong political and public pressure.

This leads to a strong and further in-
creasing economic pressure on farm oper-
ations in Europe [NS20]. Farm producers 
in countries with lower land prices, lower 
wages and fewer regulations are at a signifi-
cant competitive advantage.

1.2.2   Options

The challenges described above lead to 
massive and ongoing changes in European 
agriculture. This part discusses options to 
deal with these challenges.

Today’s software-solutions are usually 
cloud-based apps and can serve millions of 
users. This allows service offers for very low 
cost provided enough users with the same 
use case can be acquired. However, the lim-
ited number of farms in Europe and the 
highly diverse farm structure make it diffi-
cult to acquire a sufficient number of users 
for non-generic farm software solutions at 
a price point accepted by farmers. Hence, 
many software providers try to create addi-
tional revenue streams from user data, e.g., 
using customer data for marketing or sell-
ing data to 3rd parties. This can weaken the 
market position of the farmers, especially 
if  suppliers or purchasers provide the soft-
ware [Wes18].

1.2.1.8   Investors
A growing number of agricultural and 
non-agricultural investors invest in agricul-
tural land and farming operations. Ongo-
ing population growth, growing demand 
for high value food, the shift toward bio-en-
ergy and renewable resources and limited 
natural resources, especially agricultural 
land, makes this field increasingly attrac-
tive [Eur20c], [Sav20]. Additionally, some 
states buy foreign land and farms to secure 
domestic food supply, while companies buy 
land and farms to ensure raw material sup-
ply. Furthermore, land titles are a very se-
cure investment in most countries and large 
commercial farm operations can be very 
profitable. Moreover, even very large farms 
are small companies compared to other in-
dustries and hence the investments and 
risks are limited. Finally, interest rates are 
at historical low level and investors with 
high liquidity look for investments, increas-
ingly under sustainability aspects [SS17].

As a consequence, land prices and val-
uations of farm operations continue to 
increase, and exiting of low perform-
ing farming operations becomes more  
attractive.
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The implementation and use of tech-
nology on farms require capital and skilled 
managers and workers. Technologies re-
quire a minimum production volume or op-
erational size to be profitable, e.g., a min-
imum annual area to harvest for com-
bine harvesters or a minimum turnover for 
an Enterprise-Resource-Planning System 
(ERP), and unit costs decrease further with 
growing volume or size. Furthermore, au-
tomation, modern supervision, monitor-
ing and communication technologies and 
IT-supported corporate style organizational 
architecture (ERP) enable further growth 
and make management of very large, com-
plex cross-regional farm operation easier 
and much more efficient. Finally, very large 
farm operations can work across regions 
to compensate regional issues such as lo-
cal weather events or political issues and to 
further increase utilization of machines.

Challenges in Scaling
However, simple linear upscaling of a farm 
operation is not successful. Growing work-
load and management issues will more than 
offset the advantages of size. Adjustments 
of structures and processes similar to mid-
size companies in other industries are indis-
pensable. Large operations require signifi-
cantly different management skills than av-
erage family farms. Managing and leading 
people, delegation of work, process orienta-
tion and standardization and business acu-
men are more important for success than 
driving a tractor properly. Many owners of 
rapidly growing farm operations struggle 
with this. Additionally, high labor cost and 
internal bureaucracy and administration 
can lead to significant overheads and signif-
icantly impact profitability.

Moreover, public and politics believe 
that smaller family farm operations are su-
perior and worth pursuing compared to 
large farm operations. That is why a grow-
ing number of regulations impact directly 
or indirectly farm size, e.g., digression and 

1.2.2.1   Massive Growth
As mentioned earlier, the majority of farm 
products are commodities and will remain 
so. Commodity producing farmers are 
price-takers, i.e., they have no influence on 
the prices of their products. Price-takers 
must reduce the unit cost and increase pro-
duction volume to maintain profitability in 
a competitive environment.

Compared to other industries, today’s 
farms are very small businesses. 1,000 ha 
intensive grain production means signifi-
cantly less than 2 Mio Euro annual turn-
over, which is a micro-business according 
to definitions of the European Commission 
[EUC20].

In some regions and countries such as 
Ukraine, Russia, Kazakhstan, China or 
South America extremely large farm oper-
ations exist [IAM20]. However, many very 
large farm holdings and cooperatives are 
not visible in the statistics since usually only 
individual farms are recorded.

Economies of Scale
Very large farm operations, i.e., opera-
tions with € 50 Mio total revenue or more 
[EUC20], have a number of significant 
competitive advantages. Large input pur-
chasing volumes and sales volumes lead 
to a stronger market position and allow 
to skip intermediate trade. Additionally, 
large product volumes can make processing 
and packaging of own products profitable, 
which creates additional revenue and im-
proves the position in the value chain.

The size requires division of labor and 
hiring specialized experts such as crop care 
agronomists, controllers or lawyers, which 
leads to higher productivity. Career oppor-
tunities, higher wages and social benefits of 
a larger operation attract talents. Further-
more, professional management and imple-
mentation of corporate standards such as 
ISO 9000ff. certifications or international 
accounting standards improves the access 
to markets, capital and investors.
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production and organic farming move to-
ward these systems.

Another opportunity to utilize econo-
mies of scale is the formation of coopera-
tives. The success of cooperatives depends 
on many factors [Cen88]. Engagement and 
support of the members are indispensable, 
while issues of decision making and trans-
actional cost can be challenging [Rey97]. In 
addition, large successful cooperatives often 
tend to adopt corporate structures and be-
havior and pay little attention to the needs 
of their members. With special but efficient 
structures, farm cooperatives can be eco-
nomically very successful, while fully con-
sidering the needs of the members [Lim20].

1.2.2.2   Differentiation
Differentiation of products and services 
creates income and growth opportunities 
beyond commodity production. However, 
differentiation requires a stronger focus 
on marketing and customer needs, open-
ness for change, creativity and innovation 
and an entrepreneurial mindset. Moreover, 
these markets are usually limited in size. 
This paragraph discusses opportunities for 
farm producers to differentiate.

Premium Products
Premium products have a higher value ac-
cording to customer perception compared 
to standard products. That is why custom-
ers are willing to pay a higher price. The 
value-add can be based on product prop-
erties and quality, production schemes, de-
livery process, branding and image, com-
fort, and more. Examples are organic food, 
“free-of-products” (gluten, lactose, vegan, 
nuts, sugar, etc.), regional products, func-
tional food or convenience food.

The production of premium products is 
usually more costly, e.g., due to higher la-
bor demand, more expensive inputs, spe-
cific production, certification or higher 
marketing efforts, while yields can be sig-
nificantly lower, e.g., in organic farming or 

caps on area payments or significantly 
higher regulatory requirements on large 
livestock operations.

Organization Structures
Very large farm operations are rarely struc-
tured as a single operational entity, but usu-
ally consist of many operational entities.

Holding structures are very common for 
large farms, i.e., a mother company owns 
several smaller farm operations and addi-
tional entities such as pack houses or farm 
services. A holding often starts when a 
farmer takes over a neighboring farm. The 
concrete legal and ownership structures de-
pend on location, tax aspects, decision mak-
ing, risk mitigation, and more. Very large 
farm holdings are usually integrated both 
horizontally, i.e., several farm production 
entities, and vertically, i.e., along the value 
chain and often active across countries.

Another approach to create large pro-
duction structures are contract farming or 
franchise systems. A large farm operation 
or a processor/trader contracts with local 
farmers the production of a specific prod-
uct with fixed quality traits und defined 
production rules. The products are taken 
for an agreed price scheme from the farm-
ers. In many cases, inputs and genetics are 
provided to the supplying farmers and con-
sulting and monitoring schemes are imple-
mented. These systems enable a controlled 
production of large volumes of products 
with defined traits and standards and re-
quire less investment than a complete take-
over of farms. The risk and profitability of 
production remain with the local farmers 
while the market risk for the farmer is re-
duced. Furthermore, the flexibility regard-
ing income and labor standards and priv-
ileges of family farms, such as higher live-
stock density, can be utilized and the family 
farm structure is maintained for the public. 
These systems are standard in poultry pro-
duction and become common in pig pro-
duction, while the dairy sector, vegetable 
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Direct Marketing
In most cases, the value chain from farming 
to consumers consists of many steps and 
stakeholders, i.e., only a small share of the 
price a consumer pays reaches the farmer 
and the farmers are rather disconnected 
from the consumer. Hence, an increasing 
number of farmers sell products directly to 
consumers. This creates not only additional 
income opportunities, but also establishes 
a closer relationship between farmers and 
consumers and stimulates a better under-
standing of farming in public.

Direct marketing requires open, com-
municative and entrepreneurial people and 
causes significant additional cost, e.g., for 
salesrooms, additional staff, processing and 
marketing. Moreover, the location, e.g., 
proximity to cities or tourist areas, is im-
portant for success and seasonality of prod-
ucts, and incomplete assortment can limit 
sales. Collaboration of farmers, sales plat-
forms and new innovative concepts, e.g., 
[Mar20], help to overcome these limitations 
and create new opportunities for farmers 
[WSM18].

with old breeds [SRF12]. Sometimes, the 
production of premium products is sup-
ported by additional governmental pay-
ments, e.g., organic farming.

Premium product markets are limited in 
volume. Besides other factors, such as mind 
set, the volume is mainly determined by 
the price premium compared to the stand-
ard product and per capita income. . Fig-
ure 1.4 shows the share of organic food 
purchased on total food purchase [WL19] 
depending on per capita gross domestic in-
come by country [Wor20] in 2017.

As long as the consumer has the choice, 
the impact of price premium and income 
on market volume of organic products will 
remain. Hence, organic farming associa-
tions try to restrict market access for addi-
tional producers to prevent a price decline 
[Top20], [Sch20]. Additionally, premium 
products, e.g., organic grain or organic 
milk, can be interchangeable and traded in-
ternationally, too. This can lead to a similar 
market dynamics as for commodity prod-
ucts, i.e., larger organic operations tend to 
have a competitive advantage.
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in the last decades. In the past, exiting was 
usually a slow process of dissolution over 
many years characterized by reduced in-
vestments, some land sales and giving up 
livestock, and finally, quitting due to age 
and lack of a successor. Today, an increas-
ing number of complete farm operations 
are sold or rented out to other farmers or 
investors to preserve assets and generate in-
come for retirement.

1.2.2.4   Dislocation
According to economic theory, it can be ex-
pected that in a globalized sector with lim-
ited trade barriers, production will shift 
from countries with high cost and strong 
regulation to countries with less regula-
tions, lower labor costs, lower land prices 
and a less critical public. Moreover, entre-
preneurial farmers and investors will pre-
fer countries with more competitive condi-
tions. Though statistical data do not yet in-
dicate a general major shift of production 
in the last decade in Europe [Eur20f], com-
prehensive studies on dislocation effects on 
agricultural production due to cost and reg-
ulations in Europe are not available.

1.2.3   Conclusions and Outlook

The demand of agricultural products will 
further increase worldwide while environ-
mental issues and climate change will be-
come more challenging, i.e., a sustaina-
ble intensification of agriculture is urgently 
needed.

In Europe the largest part of agricul-
tural production will remain commod-
ity production and cost leadership will re-
main crucial for competitiveness of these 
farm operations. Since organic farming is 
not a niche anymore, it will be increasingly 
exposed to the same driver as conventional 
commodity farming.

The structural change in agriculture is ex-
pected to accelerate further and the  number 

Niche Products
Production of niche products, such as rare 
fruits and vegetables, old breeds, herbs, 
medical plants, fiber plant or hay for pets 
provide interesting opportunities for entre-
preneurial and innovative farmers. In spite 
of the fact that specific expertise for pro-
duction and marketing is required and the 
development of new products is usually 
risky, time-consuming and costly, a multi-
tude of farmers and start-ups test new ideas 
and concepts and create new products and 
markets [Fff20].

Renewable Energy
Renewable energy, such as biogas, bio-fuels, 
photovoltaic or wind energy, can be attrac-
tive business branches for farmers. It usu-
ally requires significant long-term invest-
ments, while implementation and profita-
bility is highly determined by the regulatory 
framework. The investment risk through 
politics is declining, while curtailment and 
price risks are becoming more important 
[Egl20].

Services
Farmers do not only produce products, but 
also provide services in rural areas. Farm 
contractor services such as combine har-
vesting or maize seeding and road main-
tenance services have been offered for dec-
ades. Touristic offers provided by farmers 
are well-established and further growing 
and developing [MVN20]. Natural conser-
vation programs can be attractive for farm-
ers but are often bureaucratic. Moreover, 
creative and innovative farmers, entrepre-
neurs and start-ups are testing and develop-
ing new services, e.g., care services for de-
mentia patients on farms [EPT19], creating 
new perspectives in rural areas.

1.2.2.3   Exiting
The number of farms in Europe is signif-
icantly decreasing [Eur20e], i.e., a large 
number of farmers has given up farming 
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next years. However, digital technologies 
help farmers to better deal with growing re-
quirements on efficiency, precision, qual-
ity, sustainability and bureaucracy and by 
this, contribute to remain in business. Fur-
thermore, digitalization supports the devel-
opment of new business opportunities in 
farming, especially new service offers. Dig-
ital technologies in farming are expected to 
grow in the following areas:
5 Low cost or free software and apps fi-

nanced by farm input providers, farm data 
utilization of 3rd parties and data sales

5 Further integration of digital technol-
ogies in machines and machine systems 
(automation and autonomous systems)

5 Trading platforms for farm inputs and 
farm products

5 Comprehensive, integrated farm man-
agement software solutions (ERP-Sys-
tems) for very large operations, holdings 
and cooperatives.

1.3   Sustainability Systems 
Perspective

John Crawford 

Abstract
The Sustainable Development Goals (SDG) 
are the blueprint of the United Nations to 
achieve a better and more sustainable fu-
ture. This section describes the role of ag-
riculture in these goals, the importance of 
the understanding of agriculture as a sys-
tem of systems, and why data and technol-
ogy is important to reach the SDGs until  
2030.

» “When we try to pick out anything by it-
self we find that it is bound fast, by a thou-
sand invisible cords that cannot be broken, 
to everything else in the Universe.”

 John Muir, 1869 (Naturalist and Co-
founder of the Sierra Club).

of traditional family farms will decline in 
an accelerated pace. New technologies and 
digitalization accelerate this development. 
Knowledge and technologies are available to-
day to run extremely large farm operations 
very efficiently. Politics may slightly slow this 
trend in some areas, but will definitely not be 
able to stop or revert it.

Farming structure and production will 
become much more diverse in the future. 
Agriculture provides very attractive oppor-
tunities for farmers, new entrants with an 
entrepreneurial mindset and for financial 
and strategic investors.

Politics will remain a wildcard. The 
trend to populism, nationalism and trade 
wars, more regulations and increasing in-
tervention by the public sector strongly im-
pacts agriculture today and in the future. 
Furthermore, it is unclear how politics will 
move agriculture toward sustainability, 
while securing sufficient and save supply of 
food and raw material.

Digitalization impacts agriculture al-
ready today significantly and is expected to 
do even more in the future. Digitalization 
contributes to sustainability of agricultural 
production through process improvements 
and efficiency increases and improved 
transparency of farm operations. However, 
massive adjustments of operations and sig-
nificant investments are necessary to fully 
leverage potential benefits. Therefore, larger 
and financially strong organizations will 
benefit more.

As mentioned before, most technolo-
gies are available worldwide, especially digi-
tal technologies. Hence, only a fast develop-
ment and adoption of new digital technol-
ogies and systems can create a short-term 
advantage. Due to rapidly increasing reg-
ulations, high cost of land and labor and 
limited internet infrastructure in many ru-
ral areas in the EU, it cannot be expected 
that digitalization will create a competi-
tive advantage for European farmers com-
pared to farmers in other regions in the 
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constitute only one-tenth of the land area. 
[Gia17] has calculated that if  rates of de-
forestation remain unabated, the resulting 
magnitude in the loss of biodiversity will be 
similar to previous mass extinction events 
[Alr17]. In the past 20 years, deforestation 
for agriculture has directly caused a third 
of new and emerging diseases because of 

1.3.1   UN Sustainability Goals 
and Dimensions

The Sustainable Development Goals 
(SDGs) lie at the heart of the 2030 Agenda 
for Sustainable Development that all of the 
UN Member States signed up to in 2015. 
The 17 SDGs form an interconnected set 
of targets that aim to end global poverty 
and deprivation recognizing that this goes 
hand-in-hand with improving education 
and health, ending inequalities and injus-
tices, supporting economic growth, tackling 
climate change and sustaining global biodi-
versity.

1.3.1.1   Role of Agriculture in the 
SDGs

Increasing the productivity of global ag-
riculture goes hand-in-hand with enabling 
access in ensuring that we end hunger as 
described in the second Sustainable Devel-
opment Goal (SDG). However, agriculture 
has a far larger role in meeting the SDGs 
than ending hunger. For the poorest peo-
ple in the world, subsistence farming pro-
vides their nutrition, supports their health 
and is a vital source of income. It enables 
access to healthcare and education and has 
a crucial role to play in reducing gender in-
equality. In short, agriculture is one of the 
few human enterprises that has an essential 
role to play in meeting all of the sustainable 
development goals (see . Fig. 1.5).

On the other hand, agriculture is by far 
the largest factor in the destruction of natu-
ral habitats, contributes about a quarter of 
the emissions of greenhouse gas and is the 
most significant contributor to biodiversity 
loss globally. The accelerating demand for 
food is resulting in rapid conversion of nat-
ural habitats to farmland and an increase 
in direct contact between humans and an-
imals. Deforestation is a particularly se-
vere threat to both biodiversity and human 
health. Around two-thirds of the Earth’s 
biodiversity resides in tropical forests that 

. Fig . 1 .5 The impact of agriculture on all of the 
SDGs. Reproduced with permission from the FAO
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and optimize nutrition in agriculture, this 
has not resulted in an adequate understand-
ing of agricultural systems to avoid sys-
temic collapse. Indeed, many of the global 
challenges we face are the unintended con-
sequences of a failure to connect up our in-
creasingly fragmented (reductionist) knowl-
edge about agricultural systems.

We can understand linear systems en-
tirely from knowledge of their parts. The 
behavior of the whole is equal to the sum 
of the behavior of the parts. For almost 
300 years after the scientific renaissance, 
this was the way we understood the world. 
The intuitive or predictable, aspects of life 
are generally linear systems, and science ex-
plained them. Because the equations de-
scribing linear systems can be solved ex-
actly, the behavior of linear systems is en-
tirely predictable, and we can understand 
any effect in terms of a cause. Indeed, the 
publication of Newtons Principia and the 
exact solution to the orbital motion of 
one body about another under the force of 
gravity (e.g., the moon about the earth or a 
planet about the sun) provided evidence for 
a predictable ‘clockwork’ universe. How-
ever, nature is overwhelmingly nonlinear–
linear systems are a tiny subset—and we 
cannot obtain a complete understanding 
of natural systems by only studying their 
parts. For example, we cannot find a gen-
eral solution of Newton’s equations de-
scribing the motion of more than two bod-
ies because the behavior of the system can 
be unpredictable (e.g., chaotic). In general, 
non-linear systems are less predictable, and 
consequently it is harder (or impossible) 
to determine an effect in terms of a cause. 
We had to wait for the advent of accessible 
computing power to provide specific solu-
tions to the equations that describe non-lin-
ear systems, and this allowed us to extend 
our intuition beyond the easily predictable.

The behavior of a system that is qual-
itatively different from the behavior of its 
parts, is known as “emergent” behavior—it 

the increase in the rate of zoonotic cross-in-
fections resulting from increased proxim-
ity of animals and humans [DPH+20]. The 
number of countries experiencing signif-
icant disease outbreaks during the previ-
ous ten years has doubled [DPH+20]. Zo-
onotic diseases already infect over a billion 
people each year and result in millions of 
deaths [Who14]. HIV and COVID-19 are 
recent examples of pandemic zoonoses that 
are still ongoing and have had a devastating 
impact on lives and the global economy.

It is clear that agriculture interconnects 
with all of the SDGs and that the SDGs 
themselves are interconnected—agriculture 
and the SDGs form a complex system of in-
teracting parts. In aiming to deliver a more 
sustainable agriculture, we must embrace 
this complexity by accounting for the whole 
system of interconnections to ensure posi-
tive outcomes for all of the SDGs. To date, 
we lack a theoretical and practical frame-
work for doing this and we will explain 
why this is critically important. Indeed, 
COVID-19 and the current environment 
and climate emergency are all symptoms of 
historic failures to take a whole-system per-
spective on how our food system interacts 
with nature. To understand the importance 
of taking a whole-system approach, we need 
to first understand why systems are so much 
more than the sum of their parts.

1.3.1.2   Systems: Why More is 
Different

In common parlance, a system is simply a 
collection of a large number of interacting 
parts. The scientific method together with 
reductionism (the study of the parts in iso-
lation) have been spectacularly successful 
in driving innovation and will continue to 
be so. However, emphasis on reductionism 
has resulted in us paying far less attention 
to how, when or even if, knowledge of the 
parts leads to a better understanding of the 
whole. While in-depth knowledge of parts 
has yielded tools to combat pests, diseases 
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When Stephen Hawking stated in 2000 
that this would be the “century of complex-
ity” he was pointing to the fact that the sci-
entific methods developed to date are un-
suited to the study of systems, and yet our 
future wellbeing depends on it. As our ca-
pacity to measure everything increases, one 
of the biggest outstanding scientific chal-
lenges (particularly in life sciences) is to de-
termine from all the almost infinite things 
we could measure in a system (cell, organ-
ism, community, earth system): “What do 
we really need to measure?” “What is the 
‘healthy’ state?”, and “How can we restore 
it once it is lost”?

1.3.1.3   Agriculture as a System 
and Why It Matters

Agriculture can be thought of as ecology in 
action. It is our attempt to manage a sys-
tem of interacting organisms and the phys-
ical environment to favor a particular spe-
cies above all others. As Humboldt illus-
trated so clearly in his Naturgemälde (also 
known at the Chimborazo Map) we have 
known for many centuries that the inter-
actions between the parts of the earth sys-
tem are so strong that ecosystems share 
many properties of a single organism. Hu-
mans themselves may be more appropri-
ately thought of as Holobionts—an assem-
blage of organisms building niches for each 
other and sharing an economy of nutrients 
and signals that impact on the functioning 
of the system as a whole. The concept of 
the gut-brain is a particularly clear instan-
tiation of this. Crop plants are the same—
they comprise a system of above and be-
low ground organisms that exist in an infor-
mation economy that affects and is affected 
by the physical environment. Indeed, do-
mesticated agricultural species can also be 
thought as part of the human holobiont—
neither can now thrive without the other.

In many ways, the Green Revolution 
was one of greatest achievements of sci-
ence, saving more lives and alleviating 

‘emerges’ not from the parts but from their 
interaction. The ability of soil to under-
take the myriad of complex biochemical re-
actions that convert organic matter into nu-
trients, to store water and to convey nutri-
ents and water to plants is an emergent 
consequence of the self-organizing interac-
tions between microbes and soil particles. 
Often the emergent behavior of the system 
can affect the behavior of the parts. The ef-
fect of soil carbon dynamics on climate is 
an example—carbon released by soil deg-
radation changes climate, and a changed 
climate can affect soil in a way that accel-
erates degradation and release of carbon. 
Emergent behavior is usually hard to pre-
dict and there is no simple relation between 
cause and effect (e.g., does microbial activ-
ity in soil change the climate or vice versa). 
Natural systems are less predictable than 
the emergent behavior in other kinds of sys-
tems because they tend to be “critical” i.e., 
they are poised on the edge of a stable state, 
close to a highly unstable state. The reason 
they are poised in this way is because evo-
lution acts to ‘weed out’ systems that can-
not adapt to change, and systems that are 
in a critical state can react more rapidly to a 
perturbation than those that are not. There-
fore, we should not assume that a natu-
ral system will behave in a predictable way, 
and this has fundamental consequences for 
the way we manage these systems. [Kau19] 
has introduced the concept of the adjacent 
possible: the idea that natural systems are 
fundamentally different from most physi-
cal and engineered systems in that they have 
an unknowable future beyond their immedi-
ate trajectory (they are non-ergodic). If  this 
holds generally for natural systems, then it 
will only be possible to manage in real time 
and it will not make sense to aim for a long-
term outcome. Optima can only make sense 
in terms of concepts that are local in time. 
The only guiding principle for long-term 
management is to aim to eliminate changes 
that limit the system’s future options.
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There are two significant consequences 
of this view of agricultural systems and 
their connection to the SDGs. The first is 
simple: we must abandon the notion of pre-
dictability and embrace profound uncer-
tainty. This goes beyond the usual statisti-
cal concepts of precision and accuracy, to 
consider the system as subject to un-presta-
teable, discontinuous and systemic transfor-
mation when subject to smoothly changing 
conditions. As well as known unknowns, 
there will always be unknown unknowns.

The second is more subtle. The num-
ber of variables in any agriculture system 
is overwhelming and includes soil param-
eters; climate; cropping/rotational system; 
details of interactions with the embed-
ding ecosystem; agronomy; financial con-
straints, local and global markets, poli-
cies and farmer risk appetite. We cannot 
use traditional field trials if  we take a sys-
tems view of agriculture—the combina-
torics mean it takes so long to conduct a 
representative diversity of treatments that 
the present challenges will have long since 
played out. Therefore, we need to use exist-
ing farms as living laboratories and so the 
billions of global farmers become partners 
in the scientific enterprise. This opens up le-
gitimate concerns about the use of farmer 
data, informed consent to participation and 
appropriate incentives. It is critical to get 
this right from the outset, because without 
farmer trust and participation, a systems 
approach to sustainable agriculture will not 
deliver on its potential.

1.3.1.4   The Way Forward and the 
Role of Data and Technology

As [FM20] has pointed out, the challenges 
we face have come at a fortuitous time in 
our evolution. For the first time in the past 
200,000 years, humans are now capable of 
coordinating at a global scale. We have the 
potential to record all of the fine-scale data 
we need, share knowledge and improve 

 misery to a greater extent than almost any 
other field of knowledge. However, the 
Green Revolution had a single goal—pro-
ducing more. The unintended consequences 
of achieving that goal have inflicted sub-
stantial societal, ecological and climate 
damage precisely because we failed to prop-
erly account for the system of interactions 
that connects that goal to the wider earth 
system. As explained above, if  we had ac-
knowledged these interactions, it would 
have been much harder to identify and 
manage the desired outcomes, and prob-
ably beyond what was possible at the time. 
Nevertheless, we are living with the conse-
quences now.

In order to take a more sustainable ap-
proach, we need to understand what it is we 
are trying to optimize—what is a “healthy” 
state of the agri-environment? The con-
cept of planetary boundaries is an attempt 
to explore the idea that there is a limit to 
the forcing that human activity can ex-
ert on the earth system before there is sys-
temic collapse. It has helped us to think in 
terms of the critical variables that affect the 
functioning of ecosystems and the climate. 
Sceptics point to the fact that the bound-
aries interact and that there is no evidence 
of tipping points in ecological systems sub-
jected to extreme degrees of stress. There-
fore, the idea that there is a “safe operating 
space” in which agriculture can live may be 
simplistic, but it may help us begin to frame 
the challenge.

We have good evidence that living sys-
tems persist in a critical state and that the 
human-agriculture-environment system is 
a highly interconnected living system. For 
these living systems, and those involving 
humans in particular, the emergent behav-
ior of systems can be unpredictable in prin-
ciple and future states may be un-prestatea-
ble. This means that we need to think very 
differently about how we monitor and man-
age agricultural systems.
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5 What should sustainable agriculture op-
timize?

5 What do the trade-offs between food 
production and the SDGs look like? 
What is the appropriate balance? How 
do we engage with all elements of the 
system (ecology, society, economy)? 
Searching and staying within planetary 
boundaries may not be enough or even 
relevant.

5 What do we need to measure to identify 
interventions and monitor impacts in 
order to optimize sustainable agriculture 
and SDG impacts over time? There is 
no protocol to identify the components 
and interactions that must be included 
in a description of a system to answer a 
specific question. This is one of the out-
standing challenges of life, social and 
economic sciences. In light of that fact, 
how do we prioritize data and monitor-
ing campaigns?

5 How do we deliver impact at the pace 
and scale needed to address the food, 
climate and environment crisis?

5 We cannot eliminate uncertainty and 
we do not have time to wait for perfect 
solutions. How do we establish the right 
governance structure to ensure the coor-
dination and transparency that will es-
tablish a learning platform?

1.4   Agriculture and the 
Environment: Where Are  
We Headed? A German Case 
Study

Knut Ehlers and Frederike Balzer 

Abstract
Agriculture is an open system. It works in and 
with the environment. Agriculture is there-
fore always relevant to the environment. At 
the same time, it shapes our cultural landscape 
and has created habitats worth protecting in 

 understanding of what to measure, how 
to integrate and interrogate that data, and 
how to govern the resulting complex so-
cio-technical system.

In light of the topics discussed above, 
there are six observations that relate to 
building a roadmap to sustainable agricul-
tural systems.
5 To properly define and deliver a sustain-

able agriculture with maximal impact 
across the SDGs requires a systems ap-
proach.

5 Complexity arising from a systems ap-
proach means that uncertainty and un-
predictability are an inevitable conse-
quence that must be properly integrated 
into strategies.

5 There will be no push-button solution. 
Intrinsic unpredictability means that 
solutions have to be actively managed 
on an ongoing basis and combine hard 
and soft systems methodologies. Perva-
sive monitoring and evaluation are an 
essential consequence.

5 Pervasive data and related technologies 
should be regarded as essential tools 
in transforming agriculture, and their 
use as a means to refine the status quo 
should be seen as a distraction. Trans-
formation will not happen by playing 
the wrong game better.

5 Agriculture and agricultural science are 
fundamentally linked in a systems ap-
proach through the need to observe and 
monitor the full range of realizations of 
agricultural systems—farming and sci-
ence form a new partnership.

5 Farmers will be major agents of change, 
delivering a wide range of public and 
private goods and services that must be 
appropriately resourced and incentiv-
ized.

Knowing what we now know about sys-
tems and the geopolitical and environmen-
tal context of agriculture and the food sys-
tem there are three important questions:
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These diverse habitats have boosted biodi-
versity in Germany. However, the increasing 
intensification of agriculture is associated 
with negative environmental impacts, which 
have increasingly become the focus of soci-
ety in recent decades (see 7 Sect. 1.2). The 
range of issues affects all environmental ele-
ments: soil, water, air, climate and biodiver-
sity. Landmark studies on planetary bound-
aries, such as [RSN+09] or [SRR+15], have 
made it clear: In all areas where planetary 
boundaries are exceeded or endangered and 
where we have gone beyond a safe space of 
action, agriculture plays a major role. This 
applies in particular to the areas of genetic 
diversity, nitrogen and phosphorus cycles, 
changes in land usage and climate change.

The United Nations Global Sustainable 
Development Goals therefore speak of the 
need for sustainable agriculture (see 7 Chap. 
6). But how can sustainable agriculture be 
measured in ecological terms? Germany has 
developed a large number of quantitatively 
measurable environmental goals, the ma-
jority of which are to be achieved by 2030. 
Some of them are declarations of intent and 
thus at most politically binding, while oth-
ers are legally binding—with the threat of 
legal proceedings and sanctions in the event 
of failure to comply. Germany’s conviction 
by the European Court of Justice in 2018 
for violation of the EU Nitrates Directive is 
a prime example of the importance of these 
legally binding obligations [EC19a]: Faced 
with the threat of substantial fines, Ger-
many slid into the role of the party being 
driven and once again had to toughen up 
its fertilizer legislation, which had just been 
amended in 2017, within a very short time. 
This example shows that it would be advisa-
ble in the future to keep an early eye on the 
progress made in achieving the environmen-
tal targets. First and foremost, an agri-envi-
ronmental policy is called for. But agricul-
ture and its upstream sectors should also 
keep an eye on these targets in order to be 
able to act with foresight and anticipate de-
velopments.

the first place. However, increasing intensifi-
cation is associated with negative environmen-
tal impacts that affect all environmental ele-
ments. Soil, water, air, climate and biodiversity 
are influenced significantly by agricultural use. 
Germany has developed a large number of 
quantitatively measurable environmental tar-
gets, the majority of which are to be achieved 
by 2030. The impact of agriculture on the 
achievement of these environmental targets 
are outlined in this section, using Germany 
as an example. At present, there is a consider-
able gap between the actual situation and the 
agreed target values. In the coming years, envi-
ronmental protection and resource conserva-
tion will therefore increasingly be defining cri-
teria that require changes in agriculture. Poli-
cymakers and society will modify agriculture’s 
scope for action accordingly. The digital trans-
formation can support these changes.

1.4.1   Introduction

Agriculture and the environment are inter-
dependent—inevitably so. Environmental 
conditions—better known in the agricul-
tural sector as site conditions—have a de-
cisive influence on the way agriculture can 
take place in a natural area. Conversely, ag-
riculture shapes and influences the environ-
ment. This, too, is unavoidable because, un-
like in the industrial sector, where classical 
end-of-the-pipe cleaning mechanisms can 
effectively reduce negative environmental 
impacts, this is only possible to a limited ex-
tent in agriculture. A few exceptions, such 
as exhaust air purification systems for sta-
bles, confirm this rule. As a general rule, ag-
riculture forms an open system, working in 
and with the environment. Agriculture is 
therefore always environmentally relevant.

The special thing is: Historically, it was 
agriculture that first created many types of 
biotopes that we now consider particularly 
worthy of protection (such as alpine mead-
ows, heaths, nutrient-poor grasslands). 
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Greenhouse gases from agriculture de-
clined rapidly immediately after German re-
unification (see . Fig. 1.6). This can be largely 
attributed to the decline in livestock num-
bers in the eastern German states in the early 
1990s. In addition, there was a simultaneous 
increase in the efficiency of nitrogen fertiliza-
tion, also in the new federal states. After that, 
emissions stagnated. Since 2016, they have 
been decreasing slightly again. This current 
decline is essentially based on drought-related 
declines in crop yield and falling livestock 
numbers. Whether this trend will continue re-
mains to be seen [EM20] (see . Fig. 1.6).

In the 2019 Climate Protection Act, 
Germany stipulated that greenhouse gas 
emissions from agriculture, which include 
direct greenhouse gas emissions from ag-
riculture plus those from agricultural traf-
fic, must be reduced from about 68 million 
tons of CO2 equivalents today to 58 million 
tons1 by 2030 [Bun19]. This corresponds to 
a required decrease of around 15 percent 
compared to 2019.

1.4.2.2   Biodiversity
The loss of biodiversity has developed an 
alarming dynamic globally. The driving 
force behind this is humans—including our 
agriculture [IPB19]. On the national level, 
the loss of biodiversity is especially a prob-
lem in the agricultural landscape [EM20].

As an indicator of biodiversity, the pop-
ulation of representative bird species in Ger-
many is used in the German Sustainability 
Strategy. This data clearly indicates that the 
situation in Germany has massively deterio-
rated since the 1970s. The indicator has been 
stagnating at a low level for around 20 years 
(see . Fig. 1.7). Biodiversity in the agricul-
tural landscape is particularly affected by 
this negative development. Causes include 
the loss of habitats and the disruption of 

1.4.2   Agriculturally Relevant 
Environmental Targets

The impact of intensive agriculture on the 
protected elements climate, biodiversity, air, 
soil and water will be considered in more 
detail in the following subsections. The 
structure and the content of these subsec-
tions are strongly based on an article pub-
lished by Ehlers and Messner in 2020 for 
the updated data situation [EM20].

1.4.2.1   Greenhouse Gas Emissions 
from Agriculture

Agriculture is both a cause and a victim 
of climate change. More than almost any 
other sector, it will have to adapt to the re-
alities of climate change. In climate pol-
icy, the role of agriculture is quite signifi-
cant. It directly accounts for up to 7.4 per-
cent of total greenhouse gas emissions in 
Germany [Umw20]. This might not ap-
pear to be much at first glance and is partly 
due to the fact that large quantities of fos-
sil fuels continue to be burned in Germany, 
which overshadows the relative importance 
of other sources of emissions. On the other 
hand, it is due to the limitations of the 
analysis. If  indirect greenhouse gas emis-
sions from agriculture were to be factored 
in, e.g., greenhouse gas emissions from the 
agricultural use of former moorland sites 
or from the production of nitrogen ferti-
lizer, the emissions would be roughly twice 
as high [DWH+09]. Globally, the sector 
causes 21 to 37 percent of the global green-
house gas emissions when the upstream and 
downstream sectors of the global food sys-
tem are also considered [EM20], [IPC19].

However, let us focus on direct green-
house gas emissions from agriculture: Here, 
nitrous oxide and methane emissions from 
agriculture are of central importance. Ni-
trous oxide emissions are mainly a result of 
nitrogen fertilization (mineral and organic), 
while methane emissions are mainly emit-
ted by cattle and occur during the storage 
and spreading of manure.

1 The German Climate Protection Act was amended 
in 2021 and the sector targets tightened. The new 
sector target for agriculture is now 56 million met-
ric tons of CO2 eq in 2030.
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. Fig . 1 .6 Greenhouse gas emissions of agriculture by sector of the Climate Protection Plan 2050, incl. target 
value for 2030 according to the Climate Protection Act

. Fig . 1 .7 Population of representative bird species in different types of landscapes and habitats; Sub-indicator 
agricultural land
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in emissions immediately after 1990, follow-
ing German reunification. Since then, emis-
sions have stagnated at a largely constant, 
high level [EM20] (see . Fig. 1.8).

However, a reduction in ammonia emis-
sions is urgently needed, as, under the Eu-
ropean Directive on National Emission 
Ceilings for Certain Air Pollutants (NEC 
Directive), Germany has committed to re-
ducing ammonia emissions by 29 percent 
by 2030, compared to 2005 [EU16]. Since 
ammonia emissions actually increased 
slightly between 2005 and 2015, emissions 
must continue to be reduced by 29 percent 
in the coming decade compared to 2018.

1.4.2.4   Soil
At the global level, the United Nations Sus-
tainable Development Goals (SDGs) spec-
ify the target of Land Degradation Neu-
trality to achieve soil protection [UN15]. 
This target is to be achieved by 2030 and 
means that the loss of soil—for example 
in the form of soil degradation—must be 
minimized and unavoidable soil degrada-
tion must be compensated for by restora-
tion measures. On balance, the soil situa-
tion must not deteriorate further until 2030.

food chains. These are made worse by the 
clearing of the landscape, the standardiza-
tion of agricultural cultivation systems, as 
well as by the constant enrichment with nu-
trients and the intensive use of pesticides. As 
a result, the index value for biodiversity in 
the agricultural landscape fell to 60.5—the 
target for 2030 is a value of 100. This target 
is currently a long way off and will not be 
achievable without comprehensive changes 
in agriculture [Bfn17], [EM20], [Sta18].

1.4.2.3   Air
Ammonia emissions, in particular, play an 
important role in agriculturally influenced 
air quality. Ammonia is a gaseous nitro-
gen compound, which, among other things, 
leads to the formation of Particulate Mat-
ter and contributes to nutrient enrichment 
in ecosystems via atmospheric deposition. 
This affects the functionality and the com-
position of the species in an ecosystem. 
Ecosystems that are adapted to low nutri-
ent levels are affected particularly severely. 
Of Germany’s ammonia emissions, 95 per-
cent come from agriculture, and about 60 
percent are directly linked to livestock farm-
ing. Correspondingly, there was a reduction 

. Fig . 1 .8 Ammonia emissions in Germany; Focus on agricultural emissions and target achievement
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a trend can be observed that the number of 
monitoring sites and the average concentra-
tion at the particularly affected monitor-
ing sites that do not comply with the limit 
are improving, more than 27 percent of the 
monitoring stations affected by agriculture 
still exceed the limit. Among the monitor-
ing sites not affected by agriculture (such 
as those located under forests or settled ar-
eas), this figure is only five percent. The ni-
trate problem in groundwater in Germany 
is therefore largely caused by agriculture 
[BB20].

The pressure to achieve an improvement 
here will remain high. Particularly affected 
are the finishing regions with high animal 
population density in northwestern Ger-
many, the central German drylands—where 
low seepage rates lead to high concentra-
tions of nitrates—and the Rhine-Main 
area—where the problem is mostly caused 
by the high proportion of vegetable culti-
vation and specialty crops (see . Fig. 1.9). 
Ultimately, however, the nitrate content 
in groundwater always also represents the 
past—a short-term improvement in nitrate 
leaching on the surface may take years and 
decades to be reflected to a significant ex-
tent in the nitrate content of groundwater 
bodies [BB20].

Surface and coastal waters are also af-
fected by agricultural nitrogen and phos-
phorus pollution. In the case of nitrogen, 
agriculture is responsible for around 75 per-
cent of the inputs, while for phosphorus, 
the figure is around 50 percent [BB20].

For surface waters, the EU Water 
Framework Directive defines the target that 
all waters should be in good ecological sta-
tus by 2027. This good ecological status is 
also defined by the phosphorus levels in 
flowing waters. Even though the long-term 
trend is clearly positive, only 44 percent of 
the flowing waters in Germany meet the 
target value in terms of phosphorus load. 
The rest, and thus the majority, exceed it 
[BB20].

Since around half  of the land in Ger-
many is used for agriculture, the agricul-
tural sector will also be affected by this 
goal. This illustrates the responsibility that 
agriculture bears for soils. After all, agricul-
ture can also endanger soils. The result is 
soil degradation, for example in the form of 
erosion, soil compaction or loss of humus. 
When it comes to soil protection, it can be 
seen that short-term and long-term interest 
are sometimes in conflict in the agricultural 
sector. While soil-degrading practices may 
well reduce costs in the short term, they un-
dermine one of the most important produc-
tion factors in agriculture—fertile soils—in 
the long term [EM20].

It is planned to transfer the target of 
Land Degradation Neutrality into the Ger-
man Sustainability Strategy as well. So far, 
this has not been done. Work is still under-
way to develop a meaningful and easy-to-
measure soil indicator. Based on this indi-
cator, the target is to be made measurable. 
Making the problem measurable would also 
be a first important step toward strengthen-
ing soil protection in agriculture [Bun17], 
[EM20].

1.4.2.5   Water
In the water sector, there are several en-
vironmental goals that are of importance 
for agriculture. One of the main problems 
caused by agriculture is still the pollution 
of water bodies with nitrogen and phos-
phorus from agricultural fertilization. This 
leads to Eutrophication and thus contrib-
utes to species extinction in water bodies 
and algae growth, facilitates algal blooms 
and reduces the possibility to use water 
bodies for the production of drinking water 
[EM20].

Nitrate pollution in groundwater re-
mains a major problem area. The EU Ni-
trates Directive defines the target that all 
monitoring stations should comply with the 
limit of 50 mg N/l maximum [Bun17]. This 
target remains a distant prospect. Although 
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. Fig . 1 .9 Mean nitrate levels at the monitoring sites of the EEA monitoring network for the period 2016–2018
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teria that require change. Policymakers and 
society will modify agriculture’s scope for 
action accordingly. Instruments for shap-
ing agriculture, such as regulatory law, 
taxes and levies and agricultural subsidies, 
will change. For agriculture to adapt suc-
cessfully, it is to be hoped that the transi-
tion will be approached in a planned and 
long-term manner—also to prevent situa-
tions like the ad-hoc amendment of the fer-
tilizer legislation in 2020. Instead of maxi-
mum yield, optimum yield—in terms of 
environmental impact—will establish it-
self  in the future as a new benchmark for  
agricultural action.

Focusing on optimal yield from an envi-
ronmental perspective will essentially hap-
pen in two ways: On the one hand, there 
will be a stronger focus on environmental 
performance per unit of land farmed. Or-
ganic farming is particularly efficient in 
this regard. Therefore, the goal of the Ger-
man Sustainability Strategy—expansion of 
organic farming to 20 percent of the agri-
cultural land by 2030—as well as the cor-
responding, but somewhat more ambi-
tious goal of the “Farm to Fork” strategy 
(expansion of organic farming to 25 per-
cent of the agricultural land by 2030), will 
be pursued more intensely. On the other 
hand, there will be a much stronger focus 
on eco-efficiency. The goal will therefore be 
to optimize the environmental impact per 
kilogram of grain or per liter of milk. This 
path has great potential in organic farming, 
but also in conventional agriculture.

The digital transformation of agricul-
ture is an instrument that can contribute sig-
nificantly to both areas—improvement of 
the environmental impact per unit of land 
and improvement of the environmental im-
pact per unit of product (eco-efficiency). In 
order to exploit the potential of this devel-
opment and to ensure that the technological 
developments can still have an effect in good 
time—after all, most of the environmental 
targets mentioned above are to be achieved 
by 2030—it will be necessary for agriculture 

What is in flowing waters usually ends 
up in the seas at some point—i.e., in the 
North Sea and in the Baltic Sea. In the 
North Sea, only six percent of the water 
achieves good status in terms of eutrophi-
cation. 55 percent are too heavily polluted 
and 39 percent cannot be assessed. The sit-
uation in the Baltic Sea is even worse—here 
100 percent of the Baltic Sea waters are too 
heavily eutrophicated [BB20].

1.4.3   Conclusion and Outlook

The list reveals that wherever there are 
agreed, quantitative targets for the environ-
mental impacts of agriculture, there is cur-
rently a considerable gap between the ac-
tual situation and the target values. It is 
likely that the pressure for change out-
lined above will rather tend to increase even 
more, also against the backdrop of climate 
change and its impacts on German agri-
culture. In the EU Commission’s “Farm 
to Fork” strategy, more environmentally 
friendly agriculture is included in the Eu-
ropean list of priorities and also sets quan-
titative environmental targets for agricul-
ture. For example, the use of pesticides and 
antibiotics in livestock farming is to be re-
duced by 50 percent by 2030. In the same 
period, the amount of fertilizer used is 
to be reduced by 20 percent and nutrient 
losses by 50 percent [EC20e]. In order for 
these and existing environmental targets to 
be achieved in the next decade, agriculture 
will have to undergo significant changes. 
The need for agriculture to adapt to climate 
change is another challenge that agriculture 
will face in the process.

We are facing a break in trend: In re-
cent decades, specialization and intensifi-
cation of agriculture have, over time, led to 
the agriculture that dominates today. It will 
not be possible to continue this trend un-
changed. Instead, in the next ten years, en-
vironmental protection and resource con-
servation will increasingly be defining cri-
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acceptance. It is not uncommon to observe 
that the practical use of digital technolo-
gies associated with desired positive envi-
ronmental effects (e.g., approaches to var-
iable rate nitrogen fertilization) falls short 
of expectations [Gan19]. In the past, the is-
sues of acceptance outlined below predom-
inantly focused on the perspective of agri-
cultural practice.

Most recently, the issue of acceptance 
of digital technologies in agriculture by so-
ciety has also been raised very frequently 
[PGG20]. The reason for this is that the use 
of these technologies can address some cen-
tral global challenges (climate change, bi-
odiversity, animal welfare, soil and water 
protection, see 7 Sect. 1.4). The use of dig-
ital technologies is thus also associated with 
the hope of improving social acceptance of 
agricultural production.

Against the background of the issues 
raised above regarding the adoption and 
acceptance of digital farming technologies, 
empirical data on these areas will be pre-
sented and discussed in the following. Even 
though the focus is on Germany, the pre-
sented insights can largely be transferred to 
other countries, provided the underlying ag-
ricultural structures and sociopolitical con-
ditions are comparable.

1.5.2   Adoption and Acceptance

1.5.2.1   Adoption in Agricultural 
Practice

In order to gain an insight into the current 
adoption of digital technologies in agricul-
ture, the authors conducted an online sur-
vey among farmers in Germany from No-
vember 2019 to January 2020. The farm-
ers were approached via various channels 
(e.g., online agriculture trade journal por-
tals), so this survey cannot claim to be 
representative. However, due to the rela-
tively large sample of 550 questionnaires 
that could be evaluated, from farms with a  

and its upstream sector to integrate the chal-
lenges of environmental protection in the 
current decade into product development at 
this time already.

1.5   Adoption and Acceptance 
of Digital Farming 
Technologies in Germany

Markus Gandorfer, Andreas Gabriel, Johanna 
Pfeiffer, Olivia Spykman and Beat Vinzent 

Abstract
Although Digital Farming technologies have 
been available on the market for many years, 
their adoption in agricultural practice is cur-
rently still limited, with the exception of a 
few specific technologies. There are multiple 
reasons for this. In general, the fundamental 
attitude of society toward digitalization in 
agriculture can be assessed as positive.

1.5.1   Introduction

The issue of  the actual adoption of  digi-
tal technologies in agricultural practice is 
of  central importance for different stake-
holders and has therefore been the sub-
ject of  intensive research for many years. 
For example, some addressed the use of 
computers in farm management [RW04], 
and others studied the adoption of  pre-
cision farming technologies in Germany 
[RJ09]. Internationally, the topic has also 
received considerable attention for years. 
One prominent example is the Precision 
Agriculture Dealership Survey in the 
USA, which in 2020 was conducted for 
the 19th time already and thus provides 
one of  the longest time series in this con-
text [EL20].

The issue of the adoption of digital 
technologies in agriculture is often followed 
directly by the issue of possible barriers to 
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ing and crop protection, adoption rates 
still fall short of expectations. This is a key 
finding, as it is exactly with these technolo-
gies that various positive environmental ef-
fects could be achieved. In addition to the 
question regarding the current use of spe-
cific technologies, the survey also asked 
about planned acquisitions in the next five 
years (see data series “Acquisition planned” 
in . Fig. 1.10). This shows that there is a 
great interest overall in investing in digital 
technologies, particularly in the area of var-
iable rate technologies.

1.5.2.2   Barriers to Acceptance 
in Agricultural Practice

When interpreting empirical data regard-
ing the adoption of digital technologies in 
practice, the question inevitably arises as to 
existing barriers that hold back this adop-
tion. This question can be pursued with dif-
ferent methodological approaches, which 
include, in particular, quantitative surveys 

production focus on crop farming and for-
age and on the specialty crops sector (67% 
full-time farms; 90% of them doing con-
ventional farming) as well as a realistic re-
gional distribution of the farms through-
out Germany, the results of the survey pro-
vide good insights into the current situation 
of agricultural practice (see . Fig. 1.10). 
The results reveal that some technologies 
and applications already enjoy rather wide-
spread adoption. These include, in particu-
lar, app-based offerings (e.g., monitoring of 
pests, weather forecast) or digital communi-
cation and trading platforms, which can of-
ten be used free of charge (see . Fig. 1.10). 
Furthermore, it can be observed that tech-
nologies that are particularly beneficial in 
terms of reducing the workload and im-
proving work quality (e.g., automatic steer-
ing systems, section control) are compar-
atively widespread. However, if  we look 
at classical precision farming applications 
such as variable rate fertilization, seed-

. Fig . 1 .10 Use of digital technologies in Germany [GGS21] (translated)



1

32 J. Dörr et al.

1.5.2.3   Acceptance by Society
As described above, many digital tech-
nologies in agriculture offer the poten-
tial to reduce negative external effects of 
agricultural production (see 7 Sect. 1.4). 
The question therefore arises whether the 
use of these technologies can have a pos-
itive influence on the acceptance of agri-
culture by society. An extensive online sur-
vey of 2,012 residents of Germany (aged 18 
and over, sample representative in terms of 
age, gender, size of town of residence and 
educational attainment) revealed a funda-
mentally positive attitude toward the use 
of digital technologies in agriculture (see 
. Fig. 1.12). A majority of the respond-
ents agreed with the statements that digital-
ization has positive effects in terms of en-
vironmental protection and animal welfare 
and that the use of digital technologies can 
have a very positive impact on the working 
conditions of farm families. However, the 
results of this survey also showed that the 
proportion of people who are undecided is 

(e.g., [RJ09]) and qualitative approaches 
such as focus group discussions or work-
shops (e.g., [PGE18]). In this context, 
[SG18] conducted a media analysis and 
analyzed agricultural journals over a longer 
period of time, comparing two consecutive 
time periods (see . Fig. 1.11). It was found 
that the high investment requirements, and 
in recent years also increasing concerns 
about data protection and data sovereignty, 
as well as interfaces and compatibility 
problems constitute key barriers to accept-
ance. Furthermore, a lack of decision algo-
rithms could be identified as a barrier to ac-
ceptance. This means that many technol-
ogies generate large amounts of data, but 
there is a lack of corresponding decision 
support and the collected data is unable to 
facilitate optimized decisions. [PGE18] ar-
rived at similar conclusions in the context 
of a stakeholder workshop and addition-
ally highlighted the aspect of usability as 
another important barrier to investment in 
digital technologies.

. Fig . 1 .11 Results of a media analysis on barriers to the acceptance of digital technologies in agriculture 
(source: [SG18], translated)
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technologies”. However, if  we exclude the 
two categories “Communication and trad-
ing platforms” and “Forecast models” from 
the survey presented here, the degree of 
digitalization decreases by more than 10 
percentage points. Among the remaining 
technologies, the current focus is clearly on 
user-friendly automation solutions that re-
duce the workload.

There are many reasons why a wide 
range of digital technologies have only 
been adopted very tentatively in agricul-
tural practice. They range from economic 
aspects, compatibility problems and usabil-
ity aspects that should be improved to con-
cerns about data protection and data sov-
ereignty. At this point, it is primarily the 
manufacturers who are called upon to act. 
In addition, applied agricultural research is 
needed when it comes to the development 
of decision algorithms to generate bene-
fits from the collected data. Moreover, pub-
licly funded research can help to reduce un-
certainties regarding the cost-effectiveness 
of individual technologies through scientif-
ically sound technology assessment.

The survey results we have presented on 
the acceptance of digital technologies in 

still very high. Thus, there is a distinct pos-
sibility that the attitude of this proportion 
of the respondents, as well as those with a 
positive attitude, may change. This would 
require a fundamental reassessment of the 
situation.

1.5.3   Discussion and Conclusions

The results and interrelationships presented 
above clearly show that the adoption of 
digital technologies in agricultural prac-
tice heavily depends on the specific appli-
cation. It is true that agriculture is very ad-
vanced in terms of digitalization and can 
certainly compete with other sectors of the 
economy. However, it must also be taken 
into account that the degree of digitaliza-
tion of farms, which is sometimes commu-
nicated as being very high, is driven by indi-
vidual applications. For example, the results 
presented here show that 84% of the farm-
ers surveyed use at least one of the digital 
technologies offered for selection. This re-
sult is consistent with a survey conducted 
by [RKR20], which arrived at the following 
conclusion: “8 out of 10 farmers use  digital  

. Fig . 1 .12 Acceptance of digital technologies in agriculture by society [PSG+19] (translated)
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1.6.1   Enabler and Discursive 
Reference Point for the 
Digital Transformation

The digital transformation of the agricul-
tural sector toward a comprehensive inte-
gration of field robots, drones and preci-
sion farming into AI-supported smart farm-
ing offers enormous agronomic potential for 
increasing yields for farmers and new busi-
ness models for agribusiness companies (see 
7 Sect. 1.1). Furthermore, it is also in sight 
as the first realistic milestone for the digi-
talization of the economy as a whole, as the 
agricultural sector—unlike the automotive 
sector for example—enables the possibil-
ity of an arguably relatively risk-free testing 
and application of innovative technologies. 
In this respect, digital-transformative pro-
cesses are suitable for developing the poten-
tial of a multifunctional agriculture that can 
make a decisive contribution to achieving 
global sustainability and climate protection 
goals beyond food security (see 7 Sect. 1.4).

An agricultural policy promotes the ac-
tual implementation of the digital transfor-
mation if  it succeeds in striking an appro-
priate balance between the affected stake-
holder interests in the collection, exchange 
and use of interoperable and high-quality 
data as a resource, on the one hand, and le-
gitimate interests in the protection of per-
sonal and business-related data, on the 
other, by establishing a reliable governance 
framework orchestrated by the rule of law 
[JCW+20]. In addition, a modern agricul-
tural digital policy is capable of setting ef-
fective incentives and synergistically links 
digitalization with other socio-economic 
and ecological objectives.

The concept of agricultural digital pol-
icy integrates in a vertical perspective the 
political agendas directed toward the digital 

agriculture by society give cause for hope 
that, on the one hand, the increased use 
of these technologies can improve the atti-
tude of society toward agricultural produc-
tion. On the other hand, the large propor-
tion of undecided people shows that this 
finding may change at any time as a result 
of current developments. This makes it nec-
essary to conduct studies on the accept-
ance of digital technologies in agriculture 
by society at regular intervals in order to be 
able to evaluate the impact of new develop-
ments (e.g., technological innovations, so-
cial discourse, media reporting). As a mat-
ter of principle, all players are called upon 
at this point. Digital technologies must be 
presented objectively to the general public, 
with their advantages shown in a wide va-
riety of formats. However, in doing so, po-
tential problem areas and conflicting goals 
always need to be pointed out as well.

1.6   Agricultural Digital Policy

Mathias Olbrisch

Abstract
The digital transformation is to be under-
stood as a technological-social develop-
ment process whose course depends to a 
large extent on its political framing. In this 
respect, the political landscape is character-
ized by a complex coexistence of  very dif-
ferent concepts. The aim of  this section is 
to provide an overview of  the related politi-
cal concepts and agendas of  the various ac-
tors at the global, European and German 
levels. The main focus is on the description 
of  conceptual convergences and disparities 
in order to make the range of  the agricul-
tural digital policy instrument mix tangible 
as a discursive reference point for future le-
gal design.
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[GFF21]. With the creation of the Interna-
tional Digital Council for Food and Agri-
culture, which also goes back to the GFFA, 
an impetus for the digital transformation is 
also to be institutionalized at international 
level, which will provide policy advisory and 
promote conceptual exchange at interna-
tional level [IDC20].

As an international organization, 
the OECD also forms a multilateral fo-
rum for coordinated and dialog-based de-
cision-making at the international level 
and, as a political actor, advocates the us-
ability of data as a globally tradable eco-
nomic good and driver of economic devel-
opment. In this regard, the Directorates for 
Science, Technology and Innovation as well 
as Trade and Agriculture have presented 
a joint document for a G20 Digital Econ-
omy Task Force, which is to enable a trust-
worthy cross-border data flow [OEC20b]. 
This is relevant for multinational compa-
nies whose businesses are based on process-
ing data in a jurisdiction other than the one 
in which the data was obtained. A mix of 
instruments, including plurilateral arrange-
ments (such as the OECD Guidelines for 
the Protection of Privacy and Transbor-
der Flows of Personal Data), unilateral 
measures (e.g., in the form of recognition 
of foreign data law regimes) and private 
standardization initiatives, should enable a 
global offering of novel data-driven busi-
ness models [OEC20b]. At the global trade 
law level, the WTO adopted a joint state-
ment on e-commerce in 2019 in this con-
text [WTO19]. Beyond its function as a re-
source that can be used by the private sec-
tor, the OECD suggests using data assets to 
improve agricultural policy. For example, 
the case-by-case appropriateness and site 
suitability of compliance-oriented adminis-
trative decisions could be promoted on the 
basis of artificial intelligence [Här20] and 
a market-based remuneration of ecosystem 
services could be made possible [OEC19a]. 
In this context, the Farm Level Analysis 
Network operated by the OECD aims to 

transformation of agriculture within the Eu-
ropean-German multi-level system, includ-
ing its references to the global policy level. 
With agricultural policy on the one hand, 
and digital policy on the other, it merges the 
digitalization-related implications of both 
policy fields in a horizontal perspective. The 
concept of agricultural digital policy forms 
a discursive reference point that can serve to 
make scientific discussions regarding poli-
cy-making in this sector more tangible and 
to functionalize it in a transdisciplinary per-
spective as the basis for a consistent “Agri-
cultural Digital Law” [Här19].

1.6.2   Global Policy Level: 
Transnational Multi-
Stakeholder Governance

The global policy level is characterized by 
approaches of transnational multistake-
holder governance with a convergent orien-
tation toward the digital transformation of 
agriculture.

In 2019, the Global Forum for Food 
and Agriculture (GFFA) was able to reach 
an intergovernmental consensus between 
more than 70 national ministries of agricul-
ture that considers the digital transforma-
tion of agriculture as a driver for increasing 
food production, improving sustainability 
and improving living conditions in rural ar-
eas [GFF19]. In continuation of this postu-
late, follow-up conferences in 2020 and 2021 
pushed for integrity and traceability along 
the value chain, including the use of block-
chain technology, as well as the creation of 
an agricultural market information system 
for statistical recording of price volatilities 
by the FAO and the launch of an “e-agricul-
ture” platform for the digitalization of agri-
culture and food, which pools information 
on scientific and political activities on digital 
transformation and maintains a directory 
of good practices for the implementation 
of digitally driven technologies [GFF20], 
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1.6.3   EU Policy Level: 
Supranational 
Impetus for the Digital 
Transformation 
of Agriculture

The supranational impulses for the digital 
transformation of agriculture at the level of 
the European Union can be divided into a 
core area, at the center of which is research 
funding, and a peripheral area.

The core area is formed by political 
programs directly aimed at digitalization. 
These include first and foremost the Euro-
pean Union’s digital strategy, in which the 
Commission formulates an overarching ma-
trix of goals for the Union to launch the 
digital transformation, consisting of a fair, 
competitive digital single market based on 
the rule of law that ensures sustainability 
and human dignity [EC20a]. To this end, 
the use of quantum computing, artificial in-
telligence [EC20b] and blockchain technol-
ogy is to be promoted, a high-capacity 5G 
or 6G network is to be built [EC16a] and 
people’s digital literacy [EC21a] is to be 
supported while protecting critical infra-
structure and establishing data interoper-
ability [EC20c]. Within the reliable frame-
work formed in this way, the private sec-
tor should be able to develop its potential 
as an implementer of the digital transfor-
mation [EC20a]. As part of the private sec-
tor, agriculture is also included in this le-
gal policy framework. The digital strategy 
is flanked by the Union strategy for a digi-
tal single market, in which the use of artifi-
cial intelligence is seen as a key technology 
for reducing pesticide use [EC17]. In addi-
tion, the creation of a European data space 
is planned, in which a data rights respecting 
exchange of data sets from European big 
data inventories for digitally driven applica-
tions—also for the benefit of agriculture—
is to be made possible [EC20d]. The core 
area of digital policy for the agricultural 

make micro-level geodata usable for agri-
cultural governance purposes.

To promote open data in agriculture 
(such as satellite data), the multistakeholder 
initiative Global Open Data for Agricul-
ture and Nutrition (GODAN) brings to-
gether actors along the value chain, pro-
vides policy advice and advocates for com-
mon data standards. It is supported, among 
others, by the FAO, the US Department of 
Agriculture, the Federal Republic of Ger-
many, the governments of the Nether-
lands, and India, as well as by research in-
stitutions such as the Kuratorium für Tech-
nik und Bauwesen in der Landwirtschaft 
(KTBL) or the Leibniz Center for Agricul-
tural Landscape Research (ZALF), but also 
by private actors such as the Kellogg Com-
pany or the Bill and Melinda Gates Foun-
dation.

Founded by the UN Conference on Sus-
tainable Development and directed toward 
the goal of transdisciplinary sustainabil-
ity research, the Future Earth Association 
promotes the establishment of a worldwide 
community of scientists from relevant disci-
plines. Sponsors include NASA, ESA, UN-
ESCO, the DFG and the UN Environment 
Programme [FE21]. Aiming into a similar 
direction, the Consultative Group on Inter-
national Agricultural Research (CGIAR) 
acts as a broker to bring together institu-
tions and scientists to initiate projects on 
the digital transformation of agriculture. Its 
sponsors include the EU Commission, the 
German Federal Ministry for Development 
and Economic Cooperation, the French 
Ministry of Research, the World Bank, and 
the Bill and Melinda Gates Foundation 
[CG21].

The global policy level is thus charac-
terized by multi-layered multi-stakeholder 
governance with regard to the digital trans-
formation of the agricultural economy. 
This has a potentially harmonizing effect 
on enabling cross-border digital agribusi-
ness.
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along the value chain in accordance with a 
multi-stakeholder approach [EC16b].

For this purpose and in order to bundle 
different funding opportunities for the im-
plementation of research projects in a co-
ordinative manner, the Agricultural Euro-
pean Investment Partnership (EIP-AGRI) 
offers a one-stop shop for agricultural in-
novations [EC21b]. As a counterpart at 
the national level, this form of innovation 
brokerage is complemented by the Ger-
man Networking Agency for Rural Areas, 
which—based at the Federal Agency for 
Agriculture and Food—establishes federal 
networking between the federal government 
and the federal states. In order to bring dis-
ruptive innovations to the market, the Eu-
ropean Innovation Council, which is to be 
distinguished from this, supports the acqui-
sition of venture capital, which is particu-
larly relevant for start-ups in agribusiness 
[EIC21].

The periphery of the agricultural digi-
tal policy is enriched at the Union level by 
the Farm-to-Fork strategy, which primar-
ily aims at modernizing the value chain, 
but which sees a digitally transformed agri-
culture as an enabler for sustainability im-
provements, in particular by making sus-
tainability indicators recordable in data-
bases [EC20e]. For this purpose, the Farm 
Accountancy Network is to be transformed 
into a Farm Sustainability Network. The 
Common Agricultural Policy, as a central 
EU legal steering instrument for the Eu-
ropean agricultural economy, is now also 
pushing the digital transformation of ag-
riculture as a cross-cutting objective and is 
concretizing this as a specific objective with 
regard to the development of future na-
tional strategy plans by the member states. 
Following on from this, the member states 
will in future be accountable for the meas-
ures with which digitalization is promoted 
in the agricultural sector [EC21c]. In Ger-
many, for example, concrete intervention 
descriptions for the expansion of the data 
network infrastructure are being developed 

sector is reinforced by the Green Deal as 
the Union’s overarching sustainability con-
cept, which defines innovative, digitally sup-
ported precision agriculture as an explicit 
goal [EC19b].

As a first step toward implementing the 
clear Union policy choices in favor of the 
digital transformation of agriculture, there 
is a need not only for the elaboration of a 
reliable policy and legal framework, but 
also for technological research and devel-
opment. Since investments in research and 
development of innovative technologies at 
the basic research stage are hardly profita-
ble, especially for financially weaker start-
ups, there is a need for publicly funded re-
search. In this respect, sustainable primary 
production, characterized by resource sav-
ings, plant health and biodiversity are also 
mentioned as a priority area of the specific 
inter- and transdisciplinary research strategy 
of the European Union for the agricultural 
sector, which is to be achieved, among other 
things, through IT-supported smart and pre-
cision farming [EC16b]. Research funding is 
mainly implemented through the EU’s “Ho-
rizon 2020” program, whose financial frame-
work amounted to €80 billion for the pe-
riod from 2014 to 2020. Research projects 
with an insightful focus on the digital trans-
formation of agriculture include, for exam-
ple, the INSYLO project for the develop-
ment of an IoT-based solution to optimize 
the value chain in the livestock sector, or the 
SMARTFISH H2020 project, which aims to 
optimize the fisheries sector on the basis of 
machine learning, sensor technology and ar-
tificial intelligence. The successor program 
“Horizon Europe” provides a budget of 
95.5 billion euros for the period from 2021 
to 2027 for the funding of research projects 
[EC18a]. The eligible clusters continue to in-
clude the digital transformation of agricul-
ture. The cooperation of member states in 
the implementation of research projects is to 
be stimulated via so-called ERANETs (Eu-
ropean Research Area Networks). The re-
search consortia should also include actors 



1

38 J. Dörr et al.

[FMF18]. On behalf  of the Federal Min-
istry of Food and Agriculture, the Fraun-
hofer Institute for Experimental Software 
Engineering has analyzed the political, le-
gal and technological framework condi-
tions for the conception of a state agricul-
tural data platform within the framework 
of a transdisciplinary feasibility study and, 
on this basis, has developed concrete im-
plementation proposals for the integration 
of public and private data pools as the ba-
sis for IT-supported smart farming services 
for the agricultural sector [FSE20]. Dur-
ing a conference on the digital transforma-
tion of the agricultural value chain held in 
December 2020, the possibility of a uni-
form agricultural data space guaranteeing 
data sovereignty was also explored as part 
of a governance framework for agricultural 
data stocks [FMF20] on the basis of a legal 
opinion [Här21].

The digital agenda of the Federal Min-
istry for the Environment, Nature Conser-
vation and Nuclear Safety, in which nature 
conservation, agriculture and water man-
agement are combined as a transformation 
field, aims in a similar direction. According 
to this, public and operational data are to be 
bundled as a basis for decision support sys-
tems and made usable for biodiversity mon-
itoring [FME20]. According to the Federal 
Biodiversity Strategy, the spatial data infra-
structure should provide a basis for legal de-
cisions in this area [FME07]. With an inter-
disciplinary joint research project, the Fed-
eral Ministry of Education and Research is 
also promoting the development of an ag-
ricultural management system that aims to 
use the potentials of digitalization to im-
prove the provision of ecosystem services 
[DAK21]. In order to test innovative smart 
farming applications, the Federal Agency 
for Food and Agriculture is also providing 
administrative support for “experimental 
fields” worth 50 million euros in total. An in-
terdisciplinary competence network with ex-
perts from science and industry evaluates the 
results found there [FMF19b].

on the basis of a SWOT analysis. Within 
the strategy plans, the member states will 
also have to implement so-called eco-
schemes in the future. These are an element 
of the first pillar of the Common Agricul-
tural Policy, which is aimed at promoting 
agriculture, and which in turn must be dis-
tinguished de lege ferenda from the second 
pillar, which is aimed at the development 
of rural areas. Eco-schemes provide finan-
cial incentives based on hectares, which are 
granted for non-compulsory measures di-
rected at climate protection, biodiversity 
or improvements in ecosystem services, 
and sustainability [LR19]. In view of the 
above-mentioned digitally transformative 
objectives of Union policy, such measures 
may also include the use of digitally based 
technologies aimed at this end [EC20f].

Finally, as an actor of European civil 
society, the industry association “Digital 
Europe” is active at the Union level as a 
policy advisor. It also supports the expan-
sion of 5G infrastructure in rural areas and 
the use of open data in agriculture [DE20].

1.6.4   German Policy Level: 
Digitally Transformed 
Agriculture as a Cross-
Cutting Objective Across 
Ministries

At the national level, the goal of a digital 
transformation of the agricultural sector is 
being pursued by various ministries. In its 
arable farming strategy, the Federal Min-
istry of Food and Agriculture paradigmat-
ically presupposes a digitally transformed 
agriculture as a driver for sustainability 
and efficiency [FMF19a]. To this end, it in-
tends to establish a center of expertise for 
geoinformation and a research center for 
agricultural remote sensing with the “Fu-
ture Programme for Digital Policy in Ag-
riculture,” which is to bundle the stocks 
of geodata already available in Germany 



39 1
Introduction

Farmers’ Association calls for data sover-
eignty of farmers, while the Bitkom Associ-
ation argues in principle for open data access 
and standardized data formats [Bit19].

1.6.5   The Future: Federal  
Diversity and Multi-Level 
Integration

An overall view of the individual political 
levels shows a fundamental cross-level con-
sensus on the great potential of a digitally 
transformed agriculture, which is universally 
supported as such. In order to realize this 
objective, the ministries involved are produc-
ing a wide range of different conceptual ap-
proaches.

In the future, it will be necessary to link 
these concepts in order to generate synergy 
potentials. Remaining political diversities in 
the implementation of transformation con-
cepts are based on the federal division of 
competences and can be seen as a fruitful 
basis for democratic policy-making in the 
sense of competitive federalism, which in 
this respect form a creative pool of innova-
tive political concepts [Här12]. Such a pool 
enables an agricultural digital policy that is 
capable of reacting adaptively to disruptive 
leaps in innovation on the one hand and, 
on the other, of shaping the framework in 
an agile manner in which the stakeholders 
involved can turn the vision of a digitally 
transformed agriculture into reality.
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The Federal Ministry of Transport and 
Digital Infrastructure is pushing the expan-
sion of the technical data network infra-
structure in rural areas [FMT17]. For such 
improvements to the agricultural struc-
ture, the Basic Law for the Federal Repub-
lic of Germany (Grundgesetz) also provides 
for cooperation between the federal govern-
ment and the federal states. In future, agri-
culture, which is networked in this way and 
increasingly digitally transformed, is to be 
grouped together as an agricultural domain 
and integrated into the GAIA-X data infra-
structure planned by the Federal Ministry 
for Economic Affairs and Energy. This is in-
tended to network decentrally stored data for 
AI-supported applications in an interoper-
able manner on the basis of European data 
protection standards, thus enabling Europe’s 
digital sovereignty [FMEA20]. This over-
all strategic concept can be linked to the de-
livery model of the Union’s digital strategy, 
with which the EU Commission intends to 
make its data resources usable and integrable 
in an interoperable manner [EC18b].

If the different political approaches of 
the individual ministerial departments are 
coordinated at national level in the sense of 
a whole-of-government approach, there is 
great synergy potential for an agricultural 
digital policy that promotes the digital trans-
formation [OEC19b]. The party-political 
consensus, which is articulated across par-
liamentary groups, is likely to have a sup-
portive effect in that, for example, the CDU 
[CDU19], SPD [SPD19], Greens [GR19] and 
FDP [FDP21] are in principle in favor of a 
digital transformation of agriculture. Like-
wise, the German Farmers’ Association as 
the civil society representative of agriculture 
and the Bitkom Association as the repre-
sentative of the interests of the digital econ-
omy are in favor of this objective [GFA21]. 
With regard to the future design of the ag-
ricultural digital policy agenda, the German 
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sovereignty, and its incorporation into the 
legal framework, is of fundamental impor-
tance. In this context, digital-transforma-
tive agriculture offers considerable oppor-
tunities to better meet both social and eco-
logical requirements. The establishment of 
an adequate legal and technical framework 
for Digital Farming, that takes into account 
the specific needs of the agricultural sec-
tor, remains an important task for the EU. 
A task which is highly dynamic consider-
ing the rapid digital and technological de-
velopments. Such a legal framework must 
cover an extensive spectrum of agri-digital 
technologies, in particular satellite technol-
ogy, sensor technologies, algorithm and big 
data analysis, cloud computing, artificial in-
telligence, robotics, blockchain, drones and 
assisted/partially autonomous driving. Ar-
eas of application for products and ser-
vices in the field of agriculture 4.0 include: 
digital farm management systems for ara-
ble farming and livestock farming, agricul-
tural apps, intelligent tractors and equip-
ment that is structurally combined in a net-
work, agricultural drones / agricultural 
copters, robotic systems for animal feeding 
and milking, environmentally friendly op-
timization of cultivation, as well as agro-
nomic and harvesting processes. These ap-
plications are increasingly cloud-based.

1.7.2   The Normative Framework: 
Right to Food and SDGs

1.7.2.1   Right to Food 
and Sustainable 
Development Goals

Digitalization as a technology is not an end 
in itself  but should serve to achieve nor-
mative goals. Thus, the digital transforma-
tion in the AgFood sector along its value 
chains and value networks contributes to 
the effectiveness of the right to food as well 
as to sustainable development. The human 
right to food as defined in Article 25 (1) of 

1.7   Agricultural Digital and Data 
Law

Ines Härtel 

Abstract
A well-ordered agricultural digital and data 
law, with its differentiated forms and contents 
of regulation, underpins a sustainable Agricul-
ture 4.0. Data sovereignty, regulated self-regu-
lation, codes of conduct and the GDPR pro-
tection regime on privacy form the corner-
stones for this. These are specified by special 
law, such as for security and liability in AI.

1.7.1   Contexts of Agricultural 
Digital Law

A well-ordered agricultural digital and 
data law [Här19], with its differentiated 
forms and contents of regulation, under-
pins a sustainable agriculture 4.0. European 
values and principles, as they have been 
shaped since the Enlightenment, modernity 
and today’s late modern age, form the ba-
sis for this. The development of digitaliza-
tion—in agriculture as well as in other ar-
eas—with its commitment to human dig-
nity, autonomy, human rights/basic rights 
and liberal democracy based on the rule of 
law, is paradigmatic for a “third way.” The 
liberalist strategies of the USA with rather 
few regulations on one hand, and Chi-
na’s path with comprehensive centralized 
state guidelines and quasi-dictatorial con-
trols on the other, are seen as antipodes. 
Because of the wide range of areas of ap-
plication, bringing the interests of the dif-
ferent actors into an adequate balance, 
is particularly important when establish-
ing a legal framework for agriculture 4.0. 
For farmers, the legal institution of agri-
cultural data sovereignty, which also corre-
sponds to (the more comprehensive)  digital  
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also be used to provide farmers with ap-
propriate information and improved mar-
ket access (including e-markets for food 
and agriculture). In addition, nine impor-
tant goals with regard to improving data 
use, ensuring data security and data sover-
eignty in the interest of farmers are enun-
ciated. Those goals are formulated in terms 
of a sustainable digital agriculture:
5 working on international solutions with 

agricultural stakeholders in order to de-
velop standards and reduce global dif-
ferences in regulations on data collec-
tion, data security and data use;

5 enabling the effective use of digitally re-
corded data;

5 improving the interoperability of digi-
tal systems in order to enhance the pos-
sibilities for data exchange, data use and 
data analysis by farmers, academia, in-
dustry and policy makers;

5 ensuring that farmers are not dependent 
on individual digital systems and that 
the intellectual property rights and pri-
vacy rights of users with regard to digi-
tal innovation and information are pro-
tected;

5 increasing trust and transparency in re-
lation to data governance principles, in-
cluding rules on authorization and over-
sight in data collection and use and pro-
moting data use models where farmers 
can, in compliance with national rules, 
decide themselves on whether to pass on 
their operating, machine and business 
data;

5 making public data available through 
appropriate platforms;

5 promoting digital solutions in order to 
strengthen the transparency, efficiency 
and integrity of supply chains and tak-
ing effective steps against counterfeits, 
fraud and smuggling;

5 promoting international digital data in-
frastructures in order to strengthen the 
cross-border fight against animal and 
plant pests and diseases and

the 1948 Universal Declaration of Human 
Rights (UDHR) and Article 11 of the 1966 
International Covenant on Economic, So-
cial and Cultural Rights (ICESCR) encom-
passes a right to food security. This right is 
fulfilled “when all people, at all times, have 
physical and economic access to sufficient, 
safe and nutritious food to meet their die-
tary needs and food preferences for an ac-
tive and healthy life” [FAO96]. Goal 2 of 
the Sustainable Development Goals for-
mulated by the United Nations in its “2030 
Agenda for Sustainable Development” is to 
“end hunger, achieve food security, and im-
prove nutrition and promote sustainable ag-
riculture.” This is further substantiated in 
several sub-goals.

1.7.2.2   GFFA Communiqué
The 2019 communiqué on “Agriculture 
goes digital – smart solutions for future 
farming” adopted by the Global Forum for 
Food and Agriculture (GFFA)2 is particu-
larly worth mentioning. Agriculture minis-
ters of 74 nations have signed this commu-
niqué. The aim is to use digitalization in or-
der to make agriculture more efficient and 
sustainable and to improve life in the coun-
tryside. To this end, the development of ap-
propriate, site-adapted and scalable digital 
solutions in agriculture is to be promoted. 
Globally, the objective is to create the nec-
essary “digital infrastructure” for farmers 
and accelerate its expansion. Cooperatives 
and cooperative models in implementing 
digitalization in agriculture are going to be 
given support. Research and education in 
the field of agriculture 4.0 will be promoted 
in order to make the value chain more effi-
cient and sustainable. Digital solutions will 

2 GFFA is an international conference regarding 
central questions of global agriculture and food 
economics, taking place annually since 2009 as 
part of International Green Week in Berlin, status 
as of 15 July 2019, available at 7 https://www.gf-
fa-berlin.de/.

https://www.gffa-berlin.de/
https://www.gffa-berlin.de/


1

42 J. Dörr et al.

in rural areas.4 This cross-cutting goal af-
fects all agricultural target areas (food secu-
rity, protection of ecological resource pro-
tection, strengthening rural areas). The ap-
plication system for agricultural subsidies 
will also be further digitalized, e.g., through 
a geodata-based application by the farmer 
and a geodata-based application system by 
the agricultural administrations.5 Finan-
cial support for digital AgTech can acceler-
ate the progress of a sustainable agriculture 
and food industry but requires that farmers 
use AgTech in a legally compliant manner. 
At the same time, digital data sovereignty, 
and the corresponding (more comprehen-
sive) digital sovereignty is of fundamental 
importance for the farmer.

1.7.3   Agricultural Data  
Sovereignty and Agricultural 
Data Space

Regarding data and also agricultural data, 
there is no exclusive property right in the 
traditional sense. The (constitutional) right 
to property (Article 17 Charter of Funda-
mental Rights of the European Union, Ar-
ticle 14 of the Basic Law for the Federal Re-
public of Germany (Grundgesetz)) pro-
tects trade and business secrets. But most of 
the data generated on farms is not covered 
by this. However, the need for protection  

5 developing digital methods at the World 
Organisation for Animal Health (OIE) 
as part of the modernization of the 
OIE-WAHIS notification system (World 
Animal Health Information System).

The FAO is being asked to develop a con-
cept for establishing an international Digi-
tal Council for Food and Agriculture that 
will advise governments, promote the ex-
change of ideas and experience and help 
everyone to harness the opportunities pre-
sented by digitalization. Although these 
declarations are merely soft law,3 in po-
litical, legal and practical terms they are 
ground-breaking for the design and imple-
mentation of the agricultural policies of the 
states and the EU—especially since soft law 
can later on lead to binding regulations. In 
this sense, the sovereign authorities have 
a corresponding responsibility within the 
framework of their domestic and foreign 
agricultural policy.

1.7.2.3   The Common Agricultural 
Policy of the European 
Union After 2020

Future secondary legislation on the Com-
mon Agricultural Policy (CAP) will con-
tain an explicit normative reference to 
digitalization. This results from the Eu-
ropean Commission’s legislative propos-
als on the CAP beyond 2020, which set a 
new cross-cutting goal for the digitaliza-
tion of agriculture. The agricultural sector 
is to be modernized through financial sup-
port for digitalization in agriculture and 

4 Article 5 lit. b Regulation of the European Parlia-
ment and of the Council of 2 December 2021 es-
tablishing rules on support for strategic plans to be 
drawn up by Member States under the Common Ag-
riculture Policy (CAP Strategic Plans) and financed 
by the European Agricultural Guarantee Fund 
(EAGF) and by the European Agricultural Fund for 
Rural Development (EAFRD) and repealing Regula-
tions (EU) No. 1305/2013 and (EU) No. 1307/2013.

5 Cf. Article 66 para. 1 lit. b Regulation of the Eu-
ropean Parliament and of the Council of 2 De-
cember 2021 on the financing, management and 
monitoring of the Common Agricultural Pol-
icy and repealing Regulation (EU) No. 1306/2013 
(‘Horizontal CAP Regulation’)

3 For the legal and practical significance of Soft 
Law see [Mon14].
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the Commission’s view, the common Euro-
pean agricultural data space should serve to 
improve the sustainability and competitive-
ness of the agricultural sector.

Agricultural data law is a vital area of 
legislation for the European agricultural 
data space and must be further developed. 
This refers mainly to the business-to-busi-
ness (B2B) use of data—for example in the 
context of agricultural data-driven busi-
ness models and agricultural data ecosys-
tems. However, it also extends to Govern-
ment-to-Business (G2B) and data sharing 
between public authorities (G2G), for ex-
ample in the context of e-government and 
geodata use.

1.7.4   Self-Regulation—Code 
of Conduct as Private Soft 
Law

For farmers and suppliers, the important 
questions in the context of B2B contractual 
relationships related to agricultural digital-
ization are: Who has what kind of rights 
to what data or which data sets? And what 
kind of obligations correspond to these 
rights? The “EU Code of conduct on agri-
cultural data sharing by contractual agree-
ment,” which was signed by nine organiza-
tions and associations8 from the agricul-
tural sector in 2018, provides orientation 
for the design of contractual provisions un-
der agricultural data law. This code was de-
veloped in the course of private self-regula-
tion and represents private soft law due to 

in the new digital agricultural world requires 
a new legal institution. The EU legislator 
should therefore in future regulate digital 
agricultural data sovereignty as an expres-
sion of part of the freedom to conduct a(n 
agricultural) business [Här21].

Farmers should have a right to access 
their own agricultural data (including the 
metadata, and if applicable consent to dele-
tion), a right to confidentiality in the sense of 
freedom to decide on the transfer of data to 
the self-selected provider and a right to au-
thenticity as the knowledge of the provider 
and his business conduct.6 Data sovereignty 
and overall digital sovereignty are ultimately 
an expression of fundamental rights. The 
lack of protection for farmers under the ap-
plicable law, contractual practices as well as 
the high importance of agriculture for the 
European food sovereignty, are why a bind-
ing legal provision of agricultural data sov-
ereignty is needed. In particular the fact that 
farmers of small and medium-sized agricul-
tural enterprises lack the necessary contrac-
tual capacity, leads to problematic contrac-
tual practices. Information and negotiation 
asymmetries between farmers and suppliers 
are the reasons for a lack of balance of inter-
ests in private data rights. Furthermore, de-
pendencies on a single digital provider can 
be observed, making it difficult or impossible 
for the farmers to switch to other providers 
(vendor lock-in effect).

The legal institution of digital agricultural 
data sovereignty would be a fundamental 
component of the common European agri-
cultural data space, which is to be established 
according to the European Commission’s 
Communication “A European Strategy for 
Data” published on February 19, 2020.7 In 

6 See DLG, Digitale Landwirtschaft, 2018, p. 5; 
Friends of the Earth Europe, Digital Farming, 
February 2020, p. 16; Fraunhofer IESE, Kalmar/
Rauch, Wie schafft man Datensouveränität in der 
Landwirtschaft, May 2020.

7 COM(2020) 66 final, p. 37.

8 The signatories include Copa and Cogeca (The 
united voice of farmers and their cooperatives in the 
European Union), CEMA (European Agricultural 
Machinery Association), fertilizers Europe (The Eu-
ropean Fertilizer Manufacturers Association), CEJA 
(European Council of Young Farmers), ECPA (Eu-
ropean Crop Protection Association), EFFAB (Eu-
ropean Forum of Farm Animal Breeders), FEFAC 
(European Compound Feed Manufacturers’ Federa-
tion) und ESA (European Seed Association).
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A further development of the EU code 
of conduct as soft law should take these 
points into account. A look at foreign codes 
of conduct is helpful in this respect—and 
can to a certain point also be an inspiration 
regarding binding Agricultural Data Law.

In 2014 the American Farm Bureau 
Federation, the largest farmers’ associa-
tion in the USA, established the “Privacy 
and Security Principles for Farm Data.” On 
May 5, 2015, a number of agricultural or-
ganizations and companies signed this code 
of conduct. With its three pages, the docu-
ment is more concise than the EU code of 
conduct. Thirteen points are listed and re-
ferred to as core principles. The first prin-
ciple is “education” of farmers. The indus-
try should work to develop programs that 
create educated customers who understand 
their rights and responsibilities. In addi-
tion, contracts should be written in sim-
ple, easy and understandable language. Un-
der the heading “ownership,” it is stated 
that farmers have ownership of data gener-
ated during their farm operations. In con-
trast to the EU code of conduct, certifi-
cation is envisaged in the US as a tool for 
enforcing the guidelines/principles for agri-
cultural data contracts. Since 2016, the “Ag 
Data Transparent Seal of Approval”9 has 
been awarded.

The “New Zealand Farm Data Code 
of Practice (NZ Farm Data Code)” was 
introduced in 2014 to provide guidelines 
for effective data sharing in the New Zea-
land agricultural industry. The code explic-
itly refers to the data of primary producers 
(farmers). A certification system is used to 
implement the code, and a seal is awarded. 
In the certification process, the AgTech 
company must demonstrate in a self-dis-
closure that it complies with the Farm 
Data Code. It must fill out a questionnaire 

its voluntary nature. Nevertheless, the sig-
natories appeal to all players in the Ag-
Food value chain to base contracts on this 
code of conduct. The code of conduct is di-
vided into the following sections: introduc-
tion; definitions; attribution of the underly-
ing rights to derive data; data access, con-
trol and portability; data protection and 
transparency; privacy and security; liabil-
ity and intellectual property rights; annexes 
(definitions of different types of data in the 
agri-food sector; four case studies; EU reg-
ulatory framework for the sharing of agri-
cultural data; main legal principles to have 
a balanced contract—contract check list for 
agricultural data).

Good approaches for achieving an ad-
equate balance of interests between mar-
ket participants can certainly be found in 
the code of conduct. However, a number 
of guidelines remain vague in their word-
ing and thus do not constitute concrete rec-
ommendations for potential conflicts of in-
terest. This applies in particular to the ques-
tion of data authorship/data ownership. It is 
not clear exactly which rights farmers are en-
titled to in the event of multiple data author-
ship (several actors are data authors) within 
the digital data value chain. Nor do the case 
studies in the appendix (especially examples 
2 and 4), which hint at this problem, lead to 
any concrete legal solution. Furthermore, the 
possible right to data access is insufficiently 
addressed. Data security/IT security/cyber 
security have only been included to a rudi-
mentary extent and require further specifica-
tion. Liability is dealt with very incompletely. 
Data portability has been formulated on the 
basis of the General Data Protection Regula-
tion (GDPR). But the code of conduct does 
not clarify the question regarding a possible 
guarantee of data portability given by the 
provider to the farmer. There is also a lack of 
sufficient information on the interoperability 
offered to the farmer. Another deficit is that 
there is no indication of possible legal conse-
quences or sanctions in the event of breaches 
of contractual provisions.

9 Regarding the method of operation and the fol-
lowing remarks see 7 https://www.aglaw.us/agda-
tatransparent.

https://www.aglaw.us/agdatatransparent
https://www.aglaw.us/agdatatransparent
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1.7.5   Regulated Self-Regulation: 
Non-Personal Data

The EU legislator has so far used the con-
cept of regulated self-regulation for the 
area of B2B data rights. According to Ar-
ticle 6 (1) of the Free Flow of Data Regu-
lation (EU) 2018/1807, codes of conduct 
should cover the following aspects:
5 procedures to facilitate the change of 

service provider and the transfer of data 
in a structured, common, machine-read-
able format or open standard format;

5 rules on minimum information in order 
to ensure that the user receives accurate, 
clear and transparent information, prior 
to the conclusion of the data processing 
contract, on the processes, technical re-
quirements, time limits and charges ap-
plicable to a user wishing to change to 
another service provider or to transfer 
data back to his own IT systems;

5 approaches to certification schemes;
5 communication plans to disseminate the 

rules of conduct to relevant stakeholders.

These aspects relate to some key self-reg-
ulation requirements in general terms but 
should be specified for the agricultural sec-
tor. Furthermore, the concepts of self-reg-
ulation and regulated self-regulation are 
not sufficient to effectively guarantee ag-
ricultural data sovereignty. Therefore, reg-
ulation through binding specifications is 
necessary. Regulations specific to agricul-
ture should serve to solve practical prob-
lems (such as the vendor lock-in effect in 
particular) and aim to remedy digital-re-
lated structural hazards in agriculture. For 
non-personal data in the B2B sector in par-
ticular, the data principles of transparency, 
fairness, data portability, interoperability, 
data security and data quality must be le-
gally anchored, as well as agricultural-spe-
cific regulations on general terms and con-
ditions and contract law and regulations on 
agricultural-specific data access right.

(checklist) and provide evidence of the re-
spective answer. This compliance checklist 
is much more comprehensive than that used 
in the US certification system.

The “Australian Farm Data Code” of 
February 1, 2020 has been drawn up by the 
National Farmers Federation and the agri-
cultural industry. In contrast to the codes 
in the USA and New Zealand, no certifi-
cation system is envisaged. After an intro-
duction, the principles of agricultural data 
include transparency, comprehensibility, 
honesty, fair and equitable use of data, as 
well as data access rights of the farmer and 
portability.

In Germany there is a joint industry 
recommendation (Branchenempfehlung) 
of seven associations10 on the “data sover-
eignty of the farmer” of February 28, 2018, 
which refers to the “collection, use and ex-
change of digital farm data in agriculture 
and forestry.” One positive aspect is that the 
recommendation briefly and comprehen-
sively sets out important aspects in a con-
cise manner. A basic principle is the “own-
ership of data.”

From the farmers’ point of view, the 
problem with the existing codes of conduct 
is that they do not effectively guarantee 
the sovereignty of agricultural data. Certi-
fication systems seem to be able to provide 
some remedy. The certification system in 
New Zealand is more differentiated than in 
the USA.

10 Deutscher Bauernverband/German Farmers’ Fed-
eration (DBV), Bundesverband der Maschinen-
ringe/ Federal Association of Machinery Pools 
(MR), Bundesverband der Lohnunternehmen/ 
Federal Association of German Contractors 
(BLU), Deutsche Landwirtschaftsgesellschaft/ 
German Agricultural Society (DLG), Deutscher 
Raiffeisenverband/ German Raiffeisen Association 
(drv), LandBau-Technik-Bundesverband/Agricul-
tural Technology Association, Verband Deutscher 
Maschinen- und Anlagenbau/ German Engineer-
ing Federation (VDMA).
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Agricultural data includes in particular all 
basic operational data (e.g., location, size), 
production-related data (e.g., yield plan-
ning), machine-related data (e.g., machine 
equipment), key business data (e.g., financ-
ing) and other machine-/system-related 
data (e.g., quality characteristics of the har-
vested goods, type/quantity—use of ferti-
lizers, pesticides). Due to the combination 
with other information, the respective fac-
tual information mentioned could allow 
conclusions to be drawn about an individ-
ual farmer. However, it may also be quali-
fied as non-personal data.

If  personal and non-personal data are 
“inseparably linked,” the GDPR applies in 
full to the entire mixed data set (cf. Article 
2 (2) Regulation 2018/1807). Inseparability 
should be present if  the “separation is im-
possible or is considered by the person re-
sponsible to be economically inefficient or 
technically not feasible.”11

Furthermore, the personal data must 
refer to “natural persons.” If  agricultural 
holdings are organized as legal entities, 
data records relating to the holding are gen-
erally to be classified as non-personal data. 
However, using the case law of the CJEU in 
the Schecke case,12 information about legal 
persons can also constitute personal data if  
the name of the legal person is identical to 
that of a natural person who owns the le-
gal person or if  the information relates to a 
specific or identifiable natural person. This 
distinction is also associated with legal un-
certainties.

Another legal problem regarding the as-
signment of information to personal data 
concerns the area of anonymization and ag-
gregation of data. In principle, anonymized 
data and the processing thereof do not fall 

1.7.6   Privacy According to the 
EU General Data Protection 
Regulation

In the European agricultural data area, the 
privacy protection regime under the Gen-
eral Data Protection Regulation (GDPR) 
makes only a limited contribution to the 
practical guarantee of agricultural data 
sovereignty for farmers. One reason for this 
is the limited scope of application of the 
regulation for personal data of natural per-
sons, which at the same time causes legal 
uncertainties for market participants. For 
example, there are legal grey areas with re-
gard to the question of which of the types 
of data generated by Digital Farming are 
personal and which are not.

The term “personal data” is widely un-
derstood. According to Article 4 No. 1 
GDPR, this includes “any information re-
lating to an identified or identifiable natu-
ral person.” The broad term thus covers di-
rectly personal data, i.e., data which can be 
directly collected, but also indirectly per-
sonal data which can only be obtained by 
consulting further information and/or by 
further activities. Depending on whether 
the processed information has a (direct or 
indirect) personal reference, the obligations 
under data protection law are either com-
pletely or not at all applicable. It is ques-
tionable when it is sufficient that a personal 
reference can be established. Recital 26 of 
the GDPR provides guidance on this (ob-
jective factors such as costs, time required 
and available technology).

Behavioral patterns usually have a per-
sonal reference. This concerns, for exam-
ple, deductions from soil properties to the 
farmer’s ability to do farming. Factual in-
formation such as financial and ownership 
relationships can also constitute personal 
data. Which agricultural data generated 
by agricultural machines, agricultural ro-
bots and drones are to be qualified as per-
sonal data remains in need of  clarification. 

11 COM(2019) 250 final, p. 9.
12 CJEU, Judgment of 9 November 2010, joined 

cases Volker and Markus Schecke GbR (C-92/0) 
and Hartmut Eifert (C-93/09)/Land Hessen, 
ECLI:EU:C:2010:662, para. 52.
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 result serves an effective basic data protec-
tion right in the sense of Article 8 Char-
ter of Fundamental Rights of the Euro-
pean Union. For example, in its judgment 
of 16 July 2020 in the Schrems II case,13 the 
CJEU rightly declared the European Com-
mission’s adequacy finding on the EU-US 
Privacy Shield Agreement14 to be invalid. 
The CJEU concludes that the law of the 
USA does not guarantee the level of pro-
tection required under Article 45 GDPR 
in the light of Articles 7, 8 and Article 47 
Charter of Fundamental Rights of the Eu-
ropean Union. The reason for this lies in 
the extensive monitoring powers of the US 
security authorities for foreign intelligence. 
This case illustrates in a special way the 
globally existing tension between security 
and freedom, which extends into the B2B 
data rights relations.

Increased data protection requirements 
in terms of transparency and data quality 
could in future apply to AI systems in ag-
riculture. The special standard Article 22 
GDPR, which applies to automated deci-
sions, has hardly gained any significance 
in practice so far. In the agricultural sec-
tor, however, automated decisions with le-
gal effect are conceivable in the future, e.g., 
in the context of predictive maintenance for 
AgMachinery, where, in the case of neces-
sary maintenance identified by AI, this is 
initiated directly without the farmer plac-
ing a separate order; in this case, the farmer 
has only agreed to the system in advance 
by means of a framework agreement. Such 

within the scope of the GDPR (see Re-
cital 26). However, due to the new technical 
possibilities of far-reaching big data anal-
yses, there is an increased risk of re-iden-
tification. Recital 9 of Regulation (EU) 
2018/1807 contains the following note in this 
regard: “If new technological developments 
make it possible to convert anonymized data 
back into personal data, these data must be 
treated as personal data (…).”

The contribution of the GDPR to ag-
ricultural data sovereignty must also be as-
sessed differently with regard to data protec-
tion principles and the rights of data sub-
jects. For example, there are considerable 
doubts about the mass suitability of consent 
as a legal instrument effective for data pro-
tection. The ideal of fully informed and vol-
untary consent encounters barriers in prac-
tice. In the absence of parity between the 
contractual partners, the premise “take it or 
leave it” applies. With regard to the rights 
of the data subject, it should be noted that 
there is no data access right of the data sub-
ject that extends to real time. The right to 
data portability (data transferability) in ac-
cordance with Article 20 GDPR gives the 
data subject (farmer) the right “to receive 
the personal data concerning him/her that 
he/she has made available to a responsi-
ble party in a structured common and ma-
chine-readable format (…).” However, the 
person responsible is not obliged to provide 
and maintain a permanent interface.

Notwithstanding the aforementioned 
limitations of the General Data Protection 
Regulation, this regulation also contains a 
far-reaching data protection mechanism 
within its scope. The far-reaching and ef-
fective data protection is demonstrated, for 
example, not least by the provisions for the 
transfer of personal data to third countries 
pursuant to Article 44ff. GDPR. The juris-
prudence of the European Court of Justice 
in the European Data Protection Regula-
tion also sets a strict and consistent stand-
ard for the interpretation of the legal pro-
visions of Article 44ff. GDPR, which as a 

13 CJEU, Judgment of 16 July 2020, C-311/18, Face-
book Ireland and Schrems, ECLI:EU:C:2020:559, 
para. 199; Opinion of AG, 19 December 2019, 
C-311/18, ECLI:EU:C-2019:1145.

14 Commission Implementing Decision (EU) 
2016/1250 of 12 July 2016 correspondent to Direc-
tive 95/46/EG of the European Parliament and the 
Council regarding the adequacy of protection of-
fered by the EU-US privacy shield, OJEU, No. L 
207/1, 1 October 2016.
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New impulses for the discussion on the de-
velopment of a legal framework for AI at 
the EU level were given in particular by the 
White Paper of the European Commission 
“On Artificial Intelligence—A European 
Concept for Excellence and Trust” of Feb-
ruary 19, 2020,16 the report of the Expert 
Group on Liability and New Technologies 
“Liability for Artificial Intelligence,” also 
published on February 19, 2020, and the 
“Report on the Impact of Artificial Intelli-
gence, the Internet of Things and Robotics 
on Security and Liability,”17 published by 
the Commission. It follows from this that 
the following special features of AI (as well 
as IoT) must be taken into account in the 
further development of product safety and 
liability law18:
5 the complexity (diversity of actors in 

digital ecosystems, multitude of digital 
components—hardware, software, ser-
vices),

5 Opacity (opacity of processes, black box 
through self-learning, makes it difficult 
to predict the behavior of an AI-based 
product),

5 Openness (updates/updates or improve-
ments/upgrades, for this purpose in-
teraction with other systems or data 
sources),

5 Autonomy (tasks with less human con-
trol, changing algorithms),

5 Data dependency (dependency on ex-
ternal information, which is not pre-in-
stalled, but generated by built-in sensors 
or communicated from outside)

5 Vulnerability (particular vulnerability to 
cyber security breaches due to the open-
ness and complexity of Digital Ecosys-
tems).

fully automated decisions are subject to in-
creased transparency requirements (see Ar-
ticle 22 (2) lit. a and c in conjunction with 
Article 22 (3) GDPR). The responsible per-
son would have to inform the farmer in a 
meaningful way about the existence of au-
tomated decision making, the logic in-
volved and the scope and effects of the pro-
cessing operations.15 The program code or 
algorithm code does not have to be dis-
closed, because it is covered by trade se-
crecy and intellectual property rights. 
However, AI applications in the agricul-
tural sector that are not covered by Arti-
cle 22 GDPR could also be subject to high 
data protection requirements in the future. 
This is shown in particular by the position 
paper of the Conference of the Independ-
ent Data Protection Supervisory Author-
ities of the Federal Government and the 
Federal States (Konferenz der unabhängi-
gen Datenschutzaufsichtsbehörden—DSK) 
in Germany of November 6th, 2019. Here 
the necessary technical and organizational 
measures (TOM) for different phases of the 
life-cycle of AI systems are differentiated.

1.7.7   Artificial Intelligence: 
Security Law and Liability 
Law

In order for AI systems with their ad-
vantages for sustainable agriculture to be 
more widely used in the future, the farmer 
needs specific digital technology accept-
ance in this area in addition to agricultural 
data sovereignty. This in turn requires that 
the law provides appropriate solutions for 
AI-specific liability risks in agriculture. The 
existing product safety law and product lia-
bility law do not yet provide an adequate le-
gal framework with regard to AI specifics. 

16 COM (2020) 65 final.
17 COM (2020) 64 final.
18 See COM(2020) 64 final, p. 20; Expert Group on 

Liability and New Technologies, Report, Euro-
pean Union, 2019, p, 32–34.

15 Cf. Martini, in: Paal/Pauly, DSGVO, 2nd ed. 2018, 
Art. 22 para. 4.
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framework for the cyber security certification 
of products.21 In order to ensure the propor-
tionality of regulatory intervention, a “risk-
based approach” is to be chosen with regard 
to the security requirements for AI applica-
tions. The higher the risk posed by an AI ap-
plication, the higher the legal requirements 
for it. While the Data Ethics Commission in 
Germany [Zwe19] has already divided algo-
rithmic decisions into five risk levels, the EU 
Commission’s AI White Paper initially only 
distinguishes between high-risk and non-
high-risk AI applications with regard to the 
legal framework. A strict regulatory frame-
work is proposed for high-risk AI applica-
tions. For other applications, the introduction 
of a voluntary labelling system is considered 
as an option. A differentiated regulatory re-
gime for AI is intended by the drafted Artifi-
cial Intelligence Act of the EU.22

With regard to AI liability cases, the pro-
posals focus on non-contractual liability law. 
It is proposed to create a new legal regime 
on strict liability for operators of AI systems. 
With regard to the subject of liability, a flex-
ible concept of the “operator” is proposed. 
Liability is assumed by the person who con-
trols the risk associated with the operation of 
the new digital technologies and benefits from 
their operation (the so-called operator).23

In addition, the existing strict product li-
ability is to be adapted to the specifics of AI, 
especially with regard to the terms product, 
defect and manufacturer. The national fault-
based tort liability is also to be modified 
with regard to AI specifics by Union law, es-
pecially with regard to the rules on the bur-
den of proof [Här20]. In contrast to con-
tractual liability, tort liability covers damage 

The AI specifics mentioned above are also 
immanent AI-specific liability risks in ag-
riculture. If  the use of AI systems causes 
personal injury, property damage or envi-
ronmental damage, the question arises for 
farmers but also for other AI actors in-
volved or third parties as to who is liable 
for what. AI damage cases are e.g., conceiv-
able19 if  an AI-controlled harvesting robot 
picks strawberries that are still unripe and 
not yet marketable, if  farm animals such 
as chickens or pigs are injured during au-
tomated feeding, if  animal diseases are not 
detected by an AI-controlled animal health 
management system or if  the wrong medi-
cation is administered, if  a robot applies 
fertilizers or pesticides in such a way that 
the water’s edge is not maintained or the 
application limits are exceeded, or if  a cy-
ber attack causes the entire (future) farm 
4.0 to collapse. Violations of agricultural 
specialized right (among other things fer-
tilizer, plant protection agent right, animal 
protection right) bear the risk that agricul-
tural subsidies on EU or national level are 
shortened or even completely cancelled.

Conventional product safety law should 
develop into AI safety law that incorpo-
rates the AI specifics listed above and also 
extends to AI services.20 With a view to ef-
fective risk management and risk control, it 
is necessary to develop new behavioral obli-
gations for the responsible actors in auton-
omous systems. In addition, the use of the 
product during its entire life-cycle would 
have to be included in the risk assessment, 
for example. With regard to the vulnera-
bility of AI systems (due to their openness 
and complexity), legally binding basic re-
quirements for cyber security must be an-
chored in the future. The current legal act 
on cyber security (Regulation 2019/881) is 
inadequate, as it only provides a voluntary 

19 See Wilde-Detmering, InTeR 2019, 174, 179.
20 For details see the Commissions demands, COM 

(2020) 64 final, p. 6–14.

21 COM (2020) 64 final, p. 7.
22 Proposal for a Regulation of the European Parlia-

ment and of the Council laying down harmonised 
rules on artificial intelligence (Artificial Intelli-
gence Act) and amending certain Union legislative 
acts, COM (2021) 206 final.

23 Expert Group on Liability and New Technologies, 
Report, European Union, 2019, p. 40.
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With regard to cyber security, refer-
ence should be made to Regulation (EU) 
2019/881 on the European Union Agency 
for Cyber Security (ENISA) and on the cer-
tification of the cyber security of informa-
tion and communication technology, as 
well as to Directive (EU) 2016/1148. The 
legal framework for cyber security in Ger-
many relates in particular to critical infra-
structures and thus also to the food sector.

With regard to cloud computing, a co-
herent set of cloud regulations is to be cre-
ated in the EU that will enable cloud pro-
viders and users to access competitive, se-
cure, and fair cloud services.26 This will 
secure important storage options for agri-
cultural data. GAIA-X, which combines 
the integration of cloud-to-cloud systems 
with Edge Systems and secure blockchain 
encryption, is also a further development 
from a legal perspective.

In agriculture, blockchains with smart 
contracts enable the traceability of food/agri-
cultural products in the value chain, fast ac-
cess to land registry entries, and the secur-
ing of contracts (e.g., commodity futures ex-
changes), payments and leases. A specific 
legal framework is currently being developed.

For the use of open data, in particular 
geodata, in agriculture (e.g., on land use, 
weather conditions, water networks), the 
Federal Spatial Data Access Act and the 
Spatial Data Infrastructure Acts of the fed-
eral states are in place to implement EU 
secondary legislation. There are restric-
tions on open data access due to the protec-
tion of personal data, intellectual property 
rights and company and business secrets.

In the meantime, a large number of ag-
ricultural data platforms/agricultural data 
ecosystems exist. From a legal point of 
view, a distinction must be made between 
private sector and sovereign platforms. 
Of particular importance are questions 
of interoperability, data integrity/security,  

to absolutely protected legal interests, such 
as life, health, property or the general right 
of personality, and aims at their appropriate 
restitution. The strict liability for increased 
risks of damage is to be accompanied by a 
mandatory liability insurance by law, which 
covers all damages caused by AI.24

1.7.8   Further Fields of Law

A separate area of law concerns the mobil-
ity of assisted/partially autonomous/autono-
mous driving up to unmanned flight systems 
(agricultural drones) in agriculture. With re-
gard to semi-autonomous driving tractors in 
Germany, road traffic law on the one hand 
and product safety law on the other hand 
apply. Associated with this are the appli-
cable regulations on hazardous and fault-
based liability as well as the data process-
ing regulations in the German Road Traffic 
Act. However, special regulations for auton-
omous driving in the field are still required. 
Other EU member states have their own leg-
islation. The legal framework for the use of 
agricultural drones is determined by the EU 
Civil Aviation Regulation 2018/1139, which 
takes a risk-based approach to the certifica-
tion and operation of drones. Further reg-
ulations can be found in German aviation 
law (drone driving license, operating license, 
etc.). With regard to liability risks that may 
arise from the use of agricultural drones 
(as unmanned aircraft), the legal frame-
work e.g., in Germany for the implementa-
tion of EU law25 is already satisfactorily de-
signed. There is a strict liability of the oper-
ator when operating an (agricultural) drone 
according to Sect. 33 (1) sentence 1 German 
Aviation Act (Luftverkehrsgesetz) and the 
obligatory liability insurance according to 
Sect. 43 (2) sentence 1 German Aviation Act.

25 Regulation (EU) 2018/1139 – civil aviation regula-
tion. 26 COM (2020) 66 final, p. 21 f.

24 Expert Group on Liability and New Technologies, 
2019, Nr. 33, p. 61.
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and anthropotechnologies, assistive digi-
tal technologies and post-human enhance-
ment. On the other hand, new breedings 
based on the findings of genetics and epige-
netics, developments in the fields of biode-
sign/synthetic biology and proteins, and bi-
ological-technological convergences, bioec-
onomy and biointelligent value creation in 
significant advancements of existing cultiva-
tion methods and “Farm to Fork” strategies 
are to be included. The importance of the 
sphere of law with its normative reference 
to order therefore lies not only in the cur-
rent formation of an agricultural digital and 
data law, but in the future also in the ena-
bling and taming of novel (agrarian) tech-
nologies in the perspective of a basic val-
ue-based humanism that transcends the re-
lationship between ends and means.
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production increase cannot be achieved by 
the means of the past. Great hopes and ex-
pectations put into novel technologies like 
second- and third-generation genetically 
modified seeds or biologicals for crop pro-
tection have not materialized.

At the same time, the industry now is 
under price pressure. The farm-level prices 
of agricultural commodities corrected for 
inflation mostly have declined over the last 
centuries.

The highly consolidated farm input pro-
viders had nicely profitable businesses and 
benefited from an overall market growth 
for the last decades—it was a tide that lifted 
all boats. However, this trend began to slow 
down around 2015.

Digital will drastically change agricul-
ture moving forward. Digital Farming has 
been emerging after 2010 as a possible solu-
tion to improve cost structures, increase 
yield, and at the same time lower the envi-
ronmental footprint of agriculture. Digi-
tal means can increase the efficiency and ef-
fectiveness of the existing processes before, 
on and after the farm. This increases pro-
duction at improved cost positions and op-
timizes quality. Furthermore, digital may 
provide a means to better communicate 
quality features of the agricultural products 
through tracking and tracing technologies, 
ultimately realizing a better product price at 
the retail level. Digitally operated machin-
ery in the field will totally change the face 
of farming in the long term.

Finally, in an economy that is turning 
more and more circular (Circular Econ-
omy), agriculture will play an important 
role: on the one hand as provider of bio-
based feedstock, and on the other hand as 
off-taker of post-consumer materials such 
as sludge, compostable organic waste and 
biodegradable plastics. For the manage-
ment of these circles, digital support will 
also be of vital importance.

2.1   From Farm to Fork and Back: 
History and Roadmap 
of Digital Farming

Carsten Gerhardt 

Abstract
Global supply of agricultural products sur-
passes demand. This puts the industry under 
permanent price pressure. Digital Farming as 
a mean to improve yields and become more 
cost-effective has entered the market around 
2010. It will continue to be applied to a stead-
ily increasing fraction of the global farmland. 
This will heavily impact the agricultural input 
industry, which will transition from a product 
to a service provider. Plus, digital will change 
the face of farming, as it allows to move away 
from ever bigger machinery to small, autono-
mous swarm robots. Ultimately, digital in ag-
riculture is a key enabler for the transition to 
a bio-economy where farmland will provide 
inputs to a variety of industries, well beyond 
today’s food and feed.

2.1.1   Introduction

Agriculture globally has been character-
ized by large production increases of the 
last decades to feed a growing population. 
Yield increases and additional farming land 
have been driving this overall production 
increase. The former could be achieved due 
to a very professional Ag input industry, 
providing high-yielding seed, fertilizer and 
AgChemicals. The latter often has come at 
the expense of turning natural habitats like 
rainforest into farmland (see 7 Sect. 1.4). 
Both ultimately have led to environmen-
tal degradation and are not sustainable. 
Monoculture, loss of biodiversity and soil 
degradation characterize agriculture in 
large parts of the world in 2020. A further  
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But there are imperfections in the 
“conventional story” of lasting industry 
growth. As early as 2015, the OECD long-
term agriculture outlooks started to paint 
a bleaker picture of production growth, 
with annual growth rates for key commod-
ities like wheat, soybean, corn or poul-
try meat decreasing from historical values 
between 2–4% to almost half  of that (see 
. Fig. 2.2). Nominal commodity prices 
were forecast to stay stable or even de-
crease. This anticipated price development 
is very much in line with an overall rather 
weak price development of agricultural 
commodities in the past. Except for varia-
tions that were most likely caused by spec-
ulation, the overall price increase, for exam-
ple, for wheat has barely increased by 30% 
from 1990 to 2020. If  adjusted for inflation, 
it has even decreased, resembling a trend 
that could be observed during the complete 
last century. Other, non-agricultural com-
modities have shown a substantial price in-
crease in the same period. The copper price 
from 1990 to 2020, for example, has risen 
almost 300%.

Besides the challenging growth and 
price outlook, there are additional chal-
lenges for the agriculture industry. Multiple 

2.1.2   View on the Agriculture 
Industry Overall

The agriculture sector from farm input pro-
viders over distributors, farmers, processors 
down to retail as a whole has been growing 
steadily and in parts profitably for decades, 
driven by two fundamental demand drivers 
(see . Fig. 2.1). Population increase, on the 
one hand, is going from 5 bn in 1990 to al-
most 8 bn in 2020 and is forecasted to near 
10 bn in 2050. Along with the increase in 
number of people went an increase in cal-
orie consumption on the other hand very 
much triggered by a heightened meat con-
sumption. Given the limitation of land, in-
creased production could only be achieved 
by the help of a professional seed and Ag-
Chemical industry. The crop protection 
market alone has almost tripled from 1990 
to 2020, from slightly over 20 bn USD to 
almost 60 bn USD. A similar development 
could be observed in the seed industry, both 
in genetically modified and conventional 
seeds. Higher yielding and seeds better 
adapted to regional specifics were the main 
productivity driver besides improved agro-
nomic practices.

• Extended use of agrochemicals
• Higher yielding seeds, better adapted seeds 

(both GM & conventional breeds)
• Improved agronomic practices

More people

Higher calorie 
consumption

Limited land,
higher stress

Fundamental demand drivers Implications

5 bn (1990) 10 bn (2050)

Higher yield/area

Herbicides FungicidesInsecticides Others /
non-crop

20001990 2010

23

2020

32
53 59+3.1%

Crop protection market ($ bn)

. Fig . 2 .1 Fundamental demand drivers provided a growth story to the Ag input providers
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dation, extension of cropland or no-till farm-
ing over already known-trends that are cur-
rently materializing like vertical farming to 
“unknowns” like space farming. Specifically, 
in the area of crop protection, robotics and 
automation are likely to further replace to-
day’s crop protection technologies. One ma-
jor trend that will heavily impact the whole 
agriculture value chain is alternative proteins/
artificial meat. Having been known for sev-
eral years now, 2019 was the year of success-
ful market entry. Next to plant-based and in-
sect-based meat alternatives, cultured meat 
can clearly be seen to be evolving. All these 
new products have the potential to not only 
disrupt the multi-billion dollar global meat 
industry but also the whole value chain due 
to the impact on feed demand, especially 
in corn and soy. Our research shows that in 
20 years from 2020 onwards less than half of 
global meat consumption will still come from 
conventional meat sources. The rest will be 
novel vegan meat replacements and cultured 
meat [GSZ+19].

It is against the above-described back-
ground of a challenged, rapidly changing 
industry that we now take a look at the de-
velopment of “Digital” in agriculture.

trends are superimposing and affecting the 
industry’s development.

Many technologies are reaching their 
limits. This can be seen from the increase of 
resistances in crop protection or chemical 
substances backfiring on crop yield. Also, 
soil fertility is being reduced in many global 
geographies due to biodegradation.

Especially in mature markets social 
scrutiny is increasingly turning against 
modern intensive farming. A significant 
part of consumers is against GMO or the 
conventional high-input agriculture. Per-
centages differ strongly between regions, 
from low double-digit percentage in the 
USA to almost two-thirds of consumers 
in France. Ultimately this consumer skep-
ticism will result in further tightened sec-
ondary standards that drive down the use 
of AgChemicals and regulatory approvals 
and registrations that will be much harder 
to obtain going forward.

Then, there are many innovations with 
a disruption potential: They can broadly be 
structured by whether they impact demand 
or supply and their degree of certainty (see 
. Fig. 2.3). The latter is ranging from already 
existing trends like novel traits, farm consoli-

Average 3yrs world price
(USD/ton)

Changes in 10yrs CAGRs (%)

Since 2015 OECD and FAO forecasts see 
production growth drop severely…

…at further flat or even declining prices in 
the future years

2.1
1.0

-52%
171 135

-21%

4.0
2.4

-40%
433 424

-2%

2006-2015 2016e - 2025e

3.3
1.5

-55%

2013-2015 2023e-2025e

1,870 1,552
-17%

Wheat Soybean Corn Poultry meat

1.5
3.9 -62%

180 184
+2%

. Fig . 2 .2 OECD/FAO forecasts since 2015 forecast declining growth rates and flat prices



2

64 C. Gerhardt et al.

of novel technologies not only has tremen-
dously helped increase yields per hectare but 
also brought down labor needs in the field. 
One farmer today can harvest in excess of 
100 hectares. Work productivity in the field 
has increased by a factor of well over 100 in 
the last century.

Not surprisingly, farming was an area 
of our economy that embraced “digital” 
very early. Already at the beginning of the 
century increasingly more equipment parts 
got digital features (combines, tractors, 
etc.). For many years, this was primarily to 
better capture information on performance 
indicators like product use or yield by the 
farmers. But the basic necessary building 
blocks to arrive at digital farming solutions 
were present (see . Fig. 2.4).

Digital Farming soon has been identified 
as an attractive market where all prerequisites 
were given to realize a substantial value po-
tential. This starts with the technical feasibil-
ity. Data collection devices on the equipment 
have been in place since the start of the cen-
tury in the form of cameras, sensors as stand-
ard equipment for many new combines and 
tractors with more than 200 horse power.

2.1.3   The Roots of Digital Farming

For the purpose of this section, we define 
Digital Farming as all farming methods 
that use the means of digital to optimize ag-
riculture, which is in line with the definition 
in this book. We consider optimized agro-
nomical advice, based on big data insights 
generated from a multitude of sources as 
the most important building block.

Hence, it is much more than just digitiz-
ing individual parts of the value chain, like 
e.g., digital sales channels or e-commerce. 
Precision farming as the ability to very pre-
cisely plant, fertilize, spray, and harvest is 
also only one component of Digital Farm-
ing. It constitutes an important enabler for 
Digital Farming, though. Terms like Smart 
Farming or Farming 4.0 in our view can be 
used as synonyms for Digital Farming.

Farming always has been at the forefront 
of innovation, from a variety of mechani-
zation methods in the eighteenth century to 
the introduction of the steam engine. Trac-
tors with steam engines were in use as early 
as from the 1870s on soils that could bear the 
weight. The adoption and early introduction 
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market as well as IT & data analytics com-
panies. They could be well differentiated 
by the range of their offering and the level 
they were willing to put skin into the game. 
The offering ranged from single famer job 
steps over multiple job steps in crop man-
agement to a comprehensive crop farm 
management offering. Level of engagement 
spread from simply providing information 
or providing specific assessments over tai-
lored advice including guidance to imple-
mentation/application to assurance of the 
targeted benefit and sharing risk with the 
famer. So far, no provider could win with a 
comprehensive crop farm management of-
fering with assurance of the benefit. Most 
solutions are confined to several job steps 
and giving tailored advice.

At first, a plethora of Farm Manage-
ment and Information Systems (FMIS) 
emerged, seeking to support the farmer in 
managing his plots and internal processes. 
Other systems were developed to better 
manage singular dimensions relevant to the 
farmer, e.g., weather events.

The first landmark in a true develop-
ment towards Digital Farming that provides 
a comprehensive recommendation scheme 

The potential to increase yield could be 
taken as a given. In project work with lead-
ing agricultural chemistry and seed com-
panies globally broad acre crops like cere-
als, corn and soy were identified to have a 
yield increase potential of at least 15–25%, 
with the biggest levers for yield increase be-
ing seed variety, fertilizer and crop protec-
tion. With the generational change already 
in 2015 some 20–30% of growers were iden-
tified to be willing to apply Digital  Farming 
in Europe, a number expected to double by 
2024. The estimated total value creation po-
tential is estimated to reach up to 20 bn p.a. 
in the broad acre crops in the decade of 
2020. This translates into a value capture po-
tential of up to 7bn USD p.a. for the service 
providers at a 30/70 profit split between in-
dustry and the farmers. In the long term, i.e., 
beyond 2040, the added value of a crop pro-
duction globally increased by 25% and more 
is in the order of magnitude of 200 bn €.

Many players from a variety of indus-
tries went after this value. Seed and crop 
protection companies, distributors and 
equipment manufactures saw the poten-
tial first. Digital farming start-ups sensed 
the opportunity to disrupt an established 

• GPS Steering for maximum precision of field 
operations

• Autonomous driving, e.g. for transport of 
harvest between combine and semi-truck next 
to field

• Robotics, e.g. in horticulture cropping systems 
for pruning or picking

• Upfront decision on crops and variety based on 
maximum economic benefit

• Optimized timing of operations based on crop 
demand & environment constraints 
(e.g. weather)

• Overall optimized treatment regimes

• Variable seeding rates/planting density
• Fertilizer and pesticide application based on 

real need
• Plant protection application based on actual 

pathogen pressure in particular field zone

• In-field surveillance systems based on cameras 
and infrared

• Drone-based spectroscopy and imaging
• Satellite imaging and biomass control

Automation

Reduce manual labor 
to optimize cost Digital

Agriculture

Decision support

Precision & variable rate applicationSensing and phenotyping

Smart application of inputs 
to optimize benefit/cost ratio

Improve agronomic
decisions to maximize yield

Create transparency 
to optimize treatments

. Fig . 2 .4 Technological elements of Digital Farming―need to be brought together
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closed with AGCO in 2017 due to anti-trust 
considerations.

With Bayer Crop Science stepping on 
stage with its digital farming offering xar-
vio at the mid of the decade, this trend to-
wards holistic recommendations from seed 
selection over fertilization/nutrition to crop 
protection was expedited.

The holistic digital farming offerings fo-
cus on the complete crop cycle from plan-
ning over planting, nurturing, crop protec-
tion to harvesting (see . Fig. 2.5). They 
cover optimized in-field operations, a deci-
sion-making system and the capturing and 
processing of data from the field. Those 
range from historical field data over soil an-
alytics to exact plant nutrition information, 
pathogen occurrence to weather informa-
tion. Source can both be proprietary field 
data or publicly provided data of the re-
spective plots.

These input data—historical and cur-
rent—will be fed into a decision-mak-
ing system that combines agronomic un-
derstanding with artificial intelligence and 
algorithms and modeling tools to provide 
recommendations for all steps of the crop 

was set by the acquisition of Climate Corp 
by Monsanto in 2013 for 1 bn USD. Cli-
mate Corporation had been one of the first 
companies aiming at developing holistic ad-
visory tools for farmers along the crop cy-
cle. Originally founded in 2006 as “Weather 
Bill” the company had initially focused on 
providing weather insurance to farmers but 
also other industries dependent on weather 
effects, like ski resorts or large event provid-
ers. Since 2010, the pure focus was on agri-
culture with the Total Weather Insurance 
product coming out in late 2010 on the large 
row crops corn and soy. Over the next years, 
Climate Corp moved out of the insurance 
business and around the time of its acqui-
sition by Monsanto targeted digitally sup-
ported decision making for the farmer with 
Climate Basic and Climate Pro. Those de-
veloped into integrated service offerings 
with a focus on nitrogen management and 
field health on a per field level, later ac-
cordingly re-branded as Climate FieldView. 
Striving to gain more focus on digital advi-
sory Climate Corp in 2015 intended to sell 
its hardware activities in Precision Planting 
LLC to John Deere. The deal was ultimately 

Decision 
making
system

Field
operations

Capture of 
proprietary 
field data

Holistic Digital Farming offering

Capture 
of public 

data

Data input Recommendation / automated steering of field operations

Algorithms
& Modeling

Artificial
intelligence

Plan to 
grow a crop

Seeding/ 
planting

Protect crop 
growth HarvestingNurture crop 

growth

A B C D E
YIELD

Field
history

Soil ana-
lytics

Plant
nutrition
status

Pathogen
occurrence

Weather
analytics

Agronomic 
understanding

. Fig . 2 .5 Holistic digital farming offering
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5 Farm Management Information and 
Operations Systems: end-to-end farm 
business and regulation management 
software

5 Precision Farming Machinery and Ser-
vices: software integrated precision 
farming equipment (trading model) and 
services.

This will need to be accompanied with the 
change of business models from product 
sales to offering solutions as we are seeing 
it in the market already.

2.1.4   Implications for the 
Industry: From Product 
to Service

The traditional farm input model is chang-
ing significantly. Still, seed, fertilizer 
and agricultural chemistry are brought to 
the grower primarily through farm retailers/
distributors. The grower is receiving sepa-
rate agronomic advice. The future model 
will likely rather have a digital recommen-
dation and application platform for holistic 
in-field crop management (see . Fig. 2.6), 
as long as legally possible. This can sub-
stantially alter the balance of the power in 
the market, similar to other industries. This 
is similar to retail, where today also buy-
ing information and recommendations are 
given together with the opportunity to or-
der.

As the most substantial change for the 
Ag input industry, however, we foresee the 
transition from product to service. Un-
til now, in almost all parts of the agricul-
ture input industry the focus was on sell-
ing a product—seed, herbicides, a trac-
tor, etc. However, the main intention of a 
grower is not to buy a specific amount of 
herbicides, but rather to have a weed-free 
field with ideally minimal long-term detri-
mental impact on the soil. The solution of 
the agriculture industry moving forward, 

cycle. It is important to note that the power 
of the system results from the breadth of 
data it is supplied with. Data from local 
fields, combined with data from other fields 
in comparable soil and climate conditions, 
plus research and development data from 
the farm input providers and distributors. 
Several other players from a variety of in-
dustries (equipment producers, distributors, 
tech companies, etc.) also began to increas-
ingly invest in the area and consolidated 
smaller companies, e.g., satellite imagery 
providers into their offerings—those com-
panies to a large extent had their origins as 
consulting and software providers already 
in the 1980s.

Hence after starting broadly, the years 
2015–2017 showed a clear focusing: Agri-
culture input providers moved towards ag-
ronomic advisory. Agricultural equipment 
providers focused on completing their port-
folio with more precision application solu-
tions.

Then, overall, after 2017 the develop-
ment stalled. The financial potent players in 
the market were focusing on the consolida-
tion of their “classical” business with a se-
ries of mergers and acquisitions and other 
players like distributors did not step in, due 
to the lack of financial strength and not the 
same degree of R&D experience.

Kearney expects that in the coming 
years the trend towards fully integrated 
farming solutions as a true differentiator 
in the market will gain speed again and we 
will see providers with a sophisticated offer-
ing, targeting the professional farming sec-
tor, in particular in Eastern Europe, North 
America and the large farms in Brazil, with 
a complete offering:
5 Digital Solution Platforms - cloud-

based, machinery integrated SaaS solu-
tions for farm management along the 
whole crop cycle

5 Advanced Satellite Image Analytics: 
agronomical and crop yield analytics, 
prognostics and monitoring services
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for  servicing machinery, drive down relative 
margins and need substantial capital invest-
ments/financing.

But future-proof business models even 
go beyond products and services in the 
long run. In terms of technology applied, 
crop protection and seed need to be com-
plemented by the beforementioned data sci-
ence and equipment, e.g., robots.

Products will be added services and ho-
listic solutions up to an integrated business. 
There are three main additional offerings 
we see: automated services provision, run-
ning agricultural service contractor busi-
ness, and perhaps in the long-term running 
owned farming business (see . Fig. 2.7).

2.1.5   Digital will Change the Face 
of Farming

The most visible impact of  digital will 
be regarding the type of  machinery used 
in the field. Ever since field labor came 
up it was the ambition in industrial-
ized agriculture to minimize the costly la-

hence, should be to meet exactly that de-
mand of its customer. Provide a weed-
free field with minimal environmental im-
pact. Thus far, the thinking of the big in-
put providers is product-oriented—revenue 
and profit are more or less directly propor-
tional to the amount of product sold. And 
incentive schemes are linked to that. A fa-
cility manager tasked with cleaning an air-
port is not paid by the amount of clean-
ing products used, but father by the area 
cleaned. Big Ag will need to adopt a simi-
lar model. When quantity of product sold 
is no longer the key performance indica-
tor, the industry can quickly pick up ser-
vice models. That comes with big transfor-
mations, though. For example, industries 
so far were used to highly centralized pro-
duction and then distributing via a variety 
of sales channels to even the remotest parts 
of this planet. They would make profits in 
excess of 20% EBITDA with a compara-
tively small workforce and limited equip-
ment investments except for the central pro-
duction facilities. A service model in the fu-
ture will bind more capital and manpower 

Grower

Traditional versus Digital Farming value chain model

Traditional farm input model Digital recommendation and application 
platform-based farm input model

Fertilizer

Information 
(e.g. weather, 
soil analytics)

Seed

AgChem

Farm retail/
distribution

Agronomic 
advisory

GrowerFertilizer

Information 
(e.g. weather, 
soil analytics)

Seed

AgChem

Digital 
recommenda-

tion and 
application 
platform for 

holistic 
infield crop 

management

Input flow Information flow

. Fig . 2 .6 Changing business models
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1. Proper sensing technology, e.g., spec-
trometry of leave color to detect plant 
health status and camera technology to 
identify pathogens based on shape rec-
ognition. Weeds need to be identified 
among crops. Fungi or volatile organic 
compounds need to be identified, e.g., 
through high-speed gas chromatography.

2. Artificial intelligence/algorithms: pattern 
recognition to identify shapes of weeds, 
insects, fungus induced decomposi-
tion, etc. It is important to check against 
thresholds, e.g., characteristic patters for 
economically relevant pathogen pressure. 
Decision making will need to be based 
on pattern and threshold comparison.

3. Actuation and application: in-field 
movement needs to be automated, appli-
cation technology needs to be developed 
for spraying, spreading, etc. Mechanical 
weeding technologies like pulling out, 
stamping down, cutting off, etc., need to 
be further developed. Advanced technol-
ogies like laser-based weeding and insect 
control need to be implemented.

bor part. This led to machinery becom-
ing bigger and bigger, with only a sin-
gle operator and combines with a width 
of  14 m or sprayers 50 m wide, which are 
not only able to cover large amounts of 
land fast but also could be operated by a 
single person. This drove the labor cost 
down. With the advent of  autonomous ro-
bots taking over more and more jobs in 
the field, ultimately from planting to har-
vesting, size will no longer matter and we 
will come back to small, independently 
operated swarm robots in the fields (see 
. Fig. 2.8). They will likely be powered by 
renewable energy (photovoltaics, e-batter-
ies, fuel cells or synthetic fuels). The main 
challenge today is that they do not have 
the power for intense physical work like 
plowing, harrowing or harvesting. How-
ever, we understand that this is no princi-
pal problem but only needs some more de-
velopment.

For agricultural robots to take over 
broader market shares, we see four criteria 
that need to be met.

. Fig . 2 .7 Future-proof business models for the Ag input industry beyond products and services
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consumers, if—and only if—they can be 
sure that the products meet the stated spec-
ifications [GPD20]. This provides another 
opportunity for digital in agriculture. Track-
ing and tracing production methods in the 
field and onwards to the consumer—from 
farm to fork. Digital may provide a means 
to better communicate quality features of 
the agricultural products through tracking 
and tracing technologies, ultimately realiz-
ing a better product price at the retail level.

Finally, in an economy that is turning 
more and more circular, agriculture will 
play an important role: on the one hand as 
provider of bio-based feedstock and on the 
other hand as off-taker of post-consumer 
material. For the management of these cir-
cles, digital support will also be of vital im-
portance.

The “bioeconomy” will use biotechnol-
ogy for the production of bio-based goods 
from biomass as the main feedstock. In sev-
eral geographies, governments and regula-
tors are crafting bioeconomy strategies ac-
cordingly. The OECD started as early as 
2006 and the EU followed in 2012.

The potential is huge, with over 15 bn 
tons of biomass being produced annually. 
The more of this biomass is taken from 
the fields, though, the greater is the need to 

4. In-field infrastructure/logistics: energy 
supply, e.g., via on-board photovoltaic 
panels, supplementing charging sta-
tions at field borders to re-charge, ide-
ally based on renewable sources. Inputs 
like fertilizer, AgChemicals and other 
consumables likewise need to be sup-
plied.

2.1.6   Outlook: From Farm to Fork 
and Back

The sections before have mainly described 
how the existing agriculture value chain—
mainly up to the farm—will likely change 
due to digital.

On their way from the farm gate to the 
retail shelf  most agricultural products get 
substantial price mark-ups, often in the or-
der of magnitude of a factor of 5–10 or 
more. This is especially the case with pro-
cessed foods. The value of corn, sugar and 
fat in 1 kg of cornflakes is below 50 Cents; 
the retail price hits 5 € and more, though. 
For sustainable products, this retail price is 
likely to double or triple, far beyond what 
most consumers are willing or able to pay. 
Mark-ups at the retail level of up to 10% 
are acceptable to roughly two thirds of  

Agriculture-development curve Global
view

Time

Scale
Mechanization due to
high labor cost
Massive legacy 
investments

2020

. Fig . 2 .8 Agriculture development curve back to smaller machinery
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identify three major disruptions that may 
change the rules in food and agriculture, 
namely digital-driven disruption, sustaina-
ble-driven disruption and societal-driven dis-
ruption. By drawing on selected case studies, 
we also discuss how the different trends and 
resulting disruptions relate to each other. We 
thus further explore specifically the impact 
of the digital disruption on the AgFood sys-
tem, providing an analysis of different sce-
narios, in which the blurring of the bound-
aries between the different sectors and tech-
nologies affecting current industry structures 
is illustrated. Based on this discussion, firms 
of different industry origins may better un-
derstand the opportunities that are emerg-
ing, the necessary resources and capabili-
ties needed to conduct strategic renewal, and 
how this affects both their positioning and 
the fit of their strategy in this game.

2.2.1   Introduction

Following a worldwide trend, the Ag-
Food system has been subject to a pro-
found transformation driven by the ap-
plication of new technologies previously 
used elsewhere and fostered by the increas-
ingly demand for efficiency, food security 
and sustainability (see 7 Sect. 1.3 and 2.1). 
Such transformation opens new opportuni-
ties for innovation and induces new behav-
ior patterns [BLW20]. Accordingly, the digi-
talization of the AgFood system—although 
inevitable, one could argue—comprises 
only partly the renewal process. Smart sens-
ing, but also biotechnology play a big role, 
for instance, in the reduction of pesticide 
use. This suggests that the combination of 
different knowledge areas and technologies 
is necessary to reach a major goal, compos-
ing a System of Systems (SoSs) [PH94].

Moreover, one may not forget that tech-
nological disruptions do not occur in the 
vacuum and may hinder or reinforce other 

feed post-consumer material back into the 
circle and onto the fields. This poses huge 
challenges. The agriculture industry on 
a massive scale ships proteins and nutrients 
around the globe and latest at the consumer 
loses track of composition of its products. 
To take the nutrients from post-consumer 
products back into the fields will require 
additional digital support in sophisticated 
reverse supply chains with tracking, tracing 
and testing.

With circular economy becoming the 
most relevant future topic, agriculture can 
redefine its role in the environment. The fo-
cus as of now is primarily on closing the 
carbon cycle and reducing the emission of 
CO2 from fossil carbon sources. This has 
been widely understood in the wake of the 
Paris agreement and finds its way into the 
company reality with 2020 being a key year 
in that regard. Activist activity like Fridays 
for Future and regulators alike (EU Green 
Deal) in combination with the financial 
markets drive fossil carbon reduction into 
implementation, opening up room for the 
next circles to be closed.

2.2   Beyond Digitalization: Major 
Trends Impacting the AgFood 
System of the Future

Stefanie Bröring, Otto Strecker,  
Michael Wustmans and Débora Moretti 

Abstract
Interrelated disruptions on agriculture are 
not only broadening the horizon of change 
but are also clarifying opportunities and 
challenges guided by continuous innovation 
in the marketplace. Data from one of the 
richest European databases for trend analy-
sis, Trendexplorer, reveal that currently, 16 
different mega-trends are affecting the Ag-
Food system. From these mega-trends, we 
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2.2.2   Innovation is Multi-
Systemic—Main Disruptions 
from Farm to Fork

To navigate in times of change and uncer-
tainty is naturally challenging although 
to some extent predictable. To understand 
which paths society is following, we use 
trend data from one of the richest Euro-
pean databases for trend analysis, the Tren-
dexplorer from TRENDONE. Trend data 
include textual information about emerg-
ing technologies, research developments, 
and product launches and are a common 
source used by practitioners in foresight ac-
tivities to identify innovation fields [DU08]. 
The TRENDONE approach subdivides 
trends into three categories, namely mi-
cro-, macro- and mega-trends. Micro-trends 
consist of short descriptions with the 
above-mentioned content. They are allo-
cated to macro-trends that describe change 
occurring within a medium timeframe. 
Macro-trends frame jointly a mega-trend, 
such as globalization, demographic devel-
opment or digitization that describe long-
term change. From the database, we take a 
broad approach looking for trends related 
to agriculture and extract 16 mega-trends, 
from which we identify three major disrup-
tions that may fundamentally change the 
rules in the AgFood system: digital-driven, 
sustainability-driven and societal-driven 
(see . Fig. 2.9).

Each of the 16 mega-trends exhibits 3 
to 9 macro-trends, which are composed 
of 330 micro-trends in total. For instance, 
the mega-trend food culture encompasses 
the following four macro-trends: Newtri-
tion, Food Fashion, Slow Food, and Per-
formance Food. Due to topics such as al-
ternative protein, the mega-trend food cul-
ture appears more frequently than artificial 
intelligence. This analysis allows us, on the 
one hand, to trace the multiple influences 
shaping innovation in agriculture and, on 

trends. Technical change will not only pro-
voke the evolution of the economic sys-
tem but also shape new societal rules 
[Per02]. In order to fully exploit this po-
tential, the actors involved should try to 
think systemically, towards the entire inno-
vation ecosystem, spanning industry bor-
ders [AK10]. Ecosystems are very dynamic 
and often emerge from the convergence of 
different, hitherto separately functioning 
business sectors, such as IT and agricul-
ture. The possible convergence of such in-
dustries [Bro10], triggering new ecosystems, 
increases the complexity of knowledge and 
innovation management mechanisms in-
volved in intra- and inter-organization in-
teractions. However, only an expanded view 
will allow firms to successfully identify the 
potential for new business models and op-
portunities.

We, therefore, use the following ques-
tions as a guide to our reasoning: Which 
are the main disruptions affecting the 
AgFood system and how do they influ-
ence each other? Focusing on digitaliza-
tion, what are the main challenges, resulting 
in strategic options, and needed capabilities 
that firms must develop, first to survive in 
the marketplace and second, to exploit new 
opportunities?

By shading some light to those is-
sues, we highlight three main contribu-
tions of this section. First, we expand the 
scope of what is usually understood of ag-
riculture 4.0 and bring other perspectives 
(for example social) to the table, balanc-
ing the technocratic bias of this (r)evolu-
tion. Second, we turn our attention specifi-
cally to the digitalization of agriculture and 
provide an analysis of strategic manage-
ment practices, which companies may use 
to deal with such transformation. We final-
ize the section by merging both macro- and 
micro-perspectives and end with questions 
that may influence decision-makers in their 
strategies.
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digitalization, the sustainability-driven dis-
ruption encompasses four mega-trends: Sus-
tainability (which includes concepts such 
as Circular Economy and Zero Waste, see 
7 Sect. 1.3 and  2.1), Healthstyle, Food 
Culture, and Transhumanism. Of inter-
est, Healthstyle points to personalization, 
to which the macro-trend Data Era plays an 
important role. In its turn, Food Culture re-
gards to new fashions and new alternative 
sources of nourishment, leading to further 
exploration of biodiversity and the recombi-
nation of existing resources. Case in point, 
bioengineering, including CRISPR-Cas, 
represents the mega-trend Transhuman-
ism, which relates to the ability to modify 
organisms with biotechnology tools. Last 
but not least, societal-driven disruption will 
relate to mega-trends that are both cause 
and effect of innovations. For instance, Ur-
banization is a growing trend, which calls 
for solutions that allow the accommoda-
tion of the majority of the population 
in urban spaces. To tackle this challenge,  

the other, to recognize the plurality of im-
pacts that transformation in agriculture 
may provide.

The digital-driven disruption originates 
from the advances of artificial intelligence, 
Big Data, and IoT, which must be adapted 
to the agriculture sector both in terms of 
functionality and compatibility, consid-
ering the several systems that are manda-
tory to the user, mainly the farmer. Interest-
ingly, the disruption encompasses expected 
trends—Industry 4.0 and Data Era, for in-
stance—and emerging concepts, as Outer-
net, which represents the level of digital in-
tegration of previous pure physical things. 
The French start-up MyFood (myfood.eu) 
represents an example, as it developed a 
small greenhouse to be installed in houses 
and restaurants in the city. Such cases are 
rarely developed without sensors that can 
be controlled by online platforms and apps. 
Thus, the separation of digital and physi-
cal, offline and online, is becoming blurred. 
Apart but not necessarily detached from 

. Fig . 2 .9 16 Mega-trends related to agriculture. Practical examples are highlighted inside some of the me-
ga-trends of most importance to the AgFood system
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high predictability for yields and reproduc-
ibility among the farms. It creates a whole 
new concept of farming, which might re-
design the image of agriculture under-
stood by society. On the other hand, the 
BASF brand xarvio (xarvio.com) focusses 
on digital farming solutions such as the 
“field manager” and, thereby, takes ad-
vantage of multiple emerging digital tech-
nology systems enabling precision farm-
ing (first-order driver) but also provides an 
answer to increasing demand for sustain-
ability (second-order driver). Other exam-
ples are (1) Infarm (infarm.com), an urban 
farm model that provides fresh food grown 
in cities, enabling increasing urbanization; 
(2) AgriLedger (agriledger.io), which uses 
blockchain technology to help farmers in 
Haiti sell their produce at better prices; (3) 
Nourished (get-nourished.com), a business 
fostered by individualization trends, that 
supply personalized 3D-printed high-im-
pact vitamins; and Vital farms (vitalfarms.
com) an initiative to approximate buy-
ers and farmers, by labeling every egg car-
ton with the names of the farms where they 
came from and then providing 360° view on 
the respective farm.

Vertical Farms and rooftop farms are be-
coming increasingly popular, providing 
fresh and healthy food, while saving trans-
port costs and diminishing land use, al-
though energy consumption is still a chal-
lenge. Not only, trust from society should 
not be taken for granted, implying transpar-
ency and effective communication among 
different actors of the value chain (farmer 
to end-consumer, for instance) as two of the 
major trends from societal-driven disrup-
tion.

As mentioned beforehand, these dif-
ferent disruptions to some degree rein-
force each other. Here, the cross-influence 
among the three disruptions opens up room 
for new business models that design value 
propositions matching the different me-
ga-trends (see . Fig. 2.10).

For instance, the US company As-
pire (aspirefg.com) draws on robotics and 
automated data collection to grow in-
sect protein on digitized farms. Alternative 
protein sources are a sustainability-driven 
trend (first-order driver) and have been sup-
ported by modern technologies (second-or-
der driver). The company connects sev-
eral farms via Internet of Things, allowing 

. Fig . 2 .10 Start-up and company responses to mega-trends. Cross-influence among the three disruptions: dig-
ital-driven, sustainability-driven, and societal-driven. The disruptions can be both the main goal of a new value 
proposition of the start-up examples, acting as a first-order driver, or the enabler of another disruption, serving 
as a second-order driver
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technologies also allow the reabsorption 
of outputs and waste again into the chain. 
Moreover, the technology systems are in-
creasingly connected with each other. This 
connection and the emergence of novel 
technological systems is not only driven 
by the technology push (i.e., emergence of 
new functionalities and applications of en-
abling technologies) but also increasingly 
by societal pull triggering novel regulations 
(i.e., increasing ban of using certain pesti-
cides). Here, the EU Green Deal will cer-
tainly foster the diffusion of smart farming 
technology systems such as smart spray-
ing systems allowing to reduce the usage of 
pesticides, as, e.g., the smart sprayer pro-
ject of Amazone, Bosch and xarvio nicely 
demonstrates [Ama21].

2.2.3.2   Second Challenge: 
Dealing with New Players 
from Outside the Industry 
due to Convergence

A look at the impact of digitalization on 
the AgFood system shows that also the 
value creation structure in the AgFood 
system is becoming increasingly complex, 
as not only new fields of science and tech-
nology become relevant (see . Fig. 2.11) 
but also new players from outside the in-
dustry are entering the market, and in-
dustry boundaries are dissolving [Bro05], 
[HWB19]. More precisely, the blurring 
of boundaries between the AgFood sys-
tem and the digital economy can be de-
scribed in more detail using four different 
scenarios (see . Fig. 2.12). These four dif-
ferent scenarios are not mutually exclusive 
but run in parallel, with individual players 
even participating in different scenarios at 
the same time.

In Scenario 1, the AgFood system is the 
driver of converging technologies and re-
sponsible for the increasing blurring of in-
dustry boundaries by developing and in-
tegrating digital skills. This scenario oc-
curs when agricultural companies train the  

2.2.3   Focus: Digital Disruption 
and Its Implications 
for Involved Agribusiness 
Companies

Digitalization as a mega-trend has the po-
tential to disruptively change AgFood tech-
nologies as well as existing business pro-
cesses and business models. In agriculture, 
for example, digitalization is an essential le-
ver to use resources more efficiently, to fa-
cilitate work processes, to be more ani-
mal-friendly, and to produce and sell sus-
tainable, high-quality food. The players 
in the AgFood system, which includes tra-
ditional companies, global players, and 
numerous AgTech start-ups, have re-
cently recognized the potential of  digital-
ization for themselves and the entire sec-
tor [HWB19]. Still, this leads to the follow-
ing three major challenges for agricultural 
players.

2.2.3.1   First Challenge: Dealing 
with an Increasingly 
Complex Knowledge-base

The blurring of boundaries between the 
AgFood system and information technol-
ogy (IT) as well as the trends allocated to 
digital-driven disruption indicates that the 
knowledge-base for all players along the 
value chain is expanding. So, what are the 
key capabilities and knowledge areas for a 
digitalized AgFood system? While look-
ing at the knowledge base of different dig-
ital technologies, one can observe that 
next to rather obvious knowledge areas 
such as data science, new knowledge areas 
emerge, i.e., bioinformatics, synthetic bi-
ology, geoinformatics or nutrigenomics to 
name a few (see . Fig. 2.11). Some ground-
ing technologies and innovations were high-
lighted as examples connected to the dis-
ruptions mentioned in the previous section, 
which are spanning over different steps of 
the value chain. A clear change in the value 
chain relates to its circular potential, as 
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. Fig . 2 .11 The AgFood system between Tech PUSH (the combination of distant knowledge fields to the emer-
gence of new Technological systems) and societal PULL

. Fig . 2 .12 Scenarios to depict the blurring of boundaries between the AgFood system and the digital econ-
omy. Source: Authors, based on [BPS+15] and [HWB19]
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2.2.3.3   Third Challenge: 
Exploiting the Right 
Strategy and Identifying 
the Necessary Capabilities 
to Thrive in such a Complex 
Ecosystem

Up to this point, we explored the com-
plexity of the current AgFood sys-
tem [SEW+10] and provided an over-
view of players and knowledge fields that 
are contributing to it. This brings us to 
the third challenge: the plethora of actors 
and systems must be well aligned towards 
unique value propositions. For companies, 
this means that it is not anymore about pro-
ducing and selling products or offering spe-
cific services, but engaging with the whole 
ecosystem. Therefore, we ask: which stra-
tegic options do companies have and what 
does that imply in terms of capabilities? We 
start our answer following [HE18], who de-
scribe three strategies in ecosystems: the 
system, the component and the bottleneck 
strategies (. Table 2.1).

The system strategy is characterized by 
a higher level of control, where one com-
pany chooses to simultaneously enter mul-
tiple components, reducing its dependency 
on complementors. If  different components 
are to be produced and commercialized by 
one company, integrative capabilities are es-
sential, i.e., the organization must be highly 
capable of combining products, resources 
and knowledge to secure in-house devel-
opment [HR18]. The John Deere Com-

existing staff, hire new staff that is already 
trained, or buy and integrate IT-driven com-
panies. For example, in 2017 John Deere ac-
quired the start-up Blue River Technology 
as it focused on computer vision, robotics 
and machine learning applied to smart ma-
chines [Dee17]. Another example is the ferti-
lizer supplier Yara, who purchased the Ber-
lin-based AgTech start-up Trecker.com in 
2018 to extend its recently established busi-
ness unit “Digital Farming” [Yar18].

In Scenario 2, on the other hand, 
IT-driven companies, such as Ama-
zon, Google, IBM or Microsoft, pene-
trate the AgFood system. Platforms such 
as IBM Watson and Microsoft Farm-
Beats aim to help the farmer to make de-
cisions [MR18]. In Scenario 3, AgFood 
and IT companies enter into coopera-
tion. For instance, the pig farming cor-
poration Dekon Group and pig feed sup-
plier Tequ Group cooperate with Alibaba 
Cloud, aiming the use of sensors to ana-
lyze the behavior of pigs to digitally re-
cord pig pregnancies or diseases at an 
early stage, and provide appropriate feed-
back so that respective measures can be in-
itiated [Pen18]. Scenario 4 shows typical in-
vestments in start-ups that create new play-
ers on the borders between the AgFood 
system and the digital economy. Some of 
those start-ups are able to join multiple 
worlds: The Israeli Phytech was invested by 
Syngenta, Tencent Holdings, and Mitsui & 
Co; corporations, respectively, coming from 
the agriculture, IT and trading sectors.

. Table 2 .1  Strategies and capabilities to navigate the ecosystems. Source: Authors, based on [HE18], 
[NS11] and [HR18]

Strategies Capabilities

Bottleneck―enter the bottleneck component 
at the founding, and new ones as they emerge

Innovation capabilities―opportunities through prod-
uct sequencing

Component―enter one or a few components 
and cooperate for the rest

Scanning and sensing capabilities―towards core prod-
ucts as well as complementary asset providers

System―enter multiple components and  
minimize cooperation

Integrative capabilities―introduction and modifica-
tion of products, resources, and business models



2

78 C. Gerhardt et al.

well as technology development is influenced 
by societal trends. To shed some light on the 
different disruptive forces, we draw upon 
a trend databank to depict the three major 
disruptions potentially transforming the Ag-
Food system, namely digital-driven, sustain-
ability-driven and societal-driven disrup-
tions. It seems pivotal to be alert to these dy-
namic developments since all disruptions are 
connected and not only influence but also 
potentially reinforce each other. It is, how-
ever, not clear which vision do the incum-
bent corporations have regarding the future 
and especially if such vision differs among 
companies previously coming from the Ag-
Food system or the digital economy. Moreo-
ver, it is unclear how incumbents should best 
partner with start-ups who are perhaps more 
agile to design and test their value proposi-
tions.

However, the definition of such a vision 
is not only important to the firms them-
selves, as it affects their strategy and trig-
gers their renewal. It seems also of ut-
most importance to governments and other 
stakeholders that are willing to influence 
sustainable development. For instance, dig-
italization is only a concern regarding un-
employment, if  the work force is not real-
located (and accordingly educated) to the 
new knowledge and application fields that 
are emerging. Therefore, what is the role of 
universities and their faculty structures―
perhaps these need to cooperate even more 
to account for the needed knowledge com-
bination as innovation in the AgFood sys-
tem happens at the interface of different 
knowledge fields?

We further highlight three main chal-
lenges for companies that are embedded in 
this context or that are focusing it. The dig-
italization of agriculture brings new play-
ers to the game, different knowledge fields, 
and therefore different strategies. As a con-
sequence, new threats or new opportuni-
ties for collaborations are at place. In or-
der to allow for a timely response if  not a 
proactive action, one should scan its own 

pany seems to apply this reasoning. Tak-
ing advantage of its large resource base, 
they developed several digital platforms in-
house, namely MyJohnDeere, Field Con-
nect™, AgLogic™ & DigiConnect, target-
ing the different ecosystem actors. The com-
ponent strategy relates to parts of systems 
that may take innovation to the next step. 
Such a strategy is less resource-intensive in 
terms of development, but rather requires 
scanning and sensing capabilities not only 
to keep innovating the developed com-
ponent but also to identify complemen-
tors that will increase value creation. The 
case of the Israeli start-up Prospera illus-
trates this strategy, as they received invest-
ment from Cisco and Qualcomm, two hard-
ware leaders. Both corporations enter the 
agribusiness with a component, and se-
cure value creation through complemen-
tors [Pee17]. Finally, the bottleneck strat-
egy is as complex as potentially success-
ful. It can be regarded as a specialized type 
of component strategy where the compo-
nent is a bottleneck for the whole ecosys-
tem to grow, due to poor quality, poor per-
formance or short supply [HE18]. Micro-
soft FarmBeats came into place not only as 
a management platform for farms but also 
to solve a bottleneck issue: farm connec-
tivity. It is expected that Microsoft contin-
uously innovates in this bottleneck, bring-
ing connectivity to the most remote areas, 
whereas the company must maintain its 
eyes open to possible shifts in this bottle-
neck. Another example comes from Agrir-
outer (DKE-Data) that allows data inte-
gration in a single system independent from 
the technology suppliers.

2.2.4   Concluding Questions

We started this section by calling atten-
tion to the substantial change that the Ag-
Food system is currently facing. This change 
is not restricted to the use of new technolo-
gies, but may indeed transform society, as 
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2.3.1   Introduction

Although economics are not the only 
driver for the adoption of technologies 
(see 7 Chap. 1), understanding the eco-
nomic benefits of digital solutions from a 
farm-level perspective is relevant for farms 
themselves as well as the companies offer-
ing these technologies. Farmers need to un-
derstand the economics behind digital solu-
tions to do the right investment decisions 
for their operation. Agribusiness companies 
on the other hand need to understand the 
farm-level economics of their offering for 
value-based pricing and to convey the value 
to customers during market introduction. 
Even early in product development, when 
final costs of a solution are not yet foresee-
able, quantifying the economic value of po-
tential solutions might help to prioritize de-
velopment projects.

The following content focusses on ara-
ble farming only, although the underlying 
logic can be transferred to other types of 
farming as well.

2.3.2   Fundamentals of Economic 
Value Creation

To understand the economic benefits of 
digital solutions, we must first understand 
how digital solutions create value for ar-
able farming in a way that can be quanti-
fied. There are five main ways of how value 
is created:
1. Improve job execution
 Digital solutions help to execute a job 

like planting, spraying or fertilizer appli-
cation better. These improvements are 
based on two dimensions: higher preci-
sion and increased output.

 1. a) Higher precision

resources to understand how prepared the 
company is to absorb new knowledge from 
related ecosystem partners, or imple-
ment innovations out of its core compe-
tencies. Are the companies entrepreneurial 
enough to risk out of their comfort zone? 
Are they aggressive enough to aim for sys-
tem strategies? How does the business 
model need to be adapted? Will they fol-
low or orchestrate emerging (digital) plat-
forms and eco-systems? What industry will 
be more successful and act as orchestra-
tors in the AgFood system of the future: 
Big IT- or AgTech? What will be the role of 
the farmer in the future―just owning land, 
or even less if  the farm-free food movement  
diffuses?

Moreover, one could ask: do all those 
changes impact and change value chains? 
If  robots and autonomous vehicles sub-
stitute farmers, artificial intelligence plat-
forms substitute advisors, and marketplaces 
connect farmers and consumers directly, 
changes are to be seen. Up to this point, 
it is rather clear that value chains are not 
enough to encompass all the relevant actors 
and the larger ecosystem perspective should 
guide as further.

2.3   Economic Benefit 
Quantification

Peter Breunig 

Abstract
This section provides an overview of how 
economic value is created through digi-
tal solutions, which cost is involved in using 
these technologies, and how the economic 
benefit is calculated. In addition, the limita-
tions of the economic benefit model are de-
scribed followed by an example.
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– Higher speed: Digital solutions that 
analyze machine performance or auto-
matically adjust machine settings based 
on conditions allow machines to al-
ways run at the maximum speed pos-
sible. Examples for these technologies 
are monitors or speed-automation sys-
tems for planters (TIM) and combine 
harvesters. These systems outperform 
in most cases speed adjustments by the 
operator, especially in longer shifts, and 
lead to higher average working speeds.

– Autonomous operation: Output per 
operator hour can be drastically in-
creased when machines operate au-
tonomously. This means that one op-
erator can manage several machines 
at the same time.

– Less downtime: Digital technolo-
gies enable remote diagnostics of ma-
chines, remote support, and other 
solutions to reduce machine down-
time and increase output.

 2. Improve management processes
  Digital solutions can help to speed up 

management processes and reduce er-
rors.

 2. a) Simplify job planning, controlling and 
documentation

  Digital farm management information 
systems (FMIS) increase speed and re-
duce errors in job planning and execu-
tion. In combination with telemetry sys-
tems, job plans can be sent remotely to 
machines and the execution can be con-
trolled from the office. Documentation 
can also be simplified and even auto-
mated using digital FMIS.

 2. b) Improve purchasing and selling
  Digital marketplaces allow farmers to 

get quotes from input suppliers faster 
and simplify selling of commodities in-
cluding logistics. Furthermore, these 
trading systems often provide access to 
more potential sellers and buyers of in-
puts and commodities compared to cur-
rent practices. In addition, disintermedia-
tion (i.e., the reduction of intermediaries  

  Higher precision is achieved in three 
ways:
– Less variability of defined job qual-

ity parameters: Technologies like ad-
vanced planter monitors allow to ad-
just tractor speed to ensure a defined 
singulation quality and placement of 
seed. NIRS-based nutrient sensing in 
organic fertilizer application ensures 
a more precise application of actual 
nutrients. In harvesting grain, cam-
eras enable automated settings ad-
justments which ensure a consistent 
grain sample in varying crop condi-
tions.

– Reduced overlaps through technolo-
gies like autosteer and section/nozzle/
row control: GNSS autosteer, espe-
cially using RTK-correction signals, 
reduces overlaps between machine 
swaths in the field. GNSS-controlled 
shut-off  of sections, single nozzles, 
and planter rows minimizes overlaps 
on headlands and irregularly shaped 
fields.

– Adopting input application and ma-
chine settings to sub-field variabil-
ity based on soil, slope, weed distri-
bution, and other factors affecting 
crop growth: Technologies like Varia-
ble Rate Application and spot spray-
ing allow applying inputs on a sub-
field level optimized to a specific zone 
or even a single plant. Variable till-
age and seeding depth allow machine 
settings to vary on a sub-field level 
based on the requirements.

 1. b) Increase output
  Digital solutions can improve job execu-

tion by increasing output per operator 
hour, i.e., hectares worked per operator 
hour.
– Reduced overlaps between machine 

swaths in the field enabled through 
GNSS autosteer increase the output 
per operator hour: This is especially 
relevant for large equipment with 
wide working widths.
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on renting or purchasing land and how 
to use their fields. Digital platforms can 
support regular business decisions by 
providing price and market informa-
tion. Also, strategic decisions around 
land expansion and land use can benefit 
through tools like profit zone field-maps 
and digital platforms that provide land 
value and land productivity information.

 4. Enable new production systems
  Besides improving single jobs, digital 

technologies can also enable new pro-
duction systems, i.e., the sequence of 
jobs like tillage, planting, crop care, 
etc. to establish a crop. For exam-
ple, controlled traffic farming is ena-
bled through RTK autosteer and leads 
to fewer tillage passes. Strip Tillage is 
another production system enabled by 
RTK autosteer technology which re-
duces tillage to a small zone around the 
crop rows. Potentially, smaller autono-
mous machines could make new diverse 
copping patterns with various crops 
within one field possible.

 5. Provide data for partners along the value 
chain

  Digital farm data can provide value to 
up- and downstream partners along 
the value chain. Examples are machine 
or agronomic data that helps machine 
manufacturers or input companies to 
optimize their offering. Although there 
are only very few cases so far in which 
farms are paid directly for their data 
(e.g., Farmobile LLC), this would be 
possible and would create additional 
revenue for farms.

  Farm data can also provide value down-
stream the value chain. In this case, cer-
tain production methods or environ-
mental benefits can be traced through 
digital data leading to possibilities for 
farms to differentiate their commodities 
and directly react to customer needs and 
wants. Although these systems are still 
in development, there seems to be a sig-
nificant potential for higher prices and 

like commodity traders or input dealers 
within the value chain) as well as the ag-
gregation of demand (e.g., several farms 
aggregate their demand and purchase in-
puts together) enable better selling and 
purchasing conditions.

 3. Improve decision making
  Besides improving the execution of jobs 

and processes (“doing things right”), 
digital solutions also create value by en-
abling better decisions (“doing the right 
things”).

 3. a) Agronomy
  Agronomy decisions include questions 

on which operations should be done 
when and how as well as which inputs 
should be applied at what rate and point 
in time. When applying inputs on a sub-
field level, i.e., based on defined zones 
or even single plants, the number of re-
quired decisions increases significantly. 
Digital systems using crop/disease mod-
els, expert systems, or machine learning 
can lead to better decisions (e.g., higher 
yield and less inputs) and/or faster deci-
sions. Currently, available solutions are 
moving from tools that support deci-
sions to prescriptions that almost fully 
automate decision making.

 3. b) Equipment related
  Farms need to take equipment-related 

decisions about machine logistics (which 
machines should do what, when and 
where?), machine settings, and repairs/
maintenance (when to change which 
parts?). Telemetry systems using ma-
chine sensors in combination with smart 
analytical tools allow farms to improve 
decision making and can enable bet-
ter logistics, improved machine settings, 
and optimized repair timing (predictive 
maintenance).

 3. c) Business related
  There are numerous business decisions 

farmers need to take throughout the 
year like input purchase or crop sell-
ing. On a longer-term perspective, farm-
ers need to also take business decisions 
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2.3.3   Cost Structure 
Fundamentals of Digital 
Solutions and Economic 
Benefit

Besides the economic value that digital 
solutions provide, there is also cost involved 
in using these technologies. These costs can 
be divided in variable cost (depended on the 
utilization) and fixed cost (independent of 
the utilization).

Variable cost of  digital solutions con-
sists of the following three cost items:
1. Repair and maintenance cost: Hardware 

components of digitals solutions may 
require repairs or maintenance. One ex-
ample would be the protection glass of 
NIRS sensors used in self-propelled for-
age harvesters which needs to be re-
placed regularly based on usage.

2. Variable labor costs: E.g., if  application 
maps are created on the farm, there is a 
certain amount of labor required to do 
these operations including operational 
inefficiencies, partly due to interopera-
bility issues. This amount is dependent 
of the number of fields for which appli-
cation maps are created.

3. Variable licensing and data cost: Some-
times licensing fees, software subscrip-
tions, data and data transmission cost, 
and data transformation or adaption 
cost are based on the usage and there-
fore variable costs.

Fixed cost are made up of these four cost 
items:
1. Depreciation: To allocate the usage cost of 

a tangible asset over its useful life, depreci-
ation is used as part of fixed costs. Usually 
depreciation is calculated as follows: (Pur-
chase price―salvage value) / usage.

2. Fixed labor cost: Labor cost involved to 
start-up a technology (once or several 

additional revenue (e.g., carbon market) 
for farms.

To quantify the economic value of digi-
tal solutions, we need to connect the ways 
value is created with revenue and cost on 
the farm level.

Revenue is yield multiplied by price plus 
additional revenue streams. The relevant 
cost groups are direct cost (cost for seed, 
fertilizer, plant protection plus variable irri-
gation cost, crop insurance and drying en-
ergy cost) as well as operating cost (variable 
machinery cost like repairs, fuel cost, depre-
ciation, finance for machinery, labor cost, 
and contractor cost). Overhead cost (build-
ing depreciation and interest, land, prop-
erty taxes, building insurance, and miscella-
neous items) are usually not influenced by 
digital solutions.

The overall economic value created by a 
digital solution on the farm level is equal to 
the changes in revenue, direct cost and op-
erating cost of the farm’s production sys-
tem in comparison with the situation with-
out this solution.

Economic Value to the Farm = RvC + DCC 
+ OCC = (Y*PC + YC*P + YC*PC + AR) + 
DCC + OCC

RvC = Revenue Change, Y = Yield, 
YC = Yield Change, P = Crop Price, 
PC = Crop Price Change, AR = Additional 
Revenue, DCC = Direct Cost Change, 
OCC = Operating Cost Change

It is important to note that one solution 
could offer an advantage on one revenue 
or cost item but have a disadvantage on 
another one. E.g., spot spraying decreases 
herbicide costs (DCC) but increases operat-
ing costs due to lower speed (OCC).

. Table 2.2 shows how the ways digital 
solutions create value relate to relevant rev-
enue and cost items on the farm level.
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2.3.4   Limitations of Economic 
Benefit Quantification 
for Decision Making

There are several aspects that are important 
to consider when using economic benefit 
quantification to understand decision mak-
ing on the farm level.
1. In arable farming, the economic benefit 

of a technology can vary substantially 
between years and between farms. Due 
to changing weather and market con-
ditions, the economic value of a digi-
tal solution can change drastically from 
one year to another. Also, farms can be 
hugely different in regard to soil types, 
crops grown, production systems, exist-
ing machinery fleet, labor availability, 
skill level, etc. Whenever economic ben-
efit quantification is used to understand 
decision making on a multi-year and 
market-level instead of a single-year and 
single farm-level, these variations need 
to be considered.

2. Several aspects that drive decision mak-
ing are hard to quantify in economic 
terms. Some examples are: Increased com-
fort because of automation features due 
to a lower stress and activity level of the 
operator; peace of mind caused by sens-
ing and monitoring systems, e.g., on a 
planter; increasing social status of farm-
ers due to the technology leadership im-
age that is supported by digital solutions, 
which could also help to attract workers; 
complexity costs that occur if technologies 
create operational complexity for farms.

3. Some aspects of the economic benefit 
are not fully visible for most farms. Es-
pecially when it comes to yield effects of 
digital solutions, most farms are not able 
or willing to do precise trials to measure 
these effects. So, although there is an eco-
nomic value that could be quantified, it is 
not visible for the farmer.

To give an example for these limitations, 
let us consider a farm that has to decide  

times during usage) independent of the 
total usage amount. For example, this 
could be the installation of a crop sen-
sor on a machine.

3. Learning cost: To be able to realize 
the value of technologies, users must 
learn how to utilize them. These learn-
ing costs might include labor costs, costs 
for seminars, travel costs, etc. Learning 
costs are part of the fixed cost because 
they are independent of the utilization 
of the technology. As with depreciation, 
learning costs must be allocated over the 
useful life of a technology.

4. Fixed licensing and data cost: In addi-
tion to depreciation for hardware fixed 
licensing, data and data transmission 
cost might occur.

5. Interest: Instead of using financial as-
sets to purchase technology solutions 
or for learning they could also create 
value through interest on, e.g., a bank 
account. This opportunity cost has to 
be considered in the cost calculation 
and is calculated as follows: (purchase 
price + fixed licensing cost + learning 
cost―salvage value) / 2 * interest rate.

The total cost of  utilizing digital solutions 
can be summed up as follows:

Total Cost of Technology Usage =←
VC + FC = (RC + VLC + VLiC) + (D + FLC 
+ LC + FLiC + I)

VC = variable cost, FC = fixed cost, 
RC = repair and maintenance cost, 
VLC = variable labor cost, VLiC = var-
iable licensing cost, D = depreciation, 
FLC = fixed labor cost, LC = learning cost, 
FLiC = fixed licensing cost, I = interest

To understand if  and how profitable the in-
vestment in a certain digital solution on the 
farm level is, we can now calculate the eco-
nomic benefit:

Economic benefit = economic value to the 
farm―total cost of technology usage
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Sugar beets:  = -800  
€/year

Corn:  = -200  
€/year

–  Repair and maintenance cost (RC), varia-
ble labor cost (VLC), variable licensing cost 
(VLiC) and fixed licensing cost (FLiC) are all 
zero for the spot spraying system

Depreciation 
(D) for the 
spot spraying 
system
(150.000 € 
purchase price 
and 10 years 
usage)

 = 15.000  
€/year

Learning 
cost (LC)

 = 100  
€/year

Interest (I) 
for the spot 
spraying 
system

 = 1.500  
€/year

Based on these assumptions above the re-
sults for the economic value, the total costs 
and the economic benefit are as follows:

Economic value = RvC + (DCC + OCC)

 = 12.000 €/year + (13.500 
€/year―1000 €/year)

 = 24.500  
€/year

Total cost = D + LC + I

 = 15.000 €/year +  
100 €/year + 1500 €/year

 = 16.600  
€/year

Economic benefit = economic value―total cost

 = 24.500 €/year― 
16.600 €/year

 = 7900 €/year
(26 €/ha)

It is important to mention that this example 
only provides a positive economic benefit 
because of the yield increase in sugar beet. 
As mentioned above, this yield increase is 
usually not visible for farmers which might 
decrease the adoption of this technology. 
One solution to this challenge could be an 
outcome-based pricing model, where sup-
pliers of a technology help to measure yield 
effects (e.g., through remote sensing) and 

between two digital solutions that offer 
in this case the same economic benefit for 
the farm: sprayer section control and var-
iable rate application (VRA) for nitrogen. 
Most likely the farm will decide to invest 
in sprayer section control. Why? In com-
parison with VRA, section control delivers 
value independent of yields and crop prices, 
it improves comfort and does not increase 
complexity. In addition, the economic value 
of VRA is not directly visible and can only 
be quantified with yield trials on the farm.

2.3.5   Example for Economic 
Benefit Quantification

In the following, the economic benefit of 
spot spraying herbicide in sugar beets and 
corn will be quantified. This digital solution 
detects crops and weeds and applies herbi-
cide only on the weeds.

The assumptions are as follows:

– Farm size: 600 ha

–  Crops: 300 ha wheat, 150 ha sugar beet, 
150 ha corn

–  Spot spraying only works for herbicide ap-
plication and only in sugar beets and corn. It 
will require a slower speed than during broad 
application

–  The spot spraying system is an option built 
on top a trailed sprayer. The purchasing price 
for the option is 150.000 €, its usage life is 
10 years and there is no salvage value

–  Herbicide savings through spot spraying 
(DCC):

Sugar beet: -20%  
- > 60 €/ha

 = 9000  
€/year

Corn: -30%  
- > 30 €/ha

 = 4500  
€/year

–  Revenue increase due to less herbicide  
damage (RvC):

Sugar beet:  + 3% yield  = 12.000  
€/year

–  Higher operating cost due to slower speed in 
spot spraying (OCC):
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The objective of this section is to understand 
the factors that would allow a better diffu-
sion of these digital tools to farmers in the 
French context. To tackle this issue, a collec-
tive approach has been set up between com-
panies in the field of agriculture and digital 
technology and teaching and research insti-
tutes grouped within a consortium called the 
AgroTIC chair.
Multidisciplinary working groups analyzed 
real cases of successes and failures in the dif-
fusion of digital tools to farmers. The con-
clusions were then shared and discussed with 
some 30 stakeholders of the sector. This 
work showed that the distributor plays a cen-
tral role in the dissemination of these tools. 
In order for them to play their role, it is es-
sential that these actors clearly identify the 
value they can find in the distribution of dig-
ital tools. This value is not necessarily finan-
cial or direct. It may, for example, be found 
in the improvement of his image or the qual-
ity of his relationship with his customers. 
This study also showed that to ensure the 
proper diffusion of digital tools, it is impor-
tant that the distributor is involved at a very 
early stage in the design process.

2.4.1   Introduction

French agriculture is currently undergoing 
many changes driven by changes in its en-
vironment (adaptation to climate change), 
its relationship to society and biodiversity 
(agro-ecological transition) or even the or-
ganization of its sectors (separation of sales 
and consulting). Digital technology, because 
it enables observations, information or advice 
to be collected, stored, enhanced or shared 
more easily and more quickly, from the 
within field level to the regional scale, offers 
tools to support agriculture in its transitions.

In the past twenty years, some studies 
have started to investigate the adoption of 
these tools by farmers [DM03], [PCP13]. 
Most of them provide objective evidence on 
the number of farmers equipped and their 

provide refunds to customers, when initial 
yield increase targets are not achieved.

2.3.6   Summary and Outlook

Quantifying the economic benefit of digi-
tal solutions is essential for farms as well as 
digital agriculture companies. These solu-
tions provide value to customers through 
improving job execution, management 
processes, and decision making as well as 
through enabling new production systems 
and providing value to partners along the 
value chain. There are also variable and 
fixed cost involved in using digital solutions, 
which need to be considered to understand 
the overall economic benefit. But there are 
also limitations to economic benefit quan-
tification: variability between farms and 
years, hard to quantify factors like peace of 
mind and limitations of farms to quantify 
benefits themselves limit this approach.

2.4   Successfully Disseminating 
Digital Tools for Farmers: 
A French Perspective

Leo Pichon 

Abstract
In France, agriculture is currently undergo-
ing many changes and society’s expectations 
of it are evolving. The so-called Agro-Eco-
logical transition is tending to rethink ag-
ricultural models by relying on less chemis-
try but using more knowledge. Digital tech-
nology offers tools for acquiring and sharing 
this knowledge to support agriculture in 
its transition. Many digital tools have now 
reached a high level of technological matu-
rity and their lower costs make them acces-
sible to a large majority of farmers. Despite 
this, adoption levels remain relatively low 
and the use of these tools is struggling to be-
come more widespread (see 7 Sect. 1.5).
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and thus had access to detailed data on the 
dissemination of these tools.

The study was carried out in the form 
of a focus group [KC00] in order to pro-
mote exchanges and discussions among the 
experts. The workshops were repeated sev-
eral times with the same group of experts 
according to the “repeated focus group” 
methodology [MFG08] in order to allow 
the experts to formulate complex reasoning 
and to offer them the opportunity to ma-
ture their thinking between 2 workshops.

Three initial focus groups were con-
ducted in January, June and October 2019 
with six experts representing editors and 
distributors. These workshops enabled an 
initial analysis of the obstacles and best 
practices to emerge, which were then sub-
mitted to all the experts of the AgroTIC 
chair (around 50 people) in order to de-
velop a collective and shared vision. This 
vision was then disseminated to the general 
public in the form of a professional confer-
ence and in a document intended for stake-
holders in the sector (. Fig. 2.13).

2.4.2.3   Results’ Analysis
During the focus groups, experts first iden-
tified the actors who played a role in the 
dissemination of digital tools to farmers. 
They then identified on the basis of use 
cases the value that each actor could de-
rive from this dissemination. This value 
perceived by the actors was classified into 
four main categories. The direct finan-
cial value corresponds to the direct sale of 
a tool that brings money to the actor who 
sells it. The indirect financial value corre-
sponds to the sale of other tools or services 
that is allowed by the diffusion of the digi-
tal tool by the actor concerned. This is for 
example the case of a decision support tool 
that allows the sale of a global service in-
cluding the digital tool, advice and a prod-
uct. The human value corresponds to the 
fact that an actor will be able to improve its 
relationship with its customers or suppliers 

level of use [MGB+17]. These studies of-
ten focus on the technical or socioeconomic 
factors that influence the dissemination of 
these tools to farmers [PT17]. However, 
they often focus on the obstacles that exist 
at the farmer level without taking into ac-
count all the actors in the value chain and 
their role in the dissemination of digital 
tools to farmers. In particular, these studies 
rarely focus on the value that each actor in-
volved in the dissemination of digital tools 
to farmers could perceive.

The objective of this section is to (i) 
make an inventory of the actors of the 
value chain influencing the diffusion of dig-
ital tools to farmers, (ii) to identify the value 
they perceive or could perceive and (iii) to 
propose good practices to be implemented 
by the actors to promote this diffusion.

2.4.2   Material and Method

2.4.2.1   The AgroTIC Chair
The AgroTIC chair is a structure grouping 
together 3 teaching and research institutes in 
digital agriculture and 28 companies among 
the main editors and distributors of digital 
tools for farmers in France. Its objective is to 
lead collective reflections on digital technol-
ogies in agriculture, their dissemination and 
adoption by farmers. Its composition and 
the work carried out there are conducive to 
exchanges between all the actors involved in 
the dissemination of digital tools. The peo-
ple who participate in the AgroTIC chair’s 
activities are all experts in the field and gen-
erally occupy strategic positions within their 
companies. It is these people who have con-
tributed as experts to this study.

2.4.2.2   The Focus Groups
The study was based on the expert analy-
sis of use cases [Mit83] of digital tools for 
farmers. The use cases were selected from 
tools in which the experts were involved in 
the conception or the commercialization 
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2.4.3   Results

2.4.3.1   Actors of the Value Chain 
and the Value They Perceive

The results of the focus groups identified 
four main types of actors in the dissemina-
tion of digital tools to farmers (. Table 2.3):
5 Editors who design the tools: In France, 

the companies identified by the experts 
are often mid-sized companies that 
have been established for several years 

by distributing a digital tool. This is, for ex-
ample, the case of an actor who will be able 
to better know his customers and their ex-
pectations and thus provide them with per-
sonalized advice. Finally, the environmental 
value corresponds to a better protected en-
vironment or a better control of pollution 
thanks to the dissemination of digital tools. 
This is, for example, the case of a farmer 
who will be able to better control his inputs 
thanks to decision support tools.

. Fig . 2 .13 People participating to the focus group

. Table 2 .3 Experts identify the value perceived by each actor at different levels in the digital tool’s distribution 
chain

Value

Actors

Editors Distributors Farmers Influencers

Financial direct

Financial indirect

Human

Environmental
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through the knowledge they disseminate 
(agricultural education, higher education, 
research), the advice they provide (techni-
cal institutes, independent advisers), the 
opinions they express (farmers’ unions, 
politicians, media) or the funding they of-
fer (public financiers, AgFood industries): 
According to the experts, these actors de-
rive value only from the recognition they 
receive from other actors who trust them.

2.4.3.2   Recommendations for a 
Better Diffusion of Digital 
Tools

The recommendations below are not in-
junctions but a contribution of the group 
of experts, based on their experience, to a 
reflection that seems to be necessarily col-
lective. These good practices are addressed 
to the actors of the value chain.

Editors: let’s put ourselves in the place 
of others!
5 Let’s think about our end users, the 

farmers: Each farmer has his or her own 
way of working and the tools we de-
sign must be able to fit their specificities. 
Reconciling technological or agronomic 
added value on the one hand, and ergo-
nomics and ease of use on the other, is a 
real challenge. Let’s not neglect either of 
these two aspects.

5 Distributors represent us: They are the 
ones who, in the field, convince farmers 
that our tool has value. Let’s make it easy 
for them. Let’s describe and document the 
benefits that our tools bring to the farmer. 
Our literature often devotes too much 
space to describing the features of the 
tools and too little to describing the bene-
fits and the concrete evidence they provide.

5 Distributors are also our customers: 
They must perceive a value in having 
their farmers use our tools. Let’s iden-
tify this use value and integrate it into 
the design of our tools from the very be-
ginning.

or start-ups and also some more tra-
ditional input suppliers. According to 
the experts, the editors mainly find di-
rect financial value in the selling of their 
tools. According to them, this turnover 
can also be indirect by allowing for ex-
ample the development of customer loy-
alty or improving the way their client 
sees their company.

5 Distributors who sell the tool to the user 
and provide support: In France, the dis-
tributors identified by the experts are 
mainly cooperatives, traders or account-
ing centers. According to these experts, 
the value perceived by the distributors 
can be financial by being either direct 
through the simple resale of the tools 
or indirect by increasing the value of a 
product (e.g., decision tools optimizing 
the use of phytosanitary products), by 
allowing the distributor to better value 
its technical expertise, or by allowing the 
distributor to gain in productivity in its 
advice. Finally, the value perceived by 
the distributors can be human, modify-
ing the relationship with their customer. 
The fact that the farmer uses a digi-
tal tool allows the distributors to bet-
ter understand their needs, to accom-
pany the evolution of their practices, or 
to increase the quality of their advice. 
These changes then tend to differentiate 
the distributors from their competitors, 
to build customer loyalty, and to enable 
them to obtain new customers.

5 Farmers are the users of these digital 
tools: According to the experts, the value 
they perceived can be i) economic, by 
bringing a margin gain per hectare that 
is easily understood by the farmer, ii) hu-
man, by allowing the farmers to opti-
mize their interactions with their advice 
and mutual aid circles or to improve their 
working comfort, or iii) environmental, 
by reducing the impact of his practices 
and promoting their sustainability.

5 Influencers are people or structures that 
modify the behavior of other actors 
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5 Let’s communicate their benefits for 
farmers: We are independent and we 
are recognized in our field of expertise. 
Farmers need our point of view to be re-
assured and get started. Let’s share with 
them the evidence we have identified for 
the benefits they will find in the use of 
these tools. Let’s encourage them!

2.4.3.5   Farmers: get started!
5 Test existing tools: Make up your own 

mind by trying out the solutions on the 
market. Today, there are many solutions 
to test the tools yourself  (test platforms, 
equipment loans, etc.).

5 Share your experiences: Have you used 
and adopted a digital tool, even a simple 
one, and found value in it? Talk about 
it to your neighbors or fellow farmers. 
Don’t hesitate to share your more mixed 
experiences as well. Share your cus-
tomer feedback with other farmers and 
your suppliers.

5 Trust your advisors: The people who 
surround you and advise you can help 
you in the use of digital tools. They can 
help you to see more clearly in the offer 
of services and to make the right choice 
according to your expectations and your 
context. Ask them!

5 Depending on the tools, the costs can be 
relatively affordable and the risk limited: 
In any case, in a decision-support tool, 
it is always you who decides what ac-
tions to take in the field. Try them out!

2.4.4   Discussion

This study collectively produced recom-
mendations to support the dissemina-
tion of digital tools to farmers. It is pos-
sible that some recommendations may be 
specific to the French agricultural context. 
For example, distributors play a particu-
larly important role in France. It is likely 
that this role will be different in other Eu-

5 Our tools must be able to fit into an ex-
isting technological ecosystem: Farm-
ers want their new tool to integrate eas-
ily with those they already have, with-
out re-entering existing information or 
becoming familiar with a new interface. 
Each tool is at the center of the sys-
tem, but interoperability is a major ob-
jective that can only be achieved collec-
tively. Let’s promote the interoperability 
of our tools!

2.4.3.3   Distributors: let’s be 
ambitious!

5 Let’s quantify the complementary value 
to define an ambitious strategy: Why 
are we distributing digital tools to farm-
ers? It makes sense because of the com-
plementary value that these tools bring 
to us the editors and our farmers. Let’s 
quantify this value, let’s make it tangi-
ble. We can then integrate it into our ob-
jectives, build an ambitious strategy and 
convince our teams to implement it.

5 Let’s train our teams. Our teams need 
support to familiarize themselves with 
tools that are sometimes new to them. 
Above all, they need to be supported in 
the change of profession and mentality 
that the transition from selling products 
to selling services implies.

5 Let’s co-construct the offer with the ed-
itors. We are the ones who will present 
the tools to farmers. Let’s invest in their 
design. Let’s test the tools and feedback 
our opinion and that of the farmers to 
the editors!

2.4.3.4   Influencers: let’s get 
involved!

5 Let’s get out of the futuristic vision of 
digital tools for agriculture: Today, tools 
already exist and they are valuable to 
farmers. A number of these tools are 
mature and accessible to all. Some are 
available for a few hundred euros and 
are accessible even for small structures.
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tools also make it possible to build new 
knowledge on the basis of these observa-
tions. Digital tools can therefore help agri-
culture and its actors in the transitions they 
are experiencing today.

In recent years, these tools have reached 
a certain level of technological maturity 
that allows them to be accessible to farm-
ers at reasonable costs. The multiplication 
of uses also makes it possible to have a per-
spective on the direct or indirect value that 
they can bring to farmers and other actors 
in agricultural sectors.

For these tools to have a real impact in 
supporting the changes that French agri-
culture is undergoing, a significant number 
of farmers must use them. This significant 
number will only be reached if  all members 
of the chain are committed. First of all, 
farmers who have an interest in adopting 
these tools to improve the economic and 
environmental sustainability of their farms. 
Second, editors, of course, by continuing to 
invest in research and development for ever 
greater value, and distributors, who will 
create a new source of direct and indirect 
value for their organizations. Finally, the in-
fluencers who can make a decisive contribu-
tion to the transformation of French agri-
culture.

2.5   Business Model Innovation 
and Business Model Canvas

Gordon Müller-Seitz 

Abstract
The prevalent need for innovations in today’s 
world is commonly accepted and virtually 
pervades all segments and organizations (see 
7 Chap. 1). Hence, it is not surprising that 
farming is also impacted and the observation 
holds particularly true as business environ-
ments are changing ever faster fueled by the 
digital transformation. In this connection, 
product and service innovations pervade the 
discourse and managerial thinking about in-

ropean countries depending on the way the 
agricultural sectors are structured. Nev-
ertheless, the method that was used to get 
the actors of the value chain to discuss with 
each other can be applied in every context. 
One of the major obstacles to the dissem-
ination of these digital tools is the lack of 
mutual understanding of the issues and 
working methods for each actor. Setting up 
places and times for sharing point of views 
between these actors is a way to bridge 
this gap. It is important that these discus-
sions occur in neutral places and that they 
are led by trusted institutions. Actors in-
volved in this type of discussions must not 
expect immediate economic benefits. They 
must adopt a posture of building a com-
mon culture that will promote a better un-
derstanding of the reciprocal issues at 
stake. The digital tools will therefore be bet-
ter adapted to the farmers’ needs, be better 
distributed, and, therefore, be more easily 
disseminated. These collective approaches 
make even more sense in unstable climatic 
and agricultural contexts. All the actors in 
the value chain will have to adapt strongly 
and quickly. They will do so all the better if  
they share their point of view and know the 
issues and concerns of the other actors.

2.4.5   Conclusion

French agriculture is currently undergoing 
many changes, and society’s expectations 
are evolving. The agro-ecological transi-
tion is tending to rethink agricultural mod-
els by relying on less chemistry but using 
more knowledge. In agriculture, as in many 
fields, knowledge has always been based on 
observation. Observations that are then dis-
cussed, shared, put into perspective to build 
general or, on the contrary, very local and 
specific knowledge.

Numerical tools allow for more and 
more objective collection of observations. 
They allow these observations to be stored 
and shared more easily and quickly. These 
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tries [AHR+15], business model innova-
tions are rather seldom discussed from a sci-
ence perspective. For the purposes of this 
section, we relate to business model innova-
tions as changes in the underlying logic and 
operations of an organization and its envi-
ronment [OP10], [ZA10]. A frequently cited 
example for business model innovation is 
the streaming platform Netflix. The organi-
zation started as a service for renting DVDs 
in the USA by mail. Soon after its incep-
tion, Netflix did not charge its customers an-
ymore on a pay-per-use-basis, but started to 
charge them on a subscription basis. About 
ten years later, Netflix changed its course 
again, offering streaming services that are 
by now globally available. Though having a 
large customer base and being a prime ex-
ample, in terms of profitability challenges 
remain ahead for Netflix. This also applies 
to other frequently hailed business models, 
such as those of Airbnb or Uber. Against 
this background, it becomes obvious that 
future research and managerial practice still 
need to elucidate the multifaceted phenom-
enon of business model innovations in light 
of digitalization—not only, but also in the 
field of digital farming (for practical per-
spectives in this regard see [TA17]).

The present section’s objective is to ad-
dress the aforementioned managerial and 
theoretical void by offering insights into 
business model innovations as a distinct in-
novation form that is of utmost importance 
in light of digitalization with special em-
phasis on Digital Farming.

The section is structured as follows: 
First, we introduce business model innova-
tions as a distinct form of innovation and 
elaborate upon the business model canvas 
as a managerial tool and apply it to the dig-
ital farming setting, illustrating our idea 
against the backdrop of [Xar20]. Thereaf-
ter, we discuss the managerial implications 
and conclude with a summary, critical re-
flection and outlook for future research as 
well as managerial practice.

novations. However, compared to product 
or service innovations, business model in-
novations remain rather unexplored, but of-
fer valid chances to develop new agricul-
tural ecosystems (see 7 Sect. 2.1). Against 
this background, the present section presents 
business model innovations as a distinct in-
novation form that is of utmost importance 
in light of digitalization. Building upon the 
conceptual introduction, the so-called busi-
ness model canvas as a managerial tool is in-
troduced, applied to the Digital Farming set-
ting, and critically reflected upon.

2.5.1   Statement of the Problem

To remain competitive, organizations across 
industries and countries pursue innovations 
[Bau02], [CGM+16], [TB18]. Staying ahead 
of competition due to being innovative is 
deemed beneficial for several reasons, e.g., 
to gain Schumpeterian pioneer advantages 
[Sch06], a positive image for marketing pur-
poses, or heightened attractiveness as an 
employer [JMD12].

In addition, the digitalization changes 
the business landscape dramatically [BM16] 
and results in new opportunities to fos-
ter innovations with unprecedented pace 
[LMR17], e.g., building up industry-wide 
platforms (for an overview [Mül22]). Com-
mon outcomes of this trend are process in-
novations relating to organization internal 
operations (e.g., improving auction opera-
tions [TB18]), digital services surrounding 
existing products (e.g., predictive mainte-
nance services; see in general [BDP+15]), or 
collaborations in the form of interorganiza-
tional service networks (e.g., the way Bosch 
acts as a supplier and service (network) pro-
vider for different industries [Mül15]).

Bearing these observations in mind, it is 
striking that the managerial debates in prac-
tice and theory primarily revolve around 
product and service innovations [TB18]. 
Though of increasing interest across indus-
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As for business model innovation defini-
tions, some authors stress that they relate to 
“two or more elements of a business model 
are reinvented to deliver value in a new 
way” [LRS+09], while others stress that “A 
business model improvement is any success-
ful change in any business model element 
[…] that delivers substantially enhanced on-
going sales, earnings and cash flow advan-
tages versus competitors and what custom-
ers can supply for themselves” [MC04].

2.5.3   Business Model Innovation 
in Practice—The Business 
Model Canvas

Within the debate about business model in-
novations, there exists a broad range of 
tools for managerial practice. One of the 
most prominent examples is the so-called 
business model canvas, being introduced 
by [OP10]. In this connection, the authors 
define a business model innovation as fol-
lows: “Business model innovation is not 
about looking back, because the past indi-
cates little about what is possible in terms 
of future business models. Business model 
innovation is not about looking to compet-
itors, since business model innovation is not 
about copying or benchmarking, but about 
creating new mechanisms to create value 
and derive revenues. Rather, business model 
innovation is about challenging orthodox-
ies to design original models that meet un-
satisfied, new, or hidden customer needs” 
[OP10].

The authors conceptually build the busi-
ness model canvas on ideas of how a value 
chain can be sketched within an organiza-
tion as put forward already by [Por85] and 
the idea of the resource-based view [Bar91]. 
Porter’s basic idea was to illustrate the flow 
of input, throughput, and output within 
an organization and how this is related to 
overall performance. Barney suggests that 

2.5.2   Business Model Innovation 
as a Distinct Form 
of Innovation

Despite being a comparatively young dis-
course, within the managerial debate about 
what makes up a business model, defini-
tions are abound. One prominent defini-
tion by [AHR+15] suggests a value-based 
approach, focusing upon the value created 
for the customers, how the value is deliv-
ered to the customer, and finally how much 
value is captured (i.e., the amount of rev-
enue that an organization receives for its 
part in providing an offer). Along similar 
lines, Gassmann and colleagues [GFC20] 
deliberate who the target customers are, 
what is actually offered, how value is gen-
erated, and how the offering is produced. 
In contrast, [Tee10] suggests that it is deci-
sive to analyze how a firm delivers value to 
customers and converts it into profits and 
[ZA10] (see also [ZA07], [ZA08]) lay em-
phasis on the fact that a business model 
transcends organizational boundaries.

In sum, one can identify no generally 
accepted definition. However, it is com-
monly agreed upon that business models 
emerge from interaction of components. 
Moreover, a business model offers a foun-
dation for dynamic strategies for compa-
nies to achieve and contain competitive ad-
vantage ([AHR+15]; see also [LMR17], 
[MZB+18]).

Building upon these observations, busi-
ness model innovations represent a novel 
form of innovation. Maybe the most prom-
inent innovation forms are product inno-
vations (e.g., the iPhone in the case of Ap-
ple; see [CGM+16] for an overview) or ser-
vice innovations (e.g., online banking; see 
[BDP+15] for an overview). Business model 
innovations have gained increasing atten-
tion, though they are still less debated when 
being compared to product or service inno-
vations.
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what operations add most value with re-
gard to the existing or future business 
model. Towards this end, not only inter-
nal organizational operations, but also 
the input and output operations need to 
be considered. Also managing patents 
or trademark rights are viable other op-
tions to scale one’s business model inno-
vations (see also [CGM+16]).

5 Value proposition: In terms of the value 
proposition, an organization needs to be 
able to define clearly, what value is being 
offered to customers. The value can be 
manifold, be it related to an additional 
service and data being offered, the reduc-
tion of a flaw, the prediction of errors, a 
gain in efficiency, or a gain in reputation 
to mention only a few options.

5 Customer relationships: In this connec-
tion, key questions revolve around the 
way an organization deals with its cus-
tomer base. Here, a key concern re-
lates to the way customers are being in-
tegrated into the business model (e.g., 
think of the extreme integration of cus-
tomers in the way IKEA customers usu-
ally assemble their furniture on their 
own in contrast to conventional furni-

an internal organizational resource can be 
the source of a sustainable competitive ad-
vantage, if  it is valuable, rare, inimitable, 
and non-substitutable. These ideas coa-
lesce in the business model canvas that of-
fers an overview of organizational activities 
and can help to identify how an organiza-
tion can generate value and capitalize there-
upon; that is, setting the basis for a criti-
cal reflection of the status of the business 
model and offering a springboard for busi-
ness model innovation.

The business model canvas consists of 
a reflection of the following elements (see 
. Fig. 2.14):
5 Key partners: This element relates to the 

most important collaboration partners 
of an organization. It stretches usually 
across the value chain, including suppli-
ers and key customers of an organiza-
tion. As is the case with any interorgan-
izational collaboration, benefits (e.g., 
deriving economies of scale and scope) 
and risks (e.g., losing one’s core com-
petences) need to be carefully reflected 
upon [SSM16].

5 Key activities: With regard to this ele-
ment, a reflection is needed in terms of 

CHANNELSKEY RESOURCES

COST STRUCTURE REVENUE STREAMS

KEY PARTNERS KEY ACTIVITIES CUSTOMER SEGMENTSVALUE PROPOSITION CUSTOMER
RELATIONSHIPS

. Fig . 2 .14 Business Model Canvas, source adapted from [Str20]
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gests reflecting upon, among others, the 
resources or the activities that cause the 
highest costs to come up with sugges-
tions on how to curb down costs.

5 Revenue streams: Reflecting upon the 
revenue streams is informative in many 
ways. For instance, valuable insights 
might be generated from differentiating 
between one-off  (e.g., in the course of a 
single transaction) and continuous reve-
nue streams (e.g., in the course of a sub-
scription model as in the case of stream-
ing services, such as Netflix). In addi-
tion, checking customer preferences 
might be beneficial, e.g., in terms of the 
customer’s willingness to pay, the (dig-
itally supported) payment options, or 
how the different value streams contrib-
ute to the overarching financial results.

Bearing these elements of a business model 
in mind, we would like to apply it to the 
digital farming setting based upon an ex-
ample of a farming-related app, such as 
that of [Xar20] being offered by BASF:
5 Key partners: BASF needs to consider 

the farmers, which represent the final 
customers or at least final beneficiaries 
of xarvio. Depending upon the specific 
setting, BASF also cooperates with a 
corporation for AgMachinery and orig-
inal equipment manufacturer corpo-
rations (e.g., Bosch) and retailing cor-
porations. Finally, public institutions 
might also be key partners in the fore-
seeable future as they oftentimes provide 
freely available data (e.g., with regard to 
weather forecasting the Joint Research 
Centre of the European Commission).

5 Key activities: Visualizing and analyz-
ing data are the essence of such prod-
ucts. They are capable of analyzing data 
generated from different sources and 
systems to come up with novel busi-
ness model opportunities. That implies 
that farmers adopt the role of data pro-
viders (i.e., suppliers) while at the same 
time being customers who shall buy the 

ture stores). The relationship can vary. 
For instance, it might be the case that 
you have close interpersonal ties as in 
the case of private banking where rela-
tionships can last for a lifetime. In con-
trast, merely transactional relations are 
also possible as in the case of buying an 
item at an online platform such as Ama-
zon or Alibaba.

5 Customer segments: Analyzing an or-
ganization`s customer base along dif-
ferent segments offers the possibility to 
prioritize customers. A consequence can 
be to (re-)align the key account manage-
ment activities. Moreover, it is also pos-
sible to ignore customer segments that 
are not beneficial for the organization 
(e.g., because they harm the reputation 
of an organization or the value captured 
is insufficient).

5 Key resources: The key resources of an 
organization describe the most valua-
ble material as well as immaterial re-
sources, such as personnel, machin-
ery, data, fields, or factories. As pointed 
out above, here the ideas of the re-
source-based view are most evident 
[Bar91].

5 Channels: With regard to channels, 
[OP10] target the relevant media by 
means of which the focal organiza-
tion interacts with the customers. These 
types of channels can be differenti-
ated along various dimensions. One di-
mension might be the customer life-cy-
cle, e.g., making a distinction between 
the first customer touch points to after-
sales services. Alternatively, one might 
make an analytical distinction between 
the exchange format, ranging from face-
to-face communications to digital ex-
change situations supported by digital 
devices such as mobile phones or lap-
tops and personal computers.

5 Cost structure: The cost structure directs 
attention to the costs occurring for the 
different parts of an organization’s op-
erations. Towards this end, [Str20] sug-
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a community might be built up in terms 
of a Q&A forum integrated into the re-
spective app. However, market access 
can also take place via other stages of 
the value chain, e.g., food producers or 
traders.

5 Customer segments: As pointed out, the 
primary customers are farmers and con-
tract farmers. They might be divided 
into different segments, e.g., depending 
upon their production philosophy, ma-
chinery brands used, or crop rotation.

5 Key resources: Key resources comprise 
software and technology development 
teams as well as the necessary related 
financial resources. Moreover, having 
data available for analytical (‘big data’) 
purposes represents another key re-
source. To put it differently, this relates 
to the ability to connect with multiple 
market partners and establish sustaina-
ble business models.

5 Channels: The digital products represent 
the primary medium for interacting with 
the farmers. Hence, digital channels 
dominate. In this case, a multi-chan-
nel approach is deemed suitable, so that 
customers can be approached through 
different channels depending on the 
country.

5 Cost structure: Data center investments, 
app developers, and the customer sup-
port services might account for the larg-
est cost chunks. Over time, customer 
service might be outsourced to a chat-
bot and others solutions in parts where 
possible. That is, if  the gathered data is 
substantial enough so as to offer ade-
quate big data generated insights from 
farming operations.

5 Revenue streams: In terms of the reve-
nue streams, farmers pay for the app on 
a subscription basis. However, a free-
mium represents the starting point with 
regard to some functionalities so as to 
entice customers.

products. Additionally, activities need 
to be aligned (especially technologi-
cal interfaces) with collaboration part-
ners of AgMachinery. Finally, provid-
ing a cloud or making use of cloud ser-
vices of another company might be 
another critical key activity. As a result, 
interfaces need to be organized and can 
be further developed (see along similar 
lines with regard to cloud services in a 
farming setting: [TA17]).

5 Value proposition: Farmers will be sup-
ported in the management of their 
fields, in effect improving their crop 
management, reducing costs and risks 
(see 7 Sect. 2.3). For instance, farm-
ers are able to make use of the app to 
check a specific disease of their plants 
by taking a photo of a plant being af-
fected and immediately request advice 
what crop protection product is neces-
sary. Another service that comes handy 
might be fertilizing the fields as pre-
cisely as possible based upon a close 
data exchange between the aforemen-
tioned parties involved, e.g., AgMachin-
ery companies. What is more, position-
ing sustainability as a further value to 
be promoted is another instance. Take 
for instance the so called “Lerchenbrot” 
(lark bread), a joint activity by BASF 
and other partners along the value chain 
up until the final consumer including 
the bakeries. In this case, the compa-
nies collaborate to jointly safe breed-
ing grounds for larks (provided by xar-
vio/BASF) and nonetheless benefit also 
financially from the activity while being 
able to derive higher profit margins for 
the final product, the larks bread at the 
bakery.

5 Customer relationships: The relation-
ships to be managed are likely to be 
rather transactional insofar as the app 
might be offered for farmers around 
the globe. However, to a certain extent 
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that it heavily relies upon the eclectic con-
solidation of static conceptions, such as 
that of [Por85] and [Bar91]―it does not of-
fer any advice on how extensive data col-
lection and analysis shall be. Moreover, the 
elements are partially overlapping, mak-
ing the decomposition oftentimes problem-
atic. Finally, due to its intra-organizational 
focus, the organizational environment is 
by large neglected: For instance, the com-
petitive landscape, societal or cultural fac-
tors or in light of digitalization the collab-
oration across organizations. Thus, future 
managerial practice and business model 
research might consider taking a look at 
business model generation and innova-
tion on the whole network level of analysis 
[PFS07], that is, how business model inno-
vation might unfold on the level of interor-
ganizational networks [MZB+18], [Thi19]. 
This might comprise cloud services (for a 
practical discussion see [TA17]) or other 
platform operations [GC14]. Given the net-
worked nature of (digital) farming, this 
topic awaits further exploration, incl. re-
quirement definitions in initial business 
model versions or minimum viable business 
models.

2.6   Accelerators & Partnerships: 
Anticipating the Unknown is 
Hard: An Experience Report

Borris Förster 

Abstract
The sustainable production of food is one 
of the most complex and pressing challenges 
of our time (see 7 Chap. 1). The traditional 
food value chain across all actors from in-
put companies through to retail is facing un-
precedented pressure through environmen-
tal, demographic, societal and regulators 
trends. These trends will lead to significant 
structural changes over the forthcoming dec-
ade on the products consumed and how they 

2.5.4   Reflections on the (Mis-)
Use of the Business Model 
Canvas and Conclusions

To sum up, reflecting upon business models 
and business model innovations seems to 
be a key managerial concern, not only, but 
also in particular due to the digital trans-
formation [LMR17]. Against this back-
drop, the business model canvas turns out 
being an easy-to-use managerial tool that 
helps managers to reflect the different ele-
ments of a business model and—if chang-
ing its elements—business model innova-
tion.

The popularity of the business model 
canvas can be traced back to several ad-
vantages: The canvas is easy to visualize 
and, thus, easy to use and convey informa-
tion ensuing from the canvas. Moreover, it 
covers the key issues making up a business 
model and, depending upon the specific 
needs, data to be analyzed and the ensu-
ing discussion regarding potential implica-
tions can vary in mass-customized fashion. 
This is also particularly attractive inso-
far as the agricultural sector appears be-
ing in many sectors a commodity market, 
where business model innovations target-
ing higher product segments and alterna-
tive market access is a valid—albeit difficult 
to achieve—strategic option for farmers 
and Ag market segments (e.g., focusing on 
old varieties, specialty products, co-produc-
tion systems like agricultural-energy-farm-
ers, see 7 Sect. 1.2). An externality ef-
fect such as the European Green Deal (see 
7 Sect. 1.6) might result in further threats 
and opportunities for actors in industry 
as it is most likely to entail novel dynam-
ics and altering value chains, which in turn 
result in new business model opportunities 
awaiting further exploration and exploita-
tion (e.g., biodiversity, carbon market).

Nonetheless, the business model can-
vas is not without limitations. Apart from 
its static nature—owing to the observation 
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showing the view of the future of farming 
in the year 2000. As is often the case, the 
predictions fell some way off  the mark, fail-
ing to go far enough in thinking outside the 
confines of their current technological mi-
lieu. We tend to under- and over-estimate 
the changes in the future as we extrapolate 
our personal experience into the future, in-
stead of putting our focus of thought on 
predicting probable future environments to 
derive solutions that will be necessary to 
operate under those conditions. So, when 
embarking on new paths to build solutions 
and new products in partnerships or ad-
vancing early start-up companies through 
accelerator programmes, incumbents must 
ensure they focus on a vision of the future 
industry operating environment instead of 
a specific outcome and extrapolating to-
days “ways of doing things”. This proves 
especially hard for established businesses as 
the majority of their operation is geared to-
ward preservation, prolonging product life-
time, and incremental innovation.

To cope with this uncertainty, incum-
bents require a clear vision to build upon. 
In order to do so, first, we must understand 
agriculture and food as one single supply 
chain that it is not linear, but looping back 
at several points. Secondly, we must under-
stand the basic requirements to support 
and grow innovation in different contexts.

The digital transformation of agricul-
ture, food production and supply is per-
haps the most complex challenge of our 
time and thus requires joint efforts across 
multiple disciplines and actors. The route 
to successful new solutions is full of pit-
falls in terms of problem-solution and solu-
tion-market fit in the first place. Today’s in-
cumbent actors, while mostly intending to 
foster and support new solutions through 
accelerators, corporate venture capital and 
partnerships fall short on delivering on 
their own expectations. In fact,  experience 

are produced and moved through the sup-
ply chain. The food supply chain will change 
substantially, and this in turn will affect the 
way business is done and value is created. 
Some segments and its constituent intermedi-
aries in the value chain will cease to exist for 
obvious reasons and others will change in the 
way they operate and what they produce to-
day. Incumbents are scrambling to deploy a 
variety of innovation measures to confront 
the change with varying degrees of success.
In this section, I will give an insight into 
the conflicts of interest and associated chal-
lenges within much hailed acceleration and 
corporate partnership programs. I endeavor 
to provide my view and personal experience 
on the current landscape and where we need 
to head in terms of foundations and back-
bone infrastructure to move faster and more 
efficiently towards the future of farming and 
food production. Partnerships, co-develop-
ment and new industry players will have to 
play a significant role to leap forward in the 
industry. We need to re-think collaboration.

2.6.1   Introduction

Predicting the future is a tough task, being 
right even tougher. This is essentially what 
incumbents are trying to do, when launch-
ing accelerators, corporate venture capital 
vehicles, start-up partnership programmes 
and the like. The real challenge, however, 
appears frequently misunderstood. To stop 
extrapolating the current core portfolio 
and instead start thinking in terms of fu-
ture operational environments and to tar-
get actions accordingly in combination with 
available assets and likely future customer 
needs (see 7 Sect. 2.5).

. Figure 2.15 depicts a French farmer 
in the year 2000, painted by Jean-Marc 
Côté. It stems from a series of artworks is-
sued in France between 1899 and 1910 
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2.6.2   Understanding 
and Managing Direct 
and Indirect Impact 
on Success—Borrowing 
from Physics and Finance

To understand the workings behind success 
and failure of accelerators and fruitful part-
nerships, it helps to understand what you 
are up against. Three at first sight unlikely 
concepts lay the groundwork to give direc-
tion and prepare the field before sowing:
1. Newton’s Laws of Motion [Bri20a],
2. Newton’s Law of Universal Gravitation 

[Bri20b],
3. “Modern Portfolio Theory” or in other 

words the risk-averse behavior of inves-
tors [Mar52].

2.6.2.1   Newton’s Laws: What 
Physics can Teach us 
about Accelerators & 
Partnerships

Let us understand the basics of Newton’s 
Laws of Motion and Universal Gravitation to 
make better decisions. Starting with motion:

has shown established companies fre-
quently compound the challenges, making 
it harder and overestimating their ability 
to accelerate at the current point on their 
transformational roadmap. To make signif-
icant leaps forward collaboration and ex-
change across and within value chain seg-
ments must increase drastically.

To get there, current thinking requires 
a change of direction: away from own-
ing 100% of a small pie towards enlarg-
ing the pie for everyone. We need to under-
stand why and how to create equal partner-
ships between unequal partners. We need 
to kill pet start-up projects and accelera-
tor programs that are not delivering or be-
come unlikely to deliver real value to the 
goals of the organization and the supply 
chain at large, sooner rather than later. We 
need to start treating start-up-us like com-
panies and entrust them with paid projects 
for grown-ups, instead of grants and special 
programmes treating founders as hobbyists 
and enthusiasts. This, however, necessitates 
that the goals and vision of the organiza-
tion are clear and commonly understood by 
all actors—which often it is not.

. Fig . 2 .15 “a very busy farmer” by Jean Marc Côte [Cot10] (cropped)
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today. Moreover, only the continued effort 
of the entrepreneur, employees and other 
stakeholders will keep things moving. This 
is important, because in business, operations 
rarely maintain their level; much less grow 
by themselves. In fact, the opposite is true. 
There is always friction in the business en-
vironment: interest rates and terms of con-
tracts change; competitors enter the market; 
economic volatility affects demand and so 
on. Consequently, things tend to decay over 
time if  we stop acting. Revenues drop off  
and costs increase. The bottom line erodes.

The larger the business, the more en-
trenched its bureaucracy, the greater the 
mass you are pushing against. It requires 
the application of extraordinary energy to 
get it to move even a small amount. Often, 
the easiest course of action is simply to do 
what you are doing. Everyone knows the 
routine. Generally speaking, no additional 
expenditure of time, effort, or money is re-
quired. It feels familiar and comfortable. It 
is only when someone seizes the initiative 
and takes an action that things change.

Translating the laws of physics to the 
world of corporate start-up partnerships 
and accelerator programs brings some fun-
damental problems to light. In order to ac-
celerate effectively, i.e., wasting as little en-
ergy as possible, the common direction of 
acceleration must be known to all parties 
and aligned by all parties exerting force. In 
the context of corporate accelerators and 
partnerships this leads to a dilemma if  the 
vision and strategy of the corporate is not 
100% clear and aligned with the start-ups 
and partners (remember: a clear corporate 
strategy is important). Furthermore, the di-
rection and size of the force exerted is heav-
ily influenced by corporate politics and the 
agendas of individuals, which in turn is in-
fluenced by corporate culture.

Once direction is aligned between par-
ties, the focus shifts to the force to be exerted 
in order to accelerate or at least keep it mov-
ing at the same speed, not slowing business 
down. This is where corporate acceleration 

Newton’s First Law of Motion “A body at rest 
will remain at rest, and a body in motion 
will remain in motion unless it is acted upon 
by an external force.” [Bri20a, Bri20b].

This simply means that things cannot start, 
stop or change direction all by themselves. 
It requires some external force to cause 
such a change.

Newton’s Second Law of Motion “The accel-
eration of an object increases with increased 
force and decreases with increased mass”. It 
also states that the direction in which an ob-
ject accelerates is the same as the direction 
of the force.” [Bri20a], [Bri20b].

Assuming constant mass means in order to 
accelerate an object a force, it needs to be 
exerted upon the object. Moreover, the di-
rection of force exertion is equal to the di-
rection of acceleration.

Newton’s Third Law of Motion “For every  
action, there is an equal and opposite reac-
tion”. [Bri20a], [Bri20b].

In other words, whenever two objects inter-
act with one another, they exert forces on 
each other.

In summary, objects in the physical world 
do not move of their own accord. Nor do 
they in economics and business. Within the 
context of innovation and building new 
businesses, this notion provides a funda-
mental understanding and scaffolding for 
success. No business starts without the de-
liberate application of a force, i.e., action. 
This, by the way, is also the reason why 
good ideas by themselves are worthless, if  
they are not acted upon. It needs concerted 
action and execution. The entrepreneur or 
intrapreneur provides this initial action to 
identify a need, derive a solution and busi-
ness model, test and build it. In its absence 
there would be no new businesses. In fact, 
there would be no economy as we know it 
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Lastly, Newton’s Laws offer one po-
tential explanation of why we do not find 
much quantitative evidence today that 
the general speed boat doctrine of digi-
tal and innovation gurus globally is pan-
ning out as prophesied. Visualizing the con-
cept, it would either need dozens of speed 
boats (business pilots and start-ups) mov-
ing in exactly the same direction to eventu-
ally move the ship (a sizeable organization) 
or a speed boat that has already matured 
into the size of a tug boat, once you bring it 
back closer to the parent company.

2.6.2.2   Modern Portfolio Theory: 
How Investors Think and Act

Modern Portfolio Theory shows that an in-
vestor can construct a portfolio of multi-
ple assets that will maximize returns for a 
given level of risk. Likewise, given a desired 
level of expected return, an investor can 
construct a portfolio with the lowest possi-
ble risk. Based on statistical measures such 
as variance and correlation, an individual 
investment’s return is less important than 
how the investment behaves in the context 
of the entire portfolio. [Mar52].

Continuing the speed boat example, this 
means that dozens of speed boats moving 
into exactly the same direction to move an 
organization would leave investment risk 
skyrocketing. It would substantially defeat 
our understanding of modern portfolio the-
ory guiding large organizations today.

In an ideal world, business would be 
run like a group of independent boats and 
ships including speed boats (new opportu-
nities), fast ferries (growth stage commer-
cialization) and tankers (the cash cows of 
the core business). Each boat is given an 
equal chance to grow into a tanker and suf-
ficient independence. If  successful crews 
are moved around, added and withdrawn 
as necessary and we slingshot smaller busi-
nesses through the fleet in order to grow 
faster utilizing existing assets.

and partnership programs tend to exagger-
ate their abilities. Experience shows, because 
actors heavily underestimate the effect of 
their own size, direction of movement and 
misalignment on strategy and vision within 
their organization. At the same time, actors 
tend to overestimate transferability of know-
how and the required motivation and com-
petence within their own organization. This 
brings us to the last key learning from New-
ton in regards to transformation through ac-
celerators and partnerships, pulling it all to-
gether.

Newton’s law of universal gravitation “every 
particle attracts every other particle in the 
universe with a force that is directly propor-
tional to the product of their masses and 
inversely proportional to the square of the 
distance between their centers” [Bri20a+b].

In other words, attraction between objects is 
subject to two variables: mass and distance. 
Taking Newton’s laws of motion into account 
this means that the object with the larger 
mass will be a greater influencer on the direc-
tion of the smaller object than vice versa.

The tendency of an object to resist 
changes in its current state of motion var-
ies with mass. Hence, the more massive an 
object, the greater its tendency to resist 
changes in its state of motion. The same 
is true for businesses. It indirectly asserts 
that the force to change direction must be 
much larger on a big organization than on 
smaller start-up company.

This effect, unaccounted for, can be detri-
mental for the relationship and result in los-
ing the optimal trajectory (i.e., roadmap and 
strategy) desired by the start-up manage-
ment and the corporate supporter. Imagine 
SpaceX miscalculated the mass of the earth 
and thus its gravitational force when shoot-
ing a rocket into space. An underestimation 
would pull the rocket back down toward 
earth and never reach its actual destination.
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cialization speed, and success toward sig-
nificant returns. The third (Modern Port-
folio Theory), will, to a large extend, affect 
your freedom and resources to operate as a 
practitioner, leading innovation and trans-
formation programs in an organization. 
Though I have rarely experienced any argu-
ments against the applicability and impor-
tance of these forthcoming ground rules as 
a framework for operational execution, un-
derstanding the negative implications, if  ig-
nored has frequently been met with surprise 
and disbelief  in executive boards―until 
they shut initiatives down.

For clarity, employees, business owners, 
partners, or anyone else spending time on 
the business in partnerships or within the 
accelerator and other innovation initiatives 
are in fact investors. And they need good 
and sustainable incentives to move towards 
the right and the same goals.

2.6.3   The Current State 
of Technology in the Food 
Value Chain

Technological innovation, ever stricter reg-
ulation and global challenges and trends 
are putting significant pressure on the dy-
namics of the traditional food supply 
chain (see 7 Sect. 1.2). New entrants are 
challenging the market share and growth 
prospects of settled incumbents with ad-
vanced biology, technology and new foods 
and challenging the status quo of the sup-
ply chain. Traditional farm production is 
squeezed in the middle between global oli-
gopolies trying to protect their markets and 
novel high-tech food company entrants are 
skipping the traditional chain from grower 
to food company and in some cases even re-
tailers altogether.

The AgFood sector has seen a signif-
icant rise and venture capital investment 
(corporate and private) and the number of 
corporate accelerator programmes has been 

Modern Portfolio Theory assumes that 
investors are risk-averse, meaning they pre-
fer a less risky portfolio to a riskier one for 
a given level of return. This implies that an 
investor will take on more risk only if  he is 
expecting more reward. The expected re-
turn of the portfolio is then calculated as 
a weighted sum of the individual assets’ re-
turns. This in turn assumes that the desired 
level of risk and return is known and well 
understood by all. Experience and data on 
corporate accelerators and innovation re-
turns has shown that this is not the case 
in many organizations. More often, there 
seems to be a distinct discrepancy between 
the accepted risk and the desired returns. 
The relatively low risk appetite among com-
panies in Germany, compared with our an-
glo-saxon counterparts, has to do with our 
past and industrial systems. Germany is 
a world leader at selling units of physical 
products with exceptional quality. Once a 
unit is sold that same unit cannot be sold 
again. This is different with digital prod-
ucts, i.e., the potential return and marginal 
cost function is different and often seems 
not well understood by major stakeholders.

In conclusion, theory and evidence sug-
gests that long-established businesses are 
losing the competencies and drive is re-
quired to build and scale business due to 
their long-standing position of relative 
strength in a given market. They are organ-
ized to keep the business running, mend-
ing, maintaining, and incrementally grow-
ing or securing the existing business. They 
understand their playing field exceptionally 
well and the effects that sizable competitors 
have on their core KPIs. But they underesti-
mate the effort, organizational setup, trans-
parency, resources, strategic clarity, and vi-
sion necessary to gain positive returns on 
invest from partnerships and accelerator 
programs.

The first two (Newton’s laws of motion 
and gravitation), translated to business, will 
impact your accelerator portfolio and part-
nerships in terms of development, commer-
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tural production is perhaps the most com-
plex segment. It is the least transparent, 
least digitally enabled, least technologically 
integrated chain-link [Mck20] and is highly 
exposed to unforeseeable circumstances. 
This vulnerability circles back on the rest of 
the value chain creating a butterfly effect, 
with ever-increasing uncertainty and unpre-
dictability.

The status quo is preventing the scala-
ble deployment of digital & physical ser-
vices and applications, because such are de-
pendent on information and feedback from 
other participants. This problem has been 
one of the drivers for the increasing trend 
to vertically integrate. This makes accelera-
tion of digital solutions difficult, especially 
the one relying on information flows from 
different parts of the supply chain.

To counteract the described changes in the 
supply chain and future operating environ-
ment, incumbents have ploughed significant 
resources into start-up innovation initiatives 
like accelerators with limited success. Accord-
ing to estimates from Doblin innovation con-
sulting [Dob19], 96% of all innovation initia-
tives—across a selection of major industries—
fail to make a return on investment.

As described earlier, large organizations 
are generally slow-moving, process-driven 
and risk-averse. They are optimized for sta-
bility and preventing failure by tackling in-
cremental projects. But to innovate and 
“accelerate”, you need to move fast, often 
ignore process and take substantial calcu-
lated risks. This requires an organizational 
setup geared towards the testing of ideas 
and accepting failure as part of the game. 
The cultural shift that is necessary is often 
the biggest impediment to achieving suc-
cess. Acceleration programs setup as a side 
show in fancy office buildings with bean 
bags and tabletop soccers were supposed to 
get around these obstacles. However, this 
will not work by itself. The organization 
has to provide a compelling value propo-
sition to start-ups and partners, be able to 
deliver on it and ensure strategic alignment.

mushrooming over the past years. In fact, 
venture capital invested in AgFoodTech in-
cluding accelerator programs has grown by 
32% CAGR between 2012 and 2019 to a to-
tal of EUR 17.8bn according to Agfunder 
[Agf20]. Currently, the largest part of the 
investment is circumventing Europe. This is 
partly due to the fact that two of the main 
tech trends are driven by developments 
in genetics and AI. Two things, to say the 
least, that face severe obstacles in the EU 
from an international perspective. However, 
in the long run, technology will change 
farm operations and the entire supply chain 
radically, also in the EU. This will have sig-
nificant effects on the supplier industry. The 
question is, will incumbents in the EU be 
a driver and benefactor of this change or 
fall victim to progress in other parts of the 
world. The EU Green Deal may pose a reg-
ulatory opportunity to set European com-
panies on a path of future competitive ad-
vantage, if  they see and cease the opportu-
nity (see 7 Sect. 1.6).

Already today the fight for vertical con-
trol, integration and circumvention of pre-
viously established segments in the food 
supply chain is on. The pressure from up-
stream incumbents like retail giants is 
mounting as they push to gain deeper con-
trol of Upstream production to reduce 
costs, increase efficiencies, and deliver to 
consumer demands at low prices. At the 
same time, input companies are developing 
“X-as-a-service” and guarantee-based busi-
ness models to build new future-proof busi-
ness. The up and downstream pressure is 
concentrating at the farm production level.

Traditional food supply takes place in 
a highly complex linear supply chain (see 
. Fig. 2.16) with mostly product-driven 
players, comparatively low R&D intensity 
and low efficiency (hard to optimize holis-
tically, leading to high wastage) in which 
each segments’ performance is dependent—
at least in part—on the level of technolog-
ical capability, transparency and efficiency 
of the previous segment. Upstream agricul-
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need a combined vision and the determi-
nation to move the needle. Experience has 
shown that frequently agriculture dedicated 
innovation vehicles think too small, are too 
internal-faced, ill equipped, led by people 
with expertise in areas that do not match 
the task at hand, and are too dependent on 
and involved in day-to-day corporate poli-
tics. Incentive and budget structures are not 
geared toward supporting risky and time 
intensive start-up acceleration and partner-
ship projects with uncertain outcomes.

2.6.4   Looking Ahead: From Stand-
Alone Programs to Multi-
Corporate Innovation 
Platforms

In order to solve the challenges ahead, we 
need to move toward interconnected food 
value chains and accept that the roles of in-
cumbents within the segments will change 
over time. Innovation initiatives like accel-
erators and partnership programs can be 
part of the foundation, if  the influencing 

A frequently used indicator of success 
for accelerator programmes and Corporate 
Venture Capital (CVC) units is the number 
of partnerships between the big companies 
and the start-ups post-investment or after 
the corporate accelerator program. Accord-
ing to research from CB Insights [Cru19] 
on corporate innovation across all ma-
jor industries, only 10% announced a for-
mal partnership after CVCs invested (see 
. Fig. 2.17). Accelerators only announced 
partnerships with participating compa-
nies 1% of the time. That is only 1 in every 
100 start-ups. With the usual two annual 
batches of 12 start-ups it would take more 
than four years and several million Euros to 
form one single partnership.

Organizations are acting and quietly 
shutting down programs or cutting budg-
ets as their success stays behind expecta-
tions. In fact, 60% of corporate accelerators 
shut down within two years and one-third 
of new corporate venture capital activities 
stopped investing after five years [Cru19].

Corporate accelerators, start-up partner 
programmes, and venture investment today 

Silo Information / Absent Standard Infrastructure

Product driven Low R&D intensity Low Efficiency

Characteristics today:

. Fig . 2 .16 Inefficiencies in today’s AgFood value chain
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(see . Fig. 2.18). It is about enlarging the 
pie for everyone.

Business models are changing from prod-
uct driven to service and results driven offer-
ings. The required industry infrastructure to 
support the business model evolution, how-
ever, is not yet in place. This is slowing trans-
formation, cost-effective development, adop-
tion and monetization. To enable the orches-
trated deployment of connected services and 
applications in concert this must change to-

factors are well understood. We have to re-
calibrate collaboration across the entire 
supply chain.

Solutions developed by start-ups to-
day can, to a large extent, only unfold their 
true potential if  the right data is supplied 
to and by them to the adjacent segment at 
the right time to make actual decisions and 
later guide and activate physical actions on 
fields, handle farm logistics, and improve 
the efficiency of the wider food supply chain  

. Fig . 2 .17 Start-up deals and partnerships with corporate ventures [Cru19]

1. Agriculture production data loop 2. Integration of wider supply chain

Results driven
(Focus on outcomes)

Increased R&D
(Data availability bringing down costs)

Increased Efficiency
(Better communication & orchestration)

Characteristics change:

. Fig . 2 .18 Necessary changes to the AgFood value chain
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Business Modelling: Modularity and Manipula-
tion. Advances in Strategic Management 33:151–
185. 7 https://www.researchgate.net/publica-
tion/283357082_From_Business_Model_to_Busi-
ness_Modelling_Modularity_and_Manipulation.

 [Ama21] Amazone. 2021. SmartSprayer joint pro-
ject. The smarter sprayer! Crop protection tech-
nology meets camera technology and expert 
knowledge. 7 https://go.amazone.de/go2020/ag-
ritechnica/2019/neuheiten-en-us/pflanzenschutz-
technik-en-us/smartsprayer-gemeinschaftspro-
jekt-en-us/. Accessed 15 Feb 2021.

 [Bar91] Barney, J. 1991. Firm Resources and Sus-
tained Competitive Advantage. Journal of Man-
agement 17(1):99–120. 7 https://josephmahoney.
web.illinois.edu/BA545_Fall%202019/Barney%20
(1991).pdf.

 [Bau02] Baumol, W. 2002. The Free-Market Inno-
vation Machine: Analyzing the Growth Miracle of 
Capitalism. Princeton: Princeton University Press.

 [BDP+15] Barrett, M., E. Davidson, J. Prabhu, and 
S.L. Vargo. 2015. Service Innovation in the Digital 
Age: Key Contributions and Future Directions. 
MIS Quarterly 39(1):135–154. 7 https://www.re-
searchgate.net/publication/283825550_Service_
Innovation_in_the_Digital_Age_Key_Contribu-
tions_and_Future_Directions.

 [BLW20] Bröring, Stefanie, Natalie Laibach, and 
Michael Wustmans. 2020. Innovation types in 
the bioeconomy. Journal of Cleaner Production 
266:121939.

 [BM16] Brynjolfsson, E., and A. McAfee. 2016. The 
Second Machine Age. New York: Norton. ISBN-
13 : 978-0393350647.

 [BPS+15] Bauernhansl, Thomas, Dominik Paulus-Ro-
hmer, Anja Schatz, Markus Weskamp, Volkhard 
Emmrich, and Mathias Döbele. 2015. “Geschäfts-
modell-Innovation durch Industrie 4.0: Chan-
cen und Risiken für den Maschinen- und Anlagen-
bau“. Fraunhofer IPA.

 [Bri20a] Encyclopædia Britannica (UK) Ltd. 7 www.
britannica.com/science/Newtons-law-of-gravita-
tion. Accessed 13 Mar 2022.

 [Bri20b] Encyclopædia Britannica (UK) Ltd. 7 www.
britannica.com/science/Newtons-laws-of-motion. 
Accessed 13 Mar 2022.

 [Bro05] Bröring, Stefanie. 2005. “The front end of 
innovation in converging in-dustries: The case of 
nutraceuticals and functional foods”. Zugl.: Mün-
ster, Univ., Diss., 2005 (1. Aufl.). Gabler Edition 
Wissenschaft. Betriebswirtschaftliche Studien 
in forschungsintensiven Industrien. Wiesbaden: 
Deutscher Universitäts-Verlag.

 [Bro10] Bröring, Stefanie. 2010. “Developing inno-
vation strategies for convergence – is “open inno-
vation” imperative?”. International Journal Tech-
nology Management 4(1/2/3):272–294.

wards an open collaboration platform for 
multiple players, start-ups, and corporates 
alike.

To be successful, incumbents should 
provide their cohorts and partners with 
an Unfair Advantage to build and deploy 
their services and solutions across the Ag-
Food supply chain. Help to connect the up-
stream and downstream value chain allows 
direct interactions from retail to farm in-
puts. Enabling all participants to build, test, 
deploy, and scale business models with their 
cohorts, in start-up partnerships and with 
their corporate venture portfolio. So future 
and current programs would do well to join 
forces with adjacent incumbents along the 
value chain to create innovation ecosystems 
together acting as a foundation for mul-
ti-corporate acceleration programs, inno-
vation labs, start-up partnerships and com-
pany builders. This would be a true game 
changer.

Lastly, the way organizations are setting 
up their initiatives takes into strong consid-
eration where they currently are on their dig-
ital and cultural transformation journey. It 
has to be clear what can truly be provided 
to start-ups and partners to create an  Unfair 
Advantage. Initiatives need to follow a clear 
vision, be joined closely with corporate strat-
egy, if early on in the transformation. In a 
constantly changing AgFood value chain 
(see 7 Chap. 1), it requires a softer approach 
on execution and roadmaps to successfully 
correct assumptions and successfully posi-
tion in the AgFood transformation.
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diversity, and a fluid balance of fauna and 
flora. To the extent that crop production is 
intensified by artificial fertilizers, chemi-
cal crop protection, and more powerful, but 
also larger and heavier machines, the inter-
vention into existing ecosystems and the re-
sulting changes become more pronounced. 
On the positive side, there is unprecedented 
productivity in agricultural production at 
low cost and with high quality. At the same 
time, however, we also see the undesirable 
side effects, such as nitrification of ground-
water, decline in biodiversity, and harm-
ful compaction in the soil, to name just a 
few examples. Besides breeding and ferti-
lization / crop protection, the mechaniza-
tion and automation of work processes is 
the main driver of the productivity achieved. 
The economically justified demand of agri-
culture was and is the continuous increase 
of productivity in order to control and, if  
possible, further reduce process costs. The 
development departments of the AgMa-
chinery manufacturers have so far success-
fully responded to this by further increas-
ing the size of the machines, which can oper-
ate on a site-specific basis due to automation 
and achieve a reduction in effort and oper-
ating resources by increased efficiency. The 
quite reasonable and timely demand for re-
ducing the undesirable side effects of agri-
cultural production at the same time as in-
creasing productivity in order to move from 
a predominantly economically driven agri-
culture to a better balance in the sustainabil-
ity triangle is, although latently present, not 
yet a primary requirement for technology 
development today. This is also unlikely to 
change as long as additional costs for more 
sustainable production methods and plant-
friendly technology cannot be passed on as 
quality characteristics in the value chain. 
Consumers, however, have been fed a ro-
manticized and diffuse ideal image of agri-
culture by the food industry and the retail 
trade, and innovations are difficult to inte-
grate into this image. It is therefore (for all 
participants in the new value creation net-

3.1   Efficient Systems 
Engineering for Automation 
and Autonomous Machines

Thomas Herlitzius 

Abstract
The history of AgMachinery technology 
shows a shift toward methodological and ana-
lytical approaches. Nevertheless, research into 
the manifold material laws is still inadequate. 
The goal of development was and is the con-
tinuous increase of productivity. What is new 
is the motivation for more sustainable produc-
tion methods. In the next twenty years, ma-
chine concepts will change in the direction of 
highly automated, flexible equipment systems 
that can be used collaboratively and semi-au-
tonomously, and thus, the direct correlation 
between productivity and the size of a ma-
chine will become less important.

3.1.1   Introduction

In contrast to industrial production pro-
cesses, crop production takes place under 
outdoor conditions and on stationary crop 
sites. The individual process steps are sepa-
rated from each other both, spatially (dif-
ferent fields) and temporally (growth cy-
cle), and are subject to changing conditions 
of soil, terrain, and weather. In general, the 
treatment and processing of natural sub-
stances are characterized by a multitude of 
parameters, which cannot be defined and 
measured exactly and which exhibit great 
variance. As with any production process, 
the aim in agricultural production is also to 
achieve end-to-end plannability of effort and 
results in order to produce high yields with 
the desired and constant quality. The fo-
cus on a few specially bred crops and ma-
chine-oriented cultivation processes is, to a 
certain extent, continuously changing, which 
is characterized by constant evolution,  
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processes, a universal analysis does not ap-
pear to be appropriate in the near future, 
neither theoretically nor in terms of meas-
urement technology [KSS11].

In the last 30 years, powerful virtual de-
velopment tools have been added to the en-
gineers’ toolbox. Although they can narrow 
the gap to a complete description of ma-
chine functions, they are still far from clos-
ing it. In particular, moving critical devel-
opment issues forward improves develop-
ment efficiency and reduces iterations and 
the number of test machines while lowering 
development costs and / or increasing the 
quality of the result at the same time (see 
. Fig. 3.2). Virtual product development 
is used for component design, simulation of 
lifetime and functionality, as well as for sta-
tistical test planning. Well-known tools that 
are based on the three-dimensional para-
metric CAD modeling world are the finite 
element methods (FEMs), multi-body sim-
ulation (MKS), or flow and particle simula-
tion (CFD / DEM), to name just a few.

However, there are also clear limits to 
simulation tools for function development, 
as they do not adequately represent the di-
versity of natural substances and the calcu-
lation parameters can rarely be derived di-
rectly from material parameters (if  these 

works) a matter of showing that careful 
treatment of nature and animals is also pos-
sible on the basis of technological progress 
[VHS06].

3.1.2   Characteristics 
of Agricultural Machinery 
Development

The main focus of AgMachinery develop-
ment is on the functional theories of the 
working elements for material processing, 
where the work result per time and area as 
well as the energy demand are the most im-
portant optimization criteria. Despite ex-
tensive work in recent decades, research 
into the manifold material laws is still in-
adequate. Simplified models supported by 
measured process parameters are still char-
acteristic in this field. . Figure 3.1 illus-
trates the change in AgMachinery devel-
opment to methodological–analytical ap-
proaches, which have always been used in 
traditional engineering sciences.

Today, empirical theories with differ-
ent foundations allow estimations, which, 
however, still have to be validated by ex-
perimental analysis. For AgMachinery  

1860 1900 1940 1980 2020

sh
ar

e
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0 %

empirical 
theories

experience-based theories

mathema�cally 
based theories

. Fig . 3 .1 Development trend for the theoretical foundation of AgMachinery according to [KSS11]
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needs of known customer segments and 
markets. This is low risk, but the disadvan-
tage is that it produces mostly incremen-
tal innovations that do little to create dif-
ferentiation and uniqueness in the market. 
Again, it is important that there is a bal-
ance between pre-development and product 
development, so that trends are not missed, 
but a disciplined development process can 
be followed that delivers innovative as well 
as reliable and cost-effective products (see 
. Fig. 3.3).

One characteristic of current product 
innovations is that new features increas-
ingly deliver cross-product benefits, such 
as bidirectional data exchange with Farm 
Management Systems (FMIS) or the coor-
dination of neighboring machines. Follow-
ing the long phase of component and ma-
chine automation, we have now entered the 
era of process automation, where the indi-
vidual machine becomes the actuator of an 
FMIS. From this point of view, “machine 
intelligence” is limited to machine-internal 
process optimization, while the specifica-
tions for site-specific processing come from 
the FMISs, which realize a new level of au-
tomation above the machine level with the 
corresponding added value. According to 
this definition, it is not correct to speak of 

are even known) and therefore require addi-
tional transfer functions to be created. The 
simulation world, which is already idealized 
in itself, is additionally simplified and based 
on assumptions in order to optimize com-
puting time or to be able to perform com-
putations at all. This results in a multitude 
of error sources that can be controlled the 
better the more development experience 
can be built up in a development team. 
Based on such experience, it is possible to 
optimize and control the problem-specific 
balance between simulation, laboratory ex-
periments, and field experiments.

Today, digitalization technologies are 
opening up completely new perspectives 
for agriculture to find acceptable solutions 
for the seemingly unavoidable contradic-
tion between profitability and sustainabil-
ity, while at the same time realizing an in-
crease in value creation. Digitalization 
technologies are an outstanding example 
of “technology push,” where a market is 
sought for disruptive innovations based on 
visions and trends. Technology push means 
developing a technology out of an oppor-
tunity, whereby an inherent risk exists that 
the market requirements will be missed or 
misjudged. In contrast, “technology pull” 
means relying on the clearly expressed 

 

. Fig . 3 .2 Increasing use of virtual development tools
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The wide variety of influencing factors 
that will shape technology development in 
the next 20 years is depicted in . Fig. 3.4. 
The results of an unpublished expert sur-
vey by AVL in 2018 show that there is lit-
tle doubt that digitalization technologies 
and electrification will play a major role. 
The development of drones and  robotics, 

“smart tractors”, as these only support the 
attached implements and their embedded 
machine intelligence. From the perspective 
of machine development for tractors, im-
plements, and self-driving machines, there 
are therefore new requirements that need to 
interact with the level of process and farm 
automation in the best possible way.

competitive advantage

value benefit 
for customer price advantage

cost advantage
of Manufacturer

performance / 
output

product - specific systemic

product optimization (internally driven)

reliability
quality

product improvement based on market analysis

. Fig . 3 .3 Product development strategies

.

.

.

.

.

.

. . . . . . . . .

. Fig . 3 .4 Effects and probability of occurrence of factors influencing technology development in agriculture
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and isolated machine developments are 
only useful for niches. The field of AgMa-
chinery development is thus becoming even 
more complex, and in addition to finding 
solutions for the technical and economic 
requirements, it must also assume respon-
sibility for the interaction between agricul-
ture and the ecosystem with the objective 
of achieving closed cycles.

Automation helps to ensure that the 
technically installed process capacity can 
actually be utilized, but it has not been able 
to stop or reverse the trend toward ever 
greater growth in size. The continuous in-
crease in productivity with a simultaneous 
widening of the gap between the lower and 
upper performance classes is characteristic. 
The observed trend in growth over time is 
illustrated in . Fig. 3.5 using the example 
of the combine harvester.

In the upper segment, growth is five 
times stronger at 6.3 kW/a than in the lower 
segment at 1.4 kW/a. The widening gap be-
tween the lower and the upper power seg-
ments (1990: 200 kW vs. 2020: 350 kW) is 
an indicator that the high productivity of 
large machines cannot be implemented eco-
nomically in smaller farm structures and 
that there is and will continue to be de-
mand in the lower power segment. An ad-
aptation of farm structures and field sizes 
to higher machine performance oriented  

the replacement of operators by autonom-
ization, and the use of AI technologies are 
also seen as highly effective for the success-
ful transformation of agriculture, but are 
fraught with great uncertainties, as imple-
mentation timeframes, user acceptance, and 
economic viability are hard to predict and 
must be demonstrated starting in market 
niches (see 7 Sect. 1.5). The resource-rich, 
globally active, large AgMachinery man-
ufacturers have a problem with this ap-
proach, as risks and markets are very well 
understood and niches do not provide ac-
ceptable business cases, which can pre-
vent such disruptive innovations for a long 
time in strongly process-oriented organiza-
tions. In the survey, the traditional develop-
ment topics such as chassis that protect the 
ground or increased working speed and en-
gine power were shown to have little effect. 
This is in line with the finding that the lim-
itation in size and weight in the known ma-
chine concepts progressively increases the 
effort required to realize further productiv-
ity gains in relation to user benefits.

3.1.3   Mechanization 
and Automation as Drivers 
of Productivity on the Farm

The steadily increasing efficiency of today’s 
machines and implement systems in agri-
cultural machines has contributed signifi-
cantly to modern crop production reach-
ing high yield levels. This has enabled in-
dustrialized countries to achieve security 
of supply with high-quality food at low 
cost. However, the risks and side effects of 
high-performance technology and culti-
vation methods are becoming visible and 
measurable today (e.g., soil compaction, 
partial overfertilization, declining biodiver-
sity). Against this background, the require-
ments for new machine systems or even 
concept changes are extremely high, the 
constraints to be considered are complex,  

. Fig . 3 .5 Development trend of the installed engine 
power of combine harvesters, exemplified by the Ger-
man market [Böt13]
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all areas of agricultural production, which 
will enable a further increase in the level of 
automation.

3.1.4   Paradigm Shift 
from “Bigger, Faster, Wider” 
to Sustainability, Robotics, 
and Autonomy

Since around 2015, at Agritechnica in No-
vember, it has been clearly evident that the 
comprehensive digitalization of opera-
tional processes with a variety of products 
is starting to arrive in practice. Since then, 
several studies of autonomous machines 
have been presented, but all of them do not 
yet appear ready for production and are 
currently aimed at niche applications in or-
der to get the technology established.

The productivity of AgMachinery is di-
rectly linked to the size of the process area 
of a particular function. In the past, pro-
ductivity increases were mainly achieved by 
increasing the process area represented by 
working width, machine-internal process 
channel width, or working speed. When 
it comes to tillage, crop protection, ferti-
lization, and harvesting, the correspond-
ing storage volumes have also increased. As 
machines at the upper performance band 
increasingly reach the reasonable or legal 
upper limits on weight and dimensions, fur-
ther required productivity increases must 
be achieved without a further increase in 
weight and dimensions. Two seemingly mu-
tually exclusive ways to meet and reduce 
axle loads and dimensions become appar-
ent as follows:
5 A further increase in functional power 

density through intensive functional de-
velopment and the use of fiber compos-
ites to reduce the specific weight. High 
development costs and additional ma-
terial costs for fiber composites lead to 
a progressively deteriorating cost–bene-
fit ratio, with the costs increasing more 

toward high utilization of the technology 
has so far taken place only to a limited ex-
tent, and its acceptance in society is declin-
ing today. In addition to the increasing de-
velopment effort required to comply with 
the dimensional and axle load limits speci-
fied by road traffic regulations, manufactur-
ers are making further efforts to counter-
act the diversity of parts caused by the wide 
spread of power classes by using platform 
strategies. However, with the increasing 
spread of the model range and the grow-
ing number of variants, this is only success-
ful to a limited extent. For the reasons men-
tioned above, there is a general expectation 
among experts that machine concepts will 
change over the next twenty years in the di-
rection of machine systems with electrified 
drive systems that are highly automated 
and can be used flexibly and semi-auton-
omously [Böt15, KBS+13, GMU+17, 
BKA13, GB07, USW+17, HF17]. Produc-
tivity will then no longer be determined by 
machine size alone, but will become config-
urable for the specific use case through the 
number of units used when the power of 
the individual systems is reduced. The par-
adigm of continuous growth in the produc-
tivity of a unit (machine), which has been 
valid since the beginning of mechanization 
in agriculture, could be replaced by modu-
lar machine systems with smaller units and 
a high level of automation, which would 
make productivity scalable again and better 
adaptable to the process chains. This is an-
other reason why the development focus of 
AgMachinery manufacturers has been on 
process automation since the 1990s. Despite 
the availability of vehicle platforms with so-
phisticated automation features as a prereq-
uisite for process automation and autono-
mous driving, there is still a great need for 
development in the acquisition of informa-
tion on soil and plant properties. The cur-
rent state of development in ambient and 
process sensor technology is still inadequate 
to enable complete process automation. 
Digitalization technologies will penetrate 
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paths require considerable development re-
sources and involve risks and therefore re-
quire lead time. On the other hand, there 
are efforts to further push existing machine 
concepts to the limit of what is feasible in 
order to postpone the time for a decision so 
that the trends become more visible and can 
be assessed better. The basic development 
strategy question of defining productivity 
in a machine or in a machine system is ad-
ditionally influenced by the possibilities and 
trends of digitalization technologies and the 
demand for best possible support of process 
and farm automation (Smart Farming). 
Under this aspect, the development of Ag-
Machinery must expand its focus from the 
individual product to the production system 
of a farm, which will cause major problems 
especially for large manufacturers with their 
machine-focused, thoroughly optimized, 
and highly meshed product development 
processes. If  we consider the ability of man-
ufacturers to successfully establish Smart 
Farming technologies on the market and 
superimpose their customers’ understand-
ing of the applications on their own digital-
ization competence, the following diagram 
emerges (see . Fig. 3.6).

than the benefits, which makes machine 
amortization even more difficult.

5 Well-known machine concepts are shift-
ing toward highly automated, flexibly 
operating machine systems with hybrid 
energy sources and distributed drive ar-
chitectures [Wit19, BSW+05]. Mul-
ti-machine operation or autonomous 
systems mean that labor costs do not 
increase and machines can be smaller 
again. Thus, the number of platforms 
and the variety of parts can be reduced, 
which would be a basic prerequisite for 
disruptive ideas currently under discus-
sion, such as Spot Farming or Patch 
Cropping with site-specific and extended 
crop rotations [WUH+17].

Whereas in the first case, functional devel-
opment has to be intensified and new ma-
terial knowledge has to be implemented—
from calculation via validation and man-
ufacturing to recycling—the focus in the 
second case is on process automation, plat-
form and module strategies, and the best 
possible (HMI) support for the new op-
erator role. On the one hand, the time has 
come to make a decision because both 

. Fig . 3 .6 Strengths and weaknesses of technology providers and service providers in a Smart Farming applica-
tion world
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ing and evaluation of nutrient cycles, there 
are also disadvantages that must be under-
stood, such as high investment costs, fail-
ure probabilities due to changing environ-
mental factors, legal uncertainties, or farm 
structures not designed for autonomous 
AgMachinery. When considering autono-
mous agricultural systems, the evaluation of 
the benefits must be differentiated accord-
ing to application areas, and labor and so-
cial aspects must be taken into account. In 
principle, autonomy is never about replac-
ing the labor force, but about the changed 
role away from routine activities and to-
ward management and problem-solving  
competence.

In agriculture, the use of autonomous 
agricultural systems is currently the sub-
ject of a controversial debate. In the next 
few years, automated and autonomous Ag-
Machinery is expected to become much 
more widespread in practice. Therefore, it 
is necessary to analyze the manifold open 
questions regarding benefit, reliability, 
safety, responsibility, and legal security (see 
7 Sect. 1.7). To increase the usability of 
the technology, systemic solutions as well 
as practice-oriented system integration are 
important. Completely autonomous sys-
tems are not feasible in the open field in 
the short to medium term and might not 
even be desirable. In contrast to road traf-
fic, which defines six levels on the way to 
autonomy, AgMachinery technology must 
use a derived approach of its own because a 
distinction must be made between different 
states of driving and process functions (see 
. Tables 3.1 and 3.2) and because the tran-
sitions between the individual levels will be 
gradual.

The discussion about autonomous ma-
chines has become so central in recent 
years because, on the one hand, the neces-
sary technologies are gradually becoming 
available and, on the other hand, because, 
as described above, the potential is seen to 
meet the current challenges regarding Ag-
Machinery far better than is possible with 

The resource-rich market leaders lack 
the application background to cooper-
ate with FMIS. The approach of integrat-
ing FMIS functionality on the machine or 
around the machine suffers from the inher-
ent problem that the levels of automation 
become mixed and that data flows and de-
cision chains become non-transparent and 
inhomogeneous. The smaller companies, on 
the other hand, lack the foresight and the 
vision of digital networking, even though 
they are much closer to the users and also 
benefit much more directly from successful 
customers, due to the respective players’ fo-
cus on users with their products.

Today, there are only a few areas where 
money can be made directly with digital 
tools. Most manufacturers are (still) in the 
investment phase and cross-subsidize. Here, 
added value for the respective providers is 
more likely to be generated through “cus-
tomer loyalty” or “customer transparency”. 
This can be seen quite clearly in the Innova-
tion and Digitalization segment of BayWa, 
where Digital Farming and e-business ac-
tivities are bundled: With revenues in the 
amount of €5.6 million in the first half  of 
2020, EBIT of €-6.8 million was generated 
[Bay21].

No one is yet in the “sweet spot” of dig-
italization competence and user under-
standing, and the question for everyone is 
whether and how to get there and which in-
ternal and external obstacles must be over-
come to get there, or which new companies 
and business models will emerge here.

3.1.5   Challenges of Autonomous 
Systems

The use of autonomous systems makes sense 
specifically when automation simplifies work 
in agriculture and increases the sustainability 
of agricultural production. Besides numer-
ous advantages for autonomous machines 
such as workload relief or more sustain-
able management through digital record-
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5 policy framework and regulations, in-
cluding constraints regarding fertilizer 
application and crop protection.

. Figure 3.7 shows an overview of how the 
trend toward autonomous machines will 
continue over time and for specific markets 
according to the various categories in . Ta-
ble 3.2.

While fully human-controlled systems 
will remain similar to the way they are to-
day, significant changes are to be expected 
for the other three classes. Assisted systems 

 existing machine concepts. The technology 
drivers are, in particular,
5 sensor and actuator technology,
5 image processing and AI,
5 wireless communication technologies,
5 electrified drives,

while the application-relevant drivers are
5 climate change and changing crop culti-

vation systems including crop rotations,
5 process cost management and profitability,
5 trust in and acceptance of autonomous 

technology by farmers, and

. Table 3 .1 Six levels of autonomous driving based on the SAE Standard J3016

Monitored
operation

1 Driver only

2 Assisted Machine navigates and provides  
diverse degrees of processing  
component automation3 Partial Automation

Non-
monitored
operation

4 Conditional Automation Machine operates autonomously,  
operator on standby

5 High Automation Operator not required for certain  
periods

6 Full Automation

. Fig . 3 .7 Expert survey on development trends in machine autonomy [DFH+19]
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plications in order to get the technology es-
tablished.

Under this aspect, the development of Ag-
Machinery must expand its focus from the in-
dividual product to the production system of 
a farm, which will cause major problems espe-
cially for large manufacturers with their ma-
chine-focused, thoroughly optimized, and 
highly networked product development pro-
cesses. Completely autonomous systems are 
not feasible in the open field in the short to 
medium term and might not even be desirable.

In general, it can be concluded that there 
will be a clear trend toward autonomous ag-
ricultural systems in the long term, but the 
speed with which farmers will adopt auton-
omous systems will differ significantly be-
tween the different markets. The adoption of 
autonomous technology will be spearheaded 
by North America and Western Europe.

3.2   Precision Farming

Patrick Noack 

Abstract
The following section gives an introduction 
to the history as well as the state of art of 
Precision Farming and ends with an outlook 
on future developments. It also provides an 
insight into the core technologies behind the 
concept of Precision Farming.

will be able to support more complex actions 
and will be equipped with more cameras and 
more safety functions. The class of super-
vised autonomous machines will continue to 
evolve, with decreases in the requirements on 
the presence and qualifications of the super-
visor over time and an increase of field- and 
application-specific autonomous actions, all 
the way to more universal actions. The class 
of fully autonomous machines is evolving 
from pure demo systems via systems that act 
autonomously on the field based on defined 
plans once they are there, to systems that re-
ceive a rough plan from other systems and 
then act fully autonomously.

3.1.6   Summary and Outlook

Supporting sustainable production systems 
in agriculture is not a primary requirement 
for technology development. This will not 
change much as long as additional costs for 
more sustainable production methods and 
plant-friendly technology cannot be passed 
on as added value in the value chain. In the 
last five years, it has become clearly evi-
dent that the comprehensive digitalization 
of operational processes with a variety of 
products is starting to arrive in practice. 
Since then, several studies of  autonomous 
machines have been presented, but all of 
them do not yet appear ready for series 
production and currently aim at niche ap-

. Table 3 .2 Revised levels of autonomy for AgMachinery in the ISO 18497-1 standard

Levels of
autonomy

Manual
Non-Automated

Partially
automated

Semi -
autonomous

Autonomous

Functions Non-Automated

Automated

Modes Manual mode

Autonomous mode
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term is closely related to site-specific man-
agement. Additionally, the emergence of 
GNSS technology provided the ability to 
determine the location of tractors and im-
plements and to control the application rate 
at a given position in real time.

Initially, the concept of site-specific 
management and variable rate application 
struggled with both technical and agro-
nomical hurdles. On the technical side, the 
development of electronics in agriculture 
was still in an early phase, resulting in pre-
mature systems and limitations with respect 
to computing power. At the same time, the 
lack of standards for connectors and data 
protocols led to proprietary and monolithic 
solutions not sharing common components 
like displays or sensors (GNSS). The agro-
nomical challenges were founded on un-
clear strategies with respect to managing 
low and high yielding zones. Some agrono-
mists suggested to reduce the management 
intensity in areas with low yield, arguing 
that less input is needed to maintain plant 
growth. Others suggested to increase the in-
tensity with the aim of increasing yield and 
making use of the yield potential. The un-
derlying issue is that plant growth is driven 
by many different factors like the content 
of different nutrients in the soil, soil pH, 
water availability, soil compaction, soil tem-
perature, and other meteorological meas-
ures and that even under same conditions 
different crops and breeds will react dif-
ferently to the environmental factors listed 
above.

In early 1990s and early 2000s, site-spe-
cific management has only been integrated 
into the farm management by early adop-
ters. Apart from the fact that electronic 
components were improved and the stand-
ardization of the communication between 
controllers and terminals on tractors and 
implements [ISO17] went forward helping 
technology for site-specific management 
to become more reliable and versatile, new 
applications based on GNSS technology 
were introduced into the market.  Starting 

3.2.1   Introduction and History

Precision farming is a term that has been 
coined the 1990s initially focusing on plant 
production. In the following years, it has 
been extended to cover additional fields. 
This section has a strong focus on plant 
production and will not cover the applica-
tions of precision farming in other areas 
like e.g., livestock farming. The focus of 
Precision Farming lies on optimizing agri-
cultural production based on data and in-
formation in opposition or in addition to 
management based on knowledge and tra-
dition. The optimization may target eco-
nomical, ecological, or social aspects and is 
therefore closely related to sustainability.

During the last years, different terms 
have been coined to describe informa-
tion-based farm management. Precision ag-
riculture was the first term already intro-
duced in the 1990s. Later on, information 
or data-based agriculture has been labe-
led as Smart Farming, Digital Farming or 
Farming 4.0. None of the above-mentioned 
terms have been defined clearly enough to 
justify a distinction. From a practical point 
of view, all concepts supply digital toolsets 
which help to support the production of 
food, feed, raw materials, and biofuels by 
providing decision support or the automa-
tion of processes.

One of the initial drivers for preci-
sion farming was yield mapping. In the 
late 1980s and early 1990s, scientists and 
the agricultural industry started integrat-
ing mass flow sensors in combine harvest-
ers along with satellite navigation technol-
ogy (GNSS). The yield data collected in 
the field were processed in geographic in-
formation systems (GIS), resulting in yield 
maps revealing the local differences in yield 
on a subfield level. The concept of variable 
rate application (VRA) evolved out of the 
maps supplying information on local yield 
variation. VRA implies that fields are sub-
divided into management zones, which are 
treated according to local deficiencies. The 
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soil, and weather. The system has also been 
adopted to control fertilizer spreaders, 
seeders, and even hoeing machines.

Meanwhile, both, automatic steering 
systems and section control systems with 
partly standardized interfaces (ISO 11783) 
are state of the art and are being adopted 
even on medium-sized and small farms. 
This has also removed most of the eco-
nomic entry barriers for site-specific man-
agement as most of the components needed 
to implement variable rate technology like 
GNSS receivers and standardized terminals 
are already present on tractors and have 
been paid for. In addition, the availability 
of spatial information on plant growth and 
plant nutrient content has become availa-
ble at a much lower or even no cost due to 
the availability of high-quality satellite data 
(Sentinel Mission) and unmanned aerial ve-
hicles (UAV) with multispectral cameras.

3.2.2   Technology

Precision farming technology is a set of tools, 
most of which have not been specifically de-
signed for the application in agriculture.

3.2.2.1   GNSS and Other Positioning 
Devices

When it comes to plant production, GNSS 
is the most important tool as it provides ac-
curate information on absolute position, 
time, speed, and heading [Zog09]. How-
ever, GNSS was initially developed for mil-
itary purposes in the late 1970s and early 
1980s by the Americans and the Russians 
in parallel. GNSS receivers were the mid-
wife for precision farming when enabling 
yield mapping to reveal the extent of varia-
bility within fields. They also play a key role 
for variable rate application, section con-
trol, and automatic steering systems. In ad-
dition, GNSS sensors are applied for field 
boundary mapping, soil sampling, field 
scouting, the documentation of tasks, and 
the autonomous operation of UAV. It be-

off  with so-called parallel swathing sys-
tems that indicated the optimal driving di-
rection for minimizing gaps and overlaps 
while working the field by LEDs, steering 
technology entered the market as of the be-
ginning of the new decade in 2000. The first 
automatic steering systems were already op-
erating based on RTK-GNSS and featured 
2,5 cm absolute accuracy when steering 
a tractor automatically along predefined 
tracks. Despite the high price, the systems 
were quickly accepted by farm managers 
and machine operators as their benefits (re-
duce overlaps and gaps) were independent 
of crop, breed, nutrient content, soil mois-
ture, and meteorological conditions.

Automatic steering systems were ini-
tially also expensive because the retrofit in-
tegration into existing tractor hydraulics 
was complicated and thus expensive. As a 
result, so-called steering assistance systems 
have been introduced. They apply electric 
motors to interface with the tractor steer-
ing wheel or the steering column reducing 
the time for installation dramatically. To-
day, most modern tractors are equipped 
with interfaces for automatic steering sys-
tems ex-factory which—along with other 
factors—has been resulting in a substantial 
price reduction. An additional application 
based on GNSS technology is section con-
trol (SC). With increasing boom widths, the 
manual actuation of single sections at the 
headland of fields has been introducing an 
increasing inaccuracy with respect to longi-
tudinal overlapping and gaps when apply-
ing agrochemicals. Section control systems 
monitor and actuate the activity of single 
boom sections (or even nozzles). The sys-
tems monitor the area which has already 
been covered by the application (coverage 
map). Sections travelling over an area that 
has already been covered are automatically 
switched off  and back on when re-entering 
untreated areas. Again, section control was 
successfully introduced and well accepted 
by farmers because their operation is inde-
pendent of agronomical factors like plants, 
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This term describes software that is de-
signed to store and analyze data on farms, 
fields, machinery, tasks, inputs, and work 
force. It may be described as an Enterprise 
Resource Planning software (ERP) for ag-
ricultural operations. These software prod-
ucts need spatial awareness and thus GI 
functionality if  the spatial variability is 
to be taken in account for optimizing the 
farm, machine operations, the use of re-
sources, or a dedicated production system. 
FMIS have traditionally been operated on 
local computers and laptops. Today, the 
trend goes toward server- and cloud-based 
solutions, which can be accessed from dif-
ferent devices and even machines and im-
plements with an online connection to a 
communication network.

3.2.2.3   Wired and Wireless 
Communication Systems

The concept of precision farming implies 
that devices such as controllers, sensors, 
actuators like hydraulic valves, and elec-
tric motors need to communicate based on 
wireless or wired communication channels. 
At the same time, controllers have to access 
data sources for reading or writing data 
and information.

The communication between devices in 
a tractor, in an implement or in a self-pro-
pelled machine like a harvester, may be im-
plemented on a proprietary basis. However, 
if  machinery from different manufacturers 
exchange data through a communication 
network, standardization is a key for seam-
less data exchange. Based on a German ini-
tiative [D97], the ISO 11783 [ISO17] stand-
ard has been developed to define a com-
munication protocol, size and layout of 
connectors, functionalities (section con-
trol, variable rate, task documentation), 
data formats (ISO XML) and universal ter-
minals (UT) which provide a brand-inde-
pendent user interface to implements and 
the above-mentioned functionalities. The 
standardization is key for controlling and 

comes clear that the application of GNSS is 
fundamental to the implementation of pre-
cision farming in crop production.

Apart from GNSS, relative positioning 
devices such as lasers, ultrasonic sensors, 
and tactile sensors are being used to con-
trol the path of travel of machinery or the 
height of implements (e.g., sprayer booms).

3.2.2.2   GIS and FMIS
The second tool are geographic informa-
tion systems (GIS) which are generally de-
signed to display, create, edit, transform, 
and merge spatial information in both vec-
tor format and raster format. They may be 
installed on (mobile) PCs/laptops, servers 
or mobile devices such as tablets or mobile 
phones. If  installed on mobile devices, they 
are applied for mapping and location-based 
data collection. A company called ESRI 
(Environmental Systems Research Institute 
[E20]), founded in 1969, was and is one of 
the main drivers for the development and 
deployment of GIS. As the name states, 
GIS were initially developed to understand 
and study the spatial nature of environment 
in general.

The ability to process raster data in GIS 
is the basis for analyzing and processing 
satellite imagery and aerial images acquired 
with UAV and airplanes. Other incoming 
data are yield maps, soil maps, sensor data, 
and task data collected during field oper-
ations. In opposition to imagery, most of 
this data is handled as vector data which 
consists of geometries (points, lines, poly-
gons) and information related to the geom-
etries mostly in the form of databases. GIS 
are used to create and export data, e.g., in 
the form of application maps for variable 
rate application. In this case, the database 
contains desired target rates for given loca-
tions, which are to be processed when trav-
elling in the field for controlling the appli-
cation rate of implements.

GI technology is closely related to Farm 
Management Information Systems (FMIS). 
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being applied for steering and control ap-
plications (e.g., detection of swath height 
during forage harvest).

The application of spectrometers or im-
aging sensors that measure the reflection, 
transmission, or absorbance of light in the 
range beyond red (near infrared) is widely 
applied for determining the chemical com-
position of materials. Multispectral sen-
sors with sensitivity to near-infrared wave-
lengths have been applied for remote sens-
ing to acquire satellite images as of the late 
1970s. Despite the low resolution, satellite 
images have helped to understand the var-
iation of plant growth in both, natural eco-
systems, and agricultural crop production 
systems. Remote sensing has evolved with 
a growing number of satellite systems, de-
creasing costs, and increasing spatial and 
spectral resolution. Today, remote sensing 
is a key technology in precision farming. 
It has been supplemented by the rapid pro-
gress in the realm of UAV, which can carry 
multi- or even hyperspectral cameras, re-
sulting in images with a much higher res-
olution than satellite images while being 
mainly independent of cloud cover.

Mounted on tractors, NIR sensors are 
being applied for deriving the nitrogen con-
tent of crops based on the reflection of sun-
light or artificial light sources. These sys-
tems are known as nitrogen sensors. They 
help to adapt the application rate of ferti-
lizer spreaders or sprayers online accord-
ing to the nutrient status of the plants. NIR 
sensors are also increasingly used for mon-
itoring the dry matter content and other 
chemical properties of feed, energy plants 
and small grains during harvest in com-
bines and more commonly in self-propelled 
forage harvesters. Some of these systems 
may even be used in the cowshed for ana-
lyzing the quality of grass and corn silage 
for optimizing the feed ration. During the 
last years, NIR has also entered the anal-
ysis of soil properties. Attached to imple-
ments or stand-alone systems, NIR spec-
trometers continuously monitor the content 

optimizing processes during farming oper-
ations and enables multiple use of compo-
nents and functionalities independent of 
brand and model of tractor and implement. 
The development and continuous improve-
ment and extension of the ISO 11783 have 
helped to make the application of precision 
farming successful and to raise the accept-
ance of farm managers and machine oper-
ators.

Data exchange with Farm Management 
Information Systems (FMIS) has tradition-
ally been performed with data storage de-
vices such CF-, SD cards, or USB sticks. 
The devices were used both, for importing 
data like application maps for variable rate 
application as well as exporting data like 
task data log files documenting field opera-
tions for later use in the FMIS.

Today, the trend goes toward the wire-
less transmission of data, mainly based 
on mobile communication networks. On 
the one hand, this accelerates the data ex-
change, especially when machinery is being 
operating in the field over a longer period 
without returning back to the farm prem-
ises. This is especially of great relevance 
when it comes to transmitting data that is 
time critical like nitrogen application maps 
or the real-time position of vehicles in har-
vest chains. On the other hand, issues re-
lated to defective storage devices and data 
conversion can be avoided when transfer-
ring data directly from a tractor or imple-
ment to a server or cloud service.

3.2.2.4   Sensor Technology
Apart from GNSS and sensors applied in 
standard mechatronic applications (an-
gle encoders, inductive sensors), image and 
spectral sensors play the most important 
role in agriculture. Images from ordinary 
RGB cameras are applied for detecting de-
fective grains in combine harvesters and for 
identifying weeds and bugs in the field. At-
tached to UAVs, they have also proven to 
be helpful when it comes to evaluating crop 
cover or plant density. Stereo cameras are 
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reduce driver fatigue, extend the working 
hours into times of poor vision (fog, dust, 
night), and release a substantial amount of 
attention of the driver for monitoring im-
plements and system parameters of the op-
eration process resulting in higher opera-
tion quality. Besides that, steering systems 
are a door opener for new approaches to 
farm fields like controlled traffic farming, 
strip tillage, intercropping, and cross-hoe-
ing. Automatic steering systems have been 
paving the way toward autonomous ag-
ricultural vehicles. The technical feasibil-
ity of autonomous tractors and robots has 
been proven in numerous research projects 
(see 7 Sect. 3.1). The dissemination is very 
slow due to legal constraints and liability is-
sues (see 7 Sect. 1.7).

3.2.3.2   Documentation 
and Mapping

The documentation of tasks performed 
in the field is the basis for later analysis in 
FMIS and optimization. The ISO 11783 
standard provides a basis for logging all rel-
evant parameters during field operations, 
e.g., position, speed, fuel consumption, and 
application rate. Additional data can be 
collected with dedicated sensors or sample 
mapping missions aiming at logging data 
which is relevant for plant growth or re-
flects plant growth development (yield, nu-
trient content, electric conductivity, soil or-
ganic matter, plant cover). The data pool 
may be enriched by crop scouting data col-
lected in the field. The data pool or data 
lake provides the basis for later analysis of 
costs, quantities, and qualities of yield as 
well as environmental impact of farming: 
it provides the basis for Big Data Analytics 
and the application of artificial intelligence 
to agricultural data.

3.2.3.3   Implement Control
Precision farming provides various meth-
ods for optimizing the operation of tools 
on implements, in self-propelled machinery, 

of organic matter and other chemical prop-
erties of the soil either for adapting seed 
rate or seed depth online or for mapping 
and later consideration and the compilation 
of application maps.

The understanding of soil moisture 
distribution and the ability of the soil to 
hold water becomes more and more im-
portant when facing the challenges of cli-
mate change. Mobile sensor devices meas-
uring the geo-electric or the geo-magnetic 
conductivity of the soil help to visualize 
the spatial distribution of the water-hold-
ing capacity. The resulting data and maps 
can be used offline to adapt seeding density 
and to control irrigation systems (variable 
rate seeding and variable rate irrigation). 
In opposition to the above-mentioned mo-
bile sensors delivering relative spatial distri-
bution of soil water content, stationary sen-
sors measuring the soil electric conductiv-
ity or applying more sophisticated methods 
like frequency domain reflectometry (FDR) 
or time domain reflectometry (TDR) pro-
vide absolute soil moisture measures based 
on calibrations for different soil types. 
These systems propagate electrical or mag-
netic field in the soil and determine the 
soil moisture based on the frequency shift 
caused by the soil water or the time for an 
echoed signal to return to its origin.

3.2.3   Applications

3.2.3.1   Steering and Autonomous 
Vehicles

The most prominent application of pre-
cision farming in crop production is au-
tomatic steering systems. They help mini-
mize overlaps and gaps during all field op-
erations and result in even distribution of 
fertilizer, AgChemicals, and seed. It is also 
reported that operating speed is generally 
higher and the time for turning can be de-
creased when the driver is being supported 
by steering systems. The systems help to 
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controllers. This concept has been labelled 
as tractor implement management (TIM). 
The background is that sensors on the im-
plement can collect data which help to im-
prove the efficiency or the quality of the 
current operation. However, in traditional 
tractor-implement configurations, the im-
plement controller lacks the ability to ma-
nipulate the actors residing in the tractor, 
e.g., tractor speed, three-point-hitch posi-
tion or hydraulic valve actuation. TIM pro-
vides a CAN-based protocol based on the 
ISO 11783 standard that enables the imple-
ment controller to send commands to the 
tractor to adapt the above-mentioned pa-
rameters. TIM has proven to increase the 
efficiency of farming operations by sup-
porting the operator in various demo pro-
jects.

3.2.3.4   Outlook
One of the main challenges in plant pro-
duction is reducing the application of Ag-
Chemicals. Due to the high pressure from 
ecologists, politics, and the consumer side, 
it is very likely that precision farming solu-
tions related to the reduction of AgChem-
icals or alternative methods for detecting 
and erasing weeds and bugs will be availa-
ble in the near future.

Artificial intelligence and Big Data sci-
ence may be tools that help to support the 
development. They will also help to extract 
valid information, decision support or data 
for the desirable features for further reduc-
ing the risks caused by decreasing work 
force in agricultural production. This fields 
needs regulations and a proper concept for 
liability (see 7 Sects. 1.6 and 1.7).

Last but not least, man–machine inter-
faces need to be improved in order to main-
tain the link between the unquestioned 
value of human knowledge, intuition, and 
tradition on the one hand and the poten-
tial of data mining and automation on the 
other hand.

or even for having implements control actu-
ators on tractors (tractor implement man-
agement, TIM).

Section control is a very straightfor-
ward approach originally designed to con-
trol sections or even single rows or nozzles 
on sprayers, seeders, and fertilizer spread-
ers for avoiding longitudinal overlaps and 
gaps. This mechanism helps to reduce the 
consumption of resources, saves costs, and 
helps to distribute material (seed, fertilizer, 
agrochemical) evenly in the field. How-
ever, the potential of section control has 
not yet been fully exploited. Section con-
trol systems may be applied when it comes 
to switching sprayers or fertilizer spreaders 
automatically off  when they approach pro-
tected landscape elements like hedges, riv-
ers, and lakes. Additionally, a current trend 
is to apply section control when it comes 
to leaving single tracks or parts of the field 
free for ecological purposes (nesting birds, 
bee pasture).

Variable rate technology is designed to 
control the application rate of implements 
according to application maps or sensor 
values when travelling over the field.

This approach is key for reducing costs 
and unintended leaching of nutrients and 
AgChemicals satisfying both, the eco-
nomic welfare of farmers and the require-
ment to reduce negative impact on the en-
vironment. A wide variety of data is avail-
able as input for the creation of application 
maps, such as soil maps, soil sensor maps, 
UAV images, satellite images, and meteor-
ological models. Numerous research pro-
jects have proven that local models are able 
to produce viable application maps for local 
conditions [ZSJ+10]. Artificial intelligence 
is already starting to help creating regional 
or even global models that process appli-
cation maps with less effort and in a repro-
ducible manner.

Another promising approach is the au-
tomation of tractors based on implement 
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This is nothing new. In fact, in 1962, Cor-
nelius Siegling had already developed an 
autonomous plowing tractor [FRK+15]. 
But the fact that these are all prototypes 
underlines also that there is still a way to go 
until the autonomous tractor will be reality 
in the field.

However, even though, there is not yet 
one autonomous tractor working fully au-
tonomous in the field, does not mean that 
the functions which come with such a trac-
tor are not yet implemented on the ma-
chines. Typical features like plant detection, 
automatic steering, and row detection have 
already been in place for years and show 
that even though there is no autonomous 
tractor yet, one can observe a great vari-
ety of autonomous functions being imple-
mented at AgMachinery nowadays.

To understand the gap between an au-
tonomous working tractor and autono-
mous functions, a closer look at the Soci-
ety of Automotive Engineers (SAE) Stand-
ard J3016 for automated driving is helpful 
[SAE20]. The standard differentiates be-
tween 5 different levels of autonomous 
driving (see . Fig. 3.8). On the least auto-
mated level (SAE Level 1), the driver has 
assisting features like blind spot warning, 
but must steer, brake, accelerate, and always 
supervise possible features. At the highest 
automated level (SAE Level 5), the driver 
might sit in the driver seat, but the driver is 
not required to steer, break, or accelerate, 
not even to interfere. It is assumed that the 
system will perform its task completely au-
tonomously at all times, on all terrains and 
under all different circumstances, independ-
ent of unplanned events.

Following this classification, we wit-
ness a time of being just between SAE level 
3 with functions like GPS-guided steer-
ing and SAE level 4 with, for example, sys-
tems where one tractor is leading others 
(e.g., Feldschwarm from John Deere [Fel20] 
or Guideconnect from Fendt [Agc20]). 
Yet, to bridge this gap between SAE level 
3 and SAE level 4, a safe, reliable surround 
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Abstract
At the Agritechnica 2019, one could see a no-
table variety of autonomous machines. Yet, 
seeing the number of autonomous machines 
in the field, it becomes obvious that there is 
still a way to go until a fully autonomous ma-
chine is operating at the field. However, what 
we do see, are more and more functions which 
enable, for instance, tractors to work almost 
autonomously. RTK-based steering is only 
one example that points out the path in which 
the AgMachinery sector is leading. In order 
to continue the path of more and more auto-
mation, safe surround sensing is, among other 
challenges (e.g., legal aspects, social aspects, 
see 7 Chapter 1), the key challenge. In this 
section, it shall be outlined what are the tech-
nological challenges related to safe surround 
sensing and how they can be overcome.

3.3.1   Introduction

There is a plethora of reasons why farmers 
need to be more efficient in the upcoming 
years. As described in 7 Sect. 1.2, from a 
European perspective, we do see more and 
more upcoming regulations governing the 
use of fertilizer and plant protection prod-
ucts, an increasing price pressure for land 
and labor, and a continuing decrease of ar-
able land while at the same time the world 
population is increasing. As described in 
previous chapters of this book, Digital 
Farming and with this the automatization 
of agricultural processes can be one tool 
to support farmers in this difficult environ-
ment.

Seeing the numerous concept studies of 
different tractor manufacturers at the Ag-
ritechnica 2019, it becomes obvious that 
manufactures are collecting experience with 
developing (semi-)autonomous machines. 
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The aim of this section is to contribute 
to the debate on safe surround sensing for 
AgMachinery by outlining the challenges 
related to safe surround sensing, by provid-
ing possible solutions to the challenges, and 
by giving a short outlook on how the indus-
try might develop. To structure the different 
challenges (and later the different solutions) 
in a comprehensive way, we will use a sim-
plified V-Model. This model encompasses 

 sensing in a rough environment is certainly 
one crucial enabler. Seeing the status quo, 
this is an extremely difficult task, especially 
if  the whole system shall be commercially 
feasible (what we should assume). So far, 
no machine manufacturer has been able to 
take this huge step. . Figure 3.9 underlines 
the challenges: look closely, do you recog-
nize the man standing next to the machine?

. Fig . 3 .8 SAE levels of driving automation; source: own creation based on Shuttleworth [Shu20]. Blue: driver 
activity, grey: automated driving activity

. Fig . 3 .9 Object detection in the field
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Based on the precise specifications, the 
system architecture is derived. The central 
questions during this task are what soft-
ware and hardware are needed to meet the 
criteria specified before. Moreover, the dif-
ferent interfaces between the hardware and 
the software components need to be spec-
ified. At the end of this phase, the whole 
system should be ready to be implemented.

The implementation is the next step. 
Once the different components have been 
implemented, the testing begins, starting 
with the single hardware/software modules. 
The next step is the integration testing. In 
this context, the single components are in-
tegrated and tested to check for instance 
problems regarding the interaction between 
the different components. In the last part 
of the testing, the whole new system is val-
idated.

There are obviously strong interactions 
between the different development steps 
not only in the order in which they are de-
scribed here, but also between steps on the 
left and right side. For instance, those who 
write down the specifications need to con-
sider that these specifications must be testa-
ble in a coherent way.

3.3.3   Challenges in Safe Surround 
Sensing

Each of the steps described above is associ-
ated with great challenges when it comes to 
the development of a safe object detection 
system for the off-road terrain. In the fol-
lowing part of this section, these challenges 
will be described.

In line with the V-Model, we assume 
that the desired product would be a safe 
object detection system which can be in-
tegrated into different types of machines. 
Then the definition of safe in the context 
of the variety of use cases of different ma-
chines would be the first challenge. How 
can this be further specified? As noted by 
[DFH+19], there is a plethora of different 

all important steps of the development of a 
(software) system and is thus a good guid-
ance to ensure the different challenges are 
considered at different points in time. The 
following part of this section gives will give 
a short outline of this model.

3.3.2   V-Model

The V-Model is designed to guide develop-
ment processes in an encompassing way by 
differentiating between the different devel-
opment steps [FKS+09]. In this section, we 
simplify the V-Model and differentiate be-
tween four different steps: system under-
standing, system architecture, implementa-
tion and testing/validation (see . Fig. 3.10 
below). For further details regarding the 
V-Model and how you can use it for project 
management see [FKS+09].

In the first phase, the so-called system 
analysis phase, it is essential to understand 
the system to specify the final system as de-
tailed as possible. Having a user perspective 
and being able to answer questions such as 
for what, how, when, why, and under what 
conditions the future user will work with 
the system is essential in this phase. A so-
phisticated specification of the system can 
only be developed once these questions are 
answered completely and hence a deep sys-
tem understanding is reached. For this pur-
pose, it makes sense to break the system 
down into different functional units / sub-
systems (components), which are defined 
very precisely in the specification.

. Fig . 3 .10 Simplified V-Model Source: ITK Engi-
neering
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LiDAR is based on the emission and re-
ception of light. Laser beams are emitted 
instead of diffuse light. The distance is cal-
culated based on the elapsed time between 
emitting and receiving the beam. Two types 
can be distinguished: (1) mechanical Li-
DAR uses rotating parts for beam steer-
ing and (2) solid-state LiDAR, which uses 
techniques without mechanical elements for 
beam steering (e.g., an optical phased ar-
ray) [PYC+17]. The radar sensor emits ra-
dio waves and receives the reflected sig-
nals. Similar to LiDAR, there are two dif-
ferent techniques for measuring distance: 
(1) pulse radar measures the time of flight 
of a radio wave pulse and (2) the frequen-
cy-modulated continuous wave (FMCW) 
radar measures distance by analyzing the 
phase shifts. Frequency modulation is used 
to cope with ambiguities. Relative motion 
of a target causes a Doppler shift in the 
frequency of the transmitted radar waves, 
which can be used to measure the relative 
target speed [CDC+17].

Based on the different principles how 
these technologies function, there are differ-
ences in the usage (advantages) of the differ-
ent sensor types. We included . Table 3.3, 
to underline that there are many points to 
be considered. However, discussing each of 
them would not be feasible in this context. 
Yet, the clear take away is that it is a com-
plex topic and that most likely there will be 
more than one sensor-type needed to estab-
lish a safe object detection.

Once we accept that it is most likely that 
we need more than one sensor type to de-
sign a safe object detection, we must ac-
cept that we will have different (data) out-
puts from different sources. In order to fuse 
these different data outputs into one con-
crete recommendation, e.g., “no object 
near the machine”, a sensor fusion has to 
happen, which we here define in line with 
[Elm02] as “the combination of sensory 
data or data derived from sensory data such 
that the resulting information is in some 

regulations out there, but not a coherent 
definition/guideline being applicable in this 
context. This makes it extremely difficult to 
develop a safe system.

Another quite significant challenge is 
to specify all the different (environmental) 
conditions surrounding the system. Things 
like different weather conditions, different 
terrains, different growth phases of plants, 
different disturbing objects (e.g., animals, 
bushes, pedestrians) make the specification 
task a quite challenging one. This variabil-
ity of the surrounding environment, leading 
to an immense number of different cases, 
is certainly a significant challenge, which 
interferes with the development of a safe 
object detection at different stages of the 
V-Model.

Assuming an adequate specification for 
the topics above has been achieved, when 
it comes to the system architecture the next 
challenge is already ahead. Especially by 
focusing on the agricultural context it is 
quite hard to find the components which 
would be necessarily needed to build up a 
safe system. As discussed above, we are fac-
ing an environment with a high variability. 
Based on this, we do have demanding re-
quirements for the system as it must work 
under (very) rough environmental condi-
tions, such as dust, frost, vibration and in a 
landscape with great varieties (different soil 
types, different crops, different slopes, dif-
ferent disturbing factors).

Facing the technical dimension of the 
problem, it is worth investigating the differ-
ent technologies that can be used for safe 
object detection: stereo camera, LiDAR, 
and Radar. A stereo system consists of two 
cameras, arranged next to each other at 
a fixed distance. Due to the slightly differ-
ent perspectives, depth information can be 
calculated. For this, both images are hori-
zontally aligned, and corresponding image 
points are searched. The depth information 
is obtained by the difference in distance of 
the corresponding image points [KVR+09].
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Another extremely critical point related to 
the missing experience related to autono-
mous driving is the lack of training data 
which can be used to train the whole system 
(in case one wants to work with Artificial 
Intelligence, which is more or less state of 
the art). [FHSR+20] conclude that there are 
considerable limitations regarding the data 
diversity (e.g., too few data sets) and regard-
ing the data quality (e.g., spatial and tempo-
ral misalignments of different sensors).

Besides these technological problems, 
there are economic problems linked to 
them. It is very likely that the safety prob-
lem discussed already in the specifica-
tion section will continue and might even 
evolve further. Especially as the technology 
turns out to be more and more complex 
(and costly), the trade-off  between finding 
an economically feasible, functioning sys-
tem and assuring safety is getting more and 
more difficult.

Regarding the implementation of the 
system, we do have to consider that we are 
working with the rhythm of nature and do 
have a very seasonal influenced develop-
ment cycle. Hence, engineers sometimes 
have only a very short (not easily mova-
ble) timeframe to implement a system out-

sense better than would be possible when 
these sources were used individually”.

However, when a sensor fusion is re-
quired, the control device processing this 
information must have considerable pro-
cessing power. This requirement, combined 
with the rough environmental conditions, 
leads to a challenge, that is more a general 
problem of AgMachinery manufactures, 
namely the relatively small piece numbers 
which are needed by the manufacturers in 
comparison with automotive quantities, re-
sulting in the problem that it is difficult to 
get such sophisticated components (like 
sensors or control devices) for an econom-
ically feasible price.

Focusing on the sensor fusion, another 
challenge is coming from the software per-
spective. As described by [FHSR+20], there 
are three challenges when it comes to sen-
sor fusion:
5 “What to fuse: What sensing modali-

ties should be fused, and how to repre-
sent and process them in an appropriate 
way?

5 How to fuse: what fusion operations 
should be utilized?

5 When to fuse: at which stage of feature 
representation in a neural network?”.

. Table 3 .3 Assessment of different sensor types; source: [Eym19]

Specification Camera Radar LiDAR

Distance Range Good Very good Very good

Resolution Good Very good Good

Angle Range Very good Good Very good

Resolution Very good Moderate Good

Classification Velocity
resolution

Moderate Very good Good

Object
categorization

Very good Moderate Good

Environment Night Moderate Very good Very Good

Rain/Clouded Moderate Very good Good
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lenges (see . Table 3.4). However, when 
going through the reasons behind these 
challenges, we do have quite some similar-
ities which can be grouped: high complex-
ity, high (development) costs, seasonality, 
and the unclear legal situation. These sim-
ilarities give us hope for the next section, 
in which we will describe solutions to over-
come these problems.

3.3.4   Solutions for Safe Object 
Detection

After having described the different chal-
lenges, it is now the right moment to focus 
on possible solutions. The question mark 
regarding operationalizing safety is a big 
task. Nevertheless, as shown by [JWS19], 
there are ways to deal with the complex-
ity. The authors applied the IEC TS 62998-
1:2019 [IEC19] for safety-related sensors 
designated for outdoor use to design an ar-
chitecture for a reliable object detection for 
autonomous mobile machines. In this con-
text, they established a process similar to 
the process of the V-Model discussed above 
(see . Fig. 3.10) [JWS19]. There are two 
points to be highlighted: the first is the it-
erative design of the process, phasing in the 
lessons learned from the prototyping back 
into the system architecture. By doing this, 

side at the field. Of course, one could ar-
gue that due to the climatic differences be-
tween countries there might be another 
window of opportunity to implement a sys-
tem in another country slightly later—this 
is certainly valid. However, it must be noted 
that this is related to quite some logis-
tic challenges (e.g., moving big equipment 
over considerable distances), which means 
higher development costs.

When it comes to the testing phase, we 
do see a comeback of several challenges in-
dicated already in the development phase. 
The first one to be mentioned is the lack of 
data, which can be used to test against the 
development of the system. As already dis-
cussed above, there is hardly any training 
data in sufficient quality and quantity avail-
able. Of course, when we want to test differ-
ent components we can use the same data-
set, but it is also a necessity to test the sys-
tem with different data to see whether the 
components/system is behaving in the way 
it is designed to.

Another (already discussed) challenge is 
the seasonality, resulting also in challenges 
regarding the system testing. Again, the 
possible timeslots for working outside in 
the field are relatively short, making testing 
a considerable challenge.

Summarizing this section, there is a 
considerable long list of different chal-

. Table 3 .4 Challenges during the different phases of the development process; source: own creation

Development process Challenge

System specification How to operationalize safety

System specification How to operationalize all the different environmental conditions

System architecture Economical feasible component selection

System architecture Sensor fusion

System architecture Trainings Data availability and quality

Implementation Seasonality

Testing Availability of testing data

Testing Seasonality
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tors—Safety of highly automated agricul-
tural machines—Principles for design. Es-
pecially Sect. 5 is an interesting source of 
information as it specifies the requirements 
for a test obstacle. In . Fig. 3.12 (Dimen-
sions in millimeters), you will find more 
specified information on the dimensions. 
Moreover, according to the DIN EN ISO 
18497 the test obstacle shall be filled with 
water to represent the composition of the 
human body, material must be plastic, e.g., 
polyethylene with a matt surface and the 
color must be olive green also with a matt 
surface.

Another valuable way to do deal with 
the problem of operationalizing safety is 
to work in close cooperation with a profes-
sional (insurance) association. In Germany, 
for instance, there is the Institute for Occu-
pational Safety and Health of the German 
Social Accident Insurance (IFA) which can 
assist and approve developments.

When focusing on the multitude of dif-
ferent environmental conditions, a possible 
solution is to focus on the worst-case condi-
tions [JWS19]. To do this in a comprehen-
sive way, objects or situations are grouped 

one can be assured that the fast feedback 
will save time and hence money.

The other notable point here is that 
they implemented safety measures at every 
step, making the safety assessment an in-
tegral part of the whole development pro-
cess (see . Fig. 3.11), combining functions 
and norms. Addressing complex topics 
such as safety from the beginning onwards 
throughout the whole development phases 
is a wise decision as it helps to minimize 
the risks of discovering unintended safety 
problems during the development or, even 
worse, once the product is released. A good 
example of such a safety measure would 
be the integration of a runtime verification 
scheme. This is a safety measure, which is 
constantly “checking for the correctness, 
i.e., the correct implementation of a given 
specification, of the system” [FSA17]. Once 
this safety guard detects an unspecified be-
havior of the system, processes start to 
push the system into a safe state.

Besides the IEC TS 62998-1:2019 norm, 
another valuable source of important infor-
mation can be found in the DIN EN ISO 
18497 [DIN19] on AgMachinery and trac-

. Table 3 .5 Challenges and their possible solutions during the different phases of the development pro-
cess; source: own creation

Development phase Challenge Solution

Specification How to operationalize safety Applying  related norms
Make safety an inherent part of 
the development process
Cooperation with the profes-
sional (insurance) association

Specification How to operationalize all the different 
environmental conditions

Applying worst cases

System architecture Economical feasible component selection Usage of Simulation

System Architecture Sensor fusion Usage of Simulation

System Architecture Trainings Data availability and quality Usage of AI

Implementation Seasonality Usage of Simulation

Testing Availability of testing data Usage of AI

Testing Seasonality Usage of Simulation
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By transferring the reality into the vir-
tual world, we can make (quick) progress 
at different phases of the development. In 
the specification phase, it is possible to de-
fine the system in a digital environment and 
simulate the outcomes. The results of this 
simulation can then be used to improve/
validate the specification. Also, the prob-
lems related to testing can be mitigated, as 
a test algorithm in an early stage with syn-
thetic data can be generated, reducing time 
and effort. This idea is in line with what 
has been discussed above, regarding the it-
eration between prototyping and the actual 
system.

Especially when it comes to building 
up a complex system, selecting (and com-
paring) different sensor setups at differ-
ent positions with different fusion tech-
nologies, a sophisticated digital twin can 
save time and financial resources as it al-
lows a faster feedback. For instance, as 
shown in . Fig. 3.13, Raytracing technol-
ogy is used to simulate LiDAR, radar, and 
ultrasound dispersal in such a way that the 
emitted signal is abstracted via geometri-
cal beams and their dispersal in the 3D en-
vironment is calculated to the point where 
their reflections bounce back to the sensor  
[JWS19].

The idea of transferring the real world 
into the virtual world is typically associated 
with the use of artificial intelligence (AI). 
There is a wide debate on the definition of 
AI. [KBK+09] illustrate this with the ex-
ample of four different definitions which 
can be found in an English dictionary. We 
do not want to be too involved in this de-
bate but understand AI in this special con-
text as an instrument developed to solve 
a problem by being able to learn. For sys-
tems that require visual perception systems, 
AI algorithms and specifically deep neural 
networks are the state of the art. These sys-
tems learn from data and can hence achieve 
tasks for which an explicit specification is 
unfeasible (open context).

based on their similar characteristics. Then, 
out of this group the most difficult object/
situation needs to be identified. Next to 
that, the sensors are also tested under the 
least favorite conditions (e.g., LiDAR sen-
sors must detect diffuse reflective objects 
with just 1.8% reflectance). If  the system 
works under these difficult conditions, it 
can be assumed that it works also in less ex-
treme scenarios.

Regarding the challenges of high devel-
opment costs, high complexity, and the sea-
sonality, one possible solution is the usage 
of digital twins. Seeing that there is no uni-
versal definition of digital twins, we do un-
derstand a digital twin in line with [GS12] 
as “an integrated multiphysics, multiscale, 
probabilistic simulation of an as-built ve-
hicle or system that uses the best availa-
ble physical models, sensor updates, fleet 
history, etc., to mirror the life of its corre-
sponding […] twin”.

. Fig . 3 .12 Dimensions in millimeters of test object; 
source: [DIN19]
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as technique in which an “image of a certain 
domain A (..) is translated into the style of a 
different domain B” [JHS+18]. Such a style 
transfer can be used, for instance, to trans-
form an image created on a sunny day to an 
image under rainy conditions, having more 
and more variation of data. However, assur-
ing safety for these complex AI systems is an 
unsolved problem, as there is no standard or 
regulation for using AI yet.

Yet, as mentioned above, an AI algo-
rithm for learning from data requires a great 
amount of (different) training data. To in-
crease this amount of training data, data 
augmentation can be used, which we de-
scribe in line with [CZM+19] as an “effective 
technique to increase both the amount and 
diversity of data by randomly “augmenting” 
it”. An example of such a data augmentation 
would be style transfer, which can be defined 

. Fig . 3 .13 Different examples of simulating sensors; source: ITK Engineering | Unity Asset Store
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gen) and anticipate similar developments 
for the agricultural sector as well. This in 
turn means that the software and hardware, 
which is currently under development, re-
quire a solid foundation, so that new fea-
tures can be added in the future.

Regarding the future of safe object de-
tection, it is difficult to predict how it will 
further evolve. Partly due to legal issues 
and the manufacturers’ economic calcula-
tions, it might still take a while until we en-
counter a tractor operating autonomously 
in the field with a safe environment detec-
tion. To state it a bit catchier: based on 
what we have discussed above regarding 
simulation, we will first see a digital auto-
mation of development processes, then we 
will see an automation at the field level.

3.4   Interoperability 
and Ecosystems

Sjaak Wolfert 

Abstract
The digital transformation of agriculture is 
taking place in a System of Systems (SoS) 
context in which farm management is sup-
ported by a plethora of hardware devices 
and software systems from various vendors 
that seamlessly have to co-operate with each 
other. This co-operation between systems is 
often referred to as interoperability and can 
be defined at different levels: from hardware, 
data to applications and business processes. 
Poor interoperability hampers adoption 
and value creation in supply chains. To im-
prove interoperability, it is important to de-
velop and foster Integrated Open Platforms 
based on a reference architecture with Min-
imal Interoperability Mechanisms, reusa-
ble components, semantic interoperability 
and service- and data monetization. Tech-
nical development should go hand-in-hand 
with ecosystem development, embedded in a 

3.3.5   Conclusion and Outlook

In the previous sections, we have discussed 
the different challenges and possible solu-
tions regarding safe object detection along 
the V-Model. Thereby we have identified 
several challenges which need to be ad-
dressed. Fortunately, many of the chal-
lenges identified in this section have sim-
ilar root causes, among others considera-
ble complexity, high development costs, and 
the difficulties regarding seasonality. We 
have shown that there needs to be a mixture 
of different methods and techniques to ad-
dress these challenges.

We have highlighted that safety think-
ing and connected to that safety measures 
should be integrated as cornerstone of the 
development. To do this, it makes sense to 
consider IEC TS 62998-1:2019 and DIN 
EN ISO 18497, to work closely with the 
employers’ liability insurance association, 
to think (and test) worst-case scenarios, to 
use the digital twin, and to use AI, for ex-
ample, to capture more data. These are de-
manding methods and technologies. Using 
them to solve the challenges demands in-
terdisciplinary teams. Of course, managing 
such interdisciplinary teams/projects is an-
other considerable challenge that needs to 
be considered.

How will this field further evolve? As in-
dicated above, the number of interdiscipli-
nary teams will certainly increase. But be-
sides that? As discussed above, the hard-
ware requirements are very demanding 
whereas at the same time the number of 
units needed is relatively small (in compar-
ison to the automotive sector), leading to-
ward high hardware costs. It would be no 
surprise to us if  more and more software 
will be used in the future to replace (new) 
hardware where possible. However, we see 
the automotive industry is taking action 
and adjusting its organizational set-up in 
line with the growing importance of soft-
ware (e.g., Car.Software.org by Volkswa-
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data sharing should be possible by com-
mon data definitions and standards, also 
(semantic interoperability). Third, soft-
ware applications which are often put on 
top of digital devices and systems should 
be aligned so that different applications can 
work together as if  it was one aligned sys-
tem (see SoS). Finally, it is important to 
realize that all these devices and systems 
should facilitate complete business pro-
cesses at the farm, so it helps if  these pro-
cesses are defined in a standardized man-
ner. It is this final process level where the 
Systems-of-Systems approach becomes 
important. In a farm management con-
text, this implies that a farmer is doing his 
daily business integrating various systems 
ranging from hard technical systems on a 
machine to market information systems, 
weather information, human resources, 
customer relations, etc. For example, when 
spraying a crop, market information is re-
quired to know whether certain chemicals 
can be applied or not and how. Weather 
conditions must be checked and sometimes 
have to be recorded for the sake of docu-
mentation and certification procedures. At 
larger farms, this task has to be appointed 
to a farm worker or an external contractor. 
The chemical has to be bought from a sup-
plier. In the past, various independent sys-
tems were used to support all these pro-
cesses, but to increase the adoption rate and 
acceptance by farmers and from a com-
petitive point of view, it is important that 
these systems are co-operating in a Sys-
tems-of-Systems setting in which interoper-
ability at all levels is improved.

The example above illustrates how dif-
ferent systems, often from different, mul-
tinational vendors are involved in the farm 
management process. Ideally, all these ven-
dors and systems should be tuned to each 
other at all levels of interoperability. This 
is actually happening in various ways, 
amongst others in common standardiza-
tion organizations (e.g., AEF [AEF21], 
AgGateway [AgG21], GS1 [GS121]) and  

lean multi-actor use case approach in which 
structural organizations (e.g., standardiza-
tion bodies, farmer’s organizations) play a 
crucial role in promoting and sustaining in-
teroperability. In the future, Digital Innova-
tion Hubs at a regional and local level can 
enhance interoperability.

3.4.1   Introduction

The digital transformation of agriculture 
is an ongoing development in which farm-
ers and related farm workers are challenged 
by a plethora of digital systems in all kinds 
of forms ranging from small separate sen-
sors for temperature, humidity, etc. to com-
plex GPS-based mapping and application 
systems that are often integrated in exist-
ing equipment such as tractors or sprayers 
(see 7 Sect. 3.2). Although the number of 
such devices and systems is overwhelming, 
it is generally acknowledged that the adop-
tion rate is still lagging behind its true po-
tential (see 7 Sect. 1.5). One of the main 
barriers—often perceived as complaints by 
farmers—is that various devices and sys-
tems are poorly co-operating with each 
other. Porter and Heppelmann [PH14] 
nicely describe this development by the Sys-
tems-of-Systems (SoS) concept. This means 
that nowadays in virtually all industries and 
sectors digital systems can be considered as 
part of a larger system and have to be com-
patible with other systems and seamlessly 
co-operate with each other as it if  was one 
system. This has several implications for 
suppliers of subsystems and to be com-
petitive, interoperability has become a key  
asset.

In ICT terms, seamless co-operation be-
tween different systems is referred to as in-
teroperability. Interoperability can be de-
fined at four different, interdependent in-
tegration levels [Gia04, WVV+10]. First, 
hardware must be enabled to connect with 
each other either physically (e.g., by a plug) 
or remotely (e.g., by Bluetooth). Second, 
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would be very inefficient to develop a spe-
cific standard for all these different purposes 
for agriculture as it will be the same for 
many other sectors. This was the reason for 
the European Commission in 2010 to start 
the Future Internet Public–Private Partner-
ship (FI-PPP) in which various sectors were 
challenged to build applications on a com-
mon software architecture [FIP21]. Agricul-
ture was also part of this programme, espe-
cially represented by the SmartAgriFood 
and FIspace project [VWB+16, WSG14, 
KGS+14]. Currently, the IoF2020 project, 
which focusses particularly on the Inter-
net of Things (IoT) in farming and food, is 
building on the results of the previous pro-
jects [VWB+17]. To promote interoperabil-
ity between various systems in agriculture, 
using generic components that are also used 
in other sectors, IoF2020 has developed a 
reference architecture for Integrated Open 
Platforms as depicted in . Fig. 3.14.

The reference architecture leverages 
the IoT-A Architectural Reference Model 
[BBB+13], basically reflecting the four inter-
operability integration layers as described in 
the introduction. The main layers from bot-
tom to top are:
5 Physical device layer: Different IoT de-

vices and AgMachinery deployed in the 
field, that are capable of sensing their 
environment and generating data of in-
terest for digital farming applications.

5 Connectivity layer: Enables two-way 
transmission of the data produced by 
devices between these layers.

5 IoT service layer: Exposes the raw data 
generated from devices to upper lay-
ers in the architecture through differ-
ent application-level transport protocols 
based on different paradigms (publish/
subscribe, request/response, etc.). In ad-
dition, it offers interfaces that allow to 
communicate with devices for manage-
ment or actuation purposes.

5 Mediation layer: Transforms raw data 
coming from devices or other external 
services, into curated, harmonized, and 

other alliances (e.g., AIOTI [AIO21]). How-
ever, this involves complex, technical negoti-
ation processes in which competitive advan-
tages sometimes work counterproductive. 
Hence, there is a common plead for devel-
opment and fostering of vendor-independ-
ent Integrated Open Platforms [KWS+16].

The objective of this section is to describe 
how such IOPs are currently taking shape 
and which interoperability mechanisms and 
standards are playing a role. The success of 
these IOPs relies on the critical mass of sys-
tems and their end-users that will adopt them 
requiring a development of ecosystems of de-
velopers, users and all kinds of other related 
actors. First, a reference architecture for IOPs 
in digital agriculture will be described includ-
ing current key components for interopera-
bility. Then an approach for related ecosys-
tem development will be proposed that is cur-
rently being deployed in ongoing projects. 
Finally, some recommendations for future 
development will be provided.

3.4.2   A Reference Architecture 
for Integrated Open 
Platforms and Key 
Components 
for Interoperability

As described in the previous section, digital 
systems for farm management support in-
volve many different processes, subsystems, 
applications, data, and devices. In the end, 
every task requires a specific piece of soft-
ware, specific devices, data, etc., and even 
every different farm context requires tai-
lored software. However, many underlying 
layers of a final piece of software are not 
specific at all, but generic for all kind of dif-
ferent purposes and sectors. For example, a 
sensor measuring the temperature in a field 
is basically the same as for measuring the 
temperature in an office or factory. Or a ge-
ographical coordinate in a field is not dif-
ferent from a coordinate in a city. Hence, it 
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. Fig . 3 .14 A reference architecture for agricultural software development
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5 Public Geo Services: Offering public geo-
spatial data related to agricultural assets 
(for instance fields), frequently coming 
from geo-information systems owned by 
public authorities.

Minimum Interoperability Mechanisms 
(MIMs) are representing a minimal, com-
mon ground that shall help developers as 
well as end-users to learn about the current 
state of the art when aiming at the digitiza-
tion of agri-food processes as well as facili-
tating openness and access to data and ser-
vices. It is expected that if  developers com-
ply with these minimum requirements, it 
will increase the openness of solutions, fos-
ter competition, and encourage solution 
providers to focus on their unique selling 
propositions, increasing quality, decreasing 
time to market and finally also aiming at a 
better cost–benefit ratio for both solution 
providers as well as end-users. The MIMs 
identified in this reference architecture and 
depicted in . Fig. 3.14 are:
5 MIM0: Connectivity enabler for IoT 

Devices and AgMachinery. Multiple 
communications technologies can be 
considered as its basis, including tradi-
tional wireless short range (Wi-Fi, Blue-
tooth, IEEE 802.15.4, etc.), Machine 
to Machine (M2M) powered by global 
telco networks (3G/4G/5G), or long 
range IoT networks specifically designed 
for IoT (LPWA).

5 MIM1: Enabling the exposition of the 
data and services offered by IoT De-
vices through well-known program-
matic interfaces. MQTT, OMA Light-
weight M2M, oneM2M and W3C Web 
of Things are the main technology ena-
blers available in the industry today.

5 MIM1.1: Enabling bi-directional trans-
mission of data between AgMachin-
ery and the upper layers that deal with 
information management. ISOBUS, 
ADAPT, EFDI and ETSI NGSI-LD are 
key enabling and emerging technologies 
to realize this MIM.

possibly aggregated data that can be ex-
posed to data processing algorithms or 
analytics. This layer is also capable of 
sending actuation commands to the IoT 
Service Layer.

5 Information management layer: The 
main component of this layer is usu-
ally a data hub (which could be a con-
text broker) which enables the publica-
tion, consumption, and subscription of 
all the information relevant to a digital 
farming solution. The information pres-
ent at this layer, which can be current 
or historical, may have been aggregated 
from different sources, not only IoT. 
In addition, this layer may offer com-
plex event processing, storage, or analyt-
ics services, which can generate insights, 
prescriptions, or predictions.

5 Application layer: Contains different 
digital smart farming applications that 
could be used by stakeholders, particu-
larly farming professionals. They in-
clude, but are not limited to, systems re-
lated to decision support (DSS), farm 
management (FMIS), dashboards or 
enterprise resource planning (ERP sys-
tems).

A cross-cutting layer on Security and Pri-
vacy is defined, aimed at guaranteeing se-
cure access to information and devices, 
while respecting the privacy of farmers and 
exploitations. In addition, other external 
entities play a relevant role, namely:
5 Open Data Providers: Represented, for 

instance, by databases offering open 
data in the agricultural domain (pests, 
disease, weather historical data, etc.) or 
services publishing certain contextual 
data such as weather forecasts, weather 
alerts or weather observations. Satel-
lite data/image publication platforms or 
geo-services, which provide geospatial 
data, are also under this scope.

5 Harmonized Information Models: Define 
the structure and representation of the 
information to be managed.
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DTLS, PKI, etc.) or protocols (particu-
larly OAuth2) are under this scope.

A more detailed description of this refer-
ence architecture and MIMs can be found 
in several deliverables of the IoF2020 pro-
ject providing a detailed step-by-step ap-
proach how it can be implemented 
[VST+19, CIV+18]. More technical de-
scriptions can be found via the IoF2020 
website [IOF21] and GitHub, including ref-
erence examples of implementations in var-
ious agricultural sectors [Git21].

This reference architecture and several 
implementations of its layers and compo-
nents should be considered as a vast basis 
for the development of digital systems and 
software in agriculture that will improve in-
teroperability between systems at all rele-
vant levels. However, this requires that the 
architecture is really supported and used 
by developers of these systems and that it 
is constantly updated to cater for new inno-
vations and developments. This is not just 
a technical issue but involves organizational 
challenges including several stakeholder 
groups. The next section will describe how 
this challenge can be approached.

3.4.3   A Lean, Multi-Actor 
Approach for Ecosystem 
Development

Based on experiences in various projects a 
lean, multi-actor approach was developed 
that is characterized by use cases represent-
ing a mix of agricultural sectors but also 
specific processes (e.g., fertilizing, crop pro-
tection) [VWB+17, VST+19]. Each use case 
involves all relevant actors from the whole 
value chain, including system developers 
and end-users. While every use case is de-
veloping its own specific digital solution, 
it is searched for synergies between the dif-
ferent use cases to promote reuse of stand-
ards, components, etc., that come together 

5 MIM2: Enables (i) the transformation, ag-
gregation, harmonization and publication, 
as context information, of harmonized 
data coming from IoT Devices, AgMa-
chinery or other sources of information 
(open data portals, web services provid-
ing contextual data, etc.) and (ii) exposes 
a unified way to send commands and to 
mediate with IoT Devices or AgMachin-
ery, regardless the interface exposed by the 
IoT Service Layer or the physical machin-
ery. FI-WARE, NGSI-LD and GS1 are 
key enabling technologies here.

5 MIM2.1: Main enablers of this MIM 
are Harmonized Information Mod-
els that allow to publish digital farm-
ing information following the same me-
ta-model, data representation formats 
and conventions (units of measurement, 
etc.). This is key when it comes to port-
ability of solutions at the data layer. FI-
WARE Data Models (a superset of the 
GSMA Harmonized Data Models) and 
GS1 are specifications of common in-
formation models.

5 MIM3: Provide access to all the data 
of interest to digital farming applica-
tions, including, but not limited to, real 
time data, historical data or analytics re-
sults. In addition, it allows the subscrip-
tion to data changes and to publish new 
data coming from the application layer. 
FIWARE, ETSI NGSI-LD and GS1 are 
under this scope.

5 MIM4: Enables the Application and 
Mediation Layers to consume public 
Geo-Services offering open geospatial 
data, enriching the digital farming ap-
plications with geospatial data and off-
the-shelf  visualizations. OGC WFS and 
WMS play an important role here.

5 MIM5: A cross-cutting interoperabil-
ity point that facilitates the secure in-
terchange of information between the 
different layers and actors. The GSMA 
IoT Security Guidelines and the tradi-
tional security technology stacks (TLS, 
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sometimes also means that end-users such 
as farmers do not have to pay twice for the 
same underlying services.

Although . Fig. 3.15 and its descrip-
tion suggests a linear approach, in real-
ity a much more iterative approach is fol-
lowed, taken from the current trend of lean 
start-up methodology based on minimum 
viable products [Rie11]. In that approach, 
it is key that intermediate results are tested 
and discussed by all involved actors. There-
fore, it is called the lean multi-actor ap-
proach. The bottom of . Fig. 3.15 in-
dicates the involvement of various other 
projects and organizations. As already de-
scribed in the previous section, the refer-
ence architecture is also not re-invented 
from scratch, but builds on existing ones. 
At the same time, projects are tempo-
rary constructions by definition so it is im-
portant that results are sustained by more 
structural (global) organizations such as 
AgGateway, GS1, and FIWARE. They can 
also strongly promote reuse of components 
toward a larger user community.

in the reference architecture. This approach 
is visualized in . Fig. 3.15.

Each use case solution has an architec-
ture that is an instance of the reference ar-
chitecture as described in the previous sec-
tion. It involves several IoT components 
that are systematically brought together 
in the IoT catalogue [IoT21]. This cata-
logue serves as a basis for component re-
use by other use cases. Implementations 
of the use case IoT systems are carried out 
within a lab environment so that configu-
rations and instances of systems and com-
ponents become available as references 
and reuse by others. Finally, the IoT sys-
tems are deployed resulting in services and 
data becoming available for reuse by other 
use cases for other purposes. For exam-
ple, if  one use cases has developed a ser-
vice to collect detailed weather information 
at a specific site, another use case that needs 
the same data could reuse this service and 
doesn’t have to invent this wheel again. At 
the same time, this will improve interoper-
ability between systems and in practice it 

. Fig . 3 .15 The lean-multi-actor approach based on use cases ensuring reuse and interoperability at project 
level
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providers of ICT solutions and machin-
ery [DEM21]. With regard to data, several 
other initiatives can be mentioned. Most of 
them have a multiple domain objective with 
specific focus or working groups on agri-
culture. The International Data Space As-
sociation [IDS21] aims to guarantee data 
sovereignty by an open, vendor-independ-
ent architecture for a peer-to-peer network, 
which provides usage control of data from 
all domains. In Germany, the Fraunhofer 
institute tries to develop a specific Agricul-
tural Data Space [ADS21], to make avail-
able all the data that is necessary for mak-
ing decisions in agriculture. In the GAIA-X 
project [GAI21], representatives from poli-
tics, business and science from France and 
Germany, together with other European 
partners, create a proposal for the next gen-
eration of a data infrastructure for Eu-
rope: a secure, federated system that meets 
the highest standards of digital sovereignty 
while promoting innovation.

At the innovation ecosystem side, the 
concept of Digital Innovation Hubs (DIHs) 
is currently rising in various domains and 
sectors, similar to the earlier Future Inter-
net programme by the European Commis-
sion [RS18]. A DIH refers to a local or re-
gional ecosystem through which any busi-
ness can get access to the latest knowledge, 
expertise and technology to test and experi-
ment with digital technology relevant to its 
products, processes, or business models. A 
DIH also provides the connections with in-
vestors, facilitates access to financing and 
helps to connect users and suppliers of dig-
ital solutions across the value chain. The re-
cently started EU-funded project SmartA-
griHubs [SAH21] tries to set up and foster 
a European-wide network of DIHs for ag-
riculture, to enhance the Digital Transfor-
mation for Sustainable Farming and Food 
Production [WMB19]. Concurrently, a vast 
network of competence centers (CCs) is be-
ing developed that are connected to one or 
more DIH(s), which provides an opportu-
nity to promote the reference architecture 

3.4.4   Conclusions and Future 
Development

The digital transformation of agriculture is 
taking place in a System-of-Systems con-
text in which adoption and value crea-
tion depends on the seamless interoperabil-
ity between various digital solutions. To fa-
cilitate this, it is important to develop and 
foster integrated open platforms based on 
a reference architecture with minimal in-
teroperability mechanisms, reusable com-
ponents, semantic interoperability and ser-
vice- and data monetization. Ecosystem de-
velopment should go hand-in-hand with 
technical development, embedded in a lean 
multi-actor use-case approach in which 
structural organizations (e.g., standardiza-
tion bodies, farmer’s organizations) play a 
crucial role in promoting and sustaining in-
teroperability.

The projects behind this approach have 
developed a vast ecosystem of various ac-
tors ranging from developers, intermedi-
ates and end-users such as agronomists and 
farmers. Some of them have a global scope, 
especially the mentioned standardization 
organizations and associations and thus po-
tentially a large impact. Still this ecosys-
tem that is developed by large, centrally led 
projects are only a fraction of the potential 
ecosystem.

At the technical side, new European 
projects are leveraging the interoperabil-
ity architecture and infrastructure. The AT-
LAS project is building an open, distrib-
uted, and extensible data Interoperability 
Network, based on a micro-service archi-
tecture, which will offer a high level of scal-
ability from a single farm to a global com-
munity [ATL21]. The DEMETER pro-
ject is focusing on interoperability as the 
main digital enabler, extending the cover-
age of interoperability across data, services, 
platforms, M2M communication, and on-
line intelligence but also human knowl-
edge, and the implementation of interoper-
ability by connecting farmers, advisors, and 
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tonomy. AI technology contributes to Digi-
tal Farming by offering intelligent assistance 
in a complex environment, comprising envi-
ronmental observation, flexible data sharing 
and cooperation, decision support, machine 
learning solutions, and intelligent robotics 
application. Ongoing developments promise 
situation-aware and individualized solutions, 
high degrees of autonomy, and data-driven 
insights and optimizations.

3.5.1   AI in the Agriculture  
Context

The wide application field “agriculture” 
poses numerous challenges for AI solu-
tions: plant production in open fields or in-
doors and animal farming on pasture or 
in barns ask for AI support, ranging from 
location-specific and individual diagnos-
tics and activity control to farm-wide or 
cross-regional monitoring, strategic plan-
ning and recommendations. Plant produc-
tion in open fields covers wide areas and 
heavy machinery for, e.g., hay, grain crops, 
potatoes, or beets. Wine and fruit produc-
tion pose special and individualized re-
quirements. Vegetables show quick turna-

and standards for interoperability for Digi-
tal Farming. It is expected that through this 
ecosystem development representing a large 
part of the targeted user community—espe-
cially at a local, regional level—interoper-
ability between various digital systems will 
be promoted and improved.
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3.5   Artificial Intelligence

Ansgar Bernardi and Ralph Traphöner 

Abstract
As a computer science discipline, AI works 
on systems which interact with their envi-
ronment, process complex information, draw 
non-trivial decisions from data, and pur-
sue useful goals with a certain degree of au-

. Fig . 3 .16 AI contributions toward Digital Farming
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vironment, and start to trigger actions 
based on our insights.

Relevant AI technology starts with the 
semantic modeling of individual sensors: 
Formalisms like SensorML [OGC21] en-
able detailed descriptions of type, quality 
and characteristics of a sensor which lays 
the basis for reliable interpretation by sub-
sequent IT systems. Pattern Recognition and 
Computer Vision are widely applied AI tech-
nologies to process sensor data. Sensors can 
be used to directly control precision farming 
operations or enable multiple analysis tasks 
up to mobile “labs” which measure chemical 
compositions of crops or manure based on 
near-infrared (NIR) signals.

Besides the operation-oriented applica-
tions based on sensor modeling and pattern 
recognition from sensor data, automated 
documentation of the measurements taken 
is an important agricultural application 
in itself  which eases documentation tasks, 
helps to fulfill governmental regulations, 
and contributes to much-required transpar-
ency in many ways.

3.5.3   Data Exchange and Shared 
Understanding

Data acquired by various sensors and sys-
tems in the field, the barn or elsewhere dur-
ing agricultural work processes will be val-
uable only if  humans and/or technical sys-
tems will use such data to get insights and 
to act in some meaningful and useful way. 
As modern agriculture involves the coop-
eration of many participants, the first chal-
lenge after data acquisition is the commu-
nication, exchange, and mutual understand-
ing among relevant, cooperating partners in 
agricultural work settings. The traditional 
approach to reach such shared understand-
ing is standardization; relevant examples 
are ISOBUS, AGROVOC, or INSPIRE.

Beyond standards (which are expen-
sive to establish), the rich AI tradition of 
knowledge representation and reasoning 

round cycles and the transgression toward 
in-house/greenhouse production modes; 
short-rotation plantations mark the transi-
tion to forestry. In animal farming, on the 
other hand, the need for careful considera-
tions of the individual is obvious for both 
ethical and economic reason.

Furthermore, agriculture is character-
ized by strong cooperative settings in farm 
operation (with providers of seeding mate-
rial and agro-chemistry, consulting services, 
and all kinds of contracted services) and 
the subsequent product processing which 
results in both, food and bio raw materials. 
Supporting relevant integration, communi-
cation, logistics, and economical processes 
request an additional AI support.

In summary, AI in agriculture pursues 
intelligent assistance in a complex environ-
ment comparable to modern industrial pro-
duction settings, but with the additional 
challenge resulting from dealing with living 
creatures and the full dynamics of nature.

3.5.2   Capturing the Environment

Any IT support in agriculture is faced with 
the need to obtain valid input data about 
the tasks and objects under consideration. 
Capturing information about the environ-
ment via technical sensors is often the first 
step toward AI support in agriculture.

Building the sensors themselves is not 
the task of AI—physics and engineering 
know-how realize the technical gadgets 
to capture numerous signals from the ag-
ricultural world and transform them into 
IT-processable electric signals which serve 
as input to AI systems. Widely used sen-
sors in agriculture nowadays offer data 
about soil and weather, provide positional 
information, and gather optical images 
even beyond the visible light spectrum—see 
7 Sects. 3.2 and 3.3 for more details.

AI comes into play as soon as we start 
to interpret the signals received from sen-
sors, build the respective models of the en-
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is to augment the human decision making 
and to automate routine tasks.

If, for example, the agricultural crop 
land is scanned regularly by a drone, then 
the collected image data must be processed 
to identify areas with increased weed or 
plants with diseases. This cannot be done 
manually by the farmer. We instead use AI 
to classify every square meter of land for 
weed and plant diseases. Based on those 
findings, appropriate treatments will be pro-
posed and evaluated with respect to sus-
tainability. Such proposals may consider 
further data such as soil composition or 
weather forecasts.

In the above example, the AI system 
tackles three sub-tasks. It first interprets 
data to detect situations that require ac-
tion and then analyzes those situations 
to determine its nature. Finally, the lat-
ter plus related additional information are 
the basis for evaluation to propose appro-
priate action and to predict its possible re-
sult. Hence, decision support is divided into 
identifying the need for a decision, classify-
ing it to propose a decision and then evalu-
ate to predict the outcomes.

AI offers five general approaches to im-
plement these steps, i.e., connectionism, 
symbolism, Bayesian, analogy, and evo-
lutionism [Dom15]. Although the big-
gest distinction between these approaches 
is the underlying learning paradigm (see 
Sect. 3.5.5: Getting Smarter: Machine 
Learning), we briefly put them into the con-
text of the decision support process.

Connectionism mimics the function of 
natural nervous systems and brains. These 
so-called artificial neural networks (ANNs) 
are well suited for the identification and 
classification steps in the decision support 
process, especially in situations where sen-
sory perception abilities are required. The 
xarvio Scouting App [Xar20] is an  example 
application that provides image analysis to 

facilitates automatic solutions where log-
ic-based formalisms open up a new way to 
handle disperse data formats and vocabu-
laries: Once participants in a data exchange 
are able to formally define their respective 
concepts and terms, computer algorithms 
can automatically decide whether some 
data represents an instance of a particular 
concept and can calculate whether different 
expressions have identical meaning. Thus, 
the mapping between data from different 
sources can be realized automatically.

The necessary tools are well-known 
and already widely adopted in the world-
wide web as we know it, see in particu-
lar the Resource Description Framework 
RDF [SR14], RDF Schema language 
RDFS [BG14] for object definitions, Web 
Ontology Language OWL [HKP+12] with 
higher logical expressive power, or the Sim-
ple Knowledge Organization System SKOS 
[IS09] which is used for AGROVOC. By us-
ing such Semantic Technologies, current ac-
tivities combine the various approaches 
into widely usable meta models which shall 
effectively support the automatic interop-
eration and allow to provide many rele-
vant resources (like e.g., lists of approved 
pesticides or fertilizers available). The 
most prominent activity toward this end is 
the development of the standardized Ag-
ricultural Data Space [ADS19], see also 
7 Sect. 3.4.

3.5.4   Interpretation, Analysis, 
and Decision Support

Utilizing AI in farming aims at increased 
yields, better use of resources, e.g., wa-
ter, optimal nutrition, minimal applica-
tion of plant protecting agents and many 
more. Working toward these objectives  
requires numerous decisions to be taken by 
the farmer every day. Here the role of AI 
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alogical technologies are Case-Based Rea-
soning (CBR) and Recommender Engines. 
Recommendation is a standard compo-
nent of e-commerce sites such as Ama-
zon or Netflix. Here past buying habits are 
analyzed to suggest new products for pur-
chase. CBR has many use cases, e.g., diag-
nosis and recipe management in industry, 
and is applicable for the classification and 
evaluation step in decision support. Anal-
ogy is also the simplest machine learning 
approach and is best suited whenever data 
is rare or sparse.

Finally, evolutionism is the application 
of genetic algorithms. Genetic algorithms 
generate models and problem solutions 
with random variations. Of those only the 
fittest survive and form the next generation 
for iterating the algorithm. This approach 
mimics the natural evolution and its success 
strongly depends on the right choice of the 
fitness function. Its practical use is still lim-
ited, though active research is still ongoing.

All those approaches have strengths and 
weaknesses, and none is universally applica-
ble. ANN performs compression and gener-
alization of input data. Therefore, they are 
computationally efficient classifiers but may 
deliver strange results when presented with 
exceptional input data. CBR systems on the 
other hand do not compress data at all and 
can handle exceptions well, but are compu-
tationally more expensive. Hence, it is of-
ten advantageous to combine different ap-
proaches to tackle real-world problems, e.g., 
routine cases are best dealt with ANN, while 
CBR is strong for exceptional cases. How-
ever, the choice also depends on the actual 
availability of data and domain knowledge.

3.5.5   Getting Smarter: Machine 
Learning

The programming of decision systems 
which explicitly represent human domain 
knowledge and scientific insight is hard and 
cumbersome manual work. Machine learn-

identify weeds, classify insects, recognize 
diseases and more.

Symbolism, i.e., symbolic AI, together 
with the connectionist approach, is one of 
the oldest AI technologies dating back to 
the 1950s [NS56]. It applies the principles 
of logic where facts and rules express ex-
plicit knowledge. Deduction derives new 
facts from known facts by applying rules 
and induction derives new rules from facts. 
Formerly, rule-based expert systems were 
the most widely known representatives 
of this kind. Nowadays, they are seman-
tic technologies, and their knowledge rep-
resentation is known as Knowledge Graphs. 
The application of symbolic AI in the de-
cision support process is for classification 
and evaluation. In case of structured or 
semi-structured data, e.g., database records, 
so-called decision trees serve the classifica-
tion purpose well. Evaluation is often car-
ried out best with symbolic AI when ex-
plicit knowledge must be applied.

Bayesian systems apply conditional 
probabilities to determine decisions, e.g., if  
there is a set of symptoms then such a sys-
tem calculates the probabilities of the pres-
ence of diseases. Therefore, estimates of 
the probability of a disease under the con-
dition that a specific symptom is present 
are required. There are also machine learn-
ing approaches available to acquire those 
estimates. In the decision support process 
Bayesian methods are well suited for clas-
sification and evaluation tasks for struc-
tured and semi-structured data. As such 
they compete with symbolic AI. The latter 
is preferred if  explicit knowledge is availa-
ble while the former succeeds if  probabil-
ity estimation is easy because of experience 
or statistical data. A typical application of 
Bayesian systems in agronomy is the predic-
tion of crop yield [GAP16].

Analogical reasoning uses similarity 
measures to identify past situations that 
are closest to a current situation and then 
adapts and applies the knowledge from the 
past to the present one. The best-known an-



149 3
Technology Perspective

ity: A brain neuron combines input signals 
and distributes an output signal to other 
neurons once a certain threshold has been 
reached. ANN mimics this functionality by 
using weights (to represent and modify the 
significance of input data) and some acti-
vation function (which calculates the out-
put of the artificial neuron based on the 
weighted input data). Many artificial neu-
rons and their interconnection (the network 
architecture) facilitate the effective handling 
of complex recognition tasks. The training 
process adjusts the internal weights such 
that the network creates the intended cor-
rect output for the respective input data. 
Building and training complex ANN ar-
chitectures with many internal levels realize 
so-called deep learning.

The power of current ANN approaches 
and the high public interest in their capa-
bilities (in public opinion, ANN and deep 
learning are often perceived as the one and 
only machine learning approach) is result 
of progress in three key areas:
5 New and powerful ANN architectures, 

developed and improved in world-wide 
open-source exchange and discussion.

5 Availability of large amounts of train-
ing data, often due to collaborative ef-
forts on the Internet and the availability 
of cheap sensors.

5 Huge computational power of GPU 
programming as the predominant 
means for ANN calculations.

Ultimately, machine learning tasks can be 
described as solving classification problems: 
classify whether some data point is cor-
rect or incorrect with respect to the ques-
tion (e.g., does the object in the picture 
show the plant to be recognized—or not?), 
whether some data point is within or with-
out the expected behavior (e.g., does a ma-
chine signal show normal behavior or is it 
an indicator of imminent breakdown?), or 
whether some potential outcomes contrib-
ute to an intended optimization (e.g., learn 
how to predict the best next step in a strat-

ing, as an important subfield of artificial in-
telligence, promises a remedy: While tradi-
tional programming concentrates on telling 
the computer in detail what to do (and thus 
enabling it to perform complex and repeti-
tive tasks automatically and without fail-
ure), a machine learning system is targeted 
toward facilitating the computer to change 
(i.e., improve) its own behavior in reaction 
to observed input data. So, instead of be-
ing programmed, a machine learning sys-
tem shall learn how to act by some training 
process, i.e., by processing a set of training 
data. Ultimately, a machine learning system 
will thus generate an appropriate model out 
of the training data.

Consequently, machine learning sys-
tems are applied in situations where the de-
tails and laws of the reality under observa-
tion are not (yet) known or cannot be ex-
pressed in some traditional program, but 
where a sufficiently large data set represents 
this reality.

A typical example for such problems is 
the recognition of some object of interest in 
pictures provided by some camera (see also 
7 Sect. 3.3). Describing in detail what shall 
constitute, e.g., a particular plant and then 
building a program which identifies these 
plant characteristics within the pixel array 
delivered by a camera is simply not feasi-
ble in practice. However, providing a large 
amount of example pictures of the plant of 
interest in various surroundings as well as 
counterexamples is much easier.

Machine learning has developed a rich 
variety of technical approaches for enabling 
the computer to derive a generalized be-
havior from observed data. In recent years, 
the so-called artificial neural networks 
(ANN) have reached a new level of perfor-
mance which proved to outperform many 
of the more symbolic, more traditional ap-
proaches tried previously.

The idea of ANN is quite old (e.g., the 
original papers by Rosenblatt [Ros58] date 
back to the 1950s) and inspired by our 
knowledge about human brain functional-
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labeled training data are not needed from 
the start. Instead, classification algorithms, 
clustering methods and similar mathemat-
ical tools try to find regularities in the in-
coming data and identify peculiar devia-
tions. Such approaches are well-suited to 
supervise continuous data streams and time 
series of data and find indications of ab-
normal behavior, e.g., for warning of im-
pending failures in machines as a tool in 
predictive maintenance scenarios. Optimi-
zation of work procedures and machine 
parameters is another interesting applica-
tion area. Finding the right algorithms and 
configurations for obtaining useful results 
in the application scenario is the core chal-
lenge of such approaches and requires sig-
nificant domain knowledge.

So-called reinforcement learning is an 
interesting approach to explore unknown 
areas: Instead of consuming large train-
ing data sets, a learning system is config-
ured in a way which facilitates the genera-
tion of new data configurations (e.g., by 
systematic variation of possible input val-
ues and calculating outputs). If  it is pos-
sible to assess whether the generated out-
put becomes “better” with respect to the 
intended goal, the system can learn an op-
timal performance by itself. The spectacu-
lar success in complex strategy games (“al-
phaGO” [Dee21]) quite recently was an ex-
ample of successful reinforcement learning.

Applications of machine learning sys-
tems in agriculture are manifold, and nu-
merous research and development activities 
investigate new opportunities. Relevant ex-
amples comprise, among others:
5 The identification of plants and pests in 

the field. Smartphone apps [Isi21] con-
nected to a machine learning-based ser-
vice already achieve good recognition 
results and market penetration.

5 Monitoring and assessment of animal 
behavior in stable and field, using various 
sensors like cameras and collars with ac-
celeration sensors. The machine learning 

egy game). Given the training data, the ma-
chine learning system approximates a func-
tion which realizes the intended classifica-
tion.

Successful application of machine learn-
ing approaches heavily depends on the 
availability of suitable data. The training 
method—or type of machine learning— 
determines the actual data requirements.

The so-called supervised learning relies 
on an available set of training data which 
contains pairs of input data and corre-
sponding results; it is clearly marked (“la-
beled data”) whether the result is correct 
(positive example) or incorrect (negative ex-
ample) for each data pair. During training, 
the input–output data pairs and their as-
sessments are fed into the ANN; the inter-
nal parameters of the ANN are adapted ac-
cordingly. It is crucial to avoid that the sys-
tem adapts too closely to the training data: 
An ANN that exactly replicates the training 
data set but cannot handle slightly differ-
ent input data is of no use when confronted 
with new input from reality—this pitfall is 
known as “over-fitting”.

Many applications for pattern-recogni-
tion type tasks can be solved using super-
vised learning—the impressive progress in 
image analysis and object recognition often 
are based on such training with relatively 
huge sets of labeled training data.

A word of caution is in place here: As 
the ANN creates a function based on the 
given training data, the quality of the result 
(i.e., the correctness of the learned model) 
depends entirely on the quality of the train-
ing data. Machine learning is data-driven 
and thus governed by the laws of tradi-
tional statistics. Hence, it is prone to the 
risk of blindness for rare events and subject 
to hidden bias in the training data. Cor-
rectly labeled, representative and bias-free 
training data in sufficient quantity can be 
very difficult to obtain! (see Sect. 3.5.7: 
Economics of AI).

The so-called Unsupervised Learning ap-
proaches improve this to some extent. Here, 
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figures from some ANN structure is not 
helpful to be used to gain new knowledge 
in the agricultural domain—we ultimately 
aim for better understanding of the agricul-
tural system using terms which are suitable 
for humans.

3.5.6   Artificially Intelligent Robots

Robotics and AI are separate fields, though 
sometimes mixed up. Robots are physi-
cal machines that interact with the physical 
world via sensors and actors.1 These ma-
chines are programmable and autonomous. 
Industrial robots, e.g., perform manufactur-
ing tasks in a deterministic and repetitive 
manner within a controlled environment. 
Most of these robots are not “intelligent”, 
i.e., they cannot adopt to a changing envi-
ronment or dynamically plan the execution 
of a task.

AI augments robots with perception 
and planning capabilities. Instead of just 
sensing the presence of an object and mov-
ing it, the robot recognizes the object and 
executes tasks based on the object’s type. 
Such artificially intelligent robots adapt to 
changing environments. This is a prerequi-
site for many tasks in agriculture since they 
do not take place in a controlled environ-
ment such as a factory. Examples of artifi-
cially intelligent robot applications (beyond 
autonomous driving) are:
5 Fruit harvest is a manual task due to the 

fruit’s susceptibility to pressure and skin 
injuries. Robots equipped with com-
puter vision systems and pressure-sen-
sitive manipulators locate fruits, evalu-
ate its ripeness, pick ripe fruits and sort 
with respect to quality classes.

5 Grain harvesting is an example of a task 
which requires collaboration of differ-

system identifies patterns which indicate 
health, stress, heat or general well-being 
of individual animals [KM13].

5 Evaluation of signals in mobile lab tech-
nology. Near-infrared sensors, com-
bined with powerful signal analysis, of-
fer interesting opportunities to meas-
ure composition of biological fertilizers 
(manure) or harvest details.

5 Evaluation of camera imagery from 
drones, satellites and alike. Together 
with multi-spectrum imagery, the poten-
tial benefits seem to cover any imagina-
ble ground assessment and monitoring 
task.

5 Dynamic observation and prediction of 
time-series data, including optimization 
of machine operation, complex sched-
uling, or even market-related economic 
predictions.

5 Autonomous behavior of vehicles, 
drones and alike.

Ultimately, machine learning approaches 
promise to uncover complex pattern in 
multidimensional data spaces, thus help-
ing us to detect new knowledge like yet un-
known dependencies and cause–effect re-
lations in the interaction between environ-
mental factors and plant growth. While 
such approaches will create only hypothe-
ses, strictly speaking, it is nevertheless ex-
pected that such automatic data mining 
approaches will help to cope with current 
and impending challenges posed by cli-
mate change and the need for environmen-
tal protection while still feeding a growing 
world population—if we succeed to mobi-
lize the cross-enterprise, cross-situation and 
cross-country data transfer needed for such 
endeavors.

Furthermore, learning new insights 
from complex data poses additional chal-
lenges to the explainability and transpar-
ency of machine learning systems. An  
insight hidden in some mysterious black 
box and visible only as unintelligible weight 

1 Hence, robotic process automation is not about 
robots, but just software.
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3.5.7   Economics of AI

The economics of AI in agriculture does 
not differ fundamentally from other suc-
cessful AI application areas. Any busi-
ness that relies on decisions under uncer-
tainty will benefit from good predictions. 
AI automates and augments decisions with 
predictions, which increases productivity 
[BRS19]. This increase manifests in higher 
yields, less consumables, and less labor. AI 
requires investments as well, i.e., tangible 
assets such as robotic machinery and IT in-
frastructure, and intangible assets. The lat-
ter are data and knowledge. AI will be eco-
nomically successful when the productivity 
gain outweighs the investments.

The cost of data and knowledge is often 
the unknown in this equation. The acquisi-
tion of data may require a long period of 
time, e.g., many growth periods, or a large 
variety of crop samples from a whole re-
gion. Its use may require many experiments 
and learning by doing. To mitigate the risk 
of this unknown, it is necessary to apply the 
micro-perspective of the single agricultural 
business and the meso-perspective of the ag-
ricultural sector as a whole. An individual 
farmer will not be able to collect thousands 
of images of weed and crop diseases, but if  
all farmers share this effort, then large data 
sets can be collected fast. This approach is 
called crowd sourcing and e.g., part of the 
business model of xarvio [Xar21].

AI has the potential to enable new busi-
ness models that would not have been pos-
sible without this technology. The semantic 
interoperability of data in conjunction with 
knowledge graphs, e.g., facilitates the trans-
parency of supply chains. Any bottle of 
milk could be traced back to the cow that 
produced its content to verify the produc-
tion and health state. However, to become 

ent systems. A harvester stores the col-
lected grain temporarily, i.e., it must be 
unloaded when its storage is full with-
out interrupting the harvesting pro-
cess. Tractor-drawn trailers collect the 
grain from the harvester by navigating 
in parallel at the same speed to the har-
vester. This task can be executed auton-
omously by communication and coor-
dination between the harvester and the  
tractor.

5 Plant protection as described in a previ-
ous section based on individual images 
can be automated by autonomous ro-
bots. The robot captures plant images 
with a computer vision system, classifies 
these pictures with respect to diseases 
and applies the appropriate amount of 
chemical treatment.

5 Weed removal is a labor-intensive task 
and has been mostly replaced by the ap-
plication of herbicides. Robotics can re-
verse this trend. So-called weed-pick-
ing robots navigate agricultural areas 
autonomously. A computer vision sys-
tem enables them to distinguish weed 
from cultural plants and to remove the 
weed with specialized actuators without 
harming other plants.

5 Autonomous robot platforms can be 
utilized to collect field data. These data 
logging robots facilitate the measure-
ment of plant individual soil nutrition, 
humidity, etc., or the systematic visual 
inspection of plants. Hence, data collec-
tion from the field can be executed al-
most without human intervention.

There are robots in use for livestock farm-
ing as well as in arable farming. However, 
milk robots or feeding systems are not ar-
tificially intelligent robots. They are tradi-
tional industrial automation systems.
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Actually, there are already initiatives to sys-
tematically acquire and utilize such data, 
e. g. Google’s Mineral project [Xco21]. In-
creasingly interlinked networks of systems 
will help to combine highly individual, sit-
uation-specific measures with global max-
imum efficiency and improved traceabil-
ity and transparency, leading to sustainable 
ecological and economic benefits and social 
acceptance.

3.6   Agricultural Data 
and Terminologies

Daniel Martini and Martin Kunisch 

Abstract
Agricultural production today requires de-
cisions to be made under increasingly de-
manding constraints, taking into account a 
wide variety of influencing parameters and 
the impact on profitability, environmental 
protection and animal welfare, food safety, 
sustainability, and more. It has become an 
information-intensive business, and achiev-
ing a systemic view requires the integration 
of data from multiple sources. Existing da-
tasets include data from public sources such 
as data on crop varieties or crop protection 
products, satellite images, or spatial vector 
data, as well as data from private sources 
and data obtained on the farm, for exam-
ple, from AgMachinery or sensor data. Cur-
rently, data are delivered in a number of 
different formats, which leads to difficul-
ties with regard to interoperability. One of 
the key questions is whether format and in-
terface specification mechanisms, as imple-
mented in most standardization initiatives, 
are capable of overcoming these barriers. Se-
mantic technologies provide mechanisms for 
the self-description of data using globally 
unique identifiers and a generic data mod-
eling mechanism that can be applied to vir-
tually any dataset. This includes the use of  

a viable business model, this requires that 
consumers or the food industry is paying 
for this information and farmers will obtain 
better prices for their products. The same is 
true for services that exploit open data such 
as weather or geo information. If  their uti-
lization leads to actual cost reductions, they 
will be adopted and deliver a return on in-
vestment.

As any technology, AI will be success-
ful if  it satisfies an actual need, no matter 
whether this is a significant financial gain 
or an increase in work–life balance. A fully 
autonomous seeding machine will not be a 
game changer for a farmer who spends two 
working days a year seeding. However, the 
milking robot is a true success story be-
cause it frees up time of the farmer and of-
fers quiet Sunday mornings.

3.5.8   Outlook: Individualized 
Optimization

AI application in agriculture will lead to 
new solutions where automated systems 
exhibit new degrees of autonomy and dy-
namic adaptation to situation-specific indi-
vidual circumstances. On the long run, this 
will allow to realize fine-grained optimiza-
tions and individualized operations up to 
the level of single plants and individual an-
imals—while satisfying many detailed and 
individualized customer requests as well. 
Hence, modes of work such as mechani-
cal field work, which have been abandoned 
because of the cost of manual labor, be-
come economically viable again, due to the 
availability of autonomous robots. When 
swarms of small robots can assess and treat 
plants individually, environmental-friendly 
mechanical weed removal (instead of heavy 
chemistry) becomes attractive again. When 
reliable data become easily accessible and 
are shared for mutual benefit, AI algo-
rithms will detect new insights and real-
ize fine-grained optimization opportunities. 
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fluenced by weather and climate, so meteor-
ology plays a role as well. Ever since the ad-
vent of mechanization and automation in 
agriculture, topics from engineering sciences 
such as mechanical engineering and elec-
trical engineering are also touched upon. 
Findings in chemistry have enabled a better 
understanding of plant and animal nutri-
tion as well as chemical crop protection and 
treatment of animals with pharmaceuticals. 
In addition, production is the source of in-
come for farms and a part of the value cre-
ation for the economy, so economic aspects 
are important. The goal of sustainability 
also requires the overarching consideration 
of all subsectors in the sense of fulfillment 
of the United Nations Sustainable Develop-
ment Goals [UN15] (see also 7 Sect. 1.3).

From this breadth of content and the 
aforementioned disciplines, relevant data 
categories for agriculture are derived:
5 Agriculture-oriented data on resources 

used: plant species and varieties with 
growth and quality characteristics, an-
imal breeds and their performance and 
breeding values, AgMachinery and its 
technical data, fertilizers and their nu-
trient contents, crop protection products 
and pharmaceuticals with their compo-
sitions, active ingredients, and areas of 
application, etc.

5 Data on the influencing environment: 
weather and climate data, but also data 
on hydrology, geology, and in the land-
scape context with structures worthy of 
protection, such as hedgerows and land-
scape or water protection areas, etc.

5 Data on the market environment and 
statistical data: produced quantities and 
harvest statistics, price time series of ag-
ricultural products, current supply situa-
tion of the population such as self-suffi-
ciency rates, etc.

These data can be fed into other software 
systems, for example for statistical evalua-
tion or processing using artificial intelligence 

ontologies and defined terminologies. This 
section introduces examples of agricultural 
data with content summaries and formats, 
presents technology requirements for inte-
gration, and uses examples of existing re-
sources and technologies to show how ap-
proaches for achieving this integration might 
look like.

3.6.1   The Data Landscape in the 
Agricultural Sector

3.6.1.1   Content Scope, Data 
Categories, and Data Types

Today, we live in a world of growing 
amounts of data in almost every field. An-
other important characteristic of the ag-
ricultural sector is that it represents an in-
tersection of different disciplines. Current 
problems in agriculture—for example in 
the area of efficient use of nutrients and en-
ergy [KPV+19] or risk management with 
regard to climate variability and change 
[HTA+15]—require a systemic approach: 
To successfully leverage data, e.g., in sim-
ulation models or computational mod-
els, data from different sources must be re-
trieved and integrated. How efficient such 
cross-source retrieval and integration can 
be accomplished depends on how data is 
represented at the level of services. A tar-
geted approach involves obtaining an over-
view of the data landscape, of the require-
ments for agriculture from which needs for 
data evaluation arise as as well as of the re-
sulting challenges first. After that, suitable 
data representation mechanisms and meth-
ods for specific problem areas can be de-
rived from this.

The task of agriculture is the purpose-
ful production of food, raw materials, and 
energy using natural resources such as soil, 
plant material, and livestock. Accordingly, 
agricultural sciences have links to biology, 
but also to earth sciences. Production is in-
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scape of data formats and standards has 
emerged, of which we only pick out a few 
characteristic examples here. In particu-
lar, the standard ISO11783 (ISOBUS) orig-
inates from the agricultural sector, but so 
do initiatives such as ISOagriNet. In addi-
tion, formats and standards from the geo-
data sector are also relevant for agricultural 
software, such as the service and format 
specifications of the Open Geospatial Con-
sortium (OGC), which have been incorpo-
rated into the ISO191xx series of standards 
and are an essential foundation of the In-
frastructure for Spatial Information in the 
European Community (INSPIRE). In the 
following, we will briefly discuss these ex-
amples.

The ISO11783 standard—“Tractors and 
machinery for agriculture and forestry—Se-
rial control and communications data net-
work” [ISO19] currently has 14 parts. Its 
core application areas are data connections 
between tractors and agricultural and for-
estry implements as well as the exchange of 
work orders and recorded data with man-
agement systems in agriculture and forestry. 
Part 10 specifies a data format based on the 
eXtensible Markup Language (XML), a 
standard originally designed for marking up 
and structuring documents such as manuals 
in the IT sector [BPS+08]. The central ele-
ment is the so-called Task, which describes 
a work process in the field. Linked to this el-
ement is data about implements, workers/
drivers, fields on which the cultivation takes 
place, etc. The ISO11783 standard also de-
fines its own encoding for geodata, which 
can be used to create application maps and 
tracks for automatic steering systems. The 
format is designed such that the work order 
can be transferred to a machine and records 
can be transferred back to the FMIS. Dur-
ing this process, sensor data such as PTO 
speeds, fuel consumptions, applied rates, 
harvested quantities, etc., are recorded to-
gether with the associated time and location 
stamps. The standard also defines a com-
pact binary coding for this log data.

algorithms. Decision makers in agriculture 
such as farm managers, but also policymak-
ers as well as representatives of upstream 
and downstream sectors act as consumers of 
the evaluations and raw data and make de-
cisions on this basis. However, agriculture 
is increasingly producing data itself as well. 
In addition to the established recording pro-
cesses of accounting and documentation, 
machines in the field log data during work 
execution, such as application rates and con-
sumption, and milking systems record milk 
quantities and quality parameters for indi-
vidual animals. In line with the heterogene-
ity of the disciplines as well as the myriad 
of entities associated with the data catego-
ries and the increasing role of farmers also 
as data producers, there is a certain range 
of data types to be considered: For exam-
ple, spatial categorization often plays a role, 
so geospatial data such as polygonal fea-
tures, points, etc. and their respective anno-
tations with technical data are highly signif-
icant. The time dimension is often also rele-
vant, so time series are common for market 
data and agricultural statistics, but also for 
on-farm data such as milk yield curves. For 
earth observation data, which has entered 
the scene in recent years, both the spatial 
and the temporal dimensions are relevant. In 
addition, there also exist simple, structured 
data, which may be stored in relational data-
bases—e.g., farm input Master Data. How-
ever, information for farmers is not only 
available as structured data. Agriculture as 
a discipline also has strong qualitative–de-
scriptive features. A considerable proportion 
of specialist information is therefore availa-
ble in unstructured text corpora as reports, 
scientific articles, or legal texts. In addition, 
there is the experiential knowledge of the 
farmers, which is currently rarely recorded  
formally.

3.6.1.2   Data Formats and Standards
In accordance with the use cases consid-
ered by the agricultural sector and the dis-
ciplines involved, a heterogeneous land-
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(GML) [Por12] has been developed as a 
format for the exchange of geospatial data. 
It is based on the so-called feature prop-
erty model, which at its core transforms 
the concept known from printed maps of 
geo-object types or “layers” (settlements, 
water bodies, streets, natural landmarks, 
etc.) marked with specific colors or sym-
bols into an object-oriented data model. 
Geometries (points, polylines, polygons) to 
draw on a map are properties of these ob-
jects. This kind of modeling provides a rep-
resentation well-suited for spatial analy-
sis, but requires the object types with their 
properties to be determined to the great-
est possible extent before setting up a sys-
tem (“a priori”). The Working Group of 
the Surveying Authorities of the States of 
the Federal Republic of Germany (AdV) 
has therefore presented comprehensive ob-
ject type catalogs and schemas, for example  
[Adv21].

In addition to the aforementioned ISO 
standards and OGC specifications, a num-
ber of other interface standards and data 
formats are in use, which will not be dis-
cussed in detail here. Moreover, several in-
formation services exist that are relevant to 
agriculture, where data is embedded into an 
application or is merely offered for down-
load in simple ad-hoc or proprietary data 
formats.

3.6.1.3   Status Quo of Data 
Interoperability

From the perspective of a geospatial data 
standardization stakeholder, the standards 
developed in this context offer a high de-
gree of interoperability. Nevertheless, agri-
cultural stakeholders often complain about 
poor data interoperability. How can we ex-
plain this apparent contradiction?

Standards developer communities have 
so far mostly considered the problem of in-
teroperability only within their scope and 
their use cases. It is possible to provide 
specific services that are useful for farm-
ers based only on data sources designed in 

Based on the ISOBUS for arable and 
permanent crop farming, the ISOagri-
Net initiative attempted to develop a sim-
ilar system for livestock farming, i.e., es-
sentially for the exchange of data and the 
networking of equipment for animal hus-
bandry (e.g., climate computers, automatic 
feeders, milking systems, etc.). This resulted 
in the Agricultural Data Interchange Syn-
tax (ADIS) and the Agricultural Data El-
ement Dictionary (ADED). The system is 
therefore also known as ADIS/ADED. This 
work has found its way into standardiza-
tion via the ISO standards 11787 [ISO95], 
11788 [ISO00] (both now withdrawn) and 
17532 [ISO07]. ADIS/ADED includes its 
own format specification, which is based on 
messages in a text format derived from da-
tabase records. Based on this, possibilities 
were later also created for exchanging spe-
cialist content from livestock farming via 
web services and web interfaces common in 
this environment, such as XML or JSON 
[Bra17]. The standard has not gained wide-
spread use across the full range of its orig-
inally envisioned use cases, but it is being 
used in specific areas. For example, it has 
practical significance for milk performance 
testing and breeding value estimation. Fur-
thermore, the protocol forms the basis for 
the interfaces of the HI-Tier Platform.

Besides these specifications developed 
in the agricultural sector, established geo-
data standards play an important role for 
the particularly relevant category of geo-
spatial data. The development of specifi-
cations not only for geodata formats, but 
also for operations on geodata in data-
bases, catalog and map services is being 
driven by the Open Geospatial Consor-
tium (OGC). The OGC has also contrib-
uted a number of their standards to ISO 
(ISO 191xx series of standards). However, 
specifications are also available freely as 
Open Standards [Ogc21]. A number of de-
velopment teams have developed compliant 
software implementations available as open 
source. The Geography Markup Language 
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on common basic principles and replacing 
some of the aspects commonly described 
in textual specifications with machine-read-
able descriptions and then leaving their in-
terpretation to computers.

3.6.2.1   The FAIR Principles and the 
Role of Linked Data

The FAIR principles were designed in the 
context of a framework for European re-
search data management, but they also ad-
dress in a generalized way precisely those 
difficulties that arise from some of the char-
acteristics of the current data landscape 
described above: Given growing data vol-
umes, heterogeneous sources and applica-
tion requirements, and distributed provid-
ers, how can data be provided in a Finda-
ble, Accessible, Interoperable, and Reusable 
way [WDA+16]. They do not limit them-
selves to formulating these principles, 
but also provide guidance on implemen-
tation as well as examples of technolo-
gies and formats that meet the require-
ments (see [Gof21]). It can be shown that 
the FAIR principles can be understood as 
necessary conditions for the achievement 
of the goals underlying these four key-
words. This means, for example, that in or-
der to achieve interoperability, care must 
be taken to ensure that formal languages 
are used for representing knowledge (Prin-
ciple I1), vocabularies are used that them-
selves also fulfill the FAIR criteria (Prin-
ciple I2), and links are present in the data 
and metadata to other (meta)datasets  
(Principle I3).

In the following sections, only two as-
pects will be examined in more detail: the 
use of globally unique, persistent identifiers 
and considerations regarding suitable data 
models.

Existing technology stacks can be eval-
uated with regard to the fulfillment of the 
FAIR criteria. With the W3C Seman-
tic Web recommendations such as the Re-
source Description  Framework (RDF) 

compliance with the standards of a single 
developer community. However, given com-
plex interrelationships and influence paths, 
there is potential in merging different inter-
nal and external datasets. These also touch 
on various disciplines mentioned above and 
are therefore in many cases coded and re-
trievable according to incompatible specifi-
cations.

It must be questioned whether the obvi-
ous solution approach—that the degree of 
standardization is not sufficient and that the 
efforts of the individual initiatives and the 
communication must be intensified—is ac-
tually promising. The amount of data col-
lected and the accessibility of different data 
sources is currently increasing significantly 
over time. This further increases the heter-
ogeneity of the agricultural data landscape. 
A solution based on agreements between 
developer communities appears rather unre-
alistic due to the rather limited “data rates” 
in the exchange of information between 
people [COD+19], especially since, as bilat-
eral agreements are to be made on a case-
by-case basis, the number of the necessary 
coordination processes is approximately 
the square of the number of stakeholders. 
Bundling of coordination processes can be 
helpful here, but again leads to other prob-
lems—e.g., with regard to ensuring the abil-
ity of committees to work when the number 
of participants is too large.

3.6.2   A Global Data Space—
Achievable or Wishful 
Thinking?

The outlined problem of the lack of scala-
bility of common standardization processes 
leads to the question of whether there are 
other options of creating a global, interop-
erable data space. The decisive factor here 
is whether it is possible to find approaches 
that keep the coordination effort as low as 
possible—for example, by merely agreeing 
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ture, the codes for the first group include, 
for example, various systems of crop codes 
created over the years from the perspec-
tives of different use cases or regional cov-
erages, such as the crop codes of the Euro-
pean Plant Protection Organisation (EPPO), 
crop codes of the variety approval authori-
ties, and crop numbers of the IACS (Inte-
grated Administration and Control System 
of the EU) procedure. The variety of differ-
ent codes for quite similar, partly even iden-
tical concepts illustrates one of the core 
problems in this field: As soon as data is 
to be transmitted from one application do-
main to another, or is to be merged across 
domains, such code systems must be trans-
lated into each other with great effort. For 
example, one application goal could be to 
merge and evaluate information on varie-
ties such as resistances with data from crop 
protection advice. Either the user has to do 
a translation manually when inputting the 
data, or developers have to provide transfer 
mechanisms. An additional challenge in this 
context is that systems usually only overlap 
in part or combine concepts at different lev-
els (e.g., crop group codes in IACS).

The use of identification and code sys-
tems which fulfill the requirements for global 
uniqueness and persistence in accordance 
with FAIR Principle F1, is therefore one of 
the most important basic requirements for 
data interoperability. In addition, A1 demands 
that it should also be possible to retrieve data 
via the assigned identifier using open stand-
ard protocols. This can only be realized with 
reasonable effort by relying on consolidated, 
widely used standards with appropriate sup-
port by software tools, such as Uniform Re-
source Identifiers (URIs) [BFM05]. It should 
not only be possible to identify data objects or 
individuals; core concepts of data representa-
tions such as entities, object classes, or data 
fields should also be assigned unique identifi-
ers. These are the prerequisite for reusing indi-
vidual elements from data standards and re-
combining them into new data formats.

[SR14], the Web Ontology Language 
(OWL) [HKP+12], and the Linked Data 
Platform (LDP) [SAM15], technologies ex-
ist in which almost all FAIR principles are 
either already explicitly anchored in the 
specifications or can be implemented with 
reasonable effort.

Linked Data is often associated with 
Open Data or even equated with it. How-
ever, the specifications do not make any 
statement about data usage rights and 
how to handle them. In his 5-Star Model 
for Open Data [Ber10, 5st21], which also 
builds on Linked Data, Tim Berners-Lee 
does propose the use of open licenses, but 
there is no technical specification or restric-
tion on this at all. The FAIR principles take 
up data usage rights aspects in Principles 
R1.1 and A1.2: R1.1 requires that clear, 
machine-readable license terms be assigned 
to the data—machine readability is particu-
larly important for search engines and reg-
istries, so that users can immediately recog-
nize the extent to which the data provided 
can be used in their context. Principle A1.2 
clarifies that “accessibility” does not nec-
essarily mean “free” or “open”, but rather 
that protocols for data retrieval should also 
support authentication and authorization, 
if  required. Accordingly, the frequently ex-
pressed wish of farmers and private-sector 
companies that third-party access should 
only take place in a controlled manner can 
also be taken account in this environment.

3.6.2.2   The Need for Globally 
Unique Identifiers

To enable communication that is free of mis-
understandings, unique identifiers must be 
defined for specific elements, things, or con-
cepts about which data is to be exchanged in 
order to ensure that sender and receiver re-
fer to the same concept when interpreting 
the data. The focus may be on the coding of 
classifications and attributes (crops, types of 
objects, parameters recorded, etc.) or of in-
dividuals (animals, fields, farms). In agricul-
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possibly even via the same API—to request 
the data itself. This means that not only 
data is coded, but also parts of the knowl-
edge required to interpret the data. Se-
mantic technologies are the basis of such a 
knowledge representation, and the explana-
tions to FAIR Principle I1 name some lan-
guage specifications that meet the neces-
sary requirements on generality, extensibil-
ity, and capability for self-description, e.g., 
RDF or OWL.

3.6.3   Controlled Vocabularies, 
Thesauri, and Ontologies

For practical use in data services, vocabu-
laries and ontologies can be developed with 
the help of the above-mentioned methods 
and technologies. Vocabularies are oriented 
to the necessary minimal formal language 
scope for data exchange, i.e., they provide 
simple classes and attributes. For seman-
tic descriptions of technical terms that oc-
cur both in structured datasets—e.g., in text 
fields—and in more unstructured text cor-
pora, electronic thesauri and knowledge or-
ganization systems are available. These also 
include relations between concepts such as 
subject relatedness or synonymy.

Ontologies can be seen as a further se-
mantic expansion stage. Gruber defines on-
tologies in the information-technical sense 
as follows: “An ontology is a description 
(like a formal specification of a program) 
of the concepts and relationships that can 
formally exist for an agent or a commu-
nity of agents.” […] “Ontologies are of-
ten equated with taxonomic hierarchies of 
classes, class definitions, and the subsump-
tion relation, but ontologies need not be 
limited to these forms. Ontologies are also 
not limited to conservative definitions—
that is, definitions in the traditional logic 
sense that only introduce terminology and 
do not add any knowledge about the world. 
To specify a conceptualization, one needs 

3.6.2.3   A Suitable Data Model
Existing systems and standards are based 
on different paradigms and design patterns. 
Common data management systems often 
build on the relational model. Web services 
often use hierarchically organized docu-
ment formats such as XML or JSON to se-
rialize data. Depending on the underly-
ing use case, data is organized into formats 
or tables in different ways. Relations can, 
for example, be modeled in different direc-
tions: For example, the relation between 
the driver and the machine can be repre-
sented as: “Driver X drives Machine Y” or 
as “Machine Y isDrivenBy Driver X”. In 
strictly hierarchical data structures, these 
different views lead to incompatible rep-
resentations. In order to achieve interopera-
bility, data must be structured according to 
an abstract data model where different use-
case-driven views no longer play a role, at 
least in the “external view”, i.e., on the level 
of an interface. In view of the increasingly 
fluid data landscape, a suitable model must 
therefore be extensible in addition to be-
ing generally valid. Ideally, data from new 
sources can be added to existing datasets 
without time-consuming programming of 
transformations.

If a data model has this degree of gen-
erality and extensibility, it can be used not 
only to represent the actual domain-ori-
ented data, but also to describe these do-
main-oriented representations themselves—
the separation between schema and data 
that is otherwise common in databases or 
with JSON and XML can be dispensed 
with. Descriptive metadata can thereby 
be provided and retrieved in the same way 
as the data itself. The a priori knowledge 
needed to use data sources is minimized and 
both developers and software agents can 
first of all exploratively retrieve important 
descriptive information such as existing ob-
ject classes, properties, data types, and re-
lations existing among the data in order to 
then use the same mechanisms—technically 
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which is provided and maintained by the 
United Nations FAO [CSM+13]. It was first 
published as a book in three languages in the 
early 1980s. Nowadays it is delivered elec-
tronically as Linked Data in RDF format. It 
uses the so-called Simple Knowledge Organ-
ization System (SKOS), an RDF vocabulary 
whose central class is a concept that can be 
equipped with preferred and alternative text 
labels and organized into super-/sub-concept 
hierarchies [IS09]. . Figure 3.17 uses the 
concept “Lettuce” to illustrate these refer-
ences. Currently, AGROVOC contains about 
40,000 concepts with about 800,000 labels in 
up to 40 languages. It is managed and fur-
ther developed by the FAO’s Agricultural In-
formation Management Standards Group 
with the support of a globally distributed 
team of editors who jointly input new con-
cepts and translations via the VocBench 
platform.

AGROVOC is currently used to sup-
port various use cases. Since labels in dif-
ferent languages are available for concepts, 
AGROVOC can be used, for example, to 
implement multilingual search engines. In 

to state axioms that do constrain the pos-
sible interpretations for the defined terms.” 
[Gru93].

Ontologies include aspects of vocabular-
ies and thesauri such as classes, terms, rela-
tions, and properties, but can also go beyond 
this to include statements about relation-
ships and rules for deriving new knowledge. 
Classification criteria can also be described: 
They specify which conditions must be ful-
filled for an object to belong to a particular 
class. So-called inference engines or reason-
ers can then be used to decide whether the 
criteria are met, based on appropriately pro-
vided data about the objects in question. In 
the agricultural sector, this function could be 
used, for example, to describe whether farm-
ing practices on a certain piece of land meet 
requirements of organic farming. Due to the 
complexity of the underlying regulations, 
however, the complexity of the descriptions 
in an ontology would also be high.

3.6.3.1   AGROVOC
Currently, the most comprehensive thesau-
rus for the agricultural sector is AGROVOC, 

. Fig . 3 .17 Graphical representation of the concept “Lettuce” with a selection of its text labels, its embedding 
in the terminological hierarchy, and relations to other concepts
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knowledge is coded in a computer-readable 
way and can then be used by expert systems 
(see also 7 Sect. 3.5.4), for example. The 
AgrOntology relations are currently under-
going a comprehensive revision aimed at 
simplification and more consistent use.

In the meantime, ontologies have found 
their way into the experimental systems of 
large or international agricultural research 
institutions. As part of the Platform for Big 
Data in Agriculture, CGIAR has designed 
the Agronomy Ontology (AgrO) [ABL17], 
which is used to automatically generate dig-
ital field books that subsequently allow data 
from different testing facilities to be merged. 
A mapping to the concepts of AGROVOC 
exists for AgrO; it is therefore an example of 
the interplay between thesauri and ontologies.

What such an interplay of thesauri, on-
tologies, and datasets can look like in con-
crete terms is currently also being demon-
strated in the EU project DEMETER. 
Deliverable 2.1 [Rou20] of the project de-
scribes a series of data models, outlines on-
tology-driven interoperability mechanisms, 
and describes some ontologies developed 
in that context. Within the FOODIE Cloud 
(foodie-cloud.org), a data service is pro-
vided that builds on the technologies and 
methods described above and links and in-
tegrates a series of open data sources, for 
example on land use and transport, in an 
interoperable way with the help of ontolo-
gies and thesauri [Foo21].

In related fields such as bioinformat-
ics, ontologies are already in wider use. 
The Open Biological and Biomedical On-
tology (OBO) Foundry [Obo21] provides 
infrastructure components and tools for 
managing ontologies as well as ontologies 
themselves on a range of biological topics. 
Prominent big data services such as Uni-
Prot [Uni21] also use ontologies and se-
mantic technologies to describe and deliver 
their data as well as query mechanisms such 
as the above-mentioned SPARQL.

addition, AGROVOC can be used to auto-
matically tag texts or web pages, e.g., to de-
scribe the topic or keywords frequently oc-
curring in a text. This information can then 
be used for navigation, for example via 
topic trees. Various organizations also use 
the concepts of AGROVOC to tag data-
sets with metadata describing, for example, 
which parameters are included in a dataset, 
where the data was collected, or which or-
ganisms or environmental conditions play a 
role in a dataset.

In addition to various access paths 
for research and processing by humans 
[Fao21a], AGROVOC is also provided as 
Linked Open Data in a machine-readable 
form. AGROVOC concept URLs are re-
trievable in the sense of RESTful web ser-
vices; moreover, a public access point is 
available for queries using the standard-
ized query language SPARQL [W13]. These 
APIs enable software developers and the 
computer systems developed by them to 
specifically query or use the data contained 
in AGROVOC. Integration of the com-
plete AGROVOC into one’s own systems is 
also possible by downloading the dataset. 
AGROVOC concepts and labels are tagged 
with URLs as unique identifiers and can 
therefore also be reused in RDF vocabular-
ies and ontologies, for example to uniquely 
define terms in data exchange systems or 
annotate classes and data fields with multi-
lingual text descriptions.

3.6.3.2   Ontology Developments 
in the Agricultural Sector

Fully developed ontologies have been used 
only to a limited extent in the agricultural 
domain. For AGROVOC, relations between 
concepts that are typical for an ontology 
were added some time ago as AgrOntology 
[Fao21b]. An example are “causative re-
lations”, which describe cause–effect rela-
tions: produces/isProducedBy, hasDisease/
isDiseaseOf etc. On this basis, agricultural 
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advisory service in Rhineland-Palatinate. Spe-
cific use cases are outlined and discussed in 
this section.

3.7.1   Introduction

The German Federal Ministry for Food 
and Agriculture (BMEL) pointed out in 
2020 on the website, that “climate change 
mitigation, adaptation to climate change, 
food security and the production of renew-
able resources, including wood, are closely 
inter-related. While agriculture and for-
estry are affected by climate change, they 
are, at the same time, an important part of 
the solution. Arable farming produces the 
great majority of basic foodstuffs and ani-
mal feed and therefore represents the foun-
dation for our daily food. The past dec-
ades have seen a significant increase in out-
put. This guarantees a secure, high-quality 
supply of food. However, the high level of 
productivity in arable farming also entails 
challenges in terms of environmental pro-
tection, nature conservation, economic fac-
tors and social acceptance. Furthermore, 
existing conflicts of interests need to be re-
solved” [BME20] (see also 7 Sect. 1.4).

Additionally, the Thünen Institute 
on behalf  of  the BMEL formulated 2020 
that “Agriculture shall produce high-grade 
food and renewable resources in a relia-
ble manner. In future, agricultural produc-
tion will face increasing pressure to release 
fewer greenhouse gases and air pollut-
ants. International agreements on climate 
change mitigation and air pollution con-
trol oblige Germany to reduce emissions” 
[Thü20].

Therefore, to provide continued food se-
curity, agriculture must use the limited ar-
able land more efficiently. However, to pre-
vent shifting problems into the future, 
the required transformation is only feasi-
ble if  sustainability aspects are considered. 
Moreover, with a strong social and politi-
cal awareness of global change, sustainabil-

3.6.4   Conclusion and Outlook

Due to its heterogeneity and its interfaces 
with other disciplines, the agricultural sec-
tor faces considerable challenges when it 
comes to data integration and the creation 
of overarching data spaces via interopera-
ble services. Standardization mechanisms 
based on effort-intensive coordination pro-
cesses that have been customary up to now 
are no longer effective in the current envi-
ronment. Instead, basic abstract principles 
and targeted methods must now be used to 
ensure findability, accessibility, interopera-
bility, and reusability (FAIR) in the provi-
sion of data and standards. This includes a 
more comprehensive formal description of 
data—meaning that knowledge on how to 
interpret data needs to be encoded. Seman-
tic technologies, vocabularies, and ontolo-
gies are tools that, on the one hand, make 
use of these methods and, on the other 
hand, can serve as building blocks of a fu-
ture provision of data that is better usable 
even without comprehensive a priori coor-
dination and specifications.

3.7   The Role of Geo-Based Data 
and Farm-Specific Integration: 
Usage of a Resilient 
Infrastructure in Rhineland-
Palatinate, Germany

Matthias Trapp, Roland Kubiak, Djamal 
Guerniche, Daniel Eberz-Eder and Julius 
Weimper 

Abstract
Historically, authorities collected multiple ag-
ricultural data types, e.g., protection zones, 
field boundaries. This can be relevant for a 
more farm and field-specific application of 
digital farming measures. This section de-
scribes an example how farmers can access 
this data, developed by the public agricultural 
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RLP AgroScience has worked in the 
framework of digital landscape analysis 
and precision agriculture on different or-
ders of (spatial) scales for over 20 years. 
This section will provide an overview of the 
last 25 years of research performed by RLP 
AgroScience in the context of smart farm-
ing. The current efforts will be explained in 
more detail, especially the establishment of 
a mixed private–public solution as a step to-
ward to a resilient smart farming concept, 
the so-called Geoboxinfrastructure (GBI). 
Consequently, the main focus of this sec-
tion is the description of existing commu-
nication infrastructure and spatial resources 
from authorities, and integrating these with 
geo-information to create a resilient infra-
structure to support farmers in their daily 
work. For us, a view of the entire diversity 
of individual agricultural holdings is impor-
tant. This is why we want to create a plat-
form that allows every farm to retrieve rel-
evant public information for their existing 
farmed areas. This platform provides an in-
troduction to the diversity of precision and 
smart farming, and raises awareness of the 
benefits of business-relevant geo-based 
data. The previously mentioned GBI is pre-
sented as an example of such an infrastruc-
tural resilient smart farming concept in 
Germany’s state Rhineland-Palatinate.

3.7.2   Overview

Since the beginning of the 1990s, GPS 
(global positioning system) has been avail-
able for non-military use in Europe. The 
first applications in agriculture began to use 
the positioning data, with the first GPS-en-
abled harvester being able to measure yield 
and position. For the last 25 years, pre-
cision farming was mainly triggered by 
site-specific approaches, focusing primar-
ily on optimizing fertilizer and yield (fertili-
zation on withdrawal) and guiding the lane 
assistance of tractors [RNT97, SLS+93].

ity but also animal welfare is increasingly 
influencing the discourse [UB15]. A wide 
range of new technologies and concepts are 
currently developed to support farmers to 
manage their land not only more sustain-
ably but also more efficiently. The follow-
ing section will provide a brief  overview of 
the developments to date. Moreover, exem-
plary, related solutions in the form of a re-
silient infrastructural and site-specific smart 
farming concept are outlined.

In the position paper of the digital asso-
ciation BITKOM on arable farming strat-
egy 2035, the following overarching state-
ments are formulated [Bit20a]:
5 Digitization is a central element of the 

future of (smart) farming and should be 
part of all recommendations for action

5 digital technologies are already availa-
ble—they must now be brought more 
strongly into the area (a wider imple-
mentation practice)

5 sustainable agriculture is only possible 
with a digital administration

5 there has to be a holistic view of sus-
tainability

In its article “Digitalpolitik Land-
wirtschaft” (Digital Policy for Agriculture), 
the BMEL describes “Precision Farming” 
and “Smart Farming” as technical devel-
opments that have been tested and used in 
agricultural engineering practice for more 
than two decades [BME20]. According 
to a survey by DLG - Agrifuture Insights 
[Bit20b], the acceptance of farmers using 
new technologies and digital information is 
already very high in Germany [DLG18].

Therefore, with smart farming inte-
grating the possibilities of the “Internet of 
things” (IoT), there are abundant opportu-
nities. This means using technologies not 
only to gain higher production yields with 
less input, but also using them to optimize 
administration processes, monitoring, re-
porting, even at the landscape level to inte-
grate a more holistic approach.
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where all olive trees were counted based on 
digital orthoimages to aide in funding deci-
sions [GGA+07].

Overall there are two approaches which 
drove the establishment of these technolo-
gies in the EU framework of agriculture. 
Firstly, the EU-wide gathering and man-
agement of geo-data and information for 
administration and controlling, and sec-
ondly, the optimization of farming prac-
tices on a single plot of land.

3.7.3   Site-Specific Resilient 
and Climatic Smart Farming

In the research project “KlimLand” (Im-
pact of climate change on agriculture and 
viticulture in Rhineland-Palatinate 2013), 
the RLP AgroScience developed a geo-da-
tabase for all agricultural parcels in Rhine-
land Palatinate (RLP, a federal state of 
Germany), with a huge amount of addi-
tional information [TTK13] (. Fig. 3.18).

Additionally, indicators were calculated 
based on the site-specific geo-data such as 
the climatic resilient index, which combines 
the results of climatic parameters with the 
topographical and soil information of each 
plot (. Fig. 3.19).

Farmers and consultants were therefore 
able to make decisions on site-specific infor-
mation not only for one plot, but for whole 
landscapes and regions. Unfortunately, due 
to missing technological capabilities at the 
time this information was gathered, it could 
not be used adequately by farmers and the 
authorities. Additionally, such static geo-in-
formation needs to be updated regularly 
to remain accurate. The information was 
mostly used for research projects, and not 
integrated into the operative process chains 
in the administrations.

Nowadays, technological development en-
ables just-in-time information management. 
However, due to climate change and increas-
ingly varying local weather conditions, there 
is a need to be able to react earlier to unex-

In 1998 and 1999, a first on-farm re-
search trial was performed by varying the 
amount of fertilizer within one parcel on 
discrete georeferenced strips of approxi-
mately 1 hectare in size. Each strip was ana-
lyzed with respect to soil information and 
the different slopes generated from terrain 
models. This trial, supported by a GPS-en-
abled John Deere tractor and harvester, led 
to a better understanding of the correlation 
between soil quality, topography, and ferti-
lizer quantity on the final yield. The results 
were published in a PhD Thesis by Trapp 
[Tra03].

The combined German research projects 
“Preagro I” and “Preagro II” (2000 to 2008, 
respectively) were one of the largest research 
projects in the context of precision agricul-
ture in Germany. In the first phase, impor-
tant scientific and technical fundamentals 
were developed on over sixteen farms. In the 
second funding phase, the project focused 
primarily on the information management 
on these farms. Additionally, the possibili-
ties of integrating the entire value chain up 
to the consumer level were investigated. One 
of the main results of the entire Preagro 
project was to show what is technically fea-
sible, taking small-scale differences into ac-
count in management and developing rules 
to include these site differences in the over-
all design. This allows the farmers to opti-
mally adapt their cultivation to their re-
spective sub-areas within their fields, basing 
everything on plant cultivation and ecologi-
cal criteria [Pre20].

Subsequently, the development of a 
geo-data-infrastructure (GDI) based on the 
INSPIRE-process (see 7 Sect. 3.6) and the 
processing of specialized geodatabases was 
also improved by authorities and research 
institutes. In 1997, the implementation of 
the Land Parcel Information System (LPIS) 
in the framework of the Integrated Ad-
ministrative Control System (IACS) by the 
EU was a crucial milestone for the agricul-
tural sector. One of the first application was 
the “Olive-GIS” project in Greece (2003), 
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on artificial intelligence (AI) use and process 
all information from near and remote sensing 
sources to create zone-specific management 
plans. RTK-GPS enables the precise control 
of autonomous machines and robots down 
to the centimeter.

pected weather events [STK+18]. Micro-
climate data recorded specifically for each 
plot by local sensors can be used to extend 
weather forecasting systems, allowing meas-
ures to be implemented with greater tempo-
ral and spatial precision. Algorithms based 

. Fig . 3 .18 Transfer of values of continuous raster information into the database of discrete objects [TTK13]

. Fig . 3 .19 Site climate index for the period 1971–2000 on agriculturally used sites in the Middle Moselle 
[TTK13]
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online information like dynamic weather 
data. This concept of a Resilient Edge Com-
puting (REC) is based on the principal of 
offline first. Through the implementation of 
the Open Horizon Framework, it is possible 
to manage thousands of decentral edge de-
vices which serve as a decentral data storage 
[RKS+20] (. Fig. 3.20).

The GBI includes three components: the 
GeoBox-Viewer (GBV) as a visualization 
tool, the messenger for communication, 
and the site passport (field atlas) as a local 
storage system on the farm. The geo-data 
services of the state and the authorities that 
are relevant to the farms are made available 
to them free of charge; this includes both 
on-farm storage and distribution, as well as 
combined online and offline use on mobile 
devices. With this approach, relevant ba-
sic data for smart farming can be stored in 
a standardized way at the farm level. This 
also ensures data sovereignty and thus the 
value creation remains on the farms.

Spatial management requirements are 
becoming increasingly complex. Therefore, 
the need for valid official geographic and 
technical information is increasing. For ex-
ample, in order to promote non-chemical 
crop protection methods, additional rule-
based knowledge must be prepared in in-
formation portals via modern cognitive ser-
vices so that it can be accessed by farmers 
in a location- and situation-specific man-
ner. In the case of sovereign tasks, it is a 
challenge for the federal states to be able 
to reach all farms in the various regions 
equally with digital and geo-data-based in-
formation services.

An example of such geo-data-based in-
formation services will be delivered by the 
ongoing research project SOFI (Smart Soil 
Information for Farmers, BMEL). Sensor 
data-based map services for soil-conserving 
cultivation and environmentally compatible 
fertilization are generated and published in 
the GBV as a mapping service.

However, without a communication and 
geo-data infrastructure, the meaningful use 
of the data and model outputs cannot be 
used by farmers or advisors in their opera-
tions.

Therefore, the GBI will be presented as 
an existing and working example on the 
level of an EU member state (Germany) 
and on the scale of a federal state (Rhine-
land Palatinate). The purpose of this sec-
tion is not the technical description, but 
possible applications which require such an 
infrastructure.

3.7.4   The GBI as an Example 
for Infrastructural Resilience

The motivation behind designing the GBI 
was triggered by the question “How can 
the resilience of a digital agriculture be 
strengthened through usable and interactive 
systems?”

The overall objective of the GBI is the 
development of a digital and resilient infra-
structure. It includes, “in addition to map- 
and table-based presentation of farm data, 
geo-forms for placing orders and encrypted 
communication with other users. By com-
bining the GBI with a site passport, in which 
all relevant public geo-data are bundled and 
processed, new approaches and findings can 
be developed and implemented in the future. 
This is in addition to the pre-screening of re-
quirements regarding fertilization, plant pro-
tection, biodiversity, etc., also at the land-
scape level” [RSE+18]. One of the key points 
in the project is the focus on a resilient and 
decentral data management. Therefore, it is 
very important to reduce the strong depend-
ency of operational data from central serv-
ers. In order to reduce the risks from differ-
ent blackout scenarios, we focus on a hy-
brid digital architecture where the most 
important operation data are stored de-
centralized on an edge device while getting  
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the comparable small set of necessary input 
data and high computational efficiency for 
whole landscape units in combination with 
the soil moisture model outlined above. 
This is especially a practical benefit as it al-
lows comparable fast “delivery” of infor-
mation to possible users [Kli20].

Two examples for the calculation of po-
tential soil moisture in Rhineland-Palati-
nate are shown in the following figures, one 
with respect to the drought in 2019, and the 
other showing the year 2020, where there 
was more precipitation (. Fig. 3.21):

As can be seen clearly in . Fig. 3.21, 
on the left side the model results show that 
nearly all agricultural parcels in Rhineland 
Palatinate calculated on March 03, 2019, 
were classified as dry. This means the wa-
ter capacity in the upper soil layer was not 
sufficient to support plant growth. . Fig. 
3.21 on the right side, the calculation made 
for March 03, 2020 shows a completely 
different picture. Due to a higher precip-
itation, the water capacity in the upper 
soil layers was sufficient to support plant  
growth.

Using weather data from agrometeoro-
logical stations and soil information about 
field capacity and layer thickness, the po-
tential soil moisture will be modeled daily 
for all agricultural sites and polygons of 
the available soil data. The modeling results 
are classified into different classes, from 
very dry to very moist, which can be trans-
lated into classes describing the trafficabil-
ity of soils to avoid soil damaging by com-
paction [BLE21]. To derive susceptibility 
of soils to compaction and conversely de-
rive trafficability, several approaches have 
been published (see, e.g., overviews com-
piled by [Kuh19]). In the SOFI-Project, 
some of the published approaches were im-
plemented as exemplary model combina-
tions and checked for their applicability to 
existing datasets. So far, an approach based 
on derived trafficability according to simu-
lated soil moisture seems promising. It al-
lows for fast computation to estimate soil 
texture and soil moisture-dependent traffi-
cability and can be implemented efficiently 
based on existing datasets. The advantage 
of this approach in the current situation is 

. Fig . 3 .20 Overview of the Geobox infrastructure as part of the Digital Agrarportal (DAP) of Rhineland-Pa-
latinate [RSE+18, DLR21c]
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ricultural software solutions in order to op-
timize control processes there. Through the 
close connection to existing public portals, 
such as the Digital Agricultural Portal in 
RLP (Rhineland-Palatinate), the results can 
be made available quickly and efficiently to 
all participating farmers and inter-farm or-
ganizations.

Verification and validation of these 
modeled results are necessary for conse-
quent refinement and improvements. Cur-
rently, most validation is discontinuous, ei-
ther spatially (classical measurement sta-
tions) or temporally (farm-scale field 
campaigns). Gathering “ground truth” data 
is, in both cases, costly. Therefore, low cost 
and easy-to-use sensors which measure soil 
moisture, temperature, and humidity will be 
installed in field to verify the modeled re-
sults. To automate the sensoring as far as 
possible and with respect to resilience, Lo-
RaWan-enabled sensors will be used. The 

The temporal resolution of the mod-
elled geo-information is currently a single 
day. The plan is to model each entire fed-
eral state at night, and provide farmers and 
advisors the datasets they can use to plan 
their daily tasks in the morning. The spa-
tial resolution is shown in the following fig-
ure for selected parcels located on the ag-
ricultural lead farm “Neumühle”, which is 
part of the research project “Experimenti-
erfelder Südwest” [DLR21a] and whose 
data will become part of an open data farm 
(. Fig. 3.22):

The combination of this location-based 
data enables, for the first time, the deriva-
tion of spatiotemporally high-resolution re-
al-time maps as a service for farmers, con-
tractors, and machinery rings. The result 
is a set of flexibly usable geo-data sets that 
can be integrated both into expert and con-
sulting tools in web-based media (apps), 
and into existing, partly vehicle-based, ag-

. Fig . 3 .21 Results of the modeling of the potential soil moisture for one day in 2019 (left) and 2020 (right)
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value to different fields of application and 
scales.

Additional applications to be investi-
gated include pesticide management and 
risk mitigation on a landscape level through 
applications like PAM3D or research re-
sults like the RiskMin-approach [TDS+20, 
Zep20]. In agriculture, various plant pro-
tection products are subject to slope restric-
tions as part of the approval process. The 
aim is to avoid the discharge of pesticides 
into adjacent water bodies caused by sur-
face runoff and soil erosion. To date, no in-
struments exist to reliably and objectively 
determine the slope. The planning and im-
plementation of pesticide applications is 
the responsibility of the farmer, according 
to good professional practices. The goal of 
the PAM3D project was to build a web ser-
vice that enables the farmer to fulfill slope 
requirements in an automated and tracea-
ble way [Zep20]. Biodiversity is the basic re-
source maintaining and supporting ecosys-
tem services and functions. It is present at 
different levels in the complexity of a given 
landscape. Therefore, when dealing with bi-
odiversity related aspects, it is important 
to consider the whole landscape instead of 
only analyzing single fields or elements. The 
European Food Safety Authority (EFSA) 
published different opinions and scien-
tific papers in the context of recovery and 
recolonization of populations. In their 
opinion, a clear relationship between land-
scape and risk is formulated. Therefore, in 
the research project RiskMin, the effects 
of different kinds of risk mitigation strat-
egies were simulated on a landscape level 
[TDS+20].

All these examples show how an infra-
structure like the GBI can be used to im-
prove impacts at the landscape level and 
how to manage the challenges of farm-
ing today. This is especially important for 
small-scale landscapes and farms. They 
need user-friendly information and free 
easy to use services that work on different 
devices, including mobile devices. The main 

sensor network will not be placed haphaz-
ardly, but rather with respect to terrain anal-
ysis and the agrometeorological stations to 
optimize the network and the selected sites. 
The storage in the open-source platform 
“thingsnetwork” ensures free access to the 
sensor data [Lora20, The21].

The GBI and especially the communica-
tion component “Messenger” with geo-for-
mulations enable farmers and advisors to 
send back information directly and inte-
grate them immediately into the visualiza-
tion component GBV.

Consequently, the next step is establish-
ing a landscape data space as a hybrid sys-
tem; integrating cloud computing methods 
with a local and decentralized data stor-
age. Enabling the farmers to get sovereignty 
on their own data, combined with the pos-
sibilities to share the data on a secure plat-
form leads to a cooperative concept, adding 

. Fig . 3 .22 Detailed map section of modeled soil 
moisture at the Lead Farm Neumühle to show the spa-
tial resolution of the current simulation approach
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formats (see 7 Sects. 3.4 and 3.6), no ap-
parent ROI for the farmer (see 7 Sect. 1.5), 
high costs, connectivity issues, and real-time 
availability in the field, scalability, and in-
sufficient AI are some of the factors that 
have hampered broad implementation of 
digital technologies in agriculture.

Digital technologies, challenges, and 
how to overcome these have been discussed 
in the previous sections. Start-up compa-
nies are critical in developing new technol-
ogies and bringing them to market. At the 
end of 2020, there have been more than 
1,600 start-ups in the field of digital agri-
culture [Hal20]. Despite the initial short-
comings, digitalization will transform ag-
riculture in the next decades. Insufficient 
manual labor resources, compliance and 
regulatory policies and environmental im-
pact of agricultural production will speed 
up development and adoption of digital 
technologies. Changing customer behav-
ior is also affecting digitalization. Consum-
ers today are becoming more aware of food 
production practices and are asking for 
transparency in farm production and sup-
ply chains and traceability of sustainable 
practices. Digitalization has opened a new 
toolbox for farmers like no other before.

3.8.2   Key Enablers for Digital 
Agriculture

3.8.2.1   Sensors: The Eyes, Ears, 
and Noses of Tomorrow’s 
Farmer

Sensing and monitoring devices on the 
ground, on machinery, and in the air have 
taken a leap with the advent of IoT, AI, 
and wireless data transmission capabilities. 
For digital agriculture, sufficient informa-
tion of crop, soil and machinery status is 
needed in real time. Soil and plant param-
eter mapping, yield monitoring, variable 
rate seeding, fertilizing, and spraying, weed 
mapping, topography and boundaries and 

challenge of such an approach is to scale it 
to the country, European, and global level. 
In order to solve these challenges, the fo-
cus of the GeoBox project is not to cre-
ate a new standard for data, but use exist-
ing global standards like FAIR principles, 
Linked-Data, etc. At present, a major chal-
lenge is how to define the “hand-over” be-
tween public and commercial offers.

3.8   Technology Outlook

Katrin Jakob 

Abstract
Continued technical development of sensors, 
AI algorithms, computing power, batteries, 
robotics and in field communication will ul-
timately culminate in the creation of digital 
twins, a complete digitalization of the phys-
ical agricultural production chain from de-
mand to production and sales, removing in-
efficiencies, increasing traceability, thereby 
improving production economics and sus-
tainability. Technologies developed by start-
ups are on the forefront of this 4th Agricul-
tural Revolution. At the same time, access 
to digital technologies democratizes agricul-
tural production in developing countries by 
allowing access to resources not available be-
fore.

3.8.1   Introduction

Digitalization creates the opportunity to 
catapult agricultural production into its 4th 
revolution, allowing for informed and un-
biased decisions, removing unknowns, in-
creasing agility, and thus creating more ef-
fective Production Systems while reducing 
its environmental footprint. However, adop-
tion of digitalization in agriculture has been 
slow due to many inefficiencies. Incompat-
ibility of different data platforms and file 
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the field for 5 years [Gro20]. Teralytic has 
taken soil measurement to the next level by 
adding nitrogen, phosphorus and potas-
sium measurement capabilities to its wire-
less soil probe [Ter20]. Arable has devel-
oped an acoustic sensor to measure rainfall 
with the highest accuracy [Usp18].

Developments in gamma radiation, mi-
crowave, and optics sensing and analyt-
ics allow for remote sensing from machin-
ery, satellites, or drones. SoilOptix’s topsoil 
mapping system, mounted on machinery, is 
based on gamma radiation measuring nu-
trient properties and soil texture character-
istics plus plant available water, and bulk 
density [Red20]. Vandersat uses microwaves 
to predict soil moisture from satellite data 
at a 100 m × 100 m resolution at 10, 20 and 
40 cm soil depth [Van20].

A leap in optical sensor, camera, and 
machine/deep learning algorithms develop-
ment has allowed for monitoring, assess-
ing, and calculating critical plant and soil 
parameters based on RGB, hyperspectral 
and multispectral imagery in combination 
with thermal and other sensors. The addi-
tion of LiDAR and synthetic aperture ra-
dar technology has increased image qual-
ity and precision. With these improved im-
ages, datasets and deep learning algorithms, 
predictive data are becoming more robust. 
Slantrange’s sensors are based on six spec-
tral bands with True Color RGB and fea-
ture an integrated dual-antenna RTK GPS, 
LIDAR rangefinder, and extended Kal-
man filter navigation solution for precise 
individual plant size and shape definition 
[Sla2020]. Persistence data mining employs 
NIRS hyperspectral sensors mounted on a 
tractor to identify organic matter, soil type, 
moisture, and nutrients and micronutrients 
[Per20]. Phenospex’s plant eye combines 3D 
laser vision with spectral image to calcu-
late plant parameters [Per20]. Veri’s Tech-
nologies provides “on the go” soil mapping 
with sensors mounted on a sled, including 
an optical sensor beneath the crop residue 
mapping organic matter [Ver20]. Croptimal 

machine guidance systems are some of the 
applications these data are applied to. Tech-
nical advances in optical, chemical, elec-
trical, mechanical, organic and ultrasonic 
sensing are opening new ways how plant, 
soil, machinery and weather parameters 
will be monitored in the future.

Nanomaterials and nanosensors can 
play a role for in situ sensing, allowing for 
high spatial and temporal resolution. Na-
notubes materials have been tested in 
plants and on plant leaf surfaces to meas-
ure stress-related and other plant molecules 
[GLK+15, WGK+17], acoustic sensors 
measure pests based on the sound of their 
chewing and movement [MSP15], (Agrint 
Sensing Solutions [Agr20a]) and electrical 
noses sense plant and disease specific vol-
atiles given off  by the plant when attacked 
by diseases or insects [CIA+19, SWC17]. 
Measuring signaling molecules directly 
in the plant allows for earlier detection of 
stress hence enabling a timelier response to 
counteract stress, preventing yield loss. As 
an example, different fluorescent proteins 
can be attached to nutrient, drought, or 
pathogen stress signaling molecules and the 
signal of plants in the field can be captured 
with a hyperspectral camera (InnerPlant, 
[Inn21]). Printed electronics have become a 
means to produce biodegradable, chip-less 
sensors measuring nitrogen and moisture 
content. Widespread dispersal of these sen-
sors in the soil would allow for unique data 
collection [ADM+2020].

Increasing water scarcity and regulation 
push innovation in soil moisture sensors. 
Electrochemical, mechanical, dielectric soil 
moisture, and airflow sensors are used to 
measure soil parameters and added wireless 
data transmission capabilities allow for re-
mote data collection. To offset soil distur-
bance when installing soil sensors, CropX 
has developed a geometric shape for its sen-
sor to prevent soil disturbance providing 
more accurate readings [Cro21]. Uniquely, 
Groguru has developed soil sensors that are 
installed below tilling depth and can stay in 



3

172 T. Herlitzius et al.

to understanding the system’s complexity 
and to converting data into precise action at 
the right place at the right time, and along 
the entire Ag production chain from farm-
ing and farm management to distribution 
and sales. The application of AI will have 
unprecedented impact on how crops will be 
produced, stored, distributed, and sold. Inef-
ficiencies and uncertainty along the produc-
tion chain can be removed and replaced with 
accuracy and resource efficiency not seen 
before. AI in the agriculture market is pro-
jected to grow from about USD 1.0 billion in 
2020 to USD 4.0 billion by 2026, at a CAGR 
of 25.5% between 2020 and 2026 [Mar20a].

AI and deep learning capacity de-
pends, among other factors, on the avail-
ability of computation power and train-
ing data. Computer chip and code develop-
ment will continue and improve processing 
power, reduce power consumption, and im-
prove computational power, keeping follow-
ing Moore’s law. Developing domain-spe-
cific architectures, which are tailored to 
specific tasks, is one way to improve com-
puting power. GPUs have been developed 
for graphics processing in computer gam-
ing and have been proven to be well suited 
for machine learning applications. Ten-
sor processing unit chips have been built by 
Google specifically for deep neural network 
inference tasks [WWB+19] and have started 
helping to decipher biology’s complexity 
[Cal20]. Crop production happens in spe-
cific ecosystem including soil, crops, micro-
biomes, weather and more, and entails sev-
eral biological systems for which present 
computing capabilities might not be suffi-
cient. The advent of quantum computing 
can provide further opportunity to decode 
these complex systems to improve crop pro-
duction efficiency (PsiQuantum, [Psi20]). 
Enhancing prediction of weather, and pest 
and disease pressure will be crucial to mit-
igate crop losses from biotic and abiotic 
stress and save inputs and resources.

OneSoil and Blue River both are using 
convolutional neural networks on Nvidia 

deploys a spectroscopy solution based on 
energy-dispersive X-ray fluorescence (ED-
XRF) technology for soil and plant anal-
ysis reducing analysis time from days to 
about 50 min [Cro20a].

Due to continued chip technology and 
battery development, sensors are becom-
ing smaller, more versatile, and last longer. 
Particularly, improved optical sensing, com-
puter vision and AI-based modelling and 
analytics will allow for remote data collec-
tion and precise prediction of soil, field and 
crop conditions, from nutrient status to wa-
ter content without direct measurements. 
Data transmission via LoRaWan from sen-
sors to base stations to the cloud has been 
evolved as the most common data transmis-
sion for smart field sensor technologies and 
will likely be a viable option for some time 
as connectivity in the field remains prob-
lematic. Edge devices for real time-in field 
communication and AI added analytics, 
satellite capabilities and improved battery 
life will continue to boost remote sensing.

3.8.2.2   Artificial Intelligence
Technology follows roughly an exponential 
growth in data gathering volume, analytical 
capabilities to transform that ocean of data 
into models and determine model-based ac-
tions. Through digitalization, immense da-
tasets will be produced, and model gen-
eration, calibration, and actionable con-
clusions will bess mined by artificially 
intelligent systems (see also 7 Sect. 3.5). At 
the same time, the cost of access to the sys-
tems will go down exponentially. This will 
allow smaller businesses to utilize such sys-
tems, especially as business models for ac-
cess become more per-use based rather than 
equipment purchase based.

Agricultural production is an uncon-
tained, complex system of the soil and crop 
environment and weather, exposed to con-
stantly changing conditions, and hence re-
mains difficult to manage. In addition, de-
mand, supply, and market prices change 
constantly. Artificial intelligence will be key 
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software, which can seamlessly integrate 
farmers knowledge, the most advanced sen-
sor, new data sets, crop models and AI al-
gorithms will be required.

Microsoft’s Azure FarmBeats provides 
a platform for customers to build their AI 
and machine learning models leveraging ag-
riculture datasets across different data pro-
viders from sensor data to drone and sat-
ellite data [Mic20]. Stream.ML provides a 
market platform for ML [Sml19]. DroneD-
eploy‘s aerial maps can be downloaded into 
different apps at John Deere’s, Agremo, Cli-
mate’s FieldView and others [Dro20a]. Ara-
ble’s Mark can add third-party soil sensors, 
while its disease modeling data can be inte-
grated into BASF’s xarvio platform for fun-
gicide recommendations [Bur19]. Arable’s 
sensor data are being integrated into Ne-
tafim’s automated precision irrigation and 
fertigation cloud-based platform as well as 
into their crop model algorithms [Ara20]. 
Regrow’s FluroSense platform offers or-
dering of high-resolution satellite data that 
can be integrated into their decision plat-
form. In addition to integration of sensor 
data, crop models and other data, this plat-
form establishes two-way integrations with 
major agronomy-focused farm manage-
ment systems (Proagrica, Agrian, Agworld) 
[Reg21]. Farmwave’s CORE analysis details 
data from sensors, machinery, and software 
and is designed for compatibility with ag-
riculture SaaS platforms [ABB+19]. Dra-
ganfly’s Quantix-Mapper provides non-pro-
prietary image formats from its drone 
images in open file format that can be in-
tegrated in mapping and modelling tools  
[Dra20].

Importantly, NEVONEX is closing the 
missing link between digital platforms from 
different vendors and backend integration 
into farmers’ machinery. The company of-
fers a retrofit kit for machines to integrate 
digital services chosen by the farmer which 
can then easily be accessed on any device 
[Nev21]. A consolidation of IoT Ag com-

GPUs for their robotics technology. One 
limitation of this technology is the need 
for large data sets to train these networks. 
OneSoil manually marked out bounda-
ries on nearly 400,000 fields for training 
data. Now its algorithms can automati-
cally create boundaries from satellite data 
[Mar19a]. Blue River used over a million 
images for network training [Mar19b] to 
enable their “See&Spray” technology for 
weeding. One Shot Learning using a Sia-
mese Network has come into focus assert-
ing to minimize the number of  training 
images. The process involves a classifica-
tion of images based on probability of  the 
presence of  an image creating classes, and 
each class only requires one training sam-
ple [KZS15].

Optimized computer vision in combina-
tion with new sensors and advanced AI al-
gorithms will allow for applications, which 
we might not even imagine yet, like hy-
per-precision application of crop inputs, a 
spot on a leaf to destroy a fungus or aphid, 
or harvest a fruit that has the perfect ripe-
ness, even if  a leaf or branch is in the way 
of the harvesting device. Vision Robot-
ics enables robots to autonomously create 
three-dimensional models of vines which 
are used for correct pruning, and in lettuce 
for correct thinning [Vis20]. Through ad-
vanced image processing and AI, Taranis 
achieves 8 cm resolution in the field based 
on areal images allowing spotting an insect 
on a leaf [Sfs20].

Earlier AI analytics platform solutions 
to predict plant and soil parameters were 
siloed, difficult to use, provided no action-
able insights and only offered single appli-
cations. The platform of the future needs 
to bring these silos together and provide a 
comprehensive set of solutions from plant-
ing recommendations and stand measure-
ments to irrigation, fertilizer, disease and 
harvest management and more. Each spe-
cific area will continue to develop and plug 
and play platforms both for hardware and 
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has begun to offset these. One of the main 
aspects of 6G will be AI involved commu-
nication as well as Space-Air-Ground-Sea 
integrated communication [ZYX19]. This 
technology will be more suitable for power-
ful IoT and M2M applications.

It is expected, that even with expansion 
of 5G, its data transmission capabilities will 
not be sufficient for the ever-increasing data 
volume. Hence, AI will be moving to edge 
devices, complementing server and cloud 
AI. Data is collected, stored, refined, and 
send back out in near real time reducing la-
tency from milliseconds to microseconds. 
Such setup allows sensors and machin-
ery connecting to the farm network with-
out depending on a remote server or cloud 
enabling real-time autopiloting of machin-
ery and other automated farm operations. 
As an example, FreeWave’s wireless M2M 
communication system enables any num-
ber of smart agriculture applications in the 
field. It captures data from sensors and ro-
bots and a base station receiver can send re-
al-time data corrections to machinery in the 
field for navigation and other tasks [Fre18].

Decreasing satellite and launch costs 
and focus on nanosatellites cruising in low 
orbit (600–800 km) for low latency are 
promising developments to economically 
provide broadband access via satellites. Sen-
soterra’s soil sensors are planning to use Hi-
berband’s Low Power Global Area Net-
work of nanosatellites at 600 km above 
Earth to regulate irrigation in crops [Sen20].

SpaceX’s Starlink mission aims at pro-
viding worldwide broadband access with 
the goal to fly as many as 42,000 satellites 
[Eth20]. As of January 2022, over 2,042 
Starlink satellites have been employed and 
people can sign up globally to receive inter-
net service. Even more exciting for autono-
mous and AI-based vehicles is the outlook 
that Starlink wants to connect to moving 
vehicles, albeit large vehicles first [Bro21a], 
and the satellite dish can go with the cus-
tomer to any place [Bro21b]. Oneweb plans 

panies is also expected to successfully com-
pete in the market and bundle services and 
products delivered to the farmer.

3.8.2.3   Real-Time Communication 
in the Field: 5G, Edge 
Computing, Satellites

High-volume, real-time data transmission 
in the field without latency is needed in pre-
cision agriculture for real-time alerts and 
execution via actuators on irrigation, ma-
chines, and robotics as well as for real-time 
video and mapping analysis from drones 
and planes. Connectivity in rural areas re-
mains an obstacle. Approaches to solving 
this problem are next-generation cellular 
networks, edge computing, and universal 
provision of broadband internet via satel-
lites.

Roll out of 5G has begun worldwide in 
2018 but remains slow. Building coalitions 
with telecom and edge device technology 
companies to bring 5G to rural areas might 
be an accelerator for faster access. The 
US Rural Cloud Initiative aims to cover 
3.8 Mill km2 with an edge cloud network 
based on private LTE networks and a 5G 
Network using open radio access network 
technologies and solutions [Tri20]. Simi-
larly, China Telecom worked with partners 
to enable 5G and smart farming in the ru-
ral Zhejiang Province [Hua20]. Facebook, 
Google, Intel and Qualcomm and interna-
tional VCs have invested over 20bn USD to 
support building out online service and ex-
tend into rural areas in India [Sin20]. Inter-
national telecom companies are testing 5G 
in Latin America [Lop20]. In Africa, first 
5G tests started in 2018 and a commer-
cial 5G is available in South Africa [Aja19]. 
While Europe had planned to be fully 5G 
ready in 2020, it is lagging as only 11 mem-
ber states have 5G roadmaps [Sol20].

Interestingly, there will be shortcom-
ings of 5G for IoT and AI applications be-
cause it has not been developed with these 
applications in mind and research into 6G 
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provide service for satellite data analyt-
ics that combines artificial intelligence and 
machine learning to analyze date from net-
works of satellites [Lat20, Urs20].

CubeSat’s 10-cm cube with less than 
1.3 kg weight is used by Planet to signifi-
cantly enhance their satellites. The latest 
launch of 44 new satellites in January 2022 
on SpaceX’s Falcon9 brings the overall num-
ber of Planet satellites in orbit to 127, and 
continuous expansion will provide world 
class, high-resolution images. Satellite Vu 
intends to launch an infrared satellite sen-
sor that can rate the energy performance of 
every building on the planet, and this tech-
nology might also be applicable to agricul-
ture [Kol20]. ChipSats of the size of a stamp 
powered by solar energy have also been de-
ployed, forming a swarm of cracker-sized na-
nosatellites at an altitude of 300 km and the 
prospect is, that people build their own Chip-
Sat tailored to their interests [Bat19]. In sum-
mary, satellite technology has become acces-
sible through which vast amount of satellite 
data will be available at affordable prices.

3.8.3.2   Unmanned Aerial Vehicles 
and Drones

The arrival of drones pushed IoT in ag-
riculture to new heights but short battery 
life, flight regulations, connectivity issues, 
inadequate drones, high costs, insufficient 
sensors and analytics, and no immediate 
ROI for the farmer hindered quick adop-
tion. Many features have been improved 
and flight regulations for AG drones in 
the US have been lifted which has rekin-
dled interest from VCs for further invest-
ments in the space (DroneDeploy, Aero-
botics, AgEagle, Taranis). Drones today 
carry self-calibrating multispectral sensors, 
are autopiloting, have longer flight times, 
and became more affordable. The mar-
ket potential for agricultural drones in the 
next 5 years is forecasted to have an excep-
tional growth of 35.9% CAGR from 2020 
to 2025, raising from 1.2 billion USD to 5.7 

to install about 48,000 low orbit satellites 
and Amazon’s project Kuiper received ap-
proval to install 3,236 low orbit internet 
satellites [One20, Ama20]. The race for 
broadband internet availability via low-or-
bit satellites will be advantageous for the 
farming industry and would help to faster 
adapt digital technologies, particularly in 
areas where cellular access is not feasible 
for a foreseeable future.

3.8.3   Autonomous Machinery 
for Tomorrow’s Agriculture

3.8.3.1   Satellites for Sensing 
and Mapping

Satellites offer unmatched consistent im-
agery over drones and planes for wide areas 
but have lacked hyper precision resolution, 
were too expensive to be regularly updated 
with the latest sensor technology and costly 
to send them into orbit. Building a satel-
lite can easily cost a few 100 million USD 
depending on the technology and launch 
into orbit used to cost from 50–400 mil-
lion USD and more [Glo20]. However, sig-
nificant changes are coming to the satel-
lite industry. AI now enables better analy-
sis of historic and present satellite data and 
satellites can be miniaturized, are becom-
ing less heavy and can be launched into or-
bit on a regular basis. The satellite race has 
already started, and competing compa-
nies offer satellite data and analytics soft-
ware that can observe Earth 24/7 or provide 
services for satellite data analytics. Capella 
Space plans to offer hourly coverage of 
every point on Earth, rendered in sub-me-
ter resolution and provide imagery on de-
mand within 30 min [Cap20] and BlackSky 
Global promises to revisit most major cities 
up to 70 times a day. Applications for agri-
culture will follow. SpaceX has launched a 
rideshare tool for Falcon 9 launches start-
ing at $1 million for payloads ranging up 
to 200 kg. Latitudo40 and Ursa Space  



3

176 T. Herlitzius et al.

3.8.3.3   Autonomous Field 
Machinery and Robots

Sensor and IoT technology advances, and 
particularly progress in computer vision, 
AI, real-time or near-real-time data analyt-
ics via edge devices and the cloud have be-
come enablers of autonomy and robots in 
the field. This development has also been 
spurred by significant shortages of man-
ual labor. As we get closer to being able to 
map every plant and leaf and provide plant 
and leaf specific treatments, machinery is 
needed that can deliver with the same preci-
sion as we map to the plant and leaf within 
centimeter or even millimeters. Visibility 
throughout the production chain, enabled 
by blockchain, and renewed interest in dif-
ferent crop production systems like inter-
cropping, and optimized applications are 
other factors that have stimulated robotic 
development in agriculture.

Hurdles in developing and adopting ro-
bots in the field have been manifold. Ro-
bustness, battery life, precision, and speed 
as well as the economics are some of the 
factors that have made the adoption of 
robots in the field slow. However, this is 
changing rapidly. Like the drone market, 
the robotics market is expected to grow sig-
nificantly, from 4.6 billion USD in 2020 to 
20.3 billion USD in 2025, at a CAGR of 
34.5% [Mar20c].

The traditional symbol of agricul-
ture, the tractor, is transforming into a ro-
bot that comes in many forms. Two com-
panies have been leading the development 
of a fully autonomous, electric, smart trac-
tor, Monarch Tractors and Ztractor. Ma-
chines of both companies are equipped 
with sensors, cameras and AI technology 
to sense and analyze on the go which might 
replace direct sensors in the field in the fu-
ture. Monarch’s tractor provides 40 HP 
[Mon20], which is at the lower end of tra-
ditional tractor’s power [Joh20] but an im-
pressive start into a new era of tractor de-
velopment. Other companies have been 
developing robots that are replacing the 

billion [Mar20b]. Taranis has managed a 
new level of efficiency and resolution, cap-
turing 0.3 mm/pixel resolution images of 
fields from planes and drones at a speed 
of ~ 40 ha (100 ac) in 6 min [Tar20]. A fully 
autonomous drone fleet is available from 
American Robotics. Fixed wing drones are 
promising higher efficiency compared to 
quadcopters [Ili19]. Drone-based datasets 
might need to be sharable for future plug & 
play analytics and management platforms 
to compete in the marketplace, as seen with 
Draganfly’s and DroneDeploy’s data sets.

Drones for area monitoring have ad-
vantages over satellites. They can more eas-
ily be updated and equipped with the latest 
sensors, adjusted faster than satellites, pro-
vide for better resolution, and are cheaper. 
However, advances in satellite data capture 
and analysis and falling prices for launches 
are making satellite data competitive with 
drone data which will likely lead to an in-
crease in satellite data use. Application of 
drones in the future might focus less on 
area monitoring tasks but on specific plant 
monitoring, like fruit counting (Aerobotics, 
[Aer20]) and use of drones for specific work 
tasks. Spraying and fertilizing by planes is 
not suited for hyper-precision but drones 
will be able to deliver hyper-precision for 
seeding, spraying, pollination, harvest and 
other tasks. Today, variable rate applica-
tion via drones is possible for fertilizer, pes-
ticides, and herbicides (DJI Agras MG-
1, [Dji20]). Rantizo provides exchangeable 
seeding and spraying tanks [Ran20]. XAG’s 
drones are flying in swarms for spraying 
[Gan19] and Dropcopter drones pollinate 
orchards [Dro20b]. Tevel Aerobotics fol-
lows fruit development in apple orchards 
over the season and had planned to steer-
ing the drone to the apple at harvest based 
on data acquired during growth [Tev20]). 
Drones will replace working tasks of heavy 
machinery that are more effectively exe-
cuted than by robots on the ground. They 
can also access areas that might otherwise 
not be accessible by ground machinery.
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botic phenotyping in the field is being ap-
proached by Earthsense/Terrasentia and 
Acuris monitoring corn, soybean and other 
crops and kiwi, respectively [She20, You18]. 
Similarly, Google is working on a ground 
bot that can count pods and seeds in soy-
beans [Gra20].

(2) To make robots more flexible and 
less expensive, robotic platforms are de-
veloped which enable different tools to be 
mounted for different agricultural tasks 
from seeding, weeding, pruning and spray-
ing to harvesting different crops. Semesis is 
in early development of a platform execut-
ing sowing, weeding, spraying and fertiliz-
ing [Sem20]. Thorvald’s autonomous mod-
ular platform from Saga Robotics works 
for fruits and vegetables and performs 
UV-treatment, picking fruits and vegeta-
bles, phenotyping, in-field transportation, 
cutting grass for forage, spraying and data 
collection/crop prediction [Sag20]. A kiwi 
harvester has also been developed by Ro-
botics Plus [Rob20]. Etarob’s autonomous 
platform in vegetables not only enables 
adding tools for field tasks like mechanical 
weeding, spraying and others but can also 
be combined with a logistics and packaging 
station, expanding its use to after harvest 
technologies [Ail20].

(3) Swarm Farm and Rabbit Tractors 
provide robots that can be tailored to dif-
ferent tasks and work in swarms [Swa20, 
Mar20e], similar to Fendt’s Xaver model 
project [Fen20]. Xaver’s most recent de-
velopment shows a specialized sowing ro-
bot [Val20]. As robots are usually smaller, 
swarming is an effective way to cover large 
areas with high precision. One advantage 
of smaller robots is their flexibility to ad-
just to different farming practices which 
might evolve in the future, like intercrop-
ping or agroforestry.

(4) A combination of an autono-
mous robotic base station/edge device with 
drones for apple harvest has been employed 
by Tevel Robotics [Tev20]. Taking it a step 
further, Yanmar’s SMASH system entails 

tractor in the traditional sense and are spe-
cialized for tasks and tool platforms.

There are 4 trends evolving in robots for 
Ag: (1) highly specialized autonomous ro-
bots that are focused on one specific task, 
(2) a robotics platform, where one auton-
omous base station can carry exchangea-
ble tools for different tasks, (3) autonomous 
robots that can be managed in swarms or 
fleets and can either be specialized or flex-
ible with different tool mounting options, 
(4) a combination of base stations serving 
robots and drones.

(1) The first robotic development ap-
proaches during the last decade have been 
specialized for weeding, spraying, trim-
ming, and harvesting, and mostly in high 
value crops and orchards where manual la-
bor has been in high demand. Farmwise 
has been one of the first companies solv-
ing the weeding problem in vegetables to re-
duce manual labor, based on computer vi-
sion combined with mechanical weed re-
moval. Carbon Robotics thrusted itself  into 
this market breaking autonomous weed-
ing records by weeding 15–20 acres per day. 
Also based on Nvidia’s chip system, and 
AI vision models, weeds are eliminated by 
high energy lasers [Car21]. Manual straw-
berry harvesting is being replaced by robots 
developed by companies like Agrobot, Ad-
vanced Farm Technologies, Harvest Croo 
Robotics, and Dogtooth technology (green-
house). Harvest Croo Robotics claims to 
replace up to 30 workers with one robot 
[Paq19]. FFRobotics is developing auton-
omous robots for apple harvesting. Field 
tests have shown difficulties ranging from 
rugged terrain, low speed to correct object 
recognition. Fieldwork Robotics is in early 
trials to harvest raspberries, which should 
allow for harvest of other fruits once the 
technology has been developed for such 
a delicate fruit [Wil20]. A completely au-
tonomous spraying robot for orchards has 
been developed by GUSS which can work 
in a fleet and up to 8 robots handled by one 
person from a PC or tablet [Gus20]. Ro-
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from branching to fruit location affect how a 
robot can access a field and a crop. Despite 
progress in breeding and genetic engineering 
through CRISPR, developing new crop vari-
eties takes several years and it would be ad-
vantageous to know how the robots of the 
future look like to be able to start breeding 
today. Robotic standardization can help to 
make this process faster.

Robot technology can be less heavy to 
reduce soil compaction, more precise to re-
duce water, chemical and fertilizer applica-
tions, execute new tasks, i.e., pollinating, re-
place manual labor, and can be deployed 
24/7. Robotics, Farming, or Weeding -as-
a-Service (RaaS, FaaS, WaaS) are evolv-
ing as new business models and will make 
access to new robot technologies easier for 
the farmer. Another positive effect of this 
technology development, including AI and 
other digital technologies, is, that younger 
generations have taken an interest in agri-
culture helping to bring digital technologies 
into the field and usher agriculture into its 
4th revolution.

3.8.4   Digital Twin: The Farmer as a 
Factory Manager

Advances in digitalization will culminate 
in the creation of digital twins for the ag-
ricultural production, a digital replica of 
the physical production chain including all 
steps from customer demand to production 
to supply chain to end customer sales, mini-
mizing any inefficiency in the entire produc-
tion and supply chain. A digital twin ena-
bles optimizations of all processes through 
simulation of multifarious scenarios which 
allows its users to make informed decision 
and adapt quickly to changes along the pro-
duction chain [DDK+20]. The combination 
of a digital twin with blockchain technol-
ogy can ensure secure accessibility and au-
thentication of users, traceability, and data 
immutability in the system [HSJ+20].

a mobile base with a robotic arm, a drone 
and a ground station to execute tasks from 
crop monitoring to weeding, taking soil 
samples and more [Cla20].

Agricultural robotics is just at the be-
ginning. Robotic arms, imaging technol-
ogy, AI, and analytical platforms will con-
tinue to evolve and eventually become more 
standardized and at the same time more 
flexible. As an example, AI will not only 
handle to recognize weeds but there will be 
modules trained for many other Ag appli-
cations from recognizing a disease on a leaf 
to vegetables and fruits for harvest. These 
modules are interchangeable and can be 
combined with an appropriate standardized 
robotics part for pruning, harvesting and 
other tasks. This will bring efficiencies in 
robotic equipment production, which will 
bring down costs and accelerate adoption.

Specialty crop robots are leading this rev-
olution as the economics for robots are most 
favorable in this sector due to the high labor 
cost which can be up to 70% of the overall 
production cost. The Global Harvest Auto-
mation Initiative by the California organiza-
tion Western Growers aims to automate 50% 
of harvest across the fresh produce industry 
within 10 years. Such an initiative brings to-
gether farmers, Ag organizations and tech-
nology companies which can significantly 
streamline development and adoption pre-
venting technology developers from invent-
ing the wheel twice and use robotics and field 
expertise already available. Row crop produc-
tion, already highly automated, will still ben-
efit from further digitalization and autonomy 
from production to sales. Here, application 
of seed, fertilizer and other inputs will be ap-
plied highly localized at the right time, with 
the right amount, saving up to 80% or more 
on cost for certain inputs, i.e., pesticides.

Breeding and biotechnology will also 
play a role in the transformation to auton-
omous agriculture. Crops and trees might 
need to be adjusted to field robots. Plant or 
tree density, row width and crop architecture 
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of the entire production process and sup-
ply chain will eventually lead to full trans-
parency of agricultural production which 
in turn will define what the consumer will 
buy and how policies in agriculture will be 
shaped.

Digitalization will positively impact 
food production in developing countries 
where millions of small farm holders, the 
main agricultural producers, lack knowl-
edge and access to financial and other ag-
riculture related services for crop produc-
tion. Mobile technology offers these farm-
ers access to information, water, seed, 
fertilizer, markets and more including ac-
cess to money/credit bringing new empow-
erment to small farm holders and rural 
communities. Knowledge-sharing platforms 
like WeFarm, PEAT/Plantix, or CropDiag-
nosis [Wef20, Pla20, Cro20b] are easily ac-
cessible via mobile and are used by over 
500,000 small-scale farmers around the 
world, including Africa and India. Bloom is 
an integrated technology for Asia and Latin 
America providing small-holder farmers via 
mobile phone platform with an ‘all in’ plat-
form from seed recommendation to sales of 
their products [Blo20]. Access to these plat-
forms will allow for more sustainable pro-
duction practices, prevent food loss, and 
increase income. Once the farmers are be-
coming more productive and grow their op-
erations, they will be able to increasingly 
incorporate additional digital technolo-
gies like renting a tractor (Hello Tractor, 
[Hel20]) or drones (AcquahMeyer Drone-
tech, [Amd20]). Rent a service business 
models might enable farmers to use tech-
nology they cannot afford otherwise. This 
can be a leap in improvement of a small 
farmers life, develop rural communities, im-
prove agricultural practices, and make them 
sustainable. In addition, farmers can work 
together to negotiate better prices for ser-
vice or materials, and consequently, farm 
consolidations are expected to grow to 
achieve economy of scale [Pra20]. There re-
main obstacles. Internet access in rural ar-

Research projects to create a digital twin 
of tomato or for the N Cycle in a farm-
ing operation are underway [Kni20] while 
Agronomeye has made its goal to com-
pletely digitize one’s farming operation 
[Agr20b]. Taiwan has started a research 
project on digital twins in agriculture and 
aquaculture hoping it can increase produc-
tion efficiency of most of its small farm 
holders by 30% [Tec19].

Digital twins already exist in indus-
try sectors like manufacturing but a dig-
ital twin in agriculture is an ambitious 
goal. Greenhouse operations will become 
fully digitized faster than farm operations, 
given that they operate in a controlled en-
vironment. While building a digital twin, 
production, distribution, and sales will be-
come more and more independent from di-
rect human interaction. The farmer of to-
morrow will be able to oversee the farming 
operation on a control platform and will be 
working with digital agronomists to capture 
the highest value from his farming opera-
tion while optimizing inputs in a sustaina-
ble, environmentally friendly, and economic 
production system.

3.8.5   Democratization 
of Agriculture Through 
Digitalization

Digital technologies are catapulting agricul-
tural production into a new era of accessi-
bility, openness, and traceability. While the 
food production system has been inacces-
sible and centralized in the hands of a few 
large companies, increasing freedom of in-
formation enables in principle wider access 
to resources and technology and increased 
efficiency of agricultural production in 
countries which didn’t have direct access to 
technology before.

Not surprisingly, developed countries are 
leading the adoption of digital technologies, 
followed by Brazil [Mar20d]. Digitalization 



3

180 T. Herlitzius et al.

tive-agriculture/agricultural-dataspace.html. Ac-
cessed 12 Feb 2021.

 [AEF21] The Agricultural Industry Electronics Foun-
dation. 7 www.aef-online.org. Accessed 12 Feb 
2021.

 [Aer20] Company Aerobotics. 7 www.aerobotics.
com. Accessed 13 March 2022.

 [Agc20] AGCO. 2020. Fendt Guide Connect. 
7  https://www.fendt.tv/home/fendt-guidecon-
nect_1408.aspx. Accessed 16 Dec 2020.

 [AgG21] AgGateway: a global, non-profit organization 
with the mission to develop the resources and rela-
tionships that drive digital connectivity in global 
agriculture and related industries. 7 www.aggate-
way.org. Accessed 12 Feb 2021.

 [Agr20a] Company Agrint. 7 www.agrint.net. Ac-
cessed 13 March 2022.

 [Agr20b] Company Agronomeye. 7 www.agronomeye.
com.au. Accessed 13 March 2022.

 [Ail20] Company Ai.Land. 7 www.a-i.land/en. Ac-
cessed 13 March 2022.

 [AIO21] The Alliance for Internet of Things Innova-
tion with the mission to contribute to a dynamic 
European IoT ecosystem. 7 http://www.aioti.org/. 
Accessed 12 Dec 2021.

 [Aja19] Ajao, Oluniyi D. 2019. The State of 5G in 
Africa in 2020. 7 https://tech.africa/5g-africa/. 
Accessed 13 March 2022.

 [Ama20] Amazon. 7 https://blog.aboutamazon.
com/company-news/amazon-receives-fcc-approv-
al-for-project-kuiper-satellite-constellation. Ac-
cessed 10 Aug 2020.

 [Amd20] Company AcquahMeyer. 7 www.amdrone-
tech.com. Accessed 13 March 2022.

 [Ara20] 7 https://www.arable.com/2020/01/31/ne-
tafim-arable-how-high-quality-data-enables-pre-
cision-irrigation-easily-affordably-and-globally/. 
Accessed 13 March 2022.

 [ATL21] ATLAS project that will build an open, dis-
tributed and extensible data Interoperability Net-
work, based on a microservice architecture which 
will offer a high level of scalability from a single 
farm to a global community. 7 www.atlas-h2020.
eu. Accessed 12 Feb 2021.

 [Bat19] Bate, Tom. 2019. Inexpensive chip-size sat-
ellites orbit Earth. 7 https://news.stanford.
edu/2019/06/03/chip-size-satellites-orbit-earth/ 
Accessed 13 March 2022.

 [Bay21] Bay, Wa. Halbjahresbericht-2020. 7 https://
www.baywa.com. Accessed 18 March 2021.

 [BBB+13] Bauer, M., M. Boussard, N. Bui, F. Carrez, 
C. Jardak, J. De Loof, C. Magerkurth, S. Meiss-
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eas, affordability of data, literacy and digi-
tal literacy require continued improvements 
to drive adoption of digital technologies. 
Local governments and NGOs together 
with the private sector need to step up to 
further improve training and access to dig-
ital resources. Impact focused investment 
will play an increasing role in developing 
countries. The venture capital firm Omni-
vore provides a bold vision for India, which 
could serve as a model for other developing 
countries [Pra20].
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These more complex digital solutions 
will be referred to as Smart Farming tech-
nologies in the following. Here the question 
arises which difficulties farms see in the in-
troduction of Smart Farming technologies 
and how these can be overcome.

The explanations presented below are 
based on the long-term experience of the 
author and his teams at BayWa AG and 
FarmFacts GmbH. Special thanks go to 
Dr. Josef Bosch and Dr. Wolfgang Anger-
mair, as well as to VISTA GmbH.

4.1.2   Reasons for the Limited 
Use of Smart Farming 
Technologies by Farmers

Surveys of German farms on the biggest 
obstacles to the use of Smart Farming tech-
nologies on farms have produced consist-
ent results across surveys [Bit20, GSE18, 
BHR16] (see also 7 Sect. 1.5).

The cited surveys point first to the lack 
of compatibility of the individual system 
elements and the high application complex-
ity. These difficulties lead to errors in use 
and are frustrating due to the large amount 
of time needed for installation and oper-
ation. Investments already made in ma-
chines, sensors, as well as hardware and 
software turn out to be incompatible. In 
practice, these are then not suitable for en-
suring seamless data transmission to enable 
process control.

The high level of investment required 
and the uncertainty in terms of economic 
feasibility are also among the most com-
mon challenges for farm managers.

There is also consensus on concerns 
regarding insufficient data protection, 
lack of data security, and unclear sover-
eignty over the generated data. The area of 
data sovereignty also includes the fear of 
more possibilities for government control  
[Bit20].

4.1   The Development 
of Agricultural Distributors 
into Solution Providers: 
Who is Helping Farms 
to Successfully Apply Smart 
Farming?

Jörg Migende 

Abstract
Farms realize the potential of digital tech-
nologies to increase their production effi-
ciency and operate in a more environmentally 
friendly way. The use of such technologies in 
farming practice, however, is still low. This 
is due to the high complexity of their imple-
mentation and use. In addition, the users are 
insecure regarding the issue of economic fea-
sibility and the use of their data. Those dis-
tributors and service providers that offer both 
agricultural supplies and agricultural machin-
ery are particularly well placed to help us-
ers overcome these obstacles. They combine 
many of the required competencies under one 
roof. However, their organizational and oper-
ational structure needs to evolve from that of 
a pure product seller to a solution provider.

4.1.1   Status of the Use of Digital 
Technologies

More complex digital solutions that offer 
decision support and thereby optimize agri-
cultural processes are only used by very few 
farms to date. In a recent study by the in-
dustry association Bitkom in Germany, only 
9% of the respondents indicated that they 
are using data-driven systems. At the same 
time, however, 81% of the respondents be-
lieved that digitalization is an opportunity 
to increase their production efficiency. A 
share of 79% of the respondents stated that 
digitalization leads to more environmentally 
friendly production methods [Bit20].
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soil analysis, suitable machine technology 
and IT, as well as smooth data transmis-
sion. The use of Smart Farming technolo-
gies is therefore also a complex process.

4.1.3.2   Insecurity
Smart Farming technologies can trigger in-
security for the user, especially if  they in-
clude digital elements. Several reasons can 
be identified for this:

Some farms cite a lack of IT knowledge 
[BHR16]. In addition, there are the doubts 
regarding data protection, data security, 
and data sovereignty already mentioned in 
7 Sect. 4.1.2.

The aforementioned doubts regarding 
economic viability also foster insecurity. Par-
ticularly with regard to economic viability, it 
should be noted that farming takes place pre-
dominantly outdoors. The benefits of Smart 
Farming technologies in crop cultivation do 
not occur uniformly in every year and can 
only be assessed over the course of several 
years. This is also true for the amortization of 
investments. Finally, the complexity of con-
trolling and analyzing the processes on a farm, 
as described above, should not be forgotten.

The complexity of the decision and the 
application, and the insecurity in the use 
of Smart Farming technologies must be 
reduced for the farm manager in order to 
promote the use of these technologies.

4.1.4   The Term “Solution”

Smart Farming is therefore to be under-
stood as process control. Processes are de-
fined and implemented to achieve one or 
more goals. Fertilization, for example, 
serves to promote plant growth and main-
tain soil fertility. At the same time, however, 
the fertilization process must minimize un-
desirable nutrient discharge and meet the 
legislative requirements. Good process con-
trol therefore solves production problems.

4.1.3   Common Features of these 
Obstacles

If  positive influences of Smart Farming 
technologies with regard to sustainability, 
economic feasibility, and quality of agricul-
tural products are proven in research, the 
desired effects will only arise if  many farm 
managers use these technologies on their 
farms. This is why the above-mentioned ob-
stacles in agricultural practice must be over-
come. They are based, among other things, 
on the complexity of Smart Farming tech-
nologies and a lot of insecurity among the 
users.

4.1.3.1   Complexity
A farm is the sum of individual manage-
ment and production processes. The farm 
itself  is in turn embedded into other pro-
cesses that connect it with the upstream 
and downstream sectors of agribusiness 
and society. For example, it is part of the 
supply chain for food and energy. Positive 
and negative influences of agricultural pro-
duction on natural resources affect ecosys-
tems.

A process always consists of individual 
elements that are mutually dependent and 
influence each other. Smart Farming tech-
nologies are a useful tool when they im-
prove one or more processes. For example, 
field-zone-specific fertilization helps to op-
timize nutrient management in terms of 
fertilization effort, plant yield, and avoid-
ance of negative environmental effects.

It is the job of the farm manager to or-
ganize, control, and permanently optimize 
these processes. This is a complex task, in 
which Smart Farming technologies can 
provide support. However, Smart Farm-
ing technologies also consist of several el-
ements. One example is field-zone-specific 
seeding, whose effect results, among other 
things, from the optimal combination of 
variety and crop rotation, the findings from 
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chine Management of FarmFacts GmbH in 
collaboration with the Agriculture Applica-
tion Group (AAG), point in the right direc-
tion in this regard.

In practice, however, it is evident that 
even if compatibility is largely ensured on 
individual farms, system failures do happen 
in day-to-day work. Here, specialists must 
be available on site or remotely to enable the 
user to continue working. These tasks are in-
creasingly being taken over by AgMachinery 
workshops, which is also reflected in a sig-
nificant change in the requirements for the 
job profile of “agricultural and construction 
mechatronics technician”. In combination 
with software support geared towards the re-
quirements of agricultural production pro-
cesses, rapid assistance can be guaranteed in 
the event of technical problems.

In troubleshooting activities, crop con-
sulting also plays an important role. To-
gether with the user, such a consultant ana-
lyzes and corrects deviations from the goals 
when using Smart Farming technology. In 
the author’s personal experience, an organ-
izational connection and direct communi-
cation between the crop consulting on the 
one hand and data model and software de-
velopment on the other hand has proven ef-
fective here. This means, for example, that 
plant growth models are constantly im-
proved through feedback from the field.

However, compatibility goes far beyond 
machine systems. A Smart Farming solu-
tion must also fit the natural conditions, 
the existing production systems, the expec-
tations of the farm manager, and the leg-
islative requirements. In addition, the lo-
cal wireless data transmission options must 
also be considered.

Thus, guaranteeing compatibility re-
quires a holistic support and consulting ap-
proach. In the next section, we will discuss 
who can fulfill this as a partner of the farm.

Hence, it is too short-sighted to speak 
of a Smart Farming technology as a “prod-
uct”. In the following, the term “solution” 
will be used. Sale and support of Smart 
Farming technologies are therefore not 
“product sales” but “solution sales”. Using 
this approach, the product seller becomes a 
“solution provider”. The task of the solu-
tion provider is to eliminate the insecurity 
of the farm manager and manage the com-
plexity on his behalf.

For the farm manager, the use of com-
plex Smart Farming technologies must be-
come easier. Reliability of use must be 
guaranteed at all times, since agricultural 
production processes in crop cultivation 
often take place in narrow time windows 
(temperature, precipitation, wind, length of 
day, logistics capabilities, supply contracts).

4.1.5   Overcoming the Obstacles

In this section, we present ways to over-
come the three major obstacles: lack of 
compatibility, insecurity regarding the cost/
benefit ratio, and low confidence in data 
protection and data security.

4.1.5.1   Compatibility
Compatibility should be possible not only 
between the machines of one manufacturer, 
but also between different manufacturers. 
Beyond the machinery, smooth data trans-
mission into and out of the Farm Manage-
ment Information System is also needed 
(see 7 Sect. 3.4). Compatibility with sen-
sors and partner systems in upstream 
and downstream agribusiness and pub-
lic authorities as well as with external data 
sources make an integrated system land-
scape complete. Collaborations across ag-
machinery manufacturers, such as the agrir-
outer (see 7 Sect. 4.2) and the NEXT Ma-
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aimless “trial and error”, it is important 
to develop a target picture for the use of 
Smart Farming technologies beforehand. 
Realistic and honest expectation manage-
ment on the part of the solution provider 
helps to avoid frustration on the part of the 
farm manager.

4.1.5.3   Data Protection and Data 
Security

The topic of data security, data protection, 
and data sovereignty has already been dis-
cussed in 7 Sect. 1.7.

It is not just about clear legal regula-
tions that can help to reduce the insecurity 
of the user. Transparency on the part of the 
solution provider in the collection and us-
age of the data is another important ele-
ment. However, it also takes informed users 
who know their rights and understand digi-
tal business models.

A personal relationship of trust based 
on a long-standing business relationship 
between the user and the solution provider 
helps to overcome insecurities and estab-
lish more Smart Farming technologies on a 
farm.

If the user wants a high degree of data 
sovereignty, the solution provider’s abil-
ity to pursue data-driven services for free 
of charge is limited. Examples in this re-
gard include personalized advertisement 
and cross-selling. This, in turn, has an im-
pact on the pricing of the respective Smart 
Farming technology.

4.1.6   Who Can Help to Overcome 
the Obstacles?

Let us illustrate the complexity of a Smart 
Farming solution with the example of 
“field-zone-specific inorganic fertilization”. 
In the author’s experience, more than ten 
technological components and services are 
required just for the initial installation and 
calibration of field-zone-specific inorganic 

4.1.5.2   Insecurity Regarding 
the Cost/Benefit Ratio

It is crucial that this ratio is not determined 
exclusively on the basis of general stud-
ies, but in the context of the concrete indi-
vidual farm. The following questions (see 
7 Sect. 2.4) have to be answered there:
5 Does the solution have effects on plant 

development, working time, and sus-
tainability, and how large are these?

5 How does the solution affect the costs 
and the yield of the respective process?

5 Is the solution technically feasible in ag-
ricultural practice so that the farmer can 
continue to use it stably and as autono-
mously as possible in the future?

5 Does the solution guarantee fulfillment 
of third-party legal or qualitative re-
quirements on the farm?

Answering these questions can be challeng-
ing, as it is unrealistic to conduct a scientif-
ically sound study in the investing business 
prior to every investment decision. An ex-
perienced external solution provider should 
provide decision-making support, take re-
sponsibility for the implementation, and 
ensure application. In this regard, it is not 
enough for the solution provider to have 
only technical competencies. Rather, a high 
level of crop-related knowledge is also nec-
essary.

The exchange of experience with pro-
fessional colleagues or independent test re-
ports on Smart Farming technologies could 
also help farm managers make decisions. 
Vocational training and continuing educa-
tion provide the framework for farm man-
agers to become informed decision makers 
regarding the use of state-of-the-art Smart 
Farming technologies.

To make decisions, farm managers can 
use agile project management methods to-
gether with their solution providers. In con-
crete terms, this means gradually moving 
from less complex pilot projects to larger 
process changes. However, in order to avoid 
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spect. It is crucial for the solution provid-
ers to have a dense network of mechatron-
ics technicians for AgMachinery as well 
as crop cultivation consultants in rural ar-
eas, so that they can also do business in op-
erative terms. This is a major difference to 
purely digital Smart Farming platforms.

Businesses from the cooperative farm 
supplies and AgMachinery sectors, for ex-
ample, are ideally placed for this. If  such 
businesses have already built up their own 
Smart Farming expertise, they are predes-
tined to be solution providers. Examples 
are the German BayWa AG with its subsid-
iaries FarmFacts GmbH (Farm Manage-
ment Information Systems and data con-
nectivity solutions) and VISTA GmbH (re-
mote sensing data and data modeling), as 
well as the French INVIVO Group with its 
subsidiary SMAG.

Employees’ long-standing relation-
ships with customers can also strengthen 
trust in data security and data sovereignty. 
This protects the user, as data misuse would 
jeopardize the long-standing customer rela-
tionship.

Other approaches for businesses to act 
as solution providers for farmers are collab-
orations among businesses, such as that of 
Raiffeisen Warenzentrale Köln with Farm-
Facts GmbH. Collaborations can also be a 
way for businesses that do not wish to make 
extensive investments in their own Smart 
Farming expertise. Things are also made 
easier for a farm if  the solution provider 
cooperates with contractors or machinery 
rings.

4.1.7   From Product Seller 
to Solution Provider

Agricultural distributors are still largely 
product-oriented and organized into 
clearly demarcated departments. Depart-
mental thinking must be overcome and co-
ordinating functions must be created. Pro-

fertilization on a farm. This requires at 
least the expertise and active participation 
of the following specialists:
5 Soil sample service
5 Crop cultivation consulting, including 

assistance in complying with the Fertili-
zation Ordinance

5 AgMachinery sales, including steering 
systems and possibly sensors

5 AgMachinery service, including data 
transmission

5 Fertilizer distributor for the provision 
of customized fertilizers and fertilizer 
mixtures

5 Software provider(s)
5 Data provider(s), for example for appli-

cation maps

If organic fertilization is included, the com-
plexity increases even more. But the multi-
tude of specialists mentioned above does 
not make it easier for the user. A solution 
provider should therefore combine all com-
petencies in their organization. It is then 
their task to coordinate the different special 
functions in such a way that the farm man-
ager does not need to do this. This coordi-
nating function also helps in the event of 
disruptions during practical use.

For this reason, manufacturers of Ag-
Machinery and supplies such as fertilizers, 
seeds, and pesticides are only suitable for 
this role to a limited extent. They are usually 
focused on one product area, which covers 
only one part of the agricultural production 
process. The approach of cooperating as a 
digital platform provider with different com-
panies and thereby covering all process steps 
is also only practicable to a limited extent, 
as the farmer values human contact when 
it comes to advice and troubleshooting. The 
complexity in the interaction among the in-
dividual process components still cannot be 
controlled only remotely.

Consequently, companies that have 
both, expertise in AgMachinery and in crop 
cultivation, have an advantage in this re-
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4.2   Cross-Manufacturer Data 
Exchange Interoperability 
as a Basis for Efficient Data 
Management in Agriculture

Johannes Sonnen 

Abstract
This section focuses on data exchange and 
interoperability from a farm operation per-
spective, incl. the description of selected 
commercial data exchange solutions, key as-
sociations and research activities in the field. 
Starting with the description of the most im-
portant developments, this section ends with 
a drafted big picture for data exchange and 
services from a farmer perspective.

4.2.1   Introduction

Access to data and its practice-oriented in-
terpretation is an innovation driver for 
more sustainable agriculture. The increas-
ing complexity of agricultural practices as 
well as the growing amount of data require 
new data management concepts. These in-
clude data exchange platforms, databases, 
data management systems, and user appli-
cations (e.g., Farm Management Informa-
tion Systems, FMIS).

A key problem to date has been the 
poor or non-existent compatibility and in-
teroperability of the software and hardware 
offered for agriculture, as many manufac-
turers offer closed systems (see 7 Sect. 3.4). 
Continuous optimization of agricultural 
production processes (e.g., automatic doc-
umentation, more targeted and thus re-
duced application of seeds, fertilizers, and 
pesticides) along the entire value chain (see 
. Fig. 4.1) requires new features such as 
cross-manufacturer data evaluations, pro-
cess documentation, sustainability certifi-
cates, and decision support.

fessional change management facilitates 
the necessary change in attitude among 
employees.

In order to now become a solu-
tion provider, the willingness to cooper-
ate among the various specialists must 
be supported by management, suitable 
communication channels must be imple-
mented, for example via CRM systems, 
and new coordinating positions have to be 
created within the company. These “Key 
Account Managers Smart Farming” also 
serve as contact persons for the customer 
at the same time.

Joint pilot projects between more prod-
uct-oriented and more solution-oriented 
employees, in particular, help to test new 
ways of working together and implement 
them positively in the sales and service or-
ganization. This is also a good method to 
build collaborations between independent 
businesses. Methods such as Design Think-
ing or business model canvas can be of as-
sistance in the development of such pilot 
projects (see 7 Sect. 2.5).

4.1.8   Summary and Outlook

In this section, we have demonstrated that 
solution providers can play a crucial role in 
the sustainable implementation of Smart 
Farming in agricultural practice. Invest-
ments in new employee competencies, in 
new positions such as “Key Account Man-
ager Smart Farming”, but also in techno-
logical and organizational innovations are 
already being made by agribusiness compa-
nies.

However, Smart Farming technologies 
must also lead to sustainably positive rev-
enue models for solution providers. Other-
wise, solution providers will be unable to 
fulfill their important function of helping 
farms use these technologies successfully.
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lar, have not embraced these standard-
ized formats, but have rather also relied on 
closed solutions in combination with con-
sumer hardware. This makes them independ-
ent of the proprietary web interfaces devel-
oped by AgMachinery manufacturers for 
Internet of Things (IoT) applications. For 
providers of agricultural software, connect-
ing to and operating many different web in-
terfaces, in particular, has often proven to be 
too time-consuming and thus too cost-inten-
sive a solution for interacting with machines 
(see . Fig. 4.2). Therefore, many provid-
ers of agricultural software have developed 
closed, self-controllable systems and are of-
fering them on the market. These systems are 
more or less dependent on the discipline of 
the operators, as they are an integral part of 
data collection and processing.

In order to be able to offer these features 
demanded on the market, cross-manufac-
turer data exchange takes on a central role, 
as machinery and agricultural software prod-
ucts from different manufacturers are used 
in agricultural production chains. Standard-
ized data exchange formats (e.g., as described 
in ISO 11783/10) have long been considered 
the appropriate means for cross-manufac-
turer data exchange. For example, many ma-
chines can export and import the ISOXML 
data format via USB stick (or similar stor-
age media). However, in recent years, differ-
ent folder structures and standards not be-
ing fully adhered to have led to a high level 
of frustration among users as the desired 
cross-manufacturer data exchange has not 
been possible consistently. In addition, ag-
ricultural software companies, in particu-

. Fig . 4 .1 Agricultural value chain—from seed to food

. Fig . 4 .2 N to N versus N to central data exchange element
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ardized internationally as ISO 11898. These 
CAN bus systems were also used in agri-
cultural engineering, but primarily for con-
trolling the machines and/or for communi-
cation between the tractor and the imple-
ments. At that time, the focus was not yet 
on data management.

Today, the expectations not only of 
farmers and contractors are strongly influ-
enced by their experience with applications 
in the consumer sector and by knowledge 
about available technologies. This results 
in a list of requirements of the above-men-
tioned users for an agricultural data man-
agement system:
5 Open and cross-manufacturer data ex-

change between machines and soft-
ware products without conversion prob-
lems to optimize and increase the ef-
ficiency of agricultural production 
processes with a central data exchange  
platform

5 Free choice of machines and agricul-
tural software applications and the pos-
sibility of individual arrangement and 
configuration of a farm’s own data 
management ecosystem

5 High attractiveness and quality of the 
data exchange platform to increase ac-
ceptance

5 Possibility to use third-party services 
(apps) and the resulting added values

5 Automatic collection, interpretation, 
and evaluation of agronomic process 
data

5 Availability of information at any place 
and any time on today’s standard device 
market

5 Use of regionally available software 
solutions that meet state-specific re-
quirements (agronomic, legal, eco-
nomic), e.g., with regard to documenta-
tion obligations

5 Time-limited access control by the data 
producer (farmer/contractor) to their 
own data with exclusive data sover-
eignty for the end user

Large AgMachinery manufacturers also 
offer their own self-contained solutions 
consisting of existing machines and agri-
cultural software functions. Until now, val-
uable agronomic and machine data could 
therefore not be used across manufacturers 
by end users, farmers, and contractors.

To enable data exchange between the in-
dividual actors in an agricultural produc-
tion chain, the need for a centralized, web-
based platform or standardized network for 
farmers and contractors to exchange data 
has greatly increased.

Such a central element (see . Fig. 4.2) 
or network for cross-manufacturer data ex-
change should fulfill all currently known re-
quirements along the value chain. A uni-
versal data exchange platform for farmers 
and contractors, through which AgMachin-
ery and agricultural software from differ-
ent manufacturers can be interconnected, 
requires a high degree of flexibility to ena-
ble the integration of new elements. In ad-
dition to flexibility, such a system must also 
fulfill all data security and data sovereignty 
requirements. The provider must be able to 
guarantee that only the users have access 
to their data and can define data streams 
and their usage themselves, and can change 
these at any time.

4.2.2   Technology Development—
History, Important Actors 
and Current Projects

In the context of digitalization, cross-man-
ufacturer connectivity of AgMachinery and 
agricultural software applications is becom-
ing increasingly important. One prerequi-
site for these developments, which are now 
referred to as “Agriculture 4.0”, was a uni-
form data bus system. This had been devel-
oped by Bosch in the form of the CAN bus 
in the 1980s already, together with the chip 
manufacturer Intel. CAN stands for Con-
troller Area Network and was later stand-
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With the increasing need to inter-
connect different participants in agricul-
tural production processes, the complex-
ity grows. The technology approach de-
scribed here enables the user to easily set up 
their own customized data network. In this 
way, farmers and contractors both in con-
ventional farming and in organic farming 
thereby always keep control over their data 
in their network in a central place.

Machines can be connected directly or 
indirectly via existing, proprietary systems 
(e.g., telemetry systems). Technically, direct 
connection is made via a communication 
unit located on the machines. Existing mar-
ket machines can be retrofitted and con-
nected at any time using retrofittable, certi-
fied communication units. Indirect connec-
tion of machines is also possible and takes 
place via the manufacturer-specific plat-
forms (these often have the prefix “my” in 
their name, e.g., “my-grimme”). Software 
applications, often Farm Management In-
formation Systems (FMIS, see . Fig. 4.3), 
or third-party apps (e.g., producers of Ap-
plication Maps), as well as software appli-

5 Self-determination for storage of usage 
data, and transparent overview of data 
flows

This has resulted in some concrete solu-
tions already being used in agricultural 
practice, which will be described below.

4.2.2.1   Commercial Solutions
The agrirouter Platform

In early 2014, six AgMachinery manu-
facturers decided to collaborate in the area 
of data management and to convince other 
AgMachinery manufacturers to participate 
in the newly founded initiative. The result 
of this development, which took the form 
of a consortium, is the cross-manufacturer 
and web-based data exchange platform 
agrirouter, which has been available for free 
use since March 2019. agrirouter transports 
data (similar to the way the postal service 
transports letters and packages), but does 
not store data. The data transport is car-
ried out in secure form and, just as with the 
postal service, the data packages are not 
opened to analyze their content.

. Fig . 4 .3 Design of a data exchange ecosystem, exemplified by agrirouter
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bility has been created to transfer and use 
data from the machine displays of the most 
common manufacturers. Like agrirouter, 
John Deere thereby now also enables direct 
connection of machines (terminals) in addi-
tion to indirect connection via manufactur-
er-specific clouds.

The DataConnect Solution
DataConnect is an initiative launched in 
2019 by the companies John Deere, Claas, 
and 365Farmnet. In this cooperation, data 
exchange between company-internal telem-
etry platforms is to be realized. The scope 
of exchangeable data currently comprises 
five agronomic values. Other manufacturers 
may join DataConnect, but they must be 
operating their own manufacturer platform 
(see manufacturer cloud in . Fig. 4.3). 
With DataConnect, farmers and contrac-
tors can view and process their machines 
in the platform of their choice and do not 
need to switch between systems.

Some AgMachinery manufacturers of-
fer external partners the possibility to con-
nect to their own telemetry platform via 
an interface (API). The APIs, and thus the 
scope of the data, vary from manufacturer 
to manufacturer. Market acceptance among 
agricultural software providers is rather 
low.

The NEVONEX Platform
Under the name NEVONEX, Robert 
Bosch GmbH [Bos20] is offering a platform 
for digital services since the Agritechnica 
2019 (see . Fig. 4.3, right part). With the 
help of this application environment, dig-
ital services can be loaded from a feature 
store (similar to an app store) onto hard-
ware installed on AgMachinery. This can 
be a piece of additional retrofitted hard-
ware or a factory-installed piece of hard-
ware. Using these hardware components, 
farmers can extend the functionality of 
their machines with digital services (assis-
tance systems). For example, a digital ser-
vice could ensure compliance with wa-

cations of AgMachinery manufacturers can 
be connected by the farmer/contractor ac-
cording to their needs.

With this web application, which can be 
configured individually by each user and 
can be adapted time and again, data from 
AgMachinery, which is currently collected 
by a multitude of sensors, or data from Ag-
ricultural Software products can be trans-
ported to other connected software applica-
tions via the data exchange platform in ac-
cordance with the routes (rules) set by the 
end user. The data from all machines used 
in a production process thus forms the ba-
sis for the documentation, the desired in-
crease in efficiency and quality, as well as 
cost minimization in the future design of 
the farmer’s production processes.

A data exchange platform enables the 
cross-manufacturer use of valuable agro-
nomic and machine data that is demanded 
by the market. The farmer can use not only 
the data from their own machines, but also 
the data from the machines of their con-
tractor, provided that consent for the re-
lease of such data has been given. Software 
applications selected by the end user can 
also exchange data with each other; e.g., 
application maps can be created for the ap-
plication of fertilizer or pesticides. Such a 
map would then be transferred via the plat-
form to the machine applying the product.

The end user can set up their own on-
farm ecosystem (see . Fig. 4.3), consist-
ing of different apps and machines that ex-
change data with each other according to 
the routes (rules) the farmer has set individ-
ually. With agrirouter, the desired interoper-
ability has taken a big step forward.

No comparable concept or product is 
currently available on the market. Globally, 
developments in this area are also mov-
ing in the direction of cross-manufacturer 
and open systems. In August 2020, John 
Deere announced that further interfaces 
have been integrated into its Operations 
Center management platform and that with 
the “MyTransfer” app [pro20], the possi-
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Seven international manufacturers of 
agricultural equipment and two associations 
founded AEF on 28 October 2008 [AEF18]. 
AEF is an independent international organ-
ization and provides resources and know-
how to foster the use of electronics and elec-
trical equipment in agriculture. Currently, 
eight manufacturers and three associations 
are engaged as premium members in AEF, 
along with another 200 members, to:
5 Improve cross-manufacturer compatibil-

ity of electronic and electrical compo-
nents in agricultural equipment

5 Ensure transparency in compatibility is-
sues

A central point of the joint work is the in-
troduction of international electronic 
standards, but not the development of 
products. Furthermore, AEF promotes the 
development and introduction of new tech-
nologies. In addition to the ISOBUS topic, 
EFDI (Extended Farm Management In-
formation System Data Interface), electric 
drives, camera systems, high-speed ISO-
BUS, and wireless field communication 
have been added as new topics at AEF in 
recent years. As a representative of the Ag-
Machinery industry, AEF is a partner in 
the EU research project ATLAS [EC20a].

AgGateway
AgGateway is an initiative founded in 
North America in 2005, which has grad-
ually expanded to Latin America and Eu-
rope. AgGateway Europe, as a subsidiary 
of AgGateway Global, is working to opti-
mize the interoperability and traceability of 
field operations as well to simplify the use 
of soil and weather data [AEF18]. In addi-
tion to standardizing data formats in crop 
production, the Ag-Gateway Europe initia-
tive is also active in standardizing data in-
teroperability in the area of livestock pro-
duction and processing. The standards 
developed by AgGateway can also be in-
cluded in the future as additional data ex-

ter protection zones when applying pesti-
cides. The hardware used is connected to 
the NEVONEX Feature Store via a cellu-
lar connection to enable “downloading” of 
digital services. After installation, respec-
tive activation on the hardware, the digital 
services can use the cellular connection for 
example to obtain external data (in our ex-
ample, the local maps for the water protec-
tion zones). In 2022, a connection between 
the data exchange platform agrirouter and 
the services platform NEVONEX will be 
made possible in this way with the service 
“agrirouter connector”. This will enable 
customers to realize their data exchange as 
well as the operation of digital services us-
ing a single piece of hardware. In the exam-
ple above, an application map can be used 
as the basis for the service ensuring compli-
ance with water protection zones. The pes-
ticide sprayer then automatically complies 
with the water protection zones and also 
varies its application quantity (e.g., liquid 
fertilizer).

The JoinData/DjustConnect Network
In the livestock farming sector, an initia-
tive called “JoinData” exists in the Nether-
lands [Joi20], which has established a data 
exchange network mainly in dairy produc-
tion. This static network can be configured 
and used by the end customer.

A similar approach to optimizing dairy 
production is being pursued by the initia-
tive “DjustConnect” of the research insti-
tution ILVO [ILV20] for the Belgian region 
of Flanders. ILVO stands for multi-discipli-
nary, independent research and specialized 
services in all areas related to agriculture, 
fishery, and food in Flanders. ILVO, an in-
ternationally recognized scientific institute, 
is part of the regional government of Flan-
ders.

4.2.2.2   Associations
Agricultural Industry Electronics Founda-
tion (AEF)
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frastructure that meets the highest stand-
ards of digital sovereignty and promotes 
innovation. An open and transparent digi-
tal ecosystem shall allow data and services 
to be made available, merged, and shared 
in a trustworthy manner [BMW21a]. In the 
future, GAIA-X will give users access to a 
broad, relevant, and specialized portfolio 
of products and services from cloud pro-
viders and thus enable them to use custom-
ized solutions. In this context, GAIA-X of-
fers full transparency through self-descrip-
tion and certified data protection as well as 
regulatory criteria of the products and ser-
vices offered [BMW21a].

There are several focal areas within the 
GAIA-X project. One domain focuses on 
the area of agriculture, within which the re-
quirements for the shared data infrastruc-
ture are to be analyzed in the context of 
use cases. In the use case project Agri-Gaia, 
for example, an AI ecosystem for the agri-
cultural and food industry, which is domi-
nated by small and medium-sized enter-
prises, is to be researched and developed 
on the basis of GAIA-X. For this purpose, 
an innovative B2B platform will be real-
ized that provides industry-specific adapted 
AI components as easy-to-use modules 
and brings together users and developers 
of AI algorithms. Agri-Gaia closes the cir-
cle of sensor data acquisition in the field, 
training of algorithms on appropriate serv-
ers, and continuous updating/optimiza-
tion of the algorithms. Appropriate inter-
faces and standards will be developed to 
create a cross-manufacturer infrastructure 
for the exchange of data and algorithms 
[BMW21b]. During the project, cross-do-
main requirements will be evaluated regu-
larly based on the results of the individual 
use cases and aggregated in a superordinate 
layer. In the future, the user will thus only 
need one central access, for example, to 
login to the authorized GAIA-X area based 
on their rights. Domain-specific data access 
solutions thus become unnecessary.

change formats in data exchange platforms 
such as agrirouter or cloud solutions such 
as DataConnect. Moreover, all solutions 
must be able to add market-relevant data 
exchange formats along the agricultural 
value chain at any time in the future.

4.2.2.3   Research Activities
EU Research Project ATLAS
Within the framework of the EU research 
project ATLAS [ATL20], different compa-
nies in the AEF are working on implement-
ing data exchange possibilities via a stand-
ardized network. This would allow future 
data exchange between platforms such as 
agrirouter and DataConnect. According to 
the author’s assessment, two data manage-
ment worlds could emerge in the coming 
years, which can be compared with the con-
sumer world. On the one hand, there will 
continue to be the closed John Deere world 
around the “Operations Center”, which, 
like Apple’s iOS, allows selected third-party 
providers dedicated access to data. On the 
other hand, there will be the open “agrir-
outer” world, which, similar to Google’s 
Android operating system, will give all pro-
viders along the agricultural value chain 
open access to data exchange via the cen-
tral agrirouter data exchange platform (see 
. Fig. 4.3). The data exchange network 
conceptually developed in the EU research 
project ATLAS is intended to serve as a 
bridge between the two worlds in the future 
in order to enable the end customers, farm-
ers, and contractors to engage in a com-
plete exchange of data across all manufac-
turers.

Research Projects in the GAIA-X Initiative
With GAIA-X, representatives from gov-
ernment, industry, and research from 
France and Germany, together with other 
European partners, are jointly developing 
a proposal for the design of a next-gener-
ation data infrastructure in Europe. The 
goal is a secure and interconnected data in-
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production processes and individual control 
of the desired data exchange.

As there is no central access via the ex-
isting manufacturer-specific solutions, 
many individual interfaces from the part of 
the agricultural software and hardware pro-
viders to the manufacturers must be set up 
and maintained with great effort. Valuable 
know-how of these providers is thus not 
usable as far as the farmer is concerned. A 
comparison with popular smartphone app 
platforms suggests itself  here: They have 
long since managed to offer all software 
providers the possibility of getting their 
services to customers. Providers of agri-
cultural software applications or telemetry 
Retrofit Hardware confirm that the chosen 
central, neutral, and open approach is the 
preferred one. From the perspective of ag-
ricultural software and hardware providers 
along the value chain (see . Fig. 4.1), the 
market potential of a cross-manufacturer, 
open data exchange platform is considered 
to be very high.

In addition to the established manufac-
turers of agricultural software, other com-
panies—some of them start-ups—have of-
fered and continue to offer new software 
products, mostly for very specific applica-
tions. Many of these software tools require 
cross-manufacturer access to agronomic as 
well as machine data in order to support 
farmers in their efforts to optimize their 
production processes.

A data exchange platform, respectively 
network, designed according to the above 
criteria enables the step-by-step use of data 
available today and in the future along the 
entire agricultural value chain.

Based on the big picture (see 
. Fig. 4.4), the integration of the individ-
ual elements shows the short-term and fu-
ture possibilities of data exchange. For ex-
ample, farmers and contractors will not 
only be able to exchange data between soft-
ware products and AgMachinery of differ-
ent manufacturers, but will also be able to 

4.2.3   Market Development—
Current Status

A key finding from various research pro-
jects and from the market requirements is 
that the existing cross-manufacturer coop-
eration between AgMachinery companies 
in the areas of mechanics, hydraulics, and 
electronics needs to be expanded to include 
the area of data management. Although 
the self-evident compatibility between trac-
tor and implements from various manu-
facturers enables the exchange of data be-
tween these two machines that is necessary 
for control (ISOBUS, e.g., the CCI—Com-
petence Center ISOBUS e. V., see [CCI20]), 
it does not allow for data exchange of this 
combination of machines with the outside 
world.

Until now, large agricultural technol-
ogy corporations have often offered pro-
prietary software solutions (i.e., solutions 
geared only to their own products), which 
allow only the connection of manufactur-
er-specific machines. In the meantime, more 
and more manufacturers have recognized 
that customers demand cross-manufacturer 
solutions, because on farms worldwide, 
farmers and contractors practically always 
use machines from different manufacturers, 
so-called mixed fleets.

The joint development of a cross-man-
ufacturer data exchange platform, re-
spectively a data exchange network, (see 
. Fig. 4.3) has therefore been and contin-
ues to be a natural step from a market and 
above all from a user perspective. However, 
especially Central European markets will 
only accept such possibilities for exchange 
if  they are developed by a community, so 
that they can be considered manufactur-
er-neutral and do not originate from a sin-
gle manufacturer.

To date, farmers and contractors have 
lacked a solution approach that enables in-
dividual networking of the products (ma-
chines and software) used in their respective 
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large portfolio for the individual exchange 
of data for their agricultural value chain. 
This increases the likelihood that the con-
cept of an open data exchange platform 
will lead to high market penetration and 
possibly market leadership.

From the author’s point of view, a vari-
ant similar to the above-mentioned parallel 
existence of two relevant smartphone oper-
ating systems and applications programmed 
for these is also a possibility. A serious dif-
ference between the current situation in the 
consumer sector and AgMachinery is the 
ATLAS project described above, which in-
tends to build bridges between the operat-
ing system worlds without questioning their 
existence. As in road traffic, one would 
agree on a common data traffic regulation, 
while the two system providers would apply 
their individual approval regulations.

From the perspective of agricultural 
software or hardware providers, this results 
in the decisive advantage—just as in the 
consumer world—of not having to serve an 
unknown number of interfaces, but prefer-
ably only one or a few. If, for example, an 
agricultural software provider wants to of-
fer a mobile app solution to the market in 
the future, they only need to integrate the 
agrirouter and proprietary solutions like 
the John Deere Operations Center interface 
into their solution.

The comparison with the app stores of 
alternative operating systems, which we 
have used several times in this section, is 
also important because the expectations 
of all stakeholders involved in agricultural 
production processes are shaped by the ex-
periences they have made there in terms of 
compatibility, ease of use, and data protec-
tion. This is particularly true for the genera-
tion of the so-called digital natives.

If  the market participants along the 
value chain manage to build bridges across 
operating systems and proprietary bound-
aries, not only farmers and contractors as 
well as the providers and manufacturers 
involved, but also consumers will benefit 

store this data centrally and personally in 
the future. In addition, data from the pub-
lic sector can be included in farmers’ deci-
sion-making in the future, and communica-
tion with government institutions can also 
take place digitally in the future. This inte-
gration will allow workloads to be reduced 
and the quality of the exchanged data to be 
improved significantly. All these elements 
help the farmer to gradually optimize and 
possibly reorient their production processes.

Regarding the approach of bundled and 
region-specific provision of publicly availa-
ble data (see . Fig. 4.4 top right), it should 
be noted that this is already being imple-
mented or available in some German fed-
eral states. In Germany, the final report 
of a “Feasibility study on state-run, digi-
tal data platforms for agriculture” commis-
sioned by the German Federal Ministry of 
Food and Agriculture (BMEL) was pub-
lished at the end of 2020 [BLE21]. In par-
allel, under the term “Common European 
Agricultural Data Space” [EC20b], the 
EU member states are currently working 
on evaluating objectives and work pack-
ages derived from these and on facilitating 
the exchange of agricultural data along the 
entire value chain in both industry and re-
search across states. The project is still in 
its early stages and is driven mainly by the 
European Commission directorate DG 
CNECT in cooperation with DG AGRI.

4.2.4   Conclusion and Outlook

The market potential of open data ex-
change platforms, respectively future net-
works, to increase interoperability is very 
high because the concept takes into ac-
count all market participants along the 
value chain and enables open access to all 
stakeholders. In addition, all participants 
can offer their end customers, the farmers 
and contractors, the possibility to exchange 
data with all other participants using a sin-
gle interface. The end users are offered a 
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their products available with little effort. On 
the customer side, such marketplaces offer 
the advantage of being able to obtain infor-
mation about a product and its price from 
different retailers. This transparency leads 
to a price competition between the retailers 
due to the comparability of prices. Another 
advantage of the digital marketplace is that 
it corresponds to the model of digital con-
sumption. The disadvantage of this type of 
marketplace is that the platform operators 
usually do not provide any guarantees for 
the processing of the transaction and the 
shipment. Furthermore, platform operators 
give no guarantee for the quality and au-
thenticity of the traded products. This cre-
ates the risk that counterfeit products are 
sold and the customer does not notice this.

Type 2: Reverse Digital Marketplace
The reverse digital marketplace corresponds 
in many respects to the digital marketplace. 
The main difference, however, is that cus-
tomers publish a demand and retailers make 
offers for it. This means that a customer 
publishes a demand on the platform and 
various retailers can respond to it. The ad-
vantage of this type of marketplace is that 
customers may receive offers below the mar-
ket price. For retailers, this principle rep-
resents a high effort. On the one hand they 
have to search for suitable demands, on the 
other hand they have to make an offer for 
every single demand. Furthermore, there is 
no guarantee that this offer will be accepted 
and that a transaction will take place. There 
is also the risk of an imbalance between of-
fers made and successful transactions. As a 
result, this marketplace loses its attractive-
ness for retailers and fewer offers are sub-
mitted. This is due to the fact that many cus-
tomers use this marketplace to compare the 
prices of local traders. Another disadvan-
tage of the reverse digital marketplace is 
that it is generally only attractive for large lot 
sizes. For small batches or individual parts, 
the sales process represents too much effort.

from an agriculture that is in a better eco-
nomic and ecological position.

4.3   E-Commerce and Logistics

Sebastian Schauff and Julian Schill 

Abstract
In the past, the market for agricultural in-
put goods was characterized by local, sta-
tionary traders. However, this market is un-
dergoing change with the ongoing digital-
ization. Farmers are no longer dependent 
on local traders, they can now buy almost 
any product online. On the one hand, exist-
ing retail chains offer their products in their 
own online store, and on the other hand new 
start-ups have emerged which have entered 
this market. Against the background of the 
growing online market for agricultural in-
put goods, this section provides an overview 
of various digital distribution channels es-
tablished in the market. In addition, the re-
quirements for the trade of agricultural input 
goods, effects on the contribution margin ac-
counting of farmers and sustainability effects 
are shown. The section ends with an outlook.

4.3.1   Types of Digital Distribution 
Channels

Looking at the digital distribution channels 
established on the market, three different 
types can be derived.

Type 1: Digital Marketplace
A digital marketplace is characterized by 
the fact that a large number of different re-
tailers offer products on one platform. Cus-
tomers can use this digital marketplace to 
find out about the products on offer. In the 
event of a purchase decision, the retailer 
and customer can complete the transac-
tion directly. Digital marketplaces offer tra-
ditional retailers the opportunity to make 
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on other platforms. On an e-commerce 
platform, there is therefore no price compe-
tition, rather the prices are set by the pro-
vider.

At this point it should be noted that 
there are not only these three types of digi-
tal distribution channels (. Fig. 4.5). There 
are also hybrid forms, which, for example, 
pursue a business model based on e-com-
merce but also offer a digital marketplace. 
Furthermore, there are cooperative ap-
proaches that cover all areas of purchasing 
for a closed circle of members. However, for 
this to work, the farmer must initially pur-
chase membership as an entry barrier or 
use the provider’s agricultural management 
software.

After the different characteristics of dig-
ital distribution channels have been shown, 
a short overview of the most prominent 
representatives of the respective types on 
the German agricultural market will now 
be given. It is worth mentioning that espe-
cially companies in the field of e-commerce 
have their roots in the classic catalog busi-
ness or are spin-offs of established compa-
nies. In contrast, current marketplace pro-

Type 3: E-Commerce
E-commerce differs from the other two 
types in that a retailer offers products for 
sale on his own platform. Customers can 
use this site to find out about the products 
and conclude a transaction directly. The 
transaction is also processed via this plat-
form. This type of distribution has the ad-
vantage that the customer can purchase 
all products from one retailer. This retailer 
is responsible for the quality and authen-
ticity of the products offered. The retailer 
guarantees the customer that the transac-
tion will be processed correctly and that the 
complete logistics process of his order will 
be handled. Another advantage of e-com-
merce is the high degree of standardization 
of the ordering, payment and logistics pro-
cesses. This results in a more predictable 
shopping experience for the customer at an 
online retailer, in which the customer can 
build trust, similar to a local retailer. A dis-
advantage of e-commerce platforms is that 
the customer cannot compare prices on the 
different sites. In order to compare prices, 
the customer has to make an additional ef-
fort and find out about comparative prices 

Digital distribution channels
Type 1: Digital marketplace Type 2: Reverse digital marketplace Type 3: E-commerce

• Many dealers offer products
• Many customers request products
• Dealer ≠ Platform provider

• Many customers post demands
• Many dealers submit offers
• Dealer ≠ Platform provider

• One dealer offers products
• Many customers demand products
• Dealer = platform provider

Advantages:
+ Traditional retailers can offer products

online without much effort
+ Several suppliers for one product
+ Transaction can be carried out directly
+ Price war
+ Corresponds to the model of private 

consumption

Advantages:
+ Chance of offers below market

prices

Advantages:
+ Direct settlement of transactions
+ Guaranteed fulfillment of the order
+ Highly standardized processes
+ Corresponds to model of private 

consumption

Disadvantages:
− Usually no guarantee for payment

processing and shipping

Disadvantages:
− High effort to draft the demand
− High effort for submitting offers
− No direct transactions
− Used for comparison with local

market prices

Disadvantages:

. Fig . 4 .5 Three types of digital distribution channels
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In a growing e-commerce market ag.
supply wants to differentiate itself  from 
other competitors by the product range of-
fered and its quality as well as by qualified 
consulting.

The product portfolio includes all types 
of agricultural input goods. For example, 
other competitors offer a range of 30,000 
to 50,000 spare parts. This is sufficient, in 
order to make many repairs with wear-
ing parts possible. The company ag.sup-
ply wants to cover the product need of all 
repairs and offer original parts as well as 
high-quality reproduction parts.

Beside a broad product portfolio, the 
qualified customer support is of great im-
portance. Depending on their request, cus-
tomers are referred to an agricultural en-
gineer or an AgMachinery mechanic for 
advice. This is intended to ensure a high 
quality of advice and to provide advice that 
is independent of manufacturers.

For ag.supply it turned out that the fac-
tors supply ability, quality, consultation, 
and logistics are the most important fac-
tors, which affect the purchase decision of 
the farmers. The factor price is to be re-
garded thereby only as hygiene factor.

4.3.3   Requirements for the Online 
Trade of Agricultural Input 
Goods

The digital distribution of agricultural in-
put goods presupposes that these goods 
are tradable online on the one hand and 

viders have entered the market as start-ups 
(. Table 4.1).

On an international level, the Farm-
ers Business Network (FBN) in the USA 
is worth mentioning. Started as a com-
pany that wanted to provide farmers with 
data to help them optimize their purchas-
ing and product selection, it now operates 
its own e-commerce platform, FBN Di-
rect. Another example is Agrofy, which op-
erates on the South American market. A 
prominent representative on the European 
e-commerce market is the French com-
pany Agriconomie. They can be seen as an 
established start-up, which is active on the 
French and Belgian market. A further in-
ternational view shows that there are efforts 
in many countries to establish digital distri-
bution channels.

4.3.2   Differentiation Strategy 
of ag.supply

As e-commerce is an international trend 
and the author is a co-founder of ag.sup-
ply, the following deep dive focusses his 
experiences. The company ag.supply was 
founded in 2018 and is a start-up that op-
erates an e-commerce platform for agricul-
tural input goods. The company, founded 
by Eric Schüßler and Sebastian Schauff, of-
fers approximately 3 million products on-
line in the areas of spare parts for AgMa-
chinery, seeds, crop protection, and fertiliz-
ers. The products are currently available in 
Germany and the Netherlands.

. Table 4 .1 Prominent representatives of digital distribution channels

Type 1: Digital marketplace Type 2: Reverse digital 
marketplace

Type 3: E-commerce

– Cropspot
– House of Crops

– Agrando
– Agrimand

– ag.supply
– BayWa Shop
– Schlepperteile
– Agridirekt
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the shipment is large enough to fill a truck. 
The latter is difficult to implement due to 
the structure of German agriculture with 
a large number of small farms or part-time 
farmers.

4.3.4   Effects of Digital 
Distribution Channels 
on Agricultural Contribution 
Margin Accounting

In the contribution margin calculation, the 
farmer usually only considers the prod-
uct costs. Marginal savings are possible 
through online procurement. However, it 
does not consider the time savings that a 
farmer experiences through online trading 
(similar to other Digital Farming related 
cost centers, see 7 Sect. 2.4). In the classi-
cal sense, an order is processed as follows: 
The farmer calls his local dealer and in-
quiries about the availability of a product. 
If  the dealer does not have this product in 
stock, it must be ordered. One or two days 
later the farmer has to drive to the dealer, 
pick up the product and drive back to his 
farm. The additional purchase costs are 
about 30€ to 40€ per purchase. The time re-
quired is also not to be neglected. However, 
if  he orders the product digitally, the prod-
uct is delivered directly to his farm without 
any further effort. If  one looks at the orders 
of ag.supply, then 40% of the purchases 
are transacted by App. That means that the 
farmer can take care of the purchase with 
his cell phone for example during the field 
work with GPS driving control. Thus, sub-
stantial savings in procurement and work-
ing time are created. Depending on the 
product group, savings of up to 15% can 
be generated. Another advantage is that 
customers are no longer bound to opening 
hours. Customers can therefore place or-
ders after hours or on weekends. This is a 
particular advantage for part-time farmers.

that they are also logistically capable on the 
other.

The ability to trade products online de-
pends heavily on whether the customer is 
willing to buy them online. In the classi-
cal sense, the farmer obtained all products 
from local traders. Since the emergence of 
the first digital distribution channels, how-
ever, there has been a trend away from lo-
cal trade towards digital marketplaces or 
e-commerce. However, this trend is not 
equally strong for all product categories. 
Today, for example, there is greater online 
demand for spare parts for AgMachinery 
than for crop protection or seeds.

Logistics capability incl. all efforts in-
volved in shipping certain products. This 
effort is relatively low, for example, for the 
shipping of spare parts. Spare parts can be 
shipped by courier, express and parcel ser-
vices without additional effort. Pesticides 
pose a greater challenge for shipping, as 
they are usually hazardous goods. The ship-
ping is however possible with a small ad-
ditional expenditure. However, the dis-
patch of fertilizers, which is characterized 
by large lot sizes, is problematic. Here the 
ordered quantity of fertilizer has to be di-
vided into the logistic sizes TL (Truckload) 
and LTL (Less than Truckload). TL means 
that the load corresponds to the capacity of 
the vehicle, usually a truck. In contrast, the 
load in the LTL range is smaller than the 
available capacity. In both cases the same 
transport costs must be considered. There-
fore, orders of fertilizers, which correspond 
to the capacity of the vehicle, are realiza-
ble. However, orders that only use a part of 
the available capacity are difficult to real-
ize. The reason for this is that the transport 
costs per transported unit of fertilizer are 
significantly higher than the transport costs 
in the TL area.

In summary, it can be said at this point 
that products are logistically viable if  they 
can either be shipped using the standard-
ized courier, express and parcel market or 
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coming apparent today that significant ef-
ficiency gains can be achieved by skipping 
logistics stages.

In addition to efficiency, the focus is in-
creasingly shifting to the farmer as a cus-
tomer. If  the customer can choose from a 
variety of digital providers, the choice will 
be the most customer-friendly one. Provid-
ers will therefore have to make a great effort 
to be attractive to customers.

Strong market growth will increase the 
number of start-ups trying to penetrate this 
market. The environment is an important fac-
tor for the establishment of start-ups. Cur-
rently, the supply of venture capital for start-
ups in this area in Germany is considered 
weak. In order to enable the foundation of 
new start-ups, a rethinking of venture capital 
providers is required at this point. After all, in 
order to meet the farmers’ customer require-
ments, agile start-ups are needed that can op-
erate free of established business processes.

4.4   The Digital Eco-System 
of Sustainable Farming: 
Agricultural Insurance as a 
Glue

Alexa Mayer-Bosse 

Abstract
This section describes agricultural insurance 
solutions incl. different indices, parameters 
and risks and why Digital Farming solutions 
benefit from combination with insurance 
solutions and vice versa. The agronomic fo-
cus is on climate-based production risks tar-
geting e.g., yield, soil, and weather such as 
precipitation or temperature.

4.4.1   Introduction

Farming is all about quality inputs, sophis-
ticated AgMachinery, market opportunities, 
appropriate financing, and sound agronom-

4.3.5   Sustainability Effects 
of Digital Distribution 
Channels

In reference to ag.supply experiences, sus-
tainability topics are addressed on the side 
of the farmers only rarely. Customers are 
focused on products and their quality. An-
other problem is that many farmers regard 
express delivery as standard and demand 
it. Compared to standard shipping, this is 
much more harmful to the climate. How-
ever, by deciding to purchase products on-
line, farmers indirectly enable sustainabil-
ity measures that ag.supply is pursuing. For 
ag.supply the greatest possible potential 
for sustainability lies in the saving of logis-
tics stages. The classic trade structure is as 
follows: A product is produced by a man-
ufacturer, shipped to a wholesaler who in 
turn ships it to a local retailer from whom 
the farmer purchases the product. When 
products are shipped from one logistics 
stage to the next, they are repackaged and 
transferred. By skipping individual logis-
tics stages these processes could be saved. 
The company pursues the goal of sending 
products directly from the manufacturer or 
wholesaler to the customer and thus skip-
ping subsequent logistics stages. To make 
this possible, the networking of the various 
partners is of utmost importance.

4.3.6   Outlook

The importance of digital distribution 
channels for agricultural input goods will 
continue to grow in the coming years. From 
a current perspective, there is an infrastruc-
tural oversupply in the form of multi-level 
supply chains and excess storage capacities 
for seeds, crop protection and fertilizers. 
The question must be answered as to how 
processes and the associated infrastructure 
can be optimized and made more efficient 
for the benefit of farmers. It is already be-
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losses [Fa+18]. Of particular interest for 
farmers is how losses in crop production 
can be better assessed, mitigated and eval-
uated through digitalization, especially with 
respect to climate risks.

In this section, digital crop insurance is 
discussed from various perspectives. Insur-
ing risk and evaluating it is looked at inde-
pendently. Firstly, crop insurance is a val-
uable tool to mitigate the financial impact 
of climate risks. Digital technologies allow 
these risks to be parameterized in insur-
ance products. Due to its digital nature of 
these modern insurance products, all part-
ners in the agricultural supply chain can as-
sist in financing production risks. It is also 
stated that crop risks are complex and ex-
pensive. Lastly, the calculation of risk pro-
files gives a monetary benchmark on how 
climate risk-resilient a farmer can produce.

4.4.2   When Agricultural Insurance 
is Parameterized, Their 
Digital Loss Assessments 
Result in Immediate Pay-
Outs

Traditionally, agricultural insurance pol-
icies cover crop losses. Why would insur-
ance then have a new role in the age of Dig-
ital Farming? Hail insurance, for example, 
is an important support for farmers and 
will remain that. Yet it is precisely the dig-
ital treasure of data available that makes 
new forms of insurance possible. Agricul-
tural insurance is called Parametric Index 
Insurance if  it can use suitable proxies for 
agricultural production and its risks. Losses 
are usually quantified as a shortfall in crop 
yield. Alternative concepts also capture de-
faults in weather metrics, biomass produc-
tion margin, or soil moisture. Basically, 
these proxy factors and indices estimate ag-
ricultural risks without measuring the ac-
tual damage on the field. For this, index in-
surance does not require any technical risk 

ical expertise to benefit best from natural re-
sources. In recent years, digitalization has 
been added to the game. On the one hand, 
digitalization makes agricultural production 
more efficient, while on the other hand it 
equips the enterprise for the future and un-
locks new potential. On top of using high-
tech machinery and managing complex 
data, and data platforms, farmers must find 
suitable financial instruments—from sup-
plier credits to bank loans with appropriate 
collaterals, from leasing agreements to all 
types of insurances. Even with all this effort 
one constant in agriculture remains: risk.

Farmers have been experts in managing 
risks, ever since crops have been grown or 
animals raised to market for profit. Risks 
in crop farming are all about time, opera-
tion, price, and weather. Livestock risks are 
all about health, mortality, and price. New 
risks have been recognized by the introduc-
tion of innovative technologies in business 
decisions such as autonomous in-field driv-
ing [SB+21], sensor technology, and arti-
ficial intelligence [BT21] in business deci-
sions. In the future Digital Farming creates 
new risks in terms of cyber or data security.

There are numerous solutions for in-
suring farm risks. Insurance solutions for 
losses that might occur while using Digital 
Farming systems, i.e., autonomous driving 
(see 7 Sect. 3.3), services [MR20] in the ag-
ricultural sector have to be analyzed case by 
case, depending on the amount of data pro-
duced. Crop yield risks are however unique 
and one of the most complex ones to quan-
tify. Crop losses are increasing and occur 
more regularly, all over the globe. They in-
crease when, for example, conventional 
practices lose their effectiveness, whether as 
a result of resistance to certain AgChem-
icals or as a result of restrictions imposed 
by the EU fertilizer regulation. In particu-
lar due to climate change, losses in agri-
cultural production are on the rise. As ad-
verse weather conditions persist locally for 
longer, farms subsequently experience too 
much or too little rain with devastating 
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ter sudden events such as hail or storms is 
not practical or cost-effective. Drought is a 
long-lasting and widespread weather phe-
nomenon that would require a large num-
ber of loss adjusters in a short period of 
time just before harvest. In order to avoid 
these bottlenecks, Index Insurance is the 
right choice, which also saves costs in the 
loss assessment.

4.4.3   Typical Insurance Covers 
Along the Agricultural 
Supply Chain

De-risking the supply chain from the pro-
duction risk is based on geo-referenced in-
dex insurance, where index types and risks 
are matched (. Table 4.2).

There already exist many bilateral in-
surance agreements in the agricultural sup-
ply chain. Farmers around the world in-
sure themselves against crop shortfall, for 
example based on an area yield index. Ag-
ribusinesses cover their own crop produc-
tion related risks. Seed suppliers select a 
precipitation index for germination protec-
tion, which they stick on a seed bag. Crop 
protection companies offer either a satel-
lite-based vegetation index or a remotely 
sensed soil moisture index to their clients. 
Traders offer producers yield index insur-
ance based on yield statistics. Machinery 
manufacturers provide drought index insur-
ance. Food and beverage processors insure 
their supplies against the processing risk 
due to weather-related reduction in crop 
quality. These types of index covers can 
also be structured in a cost-efficient man-
ner, when an agribusiness company pur-
chases one policy for many enrolled farm-
ers.

inspection and no individual claims settle-
ment. Both, underwriting and loss assess-
ment, are exclusively data driven. For ex-
ample, climate risks such as drought and 
heat waves [Ta21] can be determined by a 
weather index based on temperature to as-
sess the pollination failure caused by a 
heatwave. If  during the pollination phase 
of about three weeks the daily temperature 
in a particular area exceeds, e.g., 33 °C for 
a predefined number of days, the insurance 
product would pay out. It is fair to mention 
that index insurance policies are criticized 
for their basis risk. In this heat index exam-
ple, it could happen that pollination is hin-
dered even though the weather station has 
not exceeded the agreed daily temperatures. 
In this situation the basis risk would result 
in no pay-out because the threshold value 
was not met. But here too, there is an ad-
vantage of digitalization: the more risk rele-
vant data is digitally recorded, the more the 
basis risk can be steadily reduced.

For the development of such a paramet-
ric cover, historical and especially georefer-
enced risk related data are key. At the core 
of all risk analyses are the digitally availa-
ble Georeferenced Field Boundaries. With 
georeferencing, all satellite imagery and lo-
calized weather information can be as-
signed to regions relating to the field be-
ing studied. Crop rotations, historical yields 
and farming practices are digitally tracked 
and recorded. The calculation of the insur-
ance premium and the pay-out must also 
follow the same parametric logic. Immedi-
ately after the reading of the recorded tem-
perature, the compensation is determined. 
If  the temperature exceeds the chosen 
33 °C, payments are initiated directly.

Particularly in the case of drought in-
surance, a policy that requires a physical 
loss assessment that has to be conducted af-
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vantage in granting an insured lease instal-
ment forgiveness in the event of drought. 
And food producers enforce a certain qual-
ity of agricultural products by insuring 
their quality risk on behalf  of the farmers 
(. Fig. 4.6).

A look at the various value propositions 
reveal that supply chain actors embedding 
insurance can unlock further business po-
tential. Since the producer is compensated 
for all covered operating costs in periods of 
drought, the discount for a seed bag in the 
form of insurance encourages the farmer to 

4.4.4   Insurance as a Glue 
in a Digital Ecosystem 
of Sustainable Farming

Digital agricultural platforms provide anal-
yses of in-field technical devices and sen-
sor data of machinery in order to support 
the farmer with agronomical decisions. 
With this digital intelligence, the path to 
new production methods with risk-reducing 
characteristics and risk monitoring is short. 
It is interesting to see how digitally enabled 
index insurance can bring even more bene-
fits to the ecosystem.

Insurance serves as a glue when bilateral 
agreements merge into a multilateral sys-
tem and all members benefit from it. While 
de-risking the supply chain remains the pri-
mary objective of insurance, additional 
benefits are generated for further services 
and transactions. For example, a growing 
market of accurately collected data serve as 
compelling value propositions for various 
stakeholders to engage within such a digital 
ecosystem. Agribusinesses—whether seed 
or crop protection providers—are expand-
ing their offering to farmers by taking out 
index insurance with the farmer being the 
sole beneficiary of a pay-out. Traders of-
fer producers pre-financing with insurance 
embedded in an off-taking agreement. Ma-
chinery manufacturers see a competitive ad-

. Table 4 .2 Examples of parametric index insurance types and climate risks

Index Parameter Climate risk Production risk

Area yield index Yield statistics Various perils Crop shortfall

Vegetation index Biomass Drought Crop shortfall

Weather index Temperature Heat stress Pollination

Weather index Precipitation Drought Germination

Weather index Precipitation Excess rainfall Process quality

Soil moisture index Soil moisture Drought Germination

Soil moisture index Soil moisture Excess moisture Harvest time

. Fig . 4 .6 Climate risk insurance entry points along 
the agricultural production cycle
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smart risk profiles are a major positive 
spinoff of digitalization. Next to crop ro-
tations, historical yields and farming prac-
tices, soil data can be assessed and updated, 
be it nutrients, texture or organic matter 
content. With all this information, a com-
plex risk profile is constructed, whereby 
past weather events, probability model-
ling and predictive analytics give shape to 
specific loss scenarios. As the probability, 
that adverse events will increase damages, 
risks can be expressed as expected mone-
tary (negative) value [Usm20]. An example 
might be a 25% crop shortfall event. By cal-
culating the insurance premium, this risk 
profile premium gives an annual monetary 
value that should be subtracted from the 
farmer’s contribution margin.

4.4.6   Enabling More Sustainable 
Production: Risk Profiles 
as Ally

Extreme droughts are worrying. Local heavy 
rainfall is also becoming more frequent as a 
result of climate change. A dreaded scenario 
is that the high amount of rainfall causes 
the soil in the fields to erode within a short 
time. Besides the loss of fertile soil, public 
infrastructure is damaged resulting in the re-
building of roads, and private households 
have to replace damaged cellars and foun-
dations. According to an EU study [Pa+18], 
up to 0.43% of harvest productivity is lost 
annually due to severe erosion, with a to-
tal damage of around 1.25 billion Euros. A 
number of agronomic and financial meas-
ures can be taken to manage this risk:
1. increasing the water infiltration and 

storage capacity of the soil is the agro-
nomical approach;

2. purchasing insurance for the full loss ex-
posure would be the financial measure.

Digital Farming technologies are an en-
abler in addressing these measures. As 

buy it. In turn, the farm provides the digi-
tal field data via the platform to the players. 
In this way, sales increase and co-financed 
production risk (by various agribusiness 
companies), ultimately puts the farmer in a 
creditworthy position with his supplier and 
bank.

When applying for production credit to 
purchase inputs, the farmer’s credit appli-
cation is backed by an index insurance. Us-
ing digital intelligence, a bank could con-
sider additional lending to increase or even 
replace asset-backed loans by assessing the 
production potential and providing farms 
specific index insurance. Each year, insur-
ance cover can only be renewed if  the data 
is up-to-date and reflects information such 
as crop rotation and newly planted fields, if  
it is digitally accessible. In turn, the insur-
ance provides additional quality assurance 
for the data. It becomes clear how impor-
tant accurate data is for all parties involved.

The basis for all this are digital risk pro-
files modelled per region, per field, and per 
crop. It is feasible on behalf  of the farmers 
as digital crop insurance can be sliced and 
diced accordingly.

4.4.5   Digitally Enabled Risk 
Analysis and Mitigation—
Farming Risk Profiles

Digital technologies [Mi21] are a bless-
ing and radical gamechanger for the sec-
tor. They also play an important role in 
risk assessment and mitigation, both in 
terms of agronomic and financial risks. 
Farming practices must respond to emerg-
ing risks and digital tools assists in doing 
so—whether in avoiding risks by applying 
an optimal amount of fertilizer according 
to the Growth Stages or in reducing losses 
through the precise application of crop pro-
tection.

Above all, digital systems have the po-
tential to boost management practices as 
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ing would be linked to conditions imposed 
on farms aimed at reducing the more fre-
quent erosion risks through appropriate soil 
management. Verification from the farm-
ers’ point of view can be provided by dig-
ital agricultural technologies. In terms of 
a drought coverage: Isn’t there a public in-
terest in co-financing insurance premiums 
for catastrophic drought events, and at the 
same time creating incentives for farm-
ers to invest in increasing water storage ca-
pacity in order to be more resilient in drier  
years?

4.4.7   Conclusion

As climate risks in agriculture become more 
common, farmers are increasingly chal-
lenged to stand their ground in order to 
sustain. This opens a lot of opportunities 
of combining Digital Farming systems with 
risk profiles, and eventually with insurance. 
If  de-risking of the supply chain is co-fi-
nanced by the various stakeholders, farm-
ers are supported in their business for the 
sake of all. Addressing production risks is 
complex but at the same time has a power-
ful impact.

Other emerging risks in Digital Farming 
are also on the insurance industry’s agenda 
in the future, be it risks of autonomous 
driving or services in artificial intelligence. 
The risk of breaching environmental regu-
lations or traceability guarantees is also be-
ing looked at.

One of the unnoticed levers of insur-
ance is the skill to evaluate risk profiles. 
The parametric insurance approach gives 
a monetary value to resilience towards cli-
mate risks. The often-discussed internaliza-
tion of external climate costs can be opera-
tionalized in agricultural production thanks 
to the digital treasure trove of data. Cli-
mate risks farmers are exposed to get a real 
cost tag which has to be considered.

Digital Farming creates a platform to 
combine agricultural risk mitigation (Para-

soon as farm managers rethink their prac-
tices to embrace soil smart farming, they 
may need to invest in other AgMachin-
ery and adapt their inputs accordingly. 
With digitally recorded data, farms are 
then well equipped to monitor the im-
pact of changed farming practices on 
soil quality, also known as regenerative  
agriculture.

Following this thought, insurance serves 
several functions. On the one hand risk 
transfer (insurance), on the other hand the 
economic perspective of regenerative agri-
culture [SL20]. The issue here is what sav-
ings in risk costs could be achieved through 
increased water infiltration capacity in the 
soil. By comparing insurance premiums 
of different farming practices, the prac-
tices more vulnerable or more resilient and 
therefore more sustainable e.g., after of a 
severe weather event, can be identified.

A weather index-based risk profile helps 
to assess the risk of soil erosion by estimat-
ing the likelihood of a heavy rainfall event 
in a certain region. According to the Ger-
man Umweltbundesamt [UBA20], if  a rain-
fall of more than 20 l/m2 in a period of two 
days can already cause soil erosion. The 
risk profile of a rainfall index can be valued 
at about 150 €/ha per year, calculated for 
a producer’s digitally georeferenced fields 
and measured at this local weather station. 
By significantly increasing the water stor-
age capacity, a farmer might only want to 
insure the remaining risk of soil erosion. 
If  he or she were to choose a threshold of 
60 l/m2 rainfall—as this scenario is less 
likely—the insurance premium would only 
be around 30 €/ha. It is obvious that the 
calculated cost savings of 120 €/ha per year 
can be invested in equipment to improve 
soil quality.

This perspective of soil erosion and its 
risk profile is interesting. Isn’t there a pub-
lic interest in co-financing the insurance 
premiums to incentivize the farmer con-
verting to a nature positive farming, both 
to start and to continue? Such a fund-
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4.5.2   Methods of Soil 
Management

Currently, we distinguish three different 
methods in soil management:
5 No-till, where there is no or almost no 

mechanical intervention in the soil
5 Conservation tillage, where Stubble Cul-

tivator technology is mostly used and 
where the degree of intensity can vary 
greatly

5 Inversion tillage with the plough or sim-
ilar turning implements

With no-till, the tillage tasks are taking 
over by bioturbation, root penetration, and 
self-loosening of the soil. This is suited par-
ticularly well to sites with a functioning and 
well-established Macrofauna. However, 
a consistent water supply throughout the 
year is required. Thus, this system is rarely, 
if  ever, found on sandy sites or dry sites 
with black soil. In addition, soils that tend 
towards natural compaction are less suita-
ble for no-till. Soils with an angular skele-
ton, such as sandy soils, tend towards natu-
ral compaction. Sites with high water reten-
tion capacity in combination with extreme 
winter waterlogging also tend to have com-
paction zones and natural compaction. If, 
on the other hand, the soil consists of more 
than 20% clay, it loosens itself  by shrinking 
and swelling, which is positive for root pen-
etration in the soil. This process is becom-
ing increasingly important as due to the ad-
vancing climate change, the frost effect on 
the soil structure becomes less reliable for 
loosening the soil in winter.

In Central Europe, no-till only plays a 
very minor role. In the majority of cases, 
the soil is tilled. Mechanical tillage is di-
vided into conservation and inversion 
methods. In conservation soil management, 
cultivators with tine technology or other 
cutting implements are used. In this system, 
the organic matter, such as straw or inter-
mediate crops, is mixed into the tillage hori-

metric Insurance) with climate change ad-
aptation (soil resilience), and in due course 
with climate change mitigation (soil carbon 
sequestration).

4.5   Soil and Seed Management

Theo Leeb and Josef Stangl 

Abstract
This section provides an overview of the his-
torical development, influencing factors, as 
well as current optimization approaches, and 
future developments of agricultural soil and 
seed management.

4.5.1   Introduction

Soil and seed management are subject to 
great changes. 50 years ago, farmers knew 
their site in great detail and on a very small 
scale. Regarding soil management in field 
zones, they were able to make decisions 
based on many years of experience. For 
example, on a clay hilltop, an additional 
pass with a Power Harrow proved positive 
for good emergence of the seeds. In other 
places, the plow had to be placed flatter to 
avoid bringing dead soil to the surface. In 
the area of seed management, too, a lot of 
know-how was available on farms regard-
ing seed rate or placement depth.

This experience was passed on from 
generation to generation and continu-
ously optimized. When farms started to 
grow by acreage, this growth was mainly 
realized through leased land. The site-spe-
cific characteristics of these newly cul-
tivated areas could hardly be transmit-
ted and passed on, meaning that this in-
formation was largely lost. Increasingly 
powerful technology compensated for 
this loss of information. In practice, dif-
ferent soil management systems were  
established.
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was abandoned on many crop farms and 
the importance of organic fertilization on 
large areas declined.

Around the turn of the millennium, 
however, the first farms realized that the 
performance of the soils would not be sus-
tainable in the long term without organic 
fertilization. Soil biology and soil physics 
became more of a focus. In recent years, the 
pressure to increase fertilizer efficiency has 
intensified the need to look more closely at 
soil biology and soil physics and to place 
them at the center of fertile soils.

These changes will greatly affect soil 
management. The classical doctrine of soil 
management—starting shallow and then 
working the soil progressively deeper in 
the second and subsequent phases—is be-
ing expanded. The cultivation of inter-
mediate crops is becoming an important 
measure in soil management strategies, de-
spite challenges like establishing the inter-
mediate crop and creating optimal condi-
tions for the succeeding crop. The interme-
diate crop residues (roots and plants) must 
be made digestible for soil biology through 
tilling. The emergence of volunteer plants 
in the succeeding crop—in the future also 
without the use of total herbicides—must 
be avoided, without compromising seed bed 
quality or water drainage in the soil.

In the course of soil optimization, the 
following approaches are used in practice, 
partly supported by digital tools:
5 In shallow stubble cultivation, the sav-

ings or optimization potential seems 
to be very low due to the low control 
depth.

5 Selecting the working depth depending 
on the amount of straw (e.g., derived 
from the combine’s yield recording) can 
be an approach to optimize straw incor-
poration.

5 Variable choice of the working depth 
during basic tillage to carve out com-
paction zones in order to increase the 
root space is a promising approach on 
deep soils. However, there is currently 

zon. The mixing of the organic matter and 
the tillage by the tines, which breaks the soil 
mostly at predetermined breaking points, 
leaves a load-bearing soil that quickly stabi-
lizes again. Depending on the tillage inten-
sity, some of the organic matter remains on 
the surface, which significantly reduces the 
risk of wind and water erosion. For these 
reasons, conservation tillage has become 
widespread in practice in recent decades 
(. Fig. 4.7).

The plough stands for inversion till-
age. In this method, the soil is inverted by 
turning it sideways in furrow slices. In this 
process, breaking the furrow slices or even 
pouring the soil stream at the plow blade is 
desirable to leave the loosest possible soil. 
Inverting the topsoil of the field safely spills 
seeds, plants growing at the surface, and or-
ganic matter. What remains is weed-free, 
brown soil—“a clean table”.

4.5.3   Increasing the Performance 
of Soil

In addition to this high-performance soil 
management, increasingly optimized ferti-
lization in combination with crop protec-
tion has improved yields at many sites. This 
was one of the success factors that enabled 
farmers to increase crop yields from the 
1980s onward, although animal husbandry 

. Fig . 4 .7 HORSCH Tiger 4AS with SteelFlex 
Packer working in an intermediate crop
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ground plants. Undersown Crops are an al-
ternative option as well.

The future challenge is to develop field 
and field zone adopted crop rotation ele-
ments that can be combined independent 
and flexible to maintain manageability on 
farm level.

September to September could serve as 
a crop rotation period. Example ideas for 
crop rotation elements:
5 Canola with an Undersowing of clover, 

first tillage with knife roller and the pos-
sibility of a fall crop, e.g., cereal after 
cultivator sweep

5 Cereals with stubble fall, deep tillage 
followed by canola seeding—open soil 
with sun/UV radiation once in the crop 
rotation

5 Change from winterization to summari-
zation—plenty of time for intermediate 
crops with a wide range of objectives: a) 
optimization of nitrogen release for the 
succeeding crop; b) optimization of hu-
mus build-up/soil fertility; and c) opti-
mization of water balance

There are certainly other approaches and 
combinations as well, derived from e.g., site 
requirements, farming practices, commer-
cially viable crop spectrum.

4.5.5   The Impact of Climate 
Change

In view of climate change, not only before 
mentioned Carbon Sequestration is gain-
ing importance, but from a short-term yield 
protection, the item “optimization of wa-
ter balance” will be one of the most im-
portant goals in proper soil management. 
Most studies on climate change assume al-
most constant annual precipitation in many 
regions, but the distribution of precipi-
tation over the year is changing. In crop 
farming, we increasingly have to plan for 
droughts lasting for months at a time. The 
exciting question is therefore: With which 

still a lack of data to create an applica-
tion map. Depth control as a function 
of Tractive Power requirements is also 
being tested. Watch out is that deeper 
control requires more power, thus 
stronger machines, which can lead to in-
creased soil compaction

5 Depth control by means of sensors/
cameras with a view of the topsoil in or-
der to produce a homogeneous working 
pattern.

4.5.4   The Role of Crop Rotation

In the future, however, soil management 
will have to change much more than just 
varying the depth by field zone. It will be 
geared to a much greater extent to objec-
tives determined largely by the main crop 
and by crop rotation. Unfortunately, as 
crop rotation only exists in theory on many 
farms due to delayed harvest date of the 
previous crop, the weather, economic or po-
litical changes, long-term planning is very 
difficult. Nevertheless, crop rotation ele-
ments should be built up under new as-
pects. The intermediate crop preceding 
corn or sugar beet is already firmly estab-
lished, but can be further optimized accord-
ing to the specific site. Corn requires nitro-
gen much later than sugar beets. For this 
reason, an intermediate crop with a bigger 
C:N ratio with slower N release and less in-
tensive crushing of the intermediate crop 
by tillage is conceivable for corn. In addi-
tion, corn does not require as fine a seed-
bed as sugar beets. However, an intermedi-
ate crop that is well integrated into the crop 
rotation can do more than store and release 
nutrients. Deep-rooted species can loosen 
the soil and stabilize its structure. Through 
deep roots, organic matter and thus car-
bon reaches the subsoil, where humus can 
be built up in the long term, one of the key 
measures in Carbon Sequestration. The 
roots of the intermediate crop are more 
important for soil fertility than the above-
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These three factors depend very much on 
soil differences. Since the site properties 
differ on a small scale on the sections of a 
field, it is necessary to either find a good 
compromise in the settings or to control the 
adaptation via an application map. The ba-
sis for the generation of a map is basic in-
formation such as soil type maps or analy-
ses of satellite maps, on the basis of which 
the yield potential can be derived on a 
small scale. In cereal cultivation, seed rates 
are currently still mostly assigned to the re-
spective zones by the farm manager. They 
often revise the zoning manually afterwards 
based on their expert knowledge.

The variation in seed rate is influenced 
by the following factors:
5 Condition of the seedbed:

–  Low emergence 
expected

 => increase in seed 
rate

–  Well-prepared 
seedbed

 => decrease in seed 
rate

5 Yield potential of field zones:

– Weak areas  => decrease in seed 
rate

–  Zones with good 
yield

 => increase in seed 
rate

–  Places with weak 
Tillering

 => increase in seed 
rate

–  Places with good 
Tillering

 => decrease in seed 
rate

In addition, as already mentioned, the sow-
ing date and the site-specific production 
technique are taken into account when de-
ciding on the quantity of seeded grains/m2. 
In particular, expected plant losses caused 
by insect or slug damage should be men-
tioned here. But conscious adjustment of 
the seed rate due to calculated losses as a re-
sult of mechanical or chemical plant protec-
tion influence the seed rate. Some farms al-
ready use variable rate seeding maps—and 
have made good experiences with these. 

soil management system can we save water 
from rainy months and keep it available for 
plants during dry periods? This goal could 
possibly be reached with deep loosening, an 
intermediate crop with low water consump-
tion, and a mulch layer that is tolerable for 
seeding.

In order to reconcile deep loosening, in-
tegration of intermediate crops, and stor-
age of water with safe emergence of the 
crop, soil management and seeding tech-
nology must be coordinated. If  soil man-
agement, including compaction, does not 
match the seeding system, safe and uniform 
emergence is hard to achieve under difficult 
conditions. However, uniform emergence 
is the foundation for good yields. Uniform 
stands are stronger in suppressing weed in 
both, organic and integrated crop cultiva-
tion, and all other subsequent production 
steps are easier to perform. The key to uni-
form stands is seed management.

4.5.6   Seed Management

The crucial factors in seed management are:
5 Seed rate: Depending on sowing date, 

variety, and location, it significantly in-
fluences stand density and consequently 
the required weed suppression.

5 Colter pressure: This has an influence 
on root development. If  it is too high, it 
will be harder for the roots to penetrate 
the side walls of the seed furrow that are 
compressed by the sowing discs. If  it is 
too low, the placement depth cannot be 
kept uniform by the seeding unit.

5 Placement depth: It needs to be deep 
enough that the seed gets enough water 
to germinate, but also only deep enough 
that nothing stands in the way of opti-
mal crop development. For optimum 
placement depth, good coordination be-
tween tillage, including compaction, and 
the setting of the seeding technique is 
imperative.
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The situation is different for single-seeded 
crops. For corn, there has recently been 
support from various growers’ houses or 
even ready-made chart recommendations 
for selecting the correct seed rate for a spe-
cific site, taking into account relevant basic 
data. To maintain the optimum target spac-
ing of plants in the row, seeders with large 
working widths control the metering de-
vices differently across the working width 
when cornering, thus ensuring the same 
seed rate everywhere. Optimization of seed 
embedment is achieved by means of vari-
able colter pressure regulation. This takes 
place depending on the penetration resist-
ance of the seeding unit to the soil. The au-
tomatic control prevents too much or too 
little colter pressure—both have a strong 
negative influence on development in the 
juvenile stage of the corn. Too much colter 
pressure compacts the seed furrow walls, so 
in the juvenile stage, the roots grow along 
the seed furrow and do not develop opti-
mally. Too little colter pressure results in 
the grain lying in “loose” soil and delayed 
emergence under dry conditions. Due to 
the easy handling and the clearly recogniz-

However, currently only few farms are us-
ing them and therefore we have to ask why 
field-zone-specific seed rate control for ce-
real crops is not used more intensively in 
practice, although the technology has been 
available on many farms for more than ten 
years. Another way to influence stand den-
sity during seeding is to regulate colter pres-
sure and the pressure on the press roller. 
Currently, ways are being sought to vary 
colter pressure, compaction, or placement 
depth using fixed sensors, independent of 
chart-based systems. For example, there ex-
ist approaches for using online sensor tech-
nology to regulate seeding depth and em-
bedment via a wide range of parameters.

Currently, the following parameters are 
under discussion:
5 Using the color of the soil (humus con-

tent) to regulate seed rate and sowing 
depth

5 Optimizing seeding depth via soil mois-
ture sensors

5 Other parameters such as pH, clay con-
tent, water retention capacity, etc. are 
being examined and control functions 
are being sought (. Fig. 4.8).

. Fig . 4 .8 HORSCH Pronto 6 DC in grain sowing with variable seed rate
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tilization, the need to integrate seed tech-
nology and soil management is becoming 
increasingly apparent. Soil cultivation im-
plements offer the possibility to place the 
fertilizer even deeper as a deposit or mix it 
more broadly into the soil. Attracted by the 
nutrients (ammonium and phosphate), the 
plant roots grow towards these deposits and 
not only utilize the deposited nutrients very 
effectively in this area, but also root faster 
into deeper soil and thus exhibit improved 
drought tolerance. Scientific trials in re-
cent years have shown the potential of con-
tact and underground fertilization in seed-
ing or deep fertilization in soil management 
(. Fig. 4.9).

In summary, soil management will have 
to perform additional tasks, such as sav-
ing water from rainy months for dry peri-
ods—which are becoming more frequent 
due to climate change, dealing with inter-
mediate crops in terms of establishing them 
and working them in, and avoiding Volun-
teer Plants in the main crop when the use of 
total herbicides might no longer be allowed. 
Soil management, the choice of intermedi-
ate crops, and the seeding of the crop must 
be consistently coordinated. However, if  

able benefits, this technology has been in 
high demand for new corn planters in re-
cent years.

4.5.7   Outlook

Improvements in precision seeding will con-
tinue to be made in the coming years. The 
reasons for this are the limited water sup-
ply and the resulting variety adaptation to-
wards Dent Varieties, which are less for-
giving of seeding mistakes. In addition, 
changes in fertilizer regulation demand 
more care in the use of nutrients for our 
crops. The fertilizer efficiency of nitrogen 
and phosphorus is coming under increas-
ing scrutiny. Both contact fertilization in 
the seed furrow and underground fertiliza-
tion next to the seed can provide solutions 
for increasing fertilizer efficiency. Especially 
under cool conditions, fertilizer near the 
seed will force the juvenile development of 
the crop. This type of targeted fertilization 
acts as a development accelerator not only 
in corn, but also in other crops. Rapid juve-
nile development allows our crops to com-
pete more effectively against weeds. In fer-

. Fig . 4 .9 HORSCH Focus 6 TD in rapeseed sowing + deep fertilization
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vidual manifolds and spread different quan-
tities will make it possible in the future to re-
spond to the needs of individual plants even 
in very small field zones.

4.6.1   Introduction to Metering 
and Spreading

In order to protect the environment and opti-
mally supply the plants (see 7 Sect. 1.4), fer-
tilization must be carried out precisely and 
needs-based. In recent years, digitalization in 
mineral fertilization has made great progress. 
In the most widely used twin disc spreaders, 
sensor systems are available for the two im-
portant machine functions—metering and 
distribution—with which the entire work 
process can be controlled and automated.

To control the metering, i.e., to deter-
mine the amount of fertilizer per time, 
weighing technology with Shear Force Sen-
sors is used on the one hand. These shear 
force sensors are used to measure the weight 
loss in the hopper, which is strongly af-
fected by dynamic influences and must be fil-
tered with large time constants. On the other 
hand, EMC systems with torque sensors for 
mass flow control are also very widely used. 
EMC systems use the effect of the Coriolis 
force. By measuring the torque at the drive 
of the spreading disc, the mass flow can be 
calculated directly via a characteristic linear 
curve for each type of spreading disc if the 
speed is known (see . Fig. 4.10). The ad-
vantages of EMC over weighing technology 
lie in the possibility to determine the mass 
flow separately for each side left/right very 
dynamically and with high precision, inde-
pendent of vibration or slope influences. 
Torque sensors, e.g., based on the magne-
tostrictive measuring principle, are used for 
this purpose.

Control systems for optimizing the 
spread distribution, such as AMA-
ZONE ARGUS TWIN (see . Fig. 4.11) 
or RAUCH AXMAT DUO, are based 

crop rotation is not considered as well, this 
alone will not be sufficient to significantly 
improve soil fertility. In the past, the bene-
fits from coordinated crop rotation on posi-
tive resultant yields were often subordinated 
to short-term economic decisions. These 
goals can only be achieved if  the knowledge 
about soil biology, soil chemistry, and soil 
physics is reweighted and newly interlinked. 
The synergy effects from the individual dis-
ciplines must be strengthened and converted 
into yield. This will certainly not make pro-
duction easier, but we sense strong interest 
on the part of farmers in these topics and 
the opportunities they offer.

There are clear benefits of bringing soil 
and seed management measures back to the 
resolution it had 50 years ago. To translate 
this level of accuracy to individual fields and 
field zones while keeping the scale, will require 
more data sources with higher resolution as 
well as additional decision support and vari-
able application features, one of the key chal-
lenges and opportunities for Digital Farming.

4.6   Nutrient Supply: From Whole 
Fields to Individual Plants

Volker Stöcklin 

Abstract
Digitalization has already led to many sen-
sor and control systems being used today for 
the precise and needs-based supply of nutri-
ents to plants. In mineral fertilization with 
Twin Disc Spreaders, in particular, sensors 
for measuring the mass flow have become es-
tablished. GPS-based control systems with 
section control and field-zone-specific appli-
cation have also become established follow-
ing the introduction of the ISOBUS. Small-
scale identification of nutrient needs is ena-
bled by new soil sensors, nitrogen sensors, 
and high-resolution satellite maps. The in-
creased use of pneumatic spreaders with 
spreading systems that can switch off  indi-
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ers empirically determine setting data for 
each type of fertilizer and each working 
width and make them available to the oper-
ators. In the past, this setting data was pub-
lished in a book. Today, smartphone apps 
are used to select the type of fertilizer and 
the setting data, and allow wireless trans-
mission of the setting parameters to the 
machine. To check fertilizer distribution on 
the field, collecting vessels are placed per-
pendicular to the driving direction, the fer-
tilizer is collected, and the quantities in the 
vessels are compared. Alternatively, collec-
tion mats are laid out and the fertilizer on 
the mat is photographed using a smart-
phone app (see . Fig. 4.12) and the opti-
mized machine settings are calculated auto-
matically.

on radar sensors that detect the circum-
ferential distribution of the fertilizer di-
rectly at the spreading disc and can con-
trol it to a specific setpoint value of the 
flight direction for each type of ferti-
lizer, type of spreading disc, and working 
width. In this way, the spread pattern can 
be kept constant and uniform in the event 
of changes in fertilizer properties due to 
air humidity, temperature, and particle size  
distribution.

4.6.2   Determination of Machine 
Settings

In order to ensure optimal settings for the 
fertilizer spread, the machine manufactur-

. Fig . 4 .10 EMC mass flow curve of different spreading materials at constant speed [Sto11], throwing disc 
drive with magnetostrictive EMC torque sensor [Rau20]

. Fig . 4 .11 Spread pattern monitoring with AMAZONE ARGUS TWIN [Ama20a]
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rithms are implemented and available as 
commercial products, e.g., in AMAZONE 
SwitchPoint or RAUCH OptiPoint.

As fertilizer savings of >10% can be 
achieved with GPS-based systems for ferti-
lizer spreaders, these systems have now be-
come widespread. Typically, the machines 
are equipped with the necessary actuator 
technology when they are shipped from the 
manufacturer, so that only a software li-
cense for the operator terminal needs to be 
purchased and activated to use them.

Another control system for minimizing 
external environmental influences on the 
spread pattern is the AMAZONE Wind-
Control system. Here, an anemometer 
mounted on the fertilizer spreader records 
the speed and direction of the wind and au-
tomatically balances the spread pattern by 
adjusting the spreading disc speed and the 
drop point. Especially for difficult wind lo-
cations, this system can significantly extend 
the time window for using the disc spreader.

In the case of the RAUCH HillControl 
system, an inclination and yaw rate sensor 
records the position and the change in po-
sition of the spreading discs. Based on this, 
calculation algorithms are used to deter-
mine optimized machine settings for drop 
point, application rate, and disc speed for 
each spreading disc separately, depend-
ing on the flight characteristics of the ferti-
lizer, the working width, and the slope incli-
nation. This calculation is carried out fully 

4.6.3   GPS-Based Automation 
Systems

Typically, fields are not uniform and rectan-
gular in shape, but have various special ar-
eas. In the case of non-parallel tramlines, 
uneven tramline spacing, or right-angled 
and sloping headlands, the spread patterns 
must be adjusted in order to achieve the 
most uniform fertilizer distribution possible.

For this purpose, GPS-based section 
control systems such as SULKY Econov 
or RAUCH VariSpread are used to control 
lateral distribution. To change the spread 
pattern, the spreading disc speed, the drop 
point, and the application rate can be ad-
justed.

In the machine control unit, the corre-
lations of the previously mentioned setting 
parameters are assigned to the part-width 
sections and can be called up at the corre-
sponding position in the field and automat-
ically set by the machine.

Due to the large spatial extension of the 
spread pattern, e.g., 50 × 30 m with a work-
ing width of 28 m, areas with over- or un-
dersupply can arise in the headland. Ac-
cording to [Thu11], these areas can be min-
imized by automatically calculating the 
switch-on or switch-off  distances in the 
headland, depending on the flight charac-
teristics of the fertilizer, the working width, 
the driving speed, and the application rate 
(see . Fig. 4.13). These calculation algo-

. Fig . 4 .12 Checking lateral distribution with AMAZONE Easy Check [Ama20b]
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i.e., the states and process data of tractors 
with implements, can be displayed. The re-
sult is a comprehensive view of all informa-
tion required for crop farming in the form 
of a digital field.

This digital field in turn forms the ba-
sis for determining the nutrient needs of 
the plants, taking into account the require-
ments of the respective crop and complying 
with the thresholds of the fertilizer regula-
tion. Soil samples must also be included for 
this purpose.

A study on soil and plant variability 
[Sto11] with regard to the optimal size of 
the sections for precision farming applica-
tions showed variability in the soil of less 
than 20 m and even less in the plant pop-
ulation in analyses performed on Dan-
ish farms. This requirement on the resolu-
tion was not met in the past with standard 
soil analysis, where representative samples 
were taken every 3 to 5 ha. With newly de-
veloped soil sensors, e.g., the smart spade 
of STENON or the colter-mounted soil 
sensors from SOILREADER, high-reso-
lution online measurements are possible at 
any point in the field within a few seconds. 

automated while driving. This ensures con-
sistently good lateral fertilizer distribution 
on slopes and in highly variable field topol-
ogies, such as crests and dips.

4.6.4   Field-Zone-Specific Nutrient 
Identification and Supply

With the introduction of the ISOBUS and 
the Task Controller functionality, the use 
of application maps and the documenta-
tion of the nutrients applied have become 
very easy. In the past, data was transferred 
from Farm Management Information Sys-
tems (FMIS) to the ISOBUS system on the 
tractor or implement via USB stick. In the 
meantime, GSM communication modules 
have also become established and the data 
can be transferred to various end points us-
ing platforms such as agrirouter or Data-
Connect (see 7 Sect. 4.2). The farmer can 
store and manage their data in an FMIS. 
Here, all historical data about the respective 
field and the processes carried out, respec-
tively planned, is also available. In addition, 
live telemetry data from the work processes, 

. Fig . 4 .13 Comparison of field distribution without/with optimized switch intervals [Thu11]
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ents in the soil. Although the raw data is 
provided free of charge by ESA, formats 
processed for and usable by end users are 
only available for a fee from various service 
providers on the internet. While resolutions 
of 20 × 20 m were common in the past, 
more recent satellite and remote sensing 
systems have made it possible to get data at 
a much higher resolution of less than 1 m. 
[Dar19] was able to demonstrate that higher 
resolution of the data leads to different 
characteristics in the field.

4.6.5   Pneumatic Fertilizer 
Spreaders

The next big step in improving nutrient dis-
tribution will be the renaissance of pneu-
matic fertilizer spreaders (see . Fig. 4.15). 
They make it possible to spread fertilizer 
over much smaller areas. Many of the con-
trol systems mentioned above for twin disc 
spreaders are not required for pneumatic 
spreaders, as the narrow spacing of the out-
let manifolds of approx. 1 m makes the dis-

This provides a very detailed picture of 
the nutrient composition in the soil, which 
can vary greatly within a few meters (see 
. Fig. 4.14).

Nitrogen sensors that measure the re-
quirements online have already been avail-
able for several years. Besides the sensors 
from YARA, Greenseeker from Farm-
facts, OptRX from AgLeader, or CropSpec 
from Topcon, which only measure the cur-
rent conditions of the plants, ISARIA from 
Fritzmeier has established itself  with a new 
approach to the use of yield potential maps. 
Due to high acquisition costs, complex op-
eration, and benefits that are not always 
measurable directly, these sensors have not 
yet been able to establish themselves on a 
broad scale.

An alternative is to analyze plant popu-
lations with satellite data, e.g., on the basis 
of the NDVI indicator. The Sentinel 2 sat-
ellites provide optical multispectral data for 
this from 440 to 2200 nm. In addition, ra-
dar spectral data from the Sentinel 1 satel-
lites is now available, which makes it pos-
sible to also determine moisture and nutri-

. Fig . 4 .14 Spatial distribution of Nmin in the soil with organic/mineral fertilization [Ste19]
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of 1 m (see . Fig. 4.16), and thus to cover 
the crop-specific nutrient requirements al-
most down to the individual plant.

4.6.6   Organic Fertilization

In contrast, there is still some potential for 
further technological development in or-
ganic fertilization. Although it is true that 
weighing systems are nowadays used to 
measure the mass flow of solid manure 
spreaders and to control metering via the 
feed rate of the scraper floor, more ad-

tribution almost insensitive and much more 
robust to external influences such as wind, 
slope inclination, or even poor, varying fer-
tilizer quality.

In boundary spreading, too, pneumatic 
spreaders with their small overlaps offer a 
much more sharply defined spread pattern 
than disc spreaders. By depositing the fer-
tilizer almost on a line, part-width section 
control can also be realized much more ac-
curately. New developments, such as the 
RAUCH MultiRate metering system, en-
able pneumatic spreaders to follow target 
maps with high precision, with a resolution 

. Fig . 4 .15 Example of a pneumatic spreader

. Fig . 4 .16 Comparison of target/actual map for twin-disc and pneumatic spreaders [Sto19]
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4.6.7   Conclusion and Outlook

Based on sensor and satellite data for 
small-scale determination of the nutri-
ent requirements of plants and the nutri-
ent quantities in the soil, the digital systems 
presented above create the basis for opti-
mized, field-zone-specific, and thus needs-
based nutrient supply.

By means of the sensors, actuators, and 
automation systems already available for 
machines, fertilizer application can be op-
timized, a great deal of fertilizer can be 
saved, and high yields can still be achieved. 
The use of pneumatic spreaders, in particu-
lar, opens up new possibilities for precise 
fertilizer application according to high-res-
olution application maps.

Agriculture can make its contribution 
to environmental protection and CO2 re-
duction by applying less mineral and or-
ganic fertilizer. In this context, less fertilizer 
means lower amounts of ammonia emitted 
into the air and reduced leaching of nitrates 
into the groundwater.

vanced control systems for automating the 
work process and the distribution are only 
available to a limited extent.

In the application of liquid manure, vol-
umetric flow meters have been joined by 
Near-Infrared Spectroscopy (NIRS) and 
Nuclear Magnetic Resonance (NMR) sen-
sor systems when it comes to determining 
the nutrient content of N, P, and K in liq-
uid manure. These systems are offered by 
JOHN DEERE as Manure Sensing System 
(see . Fig. 4.17) or by SAMSON as NPK 
Sensor and will find their way into the field 
in the next few years.

The combination of organic and min-
eral fertilization, as presented by JOHN 
DEERE a few years ago with its “Con-
nected Nutrient Management Circle”, can 
contribute to optimal utilization of organic 
nutrients. Here, the nutrient components 
are recorded by means of an NIRS sensor 
during organic fertilization. In a further 
step, mineral fertilizer is applied on top up 
to the target values of the application rate 
map.

. Fig . 4 .17 System components of JOHN DEERE Manure Sensing [Jos20]
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From today’s perspective, it can be seen 
that many factors are interacting positively 
that lead us to expect the breakthrough of 
new technologies into widespread prac-
tice in the coming years. Above all, this will 
lead to a decrease in the use of pesticides in 
practice, as desired by politicians and soci-
ety (see 7 Sect. 1.6).

4.7.2   How Did the Plant  
Protection Technology  
Commonly Used Today  
Come About?

4.7.2.1   Farm Organization 
as a Driver for Machine 
Development

At the time of low producer prices in the 
late 1990s the goals in crop production 
were clear: few, profitable crops with inten-
sive crop management in tight crop rota-
tions required high outputs per hours and 
per day. Initially, it was important to de-
velop trailed implements with hopper vol-
umes up to 6000 l and working widths 
up to 36 m for large crop farms. Medi-
um-sized crop farms asked for large-volume 
mounted implements up to 1800 l and 27-m 
working widths. The progressive struc-
tural change demanded new series of ma-
chinery from industry, which were also to 
reach ever new dimensions in terms of their  
durability.

4.7.2.2   New Systems for More 
Precision and Comfort

In addition to the factors of volume and 
working width, since the beginning of the 
2000s, it has been possible to improve ad-
ditional factors in order to increase perfor-
mance. Different systems spread in the mar-
ket that were important for the extension of 
working hours and the increase of hectare 
output:

4.7   Crop Protection: Diverse 
Solutions Ensure Maximum 
Efficiency

Stefan Kiefer 

Abstract
This section summarizes the mechanical and 
chemical solutions to manage field crops. 
The description includes digital components 
available today and outlook what solutions 
reach market next.

4.7.1   More Than 50 Years 
of Modern Plant Protection 
Technology

The principles of preventive crop protection 
achieved by the selection of suitable crop ro-
tations, crops, varieties, and cultivation strat-
egies are the basis for the most efficient use 
of plant protection products. In modern crop 
cultivation according to “good professional 
practice”, these indirect crop protection 
measures should be comprehensively used by 
experienced practitioners. This section deals 
exclusively with the direct, technical possibili-
ties of modern crop protection [Iva21].

In the late 1980s, mechanical crop pro-
tection still played a certain role in weed 
control. The innovative products of chem-
ical crop protection with ever better and 
more diverse active ingredients and high 
levels of efficacy increasingly made it possi-
ble to largely do without mechanical meth-
ods. The consequences of excessive use of 
chemical methods, which are visible today, 
hardly played a role at that time.

The desire to reduce the use of chemical 
crop protection has been on the rise since 
the mid-1990s. However, early research and 
development efforts regarding the more effi-
cient use of crop protection products, such 
as direct injection or image recognition, 
never translated into marketable products.
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Then, during the 2000s, the issue of 
Point Entries to surface waters, e.g., during 
sprayer filling came into focus. In a combi-
nation of farmer demand, regulations, rec-
ommendations, and investment subsidies, 
automated filling and cleaning systems are 
now commonplace in the market. Today, it 
is easy to accurately fill the required quan-
tities and to clean the field sprayers in the 
field.

The automated processes of filling, ap-
plication, and cleaning are an ideal basis 
for comprehensive automation of complex 
processes in crop protection equipment.

4.7.2.4   First Systems for Field-Zone-
Specific Crop Protection

The desire for field-zone-specific applica-
tion of crop protection products was al-
ready researched in the first phase of pre-
cision farming and demanded by prac-
titioners. It has always been possible to 
change the application rates for the entire 
working width. Concepts for the applica-
tion of fungicides and growth regulators 
came from individual players in the market 
[LVL18]. However, the knowledge about 
the interrelationships of all influencing fac-
tors (including soil, crop density, varieties, 
weather) in the field zones was not suffi-
cient to attain conclusive concepts outside 
of research approaches. Until today, uni-
form forecasting models for the entire field 
are the first choice [Isi21] and variable ap-
plication of active substances on individual 
field zones is the exception.

Direct injection systems that can switch 
individual active ingredients on and off  
within the field or can vary the quan-
tity [Rav21] have so far remained a mar-
ket niche or the subject of research projects 
[PRN+18]. In this topic, too, the question 
of a positive balance between the effort and 
the benefit of small-scale assessment and 
application remains unanswered until today.

As early as the mid-1990s, research was 
concerned with the detection of weeds and 

5 Ultrasonic systems for automatic boom 
guidance to increase speeds and use 
large working widths in hilly terrain 
(DistanceControl)

5 GPS-supported automatic section con-
trol (SectionControl) to avoid double 
treatments at the headland and to re-
lieve the driver’s workload

5 Boom and spray cone lighting systems 
to ensure work quality during the day 
and at night

In the 2010s, these systems were per-
fected further and further: section control 
is now possible at the level of a single noz-
zle (50 cm). New, highly dynamic boom 
guidance systems (Horsch Boom Con-
trol, Hardi AutoTerrain, Amazone Con-
tourControl) control the position of the 
nozzles not only in height but also in driv-
ing direction (Amazone SwingStop).

It is foreseeable today that the current 
technological level of the leading suppliers 
will spread dynamically in the market. The 
uniform distribution of the necessary quan-
tities of active ingredients across field zones 
is possible very precisely with the technol-
ogy available today. All the technologies 
available today form a very good basis for 
increasing variability within field zones in 
the future.

4.7.2.3   Avoidance of Negative 
Environmental Impacts

The fact that very fine droplets can drift 
outside the target areas led to the introduc-
tion of low-drift injector nozzles in agricul-
ture in the mid-1990s. In a very good coop-
eration of chemical industry, official con-
sulting, and AgMachinery industry, it was 
possible to establish these environmentally 
beneficial nozzles on the market—also in-
ternationally. In many European countries, 
the general recommendation for the use of 
this nozzle technology has become a com-
prehensive set of regulations accepted by 
practitioners.
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image processing, and nozzle technology 
will be able to achieve the required speed 
and precision and, most importantly, distin-
guish between crops and weeds reliably.

4.7.3   Which Progress can be 
Expected in the Next 5 
Years?

4.7.3.1   Increased Research 
on Preventive Crop 
Protection

In addition to focusing on technological de-
velopments, the impact of standard field 
cultivation practices must be considered. 
Many chemical crop protection applica-
tions emerged in the economically positive, 
close crop rotations of the last 20 years. If, 
in the future, more attention or encourage-
ment are again given to crop rotation spac-
ing that makes sense from a crop cultiva-
tion perspective, there will be immediate re-
ductions in the effort required for chemical 
crop protection.

the idea of small-scale shutdown of noz-
zles. First systems for the detection of 
green plants on unvegetated soil (“green on 
brown”) have been offered in the market 
since the beginning of the 2000s (Trimble 
Weed Seeker, Rometron WeedIT, Amazone 
AmaSpot). These systems only allow the 
application of total herbicides (e.g., glypho-
sate) (. Fig. 4.18).

After several years of market introduc-
tion and maturation, systems have become 
established in a few regions of the world. 
In the largest market for spot-spraying sys-
tems, Australia, there is a good match be-
tween the agricultural structure, the cli-
matic conditions, and high acceptance for 
new technologies [Cro21a]. There, the bal-
ance between high effort in terms of tech-
nology and costs on the one side and the 
benefits on the other side is good.

More complex systems that are capable 
of detecting weeds in growing crops (“green 
in green”) have been developed in promis-
ing research projects [Agr21], but have never 
reached market maturity. In the coming 
years, more advanced camera technology, 

. Fig . 4 .18 Use of Amazone AmaSpot system in Kazakhstan
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Hoeing implements must be adapted 
more specifically to the individual crop 
and the soil due to the reference to a spe-
cific row regarding the arrangement of the 
hoeing blades and the selection of addi-
tional implements. Various ridging blades 
or finger wheels also provide certain op-
tions for weed control in the row. Current 
models have the option for automatic con-
trol of the implements. Slide frames can 
guide implements to within a few centim-
eters of the crop, independent of the trac-
tor. They get their orientation from camera 
systems that recognize the rows of crops, or 
from additional RTK-GPS receivers on the 
implements. Section Control for clean con-
nections at the headland are also being of-
fered. Depending on the requirements for 
precision, crop, and growth stage, working 
speeds of up to 12 km/h are possible. If, in 
the coming years, working widths above the 
3 to 9 m common today are offered, enor-
mous hectare capacities will be possible 
(. Fig. 4.19).

Combining hoeing technology with the 
band application of herbicides is a classical 
practice from the 1980s. Ideal hoeing tim-
ing (dry, warm) does not always match that 
of optimal herbicide application (moist, 
cool). New conventional methods with a 
solo hoe and band spraying using the boom 
of a classic field sprayer guided with high 
precision are a new alternative [Agr19] 
(. Fig. 4.20).

In addition to pure weed control, to-
day’s hoes can be equipped with special de-
vices for undersowing or fertilizer applica-
tion. Undersowing is also capable of sup-
pressing weeds and reducing the frequency 
of use of hoeing implements.

4.7.3.3   Industry Priorities are 
Changing

The offer of technical solutions must al-
ways be seen in the interaction with the of-
fers of the chemical industry and the in-
terest of crop cultivation experts. Accord-

Furthermore, a variety of methods are 
being tested that can have an indirect in-
fluence on the intensity of crop protection. 
Besides intermediate crops and undersow-
ing, there is also potential in the cultiva-
tion of mixed crops or companion plants 
[Eip21a]. There is also increasing interest in 
the use of biological control methods such 
as the use of ichneumon wasps against the 
European corn borer.

4.7.3.2   New Focus on Mechanical 
Weed Control

A short-term effect is the renaissance of 
mechanical weed control. Following some 
innovative years in the niche of profes-
sional organic farming, some larger equip-
ment manufacturers are now develop-
ing systems further and making them 
widely available (the Lemken company 
with Steketee, the Amazone company with 
Schmotzer). In general, mechanical sys-
tems are much more demanding in terms 
of application timing, adjustment, and as-
sessment of work quality than classical 
crop protection equipment. The positive ef-
fect of a reduction in chemical crop protec-
tion is accompanied by more intensive till-
age with corresponding negative conse-
quences for biodiversity on and in the soil, 
humus content, and greater risk of erosion. 
The additional passes with small working 
widths (6 to 12 m with hoeing equipment 
vs. 27 to 36 m with field sprayers) also lead 
to additional impairments of the soil (gas 
exchange, water infiltration).

Modern Harrow systems offer solutions 
for more effective operation of the indi-
vidual tines as well as remotely controlled, 
finely metered adjustment of the harrow in-
tensity (Treffler, APV). As row-independent 
and relatively inexpensive implements, har-
rows are easy to use in existing processes. 
However, the quality of work is highly de-
pendent on soil, crop, and weather condi-
tions. Grasses, in particular, are difficult to 
control.



237 4
Agronomy Perspective

In addition, the chemical industry rec-
ognizes that their business models must 
change from volume business to solution 
offerings (e.g., Climate Cooperation by 
Bayer, xarvio by BASF). Investments in 
digital systems are now being made with an 

ing to the “chicken-and-egg principle”, the 
AgMachinery industry has asked for many 
years who makes the rules and where the 
active ingredient can be varied. At the same 
time, crop farmers are asking why they still 
cannot apply the measure variably on every 
square meter.

. Fig . 4 .19 Modern hoeing technology with camera guidance

. Fig . 4 .20 Band spraying with the field sprayer and AmaSelect Row
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crops (“green in green”) will be avail-
able on the market. Based on thresh-
old values, the application will be de-
termined on “every square meter” 
and high savings will be achieved 
(SmartSprayer by BASF and Bosch 
e.g., available via Amazone UX5201).

– Direct injection systems of crop pro-
tection products will make it possible 
to dispense one or more active ingre-
dients independent of each other.

5 Use of drones for the field-zone-specific 
assessment of plant populations
– Modern camera systems are capa-

ble of generating application rec-
ommendations from high-resolution 
RTK-accurate images (Dronewerkers 
[Dro21]).

– AI systems will use these images to 
generate maps for small-scale spot 
application against weeds or for the 
precise control of plant diseases.

– Common standard field sprayers with 
high-quality operator terminals are 
able to process these maps accurately.

5 Robotic systems for high-precision crop 
protection
– The first robotic systems are able 

to carry out specific crop protec-
tion on the smallest field zones (<10 
cm2). Generally, this involves applica-
tions for weed control. Chemical sys-
tems for online spot application (e.g., 
Ecorobotix [Eco21]) hit the small-
est weeds and largely spare the crop 
plants.

– Systems for precise mechanical weed 
control within the row are mainly 
used in high-value vegetable or sugar 
beet crops in organic farming (e.g., 
Farming Revolution [Far21a] or 
Farmdroid [Far21b]).

5 Drones for direct application of active 
ingredients
– This form of precision crop protec-

tion has so far been used mainly in 
Asia (e.g., by the company XAG 
[Xag21]) or in individual research 

eye on the big turnovers in world markets, 
and are therefore moving faster.

As there are many positive signs, the 
AgMachinery industry is also investing in 
the development of new intelligent systems.

4.7.3.4   Looking at Individual Field 
Zones Becomes Possible

Today, we are able to distribute the active 
ingredients perfectly across the field. Cur-
rently, however, the system is still oriented to 
the tramline systems. The logical next step 
is to go further into precision and vary the 
management according to yield potential, 
microclimate, or soil conditions. While many 
algorithms have been tested and are known 
in fertilization, in crop protection it is much 
more difficult to evaluate the many differ-
ent influencing factors. The farmers’ deci-
sions are based on variety, growth stage, and 
experience. A comprehensive assessment 
of small-scale differences in larger farming 
units is still almost impossible today.

The use of current satellite images alone 
is not sufficient as a basis for decision-mak-
ing. When more of the influencing factors 
mentioned above are available digitally, ex-
pert systems can generate high-resolution 
application maps, for example for fungi-
cides. The zones can vary greatly in size de-
pending on the terrain structure and re-
quire the possibility of small-scale variation 
of the application rates.

4.7.3.5   New Technological  
Solutions

Currently, several technical solutions can be 
identified that will contribute to more effi-
cient crop protection in the coming years:
5 Common crop protection implements 

are becoming smarter
– Variable application rates within 

the working width enable precise re-
sponse to difference in field zones 
(pulse width modulation technology).

– Camera technology for weed detec-
tion and online spot application in 
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become the almost exclusive method since 
the 1990s. Technical progress has enabled 
enormous development steps in the perfec-
tion of the implements.

Currently, many new and also well-
known approaches are in dynamic devel-
opment and the socio-political desire for 
change (see 7 Sect. 1.6) increases the will-
ingness to invest. Whether technologies and 
methods will only remain a marginal phe-
nomenon or whether disruptive systems 
will displace the processes common today is 
not yet foreseeable.

4.7.4.1   Progress in Sensor 
Technology and AI

The key to the breakthrough of “digital” 
plant protection methods are crop meas-
urement methods and Artificial Intelligence 
systems. In addition, the technical and fi-
nancial effort for assessing the smallest field 
zones is primarily an issue: Are satellites ca-
pable of detecting many things or do cam-
eras and sensors mounted on drones and 
machines have to answer the questions of 
the crop farmers?

We can already see very clearly the pos-
sibilities of targeted weed control—here the 
main question is which effort makes sense 
for the specific detection of individual weed 
species and how precise the application may 
be down to the individual plant. The ques-
tion of effort and benefit is decided mainly 
on the basis of the regional characteristics 
of the crops, the weather conditions, and 
the structure of the farm. In vegetable culti-
vation, for example, high-precision systems 
will certainly do the job in order to grow the 
crop as completely free of herbicides as pos-
sible. The “cash crops” in the large agricul-
tural regions, on the other hand, will cer-
tainly continue to work with conventional 
implement systems for a long time to come, 
where high-quality spot spraying systems 
are justified if  the yield per hectare is high.

The situation is considerably more com-
plex and less clear with regard to the appli-

projects in viniculture (Diwakopter 
Experimental Field [Diw21]). In the 
EU, application with air vehicles is 
generally prohibited to a large extent.

– In regions that still practice crop pro-
tection by airplane (Ukraine, Russia, 
Kazakhstan), large drones could take 
over this work in the future.

Currently it looks like all systems will reach 
different market segments and slowly estab-
lish themselves. Whereas up to now we have 
seen very uniform systems on the market, 
which differ more or less only in size, we 
will soon have many different solutions on 
the market. The factors influencing this de-
velopment are very diverse:
5 In high-quality vegetable crops, the al-

ready well-known trend to eliminate as 
many active ingredients as possible from 
the cultivation is intensifying.

5 In many Western European regions, the 
population’s discomfort with chemical 
crop protection is growing. Farmers are 
reacting, out of self-interest if  nothing 
else, and policymakers are intensively 
promoting and demanding reduction 
measures.

5 The large crop farming regions—espe-
cially outside the EU—are benefiting 
from the trend toward developing tech-
nologies for the reduction of crop pro-
tection products. The economies of 
scale in large farms are enormous and 
new, efficiency-boosting solutions are 
being adopted primarily by farms with 
solid financial means, without the need 
for government subsidies.

4.7.4   What are the Long-Term 
Prospects 2025–2030?

Modern crop protection has evolved con-
tinuously over a long period of time from 
the 1970s. The basic principle of whole-
field application of active ingredients has 
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usable containers that never need to be 
rinsed are dispensed with square meter pre-
cision and are supplemented with an indi-
vidual formulation according to the leaf 
condition and the crop. A “sensor” is capa-
ble of detecting both weeds and plant dis-
eases as well as the nutritional needs of 
the plants. All this is integrated into a ma-
chine that is fully automated and relieves 
the driver’s workload almost completely. At 
this point in time, it is impossible to foresee 
when this vision will be realized.

Regarding the methods used in crop 
protection, there are alternative approaches 
that will potentially also play a role:
5 Thermal systems such as scorching have 

long been known and only have limited 
innovation potential.

5 Electrical systems for chemical-free kill-
ing of weed (Cropzone [Cro21b]).

5 UV light irradiation for chemical-free 
suppression of fungal diseases (Sagaro-
botics [Sag21]).

5 Laser systems for weed control (Laser-
zentrum Hannover [Eip21b]).

All methods are very specific to one task. 
Development in the vegetable cultivation 
niche will maybe make it possible to estab-
lish them. For the development to be dis-
ruptive, there is a lack of efficiency, wide-
spread application, or even an acceptable 
cost–benefit ratio.

4.7.5   Conclusion: Future Crop 
Protection will be More 
Specific and Diverse

Considering all technical possibilities, mar-
ket opportunities and social requirements, 
many different methods and systems will 
be available on the market in the future, in 
contrast to the past.

For farmers, this diversity offers the 
enormous advantage that they can choose 
the best system and are not left with a rigid 

cation of fungicides and insecticides. The 
prevailing basic principle of prophylactic 
application according to forecast models 
is still very important today. As a result of 
easy accessibility of soil, weather, and sat-
ellite data via open cloud systems, it may 
be possible to resolve these forecast mod-
els at increasingly small scales. The biggest 
obstacle here are the complex biological re-
lationships and the look at the weather de-
velopment in the following weeks. For the 
AgMachinery industry, the way forward is 
clear: The possibility to vary the applica-
tion rates and products on the smallest pos-
sible farming units will be much sought af-
ter.

Indirect or direct measurement of plant 
diseases or insect infestation is currently 
still the subject of research. The first mar-
ket-relevant solutions are becoming visible 
(e.g., Phenoinspect [Phe21]).

Ultimately, for the time being, the ques-
tion remains for which crops and crop ro-
tations these systems are financially ad-
vantageous or whether traditional or new 
crop cultivation methods such as crop rota-
tion, breeding, and companion plant culti-
vation will not make the systems so stable 
that “chemical” intervention in the biologi-
cal processes will become superfluous.

In addition to the technical and biologi-
cal contexts, the economic situation in agri-
culture is a decisive factor: Should producer 
prices remain high on a long-term aver-
age (what is to be expected with increasing 
global demand), the desire for maximum 
yield and high quality will be paramount 
and demand many technologies.

4.7.4.2   Crop Protection 
Technology—Incremental 
Versus Disruptive

The obvious development of classical agri-
cultural technology lies in the perfection of 
the common systems—the vision is clear: 
The main tank contains only clear water, 
5–10 individual active ingredients from re-
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duction systems as well as different channels 
(e.g., FMIS) and features (e.g., crop manage-
ment and irrigation).

4.8.1   Introduction

Agriculture and weather are inseparably 
linked. This is because weather is the sin-
gle most important production factor in 
open field agriculture and heavily impacts 
a crops success or failure. Over the last 
20 years the weather has become more ex-
treme with heavy rains combined with hail 
and heavy wind often followed by droughts 
have become common even in central Eu-
rope. In 2016 alone, hail caused more than 
$23 billion in crop damage across the U.S. 
alone [Nws16]. The most important mes-
sage is that more disruptive weather events 
have been happening, and it is very likely it 
will continue to happen at an increased fre-
quency over the coming decades.

Today’s growers and farming practices 
have reached a point where simply using the 
instincts and gut feeling are no longer a vi-
able option to determine how much water 
and other inputs are needed to accommo-
date plant needs and to maximize the ge-
netic potential of the crop. From a farm-
ing perspective greater risk awareness is a 
key element for precision farming as higher 
probability of increased weather volatil-
ity is a fact we have to deal with. Based on 
all available information at this time, fur-
ther adaptation and preparation for greater 
risks is a reasonable course of action which 
will lead to mitigation, together with risk 
assessment tools (see 7 Sect. 4.4 und 
. Fig. 4.21).

The most important climatic factors 
which should be monitored are: temper-
ature, relative humidity, rainfall inten-
sity, soil moisture, Evapotranspiration, 
wind speed and direction, hail, frost, exces-
sive heat, soil temperature, and solar radi-
ation. Understanding these data sets helps 

system without any design options. The 
challenge certainly is also how to dissemi-
nate professional expertise—which system 
is the right one, and if  the investments are 
justifiable.

Industry will face the biggest challenge: 
The risk of bad investments in the further de-
velopment of AgMachinery is increasing and 
in the medium term, only strong, internation-
ally operating companies will be able to afford 
the development costs. Whether the digital 
business models with AI systems and cloud 
networks will be profitable in agriculture is 
not yet foreseeable. At the same time, how-
ever, the growing niches also offer specialist 
providers the potential to find a market.

As costs shift from chemistry to tech-
nology, sales of the agrochemical industry, 
in particular, will come under pressure. The 
heavy investment in research and develop-
ment will be impacted.

The greatest opportunities for environ-
mentally sound crop protection will come 
from the further development of indirect, 
prophylactic crop cultivation processes and 
methods. The general relaxation of the 
overall system through wide-spaced crop 
rotations and alternative crops could ulti-
mately lead to greater reduction than tech-
nological developments. The remaining 
chemical crop protection will then be ap-
plied in a very targeted manner. The fore-
seeable declining revenues will ultimately 
have to be absorbed by society.

4.8   Weather and Irrigation

Gottfried Pessl 

Abstract
This section provides an overview about 
weather measures and their relevance for 
farming, how the data is monitored, trans-
ferred and processed, as well how farmers 
use the weather forecast services. The section 
includes global examples across crop pro-
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ability to measure, monitor and manage 
root zone soil moisture with easy to use, 
reliable technology is crucial to maximize 
yield and quality. Numerous studies clearly 
demonstrate that moisture management us-
ing soil moisture probes can increase yield 
and, in some cases, lower input costs for 
corn and soybean crop. Irrigation planning 
should be calculated based on crop water 
uptake, evapotranspiration, infiltration rate 
of the water to have good drainage and to 
avoid long time water saturation of the soil. 
New digital tools have come to the market 
in recent decades and are helping farmers 
worldwide to use their resources (seed, wa-
ter, fertilizer, diesel) better and at the same 
time in being more resilient to farming risks 
(drought, water excess, frost, heat stress, in-
sect damages, fungal infections etc.), mak-
ing more informed decisions and having 
last but not least a better bottom line.

4.8.2   Current Status and Tool Kits 
Availability for Mitigation 
of Risks for Farmers

Weather tracking on the farms is still not 
common practice. In the last 20 to 30 years 
many European countries and the USA 
have made available to farmers regional 
weather networks financed and run by the 
government or regional advisory service 
for free or a subsidized cost. These regional 
services often have a resolution of 30–
50 km diameter which is suitable for a re-
gion, but not for single farms or fields and 
give a general understanding of the weather 
conditions (. Fig. 4.22).

Weather forecasts services from gov-
ernment or private sectors are often com-
bined with historically measured data to 
help give a better understanding of the sit-
uation. The most prominent companies here 
are: DWD for Germany, Meteo France, 

the grower to find the best windows for 
work planning, spraying, harvesting as well 
as the other myriad of operations required 
during the growing season (for a detailed 
description of possible sensors to measure 
that see [Met21]).

Climate change and the relevant 
changes in water supply for the crop are ad-
ditional challenges for future farming prac-
tices. Increased regulations and restrictions 
for water resources have brought about the 
need for fast, easy and efficient tracking of 
both water and environmental conditions 
within each field. By utilizing technology 
to monitor micro-climate and soil mois-
ture on site, growers now have easy and ef-
fective solutions to improve irrigation com-
petency. Efficient use of water in irrigation 
can not only improve yields, but also save 
water and energy, improve crop quality and 
shelf  life, and reduce nutrient leaching. The 

. Fig . 4 .21 Irrigation in Australia
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4.8.3   Key Components 
and Technologies Presently 
Available

What can farmers do to mitigate the im-
pact of the weather to their daily manage-
ment practice? How about climate change 
and the related changes in the risk? What 
are the technologies available today to help 
farmers to better control weather risks? 
How about new services, such as Paramet-
ric Insurances, bank ratings on crop as col-
laterals and real estate/land value on base 
of long-term precise climate of fields to un-
derstand the weather risk situation? How 
can ROI be improved?

New technologies like LoRaWAN, NB-
IoT [Wik21b] are fundamentally chang-
ing the way how farmers can get accurate 
weather and field data in real time. The mo-
bile or cell phone has become the primary de-
vice for receiving and displaying data, as close 
to real time as possible enabling the farmer or 
manager to intervene without delay.

ZAMG Austria to name a few public ser-
vices and DTN, IBM Weather, Climacell, 
Meteoblue to name of few private suppliers. 
Farmers and their advisors do understand 
how these tools can help them to effectively 
find and act on specific problems. It is how-
ever expected that a big paradigm shift is 
happening in the next years to come which 
is due to the changes in technology and sen-
sors (lower cost and good quality), distri-
bution of LPWAN [Wik21a] technology 
which drives the Internet of Things (IOT), 
uptake of decision support models (DSS), 
and the integration and development of Ar-
tificial Intelligence (AI) (see 7 Sect. 3.5). 
From here the farmers/advisors can create 
timely and robust operations plans, identify-
ing which fields need to be scouted, how of-
ten, and any other key risks. The update fre-
quency of data is also essential (needs to be 
close to real time) in managing crop produc-
tion systems and finding specific problems in 
time for farmers to control them before real 
damage can happen.

. Fig . 4 .22 Monitoring soy in Brazil
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ers are not willing to use dozens of apps 
which solve individual problems. Weather 
information is being used in many differ-
ent applications so the companies offering 
services in the field need to open their data 
streams seamlessly to different stakehold-
ers like John Deere, CLAAS 365Farmnet, 
xarvio and many other providers via smart 
API’s (see 7 Sect. 4.2). Here the data ex-
change needs to be secure with all privacy 
rules applied but open enough not to be the 
bottleneck of a technology breakthrough.

An Example of a Real Time Application A 
farmer shares a weather station with his 
neighbor, both have the fieldclimate app 
from Pessl Instruments with integrated lo-
cal and weather station adjusted weather 
forecast from Meteoblue, Spray weather 
forecast and the disease model risk fore-
cast for his sugar beet grown on that field. 
Sunday afternoon the farmer is plan-
ning his work for Monday morning and 
looks at both measured and forecasted 
data and decides to plan a spray applica-
tion against Cercosopora Beticola on that 
rented field 25 km away from his farm. He 
plans to start at 3:00 on Monday morning 

Companies like Pessl Instruments, DA-
VIS, Spectrum, and many more are offer-
ing practicable solutions for the farming 
industry. The future will be, that farmers 
have low-cost sensors on each field which 
are logging data all year round combin-
ing this with highest precision weather and 
disease risk forecast, together with satel-
lite and yield maps, drone data, tracking in-
formation from vehicles (location, working 
speed), and AI will give them real time in-
sights when it is needed, all in a smart way 
(. Fig. 4.23).

The integration of various sensors for 
different places are vital for the acceptance 
and large-scale uptake in the farming com-
munities. Farmers, like managers in other 
industries, are changing practices only if  
they are being forced (by law) or if  they see 
a fast ROI and convenience gain from the 
uptake. A good example of this can be seen 
with GPS guidance systems. As most farm-
ers are spending much more time in the 
field and not in the office, the smartphone is 
the tool where all the data needs to be con-
centrated. In order for this to be a practi-
cal solution, many industry partners need 
to work together in an ecosystem, as farm-

. Fig . 4 .23 Monitoring tulips in Holland
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stations that measure local rainfall, tem-
perature, etc., further combined with smart 
traps, satellite imagery, and human observa-
tions detect insects present in fields and re-
port the data wirelessly.

Agriculture and water use is tightly 
linked together, and rational use of irriga-
tion water is absolutely critical for the grow-
ing population, as 80% of the freshwater 
is used in agriculture. Therefore, monitor-
ing soil moisture and applying the correct 
amount to the field has become a key factor. 
Last but not least, plant protection using 
decision support systems (DSS) to under-
stand better which field or which crop needs 
spraying is a key element for future sustain-
ability of the agriculture industry. Combin-
ing weather data with satellite imagery like 
Sentinel [Wik21c] and/or Landsat [Wik21d] 
helps to identify growth stages automati-
cally and provides crucial information for 
insurance companies (Parametric Insurance 
on Abiotic stress) to offer tailored insurance 
solutions to farmers (. Fig. 4.24).

4.8.4   Future Development

Super low cost but professional Weather 
Stations combined with AI based vir-
tual weather stations will be the backbone 
of the new era of weather driven decision 

where wind is low and DeltaTvalues are 
perfect for spray penetration into the Can-
opy. 18:00 Sunday evening he looks at all 
the from his weather station and local fore-
cast, and despite some local thunderstorm 
in the area, he decides to plan his applica-
tion. At 2:00 in the morning he receives a 
warning message from his weather sta-
tion that this planned spray will be impos-
sible as a thunderstorm changed direction 
and 25 mm of rain has fallen so field access 
will not be possible. With this information 
he saved an unnecessary trip to his field 
which costs money and time and he could 
sleep until 6:00 and changed his work plan-
ning to 20:00 on Monday allowing the field 
to dry up and the weather to improve to al-
low field access. This is a simple example 
of how technology can improve life quality 
and at the same time avoid costly errors.

More applications available are: the 
smart integration of real time weather data 
with partner solutions from xarvio, Cli-
mate, Pessl Instruments. Many others are 
generating smart and accurate alerts that 
tell which fields are at risk for specific in-
sects and diseases, as well as the growth 
stages for optimal herbicide applications. 
Accurate weather and crop growth stage 
models help prioritize fields, ensuring that 
producers and advisors visit each field dur-
ing key growth stages when problems are 
likely to occur. These alerts are based on 
low-cost Hyper-local Weather Station net-
works which provide critical insights into 
an individual farm and literally by field ba-
sis. Weather-based risk models can also pre-
dict disease susceptibility and combat foliar 
disease by identifying the ideal timing for 
post-emergent herbicide or fungicide appli-
cations. Degree-day-based Phenology Mod-
els combined with remote automatic in-
sect traps and crop cameras can help farm-
ers and advisors anticipate insect flights 
in an automated way. These electronic de-
vices combined with hyper-local weather . Fig . 4 .24 All technology in the palm of the hand
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4.9   Harvest Sensing and Sensor 
Data Management

Sebastian Blank and Ignatz Wendling 

Abstract
The section provides an overview of sensing 
approaches and applications in the harvest-
ing domain covering both onboard and ex-
ternal data sources. Furthermore, method-
ologies for ensuring proper data quality and 
consistency are introduced.

4.9.1   Introduction

After decades of being a domain driven by 
mechanical innovation, the field of harvesting 
technology has changed gears. In the last dec-
ades, electronics and sensing technology has 
taken a more dominating role in delivering 
process and performance improvements of 
machines. This is no longer limited to the har-
vesting equipment itself but should also (and 
maybe even more so) be seen through the ag-
ronomic lens. The role of electronics and 
sensing technology has evolved from “just” 
the last step of crop production in the crop 
growth cycle to becoming a valuable contrib-
utor of observations and insights that can be 
of great benefit to the effectiveness and profit-
ability of the overall plant production process.

As a logical consequence of the large 
variety of crop characteristics that have 
to be harvested, a diverse and far-reach-
ing range of specialized vehicle forms exist. 
They range from self-propelled or drawn 
harvesters for potatoes, beets, vegetables, 
and cereals to forage and specialized cul-
tures such as fruit, nuts, and viniculture ap-
plications just to name a few [ZAA15]. As 
this spans an area too wide and too diverse 
to be discussed here, we will focus on two 
common vehicle forms: combine harvest-

making. These devices like the Pessl In-
struments product called LoRAIN are de-
ployed in an ultra-small grid between 20 to 
100 ha to gather crop and field condition 
data, providing farmers in real time with 
the most accurate and dependable weather 
information like rainfall, soil moisture, soil 
temperature, and leaf wetness. This will be 
combined with tremendously detailed field-
level forecasts of sub-acre conditions, and 
insights for specific areas and geographic 
regions. Customized alerts can also be set 
up for specific weather or field conditions 
to further reduce risk and support strategic 
field operations. The ultra-fine grid field-
level weather stations data will help to cal-
ibrate other remote sensors (i.e., rain ra-
dar data and satellite imagery) to provide 
reliable information for field accessibil-
ity with full or semi-autonomous machin-
ery. The real time data can be part of the 
national crop health monitoring of a coun-
try. The automatic archives generated of 
local weather are combined with histori-
cal yield and this will become climate in-
formation layers for specific locations and 
crop zones to foster future decision mak-
ing. All this improves planning and sched-
uling for future decision making and will 
mitigate risks based on climate change. The 
small grid, automatic weather information 
system is being used also by animal farm-
ers to avoid heat stress for cows, swine, and 
chickens on the pastureland and barn. Last 
but not least the high grid rainfall and tem-
perature data can be used to forecast lo-
cal floods caused by small rivers, local frost 
risks on small roads and on bridges to save 
lives and improve quality and protect envi-
ronment. The COVID-19 crisis has shown 
us how fundamentally important food secu-
rity is, and farmers can ensure the food sup-
ply and that they protect the environment 
at the same with smart technology.
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sequentially moved across the field with 
progressing harvest.

Among the most common sensor inputs 
for harvesting equipment today is the yield 
sensing system. Here the basic idea is to de-
termine the amount of crop harvested over 
time. This information can then be com-
bined with other measurement systems to 
produce a geospatial representation of the 
sensed data commonly referred to as yield 
maps. In other applications, the mass signal 
is directly used to adjust one or more vehi-
cle settings to optimize the harvesting pro-
cess regarding different metrics. This use 
of mass and yield data will be discussed in 
greater detail later in this section.

There is a large variety of common sens-
ing principles in use [BBF17]. One of the 
most popular principles used throughout 
commercial applications is force sensitive el-
ements in the path of the cleaned (free) crop 
inside the machine. Typically, either piezo- 
electric elements or strain gages are combined 
with a mechanical design to either take ad-
vantage of gravity (“scale”) or crop inertia 
(the deflection plate). This results in a rela-
tively low-resolution measurement with a sig-

ers and Self-propelled Forage Harvesters 
(SPFH).

In the following paragraphs these two 
machine forms will serve as models to ex-
emplify the impacts and implications of 
sensing technology. Firstly, vehicle-based 
and remote sensing systems will be intro-
duced. Here, the focus will be on the meas-
urement principles that are commonly ap-
plied and the sensed parameters of interest. 
In the subsequent two sections, applications 
that make use of the gathered data will be 
discussed. The emphasis here will be on 
data quality management and automation 
solutions. To conclude the section, a brief  
outlook towards future trends around sens-
ing systems and their application in the har-
vesting technology domain will be provided 
(. Fig. 4.25).

4.9.2   Vehicle-Based Sensing 
Systems

In this first subsection the focus will be 
on the sensing systems that are directly 
mounted to the harvesting equipment and 

. Fig . 4 .25 Section content overview
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grain tank of a combine that allow automa-
tion of the recalibration and thus facilitate 
continuous updates without the time com-
mitment needed otherwise.

Another way to improve the measure-
ment precision is to supplement these meas-
urements with those of sensing systems 
based on different measurement principles. 
Commonly used examples of these comple-
mentary sensors are optical (camera, LI-
DAR) or electromagnetic (radar) systems. 
These sensors can either be vehicle-based 
facing towards the crop ahead of the ma-
chine or remote to the vehicle.

A second group of vehicle-based sen-
sors which have received an increasing 
amount of attention in the last years is crop 
constituent sensors. Today’s industry stand-
ard is near-infrared (NIR) technology al-
though other applications in the mid-in-
frared or ultraviolet band are also known. 
Here the crop is exposed to a broadband 
source. The characteristic reflection indi-
cating the content across different bands 
is measured by a sensor. As the measure-
ment is not absolute but an indirect meas-
urement, a library of proprietary reference 
curves generated by lab trials is used to de-
termine the readings of interest.

This group of sensors measures constit-
uents like protein, starch, fiber, sugar, oil 
content, as well as general properties such 
as moisture or dry matter. These measure-
ments primarily serve two applications: ag-
ronomic considerations and machine set-
ting automation. An example for the lat-
ter group is the automated length of cut 
adjustment to ensure uniform forage qual-
ity for a SPFH [Noa18]. There are also 
other applications in nutrient management 
such as slurry (nitrogen, phosphorus, am-
monium, potassium). Moreover, active re-
search investigates the area of direct con-
stituent measurements via microwave tech-
nology that eliminates the need for the 
reference curves. However, no commer-
cially viable solution has been developed  
yet.

nificant susceptibility to the machine 3D pose 
or dynamics as well as environmental condi-
tions. Overall, this method delivers reason-
able quality and robustness for most docu-
mentation tasks with respect to the harvest 
conditions. The limiting factor here is that 
as the sensing happens after the crop has en-
tered the machine and has at least been par-
tially processed (e.g., threshed and cleaned). 
Its spatial resolution is limited to the width 
of the front-end equipment (i.e., harvesting 
header) and the distance the machines travel 
between two consecutive measurements. As 
machine sizes are increasing, there is a desire 
to maximize productivity, and thus ground 
speed within the application limits and safe 
operating conditions resolution will decrease 
further due to larger distances traveled per 
sample time [AD16]. This presents an in-
creasing limitation for use in future agro-
nomic solutions. Another issue is sensing bias 
due to changing crop and external conditions.

The most common way to manually 
perform calibrations of the sensing sys-
tem is to compare the onboard measure-
ment with an external (certified) weight ref-
erence. For this, typically a certain amount 
of crop is harvested and then unloaded on 
a grain cart equipped with a scale system 
or the grain cart is weighed on a stationary 
scale. Entering this ground truth measure-
ment back into the onboard system allows 
it to adjust the calibration parameters in a 
way that reduces measurement tolerances 
around a given working point [Dem13]. 
This must be repeated every time there is a 
significant change in conditions to ensure 
an overall result improvement. In more ac-
ademic applications, local sampling tech-
niques with plot combines or hand har-
vesting and weighing can be found. Those 
methods are typically time and labor in-
tense and thus not sustainable for larger 
areas that are typically found in modern 
farming application. One solution that tar-
gets a middle ground between increased 
precision and application feasibility is vehi-
cle-based references such as load cells in the 
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The sensing elements transfer the im-
pact characteristics of grain kernels as well 
as non-grain material (e.g., stems, husks, 
soil components) into an electrical sig-
nal that then needs to be processed to ex-
tract the true kernel loss. It has become ev-
ident that this approach works well for 
grains with a high kernel to non-grain ma-
terial ratio such as corn or soybeans but is 
challenging where grain to non-grain kinetic 
impact energy and other characteristics be-
come too similar. This makes rapeseed and 
other light and small kernels challenging to 
accurately detect. A slightly different ap-
proach is pursued by some equipment man-
ufacturers where the focus is on increasing 
the sensed area in the material flow that is 
relatively small for the previous sensors. 
This allows for a more representative sam-
ple across a wider range of conditions. One 
commercial example of this are acoustic  
sensors.

For research and development efforts, 
more effort intensive solutions are availa-
ble that become cost prohibitive for wide-
spread applications but are used for oc-
casional spot checks. The most common 
ground truthing approach are loss pans. 
They possess a defined surface area that 
the machine travels over and catch the ma-
terial before it hits the ground. The content 
of the pans is then manually cleaned, and 
any residual grain is weighed or counted to 
determine loss per area for the sample lo-
cation. In recent years, mobile apps have 
been developed to support this step by us-
ing image recognition of the kernels in the 
pan and thus receive a kernel loss count per 
area [Klü09].

The last area to be discussed in the sec-
tion of harvester-based sensors is for-
ward-looking field and crop condition sens-
ing by means of visual images captured by 
cameras. Although a wide variety of possi-
ble configurations exists, the most common 
forms include monocular or stereo camera 
systems. While a monocular camera just de-
tects texture and color differences, a stereo 

A related but different group of 
crop-facing sensing applications is com-
monly referred to as grain quality sensors. 
The name may be slightly misleading as the 
parameter of interest is not the crop itself  
but rather the way it has been processed in-
side the harvesting equipment. In combine 
harvesters, cameras in the visual spectrum 
are used to generate images at specific lo-
cations of the machine (such as the clean 
grain elevator or the tailings) to determine 
free and damaged grain (threshing qual-
ity) as well as the material other than grain 
(cleaning quality). The images are either fed 
to the machine operator for interpretation 
or are run through state-of-the-art image 
recognition systems to automatically deter-
mine the crop state as described above. In 
the latter case, these processed inputs can 
also be used for settings automation to en-
sure continuous adjustment of threshing 
and cleaning related machine settings. In 
SPFH applications closed-loop length of 
cut control are also commercially available. 
For effective image-recognition statistics 
(e.g., optical flow) or AI-based (e.g., clus-
tering, Deep Neural Networks) classifica-
tion techniques are typically applied.

The next group of sensors that have 
been considered a standard in combine har-
vesters for decades now are crop loss sen-
sors. Both the separation (threshing) and 
cleaning have natural trade-offs between 
process productivity, quality, and commod-
ity losses given a finite separation and clean-
ing bandwidth. This means that a certain 
level of grain loss is inevitable, and it re-
quires the skill and experience of the ma-
chine operator to balance the tradeoffs 
through changing crop and field characteris-
tics. Similar to the fundamental concept in-
troduced for yield sensors earlier, a common 
sensing principle employed for loss sensing 
is the use of force sensitive surfaces realized 
via piezoelectric elements or capacitive films 
located in the areas of the machine which 
are of interest (end of the separator, area 
behind the cleaning shoe) [Klü09].
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fore, this external knowledge facilitates pro-
active approaches while vehicle sensed in-
puts are typically limited to reactive means 
[Ste15, LP17].

As today multispectral images are read-
ily available on demand for almost all of 
the surface on earth, the differentiator be-
comes the way insights are extracted from 
these data-dense sources. This is reflected 
by a large body of academic and applied re-
search dedicated to this complex field. Ex-
ample applications include attempts to es-
timate crop yield, canopy height, moisture, 
and constituent content. There are further 
combinations of images at different stages 
of plant growth with a physiological plant 
growth model along with weather data and 
other inputs [MBB+09]. It has been shown 
that this dual-path approach overcomes the 
shortcoming of using imagery alone, espe-
cially in areas where only infrequent up-
dates are available due to cloud coverage 
etc. [BBF17].

4.9.4   Data Quality Management 
(Post Correction)

So far, the discussion has focused on the 
sensing methods themselves. To provide a 
more complete overview of this topic, pos-
sible uses of the sensed data should also be 
discussed. There is a wide variety of po-
tential causes of measurement error and 
bias as well as (temporary) sensor failure. 
To deal with these shortcomings, a diverse 
range of approaches to overcome or mit-
igate the potential sources has been devel-
oped. To further improve sensor data, this 
section considers a domain that has re-
ceived particular interest since the early 
days of precision farming technology: yield 
maps.

The most common (and also the crud-
est) approach is direct geospatial interpo-
lation. This is sometimes also referred to 
as smoothing or blending depending on the 

setup adds the ability to directly measure 
distances via triangulation (i.e., determin-
ing relative distances of the same object be-
tween the two camera frames with a known 
baseline). As image processing is typically 
required to be done in real-time to be of 
relevance for automation tasks, sophistical 
image processing infrastructure such as FP-
GAs, GPUs, and other processor types that 
lend themselves to massive-parallel process-
ing can be found on harvesters today. This 
setup enables pre-cut crop yield estimation, 
cut height automation, cutting edge detec-
tion, header reel carryover, and obstacle de-
tection. In addition, or complementary to 
the described visual systems, other sensors 
such as LIDAR, Time of Flight cameras, 
or imaging radars can also be found on oc-
casion.

4.9.3   Remote Sensing Support

In contrast to the previous section, the par-
agraphs below do not focus on sensors that 
are mounted in or on the harvester itself  
but originate from remote sources. As they 
are designed for sensing purposes only, the 
ratio of cost and weight that can be dedi-
cated to sensing is very different from the 
previous case. In current applications two 
main classes of sensor carriers can be cat-
egorized: Unmanned Aerial Vehicles (UAV) 
or Earth Observation Satellites (EOS).

Both serve the common purpose of ac-
quiring multispectral and radar imagery 
but with very different payload, cost, and 
distance ratios. Although these images 
are used for different agronomic purposes 
through the plant growth cycle, they can 
also be of significant interest as an input in 
harvesting equipment automation and effi-
ciency improvement. This is because it of-
fers a glimpse of the crop and field proper-
ties pre-harvest, while most vehicle-based 
sensors are “facing backwards” in time 
from a crop processing perspective. There-
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approaches—heterogeneous and homog-
enous fusion which refer to the nature of 
the sensing inputs that are used. In homog-
enous fusion, a method to combine multi-
ple sources observing the same aspect of in-
terest is applied in a way that minimizes the 
resulting error typically below that of the 
best single input. Thus, the whole of obser-
vations become greater than the sum of its 
parts.

The second class of heterogeneous sensor 
fusion seeks to overlay sensor inputs of dif-
ferent domains using a mathematical model 
to infer the parameter of interest that is ei-
ther unobservable or the observations are 
not sufficiently reliable. For our example of 
yield maps, this could be the combination of 
machine yield information with UAV based 
yield estimates pre-harvest or the combina-
tion of proxies for yield (such as load levels 
or volume flow in different parts of the ma-
chine to compute a secondary yield estima-
tion. This can then also be combined with 
the direct measurement via homogenous fu-
sion approaches, see [PMA+16]).

4.9.5   Automation

To stay with the theme of downstream uses 
of sensor data, this section is dedicated to 
automation applications in harvesting ma-
chines. Automation has received a lot of at-
tention in the past years as it is seen as a key 
enabler for future efficiency gains and the 
natural progression along the path to semi 
or fully autonomous machines [LHG+20]. 
At present, there is a long journey lined 
with tough challenges ahead as there are 
still many open questions until Off-highway 
Autonomy can transition to mainstream ap-
plication. However, considerable advances 
in automation have been made in recent 
years and adoption rates by practitioners 
are a testament to the efficiency and com-
fort gains enabled by technology.

context. Here, geospatially adjacent points 
are averaged using different schemes to re-
move artifacts like pass-to-pass bias (also 
known as “striping”) or headland sawtooth 
pattern originating from uncorrected rela-
tive temporal delays in the sensing data rel-
ative to the true crop location in the field. 
Even though naive interpolation methods 
create a less “suspicious” looking result, the 
true source of concern remains relatively 
unaddressed as no real attempts to system-
atically correct sources for imprecision are 
included [WT13].

To overcome this issue, a group of sta-
tistics-based approaches will be discussed 
next. The common theme for this class of 
methods is that inherent relationships in the 
noisy or biased data are used. Moreover, the 
fact that they originate from different ob-
servations (ideally even different observers 
such as multiple machines in the same field) 
is exploited and combined with statistical 
theorems. This allows for a more system-
atical elimination of sources of error with-
out the need to explicitly model them in the 
causal sense. In one embodiment, a Gen-
eralized Additive Model approach [HT90] 
is used and based on the assumption that 
sample locations in the field are randomly 
attributed with error. Assuming that multi-
ple harvesters provided the measurements, 
the resulting yield distributions should fol-
low a similar distribution pattern. Further 
assuming a normal distribution, one could, 
for example, try to reduce the distance be-
tween expectations and variance while con-
sidering relationships with the relative lo-
cation of origin and their relationship with 
each other. This results in a minimized gen-
eral and local error and most likely correct 
solution given the imperfect observations.

Finally, there is another approach that 
can be found in the domain of yield map 
correction and other measured character-
istics on harvesting equipment: sensor fu-
sion. There are two main classes of fusion 
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In addition to these subsystem ex-
amples, there are also a variety of func-
tional settings automation approaches. 
They are used to automate the adjustment 
of all major parameters related to thresh-
ing and cleaning in a combine harvester. 
In their most simple form, they use lookup 
tables with predefined setting combina-
tions. As this approach is not very flexible 
in reacting to the large spectrum of con-
ditions and crop combinations that exist, 
more advanced concepts have been intro-
duced. Many are based on either co-simu-
lation (model of relevant components) or 
an approach based in the wider AI family 
such as classical expert systems and others. 
With technical advances and more readily 
available sophisticated embedded process-
ing ability (deep) Neural Network-based 
approaches have become more popular but 
have not been included in full commercial 
applications yet.

4.9.6   Outlook: Ubiquitous 
Sensing and the Autonomy 
Challenge

In its mission to feed and clothe a growing 
global population with decreasing amounts 
of arable land due to urbanization and cli-
mate change, agriculture as a whole (and 
harvesting technology in particular) has 
significant challenges ahead.

Some of the trends that have evolved of 
the last decades will continue to gain mo-
mentum. One of them being the increase 
in number, diversity, and precision of sen-
sors. On the one hand, this can be seen as 
the foundation to an increase in automa-
tion and an enabler to begin the journey to-
wards (semi) autonomous machines to ad-
dress the need to improve outcomes and 
overcome the shortage of skilled labor 
(see book Sects. 3.4 and 3.5 for more on 
these topics). On the other hand, the sens-
ing needs attributed to the steps inside of a 

There are a variety of subsystems within 
the harvesting machine that now have au-
tomated counterparts as an alternative to 
manual operation. One of the most com-
mon examples is ground speed in harvest 
automation. Here a sensing system input 
is used to adjust the machine velocity to 
the biomass amount either currently going 
through the system or ahead of the system 
with respect to engine loads, threshing, or 
cleaning limitations. The most straight-for-
ward approach is to use the engine load or 
mass sensing system. The general disadvan-
tage of this is that it is a purely reactive ap-
proach which measures the inputs to the 
control system originating late in the pro-
cessing chain (several seconds after the crop 
entered the machine). Therefore, in case of 
load spikes the system will likely react too 
late and overload the machine resulting in 
undesirable effects. To combat this, a more 
conservative load target is typically used 
which leaves significant performance head-
room.

Thus, more advanced systems use look-
ahead sensing via camera systems, UAV, or 
satellite based estimated biomass maps to 
allow for proactive load management. An-
other subsystem example is the terrain ad-
justment of the crop processing system with 
respect to the field slope. Here the informa-
tion from an inertial measurement unit is 
used to adjust either mechanical actuators 
that level the grain processing system rel-
ative to gravity or purposefully bias func-
tional settings such as cleaning fan speed to 
avoid increase of uphill losses.

The chopping system is the major driver 
of forage quality. Therefore, the SPFH au-
tomation system has focused on the knife 
adjustment. Here a setup of inductive sen-
sors is used to perform closed-loop control 
of the shear bar position (and thus the cut-
ting force). Simultaneously, the sensor can 
be employed to monitor the condition of 
the knife edge (sharpness) and automate 
decisions on sharpening cycles for optimal 
cut and thus forage quality [MTG15].
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keting has experienced in recent years, the 
administrative work steps that are necessary 
for direct agricultural marketing via multi-
ple sales channels, and how these steps can 
be digitalized.

4.10.1   Direct Agricultural 
Marketing—Blessing 
or Curse?

D2C—Direct to Consumer or direct mar-
keting is a macroeconomic trend that has 
been receiving great attention not only 
since the COVID-19 pandemic. Rather, 
the societal need for traceability of food 
seems to lead more direct agricultural mar-
keters to completely or partially forgo 
the middlemen in their marketing strat-
egy—and this is also economically profit-
able for them [BK20]. Thus, the consump-
tion and marketing of regional agricul-
tural products are subject to a sustainability  
movement.

According to the German Federal Min-
istry of Food and Agriculture, 73% of con-
sumers prefer regional products [Bel19]. On 
the other hand, the survey “The farm of 
the future” by the agricultural news portal 
Agrarheute revealed that 69% of the farm-
ers surveyed consider the direct market-
ing of regional products to be the future. In 
contrast, only 35% of the farmers surveyed 
consider organic products to be the future 
[Agr16]. The results of this survey are sup-
ported by the consumers’ purchasing be-
havior: “Regionality has surpassed organic. 
Regional products account for at least 20% 
of the weekly shopping baskets. Organic 
products, on the other hand, only account 
for around 10%” [Lan17].

According to [WM20], the general term 
direct marketing describes direct sales from 
producer to end consumer. In the applica-
tion context of agriculture, direct agricultural 
marketing describes the direct sales of agri-
cultural products, mostly with a regional fo-

crop production system will become more 
and more blurred as the information gener-
ated is increasingly looked at in a more ho-
listic way. Thus, data will be gathered year-
round to be used for agronomic optimiza-
tion as well as food safety and traceability 
efforts. The purpose of sensing in the har-
vest step might then be focused on deter-
mining which crops to grow and how to 
improve yields in the next year. As stated, 
there are tremendous challenges ahead but 
also tremendous opportunities to produce 
more with less, to break established par-
adigms, and pave new ways. With all this 
ahead, the next years will certainly be an 
exciting journey and bring numerous new 
innovations to the domain of harvesting 
technology.

4.10   Direct Agricultural  
Marketing and the 
Importance of Software: 
It’s not Possible Without 
Digitalization! Which 
Software Solutions  
Help to Digitalize 
the Administrative Work 
Steps of Direct Agricultural 
Marketing?

Sebastian Terlunen 

Abstract
Regional is the new organic. It is a meg-
atrend and an opportunity for farmers to 
take on more self-responsibility through di-
rect agricultural marketing. However, direct 
agricultural marketing also means increased 
marketing and administrative effort. What 
usually starts with a simple farm store rap-
idly evolves into a complex marketing busi-
ness with multiple sales channels. Without 
digitalization, this opportunity quickly be-
comes a losing proposition. This section de-
scribes the trend that direct agricultural mar-
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established agriculture results from two as-
pects. On the one hand, trade levels (e.g., 
refiners, wholesalers, and retailers) can be 
bypassed. On the other hand, higher trade 
markups (usually between 27 and 42%) can 
be achieved [Bel19] (see . Table 4.3). Di-
rect agricultural marketing thus represents 
an economically attractive marketing alter-
native. It is particularly interesting for small 
and medium-sized farms, most of which 
can provide the necessary labor resources to 
produce high-quality food products.

4.10.2   The Evolution of Direct 
Agricultural Marketing

Historically, a high density of direct agri-
cultural marketers can be found in metro-
politan areas and especially in metropoli-
tan areas with increased purchasing power. 
However, according to a study by the De-
partment of Agricultural Economy and 
Rural Development, a more rural location 
does not preclude successful direct market-
ing [WSM18]. Especially marketing chan-
nels such as delivery service, online trade, 
market stalls, as well as marketing to re-
sellers (e.g., food retail, gastronomy) ena-
ble direct agricultural marketers in rural lo-

cus, to the consumer. Regional agricultural 
products include food, such as meat and sau-
sage products, dairy products, eggs, fruit, and 
vegetables, but also non-food products such 
as (fireplace) wood, natural cosmetics, and 
natural fertilizers.

However, the entry into direct agricul-
tural marketing must be conceived and 
planned well. It is clear that newly emerg-
ing tasks and work steps cannot be done 
“on the side”. New workflows must be es-
tablished on the respective farm and must be 
structured optimally (see 7 Sect. 4.1). New 
workloads arise, in particular, in the areas of 
order acceptance and processing, production 
and inventory planning, quality assurance, 
picking and delivery, as well as accounting 
and employee management. Customer ac-
quisition and support also require the use 
of additional manpower because market-
ing directly from the farm also requires do-
ing marketing for the farm and its products. 
To achieve long-term economic success, ap-
propriate digital administrative structures 
must be created and paper-based manage-
ment must be abandoned. Only in this way 
can the additional workload be managed in 
a time- and cost-efficient manner.

The fact that direct agricultural market-
ing is a financially interesting alternative to 

. Table 4 .3 Share of traded products in direct marketing and their trading margins [GHH+16, Key16, 
Kur18, WSM18]

Product Germany (%) Austria (%) Markup (%)

Meat and sausage products 26 27 40–50

Fruit 25 15 60–76

Vegetables 21 7 60–76

Dairy products 11 16 25–76

Eggs 7 15 40–50

Cereal products 6 14 28.5–50

Other products (e.g., wine, on-
ions, wood)

4 6 33–50
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section, we will therefore show which ad-
ministrative work steps are part of profes-
sional direct agricultural marketing and 
which supporting software solutions are 
currently available on the market.

cations to tap a commercially viable source 
of income.

Both the developments in the established 
sales channels of direct agricultural market-
ers from 2010 to 2016 shown in . Table 4.4 
and the purchase channels of agricultural 
products shown in . Table 4.5 underscore 
the current development in the marketing 
channels of direct agricultural marketers. 
A change from the administratively simple 
marketing channel “Farm store” to admin-
istratively more complex marketing chan-
nels can be observed. Especially the B2B 
marketing channels “Regional gastronomy” 
and “Food retail” as well as the B2C mar-
keting channels “Online store” and “Vend-
ing truck” are to be mentioned here [Pri18].

However, all marketing channels ex-
cept the marketing channel of a farm store 
generate additional administrative effort 
(e.g., picking, preparation of delivery bills 
and invoices, accounting). Only with suita-
ble software support can the increased ad-
ministrative workload be handled cost-effi-
ciently and economically viable direct mar-
keting can be achieved. In the following 

. Table 4 .4 Sales channels of direct agricultural marketers (Germany) [Kre16, NW16]

Sales Category Sales Channel 2016 (%) Change 
from 
2010 (%)

Direct sales Farm store 80 1

Direct sales Vending truck 36 4

Direct sales Branch system 36 3

Direct sales Private home delivery ser-
vice

30 1

Direct sales Own restaurant 26 1

Direct sales Farmers’ markets 24 4

Direct sales Online shop 16 3

Indirect sales Regional gastronomy 64 8

Indirect sales Food retail 54 8

Indirect sales Other direct marketers 26 1

. Table 4 .5 Purchase channels of agricultural 
products [Sta17]

Purchase Channel Percentage of 
Respondents
(multiple answers 
possible)

Supermarket 63

Discounter 43

Specialty store
(e.g., bakery, butcher, del-
icatessen)

38

Farmers’ market 36

Consumer market 33

Farm store 22

Organic food store 18

Online shop 5
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However, the use of functionally separate 
software solutions leads to data and infor-
mation breaks between the individual pro-
cess steps. The result is a lot of manual, re-
petitive rework and low data quality due to 
inconsistencies. Even a few customers thus 
already generate a high level of administra-
tive effort.

As far as the digitalization of adminis-
trative work steps is concerned, four groups 
of functional providers of software solu-
tions (POS systems, sales software, order 
management software, and process soft-
ware) can be identified. These groups of 
functional providers can be differentiated 
according to the two software characteris-
tics automation (from low to high) and sup-
port for marketing processes (from isolated 
to holistic). In . Fig. 4.27, the four groups 
of providers as well as representatives of 
these groups are listed.

The functional scope of the POS sys-
tems currently available on the market fo-
cuses on the electronic documentation of 
local sales, in some cases with a software in-
terface to advance VAT returns. Compared 
to the functional scope outlined above, 
which is necessary for the most complete 
digital support possible for administrative 
work steps, POS systems cover only a very 
small range of functions—primarily the 
documentation of cash sales.

The sales software available on the mar-
ket enables a customer to perform the main 
sales tasks (incl. management of customer 
orders, product management, or billing) 

4.10.3   Current Software Solutions 
for the Digitalization 
of Administrative Work 
Steps in Direct Agricultural 
Marketing

Direct agricultural marketing goes far be-
yond the operation of a simple farm store. 
Today, professional direct agricultural mar-
keting means managing complex admin-
istrative work steps: from taking orders 
via online and offline channels, inventory 
management with batch tracking, pick-
ing, and route optimization to invoicing 
for private and commercial customers (see 
. Fig. 4.26).

In detail, professional direct marketing 
means selling agricultural products via dif-
ferent sales channels (farm sales, vending 
truck, food retail, online store) and using 
different delivery methods (self-collection, 
possibly with advance ordering, personal 
delivery by the farmer, or postal delivery) 
as well as enabling payment via different 
payment modalities (cash payment, SEPA 
direct debit, bank transfer, credit card, Pay-
Pal, or other payment service providers) 
[LOO+20].

The current practical approach in di-
rect agricultural marketing is to support ad-
ministration either in a paper-based man-
ner or with functionally separate software 
solutions. For example, individual software 
solutions exist for recording and invoicing 
customer orders or for managing inventory. 

. Fig . 4 .26 Possible administrative work steps in direct agricultural marketing
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high a proportion as possible of the admin-
istrative work steps described in . Fig. 4.26 
is covered by the respective software solu-
tion. So far, only one provider can be found 
in this category of competitors: FrachtPi-
lot from FlexFleet Solutions GmbH. Its 
unique selling point is the complete digitali-
zation and automation of all administrative 
work steps described.

4.10.4   Future Developments 
of Direct Agricultural 
Marketing

The previous sections have shown that con-
sumers are increasingly demanding more 
regional food products. In addition to the 
desire for high food quality, and taking 
into account a more transparent food value 
chain, other key reasons include:
5 Fairer producer prices without interme-

diary trading stages
5 Climate-friendly, more sustainable shop-

ping through shorter transport routes 
and less packaging material (see also 
7 Sect. 4.3), as well as

5 The desire to economically support re-
gional farmers.

with the support of software. All software 
solutions on the market only offer a low de-
gree of automation. Data entry of infor-
mation relevant for the respective sales pro-
cesses often has to be done manually. Func-
tions for automated entry of the necessary 
information are often missing altogether. 
For example, with current sales software, 
customer orders often have to be entered 
manually and cannot be recorded automati-
cally in real time via a web store.

The software providers for order manage-
ment software that are currently on the mar-
ket mainly offer digital solutions for the ad-
ministrative work steps involved in marketing 
and delivery. For example, the software pro-
vider LieferMANAGER offers automated 
recording and management of customer or-
ders from a web store as well as automated 
billing for these. However, all providers from 
the order management software category 
have in common that digitalization of the ad-
ministrative work steps for inventory plan-
ning and management is missing.

Software solutions offering a high de-
gree of automation and a comprehensive 
range of functions for marketing and distri-
bution processes are classified in the process 
software group. Here it is desirable that as 

. Fig . 4 .27 Market overview of different groups of providers of software solutions for the digitalization of ad-
ministrative work steps in direct agricultural marketing
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targeted marketing [BK20]. The other admin-
istrative work steps presented in 7 Sect. 4.10.3 
must be performed by the respective direct ag-
ricultural marketer or by a corresponding ser-
vice provider. Examples of operators of direct 
marketing platforms are the companies PIEL-
ERS, Bauerntüte, or Wochenmarkt24 [Dic19].

If  the marketing concept of direct mar-
keting platforms takes hold, future software 
solutions must not only offer support for 
the administrative work steps outlined in 
7 Sect. 4.10.3, but also connection options 
to direct marketing platforms via interfaces.

In conclusion, it remains to be noted that, 
following the general trend towards increased 
digitalization in agriculture, increasing digi-
talization in direct agricultural marketing can 
also be observed [Tae16]. The simultaneous 
use of different online and offline marketing 
channels, in particular, increases the proba-
bility of economic success. The consequence 
is steadily increasing complexity of the ad-
ministrative work steps. Managing this com-
plexity in a time- and cost-efficient manner 
requires a comprehensive software solution 
with a high degree of automation.

4.11   Challenges and Success 
Factors on the Way 
to Digital Agricultural Direct 
Marketing: “We Do Not Need 
a Homepage”

Heike Zeller and Martin Herchenbach 

Abstract
This section considers digitally supported di-
rect marketing from a grower and local food 
producer perspective. The status and chal-
lenges of direct marketing as well as success 
factors are discussed. Examples on bread, 
cheese, wool and general regional products 
are shared. At the end of the section a short 
reflection on COVID-19 impact on direct 
marketing completes the discussion.

Furthermore, it has been demonstrated in 
the previous sections that in addition to the 
mostly established farm store, professional 
direct marketing includes especially new 
marketing channels such as delivery service, 
online trade, market stalls, and market-
ing via resellers. However, the new market-
ing channels entail an increased complex-
ity of the necessary administrative work 
steps, which can only be managed in a time- 
and cost-efficient manner by a professional, 
comprehensive software solution.

Digital marketing via an online store, 
in particular, appears to be an increasingly 
important form of marketing, considering 
the generally continuing e-commerce trend 
[Rol20]. However, the long-term success of 
an online store is determined to a large ex-
tent by a broad product range and targeted 
marketing [LOO+20]. Fulfilling these two 
characteristics continuously in a manner 
that satisfies the consumer usually presents 
two major challenges for the respective di-
rect marketer. As a consequence, many on-
line stores of direct agricultural market-
ers do not generate the desired response or 
profitability (see 7 Sect. 4.11).

To address these two challenges, a new 
digital marketing concept is currently gaining 
ground: the concept of direct marketing plat-
forms [Sch20]. The aim of direct marketing 
platforms is to offer as comprehensive a range 
of food products as possible, comparable to 
what a supermarket offers and consisting of 
regional products, via a web store. Targeted 
marketing is used here to achieve long-term 
consumer loyalty. In order to be able to offer a 
comprehensive range of food products, direct 
marketing platforms bundle different direct 
agricultural marketers with mostly different 
products. The usual assortment includes both 
fresh and dry goods and can range from fruit 
and vegetables, dairy products, fish and meat 
to fruit spreads, coffee, pasta, and spices. In 
this context, direct marketing platforms usu-
ally take over the recording of customer or-
ders and payment processing in addition to 
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4.4 in 7 Sect. 4.10 shows other possible 
sales channels for direct marketing. Count-
less forms of marketing make use of a mix 
of analog and digital media. For example, 
when a baker adjusts his opening hours ac-
cording to a high visitor frequency at his 
neighbors on Google or when a city-fa-
mous butcher photographs his notice board 
and puts it in his WhatsApp status. Social 
media, online stores, and merchandise man-
agement systems, as well as the evaluation 
of social media process data to optimize 
the online presence play a central role in a 
digitally set-up direct marketing. On Insta-
gram, for example, products are advertised 
via stories and sold via private message or 
the classic online store. The transition be-
tween analog and digital direct marketers is 
fluid.

4.11.2.2   Drivers of Demand 
for Direct Marketing

Trust and transparency play an impor-
tant role in the demand for direct market-
ing [BK20, WVL+15]. Both factors are mu-
tually dependent: On the one hand, trust is 
built up if  everything is transparent. On the 
other hand, transparency would not be nec-
essary if  the trust is given. When custom-
ers develop a feeling for what happens on a 
farm day by day, for example via social me-
dia, they develop a stronger connection to 
agriculture. For the marketer, therefore, it 
is always about creating a relationship with 
the origin of the product. Demand is driven 
by sustainability, heritage, and product 
quality on the one hand [BK20, WVL+15], 
and on the other hand by the rural idyll on 
the farms. Customers want to buy where it 
is still good, where it is still real, where the 
animals are treated well, can be outside and 
still have names and are not numbers. This 
relationship to the land, to the origin of 
the food and to this idyll, which is seen as 
lost, makes up the added value for the di-
rect marketer customer. The relationship to 
the origin of the product is a key demand 

4.11.1   Introduction

The external conditions for profitable pro-
duction and marketing in agriculture have 
changed sustainably in recent years, which 
puts farmers under increasing pressure to 
develop through farm-specific adaptation 
strategies [HT14]. One way out can be the 
direct marketing of products from the farm. 
Direct marketing describes the direct sale of 
agricultural products to consumers and re-
sellers as well as to bulk consumers and the 
gastronomy industry [Mün20]. On the one 
hand, digitalization is creating more and 
more opportunities to reach and retain cus-
tomers (See 7 Sect. 4.10), but on the other 
hand, many farms are also successful with-
out digital tools. In this context, the follow-
ing questions arise: How can direct market-
ing be successfully implemented in practice 
and what role do digital tools play in this?

The dynamism with which new business 
models are developing in direct marketing 
requires an up-to-date, practical view of the 
situation, which is why the following arti-
cle is based, among other sources, on an ex-
pert interview with Heike Zeller, who has a 
broad view of the practice of direct market-
ing as a consultant for regional marketing 
strategies at aHEU, as moderator, and as 
keynote speaker.

4.11.2   Status Quo of Direct 
Marketing

4.11.2.1   Analog and Digital Direct 
Marketing in Practice

Analog and digital direct marketing es-
sentially differ in the marketing work and 
the type of contact between people. One 
can imagine the saleswoman in the hus-
tle and bustle of the Hamburg fish market 
calling out offers to other people—in con-
trast to the social media manager who ad-
vertises a daily offer in her Instagram story 
from her smartphone. Completely differ-
ent activities, both are direct sales. . Tab. 
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4.11.3.3   Online Presence
Many marketers ask themselves what they can 
or should show from the farm and what is bet-
ter not to show (this question is also discussed 
in the research project “Social Media in Ba-
varian Agriculture” [HSWT21]). In this con-
text, the correct contextualization of the on-
line presentation is extremely important to 
avoid misunderstandings by the consumer. If  
the picture of a dead calf appears in the time-
line on social media without context or expla-
nation, the risk of misunderstanding is much 
higher than if something like this occurs dur-
ing an analog farm tour and can be explained 
and caught by the farmer’s family. Online, this 
is more problematic because consumers often 
cannot properly assess the husbandry condi-
tions. For example, on barn webcams, some 
concerned consumers cannot distinguish what 
are normal situations in a barn and which 
ones need an intervention. Consumer igno-
rance is also due to the gap between image and 
reality created by decades of food advertising 
[Zel21]. Advertising images, which have be-
come increasingly cheesy and unrealistic, have 
shaped the image of agriculture in the minds—
and hearts!—of consumers. Today, consum-
ers demand in reality what they were promised 
in advertising [Zel20]. Digital communication 
therefore needs to contextualize the content to 
catch up with today’s consumers.

4.11.4   Success Factors of Digital 
Direct Marketing

4.11.4.1   Location
Digital success models often emerge where 
the need for alternatives to analog solutions 
in distribution drives digitalization. This 
is particularly the case when a farm can-
not open a farm store due to its location 
or cannot supply a nearby town, and thus 
must develop other distribution channels. 
Horbacher Mühle is an example of a mill 
dealing with a remote location through di-
rect online marketing with an online store.

driver for direct-marketed products. One 
challenge is to make this visible and tangi-
ble using analog and digital tools.

4.11.3   Challenges of Digital Direct 
Marketing

4.11.3.1   Company Individual 
Usefulness

Which digital solutions are useful must be 
weighed up and determined on an individ-
ual company basis. If  the cost of creating 
and maintaining a homepage exceeds the 
expected benefit that the customer expects 
from the internet presence, it does not make 
sufficient sense. One experience was the fol-
lowing: during a consultation with a farm-
stead cheese dairy, the customer listed his 
marketing needs to me: “We need a new 
logo, product labels, delivery bills, stamps, 
vehicle lettering, roll-up”. When I asked 
him about a homepage, he replied: “No, 
we don’t need a homepage”. In his eyes, a 
company presence on the internet was not 
necessary for his marketing. Digitalization 
must not be the purpose and needs to be a 
means to an end. It is therefore very impor-
tant to weigh up for which farm or branch 
of business the changeover makes sense.

4.11.3.2   Costs and Workload
The use of digital solutions such as online 
stores or enterprise resource planning sys-
tems (for examples, see 7 Sect. 4.10) in-
curs various costs that can inhibit accept-
ance. Practical observation often shows 
that farmers are very price-sensitive regard-
ing software, although software or devel-
opment costs play a minor role compared 
to the level of  investment in AgMachin-
ery. Especially for online stores on small 
farms, the additional workload is an inhib-
iting factor for implementation, as the ad-
ditional sales are low compared to the ad-
ditional effort.
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4.11.4.3   Small Business Agility
Another opportunity lies in the agility of 
small companies, which often work on a 
small scale and can therefore implement 
customer wishes more individually, for ex-
ample via messenger marketing or social 
media. This offers niche products with a 
special target group, such as fine meat from 
ostriches, Iberico pigs or Wagyu cattle. One 
successful example of this is “Paula & Kon-
sorten” for the marketing of wool.

4.11.4.2   Generation Change
The generational change is another possi-
ble success factor, as the younger genera-
tion often brings digital open-mindedness 
and/or knowledge from other training and 
education, which can then steer business 
development in a new direction. Another 
positive factor is that older people are in-
creasingly using digital means of communi-
cation and thus also for marketing, such as 
WhatsApp.

. Fig . 4 .28 Online shop Horbacher Mühle [Hor20]

Case Study: Classic direct marketing with online store

Horbacher Mühle produces and markets 
mill products. After most of its traditional 
customers had given up, the mill faced clo-
sure in 2004. With the generation change, the 
miller family around Johannes Dobelke fo-
cused on direct marketing of baking mixes 
with a special grinding process. To make the 
mill “findable” given its remote location, an 
internet presence with an initial online store 

was established in 2008. The online store has 
been developed over the years and the order-
ing processes have been optimized by an ex-
pert for online stores in the team. Today, the 
online store carries a wide range of mill and 
bakery products for domestic and interna-
tional markets and is the central sales chan-
nel for Horbacher Mühle [Dob20, Hor20], 
see . Fig. 4.28.
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tems. The crisis had a particularly positive 
effect on marketers who supply directly to 
end customers. Sales to the hospitality in-
dustry were down because of the closures. 
Alternative marketing concepts have been 
developed with the help of newly estab-
lished initiatives. Delivery services have be-
come more important in general [BK20]. 
People have become more accustomed to 
ordering online and having goods delivered, 
including from direct marketers. Picnic is 
an example of a food delivery service that 
also deliver regional products.

Further, the demand for recreation 
and experience offers has increased in the 
COVID-19 crisis, which holds development 
opportunities for the farmer. The linkage 
of real experience, digital co-experience 
and various sales and information channels 
(cross-channel approaches) offer a real op-
portunity for customer acquisition and re-
tention in this regard. For example, when a 
mountain cheese discovered in a vacation in 
the Alps can be ordered home through an 
online store. All in all, COVID-19 has had 
a rather positive influence on digitalization 
in direct marketing.

4.11.4.4   Use of Software Solutions
For farms that struggle with digitalization, 
there are current software solutions that 
aim to meet the needs of smaller companies 
so that they do not need their own IT de-
partment (see 7 Sect. 4.10.4). These solu-
tions are particularly attractive to practi-
tioners if  they are easy to use, adaptable to 
individual farms and comparatively inex-
pensive. They should offer interfaces to any 
existing IT systems of the producers. Assis-
tance in setting up the systems and personal 
support play an important role. Such digi-
tal software solutions can facilitate the en-
try into digitization.

4.11.5   COVID-19 and the 
Digitalization

Observation in consulting practice shows 
that farmers increasingly encountered digi-
tal solutions through the COVID-19 crisis, 
for example with video conferencing sys-

Case Study: Crowdfunding project for the 
marketing of wool

Paula & Konsorten is a crowdfund-
ing project to market the wool of wan-
dering sheep in the Swabian Alb. Here, 
a very successful crowdfunding (145,698 
€ financed by 1285 supporters until the 
end of 2020, co-funding by Krombacher 
Naturstarter [Sta20]) ran through targeted 
and skillful addressing of “do it yourself” 
communities via social media, in which 
the supporters could, among other things, 
also co-determine the color shades of 
the wool. Otherwise, the approach would 
have been very time-consuming and 
lengthy. The wool project shows that suf-
ficient customers can be found for a niche 
product via the internet [Sta20].

Case Study: Delivery service for regional 
food

Picnic is an online-only supermarket, 
without a stationary store. Customers 
order products such as fruit, vegetables, 
meat, and dairy products via a special 
app. The offer includes regional products 
from farmers and bakers. Consumers can 
use the app to determine the route of the 
delivery vehicle and receive the name and 
a photo of the driver via it—Picnic re-
fers to this as the “milkman principle.” 
To successfully implement this principle, 
employees are hired specifically accord-
ing to personality. The goods are deliv-
ered free of charge [Pic20].
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4.12.1   How Digitalization is 
Changing Food Sales

In the past, everything was more managea-
ble and easier to plan: The value chain for 
food from the producer to the consumer was 
straightforward. The food industry followed 
a logically structured value chain from the 
field to the plate. Stationary food retailers 
were at the end of this chain. As intermedi-
aries between consumption and production 
and processing, retailers took over distribu-
tion, refinement, communication, and price 
balancing. Accordingly, the dependencies on 
and the need for the established food retail 
trade increased over the years.

Digitalization in the food sector is 
changing this situation fundamentally. For 
all participants in the value chain, the topic 
of digitalization is on the agenda, with dif-
ferent motivations and goals. The first step 
is usually about internal digitalization, the 
creation of more transparency, the optimi-
zation of processes and the economic sit-
uation, as well as about faster and more 
transparent communication with all stake-
holders. Technological innovations al-
low demand to be analyzed more pre-
cisely and further development to be pre-
dicted through Predictive Analytics (see 
7 Sect. 4.13). The collection and evaluation 
of data forms the basis for building new 
cycles and systems with the help of Block 
Chain technology.

Throughout the entire food industry, 
there is an expectation not only to commu-
nicate better with existing direct business 
partners in the future, but also to gain more 
information and insights overall about the 
value chain—preferably in real time—in or-
der to adapt faster and better to customer 
wishes. Silos are being broken down, inclu-
sion is the order of the day.

4.11.6   Conclusion

Successful direct marketing does not have to 
be digital, but depending on the conditions, 
digital solutions can provide added value. 
Digitalization should not be the purpose it-
self. Digitalization should facilitate, enable, 
be a means to an end, and offer added value 
to producers. This added value, can be rep-
resented by improved relationships between 
consumers and producers and better accessi-
bility to the customer, especially for remote 
farms. The farm or branch of operation for 
which digital solutions make sense, must be 
looked at on a farm-by-farm basis, although 
the factors described give a rough frame-
work of understanding. Despite all the digi-
tal solutions, direct marketing will always re-
main analog at its core, because it will prob-
ably never be possible to send a beet, a salad, 
or a cheese by data transmission.
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4.12   Digitalization in the Food 
Industry

Fabio Ziemßen 

Abstract
Technologically advanced startups are chal-
lenging established food retailers in the still 
young e-food segment. New infrastructures, 
processes, and business models are emerg-
ing. All players along the food value chain 
benefit from this development, which is evolv-
ing into a network with the customer at the  
center.
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activities on social media and via influencers 
(e.g., Instagram and TikTok).

Digitalization is changing customer 
communication. But it has a much deeper 
impact. New models, infrastructures, and 
processes are currently emerging that are 
relevant for the entire food industry.

4.12.3   “Direct to Consumer”: Not 
New, but Different

For agriculture, the model “Direct to Con-
sumer” is nothing new. After all, there 
have always been weekly markets. The re-
strictions imposed by COVID-19 acceler-
ated the development of digital farm stores 
where the customers could order boxes of 
fruit and vegetables and have them deliv-
ered, even during lockdown. Specialty gro-
cers, such as those in the beverage industry, 
also shifted even more to online sales and 
offline delivery services.

Smaller brands, in particular, have man-
aged to bypass retailers and build up cus-
tomer relevance. Brands such as “The Rain-
forest Company” (superfood), “Koro” 
(drugstore), “Foodspring” (nutrition for 
athletes), or “JustSpices” (spice blends) are 
experiencing a strong response and cus-
tomer demand online.

One example of exemplary digital cus-
tomer loyalty is the company Kale&Me, 
which specializes in juice cleanses and in-
volves its customers in its “juice cleanse sys-
tem” via subscription models and cleanses. 
But established companies like Monde-
lez and Rittersport also use the online sales 
channel to market “special editions” and 
build up customer loyalty. However, their 
online proportion is negligible compared 
to their offline sales. Here, the first vertical-
ization is taking place through the acqui-
sition of individual online shops. In 2020, 
the Oetker Group took over the online de-
livery service Flaschenpost for several hun-

4.12.2   More Transparency: Close 
to the Customer and Yet  
Far Away

The value chain is now centered around the 
customer. But direct access to the customer 
remains predominantly the preserve of 
food retailers. This development is bringing 
about fundamental changes, which in turn 
have enormous implications and offer op-
portunities for all participants of the Ag-
Food industry—if they move away from the 
image of a “chain” and start thinking more 
in terms of a “network”.

An important driver of this change are 
new infrastructure solutions. These include, 
for example, automation for recording or-
ders, machine suggestion systems, robot-
ics for more efficient picking processes, al-
gorithms for optimized route planning (see 
7 Sect. 4.10), as well as Artificial Intelli-
gence for customer interfaces and product 
range optimization. Sensor technologies 
help reduce food waste and speed up the 
process of detecting cases of fraud.

Established food retailers must face up to 
these innovations—and are being challenged 
at various points by technologically strong 
new competitors. Startups that are more IT 
and communication companies than retail-
ers are vying for customers who have high ex-
pectations regarding quality, trust, and digi-
tal services. Customers are increasingly using 
digital applications as tools for tracking their 
dietary behavior, are constantly searching for 
inspiration and information to order some-
thing, and then communicate their consump-
tion to their own “peers” or “followers” on 
social media channels. Startups specifically 
target this new customer behavior. “You are 
what you eat”: Consumption is becoming a 
statement of one’s own values. This resonates 
especially with younger customers, who de-
fine their sense of belonging through an out-
wardly communicating consumption lifestyle. 
Startups attract this customer group via their 
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proaches and pure online companies, the 
“pure players”. In between, strategic col-
laborations are also becoming established, 
such as that of the Dutch company Picnic 
with the Edeka Group and that of Amazon 
with Tegut.

Startups in the e-food market define 
themselves by their technological edge and 
their proximity to customers. Some just 
aim to link supply and demand better. Oth-
ers bring together participants in the value 
chain to form a network. Examples of this 
include “crowdfarming” (buying together 
from a farmer) or “crowdbutching” (buy-
ing a cow together and using all slaughtered 
parts). Startups help match customers with 
suppliers.

Until now, food retailers had a strong 
function as quality assurers and curators. 
Customers could trust the tested product 
ranges. This is precisely where the startups 
are now positioning themselves. For exam-
ple, they are now acting as retailers by of-
fering shopping options from partner retail-
ers via shopping apps such as “Instacart”. 
Some companies work directly with manu-
facturers—but only if  the appropriate dig-
ital interfaces are in place. Other startups 
have opened digital marketplaces and sub-
scription models, for example for leftover 
goods (Motatos), dishes (Hellofresh), and 
specialties (Gourmondo).

4.12.5   New Distribution Channels: 
“Tiny Stores, Dark Stores, 
Ghost Stores”

In addition to the new business mod-
els, new infrastructures are emerging. The 
need for contactless shopping in the age of 
COVID-19 is accelerating the development 
of new “customer touchpoints”. These in-
clude “Tiny Stores”, which do not require 
staff  and are filled by producers in the 
evening. Customers order online and can 
pick up their goods or food directly from 

dred million euros, according to media re-
ports, and the Swiss Nestlé Group acquired 
a majority stake in the British cooking box 
provider “Mindful Chefs”.

Ultimately, the “Direct to Consumer” 
solutions presented here are also examples 
from the “e-food” segment. The term elec-
tronic food (“e-food”) is used to describe 
the purchase of food via digital sales chan-
nels. In marketing practice and scientific 
market research, terms other than e-food 
are also in use, such as online grocery re-
tailing (OGR), online food retailing, online 
grocery shopping, and electronic grocery 
shopping (EGS).

Farmers are also benefiting greatly 
from the increasing digital buying behav-
ior of consumers. On the one hand, a visit 
to a farm is part of an authentic shopping 
experience; on the other hand, the digi-
tal presence of a farm store is increasingly 
accepted and desired. Different meta-ser-
vices aggregate demand and bring custom-
ers and farmers together on their platforms. 
The company “Bauernbox” in the Münster-
land region and the company “Bauerntüte” 
in Cologne, which market regional products 
directly from the producers, are already well 
established. The “Höfegemeinschaft-Pom-
mern” goes one step further: Startups such 
as “LunchVegaz” or “Tlaxcalli” have set 
up shop locally in Rothenklempenow so 
that they can offer their products not only 
on the farm but also online. This creates an 
ecosystem consisting of growers, producers, 
and marketing within a small area and of-
fers maximum transparency and traceabil-
ity.

4.12.4   E-Food Startups: New 
Models, Processes, 
and Infrastructure

Various players are currently position-
ing themselves in the e-food segment: tra-
ditional retailers with multichannel ap-
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pertise and present the customer with a 
complete brand world. The great art lies in 
transferring this online experience offline—
for example, with an “unboxing experi-
ence” when the customer receives goods or 
through pop-up stores as brand experience 
locations for better customer loyalty.

4.12.7   The Digital Path to “B2B2C”

For all participants in the food industry, the 
digital transformation not only improves 
performance and merges processes with 
those of other participants, but also cre-
ates new business opportunities. These in-
clude, for example, collaboration on overar-
ching platform solutions that flexibly adapt 
to changing customer needs.

In addition, there is an opportunity for 
traditional B2B companies to make the 
leap to B2B2C. If  it fits their strategic ori-
entation, they can address new customer 
groups online in the future and do business 
with them. In this context, it is advisable to 
work in partnership with the e-food startup 
scene, for example as part of corporate ven-
turing activities. For this, however, compa-
nies do not only have to provide the finan-
cial and technical capacities; a new way of 
thinking and an agile approach are also 
necessary.

Yesterday’s value chain may seem more 
solid, more manageable, but the impact of 
digitalization has already broken up the 
chain in many places and replaced it with a 
complex network. This requires a quick re-
think, because for all digital models, in the 
end the winner is the one who has data sov-
ereignty and access to the customer and of-
fers customer-centric solutions in distribu-
tion and communication in addition to per-
formance marketing.

a locker in the Tiny Store. With HelloF-
reshGo, HelloFresh also offers a POS solu-
tion in the form of automated vending ma-
chines for fresh convenience products.

Furthermore, supermarkets are increas-
ingly being converted into distribution 
centers, so-called “Dark Stores”. In larger 
cities, “Ghost Stores” are springing up. 
With these mini distribution centers, e-food 
retailers promise lightning-fast delivery 
within 10 min to any location in the city. 
The company Gorillas was able to convince 
investors with this approach and raise 44 
million euros in 2020.

4.12.6   Agile Approach: Learning 
from the Start-ups 
and Joining in

The agile, step-by-step approach is the 
startups’ big advantage; e.g., the fact that 
they build their IT infrastructure from 
scratch. This allows them to incorporate 
purchasing data and changing user be-
havior into their business decisions almost 
in real time. They can also optimize pur-
chase suggestions and personalized user in-
terfaces at high speed and further improve 
the customer experience. Shopping and de-
livery are becoming faster, easier, and more 
compelling for customers.

Traditional food retailers must keep 
pace with this development. They must up-
grade both technically and in terms of the 
digital presentation of their products be-
cause online customers are increasingly less 
interested in detailed product features and 
more in the “story”, the “shopping experi-
ence” that is conveyed. With intuitive user 
interfaces (User Experience), the pure play-
ers convey confidence in their own food ex-
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same time. But, especially since our gener-
ation is in a position to help shape this im-
portant development right now, it is now 
the right time to demystify [GRU19]. How-
ever, in many areas there is still a lack of 
ideas on how to make use of AI. But it al-
ready helps us on a daily base, mostly un-
noticed, from daily shopping to analysis 
in quantum physics and the fight against 
COVID-19, and as well in the sector of 
large-scale agriculture.

AI basically means computer-aided pro-
cessing of data, the results of which become 
more and more accurate over time. To make 
it more tangible: an ordinary e-mail spam 
filter is an example for AI already [KOS19]. 
The intelligent filter checks the e-mails that 
you moved to the trash or spam folder, finds 
similarities on its own and learns to clas-
sify them. The software does not know what 
spam is at all, but it makes suggestions. If  
the result is not correct and an e-mail has 
to be taken out of the spam folder again by 
the user, the software adjusts the algorithm 
slightly. In this way, the program is tested 
again and again and “learns” to recognize 
patterns and regularities. This experience 
leads to ever better results, recommenda-
tions and predictions [ENG18].

This kind of machine learning is heav-
ily turning into a key technology in IT. In 
agriculture, AI already plays a role, for ex-
ample, when it comes to “smart farming” 
such as the digital farm management sys-
tem other authors of this anthology im-
pressively demonstrate (see 7 Sect. 3.5.5). 
The analysis of soil samples, plant and 
weather data, for example, can help to find 
the right dosage of fertilizer. In this sense, 
the project “ArtIFARM – Artificial Intelli-
gence in Farming” of the University of Ap-
plied Sciences in Stralsund pursues the goal 
of using smart farming approaches to make 
more effective use of operating resources 
and at the same time improve the CO2 bal-
ances of agricultural enterprises [HOC20].

4.13   Artificial Intelligence 
and Sustainable Crop 
Planning: Better Planning 
and Less Waste Through 
Digital Optimization

Wolf C. Goertz 

Abstract
Organic vegetable production has very high 
production costs. Thus, farmers suffer greatly 
from price and market fluctuation, especially 
when it comes to overproduction (prices be-
come too low) and out-of-stock situations 
(prices become high but there is nothing 
left to offer). As a result, it may take several 
years before a new organic farm can oper-
ate profitably. These problems deter farmers 
who are willing to convert to sustainable pro-
duction. This essay is based on the hypothe-
sis that precise recommendations for farmers 
what vegetable and variety to grow can facil-
itate a conversion to sustainable production. 
Precise recommendations are now conceiva-
ble, thanks to the increasing development of 
learning algorithms (artificial intelligence). 
To make artificial intelligence usable for 
small- and medium-sized farms, we need to 
decide which recommendation and informa-
tion may make sense for farmers to share and 
let calculate through intelligent algorithms. 
These questions are addressed in this article.

4.13.1   Artificial Intelligence—
Mystery or Helpful Tool

Artificial Intelligence, is one of the hot top-
ics in the IT industry (see 7 Sect. 3.5). Usu-
ally, it goes hand in hand with seemingly 
all-encompassing terms such as “algo-
rithm” and “Big Data”. Behind these terms 
some entrepreneurs of traditional indus-
tries may assume something very big, mys-
terious and sometimes frightening at the 
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many food products are thrown away and 
thus produced for nothing [IPC19]. Espe-
cially in the case of perishable products 
such as fresh organic vegetables, produc-
ers prefer to produce too much rather than 
not being able to deliver [KRA12], which 
in case of sustainable produced vegetables 
is extremely cost-intensive. This maladmin-
istration leads to a situation, where many 
organic farmers have no chance to antic-
ipate the real market need and the prices 
paid by the market players once the vegeta-
bles are ready for harvesting. It also is one 
of the main entry hurdles for new produc-
ers [BB03]. The expansion of areas of exist-
ing organic farms is also limited by the lack 
of market information. Many farm manag-
ers say that they would like to grow more 
or different, e.g., cultivate rare and old veg-
etable varieties for the regional market, 
but do not venture into new areas because 
of the uncertainty in sales. Thus, we shall 
sharpen our research question: How can AI 
help farmers to anticipate sales and decide 
which vegetable to grow and in which quan-
tity?

4.13.3   Thinking Vegetable 
Production and AI Together

Farmers constantly have to make decisions, 
especially about which crops they grow 
and how much of them. It is crucial that 
in the end there is demand for the products 
and that they can therefore achieve a good 
price. But is this even possible to support by 
AI?

At least in online trade and reselling, AI 
is already helping to increase profit. There, 
learning algorithms analyze factors such as 
overall market development, market prices, 
market potential, and even weather and 
sales history to make suggestions on which 
products shall be ordered by the retailer 
and what reselling prices he/she can possi-
bly achieve. Following the AI suggestions, 

As will be shown in the next section, a 
switch to sustainable production methods is 
increasingly desired by society and politics 
and is—technically—possible. If  it is true 
that AI can make a meaningful contribu-
tion in almost all business areas, it should 
also be possible to create a case of applica-
tion for organic vegetable growing, which, 
as a result, may make it easier for farm-
ers to convert to organic production. The 
question discussed in this essay is therefore: 
How may AI help to make vegetable grow-
ing more efficient?

4.13.2   Why Don’t You just Go 
Sustainable?

Like all parts of agriculture in Germany, 
vegetable production in Lower Saxony 
faces the challenge of producing safe and 
healthy food with the least possible nega-
tive impact on the environment. Many cul-
tivation techniques of regenerative and eco-
logical production can conserve or even 
process ecological resources such as biodi-
versity or soil structure [TWM+14]. In its 
sustainability strategy, the German govern-
ment has therefore set the goal of increas-
ing the proportion of agricultural land with 
organic farming to 20% by 2030 [BUN18]. 
However, the current share of 9.1% in Ger-
many (ca. 4% in Lower Saxony) is still far 
from this target [BME20]. This is remarka-
ble, as the market for organic food in Ger-
many has been growing for years [AMI19]. 
Why is this share still so low?

In organic horticulture, this small 
share is characterized by many small fam-
ily-owned farms. Due to the high costs 
and the lack of willingness to innovate, 
small and middle cultivating farms are of-
ten helpless in the face of digitalization. 
Those farms will only have a chance to 
keep up with the large farms if  they join 
forces and work closely together. More-
over, in the food value chains in Europe, 
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digitalization. The basis of price forecasting 
is the access to data on relevant factors on a 
larger scale.

4.13.3.1   Data
The decisive factor is that “data [rarely] al-
ready exist in such a form that learning al-
gorithms can be applied to them with-
out difficulty. On the contrary, it is usually 
a very complex process to prepare data in 
such a way that they can be used as mate-
rial for machine learning processes” [ES18]. 
Thus, it becomes a central question of how 
this can be addressed accurately. As a rule, 
a distinction is made between primary and 
secondary data, with primary data only be-
ing directly generated by the farmer and 
secondary data already available from other 
sources (such as magazines, market reports, 
credit agencies, trade directories, cata-
logues, price lists, advertising material, and 
internet research) [BIC10]. Primary data of-
fer the advantage of being geared to solving 
decision-making problems, but their collec-
tion involves greater effort than the use of 
secondary data. Therefore, the development 
of suitable systems for primary data acqui-
sition is becoming increasingly important. 
This is the task of the Vegetable-Cloud 
project. Among other things, the follow-
ing questions are discussed in this project: 
1) Which data of which parameters must be 
available for a suitable learning algorithm, 
2) how can they be collected, 3) how can 
the results be used to guide action?

4.13.3.2   Factors
First of all, it should be noted that possible 
learning algorithms are not a classification 
like in the spam-filter example (spam or 
non-spam), but much more of a regression. 
Similar to a multiple regression analysis, it 
is important to recognize a connection be-
tween multiple factors based on their val-
ues. This should help to make predictions. 
It can be assumed that a horticultural busi-
ness can increase its profit and strengthen 

according to a McKinsey study from 2018, 
“a reduction of up to 65% in lost sales due 
to out-of-stock situations and a reduction 
of between 20–50% in stock levels are pos-
sible” [GLÄ18].

A feasible example that points in a sim-
ilar direction is the “BAReS” app for farm-
ers in Bavaria. It offers a promising way 
to support small and medium-sized farms. 
There, regional purchase and sales prices 
for market crops are to be recorded by 
farmers and made available to users in real 
time. This increases the “bargaining power” 
of the individual farmer. The app is in-
tended to give farmers a knowledge advan-
tage over retailers. Based on the prices re-
ported by the farmers, the app calculates a 
comparison price at the district level. This 
is coordinated with the delivery quantity, 
transport costs and current price develop-
ment at the futures exchange market. The 
prerequisite for the creation of the regional 
comparison price is that enough farmers 
enter the prices they got for their crop and 
fruit. In order to be able to record enough 
prices, the principle of give and take applies 
to the app. Members must enter at least 12 
prices per year in the app themselves.

This app can only show the actual price 
ranges, so that the farmer has a stronger 
background for bargaining. This is a down-
stream process, helping after the processes 
planning, growing, and harvesting.

The Vegetable-Cloud project recently in-
itiated by the Chamber of Agriculture of 
Lower Saxony and the start-up Foodsup-
ply from Osnabrück follows the idea to use 
market data like that to be used in a frame-
work to predict a forecast of the possible 
prices of certain products. Thus, the aim 
is to help the farmers in their decision be-
fore growing and harvesting. Theoretically, 
exactly the advantages of the BAReS app 
could be transferred. However, the BAReS 
app is an exception and operates only lo-
cally. Moreover, the sector “trade” and the 
sector “agricultural primary production” 
differ immensely in terms of their degree of 
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CBot provide information on price trends. 
In addition, farmers use information ser-
vices such as the commodity letter from 
“KS-Agrar” or the information service 
from Kaack-Terminhandel to keep up to 
date with market developments and consult 
them for future crop planning. These open 
data can also be used as indicators for crop 
planning. In the vegetable cultivation sec-
tor, quarterly market reports from the Fed-
eral Agency for Agriculture and Food can 
be used. However, there is a lack of digital-
ized data that can be used, especially for or-
ganic farming.

New data platforms must be created for 
a more dynamic exchange between farm-
ers themselves and between buyers/trad-
ers and farmers. Start-ups such as Food-
supply, House of Crops or Cropspot are al-
ready demonstrating this to some extent. In 
the foreground for the collection of this pri-
mary data, especially prices and quantities, 
parallel efficiency-enhancing services must 
be developed to support farmers in opti-
mizing their business processes and in sell-
ing their products. Network-oriented plat-
forms aimed at cultivation planning in the 
regional context of the farms must be fur-
ther expanded. Only with the central data 
exchange of small and medium-sized farms 
can potential market developments for the 
future be identified more quickly.

4.13.3.4   How are the Results 
Communicated?

Using AI/machine learning, the data 
thus obtained can be evaluated more and 
more precisely over time. Prices, competi-
tion and demand potentials can be gener-
ated and communicated as estimates and 
action-guiding recommendations on de-
mand. This strengthens the autonomy of 
the builders, prevents monopolies and ol-
igopolies (as they receive a range of ad-
vice and can still make their own decisions) 
and gag contracts (as they are not depend-
ent on one buyer). In the future, companies 

its market position if  a precise assessment is 
made of the time at which sowing is prom-
ising based on future prices. It can also be 
assumed that digital platforms can even 
strengthen regional markets.

For this purpose, besides the above- 
mentioned factors such as regional and in-
ternational price and exchange develop-
ment, the duration of cultivation (time 
from sowing to harvest), which is partly 
field-dependent, and the current cultivation 
plans of the regional co-suppliers must be 
known for each vegetable crop in order to 
avoid parallelism and thus, again, overpro-
duction.

In addition, the software needs informa-
tion on influencing weather data on an in-
ternational scale and should be able to esti-
mate when which foreign crops could come 
onto the market and at what price.

Also, information about the over-
all market development in Germany and 
worldwide, as well as global nutritional 
trends (increased demand for organic prod-
ucts in China could possibly lead to lower 
cheap imports) are important. Further 
quantity information and data on overpro-
duction and shortages are necessary. In or-
der to better assess consumer behavior, data 
on changes in regional income is impor-
tant. If  a smart farm is set up on the farm, 
data on soil and plants could provide the 
AI with further valuable information. It 
will be necessary to differentiate these data 
for individual vegetable crops in order to 
make precise and differentiated predictions. 
The demand of the downstream parts of 
the supply chain should, if  possible, be re-
corded historically and up-to-date. Thus, 
cooperation with new and established trad-
ing companies must also be sought.

4.13.3.3   Sharing is Caring
In related areas of the industry, such as 
trade in corn, wheat or sugar, data on trade 
is already being used by AI-systems. Dif-
ferent exchange markets such as Matif  or 
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will have to work together according to the 
principle of swarm intelligence. The deci-
sive factors are the sales volumes, the price 
achieved, the actual desired price, and then 
a should-is comparison. This gives swarm 
intelligence the ability to recognize that 
many others are planning to grow a par-
ticular fruit. In this way, the AI   can recog-
nize at which point farmers themselves, but 
also the others, have farmed according to 
their ideas and thus in turn free scope for 
exploratory cultivation vegetable and crops 
that have not been in scope before.

4.13.4   Conclusion

This section discusses the potential that AI 
has for the expansion of sustainable vegeta-
ble growing. Precise, computer-supported 
cultivation planning is not only possible 
for large trading companies, but also in a 
joint network of small and medium-sized 
organic farms. Prerequisites are open-
ness of the farms to share true data of the 
own farm and their own estimations anon-
ymously. In order for farmers to do this, it 
is important to offer an easily accessible in-
terface and to provide them with well-pre-
pared data so that they can see their own 
benefit directly and in real time for their 
own farm.

This would make it easier for conven-
tional horticultural enterprises to con-
vert to sustainable production, as supply 
and demand can be presented immediately 
in a logical manner. With greater sales se-
curity, it will also be possible to cultivate 
rare crops. This will also contribute to even 
greater regional bio-diversity and independ-
ence from international supply chains. In 
addition, surplus (under-ploughing) and 
profit losses due to shortfalls will be mini-
mized.
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abled substantial increases in absolute pro-
duction (total tons produced) in response 
to steadily increasing global demand 
(. Fig. 5.1), increases in harvested yield 
(tons/ha) (. Fig. 5.2), and in overall agri-
cultural productivity (. Fig. 5.3). The con-
sequence of all this, for consumers in devel-
oped countries, is that the cost of food as 
a proportion of household expenditure has 
consistently fallen over the period. In the 
UK, in 1960, food represented over 25% 
of household expenditure, in 2020 it is less 
than 10% (source: UK ONS). Addition-
ally, during this period, the range of foods 
available to consumers has increased dra-
matically, and independent quality stand-
ards regarding the environment, agricul-
tural production systems and supply chains 
have also been established. In summary, the 
ag industry has responded to demand from 
consumers—who now benefit from greater 
choice, reliability of supply, and competi-
tive pricing than ever before.

5.1   Arrival of Digital Ag at Scale: 
The Farming Perspective

Tom Green 

Abstract
Digital Ag is strongly influencing the prac-
tice of farmers. This section discusses the in-
fluence on various farming systems and re-
lates Digital Ag to production factors. It 
provides an overview of the suite of digital 
tools that can be used by stakeholders and 
discusses what is needed to bring Digital Ag 
to scale.

5.1.1   Background and Context

The past six decades of modern field scale 
agriculture have been characterized by tre-
mendous innovations in mechanization, 
plant protection, nutrition, and genetics. 
These innovations have supported and en-

. Fig . 5 .1 Total global ag production 1960–2011
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ity to meet the challenges of the future, 
both in food demand, and how that food is 
produced, processed and delivered to con-
sumers. I insert the words in theory because 
there remain many impediments to success-
ful deployment of Digital Ag at scale, these 
are discussed in 7 Sect. 5.1.6.

5.1.3   How Come?

The main drivers for the arrival of Digital 
Ag at scale are common to many other in-
dustries which are also benefiting from and 
being reshaped by the digital revolution, 
these include:
5 unlimited availability of cloud storage
5 unlimited availability of data processing 

capacity
5 widespread application of machine 

learning (ML) and artificial intelligence 
(AI) in product development

5.1.2   What’s New?

Digital Agriculture is not new—many of 
the benefits and performance improvements 
referred to above have already been made 
possible by digital technologies. The most 
obvious of these is perhaps the Global Po-
sitioning System (GPS) and other satellite 
positioning and navigation systems which 
enabled the first combine yield mapping in 
the 1980s, and subsequent innovations in-
cluding variable rate application (VRA) 
which offers input efficiency gains, and con-
trolled traffic farming (CTF) which has of-
fered reduced soil compaction, both of 
which have now been widely adopted. What 
is new is the prospect of these technologies 
and many more digital solutions becom-
ing available, in theory, at scale, as the ti-
tle of this section suggests. That is a game 
changer: Digital Ag available at scale of-
fers a paradigm shift in our industry’s abil-

. Fig . 5 .2 Increasing agricultural yield 1961–2018
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5.1.4   So What? The Prize

The prize offered by successful exploita-
tion of Digital Ag at scale is of global sig-
nificance and is capable of becoming ma-
terially impactful not only for farmers and 
farm businesses, but also for the future 
well-being and flourishing of our planet, 
humankind, and all of the biodiversity with 
which we co-habit.

Digital Ag offers the opportunity for 
farmers to farm to biological potential with 
nature. That means understanding and be-
ing able to measure and monitor:
5 crop phenology, physiology, and pathol-

ogy
5 soils
5 livestock and its interaction with the 

farming system and environment
5 weather and climate

5 widespread connectivity opportunities 
including Satellite (GPS) Radio trans-
mission, NB-IoT and LoRaWAN, ena-
bling real-time remote sensing

5 improved manufacturing of hardware 
devices including circuit boards

5 widespread availability of Open APIs 
which enable access to, and sharing of 
proprietary software and web-based 
tools

As each of these elements have become 
more widely available so has their cost of 
adoption come down, often by orders of 
magnitude. Additionally, these features 
have encouraged and enabled synergistic 
combination of complementary technology 
disciplines—this has also led to improved 
user experience and value, and progressive 
reduction in cost of deployment.

. Fig . 5 .3 Increasing Agricultural Productivity 1961–2014
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The distribution of average crop yield is 
typically depicted as a classic “bell-curve” 
(. Fig. 5.4). If  this curve was depicting the 
UK wheat crop, then the peak of the curve 
would be approximately 8 tons per hec-
tare, with the flanks representing extremes 
of poor and good performance with “High 
Performers” delivering 10-12t/ha and “Low 
Performers” 4-6t/ha. The opportunity and 
prize offered by Digital Ag is to reposition 
and reshape this curve:
5 eliminating crop failure
5 reducing sub-optimal performance
5 increasing proportion of high yielding 

crops and those which get close to or 
meet biological potential

This “Prize” is not just about improv-
ing yield, productivity, and financial per-
formance—it also enables farmers to farm 
more sustainably. The same tools which 
are deployed to enhance yield and decision 
making around cropping plans and grow-
ing systems also enable the farmer to mon-
itor performance in relation to the environ-
ment. Furthermore, it is often the insight 
offered by digital tools that demonstrates 

5 carbon footprint of different crops and 
growing and post-harvest handling sys-
tems

Digital Ag tools enable decisions to be sup-
ported by objective data sets, modeling and 
analysis that go far beyond the capacity of 
what the farm manager can observe. This, 
combined with the farmer’s experience and 
judgment, ensures that decisions of What? 
Where? and How? to grow can be opti-
mized. What crop(s) and rotation are most 
suited to this location, to the soils, topog-
raphy, and climate? And with all such deci-
sions capable of being made on a regional, 
local, field, and sub-field scale. These huge 
digital data sets, largely gathered remotely, 
when combined with knowledge of plant 
growth models, enable the farmer to make 
every judgment and decision against the 
background of the theoretical biological 
potential for that precise location and crop. 
This is a new dimension from which to view 
agriculture, allowing the farmer to method-
ically harness all the natural benefits of-
fered by nature, deploying technologies to 
dramatically enhance performance.

. Fig . 5 .4 Bell-curve distribution of agricultural yield
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5 cropping, cultivations, inputs, and out-
puts (yield)

5 soil health, including soil organic matter 
content and carbon, water percolation 
rates, biodiversity, and nutrient status

5 weather and climate conditions
5 above and below ground physical meas-

ures capturing crop canopy and rootzone 
conditions

5 presence and prevalence of indicator 
species and biodiversity

These measures will inform predictive mod-
els including:
5 crop growth
5 crop disease susceptibility
5 harvest maturity, quality parameters, 

and yield

Choices of management practice including:
5 crop choice and rotation
5 variable rate cultivation, seeding, ferti-

lizing, crop protection and irrigation

Most digital data collection is accom-
plished remotely and automatically by de-
vices which are capable of deployment be-
low ground in the rootzone, in or above 
the crop. Devices may be fixed, handheld, 
machine mounted or, for aerial imaging, 
mounted on drones, aeroairplanes, or sat-
ellites. Satellite imaging is the best example 
of “scale” where global coverage is availa-
ble at increasingly high image resolutions—
this offers the prospect of very low cost per 
unit area analysis.

5.1.5   Who Cares?

Good news for Digital Ag at scale is that 
there is strong demand for it. This comes 
from the following key constituencies:
5 Farmers
5 Consumers
5 Brands
5 NGOs and Government regulators

how farming more sustainably can also 
be the key to increased crop yield and im-
proved long-term financial performance. 
Sustainable farming is a “journey” not a 
“destination”; it is a process of continuous 
improvement which is enabled by monitor-
ing and measurement of key environment 
metrics both above and below the ground—
these include many indicators of biodiver-
sity; soil, water and air quality; and poten-
tially a life-cycle “true cost” analysis of all 
production. Digital Ag at scale makes this 
possible.

Global agriculture is responsible for 
substantial greenhouse gas emissions 
(GHG), and thus is correctly identified as 
a major cause of climate change (see also 
7 Sect. 1.4); what is discussed less fre-
quently is the role played by crops and 
farming systems to remove CO2 from the 
atmosphere and, furthermore, for a propor-
tion of the carbon absorbed by plants as 
they grow to become sequestered (Carbon 
Sequestration) in the soil (see 7 Sect. 4.5). 
This narrative of agriculture becoming 
a major part of the solution to climate 
change, referred to as Regenerative Ag-
riculture, sees farmers seeking to change 
their farming systems in ways that demon-
strate year on year improved sustainability 
and carbon footprint. The demonstration 
of carbon capture by this means offers the 
prospect of an entirely new income stream 
for farmers as they sell carbon credits in 
the future. In the USA, Indigo Ag is pay-
ing farmers approximately $15/ton for car-
bon capture. This whole subject area is en-
abled by Digital Ag which, by monitoring, 
measurement, and data-driven objective ev-
idence, not only informs change of practice 
on the farm, but also describes impacts and 
outcomes.

The suite of digital tools which a farmer 
may wish to deploy includes:

Real-time and historic analysis, at re-
gional, local, field or sub-field level (poten-
tially down to cm accuracy) of:
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5.1.6   Where’s the Catch?

The good news is that today global farming 
systems have unprecedented access to trans-
formational new technology which is ca-
pable of dramatic economic, environmen-
tal, and social impact (see Chapt. 3). The 
bad news is that technology companies rou-
tinely fail to deliver the benefits that they 
promise, and farm adoption of new tools 
and practices is fragmented and slow. Too 
often, individual technology companies 
are inhibited by their “siloed” approach to 
R&D (see 7 Sect. 2.8). While this high level 
of focus has benefits, especially in early 
stage companies and novel technology de-
velopments, the downside is frequent fail-
ure to embrace complementary technolo-
gies which, when deployed together, result 
in outcomes greater than the constituent 
parts would imply.

Technology adoption on farm is inhib-
ited by many factors including:
5 farmers’ limited financial resources, of-

ten a consequence of overall farm cash 
generation, and other more pressing 
calls on cash than new tech investment

5 limited human resources, especially 
lacking expertise in technology, and 
over stretched management

5 lack of “interoperability” between tech-
nologies, and failure to deploy comple-
mentary, synergistic new technologies. 
This results in poor return on both time 
and financial investment, consequently 
undermining confidence. Lots of farm-
ers have had bad experiences with un-
derperforming or failed technology.

5 nervousness of system change especially 
when there is only one harvest each year

5 financial and reputational commitment 
to previous years’ technology invest-
ments

This mixture of inhibitors both on farm 
and inside technology companies re-
sults, too often, in technology deployment, 

Farmers want Digital Ag tools because they 
want to produce more (crops and profit), 
produce better, and do so sustainably. Dig-
ital tools enable them to balance these four 
goals. Digital tools are not only capable of 
decision support and decision making, but 
also critically, they provide the auditable 
evidence base and justification for all deci-
sions. This will grant access to the premium 
consumer and brand markets described  
below.

Consumers want digital tools because, 
increasingly, they want to see evidence that 
the food that they are buying for their fam-
ilies is healthy and safe and has been pro-
cured via a sustainable supply chain. This 
goes beyond commonly available “tracea-
bility” and seeks to give deeper insight into 
provenance, ingredients, life cycle analysis 
and carbon footprint. Consumers are in-
creasingly aware of and concerned about 
issues of pollution and the environmental 
impact of the supply chains that they de-
pend on; Digital Ag will enable premium 
supply chains to demonstrate positive per-
formance over a range of such measures 
and will inform robust independent con-
sumer assurance standards.

Brands respond to consumer trends, 
and hence their procurement, production 
and distribution practices all need to evi-
dence delivery of the consumer demands 
described above. Leading Brands and retail-
ers will seek to be “ahead of the curve,” try-
ing to shape their supply chains and sup-
plier (farmer) relationships to exceed con-
sumer requirements.

NGOs and Government regulators are 
at the forefront of policy creation in this 
area. Democratically elected governments 
are strongly guided by consumer trends and 
demands. There is growing evidence, with 
widespread adoption of “Net-zero Carbon” 
targets being adopted by governments, that 
Digital Ag will be required to play a pivotal 
role in national food, ag and environmental 
policies in the future (see 7 Sect. 1.6).
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but do so also in a manner that increas-
ingly protects and enhances our planet and 
each of the ecosystems that farmers inter-
act with. The challenge that remains is the 
gap between the theoretical arrival of Dig-
ital Ag at scale and the reality in practice 
on the farm. My sense is that there is still a 
way to go; the deployment challenge should 
be uppermost in the minds of technology 
companies.

5.2   The Digital Revolution, 
a Performance Accelerator 
from a French Perspective: 
The Issues and a Panorama 
of Possibilities for French 
Cereal Crops

Emmanuelle Gourdain, Géraldine Hirschy and 
Mehdi Sine 

Abstract
This section follows the classical crop man-
agement process starting with field observa-
tion, analysis and decision, and action. Spe-
cific digital product examples combined with 
scientific publications show how this crop 
management process can be digitally sup-
ported today. The focus is on French cereal 
farmers, including selected examples from 
other field crops.

5.2.1   Introduction

Agricultural activity has become a source 
of big data, through the use of sensors, 
software and telecommunications net-
works. By endowing itself  with new skills 
in data science, and through advances in 
modeling, R&D must transform these data 
into knowledge to render them useful, usa-
ble and being used by farmers in their de-
cision-making processes or directly by ag-
ricultural equipment, which is becom-
ing increasingly automated and accurate.  

which is sub-scale, cautious, and lacking in 
“buy-in” from all stakeholders. This threat-
ens to impair or destroy the paradigm shift 
in environmental sustainability, farm pro-
ductivity, and consumer assurance that is 
offered by the Digital Ag revolution. Suc-
cessful addressing of these issues will re-
sult in accelerated and de-risked technol-
ogy development and deployment. Failure 
to do so risks a loss of confidence in many 
areas that offer such value, and hence the 
cost and frustration associated with years  
of delay.

5.1.7   Outlook

A concentrated demonstration of Digital 
Ag can be seen in vertical farms (VF) where 
the entire growing system is contained in 
a digitally controlled environment. While 
there are challenges around financial re-
turns from VF, evidence of transformed 
productivity and environmental sustaina-
bility is impressive. The Digital Ag revolu-
tion of the 2020’s will see many of the tools 
used for micro-management in VF, (remote 
sensing, machine learning, crop specific al-
gorithms and plant by plant agronomy), 
also deployed on an open field scale. The 
combination of this micro-management 
with similarly novel macro-management 
and insight from satellite derived monitor-
ing of crops, fields and entire ecosystems is 
of sufficient power and potential to deserve 
the description revolution.

Where the deployment challenges re-
ferred to above (in 7 Sect. 5.1.6) can be 
overcome, this revolution will hasten and 
de-risk R&D and create new value and pre-
miums through enhanced performance and 
transparent insight. This is a new dimen-
sion which offers previously unimaginable 
scrutiny and control to farmers, consumers, 
brands, and regulators.

We can be optimistic that Digital Ag 
can not only respond to the demands of 
growing population and changing diets, 
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La Ferme Digitale, an association founded 
in 2016, aims to combine forces in the 
French environment and to ensure that its 
voice is heard by the French government 
and the European Commission. The forty 
or so start-ups belonging to this association 
have raised 270 million Euros to date, 60% 
of this sum in 2019. Other recent initia-
tives have demonstrated the dynamic nature 
of the French AgTech sector, including the 
AgDataHub initiative, which raised 3.7 mil-
lion Euros in 2020 with the aim of provid-
ing French and European agriculture with a 
shared, sovereign, technological infrastruc-
ture of consent, data storage and exchange.

Since 2016, Arvalis-Institut du végétal 
has been accompanying this movement by 
dedicating three of its experimental farms 
to the application of the most recent tech-
nologies, for their evaluation, and to facil-
itate the digital transition in agriculture. 
These field-testing facilities, known as Di-
gifermes®, have since been extended to 
other sectors of the network of technical 
institutes, and now comprise 13 experimen-
tal farms [BP17]. Digifermes® are charac-
terized by the application of this approach 
to the entire cycle, while ensuring that the 
needs of the farmers are always at the heart 
of the system, particularly as concerns 
working comfort, the triple performance 
(economic, environmental, and social) of 
the system and control over processes. In 
this cycle, various different technologies 
and methods are used and must be mas-
tered: sensors for observation and meas-
urement, IoT and associated telecommu-
nications networks, and the cloud for data 
transmission and recording, data platforms, 
and modeling for data analysis and process-
ing, Decision Support Systems (DSS) to 
help the producers to make decisions and, 
finally, precision agricultural equipment or 
robots to ensure precise, efficient interven-
tions. Other farm networks are being devel-
oped with the same goal, serving as a “liv-
ing laboratory,” a laboratory of open inno-
vation. These networks include the Fermes 

Decision support systems (DSSs) are one 
of the means being developed to meet some 
of the needs of producers. These tools are 
increasingly based on the coupling of mod-
eling and sensor data. Crowdsourcing, the 
Internet of Things (IoT) and artificial intel-
ligence, including machine learning in par-
ticular, are providing new opportunities, 
which are beginning to be explored. Never-
theless, these tools must increasingly be in-
tegrated into the logistics of software plat-
forms, which requires a real effort to ensure 
interoperability, particularly with agricul-
tural equipment, and, in the future, with ro-
bots. The deployment of these technologies 
is quite contrasted in France and their ap-
propriation by farmers depends heavily on 
the service provided and the gains made.

In this section, we use the definition 
of Digital Agriculture initially proposed 
by [BH16]: an agriculture that uses Infor-
mation and Communications Technology 
(ICT), that is, data acquisition (satellites, 
sensors, connected objects, smartphones, 
etc.), transfer and storage (3G/4G cover, 
low-speed terrestrial or satellite networks, 
clouds) technologies, and embarked or re-
mote processing technologies (supercalcu-
lators accessible via communications net-
works). These technologies can be used at 
all scales of agricultural production and of 
the agroecosystem, at the level of the indi-
vidual farm, in outreach and advisory ser-
vices, or at larger scales, such as an agricul-
tural region or the upstream–downstream 
value chain.

Economically, the AgTech sector is still 
largely dominated by the United States and 
Asia/India, which account for 90% of the 
funds raised in this sector over the last five 
years (155 billion Euros). Europe struggles 
to reach about 10%, while France, the lead-
ing agricultural power in Europe, lags be-
hind at 2%. However, this does not neces-
sarily mean that France is not dynamic, 
and in 2017, almost 200 start-ups operat-
ing in the agricultural domain were listed in 
France [SGP17]. French initiatives such as 
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trailer), or gantries mounted on heavy ma-
chinery, are used in production in several 
large R&D programs (including the PHE-
NOME program in particular). High-res-
olution RGB cameras, LIDAR, infrared 
thermal cameras, multispectral cameras and 
radiometers can be used to obtain data for 
new variables of interest, with very broad 
possible uses. The possible applications of 
this technology include the monitoring of 
leaf development, the counting of plants or 
organs, biomass evaluation, varietal charac-
terization coupled with genomic studies, the 
control of irrigation according to evalua-
tions of water stress and of nitrogen appli-
cations according to nitrogen status and the 
chlorophyll content of the plants. These ap-
plications have been made possible by new 
capacities for processing the data generated 
by the sensors. Artificial vision techniques 
based on deep learning (see 7 Sect. 3.5) are 
currently being tested and are very prom-
ising but must be integrated into complete 
data processing chains and automated for 
the management of data from cycle to cy-
cle. In addition to aerial or proximal phe-
notyping, combinations of imaging tech-
niques with chemometrics tools for soils 
also appear promising for studies of the de-
velopment of root systems [EFB+18]. Hy-
perspectral imaging in the near infrared is 
proving an effective tool for the automatic 
identification of roots in soil samples, over-
coming the need for manual sorting, thereby 
saving researchers a considerable amount of 
time.

5.2.2.2   Iot
The first applications of the Internet of 
things (IoT) date back to the end of the 
1990s, but IoT has really taken off  in the 
last decade [SDL17]. The applications of 
IoT in this domain involve collecting data 
from connected things or machines, pro-
cessing them and then acting according to 
the results of the analysis. IoT is particu-
larly relevant in the agricultural domain, 

Leader (IN VIVO) and Fermes Numéri-
ques (Brittany Chamber of Agriculture).

The growth of the digital agriculture is 
continuing, but it is still rather weakly de-
veloped in the French territories. In 2019, 
a survey of 500 farm managers conducted 
by the BVA group on behalf  of grou-
pama [BVA19] constituting a representa-
tive sample of French professional farmers 
(field crops, livestock, mixed farming and 
livestock, fruit, vegetables, and flowers), 
showed that although two-thirds of farm-
ers use at least one digital technology, their 
equipment rate is still modest. The first is 
the GPS-equipped tractor (31% of farmers 
equipped), followed by surveillance cam-
eras (20%). 18% are equipped with con-
nected weather stations and 18% use sat-
ellite imagery services. Alarms by GSM, 
heat detection sensors, connected electric 
fences, calving sensors, connected flowme-
ters or water probes, drones, RFID chips, 
connected traps, and robots are still of rel-
atively marginal use.

In the next sections, we will paint a wide 
panorama of the technologies used in the 
framework of this digital agriculture, ap-
plied to cereal production in France and il-
lustrated with real examples and elements 
extracted from scientific publications. We 
will also try to highlight several prospec-
tive elements of the work of Arvalis and its 
partners to help cereal producers.

5.2.2   Observe

5.2.2.1   Sensors and Phenotyping
The applications of phenotyping sen-
sors have progressed considerably in re-
cent years, particularly through the work 
of UMT CAPTE at Avignon and the teams 
of INRAE and Arvalis [SBT+18]. In aerial 
phenotyping, these sensors, carried by new 
vectors, such as drones, phenomobiles (au-
tonomous vehicles for high-throughput phe-
notyping), the ALPHI arch (phenotyping 
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They initially focused solely on the finan-
cial management of the farm, but have 
since become a veritable information sys-
tem, incorporating highly diverse data ac-
quired on farms. A recent literature review 
[FCS+15] identified the principal functions 
of these tools and the services they pro-
vide to producers. The authors analyzed 
141 international software suites, includ-
ing 10 in France. Over the last few years, 
these software suites have become verita-
ble systems of information and knowledge 
management for the producers using them 
in France. They include mesparcelles from 
APCA, Geofolia from Isagri and Smag-
Farmer from Smag. In 2017, 80% of farm 
advisers assessed that farmers are using 
these solutions on a regular basis along 
the crop season [Lac18]. Increases in the 
number of functions and connections with 
tools, including agricultural equipment in 
particular, with standards such as ISOBUS 
and mapping, have made it possible to con-
nect DSS to precision materials. This is the 
case for farm management systems, such as 
FARMSTAR®, which can be integrated 
into farm management information systems 
and allows the downloading of maps for 
modulating fertilizer applications at with-
in-plot scale. IoT, web services and applica-
tion programming interfaces (API) are also 
making it possible to extend the range of 
function of these tools beyond their stand-
ard functionalities. Nevertheless, a lack of 
interoperability remains one of the princi-
pal brakes on the adoption of these tools, 
due to the need for multiple data entries be-
tween tools (see 7 Sect. 3.4).

5.2.3.2   Interoperability and Data 
Platforms

Conscious of the lack of communica-
tion between data acquired on the farm, 
by equipment or in the various software 
suites used, Arvalis has worked on a project 
management dashboard project [Lau17]. 
The objective was to display, on a single  

because it provides real-time access, with 
unprecedented precision and in a simpli-
fied form, to information about the state of 
crops and their growing environment. The 
application of IoT technology to weather 
stations, a technology that is already largely 
mature, has led to a large decrease in costs 
and a new boom. By providing data every 
15 min that can be consulted in real time, 
connected weather stations make it possible 
to perform reasoned interventions and to 
optimize the organization of activities.

Other more innovative technologies are 
being designed to facilitate the monitor-
ing of crop development. One notable ex-
ample is the IOF2020 project on wheat 
(Internet of Food and Farm R&D pro-
gram, Horizon 2020). A complete process-
ing chain has thus been developed, incor-
porating a wheat crop model developed by 
ARVALIS (the CHN model) and observed 
data obtained from proximal sensors and 
by remote sensing, within a dynamic cor-
rection procedure. The prototype was im-
plemented in 2019 on a collection of agri-
cultural plots, to demonstrate the benefits 
and limitations of directing nitrogen appli-
cations with this approach, and to evalu-
ate its economic, technical, social and envi-
ronmental performances. Based on the pre-
liminary results obtained, the robustness of 
the service could be improved by assimilat-
ing other observations acquired by sensors 
in the cropping system model, such as plant 
phenology and nitrogen absorption data. 
Indeed, an error in the estimation of nitro-
gen absorption by the model can lead to er-
roneous decisions being made [STD+20].

5.2.3   Record

5.2.3.1   Farm Management 
Information Systems

Farm management information systems 
have a long history of development, dat-
ing back to the mid-1980s in France.  
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parency, the MULTIPASS project [Lau18] 
aims to establish an interoperable environ-
ment for the management of consent and 
to demonstrate to the agricultural market 
the potential utility and feasibility of such 
a solution, through several real and specific 
cases of use. Such a consent management 
environment would make it possible to pro-
tect exchanges of data and to provide farm-
ers with answers concerning the control of 
information and the use made of it. The 
project allowed to develop a router to man-
age consents, the router being integrated for 
production by AgDataHub.

5.2.3.3   Blockchain Services
Although producers need to keep control 
over their data, sharing them, particularly 
for the purposes of food product tracea-
bility, remains a necessity [IP15]. The crea-
tion of links with consumers, ensuring the 
traceability or certification of production 
specifications, and the contractualization 
of exchanges from the producer to the con-
sumer, without the generation of addition 
costs, are among the major concerns of 
farmers. Blockchain technologies, particu-
larly when associated with IoT, can help to 
provide greater transparency and efficiency 
in agriculture, from the management of 
the data from farms to their supply chain. 
For example, the French start-up Connect-
ing Food offers a solution based on the use 
of a blockchain to trace and certify food 
products, in real time and in a non-falsifia-
ble fashion. The producers and other actors 
of the agrofood industry can, thus, create 
added value for consumers by displaying, 
with total transparency, the differentiation 
of their products. Arvalis, together with 
other partners, including the writers of ag-
ricultural software and the telecommunica-
tions operator Orange, is also testing this 
technology in the framework of the MUL-
TIPASS project [Lau18], and is applying 
it to the collection of consent from farm-
ers for the generation of data flows between 
applications without a trusted third party.

interface all the data, aggregated and com-
bined together so as to provide a pano-
ramic vision of the information available at 
the level of a single farm. This preliminary 
work demonstrated the need for standard-
ized interfaces for the various tools and 
software suites used by producers, facilitat-
ing the development of applications for ex-
changing data. These interfaces and API 
are beginning to emerge in the domain of 
agriculture through the API AGRO plat-
form [SHE15]. This platform aims to bring 
together and make available databases or 
API for all the animal and plant production 
sectors. The company recently evolved to 
become AgDataHub, with the objective of 
developing a sovereign, shared technolog-
ical infrastructure of consent, storage and 
exchanges of agricultural data. It has be-
come clear that access to agricultural data, 
and the valorization of these data, are ma-
jor issues. A white paper produced by the 
agricultural technical institutes illustrated 
this issue with several concrete examples 
based on agricultural data, and formulated 
proposals to facilitate this access [BSG+16]. 
Furthermore, most agricultural data gen-
erally lie outside the legal framework relat-
ing to data, and instead enter the field of 
contractual relationships. Greater atten-
tion must therefore be paid to the possibil-
ity of situations in which there is an imbal-
ance in the power relationships in contracts 
[Tom19]. For this reason, several collective 
initiatives for protecting exchanges of agri-
cultural data have emerged in recent years. 
These initiatives include the EU Code of 
Conduct on Agricultural Data Sharing by 
Contractual Agreement put forward by Co-
pa-Cogeca [EU18] and the DATA-AGRI 
charter [Cha01]. This charter arose from 
an initiative of the French agricultural un-
ions (la Fédération Nationale des Syndi-
cats d’Exploitants Agricoles—FNSEA, and 
les Jeunes Agriculteurs, JA) and aims to lay 
down guidelines concerning the ownership, 
sharing and use of agricultural data. In ac-
cordance with a proposal relating to trans-
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and for other cropping system models, such 
as STICS and CIRIUS, which can be used 
to break down the functioning of the plant 
into functional compartments—the soil, 
the plant and the atmosphere—and then to 
model all the processes within a given com-
partment, together with the dynamic flows 
of carbon (C in the model acronym), wa-
ter (H) and nitrogen (N) between compart-
ments. The implementation of the CHN 
model, validated for wheat, durum wheat 
and maize, paves the way for new DSS for 
managing irrigation and nitrogen fertilizer 
applications, particularly since the advent 
of sensors that can use data assimilation 
methods to adjust the model in real time 
and propose assistance at the finest possi-
ble level for a plot (Digipilote, SmartAgri-
Hubs project). New approaches coupling 
statistical and mechanistic models and data 
from experts are also used in the framework 
of wheat yield prediction and have given 
highly satisfactory results.

5.2.4.2   Decision Support Systems 
(DSS)

When managing a farm, the producer must 
take many decisions to meet long-term ob-
jectives (strategic decisions) and concern-
ing short-term technical actions during the 
cropping season (tactical decisions). Ar-
valis has, for many years, been involved in 
the development of a large number of mod-
els and DSS on several subjects and spe-
cies: crop protection, fertilizer applications, 
irrigation, quality, storage, and environ-
ment. Some were designed with technolog-
ical partners, such as Airbus Defense and 
Space (FARMSTAR®) and Météo France 
(TAMÉO®), others were designed exclu-
sively by Arvalis (Prévi-LIS®, Irré-LIS®, 
etc.), and some have been commercialized 
by other entities but include Arvalis models 
(xarvio® from BASF, Optiprotech® from 
l’APCA, etc.).

FARMSTAR® provides guidance con-
cerning fertilizer application at the within-plot  

5.2.4   Analyze and Decide

5.2.4.1   Modeling and Data Science
Two major approaches can be distinguished 
for the modeling of processes: mechanis-
tic approaches and statistical approaches. 
Classically, when modeling biological pro-
cesses, a data acquisition step is required, 
which has, until now, been based on exper-
imentation, often over several years. It is 
now possible to access new sources of data 
acquired for reasons generally far removed 
from the questions raised during modeling. 
This paradigm shift has led to the creation 
of a new discipline, data science. Data sci-
ence aims to produce useful information 
through the sorting and automatic analy-
sis of big data, principally digital in nature, 
emanating from data sources of various 
complexities, connected to various extents 
[Cle01]. Within Arvalis, a study implement-
ing several of these methods was performed 
on three cases of use for the prediction of 
epidemiological phenomena on cereals 
[GPC+18]. This study demonstrated that 
the modeling of biological phenomena by 
the application of data mining techniques 
to data sets originating from a collabora-
tive network—the Vigicultures® portal for 
the biological surveillance of agricultural 
areas, in this case—can generate interesting 
results for predictive modeling, but less use-
ful results for explanatory modeling. The 
statistical modeling of biological phenom-
ena comes up against one major difficulty, 
that of climatic variables frequently being 
correlated and mostly acting through inter-
actions. It therefore appears that the choice 
of variables requires more careful consider-
ation upstream, to decrease the number of 
variables considered, restricting the choice 
to the most pertinent. Finally, these meth-
ods have been little used to date by agrono-
mists, who prefer more mechanistic models, 
the output of which they can easily under-
stand and interpret. This is the case for the 
CHN cropping system model [SBL+18], 
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5.2.4.3   Artificial Intelligence
According to Research and Markets, the 
AI market in agriculture was estimated 
at nearly 519 million in 2017 and should 
grow by more than 22.5% to reach 2.6 bil-
lion by 2025. Still little developed in the ag-
ricultural field, the prospects are neverthe-
less interesting, particularly through recog-
nition (plants, diseases, etc.) or predictive 
models. Arvalis has recently implemented 
this type of approach for image analysis 
[SBT+18] and the recognition of plant or-
gans. The application of the convolutional 
neuronal network (CNN) deep learning 
method to wheat ear recognition on im-
ages gave results consistent with estimates 
of ear density obtained by eye and with a 
detection algorithm, with an error rate of 
21 ears/m2. This work will pave the way for 
a large field of application, once the meth-
ods have been stabilized and the processing 
tools have been industrialized and placed 
on a cloud system that can be interrogated 
directly by new measurement tools, such as 
drones, smartphones, portable imagers, and 
imagers carried by AgMachinery.

5.2.5   Act

5.2.5.1   Precision Agricultural 
Equipment

Agricultural equipment is increasingly au-
tomated in arable farms growing field 
crops, particularly for the guidance of 
machinery and for spraying [DMC17]. 
GPS-assisted guidance emerged in the first 
decade of this century. It optimizes the 
passages of the tractor within plots, lim-
iting missed areas and preventing the re-
peated treatment of areas during a given 
application. The combination of GPS and 
RTK can have a precision of the order of 
a centimeter and can be used to prevent 
the same area being treated twice during 
tillage, spreading and sowing operations  

level, based on a combination of satellite 
data and agronomic models from Arvalis. It 
is currently used on 700,000 ha (wheat, bar-
ley, and rapeseed) by around 18,000 farmers. 
Thanks to remote sensing technologies (satel-
lites, planes, and drones), leaf area index and 
the chlorophyll content of plants can be esti-
mated by modeling. These biophysical data 
serve as the input data for the fertilizer guid-
ance model which suggests the dose of nitro-
gen to be applied, particularly for the final 
application [SCN18]. The authors estimate 
that the actual model could be improved by 
a more dynamic approach, in which interac-
tivity with farmers is increased by integrating 
the amounts of nitrogen already applied dur-
ing the growing season. This should soon be 
possible with the CHN model and further im-
provements may be possible with other sen-
sors in the field automatically providing data 
concerning plant cover. This example pro-
vides an illustration of how the coupling of 
a model with sensors, which has already been 
successfully explored in the past, remains the 
clear way forward for further increasing the 
precision of DSS.

DSS are just one of a number of ele-
ments available to support producers in 
their decision-making processes. Decision 
making in a complex environment requires 
methods shedding light on the nature and 
role of knowledge, past experience, the pro-
cesses of perception and inference, and the 
decision-maker’s appreciation of the sit-
uation. With the advent of new technolo-
gies for decision-making by farmers, the re-
lationship between farmers and their advi-
sors is undergoing major changes. Advisors 
have to acquire new skills (including a cer-
tain mastery of technology), and are in-
creasingly becoming facilitators for farm-
ers, and vectors of learning and compari-
son. Their technical dimension (agronomic 
knowledge and expertise) is extending into 
a technological dimension (modeling and 
computing), but also into social and behav-
ioral aspects.
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lack of attractiveness of agricultural careers 
and the need to maintain competitiveness, 
is another. The progress made in robotics, 
in terms of autonomy, image recognition, 
visual perception of the environment, and 
geolocalization, is opening up new perspec-
tives, particularly in the domain of chemi-
cal and mechanical weeding. The first robots 
for mechanical weeding were designed for 
market gardening, which has a large added 
value. The Oz robot produced by Naïo can 
hoe between rows of vegetables but, given 
its width and working speed, the work rate 
of this robot is low (it can cover just under 
0.1 ha/h for a crop sown with an 80 cm in-
terrow). Tests performed by Arvalis on Digi-
ferme® for maize, showed that several pas-
sages were required to decrease weed density 
[DMC17]. The robot produced by Suisse 
Ecorobotix was tested on Digiferme® on 
beet. With its artificial vision system and its 
robotic arm, it can spray weeds directly. This 
weeding robot is powered by a solar panel 
and is, therefore, autonomous in terms of 
energy, which is a major asset, but limits its 
workrate. In France, with a view to dynam-
izing its market and participating in the eco-
logical transition in agriculture, the agri-
cultural equipment industry launched the 
Robagri association in October 2017. This 
large consortium, associating public and pri-
vate actors with actors from other sectors, 
has the objective of designing the robots of 
tomorrow [Ber18].

5.2.6   Impact of Digital Agriculture 
on the Multi-Performance 
of Farms

As we have seen, sensors and IoT, preci-
sion equipment, software, DSS and robot-
ics constitute a set of resources that can be 
mobilized to attain the objectives of sus-
tainable agricultural production. Neverthe-
less, the real impact of digital solutions on 
the agro-ecological multi-performance of 

(retreatment rates may reach 2 to 12%, de-
pending on the type of intervention). In re-
cent years, there have been a growing num-
ber of innovations in the domain of spray-
ing (spray heads) and, particularly, in 
precision weeding. The association of ag-
ricultural equipment with sensors makes it 
possible to localize the weeds, either during 
the intervention itself  or during a second 
passage. With the advent of image analysis 
and advances in sensor technology, other 
companies are now offering prototypes ca-
pable of recognizing weeds, to improve the 
targeting of interventions. For mechanical 
weeding operations, the cultivator may be 
guided with the aid of a camera, or by au-
toguidance of the tractor. This second type 
of guidance is used particularly by seed 
producers and in organic agriculture. Tests 
performed by Arvalis have shown that the 
mechanical weeding of cereal crops at an 
interval of 15 cm is possible, provided that 
the RTK autoguidance is perfectly parame-
terized and the tools are well-centered. Ag-
ricultural equipment and the digital ser-
vices associated with it are important le-
vers for the agroecological transition, and 
the two approaches should certainly not 
be seen as in opposition [BH17]. The use 
of these technologies should increase ef-
ficiency (better yields, with a smaller im-
pact on the environment), make it possible 
to perform more precise interventions (the 
right dose at the right moment), and to im-
prove the integration of environmental fac-
tors (closing flows, use and preservation of 
biodiversity).

5.2.5.2   Robotics
Agricultural robotics took its first steps al-
most 30 years ago in the domain of animal 
husbandry, with the development of milking 
machines, but is now enjoying a new boom. 
The limitation of input use (phytosanitary 
products, fertilizer, seeds, water, etc.), while 
maintaining high levels of production, is 
one important issue. Labor-saving, given the 
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and is likely to revolutionize the way in 
which agricultural products are produced 
and to activate multiple levers in highly di-
verse contexts subject to increasingly unsta-
ble hazards that are particularly difficult to 
predict.

5.2.7   Conclusion

The digital transition in agriculture is a ma-
jor question for society. It encompasses 
much more than a simple question of new 
production tools. Distribution, sales, al-
imentation and consumption, the entire 
chain of action and the actors involved, 
from field to plate, require repositioning in 
the face of new collaborative practices, the 
generation of massive amounts of agricul-
tural data and the demands of consumers, 
who already use digital devices as tools for 
information and mobilization.

As a means of control, the technical in-
stitutes, such as Arvalis for arable crops, 
are placing themselves at the junction of all 
this knowledge, thereby enabling farmers to 
keep control over their link to this exponen-
tially growing universe of data. The intru-
sion of tools designed to acquire a greater 
knowledge of our behavior can generate 
suspicion, sometimes even outright rejec-
tion. What are the barriers to the adoption 
of digital technologies for farmers and their 
technical advisors? The Observatory on 
the Uses of Digital Agriculture conducted 
several surveys between 2017 and 2020 on 
the use of digital technologies. These stud-
ies make it possible to identify the main ob-
stacles to adoption and the expectations of 
farmers and technicians in various sectors. 
In arable crops (2018 study), the first obsta-
cle expressed by the technicians questioned 
is the lack of time (25%), followed by the 
cost of equipment (18%), the fact that it 
is not sufficiently adapted (16%), the lack 
of training (14%) and the lack of visibil-
ity on the offer (6%). For farmers, the first 
brake would be the cost (23%), followed by 

farms is too often only partially measured, 
thus slowing down their deployment. The 
impact of digital agriculture should be ana-
lyzed in terms of its consequences for the 
performance of farms: economic and pro-
ductive performances and respect for the 
environment in its various dimensions, to-
gether with social acceptability, for the 
farmers themselves and for society [BH16]. 
The pertinence of these digital solutions is 
evaluated with field systems deployed nota-
bly within Digifermes®, but also at the re-
gional scale and involving farmers, through 
the SYPPRE (Systèmes de Production Per-
formants et Respectueux de l’Environne-
ment―[TCP+15]) network, for example. 
In these systems, multiple criteria are eval-
uated to obtain the results, and the use of 
software is indispensable, to describe the 
cropping systems and to calculate perfor-
mance indicators by the SYSTERRE® 
tool. It can be used for the description 
and multi-criteria evaluation of the crop-
ping systems of farms aiming to achieve 
a high triple performance in very different 
production contexts. Using the informa-
tion provided on equipment, labor, crops, 
and plot layout, the farmer can plan inter-
ventions on each plot, estimate prices, and 
make measurements and observations to 
use in decision making and soil analysis as 
needed. It is then possible to calculate the 
indicators of technical, economic and crop-
ping practice sustainability. The indicators 
calculated by SYSTERRE® can be used at 
the scale of the plot or the farm, over the 
course of a growing season or a rotation 
[CCG+12]. Mechanisms of interoperability 
have been developed, to simplify the work 
of the users, by making it possible for this 
tool to communicate directly with other 
plot management software. As pointed 
out in the introduction, the impact of dig-
ital agriculture on the triple performance 
of farms is not limited to measurements of 
the effect of introducing a particular tech-
nology on yield or on the economic suc-
cess of farms. This impact is much deeper 
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tween the actors of the agricultural world 
and AgTech in order to take up this chal-
lenge and make digital agriculture a reality, 
i.e., a sustainable and resilient agricultural 
model in the face of the many challenges of 
tomorrow’s agriculture.

5.3   Digital Transformation 
of Vegetable Production

Martin Geyer and Norbert Laun 

Abstract
Compared to agriculture, the global range of 
different types of vegetables is extremely var-
iable. Root, hypocotyl, sprout, leaf and fruit 
vegetables require different crop conditions, 
harvesting methods and post-harvest tech-
nologies. In addition to outdoor production, 
many vegetable crops (seedlings, herbs, fruit 
vegetables, salads) are produced seasonally 
in unheated polytunnels or all year round in 
heated greenhouses. Depending on the tech-
nology used, the level of automation is cor-
respondingly high.

A distinction must be made between fully 
mechanized crops with single harvest, such 
as washing carrots, tomatoes for industry 
or spinach, and crops with selective hand 
harvest, such as tomato, pepper, white as-
paragus, cauliflower for the fresh market 
or pickles. The labor and the cost of har-
vesting add up to 50% or more of the total 
production costs. In addition, it is becom-
ing increasingly difficult to find suitable sea-
sonal workers. Therefore, great efforts are 
being made to automate such work.

Vegetable crops like tomato, bell-pep-
per or cucumber are grown protected in 
unheated plastic film tunnels in the south 
and in heated greenhouses in northern ar-
eas. Climate control in greenhouses is a 
highly complex process which is mainly car-
ried out with the help of sensors, actuators 
and control computers. Temperature, rela-
tive humidity, CO2 concentration, lighting, 

a lack of visibility on supply (21%), a lack 
of training (20%) and a low interoperability 
between tools (12%). Whether it is an op-
portunity or a threat, technicians neverthe-
less see digital as a profound change in their 
profession and believe they have an impor-
tant role to play in the democratization of 
digital agriculture on farms. However, they 
do not feel sufficiently trained (68%). Train-
ing and support are therefore their first ex-
pectations. In his article, [Maz17] exposes 
the current obstacles to the deployment of 
digital innovations among French farm-
ers, mentioning the issue of their reliabil-
ity, poor interoperability between tools, dis-
tance from the field and the fear of losing 
decision-making autonomy. The question 
of the acceptability of DSSs by the agricul-
tural profession, but also by society, is all 
the more important as it is sometimes diffi-
cult to obtain information on the technical 
and scientific knowledge they incorporate, 
as well as the philosophy on which their 
design is based [MBT09]. They are there-
fore often referred to as “black box” tools. 
This opacity is also increased with the ad-
vent of predictive models based on artificial 
intelligence methods, and in particular ma-
chine learning approaches. Artificial intelli-
gence methods are indeed an important aid 
in analyzing a large amount of data that 
would be impossible for the human mind to 
grasp as such [LM20]. They are very useful 
for making predictions. However, they show 
only correlations between variables and not 
causal relationships [ZH19], which could be 
a problem for answering research questions 
and acceptance by farmers.

There is still a long way to go, and many 
hurdles need to be cleared before the ad-
vent of digital agriculture on field crops in 
France. These locks can only be lifted by a 
clear and shared policy among stakehold-
ers on data management, as well as digi-
tal solutions whose economic, environmen-
tal, and societal gains are clearly identified 
and quantified. The main challenge is there-
fore to create the efficient ecosystem be-



5

296 T. Green et al.

During the cultivation of vegeta-
ble plants, barcode- or QR-code-sup-
ported labeling is usually used for the re-
spective batches, which enables documen-
tation of the production process from 
sowing to delivery. For outdoor plant-
ing, RTK-supported guidance systems 
(see 7 Sect. 3.2) are being used with a rap-
idly increasing tendency, in order to en-
sure precise arrangement of beds and rows 
and to increase the efficiency of planting 
(. Fig. 5.5).

This is mainly done semi-mechanically, 
i.e., removal and insertion into a trans-
fer mechanism is done manually by work-
ers but the actual planting is done auto-
matically. Fully automatic machines are 
also available, which are technically compli-
cated, therefore relatively expensive and still 
susceptible to faults.

Important automated techniques sup-
porting fertilization, plant protection, and 
weed control during the cultivation of veg-
etable crops are partly established, partly in 
development and will be further described 
in the following.

 water, and fertilizer must be kept in an opti-
mal range to optimize growth and yield.

For most vegetable crops, a high degree 
of automation in cultivation, fertilization, 
crop protection, and irrigation is a prereq-
uisite for successful crop management.

5.3.1   Seedling Cultivation 
and Planting

Crops like salad and many cabbages are 
transplanted mechanically. The seedlings 
are produced in greenhouses and the culti-
vation time is reduced.

With the help of fully automatic sow-
ing lines, peat pots are pressed or trays filled 
with substrate and the seeds are deposited 
with pinpoint accuracy. After watering, the 
propagation boxes are placed in germina-
tion rooms at optimal temperatures for sev-
eral days before they are cultivated in the 
greenhouse for several weeks until the plant-
ing date. Picking robots and robots for re-
planting of missing parts are used to achieve 
completely filled propagation boxes [Vis20a].

. Fig . 5 .5 12-m wide transplanter for soil press pots (Photo: Geyer)
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used, which drive independently on the 
heating pipes laid as guide rails between the 
crop rows (e.g., [Ste20]). Due to the high 
level of technology, further procedures can 
also be implemented in the sense of an in-
tegrated plant protection concept. For au-
tomated greenhouse management, for ex-
ample, self-propelled devices are available 
that maneuver between the rows and are 
equipped with various spectral cameras. For 
any conspicuous feature detected, a yield 
check is carried out on tomatoes, for exam-
ple, and, if  necessary, UV light treatment is 
used to combat fungal diseases [Eco20].

A high standard of daily updated infor-
mation is necessary for the selection of suit-
able plant protection measures. The rea-
sons are, in addition to the great diversity 
of vegetable species, the highly complex ap-
proval situation, the wide range of differ-
ent requirements and their sometimes rapid 
and extensive change. Database systems for 
the approval situation are available for this 
purpose. A digital compilation with fur-
ther relevant information (e.g., maximum 
residue limits) is currently being processed 
[Hor20] as well as the availability of the re-
quirements on the tractor for controlling 
the sprayer. Prognosis models for plant pro-
tection are partly offered by manufactur-
ers of weather stations. The models devel-
oped in cooperation of the national plant 
protection services are available almost na-
tionwide on the website of ISIP [Isi20]. The 
available models (e.g., for the evaluation of 
the infection risk in case of downy mildew 
on onions or for the development of differ-
ent vegetable flies) focus on highly impor-
tant and economically significant pests in 
the great variety of crops. Accordingly, sig-
nificant gaps remain here.

For the future, further developments in 
an improved recording and modeling of the 
crop-specific microclimate can be expected 
through increasing computer performance 
and faster data availability.

The same applies to irrigation control, 
where currently precipitation resolutions of 

5.3.2   Fertilization

In addition to complex calculation proce-
dures that require considerable computing 
support, site-specific fertilization methods 
are currently being developed and tested 
for determining fertilization requirements. 
These are often based on sensor technol-
ogy developed in arable farming, but need 
to be refined and adapted for the wide vari-
ety of crops and varieties in vegetable grow-
ing. The high demands on the quality and 
marketability of the individual plant re-
quire an adapted and small-scale control-
lable fertilization technology. Options for 
this are bedding spreaders with weighing 
technology, already available on the mar-
ket [Rau20], but also pneumatic spreaders. 
In conjunction with appropriate sensors, it 
is expected that site-specific fertilization of 
vegetable crops with reduced fertilizer ap-
plication (mainly nitrogen) can achieve the 
economically necessary high harvest rates. 
Furthermore, these techniques using appro-
priate GIS support can exclude free sub-ar-
eas from fertilization, e.g., the tramlines in 
bedding systems or transport and irriga-
tion lanes, and thus offer potential for fur-
ther savings in fertilization of open field 
vegetables. During production in the green-
house in soilless cultivation systems, the 
plants are continuously supplied with all 
necessary nutrients via a nutrient solution. 
The concentration is automatically adjusted 
via the measured conductivity of the nutri-
ent solution. The control is carried out to-
gether with the regulation of the tempera-
ture (ventilation, heating), the CO2 supply 
and the irrigation with the help of appro-
priate climate computers (e.g., [Ram20]).

5.3.3   Plant Protection 
and Irrigation

Plant protection in the open field is carried 
out with systems described in 7 Sect. 4.7. 
In the greenhouse, spraying robots are also 
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 control. At present, row-guided systems 
are increasingly used. Their effectiveness is 
based on a reduced distance between the 
tractor-drawn hoe and the row of plants 
by GPS or camera support, larger work-
ing widths and driving speeds. Working be-
tween single plants in a row can be sup-
ported by camera or sensor guidance (e.g., 
[Dul20], [Gar20]). Alternatively, all indi-
vidual plants could be located via GPS 
as a basis for hoeing all free areas. Actu-
ally, there are already different, partly au-
tonomous hoeing robots on the market, 
which are successfully used, for example, 
in planted crops such as lettuce or cab-
bage (e.g., [Kre20]). This hoeing machin-
ery is able to improve the effectiveness and 
operational reliability enormously. The fu-
ture challenge will be autonomous hoe-
ing robots that can distinguish and elim-
inate weeds from the crop at the seedling 
stage, for example in carrots [e.g., Nai20]. 
At present, however, the legal situation al-
lows self-propelled machines only in fenced 
areas, which still limits their use.

5.3.6   Harvest

A distinction must be made between fully 
mechanized crops with single harvest, such 
as washing carrots, tomatoes for industry, 
or spinach, and crops with selective hand 
harvest, such as tomato, pepper, bleached 
asparagus, cauliflower for the fresh market 
or pickles. The labor and the cost of har-
vesting add up to 50% or more of the total 
production costs. In addition, it is becom-
ing increasingly difficult to find suitable sea-
sonal workers. Therefore, great efforts are 
being made to automate such work under 
protected conditions as well as in the field. 
The following difficulties have to be consid-
ered:
5 Compared to industrial products, veg-

etables are very variable in shape, size 
and color and therefore have to be han-
dled specifically and individually

1000 × 1000 m can already be made avail-
able by interpolating precipitation values 
(e.g., [Wet20]). These data can be used for 
irrigation control in field crops via climatic 
water balances [PKM09]. Alternatively, 
point measurements via soil moisture sen-
sors can be used.

5.3.4   Climate

The temperature control possibilities in 
the greenhouse area are very diverse due to 
heating, ventilation, and shading possibili-
ties. They allow a highly intensive and pro-
ductive plant production, using a lot of dif-
ferent computer-aided control possibilities.

In the open field, the possibilities of in-
fluencing the climate are less, but still lead 
to astonishing extensions of the harvest-
ing season, mainly due to considerable pre-
mature effects through the use of film and 
fleece. In addition, digitally available cli-
mate data has led to a considerable optimi-
zation of produce quality and harvesting 
processes. For example, the harvest of as-
paragus begins more than 3 weeks earlier 
by using film and tunnel systems than with 
unprotected crops. In addition, different 
film covering systems to control the tem-
perature guarantee a staggered harvest. The 
temperature management of the crops (film 
turning from black to white side, tunnel 
covering) can be done either by own app as-
sisted measurements (e.g., [Dee20]) or by 
online available data from representative 
sites [Wet20]. A modeling of temperature 
data, which allows a site-specific prognosis 
with own covering systems, is currently be-
ing validated and should be available in the 
foreseeable future.

5.3.5   Weed Control

The restriction of the use of herbicides 
for single crops or the ecological produc-
tion requires alternatives to chemical weed 
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5 Only small numbers of units are re-
quired resp. built

5 Procedures must be nevertheless inex-
pensive and easy to use

5 Security issues must be clarified

The mechanization of harvesting of green-
house cucumbers and peppers has already 
been intensively researched, but the perfor-
mance and detection rate are not yet satis-
factory [SWH+18]. The sweet yellow pep-
per harvester Sweeper [Swe20] moves au-
tonomously between the rows, recognizes 
the fruits, a robot arm grips and separates 
the fruits thermally and transfers them to a 
conveyor [HHV+02], [BBB+20].

Intensive studies are underway for 
the selective harvesting of iceberg lettuce 
[BHC+19], broccoli [BBB16], pickled cu-
cumbers, and asparagus open land.

The major technical challenges in har-
vesting pickled cucumbers, for example, 
are the visual recognition of the fruits lying 
on the ground between leaves, stems and 
mulch film [FMS+18] and the subsequent 
gripping and separation (. Fig. 5.6).

5 Most horticultural products have high 
mechanical sensitivity to pressure and 
impact loads

5 Arrangement of the products in space 
requires new and highly accurate detec-
tion, gripping, separating, depositing, 
transport mechanisms and logistics

5 Plants grow in the field or in the green-
house; the technical equipment must 
move toward the plants. The harvesting 
unit therefore requires chassis, drive and 
control

5 For agronomic and economic reasons, the 
cultivation systems can only be adapted 
to technical processes to a limited extent

5 Strong temperature dependency of the 
growth or ripening development of veg-
etables requires a high efficiency of the 
harvesting systems

5 From an agronomic point of view, a 
high harvesting rate close to 100% must 
be aimed for

5 Equipment must be suitable for use in 
all weather conditions

5 Short harvesting periods lead to low 
time utilization

. Fig . 5 .6 Selective pickling cucumber harvest prototype “CATCH” [FRA18] (Photo: ATB)
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the ground, separates the asparagus spear, 
lifts it up and puts it down on its side. Af-
terward, the soil is smoothed and the film 
is put down again. The extent to which this 
procedure successful depends on the ma-
chinery costs, performance, and mainte-
nance, because sandy soil is extremely abra-
sive, and the losses that will be incurred if  
“blindly” pricking into the soil will injure 
other spears.

5.3.7   Processing

In comparison with agriculture, process-
ing into a marketable product usually 
takes place within horticultural companies, 
which entails an immense need for technical 
equipment and logistics for cleaning, sort-
ing, packaging, and logistics.

Using the examples of carrots and white 
asparagus, the technical status of prepara-
tion to the ready-for-sale product will be 
described.

After harvesting, the boxes with the as-
paragus spears are transported to the farm 

Compared to the human hand, the 
number of degrees of freedom of robot 
arms is very limited, which makes it diffi-
cult to grip quickly and safely in the correct 
orientation [Fra18].

Another labor-intensive crop is white as-
paragus. It is grown on ridges under opaque 
film to prevent the white asparagus tips from 
discoloring. Electrically driven single-row 
semi-automatic harvesting aids are increas-
ingly used (e.g., [Eng20]) (. Fig. 5.7).

The asparagus cutter is thus only re-
sponsible for digging up, cutting and depos-
iting the asparagus spears; all ancillary 
work, picking up the film and putting it 
down again and transporting the aspara-
gus spears, is done by the machine [Gey18]. 
The next stage of development is fully au-
tomatic selective harvesting. The manufac-
turer Cerescon uses electrical conductiv-
ity to detect asparagus spears in the ridge. 
Electricity is introduced into the side of 
the ridge and fingers on the surface of the 
ridge locate the asparagus spears before 
they reach the surface [Cer20]. A special 
pricking and cutting mechanism sinks into 

. Fig . 5 .7 Single-row harvesting aid with electric drive (Photo: Geyer)
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relate the quality and quantity of harvested 
asparagus to the person cutting it, the field 
and the row, and to weigh up, for example, 
whether a field should be taken out of pro-
duction early or whether the covering film 
should be turned from white to black. Sub-
sequently, the asparagus spears are put 
back into clean plastic crates, stored in the 
cold store until distribution or until bun-
dling and packaging.

Washed carrots are either processed di-
rectly after harvesting or stored refrigerated 
in big bins for several months in autumn. 
After washing in drum washing machines 
and polishing/peeling with rotating brushes 
(e.g., [Wym20]), they are sorted according 
to length, diameter, and defects. Increas-
ingly, state-of-the-art computer-aided sort-
ing, weighing, and packaging machines are 
being used in processing (. Fig. 5.8).

In the computer-aided optical sort-
ing for defects, the carrots are individually 
guided past cameras and photographed 
from all sides according to the aspara-
gus spears and deflected in free fall by air 

as quickly as possible. Asparagus cut-
ters apply adhesive labels with bar or QR 
code to the boxes, giving details of the per-
son, the  field and the row, so that the cut-
ters can subsequently be remunerated ac-
cording to the quantity harvested and the 
quality of the cut asparagus. Reaching the 
farm, the boxes are scanned and weighed, 
pre-washed, and cooled in cold water to 
prevent the asparagus tips from turning 
red [BGZ08]. The chilled asparagus is cut 
to length and washed with the aid of com-
puterized washing and sorting machines, 
and sorted using optical methods accord-
ing to up to 20 sorting criteria, for example 
length, diameter, color, curvature, and hol-
lowness (e.g., [Neu20], [Hmf20]). For this 
purpose, the spears are turned under the 
camera and photographed up to 20 times. 
Up to 40,000 spears per hour can be pro-
cessed with such machines with approx. 
8―12 workers. Placing the spears from the 
boxes onto the conveyor belt is done by 
hand and limits the output. The computer 
stores all the data, so that it is possible to 

. Fig . 5 .8 Preparation of washing carrots with packing machine and multihead weigher in the background 
(Photo: Geyer)



5

302 T. Green et al.

This section describes the potential and the 
challenges of combined application of sen-
sors, ecophysiological models, and actuators 
along the fruit supply chain.

5.4.1   Challenges in the Supply 
Chain of Fresh Fruit

Sustainable fruit production has been ap-
proached based on ecophysiological knowl-
edge and detailed experience in cultivation 
practice. However, a huge source of errors 
is still the individual properties and re-
sponses of each plant. The resulting ranges 
of plant variables lead to individual re-
quests considering the input resources for a 
certain amount of yield. Consequently, the 
plant variables need to be known for avoid-
ing management errors that lead to waste 
of resources.

Digital twins of orchards or individ-
ual fruit trees are reflecting the plant status 
in digital format. They are constructed by 
means of in-situ plant sensor data, which 
have been introduced over the last decade 
[ZFG+16]. From a fruit grower’s perspec-
tive “farming with sensors is much easier,” 
since knowledge on the crop in real time as-
sists precise management decisions. To meet 
this goal, sensors should collect data auto-
mated along the supply chain in the pro-
duction processes and post-harvest. Cru-
cial processes that can benefit from the pre-
cision horticulture approach are
5 irrigation
5 crop load management
5 fruit quality keeping in post-harvest

5.4.2   Irrigation

Irrigation is a relatively expensive and re-
source-intensive production measure, but 
it must be used for fruit crops to enable or 
improve yield, yield security, and product 
quality. For example, in Brandenburg, 85% 

 pressure into various chambers. Depending 
on carrot diameter, the performance is be-
tween 2.5 and 8 t/h (e.g., [Vis20b]). In this 
way, four to six workers can be saved. For 
carrots, but also for all other vegetables, 
which are offered in uniform weight units, 
weighing devices are standard, which com-
pile the optimum target weight from sev-
eral load cells under process control (e.g., 
[New20]).

5.3.8   Outlook

The biggest problem in vegetable produc-
tion for the future is the lack of available la-
bor suitable for the heavy work. This means 
that labor-intensive crops will either have to 
be mechanized or they will migrate to low-
wage countries. The most time-consum-
ing tasks are mechanical weed control and 
selective harvesting. There is also a lack 
of decision support systems and forecast-
ing models for the large number of differ-
ent vegetable crops, which provide vegetable 
growers with short-term assistance in solv-
ing problems quickly via apps or other me-
dia. A big challenge for the development of 
automated technology is the high diversity 
of crops and growing conditions. It is ex-
pected that the degree of automation is re-
lated to the possible savings esp. for manual 
labor and the size of the market. For veg-
etable production we see a development of 
small, but worldwide markets for special-
ized technology.

5.4   Digital Transformation 
of Fruit Production

Manuela Zude-Sasse 

Abstract
Digital Farming is requested in fruit produc-
tion to achieve the fruit bearing capacity of 
the plants, while avoiding to waste resources. 
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action based on spatial information of the 
soil’s water holding capacity and root re-
sponses considering rooting depth and 
root’s osmotic water potential [TGZ20]. 
Deeper roots were described in sandy soil 
showing low water holding capacity and 
penetration resistance. Such plant-individ-
ual adaptation enables the water uptake 
from an increased volume of soil.

Consequently, the most precise informa-
tion can be gained directly from the plant. 
The effective, varying water requirements 
during plant and, particularly, fruit de-
velopment was hardly considered in prac-
tice so far. Main approaches have been un-
dertaken by means of defining crop co-
efficients, gas exchange measurements, 
and  dendrometers, which enabled the de-
velopment of comprehensive physiologi-
cal models [MS19], [BMB+19]. The chal-
lenge so far is the lack of automated plant 
sensors, which would support their applica-
tion in the field with the necessary temporal 
resolution. Consequently, a reason for the 
lack of more precise irrigation in orchards 
was the limited availability of plant sensors 
and its implementation. However, emerging 
methods in remote sensing are closing this 
gap at present [Kin17], [HRL+20]).

Currently, the integration of plant sen-
sors is undertaken to determine the effective 
water demand of the different fruit species, 
cultivar/rootstock combinations and indi-
vidual trees, which has a high economic and 
ecological potential. A plant variable with 
high importance for calculating the wa-
ter needs of a plant is its leaf area and tem-
perature. Both plant variables can be es-
timated by means of remote and proximal 
sensing methods (. Table 5.1). Such empir-
ical data can serve as input in existing irri-
gation models. Most recently, the calculated 
water demand has been provided to the 
farmer by means of mobile apps [Kin17]. 
The automated control of irrigation based 
on plant sensor data used in ecophysiolog-
ical models is, however, forecasted for the 
near  future.

of the orchard crops are irrigable and sim-
ilar percentages are found in other regions 
of temperate and subtropical climate. Wa-
ter management practice has developed 
continuously in recent years and, in addi-
tion to the water supply during dry peri-
ods, irrigation fulfils more and more addi-
tional functions such as  fertigation. The 
controlled supply of irrigation water and 
nutrients can make a significant contribu-
tion to environmental protection, as it opti-
mizes mineral conversion in the soil and re-
duces nutrient leaching. Furthermore, wa-
ter is demanded for risk minimization as a 
frost protection measure and for crop cli-
mate control during longer heat periods. 
The latter becoming more crucial due to 
global warming.

Several soil variables, most pronounce-
able its water holding capacity, affect the 
water supply to the root system. Due to 
its Pleistocene and post-Pleistocene origin, 
many soils in the temperate climate exhibit 
a high degree of variability in even one or-
chard. Consequently, individual fruit trees 
face varying soil and water supply condi-
tions. Existing soil maps are too coarsely 
resolved to characterise orchards and to 
evaluate them with regard to the necessary 
irrigation management.

Correspondingly, the sensors used in ir-
rigation practice up to now record weather 
data and spatial variability of soil, which 
is an important step to more precise irriga-
tion. However, it means that the water sup-
ply to the plant can only be determined in-
directly—by the soil water supply. Actu-
ally, with modern fertigation systems and 
the tree’s ability to adapt its phenotype to 
the varying conditions, the influence of the 
soil is decreasing. Adaptation of individ-
ual plants to the growth factors capture the 
rooting depth, regulation of osmotic poten-
tial of the roots, and daily course of stoma-
tal conductance to avoid water loss while 
still enabling photosynthesis. Recent ap-
proaches in the context of precision hor-
ticulture addressed the soil and root inter-
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accordance with the trade standard or too 
big with a risk for physiological disorders in 
storage and reduced yield. Consequently, in 
each orchard, the aim is always to find the 
optimum in terms of the quality and yield. 
The optimum fruit number per tree de-
pends on the economically desirable fruit 
size at point of sale, the daily fruit carbon 
demand to achieve this fruit size compro-
mised by the growth capacity of each indi-
vidual tree.

Fruit reduction can be achieved through 
thinning measures. Early thinning of flow-
ers or fruitlets improves fruit quality, since 
no carbon budget is lost for the subse-
quently removed fruit. Furthermore, flower 
thinning can also reduce alternate bear-
ing in susceptible crops. In practice, thin-
ning is carried out by means of pruning to 
reduce flower buds per branch, mechanical 
or chemical thinning of flowers or fruitlets, 
and often corrective hand thinning after 
fruit drop. Generally, all these treatments 
can be applied according to the concept of 
variable rate application.

Why should we apply variable rate 
CLM in orchards? The growth capacity of 
fruit trees is represented by the tree’s leaf 
area. Therefore, the leaf area, determin-
ing the carbon supply, limits the  generative 

5.4.3   Crop Load Management

Crop Load Management (CLM) aims to 
adjust the optimum fruit number per tree, 
since in the majority of orchards the flower 
set exceeds the capacity of the trees to bear 
the developing fruit. The production of ap-
ples needs to find a compromise between 
high crop load and the tree’s ability to pro-
vide carbon for fruit growth and mainte-
nance.

“The higher the crop load, the smaller 
the fruit” is a general rule. The fruit size di-
rectly affects the economic success of farm-
ers. Reaching minimum fruit size is nec-
essary for marketing according to trade 
standards, although recently these stand-
ards allow also smaller fruit size for specific 
markets, e.g., “kids fruit.” In addition, fruit 
size is the main quality parameter, e.g., for 
stone fruit, for the buying decision by con-
sumers and results in high market prices. 
Yielding fewer, but big fruit may also lead 
to disadvantages, since the yield given in 
kg per tree or ton per ha is decreasing with 
the reduced number of fruits per tree. Ad-
ditionally, the big fruit may have a reduced 
storability. Without appropriate CLM, in-
deed the fruit sizes achieved in practice are 
frequently not sufficient to be marketed in 

. Table 5 .1 Examples of remote and proximal sensing of leaf area and temperature differences in fruit 
trees for supporting the irrigation management

Crop Plant variable Sensor Reference

Apple Leaf area LiDAR laser scanner [TPF+19]

Citrus Leaf reflectance Spectrophotometry [DVS11]

Plum Leaf temperature Thermal Imaging [KBG+17]

Vineyard Temperature, reflectance Thermal imaging, photogrammetry [MAC06]

Vineyard Leaf area LiDAR [FPO14]

Vineyard Leaf temperature Thermal camera [RBN+19]

Vineyard Leaf area LiDAR [SEA+18]

Mango Leaf area video [WPJ+18]
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ment and agronomic modeling as has been 
shown in few examples already [PLT20], 
[TFZ22].

As an alternative for the analysis of the 
leaf area per tree, it may be beneficial to 
know the number of flowers and remove 
excessive flowering with enhanced thinning 
intensity. Adjusting the thinning intensity 
according to the number of flowers is an in-
direct method, because the fruit bearing ca-
pacity determined by the leaf area (den-
sity) and resulting light interception is not 
taken into account. Consequently, it can-
not be expected that the trees are managed 
at their optimum. The advantage of setting 
the thinning intensity according to the flow-
ering intensity is provided by the easy im-
plementation of the approach. Simply the 
sensor, e.g., photogrammetry [DTM18] or 
thermal cameras [WUW18], [BCA+20], but 
no physiological growth model is requested. 

and vegetative growths directly. Further-
more, the partitioning of carbon to the 
fruit or vegetative organs results in varia-
ble allometric factors for the fruit, leaves, 
stem, branches, and roots. Nevertheless, the 
carbon supply depends mainly on the leaf 
area, global radiation (better: light inter-
ception), and temperature. These climate 
variables show similar values in the entire 
orchard, while the leaf area of individual 
trees may be highly variable within one or-
chard. Consequently, the fruit bearing ca-
pacity of individual trees varies accordingly 
within the orchard. Field uniform CLM, 
therefore, always results in crop load above 
or below the fruit bearing capacity of indi-
vidual trees in the orchard. Variable Rate 
Application of the thinning intensity could 
avoid such errors. Each tree should be 
treated based on its fruit bearing capacity. 
A prerequisite for this adaptive approach 
is the availability of leaf area data of each 
individual tree by the application of prox-
imal and remote sensing. Many proximal 
and remote sensing methods have been de-
veloped in the last two decades. Inexpensive 
ranging sensors, based on ultrasonic meas-
urements have been employed to measure 
the plant height and identify small trees 
and gaps. Photogrammetry was applied 
with various cameras to derive the leaf area 
from RGB or NDVI data. 3D point clouds 
obtained by means of structure-from-mo-
tion approaches or stereo vision provide ad-
vanced methods to get a better insight into 
the canopies. Light Detection and Rang-
ing (LiDAR) sensors were employed to 
measure the leaf area per tree (. Fig. 5.9). 
Depth cameras, providing RGB and depth 
information, have a high potential to meas-
ure the leaf area with even inexpensive de-
vices. However, the approach is challenging 
due to the targeted early CLM treatment, 
already during bloom, when the leaves are 
hardly expanded. Here, the use of allomet-
ric growth models is requested. It would be 
highly valuable, if  the precision horticul-
ture community bridges the sensor develop-

. Fig . 5 .9 3D point cloud of sweet cherry tree (leaf 
area = 17.4 m²)
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infrared wavelength range provides infor-
mation on internal browning, water con-
tent, percentage of dry matter, soluble sol-
ids content, and in the wavelength range 
up to 1700 nm even sugars and organic ac-
ids. Further quality variables, e.g., vitamin 
C content, were approached, but so far, no 
robust calibration was published confirm-
ing the results with an independent test set 
capturing fruit from different orchard or 
season. Meanwhile, hyperspectral imag-
ing is gaining importance in the scientific 
approaches. Recently released systems al-
low fast acquisition of the data. Further-
more, fluorescence and Raman Spectros-
copy [QKC+19] are discussed to provide in-
formation on more specific molecules, but 
the perturbating effects of quenching by the 
fruit matrix is an unsolved challenge so far.

The fruit flesh firmness is an interest-
ing quality parameter considering mar-
keting and the monitoring of fruit in shelf  
life. Spectroscopy has been employed for 
this task, but with no success. At pres-
ent, it is assumed that firmness can only be 
analyzed non-destructively, if  the absorp-
tion and scattering properties of the sam-
ples are recorded independently [LVS+20]. 
This was approached with time- and spa-
tially resolved spectroscopy. So far, the 
methods lack commercialization. However, 
the quality traits analyzed by means of vis-
ualization of NIR spectroscopy are mean-
while considered for shelf-life prediction in 
physiological models, which is exactly what 
is needed for more precise management in 
post-harvest [NDL19].

5.4.5   Conclusions

Tools of information and communication 
technology—such as satellites, drones, au-
tonomous platforms, wireless networks, 
data management techniques—exist for all 
scales from fruit to orchard level to sup-
port the data acquisition by means of re-
mote and proximal sensors directly in the 

By means of non-destructive sensing, the 
flower density can be counted, and in the 
same process, the Variable Rate Tinning ap-
plication can be carried out (. Fig. 5.10). 
The information of the flowering density 
can be displayed to the driver, who adjusts 
the thinning intensity of the actuator. Also, 
a machine-to-machine communication can 
be enabled, supporting an automated thin-
ning treatment. This approach already pro-
vides a reasonable solution to work more 
precisely based on the in-situ obtained 
plant data. Here, mainly ergonomic studies 
are needed to support the usability of the 
system.

5.4.4   Fruit Quality Post-Harvest

The analysis of fruit quality after harvest 
has been approached since more than two 
decades. The majority of the sensors re-
cently introduced in practice are based on 
spectroscopy in the electromagnetic wave-
length ranges from visible to near infrared. 
In the visible range, the fruit pigments can 
be estimated in a non-destructive way even 
with hand-held devices [WBZ+20]. The 
data analysis is approached by means of 
indices, mostly developed in remote sens-
ing, and multivariate methods. The near 

. Fig . 5 .10 Schematic drawing of georeferenced 
flower detection and actuator for mechanical flower 
thinning for adjusted thinning intensity according to 
the actual number of flowers per tree
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Nearly, 60% of the harvested grapes are 
used for winemaking [Int20]. The rest is 
processed to grape juice, consumed as ta-
ble grapes or raisins, or utilized for phyto-
chemical and pharmacological needs. Con-
sidering the high prices for a bottle of wine, 
grapes bear a high potential for added 
value. Therefore, quality parameters in vit-
iculture and enology are regarded crucial; 
sometimes even more than parameters af-
fecting the production quantity. The global 
wine market has witnessed a steady growth 
over the years and was valued at 355 billion 
US dollars in 2018 [For20]. It is projected 
to grow 21% by 2023 to over 429 billion US 
dollars [For20].

5.5.1   Innovation Versus Tradition

Viticulture and wine production are seen as 
traditional trades. The tradition of grape 
growing and winemaking is vastly protected 
by those in the trade. The geographic origin 
of the grape, the grape variety, the vintage 
and processing details, such as barrel aging, 
are strictly controlled. These parameters are 
the main quality parameters for wine and, 
at the same time, important criterions for 
retailers and customers to ensure authentic-
ity of the products.

The commodities of the modern world, 
however, have long made their way into 
wine production. In fact, viticulture is of-
ten the first mover among other sectors 
when it comes to innovations. From grafted 
grapevines to selected yeast cultures used 
for fermentation, from mechanical harvest-
ers to dynamic crossflow filters, from ND-
VI-based vineyard sampling protocols to 
SEO-based wine marketing approaches, the 
wine sector has always been an innovative 
sector. In fact, [Dre13] revealed a high level 
of innovation activity throughout all areas 
in the wine value chain. He showed that a 
high innovation activity does not correlate 
with the size of the winery, the strategic 

production and post-harvest. On the other 
hand, the translation of sensor data into in-
formation on the crop and knowledge of 
the process is still challenging. Early stage 
stress detection could allow the growers to 
cost effectively manage the stress and pre-
vent the adverse effects of that stress on 
yield and profit. The integration of the 
newly available plant data into agronomic 
models is the present challenge for reaching 
the next step of automation.

5.5   Digital Transformation in  
the Wine Business

Dominik Durner 

Abstract
Wine has been a part of human culture for 
thousands of years. During this long his-
tory, wine has always been associated with 
high culture, tradition, origin, and dignified 
social settings. As an enduring cultural sym-
bol of prosperity, the societal role of wine 
has changed in the last few decades from 
an important source of nutrition to a cul-
tural complement to food and conviviality 
compatible with a desirable lifestyle. While 
changing its role, wine is still synonymous 
with art, beautiful regions, and indulgence. 
Wine is produced in small—often fami-
ly-owned—businesses. Even today, wine-
makers all over the planet are overseeing the 
complete production cycle, from grape grow-
ing, harvesting and processing of the grapes, 
to fermenting and producing the wine, and 
finally selling the final product to customers. 
Wine is manufactured and delivered “from 
farm to fork” (or as wineries might say 
“from grape to glass”) as it was done thou-
sands of years ago.

The global area under grapevines is ap-
proximately 7.4 million hectares (18 million 
acres) and the world production of grapes 
was 77.8 million tons in 2019 [Int20]. 
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wine value chain. A value chain begins 
with the supplier and ends with the cus-
tomer, thus emphasizing the relationships 
between a company, its suppliers, and cus-
tomers. The core parts of the wine value 
chain are comprised of grape growing (vit-
iculture), winemaking (enology), and wine 
sales (. Fig. 5.11). Other segments such 
as grape breeding, wine analysis and wine 
marketing are associated parts of the wine 
value chain. The operational links between 
grape growing, winemaking and wine sales 
lie mostly in the hand of one company. 
However, a closer look reveals that this is 
not always the case. The three main busi-
ness models in the wine sector may actually 
be defined by whether and how far the wine 
value chain is disrupted. According to the 
operational structure throughout the wine 
value chain, the three main business models 
in the wine sector are:
1. Wineries with own vineyards: grape 

growing, winemaking, and wine sales 
are controlled by the winery. The wine 
value chain is not disrupted

2. Cooperative wineries that unite grape 
growers and jointly operate a winery: 
grape growing is controlled by the coop-
erative members; winemaking and wine 
sales are controlled by the winery.

3. Winemaking companies that purchase 
grapes from private grape growers: 
grape growing is separated from wine-
making and wine sales.

5.5.3   The Potential of the 
Vineyard

Grape growing is considered as an integral 
component of the wine value chain. Since 
they control themselves, wineries determine 
and execute their own measures in the vine-
yards (often regarded as the philosophy of 
the winery) for quality management pur-
poses, and they utilize viticulture practices 
and information from the vineyards for fur-

 orientation or the management tools ap-
plied in wineries. Accordingly, the innova-
tion power of the wine sector seems to be 
detached from economy of scales.

An explanation for the high innovation 
power may lie in the fact that the wine sec-
tor is highly fragmented by means of the 
vast number of products and producers. 
There are more than one million wine pro-
ducers worldwide operating and compet-
ing in more or less saturated markets. No 
single firm accounts for more than 1% of 
global retail sales [Rob11]. In France, there 
are 232,900 wine producers and the top 
10 brands control only 4% of the market 
[Rob11]. The high number of actors in the 
wine sector, mature markets in countries 
where grapes are grown, and the strict reg-
ulations controlling many aspects in grape 
growing and winemaking, including plant-
ing, irrigation, classification, and labeling, 
create a stimulating environment for inno-
vations.

The winemaking process lies in the 
hands of many. Each hand creates a part of 
the value of wine. However, the wine value 
chain itself  is not—or at least not heavily—
broken up into different trades. Unlike ce-
reals and other crops, which are cultivated 
and harvested by farmers, sold to agricul-
tural trading companies and processed by 
the food industry, grape growing and win-
emaking is still considered as one trade. Es-
pecially in Europe, where 75% of the global 
wine production and wine consumption 
take place [Rob11], many wineries still con-
trol grape growing, winemaking and the 
sales of their products to customers. Hence, 
the wine value chain can be regarded as 
more or less undisrupted.

5.5.2   The Wine Value Chain

In order to understand, initiate and suc-
cessfully implement innovations in the 
wine sector, it is necessary to study the 
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5.5.4   Wine as the Role 
Model for an Authentic 
and Sustainable Agricultural 
Product

People all over the planet are becoming 
aware of what environmental responsibility 
means. Wineries are able to transport rele-
vant information about environmental and 
sustainability concepts from the vineyard to 
the customer directly with their products. 
This advantage needs to be expanded for 
wine and other products from agricultural 
origin. An undisrupted value chain, reach-
ing from the field to sales, allows innova-
tions to be envisioned from the top-down, 

ther processing and marketing. Of course, 
this is feasible for other (disrupted) value 
chains, too. The food industry and retail-
ers have learned to set comprehensive qual-
ity standards for their agricultural providers 
and, of course, they use these standards for 
processing, communication, and marketing 
as well. Due to the high protection standards 
and the limited possibilities of interventions 
in winemaking, the vineyard itself sets the 
standard for the quality of wine. And cus-
tomers appreciate this. They know that the 
vineyard, the growing site, the soil, the grape 
variety, and the actions taken by the grape 
grower are key features for quality, authen-
ticity, and sustainability of the final product.

. Fig . 5 .11 Wine value chain (own illustration inspired by [Gon16] and [Gon17]). The solid lines between boxes 
indicate connected divisions within one entity. The dashed lines indicate that the operational flow is in one entity
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value chain can be seen rather as a wine 
value network (. Fig. 5.12).

The basic idea of the wine value net-
work is to build bridges, not walls. Winer-
ies cultivate vineyards, produce wine, and 
sell their products. The vinification pro-
cess is seasonal and most operation steps 
are carried out discontinuously. Although 
it usually lies in the hands of one com-
pany, it should not be regarded as a closed 
job. Winemakers rely on suppliers and ser-
vices from numerous providers. To run a 
winery successfully, winemakers deal not 
only with other businesses and small com-
panies, such as wine laboratories, but also 
with large enterprises, such as agrichemi-
cal providers and machinery producers. Be-
sides processing, wineries sell their products 
directly to customers and/or to wholesalers 
and  retailers.

5.5.6   Challenges 
in Communication

To maintain good contact with customers, 
wholesalers, retailers, wine laboratories, ag-
richemical providers, machinery producers, 
and eventually also to staff, it is a challenge 

as many famous innovation gurus suggest, 
from demand to supply: from the customer 
to grape growing, from the market to the 
vineyard. At first glance, the top-down in-
novation approach might be in conflict 
with statements that resource dependency 
should guide strategic innovation manage-
ment [Tou10]. However, as long as grape 
growing and winemaking are seen as two 
sides of the same coin and as long as win-
eries regard their vineyards and their grape-
vines as key resources and quality drivers, 
innovations should be thought, pushed, 
and implemented back and forth the entire 
value chain of wine.

5.5.5   From the Wine Value Chain 
to an Operational Network

The illustration of the wine value chain in 
. Fig. 5.11 should not disguise the fact 
that wineries can only function within a 
broad network of stakeholders. An ex-
tended wine value chain involves grape 
nurseries, experts and advisors for pest con-
trol, marketing and PR agencies, and pro-
viders for all kinds of technical equipment 
and IT solutions. Accordingly, the wine 

. Fig . 5 .12 Extended wine value chain illustrated as an embedded network with stake-holders (own illustra-
tion). The lines indicate connections for communication/data exchange
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are slowly replacing paper-based adminis-
tration, are utilized for communication pur-
poses, and are used to control production-re-
lated processes. So far, digital technologies 
are considered as a help to the operational 
processes in a winery. Still, wineries continue 
to operate in analog, as digital solutions have 
entered into only some divisions inside the 
winery. The potential of digitized informa-
tion, which lies in the easy transfer, the stra-
tegic use and interpretation of data [Was16], 
is neither exploited nor fully recognized in 
the wine sector. Obstacles to overcome in-
clude the lack of technical sensors that 
would allow for noninvasive and automatic 
acquisition of data throughout the vinifica-
tion process, missing links between data en-
try/acquisition and data processing, and the 
absence of uniform standards for computa-
tional networking applications. It needs to 
be mentioned that digital transformation it-
self is not the objective for a winery. Rather, 
improved assistance for internal processes in 
the winery and improved support for exter-
nal processes between the winery and differ-
ent stakeholders should be the goal.

The need of process control in vine-
yards and wineries, and the requirement of 
a close coordination between grape grow-
ing and winemaking processing, has initi-
ated multiple digital transformation pro-
cesses along the value chain from vineyard 
to wine sales (. Fig. 5.13).

Some examples for innovative digital 
technologies, which have entered the wine 
sector recently, are described in the follow-
ing:

5.5.7.1   Smart Vineyard 
Management

In a time when wineries are increas-
ing in size [Deu21] and skilled labor is 
short [FME21], grape growers are search-
ing for remote techniques ensuring reliable 
yields and quality in fruit. Smart vineyard 
management solutions comprise of data-
bases and geographic maps or navigation  

for wineries to manage their relationships. 
Similar to what is observed in general, win-
eries shift their communication channels 
from regular mail to email, from circular 
letters to electronic newsletters, from phone 
calls to text messages, to maintain con-
tact with customers, stakeholders and col-
leagues. Considering the high degree of spe-
cialization and the small size of most win-
eries, B2B relations are often asymmetric 
and, thus, challenging for winemakers due 
to major differences in composition and 
size of the involved companies. However, a 
good collaboration across companies is cru-
cial for innovation [BBB20]. Well-organ-
ized wine innovation clusters could help to 
strengthen the bonds and to support the 
communication between stakeholders.

Besides private stakeholders, winer-
ies need to record specific data for admin-
istration authorities. The accounting obli-
gation includes recordkeeping in cultivated 
vineyard acreage, use of pesticides and fer-
tilizers, yield of harvested grapes, produced 
wine volumes, etc. B2A relations are often 
time-consuming and not related to the pro-
duction efficiency and the commercial suc-
cess of a winery. Logbooks for planting 
grapevines, pest control, grape harvesting, 
winemaking activities, and wine bottling 
and storage are more and more converted 
from paper to digital. Many software com-
panies have specialized to provide digital 
recordkeeping systems for wineries. Several 
countries legally require recording and re-
porting of data and, therefore, it is impor-
tant for wineries to use officially authorized 
digital recordkeeping systems.

5.5.7   Digital Transformation  
in the Wine Business

Wineries manage many different processes: 
strategic, operational, and financial; and var-
ious processes related to staff, production, 
marketing, and sales. Digital technologies 
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able and susceptible to a wide range of bi-
otic and abiotic stressors, grapevines and 
grapes need to be closely monitored by 
their growers. Important aspects for grape 
growers are accurate local weather fore-
casts (temperature, humidity and rain; see 
7 Sect. 4.8) for the timing of sprays; spe-
cific recommendations for pest control, irri-
gation, and vine nutrition; and an accurate 
estimation of yield and grape ripeness to al-
low for the planning of harvest and grape 
processing. Mathematical models for pest 
control are based on local weather forecasts 
derived from a dense network of weather 
stations operated by state authorities. This 
open-access information is highly interest-
ing for every grape grower. The websites are 
easily accessible by PC or Smartphone and 
the information can be freely integrated in 
the operational decisions of a grape grower.

Also, private providers strive to imple-
ment weather stations directly in vineyards. 
Sensor-assisted monitoring of meteoro-
logical data at multiple points in vineyards 
ought to provide precise recommendations 
for pest control, irrigation needs, and nutri-
tion for optimal health and vigor of grape-
vines and grapes. Modern meteorological 
sensors should be protected against exter-
nal forces, such as machinery interference, 
and equipped with signal transmission to 
send information to a relay node. From 
there, the collected data are transferred to 
the base station and eventually to the cloud 
computing platform by Wi-Fi for process-
ing and generating site-specific advice. 

systems with high resolution allowing to 
identify single rows or even single grape-
vines. A high spatial accuracy provided by 
geo-spatial positioning systems combined 
with functional landscape characterization 
makes it feasible for workers and machines 
to conduct assisted or autonomous driving 
and guided or automated vineyard work 
operations [THK03]. Cloud-based web ap-
plications allow to control single work 
steps carried out by machines and workers 
in precise relation to place and time. Addi-
tionally, databases, which are usually oper-
ated by private providers, can be fed with 
quantitative and qualitative data facilitating 
a new form of vineyard management en-
hancing the work efficiency of wineries and 
providing valuable data for grape process-
ing, communication, and marketing.

5.5.7.2   Sensor-Assisted Vineyard 
Operations

While smart vineyard management is re-
garded as the digital infrastructure, ad-
ditional sensor-assisted technologies are 
needed to enable so-called precision viticul-
ture. Soil-adapted tillage [CBT06], risk-re-
lated pest control [Mic17] and vigor-related 
canopy management [XFS+19] are thought 
to contribute to an improved plant physiol-
ogy, better fruit quality and a sustainable 
environment. Rather than following stand-
ard procedures, all needs-oriented vine-
yard operations are following the princi-
ple “as much as necessary, and as little as 
possible.” Since they are both highly valu-

. Fig . 5 .13 Digital transformation processes along the value chain from vineyard to wine sales (own illustra-
tion)
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Unmanned aerial vehicles (UAVs), com-
monly referred to as drones, are discussed 
to provide real-time images that enable 
early detection of  plant diseases and pro-
vide information about the nutritional and 
water status of  grapevines. Most promising 
are drones which are paired with sensors 
to compute the NDVI in order to com-
pare vegetation data and recognize grape-
vine health issues. In recent years, the com-
mercial use of  drones has become possible 
[QZM+19]. With technology now available 
for use and at reasonable costs, drone solu-
tions are designed for applications in viti-
culture. Drones are flexible devices due to 
their size, maneuverability, and ability to 
access and view areas that are difficult for 
humans to access [MHP14], such as steep 
slope vineyards. Drones provide advan-
tages for precision viticulture.

Wireless sensor networks are greatly ben-
eficial for those with large vineyards and 
widely distributed acreage [KNP+14] as mi-
cro-climates often cause changes in weather 
conditions over small distances [SFM+20].

Irrespective of  the sensor type and its 
intended use, the positioning of  noninva-
sive sensors in relation to the objects to be 
measured is a crucial factor (. Fig. 5.14). 
Remote sensing begins with the decision 
“satellite, aerial, or close-to-ground sens-
ing.” Indeed, spatial resolution, accu-
racy and 3D imaging become more pre-
cise when a sensor is closer to the object 
[STD09]. Also, in theory, data transmis-
sion is simpler when distances to overcome 
are closer. However, satellite and aerial 
sensing cover large areas and are in the fo-
cus of  research and development because 
of  their broad application possibilities. 

. Fig . 5 .14 System framework with three remote sensing approaches in vineyards (own illus-tration)
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has several advantages, in terms of tank 
use optimization, controlling the character-
istics of the wine, and control over energy 
expenses for the regulation of temperature 
[Sab09]. Online fermentation monitoring is 
promising because it is much more accurate 
and has a higher temporal resolution than 
manual measurements. Eventually, it will 
allow the implementation of new control 
strategies such as PID feedback controlling 
for precise dissipation of fermentation heat 
[SDW+19] or the addition of yeast nutri-
ents in a fed-batch approach [FH18].

Automation and supporting technolo-
gies in pressing, fermentation, and other 
processes during winemaking will guaran-
tee robust analyses. Better data reliability—
as well as a higher level of freedom for win-
emakers to focus on core tasks—is seen as 
beneficial for efficiency, process security, 
and product quality. Indeed, the disconti-
nuity of the winemaking process and small 
business sizes must be seen as impediments 
to sophisticated and expensive automation 
technologies. However, contractor compa-
nies or machinery ring associations might 
be the solution providing specific technolo-
gies for certain process steps in wineries.

5.5.7.4   Blockchain to Ensure 
Authentic Wines

The inevitable need for digital transforma-
tion may be explained by an increasing de-
mand for manufacturing traceability and 
product authenticity and the necessity of 
pesticide compliance and water compliance 
for a sustainable environment. Regardless 
of the perspective taken, today’s challenges 
call for an integrated approach that recog-
nizes the interdependencies between sin-
gle processing steps, trade, and consum-
ers. Digital transformation in the wine busi-
ness has advanced to an extent which is 
comparable to that existing in the private 
sphere. Single process steps in grape grow-
ing and winemaking, which are seen as iso-
lated campaigns defined by seasonality, 

5.5.7.3   Sensor-Assisted 
Winemaking Operations

Grape processing and winemaking pro-
cesses are comprised of a large number of 
process possibilities eventually influencing 
the quality of the final products. Yet, wine-
making is considered as a traditional trade. 
It is not based on specific formulas, and the 
use of processing aids is limited by state or 
federal laws protecting wine. At grape re-
ception, winemakers must thoroughly in-
vestigate their harvest and determine ad-
equate processing steps with regard to the 
production goals and the available process 
possibilities. In general, winemaking aims 
to extract valuable substance from grapes 
and transform it into wine. Being a tradi-
tional trade should not lead to losing sight 
of the fact that winemakers are attracted to 
new methods aiming for better process re-
liability, product safety, and wine quality. 
Data originating from vineyards, as well as 
data acquired during the winemaking pro-
cess, is crucial.

Grape sorting, de-stemming, and berry 
maceration are processes carried out be-
fore pressing, which is the important step in 
winemaking where the juice and all of the 
valuable components are extracted from the 
grapes with the aid of a wine press. The aim 
of modern wine presses is to gently increase 
the pressure and to use as minimal move-
ment of the grapes inside the press as pos-
sible. At the same time, winemakers desire 
maximum yield and maximum quality. In-
novations in wine presses include sensors 
that monitor the obtained volume of juice, 
temperature increase indicating unwanted 
friction, and quality parameters such as pH 
to determine the end point of pressing. Fu-
ture innovations could include vintage- and 
varietal-related data from vineyards to tai-
lor the control parameters by using artifi-
cial intelligence (AI) to obtain the desired 
juice.

Fermentation is carried out after juice 
clarification. Control over fermentation 
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The historic role of early adopters of inno-
vations in agriculture provides an opportu-
nity beyond the vineyard to crop farming, 
e.g., enrich products with data.

5.6   Transparency of Animal 
Welfare Through 
Digitalization: A Dairy 
Farming Example of “Hofgut 
Neumühle”

Christian Koch and Noura Rhemouga 

Abstract
In the millennia of domestication of farm 
animals, the focus was on securing our own 
food base in a decentralized dairy farming 
system. Owning and living with animals was 
the basis for settling down and increasing 
prosperity. Only through precise visual ob-
servation and interpretation of the animals’ 
signals was it possible to make the right de-
cisions for effective livestock management 
and thus to provide the animals with the 
best possible care and use their capital for 
a long time. As the number of farms world-
wide has been steadily declining over the 
past decades, but the global demand for an-
imal-based food is increasing dramatically, 
agricultural dairy farming will inevitably 
lead to larger farms and centralized produc-
tion. According to estimates, the global de-
mand for animal-based foods will double by 
2050 [RNH+19].

Due to limited natural resources (such as 
land and water), more sustainable and ef-
ficient ways of dairy farming need to be 
found and developed in order to meet the 
future demand for animal-based food. Cur-
rently, digitalization technologies (com-
puters, sensors, cloud computing, machine 
learning (ML), artificial intelligence (AI)) 
and their meaningful use for more sus-
tainable and efficient production are be-
ing deployed and further developed in 

need to be merged—data-wise. How this 
works has been shown in the early 1990s 
when the first blockchain solutions were in-
troduced. Back then, blockchain was noth-
ing more than an online system for record-
ing transactions, available to those who are 
party to the transactions. It remained ob-
scure until a decade ago when Satoshi Na-
kamoto used blockchain to create the dig-
ital cryptocurrency Bitcoin [Nak08]. No 
doubt, there is also great potential for the 
use of blockchain in the wine business. In-
creasing visibility and transparency across 
all areas of the process from grape growing, 
winemaking, strategic sourcing, procure-
ment and supplier quality to marketing and 
wine sales, blockchain can allow for strate-
gic advances. By scaling growing data accu-
racy, product quality and track-and-tracea-
bility, wine producers could be able to en-
hance product quality, better hit trade deals 
and ultimately sell more.

The wine business has always been a 
trade that is set in its own ways. However, 
with technology such as blockchain play-
ing a more influential role, the winery of the 
future might look and operate differently. 
As blockchain technologies mature, they 
could allow grape growers and winemak-
ers to clear some hurdles that are basically 
justified in a lack of information exchange 
throughout the complex operational net-
works of wine production. As a result, more 
efficient operations that use data sharing 
and collaboration among the complex net-
works will be created in the future and set as 
a new norm across the wine business.

5.5.8   Conclusion

The digital transformation of wine busi-
ness is reaching from vineyard to cellar to 
end-consumer marketing. The mentioned 
examples confirm, digitalization can im-
prove products and processes. This provides 
opportunities for better production, effi-
ciency, sustainability, and differentiation. 
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 Germany, producing around 32 billion kilo-
grams of milk annually [Gen20].

Looking at the last ten years, it is esti-
mated that 37% of dairy farms have given 
up production. The number of dairy cows 
has decreased by about 6% in the same pe-
riod. The herd size per farm has grown 
about 33%. A simultaneous increase in milk 
yield per cow and year results in a 44% in-
crease in the amount of milk produced per 
farm (see . Table 5.2).

The German dairy industry is thus af-
fected by a strong structural change, which 
is characterized by decreasing farm num-
bers and increasing milk production.

5.6.1.1   Strategy 2030 of the 
German Dairy Sector

The German dairy sector faces many chal-
lenges. Volatile markets, increasing regula-
tions with a high intensity of international 

all industries, which can increase and im-
prove economies of scale and efficiency  
[WGV+17].

The possibilities and pioneering effects 
that digitalization will have in the future in 
the field of dairy farming are clearly illus-
trated in the following section with the help 
of a few examples. The further discussion 
concentrates on German dairy farming in 
particular.

5.6.1   Dairy Farming in Germany

The German dairy industry is the most im-
portant branch of the German agricul-
tural and food industry and occupies a 
leading position within the EU. In May 
2020, the Federal Statistical Office of Ger-
many counted around 58,351 dairy farms 
with just under 3.97 million dairy cows in 

. Table 5 .2 Structural change of German Dairy Farms, Source: [Gen20a], [Gen20b], [Mil20a], own  
calculations

Year Number of 
kept animals

Number 
of dairy 
farms

Decrease in 
farms per 
year in %

Number 
of cows 
per keeper 
(rounded)

Average milk 
yield (kg per 
cow per year)

Milk 
production in 
kg per farm

2010 4,181,679 91,550 (-6.04) 46 7,080 323,389

2011 4,190,103 87,162 -4.79 48 7,240 348,046

2012 4,190,485 82,865 -4.93 51 7,323 370,324

2013 4,267,611 79,537 -4.02 54 7,343 393,994

2014 4,295,680 76,469 -3.86 56 7,541 423,619

2015 4,284,639 73,255 -4.20 58 7,628 446,157

2016 4,217,700 69,174 -5.57 61 7,746 472,292

2017 4,199,010 65,782 -4.90 64 7,763 495,529

2018 4,100,863 62,813 -4.51 65 8,063 526,147

2019 4,011,674 59,925 -4.60 67 8,200 547,542

2020 3,921,410 57,322 -4.34 68 8,400* 574,645*

Change
2010–2020 
in %

−6.22 -37.39 -4.57 per 
year

 +33.23  +15.71  +43.72
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complete picture of the dairy farm. Digital-
ization thus changes processes and offers 
opportunities for economic efficiency while 
simultaneously increasing animal welfare.

5.6.1.3   Sustainability
The debate on sustainability is becoming 
increasingly prevalent around the world. 
The German dairy industry, and in par-
ticular milk production, is also in the focus. 
Rising consumer expectations, demands 
form the food retail sector at national and 
international level, as well as politics, call 
for more sustainable milk production along 
the entire value chain. In this process, the 
pillars of economy, ecology, social, and an-
imal welfare are taken into account. Above 
all, the topics of animal welfare and ani-
mal protection in agriculture are increas-
ingly being discussed and consumer ac-
ceptance of agricultural livestock farming 
is declining. This is due to a change in the 
human-animal relationship in society. The 
species-appropriate farming and the needs 
of farm animals are increasingly viewed in 
ethical and moral terms [MBS20].

Therefore, the topic of animal welfare 
is given a special role in the Sector Strategy 
2030. The aim here is to achieve the highest 
possible coverage of dairy farms with the 
objective of a uniform approach through-
out the country. The QM-Milch sustaina-
bility tool accompanies the topic of animal 
welfare on a scientific based level [Mil20b].

5.6.1.4   QM-Milch Dairy 
Sustainability Tool

The QM-Milch Sustainability Tool has 
been developed in several stages by science 
and practice since 2015. For about three 
years, the elaborated system was tested by 
34 dairies and a milk producers’ associa-
tion. It includes essential criteria in the ar-
eas of economy, ecology, social aspects, and 
animal welfare and serves as a status quo 
survey to highlight the strengths and weak-
nesses of milk producers in the respective 

competition, and growing criticism from 
society about existing animal welfare stand-
ards and environmental impacts of the in-
dustry are just a few examples. Milk pro-
duction on farms is therefore character-
ized by a constant and increasing structural 
change.

The “Strategy 2030 of the German 
Dairy Sector” developed in 2019 is intended 
to actively meet these challenges and in-
cludes measures and solution approaches 
that are supposed to strengthen the Ger-
man Dairy Sector sustainably [Mil20b]. 
In this respect, the digitalization of dairy 
farming offers opportunities to develop 
more efficient and sustainable solutions and 
to increase value creation.

In the following, two of the nine main 
topics of the Strategy 2030 are addressed: 
digitalization and sustainability. The ex-
planations are intended to show which op-
portunities digitalization can offer in the 
area of animal welfare. In this context, the 
QM-Milch sustainability tool is designed 
to provide figures, data, and facts as part 
of the Sector Strategy 2030. Using the ex-
ample of the Teaching and Research In-
stitute for Animal Farming, Hofgut Neu-
mühle (7 www.hofgut-neumuehle.de) in 
Münchweiler an der Alsenz, currently ex-
isting digital information for the assessment 
of animal welfare criteria is presented as 
an example and its useful application is de-
scribed.

5.6.1.2   Digitalization
The economic success of a dairy farm de-
pends on many factors. Above all, the 
health status of the entire herd has a con-
siderable influence on the milk yield. Dairy 
cows that are healthy and feel well perform 
well. Therefore, animal welfare plays an es-
sential role for every dairy farmer.

Here, more and more automatic and 
digital systems support the farmer in man-
aging the farm. Today’s digital information 
ranges from an individual animal view to a 

http://www.hofgut-neumuehle.de
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an animal without reasonable cause.” Since 
in agricultural animal farming the daily in-
come is earned directly with the animals or 
their products, it is a very own interest of 
every animal keeper to establish the health 
and well-being, which he is also legally 
obliged to do, on a high level on a perma-
nent basis. In order to comply with these 
legal obligations in view of the increasing 
number of farms and simultaneously less 
time and personnel per animal, it will be es-
sential in the future to collect data and in-
formation on animal health and welfare 
by means of digital techniques, to evaluate 
it, to present it in a way that is easy for the 
farmer to understand (data mining), and to 
document it permanently.

5.6.3   Automation in Dairy 
Farming

The work in dairy farming is becoming in-
creasingly automated. Automatic Milk-
ing Systems (AMS) in particular have ex-
perienced rapid development here. In 2016, 
about 7,800 AMS were in use in 5,500 com-
panies in Germany. Two thirds of all dairy 
farmers decide to buy a milking robot when 
they buy a new machine. According to the 
German Board of Trustees of Technology 
and Construction in Agriculture (KTBL), 
the use of an AMS results in a seven per-
cent higher milk yield, with a significant 
increase in labor productivity at the same 
time. In addition to AMS, sensor-based re-
trieval feeding or automatic feeding systems 
are also widely used. Here and there, ro-
bots are even used to clean the treads and 
to supply the basic fodder.

5.6.3.1   Digitalization
The dynamic development of various sen-
sors for documenting behavior, activ-
ity, health, location systems, etc., has in-
creased dramatically in recent years, result-
ing in more and more people using these 

areas and to support the dairies and their 
production companies in the sustainable 
further development of milk production 
[LCJ+20]. A total of 34 dairies successfully 
participated in the pilot phase and further 
developed the module in all areas. In devel-
oping the module, it was important to en-
sure that it meets scientific requirements 
on the one hand and can be used by farm-
ers and dairies with reasonable effort on the 
other hand [LCJ+20].

In the following, the defined animal 
welfare criteria of  the milk sustainabil-
ity tool are discussed. Based on these crite-
ria, the example of Hofgut Neumühle will 
be used to consider which of these criteria 
can already be mapped today using existing 
digital information from sensors and herd 
management systems that are used. . Ta-
ble 5.3 shows possible animal welfare crite-
ria that could be used to calculate a poten-
tial animal welfare index in the future. Tak-
ing the example of the Neumühle farm, it 
can be seen that more than 60% of the de-
fined animal welfare criteria can already be 
mapped by digital systems. Especially in 
the area of “good health,” there already ex-
ists an almost complete digital recording of 
information.

5.6.2   Legal Basis

Due to various legal foundations (Ani-
mal Welfare Act, Animal Health Act, Vet-
erinary Home Pharmacy Ordinance, Live-
stock Traffic Ordinance,), the animal keeper 
is obliged, among other things, to docu-
ment information on animal health perma-
nently and at all times in order to be able 
to maintain and care for the animals in the 
best possible way. For example, §1 of the 
Animal Protection Act states: “The pur-
pose of this Act is to protect the life and 
well-being of animals out of man’s respon-
sibility for them as fellow creatures. No 
one shall cause pain, suffering or harm to 
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. Table 5 .3 Dairy Sustainability Tool 2.0—Animal welfare indicators Source: [CJL+20]

* using the example of the Teaching and Research Institute for livestock husbandry, Hofgut Neumühle

Animal welfare indicators Digital capture*

Good husbandry

1 Type of cubicle and cubicle floor covering & Management of lying 
areas

-

2 Ratio: Resting areas to dairy cows -

3 Special Needs: Existence of areas for sick cows and calving pens & 
Management of calving pens

-

4 Cow comfort: Existence of cow brushes & Facilities for thermo-  
regulation

✔

5 Care of resting areas for new-born calves -

Good feeding

6 Ratio: Feeding areas to dairy cows -

7 Access to water: Number of troughs & Inspection and cleaning of 
drinking troughs

-

8 Calf  rearing management: Supply of colostrum and water ✔

Good health

9 Metabolism profile of dairy cows: Frequency of analysis & Share of 
dairy cows with a fat-protein-ratio > 1,5 or < 1 for the last year

✔

10 Share of dairy cows with max 100.000 somatic cells/ml at average 
for the last 12 months

✔

11 Strategy for the use of antibiotics for mastitis ✔

12 Control of joint injuries ✔

13 Carrying out of cow-individual lameness control ✔

14 Frequency of prophylactic hoof care of the herd ✔

15 Calf mortality for the last year ✔

16 Dairy cow mortality rate for the last year ✔

17 Share of difficult calving ✔

18 Way of disbudding calves ?

19 Herd care by external experts ✔

Species-appropriate behaviour

20 Freedom of movement for the dairy cows (husbandry system) ✔

21 Access to outdoor climate stimuli for lactating cows, dry cows and 
young cattle

-
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appropriate information available to the 
farmer, on which bases basis management 
decisions can be made. You can see which 
steps are necessary for this in . Fig. 5.16.

Thus, it is fundamentally important that 
all relevant data is collected securely and 
stored permanently through secure data 
transfer (e.g., cloud). The collected data 
must promptly undergo a process-oriented 
transformation and then be made availa-
ble for a corresponding data analysis, with 
the help of which the data can be evaluated, 
e.g., through complex algorithms. After this 
analysis, it is important to prepare the data 
in such a way that the end user is able to in-
terpret the data correctly and derive appro-
priate management measures with very lit-

 technologies at work and also in everyday 
life to obtain information or to work more 
efficiently. This trend has also found its way 
into agriculture and agricultural produc-
tion. Due to the very rapid development 
of the “Internet of Things,” “Cloud Com-
puting,” ML or AI, the development of so-
called Smart Farming has been strongly 
pushed and is thus already being usefully 
applied in practical agriculture in various 
areas (animal farming, agriculture, grass-
land, environment, etc.) [SVW+16]. In ad-
dition to location-based data an infor-
mation (e.g., localization, temperature, 
humidity), Smart Farming also includes in-
formation on current events and changes, 
e.g., in the barn, which is supplemented by 
real-time information [WSG14]. This re-
al-time information is needed especially to 
detect very short-term changes (e.g., in an-
imal health) in order to make timely man-
agement decisions (e.g., in herd manage-
ment of dairy cows). These applications 
require a complex interplay of the most di-
verse functions in the field of computing, 
ML, and AI in order to be able to compre-
hensively describe and apply the concept of 
Smart Farming along a functioning man-
agement system [WSG14]. . Figure 5.15 
shows the cyber-physical management cycle 
of Smart Farming.

For the sensible practical application 
of Smart Farming, it is essential to perma-
nently collect all relevant data and store 
it for evaluation. Only then is it possible, 
through the adequate application of vari-
ous mechanisms and algorithms, to make 

. Fig . 5 .15 Cyber-physical management of Smart 
Farming [WSG14]

. Fig . 5 .16 Necessary data chain for the practical application of Smart Farming [CML14]
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ings and their implementation in practice are 
of outstanding importance in order to per-
manently collect automated data, e.g., on 
the topic of animal welfare (. Table 5.3). 
It is therefore possible, for example, to col-
lect and permanently store all data and in-
formation from the birth of a calf to the de-
parture of the dairy cow from the herd, par-
tially automatically. At Hofgut Neumühle, 
the birth weight of each calf is documented, 
the Colostrum quality as well as colostrum 
supply is checked, measured and stored in 
the herd management program HERDEplus 
(dsp-agrosoft). Furthermore, all information 
and measures of each animal, e.g., diseases 
and treatments, fertility data (e.g., oestrus, in-
semination, etc.), daily milk yield, milk con-
tents, feed intake, chewing duration and be-
havior, animal behavior, walking behav-
ior, lameness score, etc. are determined and 
stored individually for each animal. Since a 
lot of data are collected by different and of-
ten incompatible systems, there is currently 
still a lack of comprehensive interfaces for all 
systems in order to generate adapted and op-
timized Smart Farming solutions or applica-
tions for dairy farming. In the future, these 
problems should be solved and further de-
veloped in additional scientific research ap-
proaches and research alliances with indus-
try. A major challenge at present is to per-
manently store the multitude of complex  

tle effort. Currently, efforts are being made 
to recommend or suggest possible manage-
ment measures to farmers and dairy farm-
ers already through the analysis of the data.

5.6.3.2   Practical Application 
of Smart Farming

The aim is to document existing and re-
cordable information completely and digi-
tally, starting with the birth of each animal 
until the animal leaves the farm. This in-
cludes, for example, information on the an-
imals’ weight, diseases, treatments, localiza-
tion, performance, age, chewing duration, 
activity, behavior, feed intake, oestrus, just 
to name a few. . Table 5.4 shows some in-
formation on important data for the use of 
Smart Farming as an example.

In order to be able to evaluate the col-
lected data in a meaningful way and use it 
for practical applications, it must be possi-
ble to automatically evaluate this perma-
nently stored data, which can currently still 
lead to problems due to different data and file 
formats from different manufacturers. The 
aim is to formulate simple and easily appli-
cable decision-making aids or management 
recommendations for the farmer from very 
large amounts of data through “data min-
ing.” In order to be able to implement this in 
the future in a practical and profitable way 
for farmers, further targeted scientific find-

. Table 5 .4 Important data to be collected for the application of Smart Farming technologies

Animal category Data

Calf Birth weight, genotype, weight development, colostrum intake, feeder intake, 
concentrate intake, water intake, nutrient intake, health data, diseases, treat-
ments, activity, feeder behavior, number of visits to feeder, body temperature, 
calf  appearance imaging features, body condition, etc.

Cattle Weight development, body condition, diseases, treatments, chewing duration, 
chewing activity, activity, body condition, water intake, heat detection, insemi-
nation index, lameness score, etc.

Dairy cow First calving age, weight development, milk yield, milk constituents, lifetime 
performance, lifetime performance, rumination duration, rumination activity, 
localization, heat detection, activity, diseases treatments, lameness score, etc.
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of important data permanently, automati-
cally and digitally, even with very different 
data structures. Through appropriate read-
out procedures, it is possible to generate 
user-specific data without any problems 
and make it available to various end us-
ers from business, public authorities, or re-
search. In this regard, it is important that 
ownership and data protection regulations 
are respected and, if  necessary, must be 
clearly regulated by the state. In addition, 
with HERDEplus it is possible to auto-
matically read data into the herd manage-
ment program also from external sources, 
such as veterinarians, hoof  trimmer, the 
dairy, accounting, breeding values, or also 
from authorities etc., whereby important 
information can be generated directly for 
the farmer to constantly receive informa-
tion about the current production in real 
time. Only through timely evaluations it 
is possible to initiate and take correct and 
important management decisions and 
measures.

data mentioned in a standardized system in 
such a way that defined data or data sets can 
be made available to specific users in a timely, 
automated manner and in the required data 
structure at all times. Only then it is possi-
ble to evaluate data in real time and make it 
available to the farmer so that it can be trans-
ferred promptly into management measures 
or sick animals can be recognized and treated 
much earlier. Through the intelligent and sen-
sible application of Smart Farming technol-
ogies, it will be possible for the first time to 
collect objective data, also with regard to an-
imal welfare criteria in dairy farming, from 
calves to young cattle cows, and to be able to 
compare them between farms. How such a 
data structure as well as a sensible data net-
working between different systems can look 
like is exemplified by the herd management 
program “HERDEplus” of the company 
dsp-agrosoft, which is used at Hofgut Neu-
mühle (. Fig. 5.17).

Thus, with the help of  HERDEplus, 
it is possible to collect and store a variety 

. Fig . 5 .17 Example of data networking (dsp-agrosoft)
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Farmers are confronted with this wide 
range of products and services. However, 
they must decide for their business whether 
and which digitalization measures are suit-
able for them, improve their products and/
or process efficiency. This section is not in-
tended to document the rapid development 
of digital products and services. Rather, it 
aims to take a closer look at the digitaliza-
tion of agriculture from the perspective of 
farmers. For this purpose, the following sec-
tion is divided into two sections.

The first section deals with the spe-
cific role that digitalization plays for farm-
ers. This section is based on five interviews 
with farmers from different regions of Ger-
many. It focuses on the goals they are pur-
suing with digitalization and the challenges 
they are trying to meet with digital prod-
ucts and services. In this section we also ex-
amine the impact of digitalization and how 
farmers can quantify it.

The second section focuses on agricul-
tural data, which forms the backbone of dig-
italization. We want to give an overview of 
agronomic data that are freely accessible 
to farmers. In contrast to the digitalization 
driven by companies, we want to show what 
possibilities exist for farmers to digitize them-
selves based on this freely accessible data.

The section concludes with practical 
recommendations for the future develop-
ment of agricultural digitalization.

5.7.1   Cross Farm Comparison

After a short introduction of the inter-
viewed farmers, this section will provide in-
sights gained from the interviews.

5.7.1.1   Introduction of the 
Interviewed Farmers

Five farmers were interviewed in the 
context of this section. In selecting the 

5.6.4   Outlook

The trend toward increasingly larger dairy 
herds described in Sect. 5.6.1.2 highlights 
the need for digital solutions in dairy farm-
ing. The main goal of digital developments 
is to make the processes more efficient and 
thus more sustainable. Across the entire 
milk value chain, the topics of transpar-
ency, traceability and the optimization of 
processes are in particular focus [Lan20].

The entire industry is still facing a num-
ber of challenges, such as the reduction in 
interface problems, increasing data secu-
rity requirements and the possibility of en-
suring secure and up-to-date data trans-
fer between the value creation levels. Only 
through increasing integration, the tar-
geted goals can be achieved and costs along 
the value chain can be sustainably reduced 
[Lan20]. In conclusion, this means that dig-
ital transformation is directly linked to the 
success and sustainability of the dairy sec-
tor.

5.7   German Farmers Perspective 
on Digitalization

Julian Schill and Christian Bitter 

Abstract
The digitalization of the agricultural indus-
try is mainly driven by machinery manufac-
turers, agrochemical companies, suppliers, 
and technology providers. In 2016, compa-
nies in the US invested $1.8 billion in the de-
velopment of digital solutions for farmers 
[Ber19]. The range of digital products and 
services offered covers nearly all the tasks of 
a farmer. The spectrum ranges from digital 
marketplaces for input goods, to solutions 
for planning and executing field activities, to 
marketing services for agricultural products 
[Bet20].
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 hectares between the Baltic Sea and the 
Schlei, he cultivates wheat, winter rape, 
winter barley, energy beets, and silage 
corn.

All five farmers share the common percep-
tion that digitalization plays a supporting 
role within agriculture. Digitalization sup-
ports farmers in three ways. Firstly, agricul-
tural processes can be simplified and auto-
mated. Secondly, digitalization has a sup-
portive function in helping farmers make 
decisions. In addition, we have identified 
various functions of digitalization that sup-
port farmers in achieving their personal 
goals.

5.7.1.2   Creating Close Relationships 
with End Customers

For Dominik Bellaire, establishing a rela-
tionship with the end customer is an impor-
tant concern in the orientation of his farm. 
His intention is to “show the consumer how 
modern agriculture and sustainability can 
work hand in hand.” In particular, he is in-
terested in bringing his profession closer to 
his customers and showing them why, for 
example, it is necessary to apply crop pro-
tection products. To achieve his goal, digi-
talization can support the farmer, for exam-
ple by collecting and processing agronomic 
data. Already today, Dominik Bellaire can 
present a complete documentation for his 
products. This documentation starts with 
the sowing, includes all plant protection 
applications, the harvest, and ends with 
the time of handing over to the distribu-
tor. However, to generate real added value, 
it is necessary at this point to integrate the 
following stages in the supply chain. There 
is also the question of how the farmer can 
create financial value from this data. As 
things stand today, it is not yet possible to 
assign a real price to this data, which could 
generate additional income for the farmer. 
Not least because of this, it is currently eas-
ier for Dominik Bellaire to generate added 
value through special products such as 

 interview partners, attention was paid to 
covering a wide range of viewpoints. The 
interviewees come from different regions of 
Germany and differ in the size and orien-
tation of their farms. What all five farmers 
have in common is that they not only per-
form their daily tasks on their farms but 
are also involved in other projects. These 
include activities as a test farm for AgMa-
chinery manufacturers, participation in re-
search projects and pilot projects, or the 
self-marketing of their own products.
5 Dominik Bellaire is the manager of 

the Schmiedhof in Neupotz, in Rhine-
land-Palatinate. He runs the family busi-
ness in the third generation. On the 
farm with its 200 hectares, besides dairy 
production, cereals, corn, sugar beets, 
carrots, and tobacco are cultivated.

5 Sven Borchert is the manager of the Be-
triebsgemeinschaft GbR Groß Germer-
sleben. The farm is located within the 
Magdeburger Börde and covers an area 
of 1,750 hectares. Cereals, rape, pota-
toes, sugar beets, and corn are culti-
vated. A biogas plant is also operated, 
which produces green energy.

5 Michael Freiherr von Gemmingen is a 
managing director of the Kraichgauer 
Güterverwaltungen. It consists of a to-
tal of three managing directors and six 
shareholders. Together they run the 
farm with 1,400 hectares of arable land 
in Kraichgau, Baden-Württemberg. 
They have specialized in the cultivation 
of corn.

5 Manfred Hurtz is the manager 
of a farm in Nideggen, in North 
Rhine-Westphalia. He cultivates 100 
hectares of his own arable land and also 
offers various contract work for other 
farmers (200 hectares of threshing, 80 
hectares of fertilization and plant pro-
tection, 100 hectares of sowing).

5 Broder Preuß-Driessen is the manager 
of the Herzogliche Gutsverwaltung 
Grünholz in Thumby, Schleswig–
Holstein. On an area of about 1,500 
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5.7.1.4   Differentiation Despite  
Farm Size

Michael Freiherr von Gemmingen and his 
fellow managing directors are exploring op-
portunities to further differentiate them-
selves within the existing product portfo-
lio. The Kraichgauer Güterverwaltungen 
are specialized in the cultivation of grain. 
In the past, attempts were made to convert 
small areas to organic farming. However, it 
is not their aim to convert the entire farm 
to organic farming. Their aim is rather a 
product-specific differentiation. The role 
of digitalization is to be seen in two differ-
ent ways. Firstly, the farm is dependent on 
generating profits in classical cultivation on 
high-yield areas. Digital products such as 
historical yield maps can be used as a deci-
sion-making aid for the selection of land.

Secondly, Michael Freiherr von Gem-
mingen needs to find new partners for 
product-specific differentiation using new 
developments within digital agriculture. 
This includes the development and pres-
ervation of  strategic partnerships. In this 
context it is necessary to ensure the know-
how of  the farmer. In contrast to indus-
trial production, which takes place be-
hind closed walls, farmers’ fields are eas-
ily accessible. Activities and processes in 
the field can be seen by others and eas-
ily copied. If  other farmers copy his new 
product, this can lead to a differentiation 
strategy no longer being economically vi-
able. However, if  the differentiation is not 
based on a single product, but on a related 
strategic partnership, this strategy is more 
difficult for others to copy. This is espe-
cially true when non-standardized ma-
chines are required for cultivation or pro-
cessing, which involves high investments. 
Here, Michael Freiherr von Gemmingen 
and his partners benefit equally from the 
cooperation.

 tobacco. This is also the case because they 
have a higher price range than cereals.

5.7.1.3   Making Sustainability 
Measures More Efficient

Sustainability and biodiversity within the ag-
ricultural industry are of great importance 
to Sven Borchert. He is convinced that much 
more needs to be done in this area, especially 
within his industry. However, he does not see 
politics as being responsible. Rather, he be-
lieves that farmers have a responsibility. For 
him, the focus is on the efficient design and 
economic viability of existing sustainabil-
ity measures. According to Sven Borchert, 
digitalization can make a significant con-
tribution to increasing the efficiency of sus-
tainability measures. Starting with the plan-
ning of the numerous measures, he sees dig-
italization as a decision-making aid. On the 
one hand, suitable areas can be identified, 
and on the other, various measures can be 
evaluated according to their potential sus-
tainability effect. It would also be conceiv-
able to suggest the scope of the sustainabil-
ity measures, considering the possible field 
yield. Thus, digitalization must be able to de-
termine optimal locations and assign the ap-
propriate measure to them. The next step 
is to implement the planned sustainability 
measures. To do this, it is necessary that the 
measures are automatically considered in 
the various fieldwork activities without caus-
ing additional work for the farmer. Finally, 
the various sustainability measures must be 
documented and exchanged with the pub-
lic authorities. This would make it easier for 
Sven Borchert to confirm that, for example, 
he fulfills greening requirements or agri-en-
vironmental programs. In short, he believes 
that digitalization must be able to make sus-
tainability measures more efficient in the fu-
ture and integrate them seamlessly into the 
farm’s processes.
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5.7.1.6   Support the Experienced 
Farmers, not Replacing 
Them

For Broder Preuß-Driessen his own expe-
rience and the experience of his employees 
is the most important factor for the agri-
cultural success. He and his employees can 
rely on their agricultural know-how, which 
has grown over the years. This includes 
field-specific knowledge and the assessment 
of the weather. For Broder Preuß-Dries-
sen his own know-how is the benchmark 
against which he evaluates digital prod-
ucts. If  digital products and services can-
not stand up to this evaluation, they are not 
considered. Broder Preuß-Driessen sees the 
potential of digitalization in the fact that 
he has access to additional information for 
decision-making. However, the decision is 
still up to him as a farmer and not a dig-
ital decision model. For him, it is essential 
“to be out in the field, to take the spade in 
his hand and look at what is going on in the 
field.”

5.7.1.7   Interim Conclusion—
What Contribution Does 
Digitalization Provide

To answer this question, it is necessary to 
clarify in advance how farmers measure 
the effects of digitalization activities. None 
of the farmers interviewed measure the ex-
plicit impact of individual digitalization ac-
tivities on their farm. However, the finan-
cial impact of digitalization is reflected in 
the contribution margin calculation (see 
7 Sect. 2.4). If  the components of the con-
tribution margin accounting are considered 
separately, the following influences of digi-
talization can be identified.

In terms of variable costs, all the farm-
ers interviewed agreed that the introduction 
of digital products and services is associated 
with savings. For example, Michael Freiherr 
von Gemmingen was able to achieve savings 

5.7.1.5   Importance of Digitalization 
for Contractors

Manfred Hurtz notes that many farm-
ers who demand his contract work are still 
quite closed to digitalization. Many of his 
customers are farms with 40–70 hectares 
of arable land, which do not have a strong 
digital infrastructure. In contrast, Manfred 
Hurtz can offer a complete digital equip-
ment. For some of his customers, how-
ever, it is irrelevant when choosing a con-
tractor whether the contractor offers the 
digital equipment or not. When in doubt, 
they choose the contractor who makes the 
cheaper offer.

In the meantime, however, there are 
signs that the willingness to use digital tech-
nologies is increasing. He is of the opinion 
that resource-saving applications are slowly 
moving into the focus of many small farms. 
For the future, Manfred Hurtz sees fur-
ther potential for his digital services in fer-
tilizer and crop protection application. On 
the one hand, farms are required to provide 
complete documentation, which is driven 
by ever more far-reaching regulations. On 
the other hand, the quantities of fertilizers 
and pesticides are reduced and restricted by 
law. His digital products enable resources to 
be used more efficiently while at the same 
time providing complete documentation.

For Manfred Hurtz to actually use the 
full potential of his digital equipment for 
the contract work on offer, it is necessary 
that his customers recognize this benefit for 
themselves in the future. In order to achieve 
this, he is trying to sensitize smaller agricul-
tural businesses in particular to the topic of 
digitalization in general. At the same time, 
he shows them the advantages of digitali-
zation in farm management and documen-
tation. He currently achieves access to his 
customers best against the background of 
strict fertilizer regulations and comprehen-
sive documentation obligations.
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5.7.2.1   Geographical Mapping
Equipped with the information about the 
geographical location of the field (longi-
tude and latitude), we can already get a 
first picture with the help of publicly avail-
able data. Thanks to the free availability of 
services such as Google Maps or Google 
Earth, we have the possibility to determine 
and narrow down the location of our field. 
Thus, individual fields of the same culti-
vation can usually be delimited from oth-
ers purely visually. Furthermore, public 
satellite data imagery, such as Sentinel-2 
or Landsat-8, allows tracking the change 
of a piece of landscape over time and can 
serve to better map fields. In addition, pub-
licly available and anonymized information 
from the official Real Estate Cadastral In-
formation System (ALKIS) can support ge-
ographic mapping.

5.7.2.2   Historical and Actual Field 
Development

In addition to geographic coverage of the 
field, satellite data can be an effective tool 
for assessing the historical and actual devel-
opment. Subsets of these data can be used 
to estimate vegetation activity or the wa-
ter balance. This may require integration of 
additional data such as historical weather 
or information on regional and local soil 
conditions. The German Weather Service 
offers access to numerous publicly available 
weather and climate data such as air tem-
perature, air pressure, precipitation, and 
derived variables measured at weather sta-
tions. These are available in various tempo-
ral resolutions (hourly, daily) in real time, 
as well as historically. Location-specific 
weather forecast data are often only availa-
ble in low spatial resolution (e.g., regional) 
and time-limited form (1–14 days). Often, 
information is provided via a graphical user 
interface (web page) in textual or summa-
rized graphical form, such as the agricul-
tural weather ISABEL. This representation 
is primarily suitable for selective evaluation 

of around 20€/ha by using GPS control and 
variable application maps. Manfred Hurtz 
was able to reduce the amount of nitrate ap-
plied by 30 kg/ha through the same meas-
ures. Furthermore, the interviews showed 
that digitalization reduces the workload of 
the plant manager. Standardized processes 
can be executed automatically, and data 
can be exchanged more easily between ma-
chines, farm management, and public au-
thorities. This positive effect can be attrib-
uted to the area of labor costs. The problem 
here is that the farm manager’s workload 
is rarely included in the contribution mar-
gin calculation. Therefore, the influence of 
digitalization is difficult to quantify at this 
point. The interviews also demonstrated 
that the plant managers do not notice the 
time savings for existing tasks, as additional 
regulations, new tasks and administrative 
processes represent additional expenditure. 
Nevertheless, in the end, the positive effects 
of digitalization dominate.

On the revenue side, digital products 
and services can also help farmers to in-
crease their income. For example, yield 
forecasting models can be used to help 
farmers make decisions in case they sell 
their crops in advance.

From the point of view of fixed costs, 
digitalization offers the farmers interviewed 
no potential for savings. On the contrary, 
digitalization of a farm involves high in-
vestments, which at this point have a nega-
tive impact on fixed costs.

5.7.2   Field-Specific Open Data

Farming even more field zone specific re-
quires availability of accessible, digitized 
data in good quality (see 7 Sect. 3.6.). In 
the second part of this section, we look at 
exemplary open data offerings that farmers 
can use. To give an overview of these freely 
accessible offers, we start with information 
about the geographical location of one field 
and try to describe it as best as possible.
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applicable in all cases, it allows, together 
with aggregated information such as statis-
tical yearbooks, knowledge of regional and 
local practices that can be validated using 
optical sensor data (satellite imagery) to pro-
vide a sufficient seasonal picture of a field.

5.7.2.5   Timing and Type 
of Agronomic Measures

Even if  a concrete operational measure 
(time, character), such as sowing, plant pro-
tection or harvesting remains hidden from 
the external eye, the artificial satellite eye 
may offer a remedy here. Satellite images 
are already successfully used for the docu-
mentation of commodity flows such as oil 
transporters at sea. Accordingly, imaging 
techniques can be used for temporal con-
tainment or exact determination of meas-
ures such as harvesting, sowing, or fertiliz-
ing.

5.7.2.6   Purchase and Sales Prices
If  costs for production factors such as fer-
tilizers or the sales price for agricultural 
products need to be determined, regional 
reference values provided by e.g., chambers 
of agriculture of individual federal states 
such as North Rhine-Westphalia can be 
useful. In addition to reference values, on-
line providers of agricultural inputs such as 
Amazon provide product catalogs including 
product master data, recommended uses, 
and prices for research.

5.7.2.7   Interim Conclusion
In general, it can be stated that through ini-
tiatives such as open data and open govern-
ment, a variety of different types of data 
and thus data for characterizing agricultural 
land are available. As noted, the character-
istics, quality and quantity of the respective 
data varies, sometimes strongly, due to var-
ious factors, such as the federal structure of 
the Federal Republic, or protection of pri-
vate data. However, the private sector also 
provides limited information for site char-

of a few fields. Some commercial weather 
data providers, such as Open Weather Map, 
also allow users to programmatically re-
trieve weather data on a small scale for 
non-commercial use. Here, it must be noted 
that the quality of the data offered can vary 
greatly between providers, depending on 
the type of weather parameter retrieved, 
the desired forecast horizon, and may well 
be region-specific.

5.7.2.3   Soil Quality and Condition
To visualize the soil quality and texture of 
our field, information from sources such as 
Soilgrids or state specific BÜK50/200/1000 
can be used. These thematic maps provide 
information on local phenomena such as 
soil erosion, hydrology, or general terrain 
shape. For example, the geoportal of the 
federal state of Rhineland-Palatinate offers 
maps for characterizing the soil and site 
typing with regard to water or soil nutrient 
balance.

5.7.2.4   Growth Stage and Type 
of Arable Crop

Another important parameter for assess-
ing the field is the growth stage. Known in 
Germany as BBCH stage, it is largely de-
rived from the influencing variables of crop 
and variety characteristics, as well as the lo-
cation-specific weather (e.g., temperature). 
This information is available from the public 
sector, such as ISIP, which provides a state-
ment on the age of the crop by specifying 
the field location. Besides the growth stage, 
remote sensing data are also used for the 
identification of the type of cultivated field 
crops. With the help of these data, statisti-
cal statements about historical or currently 
cultivated arable crops can be derived. Such 
statements exist partly in predefined, pub-
licly freely available offerings such as CO-
RINE land cover (CLC). CLC provides in-
formation on the historical cover of a stand-
ardized 5 ha plot. Although the available 
information is neither species-specific nor 
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hand by a broad public debate. Based on 
these developments, new opportunities for 
digitalization are opening. The aim must be 
to use digitalization to introduce, maintain, 
and document sustainability and biodiver-
sity measures without having a negative im-
pact on farmers’ yields.

Digitalization in agriculture must not 
only be capable of enabling new business 
models and sustainability and biodiver-
sity measures independently of each other. 
Rather farmers are interested, that profita-
bility and sustainability goals are pursued 
jointly. It must be shown that it is possible 
to generate additional revenues by intro-
ducing sustainability and biodiversity meas-
ures.

The question of the extent to which 
farmers can digitize themselves remains 
open. There is a clear trend toward more 
freely available data. However, it is ques-
tionable whether this potential is being ex-
ploited, or can be exploited short term. 
This is also linked to the question of which 
qualifications the future farmer must have. 
It is already apparent today that informa-
tion technology skills are becoming increas-
ingly important.

5.8   A Farm Case Study from the 
Netherlands

Jan Reinier de Jong 

Abstract
In this section history, development and cur-
rent digitalization status of the de Jong fam-
ily farm is described. The historic develop-
ment is vividly described and provides an ex-
ample for family farm heritages. Despite the 
historically solved issues also current sus-
tainability and Digital Farming practices are 
described. An outlook for potential future 
on farm digitalization activities closes the 
section.

acterization and agronomic use. The more 
IT expertise there is on the part of the end 
user, the higher the possible degree of use 
of the available data. Even though the Fed-
eral Republic’s Open Data Action Plan was 
already adopted in 2014, it must be noted 
that there is still a lot of potential for open 
data in uniform provision of documented, 
up-to-date, agriculturally relevant data. It 
is precisely the partly different handling of 
the topic in the individual federal states that 
makes a uniform consideration of the po-
tentials more difficult.

5.7.3   Conclusion

Learnings for Future Digitalization For ag-
ricultural enterprises, the potential of dig-
italization currently lies in the optimiza-
tion of their existing processes. Resources 
can be conserved, and savings made. All in-
terviewees were able to confirm that digi-
tal products and services have a supporting 
function for them. For the future develop-
ment of digitalization, it is important to be 
aware of this function. Digitalization is not 
able to replace the farmers, but it can sup-
port them in their daily tasks. Similarly, the 
role of the farmer as an entrepreneur can-
not be questioned. The farmer remains the 
decision maker on his or her farm.

The digitalization of farms will enable 
all agronomic data to be collected and pro-
cesses to be made measurable and compa-
rable. The process of data collection cur-
rently represents additional efforts for the 
farmer. However, this effort must be com-
pensated by an added value that justifies 
the additional tasks. Currently, the added 
value corresponds to the savings achieved 
by optimizing existing processes. The trend 
toward more sustainability and biodiversity 
in agriculture is generally acknowledged. 
This is driven on the one hand by stronger 
regulation by lawmakers and on the other 
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grandfather of Jan Reinier was an excellent 
cultivator of plants. His potatoes were sold 
via a cooperative and were sold worldwide.

In the early 1970s, Jan Reinier’s par-
ents took over the business and from that 
time on Crop Registration was commenced. 
This registration was mainly used to coun-
teract problems with the potato cyst nem-
atodes Globodera rostochiensis and Glo-
bodera pallida. The potato variety was 
noted for each field every year, so at the end 
it was clear what recontamination the previ-
ous variety had left in the soil. In this way, 
thanks to the various resistances, the potato 
cyst nematode problem could be kept rea-
sonably well under control.

From that time on the farm expanded 
and the cultivation of seed potatoes re-
mained the basis, but starch potatoes were 
also introduced to the farm and the acre-
age of sugar beet and malting barley was 
expanded. Investments were also made in 
a new barn for the storage of seed pota-
toes and mechanization. Crop registration 
was in its infancy at that time. Suiker Un-
ie’s Unitip growing program was the first to 
use crop data to improve yields. Unitip is 
the cultivation registration and advice pro-
gram of Cosun Beet Company—formerly 
the Suikerunie—in which beet growers reg-
ister their beet cultivation (Unitip = Suiker 
Unie Teelt Informatie Programma). Grow-
ers who register in Unitip receive crop re-
ports and crop advice. They also receive 
comparison reports comparing their own 
growing methods with those of other grow-
ers in the region and elsewhere. Unitip was 
launched in the early 1980s and was one of 
the first registration programs at the time. 
In the meantime, much has changed about 
the program. In the beginning it was a pa-
per questionnaire, now of course it is com-
pletely digital, with fully automated re-
ports for insight, benchmarks and advice. 
This advice is given at field level because 

5.8.1   The Arable Farm of the 
Family De Jong

The arable farm of the family de Jong was 
reclaimed around 1920. Before that it was 
rough land and not used for agricultural 
purposes. The first years after reclamation 
were difficult. The soil quality was poor 
and the crops suffered from a lot of so-
called reclamation diseases which is a com-
bination of several diseases and deficiency 
disorders. These arose particularly because 
there was a lack of organic manure in the 
region and standard artificial fertilizers 
were used. This resulted in a lack of copper 
elements. When trace elements were devel-
oped an addition of copper sulphate solved 
this problem.

The first farmer on this site was not suc-
cessful. Jan Reinier de Jong’s great-grand-
father heard that the farm was becoming 
vacant. At that time he had a mixed farm 
about 50 km from Odoorn and this was ac-
tually too small. After some negotiating the 
farm was leased and the family moved to 
Odoorn. In those days such a trip was com-
parable to emigrating abroad.

The new location was then a real tradi-
tional mixed farm. All kinds of agriculture 
were present, combined with cows, chick-
ens, and pigs. In the following years a lot 
of soil improvement was done with manure 
from their own animals. Some years later the 
farm was purchased and became in complete 
ownership of his great grandfather. The 
farm was taken over by Jan Reinier’s grand-
mother. She continued the family business 
with a farmer’s son from a village nearby.

The grandparents focused more on 
the growing of seed potatoes and less on 
animal farming. First the pigs were re-
moved, then the cows and finally the poul-
try. Growing seed potatoes was particularly 
interesting. The light soil was excellent for 
growing high quality seed potatoes. The 
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grown for direct consumption must have 
this GLOBALGAP Certificate.

Crop registration is also required for a 
food supply chain project with malting bar-
ley. For this project, all actions during the 
cultivation of malting barley were regis-
tered. An additional benefit for the pro-
ducer in this project is that he obtains a 
better understanding of his cost price. The 
cost price is easy to calculate by means of 
the crop registration. That information is 
useful and valuable for a farmer, it allows 
you to focus on costs. There is a good over-
view of all the activities that have taken 
place in the crops in the past period.

At present the farm area is 120 hectares. 
In 2021, the following crops will be grown 
on the farm: 43 ha of seed potatoes, 19 ha 
of starch potatoes, 24 ha of sugar beets, 
25 ha of malting barley, and 9 ha of biodi-
versity measures (agricultural nature man-
agement). In total 110 ha are owned, the 
rest is rented. A few hectares are also ex-
changed with a dairy farmer.

Nowadays, the registration of crop pro-
tection products per plot is required by law. 
Several customers have started yield im-
provement programs, for which crop regis-
tration is the basis.

The weather is an important factor and 
has a great influence on the cultivation. The 
weather forecasts are therefore followed very 
closely and an adequate respond to this is 
crucial. Weather data is also recorded. Rain 
gauges are installed on several plots. Over the 
past four years, experience has been gained 
with soil moisture and soil temperature sen-
sors. The soil moisture is controlled by irri-
gation. The data can be viewed via an app 
and provides real-time data, but also an over-
view of the past months. Because the soil is 
of varying quality, it is difficult to assess the 
real value or benefit of the data. A tour on 
the field gives a good idea how to interpret 
the data of the moisture sensor. By means 
of a soil scan we have a good view of the soil 
quality. Based on all this data, it is possible to 
irrigate specifically for each location.

 historical data is used. The main goal is im-
provement of the beet cultivation. Approx-
imately 10 years ago, chain transparency 
and accountability for sustainable produc-
tion of sugar beets, for buyers of Cosun 
Beet Company, were added. In 2018, this 
resulted in Unitip becoming a supply re-
quirement of Cosun. Sustainable sugar pro-
duction is an important consideration in 
the sale of sugar. To make sustainability re-
quirements concrete, a large number of cus-
tomers have created the organization SAI 
(7 www.saiplatform.org). Participants in 
Unitip meet the requirements for the high-
est sustainability category according to SAI 
and hereby meet the sustainability require-
ments of large sugar customers.

With a registration system the customer 
and the farmer now have the possibility to 
govern and control the crop on how it per-
formed compared with their colleagues. 
In this way, beet growers could learn from 
each other and jointly improve the yield 
of the crop. The Netherlands is unique in 
this respect. Farmers do not see each other 
as competitors and are not afraid to share 
data and knowledge. The effect is that the 
entire crop is raised to a higher level.

After finishing his studies in 1996 at 
the agricultural college Jan Reinier joined 
the company together with his parents. 
Jan Reinier continued the business which 
at that time had an area of 63 ha. Con-
sumption potatoes were grown on a lim-
ited scale and if  these were delivered to-
gether with a crop registration, a small bo-
nus was paid. Due to this sale procedure 
the purchasing party achieved more in-
sight into the use of crop protection prod-
ucts and fertilizers. Later, this became a 
food safety certificate, followed by the Eu-
repGAP certificate, an initiative of a num-
ber of European supermarkets (e.g., Tesco, 
Delhaize, Albert Heijn, Laurus and Schu-
itema). In 2007, the name EurepGAP was 
changed to GLOBALGAP, due to the in-
ternationalization (globalization) of the 
trade in food products. Nowadays, crops 

http://www.saiplatform.org
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 quality. Different methods of scanning have 
been examined. The difference between the 
scanning methods were mainly the costs of 
the scan. The measured values correspond 
reasonably well. The next step is to gather 
more insight into the yield at a specific lo-
cation. For this purpose, substantial invest-
ments were made in yield sensors on the 
harvesters of the participating farmers. By 
means of direct weighing on the harvesting 
machine, the yield can be determined very 
site-specifically. This gives a good picture 
of the yield differences within a field. These 
differences can vary, from half  the average 
to twice the average of a field. This gives of 
course a good indication of the potential 
that still exists for agriculture.

With the collection of extra data, the 
farmers within the project hope to take the 
next step. Currently, investing in precision 
agriculture techniques is still an expensive 
hobby. Due to the high cost of the equip-
ment, it is not easy to recoup these costs. 
There is a lot to learn and knowledge has 
value, but a better financial return is not 
possible yet. This of course has to do with 
the relatively low selling prices of agricul-
tural products. And this slows down invest-
ments in these techniques which of course 
increase the price.

Landscape and nature management 
has become a serious crop (in the sense 
of source of income) on the farm. Invest-
ment in biodiversity was started in 2014. 
The main reason at the time was to pre-
pare for the new European agricultural pol-
icy. Biodiversity could play an important 
role in this. By becoming a member of an 
agricultural collective (united in Boeren-
Natuur—“FarmandNature”) the company 
could gain experience with this type of cul-
tivation. A start was made with half  a hec-
tare of winter feed field for birds. This is a 
mix of cereals that are not harvested but 
remains on the field in order to provide 
feed and shelter for birds during the win-
ter. Nowadays, there is almost 8 ha of these 
winter feed fields on the farm and in total 

5.8.2   Precision Agriculture

Since 2011, we have been working with a 
GPS system from Ag-Leader. Initially to 
enable the tractor to drive in a straight line 
across the fields. By not having to steer you 
can better focus on the work. This gives 
considerable relief  to the driver. Two years 
later, a new CHD sprayer was purchased. 
In consultation with the dealer, supplier, 
manufacturer and importer of the vari-
ous systems the sprayer was modified so 
that it is controlled by the GPS system. 
This means that a spraying computer is no 
longer required, and the sprayer can work 
even more accurately thanks to the GPS-
RTK system. This was the first GPS-con-
trolled sprayer in Europe to use the trac-
tor’s GPS system instead of its own GPS 
antenna. In recent years, Jan Reinier has 
been working with the OptRx crop sen-
sors from Ag-Leader, which enables him to 
monitor the crop growth better. The “eye” 
of the sensor can detect deviations in the 
crop quicker than the eye of the farmer. 
This allows you to respond more quickly. 
Meanwhile, experience has been gained 
with site-specific dosing of fungicide in po-
tato cultivation. In recent years a lot of 
data has been collected. But what do you 
do with this data? This is a question that 
more arable farmers are asking.

As of 2018 Ger Evenhuis, Alko Tolner 
and Jan Reinier de Jong are working to-
gether with Nicole Bartelds on the preci-
sion agriculture project MAXSUS. The 
MAXSUS project aims to increase the pre-
dictability of the harvest and to stimulate 
crop growth site-specific in order to gain a 
homogeneous and higher yield within the 
field. MAXSUS is a contraction of Maxi-
mum Sustainable. With all the data points 
collected from the crop scans, the founda-
tion was laid for this project. However, crop 
scans alone are not sufficient to gain insight 
into crop growth. Therefore, the MAX-
SUS project also scanned the field plots 
to achieve greater knowledge on the soil 
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important thing on light sandy soil is the 
organic matter content of the soil. De Jong 
family does everything possible to increase 
this. An organic matter balance is regu-
larly made to see how much organic mat-
ter is added and removed. It is not easy to 
equal the input and output. De Jong there-
fore does the maximum to add extra or-
ganic matter. During the harvest of the ce-
reals the straw is chopped and a cover crop 
is sown after the cereals are harvested. Fur-
thermore, animal manure and other or-
ganic fertilizers are applied as much as pos-
sible. No nitrogen or phosphate fertilizers 
are used on the farm. Furthermore, natu-
ral grass from the natural reserves nearby is 
scattered over the fields. This is also a sim-
ple way of adding extra organic material. 
Every 4 years the fields are sampled on or-
ganic matter content. With this data it is 
easy to understand what the effects of all 
efforts are. This shows how much CO2 is 
being stored in the soil. CO2 storage is be-
coming increasingly important. In time, 
there may be compensation for this. Ag-
riculture could play an important role in 
storage of CO2 in the soil or in permanent 
strips or thickets. In time, this could even 
become part of the CAP but has to be re-
warded then of course. Unfortunately, the 
Dutch manure policy works against soil im-
provement/organic matter storage. The pol-
icy is mainly based on preventing over-fer-
tilization in cattle-density areas. It is not a 
soil policy, but a livestock policy. The ara-
ble sector does not benefit from this.

5.8.3   Future

What will happen in the future is unpre-
dictable. Data are going to play an increas-
ingly important role in agriculture. But cer-
tainly, also in economics and politics. Satel-
lite images are making it easier to estimate 
how world food production is progressing. 
If  yields are lower than expected, global 
turmoil may arise. In stable countries, this 

1 ha (almost 3 km) of field margins (flower 
strips). These field margins are sown with 
different flowers, Perennials and herbs. 
Some of these strips were created to pro-
tect amphibians (esp. for the common spa-
defoot toad), others to support local birds 
and insects.

In close cooperation with BASF, an in-
sect monitoring project has taken place 
from 2018 to 2020. Goal of this project 
was to assess possible differences in num-
bers and species diversity of pollinators 
(wild bees, hoverflies, and butterflies) be-
tween two different flower mixtures. The 
first flower mixture consisted only of na-
tive species, the other mixture had also 
many non-native species. The Dutch But-
terfly Foundation conducted the monitor-
ing. There were surprisingly many insects in 
the field margins despite being right next to 
the crops.

Jan Reinier, together with the eld-
est daughter, counted night moths dur-
ing the summer of 2020. This was part of 
a national monitoring network of 50 farm-
ers throughout the Netherlands. Also here 
many butterflies were observed. The data 
from these two projects are of great impor-
tance and will provides greater insight into 
the status of on-farm biodiversity. Pub-
lic opinion is negative about agriculture. 
In particular, the use of pesticides is under 
pressure. The use of plant protection prod-
ucts would be at the expense of biodiver-
sity, is generally thought. Thanks to mon-
itoring data you can show that biodiver-
sity, and here more specific insects, are not 
greatly affected in agricultural areas. With 
scientifically based data, it is easier to cre-
ate a discussion on the effects of agriculture 
on biodiversity. But also to come with sci-
ence-based measures to effectively support 
on-farm biodiversity.

The soil is the basis of the arable farms. 
A lot of time and energy is spent on im-
proving the soil. Examples are the drainage 
of wet areas, breaking up disruptive layers 
and site-specific irrigation. By far the most 
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sorts of new equipment, sensors and pre-
cision agriculture, more and more data are 
becoming available. The question remains 
whether this data always has added value. 
The downside is that obtaining and using 
this data involves a lot of additional cost. 
With low prices for agricultural products, it 
is not easy to make these techniques profit-
able. Opportunities lie in a better financial 
distribution throughout the chain. But also, 
by compensating the green and blue infra-
structure services provided by the agricul-
tural sector.
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zations have provided a key networking and 
capacity development role for adopting new 
scientifically based practices, the evolution 
and acceptance of new technologies, and 
are a catalyst for shaping agricultural pol-
icies at the regional, national and interna-
tional levels.

Agricultural sustainability has been a 
theme in farming since the mid-twentieth 
century both in Europe, the UK, and the 
USA. It has evolved over time in various it-
erations to promote self-reliance through 
adapting farming systems based on the 
stewardship of the land, healthy soil, food 
quality, food sufficiency, human health, and 
maintaining healthy farming communities 
[MAC90]. In the 1960’s and 70’s, the Green 
Revolution was catalyzed by the need to ad-
dress the issue of malnutrition in the devel-
oping world. The primary breakthroughs 
during the Green Revolution were to in-
crease yields through technology enhanced 
plant breeding combined with increased 
chemical pest control and fertilizers, and 
the expansion of large irrigation efforts. 
These efforts reshaped farming systems 
worldwide, especially in the supporting ag-
ricultural supply chains.

In 1987, the Report of the World Com-
mission on Environment and Development: 
Our Common Future [WOR87] outlined a 
“global agenda for change” and proposed 
long-term environmental strategies for 
achieving sustainable development. It was 
this challenge that set a globalized frame-
work for a more formal action on Sustain-
able Agriculture. The Food and Agricul-
ture Organization of the United Nations 
(FAO) defined sustainable agricultural de-
velopment as “the management and con-
servation of the natural resource base, and 
the orientation of technological and insti-
tutional change in such a manner as to en-
sure the attainment and continued satisfac-
tion of human needs for present and future 
generations. Such sustainable development 
(in the agriculture, forestry and fisheries 

6.1   Role of Multi-Stakeholder 
Organizations in Digital 
Sustainable Agriculture 
Transformation

Keith A. Wheeler 

Abstract
Over the past two decades there has been an 
increasing awareness for the linkage between 
food security, sustainable farming standards 
and practices, and digital agriculture. Sev-
eral sustainable agriculture organizations 
and associations play a critical role in a dig-
ital sustainable farming transformation to 
achieve the Sustainable Development Goals 
(SDGs). Regional and global associations 
have emerged to serve as an intellectual and 
practical convener for a range of sustaina-
ble farming themes including: (1) develop-
ing vision consensus for sustainable agricul-
ture, (2) adopting sustainability metrics and 
best practices, (3) creating assessments and 
tools to support agricultural supply chains, 
(4) engaging multi-stakeholder partner-
ships to implement voluntary sustainability 
standards (VSS), (5) and support the open-
sourced availability for quality data and plat-
forms to drive innovation in digital sustain-
able farming. Together these opportunities 
are transforming sustainable agriculture, 
with a holistic and integrated perspective, to 
help achieve agricultural resiliency and food 
security. Several sustainable agriculture mul-
ti-stakeholder organizations will be high-
lighted in this article, representing regional 
exemplars engaged with multi-regional audi-
ences.

6.1.1   Introduction

Farming associations have been one of the 
key drivers for change in agricultural prac-
tices and markets over the past century in 
Europe and North America. These organi-
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riculture supply chain including: the Global 
Reporting Initiative (GRI), the United Na-
tions Global Compact, Sustainability Ac-
counting Standards Board (SASB), Rain 
Forest—UTZ standards, Carbon Disclo-
sure Project (CDP), and the International 
Organization for Standardization (ISO). In 
2014, FAO produced an analysis of 38 dif-
ferent assessment schemes and tools by var-
ious organizations for Sustainable Food 
and Agriculture Systems [FAO14]. Points 
of view and processes tended to be both 
bottom-up and top-down as it related to 
the food and agriculture supply chain.

Addressing sustainability from the 
farmer perspective has proven to be a 
daunting task over the past 30 years. Farm-
ers were being urged by their input suppli-
ers (pesticides, fertilizers, seed, machinery, 
and Digital Farming) to adopt and track 
these new innovations that will support 
more sustainable practices and allow the 
suppliers to report on their contributions 
to the sustainable agricultural supply chain. 
Farmers were simultaneously being pulled 
by the consumer market and its value chain 
companies to use the best possible practices 
to grow food that is environmentally and 
socially responsible for the best price, and 
track critical supply chain metrics for the 
companies’ sustainability reports.

Many barriers to sustainable practice 
adoption exist, ranging from: increasing 
numbers of national, regional and global 
sustainable agricultural organizations that 
have differing vision and roles along the 
food supply chain; voluntary or mandatory 
standards; a web of metrics for all aspects 
of complex farming operations; signifi-
cant amounts of data to acquire, collect and 
manage; lack of direct linkage to existing 
farm management systems; lack of farmer 
training and support; lack of benchmark-
ing on universally accepted best practices; 
increasing market demands for sustaina-
ble certification; low return on investment 
(ROI), and lack of value chain transparency.

 sectors) conserves land, water, plant and 
animal genetic resources, is environmen-
tally non-degrading, technically appropri-
ate, economically viable and socially ac-
ceptable” [FAO98].

An appeal was made to farming groups, 
non-governmental organizations, the pri-
vate sector, educational institutions, and the 
scientific community to take up the chal-
lenge of increasing production to keep up 
with increasing demand, while retaining the 
essential ecological integrity of agricultural 
production systems as core to the sustain-
able agriculture paradigm. Significant dia-
log and debate occurred from 1987 through 
2000 by many organizations on sustainable 
agriculture focusing on definition articula-
tion, sustainability metrics, and farm and 
supply chain-based assessments. Despite 
the efforts for making sustainability assess-
ments in the food and agriculture sectors 
accurate and easy to manage, no interna-
tionally accepted benchmark emerged that 
defined a common rubric for what sustain-
able food production entails.

In the first decade of the 2000’s, new 
multi-sectorial sustainable agricultural or-
ganizations emerged and began playing a 
significant role in refining and implement-
ing sustainable agriculture definitions and 
voluntary standards for large scale arable 
agriculture in Europe and North America. 
The 2012 United Nations Conference on 
Sustainable Development (UNCSD), also 
known as Rio+20, established a framework 
for the Sustainable Development Goals 
(SDGs) and in 2015, seventeen broad goals 
and specific targets were ratified by the 
United Nations [UNI15] (see 7 Sect. 1.3). 
A number of the SDGs are directed at sus-
tainable agriculture and the food supply 
systems to end hunger and all forms of 
malnutrition by 2030.

During the same period, a number of 
corporate socially responsible (CSR) sus-
tainability reporting standards were evolv-
ing that would influence and shape the ag-
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Through a multi-stakeholder process, 
SAI's membership defined sustainable ag-
riculture as: “The efficient production of 
safe, high quality agricultural products, in a 
way that protects and improves the natural 
environment, the social and economic con-
ditions of farmers, their employees and lo-
cal communities, and safeguards the health 
and welfare of all farmed species” [SAI16].

SAI invited member organizations in 
commodity-specific working groups to ar-
ticulate what implementing sustainable ag-
riculture meant for their supply chain and 
develop principles for best practice. The 
Crops Working Group is made up of mem-
bers from across the crops supply chain 
spectrum. Each working groups princi-
ples were translated into practices, tested, 
and refined in the field for more than four 
years. In 2009, SAI created the first indus-
try-agreed set of tested and aligned practice 
guidelines, and validated that a pre-com-
petitive collaborative approach was an ef-
fective means for implementing sustainabil-
ity at the farm level [SAI09; BRA15]. These 
guidelines were utilized to develop web-
based self-administered Farm Sustainability 
Assessment (FSA) tool [SAI18a] in 19 lan-
guages across the supply chain membership.

SAI members are actively engaged in 
benchmarking the assessment tool with in-
novative farmers in key supply chains, thus 
accelerating change and expanding sustain-
able agriculture globally. Examples of sev-
eral efforts include the SAIRISI ([SAI19a] 
rice project in Italy, the Doñana Berry Pro-
ject [SAI18b] in Spain, and the European 
Sugar Beet Project [SAI19b]. To date, over 
60 standards have been benchmarked to 
obtain an equivalent FSA level rating with 
their existing specific commodity supply 
chain certifications. This allows farmers 
and suppliers to directly use the Sustainable 
Agriculture Initiative (SAI) FSA program 
as a universal standard with their custom-
ers, reducing costly duplication of multiple 
audits and certifications.

6.1.2   Discussion

In the twenty-first century a number of 
multi-stakeholder sustainable agricultural 
organizations have emerged with significant 
input from farmers through existing grower 
associations, government agencies, the food 
and agriculture private sector—both on the 
supply side and the market side, NGOs, 
and financial institutions. Serving in a cat-
alytic capacity, these organizations sup-
ply capacity development to their consti-
tutes in navigating the complexity of issues 
influencing the changing landscape of sus-
tainable agriculture by developing and test-
ing new unified methods and scale it in the 
farming community. Three organizations 
will be highlighted (see . Table 6.1) with a 
brief  discussion showcasing their leadership 
and impact in the remainder of this section. 
These include: Sustainable Agriculture Ini-
tiative (SAI), Field to Market (FTM): The 
Alliance for Sustainable Agriculture, and 
The Committee on Sustainability Assess-
ment (COSA).

6.1.2.1   The Sustainable Agriculture 
Initiative (SAI)

The Sustainable Agriculture Initiative (SAI) 
Platform was launched in 2002 by the Eu-
ropean-based food and beverage companies 
Danone, Nestlé and Unilever as part of a 
sustainable agriculture corporate social re-
sponsibility (CSR) supply chain initiative 
[PHB12]. Today, the SAI non-profit organ-
ization has offices in Brussels Belgium fo-
cused on pre-competitive networking, best 
practices and capacity development for its 
100 plus corporate members. The member-
ship, ranging from small farmer organiza-
tions to large multi-nationals food and agri-
cultural companies, collaborates to develop 
tools and recommendations to support lo-
cal and global sustainable sourcing by ac-
celerating widespread adoption of sustaina-
ble agricultural practices for the food value 
chain.
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tially at the field level against national and 
state averages for specific indicators across 
12 commodity crops. The Fieldprint® anal-
ysis provides an overall sustainability score, 
but allows the farmer to drill down field-
by-field and see how changing specific field-
based practices can improve their overall 
farm sustainability. It is now being used in 
over 36 states and several provinces in Can-
ada with a goal for active use on 7.5 million 
acres in the next few years.

After four years of incremental growth 
in participation and scope, Field to Mar-
ket became an independent not-for-profit 
multi-stakeholder member alliance in 2013. 
Headquartered in Washington DC, it has 
140 plus members from farmer associa-
tions, agribusiness, government organiza-
tions, food brands and retailers, civil so-
ciety, and university research institutions. 
The members have created more than 65 
specific farmer based best-practice manage-
ment projects across the US and Canada to 
reduce environmental footprints through 
FTM’s Continuous Improvement Accel-
erator Program. One sustainability accel-
eration effort is the Fieldprint® Platform, 
which enables farmers using leading preci-
sion agriculture, decision support and farm 
management software tools to integrate 
with FTM sustainability metrics in a seam-
less way. This will drive an unprecedented 
scaling of sustainable best practice options 
in the farm planning process.

In another recent project led by two 
FTM member companies, the Field to 
Market/SAI Platform Equivalency Mod-
ule [FIE19] was utilized to analyze the sus-
tainable performance for the wheat sup-
ply chain and align the FTM and SAI plat-
forms. This enables farmers utilizing Field 
to Market’s Fieldprint Platform to achieve 
the Bronze requirements for the SAI Plat-
form’s Farm Sustainability Assessment 
(FSA) and allows farmers to pursue higher 
levels of assurance by answering additional 
questions. In partnership with the Control 
Union these companies developed a solu-

6.1.2.2   Field to Market (FTM): The 
Alliance for Sustainable 
Agriculture

In 2006, the Keystone Policy Center, con-
vened a multi-stakeholder meeting across 
key sectors of the U.S. agricultural sup-
ply chain to explore sustainability. FTM 
emerged as a science and outcome-based 
association focused on the various com-
modity crop supply chains. A definitional 
consensus formed around building the foun-
dation for continuous improvement to meet 
the challenge of producing enough food, fiber 
and fuel for a rapidly growing global popu-
lation while conserving natural resources and 
improving the ability of future generations to 
meet their own needs.

In order to have a benchmark to gauge 
improvement for the U.S., Field to Market 
produced the first national level indicators 
report examining the environmental com-
ponents for sustainability. The report ana-
lyzed trends in land use, irrigation water 
use, energy use, greenhouse gas emissions, 
and soil loss for U.S. corn, cotton, soy-
beans, and wheat from 1987–2007. Public 
scientific data was used to evaluate trends 
at a national scale and peer-review feed-
back was used to improve the report. The 
report Environmental Resource Indicators 
for Measuring Outcomes of On-Farm Ag-
ricultural Production in the United States 
[KEY09] was published in 2009. Sub-
sequent reports were published in 2012 
[KEY12] and 2016 [FIE16] and will be up-
dated every five-years going forward. These 
reports helped identify trends, gaps and ar-
eas for future focus to implement resil-
ient sustainable agriculture practices at the 
farm level across the commodity crop value 
chain.

FTM launched its first version of a dig-
ital farm web-based Fieldprint® calculator 
[FIE18] in 2009, based on metrics identified 
in the national reports that are relevant to 
individual farmers. This tool allows farm-
ers to evaluate their performance geospa-
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The key drivers for COSA to expand 
sustainable agriculture globally have been 
the creation of sustainable business intel-
ligence platforms. With ten plus years of 
metric development, COSA created Sus-
tainability Intelligence Systems that utilize 
advanced digital data capture and geo-spa-
tial mapping to support smart sustaina-
ble risk management and decision intelli-
gence, enhance traceability and compliance, 
and link various verification approaches for 
farmers and supply chain managers.

Given the challenges of climate change, 
farmers around the globe are needing to 
build farming systems that are not only 
sustainable but also resilient to the rapid 
changes they are encountering. In 2017 
COSA, in partnership with the Ford Foun-
dation, published Simpler Resilience Meas-
urement [COS17] a framework for resilience 
tools and indicators to begin to address ru-
ral farming communities resilience to cli-
mate change. COSA supports the develop-
ment of sustainability and resilience strate-
gies to meet the needs of the private sector 
and farming communities worldwide.

6.1.3   Conclusion

The three organizations (COSA, SAI and 
FTM) have grown significantly both in 
their scope and resulting impacts across the 
sustainable food and agriculture sectors. 
Farmer participation is growing, as meas-
ured by the number of hectares utilizing the 
services of these organizations along with 
hundreds of value chain institutions that 
are active members. Collectively these or-
ganizations are engaging with farmers thru 
farmer cooperatives, farming associations 
dealing across the full range of commodity 
crops, and governmental and non-govern-
mental organizations that directly support 
farmers.

As we trace the history of sustainable 
agriculture and the rapid advancement of 

tion that can be fully executed across their 
supply chains.

6.1.2.3   The Committee 
on Sustainability 
Assessment (COSA)

The Committee on Sustainability Assess-
ment (COSA), organized in 2005, is a 
global consortium of UN development in-
stitutions that work collaboratively to ad-
vance the systematic and science-based 
measurement for sustainability in agricul-
ture. They discovered that the lack of sus-
tainable agriculture definitions and met-
rics were hampering stakeholders’ ability to 
evaluate what was working and what was 
not. COSA provided strategic input for the 
UN’s Sustainable Development in the 21st 
Century (SD21) project for achieving con-
sensus on a common vision published as 
Food and Agriculture: The Future of Sus-
tainability [GSN12+]. In 2012, COSA be-
came a US based not-for-profit advancing 
research and training in the field of sustain-
able agricultural with a focus on supporting 
small-scale farmers capacity to deliver to 
global sustainable food systems.

Supported by USAID, SIDA and Bel-
gianAid, COSA initiated a multi-stake-
holder process to begin to define scientifi-
cally based sustainable agriculture metrics. 
COSA has focused on creating a master li-
brary of indicators designed to be simi-
lar across all countries to allow for global 
supply chain comparison but can be also 
adapted to allow for local contexts. This 
supports their work on responsible sourc-
ing and performance tracking for leading 
food companies. Utilizing down scalable 
advanced technology platforms, COSA can 
deliver results from state-of-the-art research 
to small farmers by bridging sustainabil-
ity and resilience measurement and metrics. 
COSA has been able to bring their expertise 
integrating performance data to improve 
farmer standards and certifications across 
diverse areas of impact.
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5 the need to embrace various resilience 
strategies to mitigate the impacts of cli-
mate change

5 the need to design and implement smart 
digital technologies that are cost effec-
tive and can be used across farming at 
all scales

5 enabling new sustainability systems and 
platforms to seamlessly integrate with 
next generation digital agriculture plat-
forms to increase efficiency for farmer 
utilization

5 collectively support a digital sustaina-
ble farming value chain framework with 
new policies and necessary financial 
support to insure universal access to this 
new farming paradigm

5 educate consumers as to the value and 
benefits for digitally enabled food and 
agriculture systems

5 Perhaps the greatest opportunity to ac-
celerate the expansion of Digital Farm-
ing will be driven by climate change mit-
igation and adaptation. The deployment 
of on-farm carbon sequestration prac-
tices and the emergence of robust carbon 
markets will offer farmers an opportu-
nity to increase their revenue streams in 
conjunction with their sustainable prac-
tices [MB20]. Digital Farming will sup-
port the data ingestion, modeling and 
transformation into fungible carbon as-
sets that will funnel into these emerg-
ing markets. The three organizations 
described in this section are currently 
engaged with these emerging carbon 
market initiatives. Through this coupling 
of sustainable agriculture and Digital 
Farming society will see the greatest im-
pact on transforming the state of agri-
culture over the next decade to keep pace 
with climate change, thus insuring that 
nine plus billion people have resilient, 
quality, sustainable, and healthy supplies 
of food by 2050.

digital agriculture defined as: a set of digi-
tal and geospatial information technologies 
that integrates sensors, analytics and auto-
mation to monitor, assess and manage soil, 
climatic and genetic resources at field and 
landscape scales [BA20], we see an equally 
complex critical path development from 
the late-1980’s to the present. The organ-
izations highlighted have made their ad-
vances through multi-stakeholder processes 
to identify key indicators, define standards 
and evaluate sustainable practices that lend 
themselves to use geospatial data analytics 
and modeling tools to quantify outcomes, 
and provide alternative options for balanc-
ing solutions. In addition, these organiza-
tions have recruited finance, investment and 
risk management partners to enhance the 
investment in digital tools that will support 
both farmer ROI and the new value chains. 
These tools offer greater ability for tracing 
and transparency for the value chains al-
lowing support for the various sustainable 
and quality certifications that consumers 
are demanding.

Key commonalities of these exemplar 
programs include: a clear vision for sustain-
able agriculture, voluntary sustainability 
standards (VSS) based on a science-based 
systems approach that is accurate, trans-
parent, and scalable; support for supply 
chain innovation and resilience; provid-
ing pathways for continuous improvement 
for all stakeholders; providing capacity de-
velopment and technical support; and pro-
viding access to digital tools for actiona-
ble best practice management that are agile, 
economically viable, socially and culturally 
congruent, and environmentally compliant.

As digital agriculture and sustainable 
agriculture evolves over the next decade a 
number of challenges remain including:
5 the need to increase the farmer utiliza-

tion and participation with digital tech-
nologies
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the business agenda of many food and re-
tail companies [LKJ07; Pet09; FG09]. In 
particular, in the area of food, consumers 
and governments are sustainability‐sensi-
tive forcing companies to add the sustain-
ability dimension to their “modus oper-
andi”. Further, sustainability can influence 
shareholders’ decisions and add value to 
companies’ brands.

The paradigm of “sustainable intensi-
fication” as coined by the Royal Society of 
the UK [TRS09] aims at strategies to pro-
duce more and better-quality food with 
less environmental harm or even positive 
contributions to natural and social capital 
[PB18]. Sustainable agricultural systems ex-
hibit a number of key attributes:
1. utilizing highly productive crop varieties 

and livestock breeds
2. avoiding the unnecessary use of external 

inputs
3. harnessing agroecological processes 

such as nutrient cycling, biological ni-
trogen fixation, Allelopathy, predation 
and parasitism

4. minimizing the use of technologies or 
practices that have adverse impacts on 
the environment and human health

5. making productive use of human capi-
tal in the form of knowledge and capac-
ity to adapt and innovate social capital 
to resolve common landscape-scale or 
system-wide problems (such as water-, 
pest-, or soil management)

6. minimizing the impacts of system man-
agement or externalities such as green-
house gas emissions, clean water, carbon 
sequestration, and dispersal of pests, 
pathogens and weeds [TRS09]

Agricultural systems emphasizing these 
principles tend to display a number of fea-
tures that distinguish them from processes 
and outcomes of conventional systems. 
First, these systems tend to provide a broad 
range of ecosystem services [DP04]. They 
jointly produce food and other goods for 

6.2   Digitalization Towards a More 
Sustainable AgFood Value 
Chain

Markus Frank 

Abstract
This section describes the opportunity to in-
tegrate sustainability assessment into farm 
management. Case studies from different in-
dustry segments focus interoperability and 
value creation. Case studies show how dig-
italization assures scale-up and brought ap-
plication of sustainability measures.

6.2.1   Setting the Stage: 
Sustainable and Resilient 
Agriculture

Megatrends such as the population growth, 
increasing urbanization, climate change 
and the increasing degradation of arable 
land and biodiversity [Iaa19] put enormous 
pressure on the agricultural sector to come 
up with a more resource efficient produc-
tion of staples as well as specialty products. 
On the other hand, the resilience of agricul-
tural production is gaining more and more 
importance as climate change and biodi-
versity loss will render agricultural produc-
tion more and more erratic [Tyl13]. Con-
sidering resilience is important when plan-
ning for the future of agriculture as some 
social-ecological changes bear the poten-
tial to undermine agricultural development 
[EGP08]: Climate change, declines in insect 
biomass as well as shifts in pests and dis-
eases all create instabilities that can disrupt 
the ecosystem services provided by the agri-
cultural landscape, including food produc-
tion [GPG08].

Sustainability has thus increasingly be-
come an imperative for the AgFood value 
chains in all geographies of the globe and 
has advanced to the number one topic on 
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water, biodiversity, knowledge) and tech-
nologies [Iaa19; TRS09; TBH+11] in com-
bination with a stronger emphasis on agro-
ecology (AEI; [ANH15]). In literature, AEI 
and SI have often been viewed as two path-
ways to agricultural sustainability that are 
polar opposites [GBC+10; WS09]. Com-
plexities like this and the synergies and 
tradeoffs associated to the chosen strategies 
result in the necessity to employ sustaina-
bility assessment and management systems 
in order to ensure progress on the path to-
wards a more sustainable agriculture.

6.2.2   Sustainability Assessment 
and Management Systems

For more than 20 years, multi-criteria sus-
tainability assessment schemes have been 
launched to inform management strategies 
on the global, national, regional and lo-
cal scale in order to improve decision mak-
ing in with respect to sustainability and re-
silience of agricultural production. The 
most widely deployed systems comprise 
web-based tools hosted by multi-stake-
holder initiatives. The “Fieldprint Calcu-
lator” launched by the Keystone Initiative 
“Field to Market” (see also 7 Sect. 6.1). 
“Field to Market”, a broad group of stake-
holders—seed companies, agricultural pro-
ducers, processors, trade and non-govern-
mental organizations—joined in 2006 to 
establish sustainability standards in the 
American agricultural supply chains, par-
ticularly those of soybean, maize and cot-
ton, and to make them measurable. Farm-
ers can use the “Fieldprint Calculator” as 
an aid to check their overall sustainability 
in terms of energy, soil and water consump-
tion, and use and their effect on climate. In 
doing so, the “Fieldprint Calculator” com-
pares the method and the performance 
of individual farmers with the average in 
their region and in their state. Access to 
the “Fieldprint Calculator” is free and it is  

farmers and markets, while contributing to 
a range of basic and regulating ecosystem 
services, not to forget leisure and tourism 
opportunities. In their configuration, they 
capitalize on the synergies and efficiencies 
that arise from complex ecosystems, social 
and economic forces [PB18]. Second, these 
systems are diverse, synergistic and tailored 
to their particular socio-ecological contexts. 
As many pathways towards a more sustain-
able agriculture exist, no single configura-
tion of technologies, inputs and ecologi-
cal managements comprises a “one-fits-all” 
solution. On the contrary, a more sustaina-
ble agriculture is dependent upon the need 
to fit these factors to the specific circum-
stances of different agricultural systems 
[HM11].

Some conventional thinking about ag-
ricultural sustainability has assumed that 
it implies a net reduction in input use, thus 
making such systems essentially extensive 
(requiring more land to produce the same 
amount of food; [NHD+11]). In particu-
lar, the majority of consumers believe that 
sustainable agricultural production systems 
require a less intensive use of resources, re-
sulting in a “more natural” production 
strategy. In this vein, organic or biody-
namic farming serves as a poster child for 
sustainable agriculture [DP04]. The concept 
of agroecological intensification summa-
rizes strategies that rely on the application 
of ecological science to the study, design 
and management of sustainable agriculture 
[ANH15] in order to replace agricultural in-
puts as much as possible. However, recent 
evidence shows that successful agricultural 
sustainability initiatives and projects arise 
from shifts in the factors of agricultural 
production (e.g., from the use of mineral 
fertilizers to nitrogen-fixing legumes; from 
pesticides to emphasis on beneficials; from 
ploughing to zero tillage). Such approaches 
often sail under the banner of sustainable 
intensification of agriculture (SI), making 
better use of existing resources (e.g., land, 
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ers, requiring inputs of which a farmer typ-
ically has good knowledge (and no more) 
and background information mostly pro-
vided through links to specific databases, 
have in common a specific farm-scale, deci-
sion-support focus. Due to their use of only 
readily available farm data, there is consid-
erable scope for their use in global surveys 
to inform on current practices and poten-
tial for mitigation [KHS+19]. The method-
ologies and programs all aim at informing 
optimization strategies towards sustaina-
bility and resilience of the farming system. 
Despite this fact, the deployment of the 
tools has been rather limited, mainly due to 
the obligation to manually enter numerous 
data into these websites on a regular basis. 
The majority of farmers increasingly make 
use of web-based documentation systems in 
the form of field diaries or full-fledged farm 
management information systems (FMIS; 
[FST+15]) in order to better manage their 
farm operation. Such systems often contain 
the vast majority of data needed to run the 
aforementioned sustainability assessment 
schemes, typically directly recorded by farm 
machinery and then stored and processed 
by the FMIS. If  these data could be made 
directly accessible through interoperability 
of the respective sustainability assessment 
tool and the FMIS, a quasi-automated sus-
tainability assessment and conversion into 
new, valuable farm-management insight 
would be possible. Farmers would not be 
required anymore to manually input farm 
data and re-translate the sustainability in-
formation into an improved farm manage-
ment practice.

6.2.3   Case Studies for Effective 
Interoperability of FMIS 
and Sustainability 
Assessment

A few pioneering success stories are sum-
marized in order to introduce different con-

very easy to use [KHS+19]. The aim is to 
increase the awareness of farmers on the is-
sue of sustainable production by compari-
son with a benchmark.

In a similar vein, the Cool Farm Alli-
ance, is a membership, science-led, not-for-
profit UK registered community interest 
company with the goal “to enable farmers 
around the globe to make more informed 
on-farm decisions that reduce their envi-
ronmental impact”. With a focus on green-
house gases, biodiversity, food loss and 
waste and water quantity, the Alliance pro-
vides the “Cool Farm Tool” (CFT) as a 
quantified decision support tool that is de-
signed to be used by agricultural practition-
ers [CFA19]. The members of the CFA—
mainly large input manufacturers and food 
companies as well as organizations—en-
courage, reward (or even mandate) farmers 
to use the web-based suite of tools and to 
implement improvement strategies. These 
entities leverage the CFT as a standardized 
global approach to help farmers take steps 
to reduce greenhouse gas emissions and 
negative impacts on biodiversity and wa-
ter from their products and help share best 
practice across the sector.

Other privately run initiatives include 
e.g., the Good Growth Plan by Syngenta 
or the life-cycle assessment-based method 
AgBalance® by BASF SE [FFV14] and 
launched in 2011. In contrast to the afore-
mentioned approaches, AgBalance® as-
sesses the performance of an agricultural 
production system in all three dimensions 
of sustainability—economy, environment 
and society. The tool is designed to cal-
culate the life-cycle impact assessment 
of agricultural systems, applying princi-
ples of the Life Cycle Assessment (LCA) 
framework (defined by the ISO 14040 and 
14,044 standards) and the UNEP-SETAC 
guidelines for social impact assessment 
[SFV+12].

All these methodologies are accessible 
through web-based software tools by either 
agricultural or sustainability practition-
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ble platform to provide farmers around the 
world with the best possible knowledge to 
improve soil health [Ope20a].

6.2.3.3   Syngenta
Back in 2011, Syngenta, a leading company 
in the global agricultural industry, identi-
fied that there was a significant overlap of 
data stored in FMIS and the data required 
to conduct sustainability assessments. As 
more and more value chain players, in par-
ticular big brand owners such as Walmart 
and Unilever [FFV14] started to request in-
formation on the sustainability of the pro-
duction of the agricultural goods pur-
chased, Syngenta initiated a pilot project 
to hard-code the FTM assessment scheme 
in their Land.db farm management sys-
tem in North America [KHS+19]. By uti-
lizing Field to Market’s sustainability met-
rics embedded in Syngenta’s Land.db, 
farmers supplying big brands such as Kel-
log’s or General Mills are able to measure 
their sustainability performance and iden-
tify opportunities for continuous improve-
ment. However, as the issues of not-harmo-
nized data formats and the need to reuse in-
formation recorded early in the season in 
retrospect for the sustainability assessment, 
the partners decided to develop an Applica-
tion-Programming-Interface (API) between 
FTM and Land.db in 2018. The motivation 
for this approach was that both partners 
should concentrate on their respective core 
competency. In particular, only the sustain-
ability experts within the FTM organiza-
tion should be responsible for the mainte-
nance and further development of the sus-
tainability indicators.

The “Good Growth Plan” (GGP) com-
prises Syngenta’s sustainability and stra-
tegic plan, which has a strong focus on the 
sustainable development of farmers in the 
developing as well as the developed world 
[Syn15]. To make the calculation of the sus-
tainability indicators more straightforward 
for the aggregate GGP reporting as well as 

cepts for the interoperability of a sustaina-
bility:

6.2.3.1   AgBalance
AgBalance® is an LCA-based software 
tool for growers and agricultural advisors, 
which evaluates cost/profitability and sev-
eral environmental and social sustaina-
bility metrics for arable crop production 
[FSG+14]. Examples of indicators include 
climate change, water consumption or ec-
otoxicity. Farm field records can be man-
ually entered through an intuitive user in-
terface, but also automatically transferred 
through existing farm management sys-
tems. The users can visualize and compare 
the cradle-to-farm gate impact of their crop 
production with regional average results of 
their peers and create scenarios to support 
in-season management decisions. A concise 
report can be created after harvest, summa-
rizing key parameters of input use and sus-
tainability results (including LCIA indica-
tors) that support marketing the produce 
into the AgFood value chain [SFS+15].

6.2.3.2   Cool Farm Alliance
The CFA has focused their activities 
strongly on increasing the interoperabil-
ity of the CFT with FMIS. For instance, 
the CFT has been embedded into the Ag-
ricultural sustainability Code of Unilever 
through the Quickfire software platform in 
order to calculate the carbon footprint met-
ric for one “typical farm” on a per crop ba-
sis and monitor continuous improvement 
of the farms. CFA has also started to focus 
on interoperability with other FMIS such 
as the Agrible platform. The Agrible plat-
form gives users field-level insights to help 
them make decisions for their ag-operation 
that are proactive, not reactive. To bring the 
adoption to the next level, its integration 
into OpenTEAM (Open Technology Eco-
system for Agricultural Management) has 
been initiated. Open TEAM comprises a re-
cently founded farmer-driven, interopera-
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6.2.3.4   Wrangler
Apparel manufacturer Wrangler’s sustain-
ability program “From Burden to Benefit” 
is designed to create value for each link in 
the chain, beginning with the cotton farmer 
[Wra18]. Wrangler has established a soft-
ware platform “My Farms”, which serves 
as a hub in which data sets from e.g., data 
clouds from machinery, seed or input pro-
viders can be uploaded. In order to bench-
mark the farm data from the different sup-
pliers, sustainability assessment metrics 
by FTM were embedded in My Farms, al-
lowing for automatic sustainability assess-
ment and benchmarking [Wra18]. It fur-
ther will embed the sustainability met-
rics of the multi-stakeholder initiative led 
by retail company Walmart, “The Sustain-
ability Consortium” (TSC). As the mul-
ti-stakeholder organizations themselves en-
gage the scientific community to build con-
sensus around data-driven sustainability 
metrics, Wrangler could implement such a 
data- and science-based approach to supply 
chain engagement. The information on the 
sustainability performance of their farmers 
should “convey respect for farmers’ inher-
ent roles as conservationists”, while equip-
ping them with additional information on 
which to base farm-management decisions. 
Promoting and managing sustainability in 
this manner should provide a lever to fun-
damentally build stronger supplier relation-
ships [Wra18] and brand protection as the 
environmental impacts of cotton produc-
tion might put the brand equity of Wran-
gler at risk.

Recent work on data system interop-
erability has been covered by the AgGate-
way consortium ([Luc16], see 7 Sect. 3.4), 
working over several years to define stand-
ards for agriculture machinery and IT sys-
tem interoperation. This includes e.g., 
standardized messages for passing crop 

for individual farm calculations, Syngenta 
has integrated the CFT API as well as the 
FTM API with Land.db. This addresses 
one of the common issues for farmers when 
adopting agronomic or farm management 
tools and applications, which is the need to 
retype many common pieces of farm infor-
mation into different systems. By integrat-
ing individual tools into broader platforms, 
and also by connecting those platforms, it 
becomes possible to map data fields from 
one system to a second and avoid the need 
for a farmer to retype the information. This 
reduces errors but more importantly re-
duces the barriers to use of a tool. If  it is 
straightforward to get a view of the sustain-
ability of one’s existing farming practices 
and then to compare them to some alter-
native scenarios Farmers are more likely to 
adopt practices, which are both more sus-
tainable for the broader environment and 
economically attractive.

Through the work on the GGP, Syn-
genta formed partnerships with the Open 
Data Institute (ODI). The agricultural 
company has made six datasets related to 
its GGP available, including data on pro-
ductivity, soil, biodiversity and smallholder 
reach. The data will be updated yearly to 
measure the plan’s actual performance 
against its stated commitments [Syn15]. It 
is collected by external companies as well as 
Syngenta. The reporting process, its quality 
control and evidence is independently as-
sured by PriceWaterhouseCooper. One of 
Syngenta’s key motivations for collecting 
and publishing data in this way was to de-
velop external trust in the GGP, which is es-
sential for strengthening collaboration be-
tween private and public stakeholders for 
global food security. Making the data avail-
able has brought about an unprecedented 
level of transparency for a multinational 
company such as Syngenta [Luc16].
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pany. Brands of Unilever firming under the 
company’s Sustainable Living Plan [Uni19] 
haven been reported to grow faster com-
pared to the rest of their business: the Sus-
tainable Living Brands delivered over 60% 
of the company’s total growth in 2016, with 
18 of these brands in the company’s top 
40, as opposed to 12 in 2015 [Uni18]. Also 
for Unilever’s pledge of “100% sustainable 
sourcing” of food ingredients there are two 
main routes to ensure raw materials count 
as “sustainably sourced”, either by work-
ing towards one of the Unilever recognized 
certification standards (e.g., Rainforest Al-
liance, Roundtable for Sustainable Palm 
Oil or Fairtrade) which have been bench-
marked against Unilever’s Sustainable Ag-
riculture Code. The alternative is self-as-
sessment using the Unilever Sustainable 
Agriculture Code that applies to all of Uni-
lever’s agricultural raw materials and pro-
ducing regions and is a key tool in helping 
them to achieve their sustainable sourcing 
ambitions. A self-assessment, off-the-shelf  
software tool for the code called Quick-
fireTM [Uni13] is now commercially availa-
ble but still today comprises an exercise that 
is separate from the daily farming opera-
tions—despite the fact that it uses a whole 
lot of farm management information cre-
ated or deposited in FMIS [God16].

The continued growth of perceivably 
more sustainable products brands is said to 
be boosted by continued consumer demand 
for products with a “strong social or envi-
ronmental purpose”, indicating that there 
is a potential business case for sustainably 
produced solutions. While sustainability as-
sessment and implementation of sustain-
able management practices is often man-
dated by value chain players such as Unile-
ver in order to help them prioritizing their 
suppliers and protecting their brand equity, 
new interesting business models mushroom 
that make sustainability in the context with 
digitalization a tangible business oppor-
tunity. Most if  not all of them, however,  

protection “catalog” entries—i.e., well-de-
fined fields for a product identifier and 
product properties. Through such mes-
sages plus a common dictionary of terms, 
agricultural information systems are able 
to share information in an integrated way 
[Luc16]. Apart from interoperability of 
software solutions, modern sustainable ag-
riculture requires a common data eco-
system, ideally on a global scale as sup-
ply chains become increasingly globalized. 
Produced and used by diverse stakehold-
ers, from smallholders to multinational 
conglomerates, a shared global data space 
could help build the infrastructures that 
will propel the agricultural industry for-
ward [God16]. One of the key prerequisites 
will be finding business models that provide 
incentives for various entities to collect and 
share data. If  these models provide business 
value directly to the data providers, the cov-
ering as well as the quality of the collected 
data will be higher [God16]). Furthermore, 
a strong emphasis should be placed on the 
automation of the data collection and an-
notation as automatically collected and 
annotated data tend to be more accurate 
and precise than data collected by hand 
[Luc16]. All of the best data sharing efforts 
have little impact if  the data do not get 
used in a productive way to pave the way 
for a more sustainable agriculture.

6.2.4   Value Creation Through  
New Business Models

Measuring sustainability is one thing, to 
translate this into an added value for the 
grower is a different one. Thus far, with-
out pressure from multinational food or 
retail companies, there has been very lit-
tle intrinsic motivation by the agricultural 
production level to use sustainability as-
sessment as reporting or even management 
tool. Unilever comprises a poster child ex-
ample for such a multinational food com-
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tion, soil health, biodiversity potential as 
well as the farm economics. The implemen-
tation of the software tool should enable 
Boortmalt’s agronomists to assess the sus-
tainability of the production of their more 
than 800 malting barley suppliers and to 
have an inform dialog with them about the 
continuous improvement of their opera-
tions, thus helping Boortmalt to reach their 
2030 target of “to source 100 per cent sus-
tainable barley in Europe” (BASF 2020). 
In addition, the integration of SAI Plat-
form’s Farm Sustainability Assessment 
(FSA) module into AgBalance® will help 
Irish barley growers supplying Boortmalt 
to verify the sustainability contributions 
of their farm operations more quickly and 
easily. In light of this, the trilateral collab-
oration provides a good example for “cer-
tification 2.0”, i.e., the merger of quantita-
tive sustainability assessment with certifica-
tion schemes, on the one hand allowing for 
a certification based on direct on-farm data 
and on the other hand providing farmers 
with scenarios how to drive their produc-
tion towards a higher sustainability perfor-
mance.

Approaches like this one provide a 
good blueprint for the seamless flow of in-
formation between agricultural manage-
ment, decision support and sustainability 
assessment tools. As the data flows, it in-
forms and is informed by the functions of 
each element, building knowledge through-
out. Knowledge, informed by context spe-
cific research and available in real time 
should pave the way towards more sustain-
able farm management practices. Moreo-
ver, digitization used to enable interopera-
bility of FMIS with sustainability metrics 
can help to make the shift from the “era of 
certification” to the “era of analytics”, al-
lowing for a specific interpretation of farm 
management data to reach a certificate or 
to document cross-compliance with envi-
ronmental or social standards. Taken to-
gether, through approaches like these, there 
is a good chance that sustainability will  

comprise small-scale opportunities and not 
always bear the opportunity to be scaled 
up. One nice example comprises the project 
“Lerchenbrot” [Bok20]. Participating con-
tract farmers from the Southern Palatinate 
region in Germany use the xarvio™ Field 
Manager software in order to identify less 
productive areas within their wheat fields, 
in which they create skylark plots, i.e., un-
drilled patches that serve as nesting oppor-
tunities for the iconic farmland bird. As 
consumers are required to pay a premium 
of 10 € Cent per loaf of bread, there is a 
win–win for both the farmers as well as for 
the mill and the bakery selling the bread 
[Pie21].

An excellent case study for value crea-
tion through the interoperability of a sus-
tainability assessment tool with a certifica-
tion scheme has been recently reported for 
malting barley in Ireland [Bas20]. In this 
collaboration, Boortmalt, the leading bar-
ley malt provider for the brewing and dis-
tilling industries, teamed up with the agri-
cultural solutions company BASF SE and 
the Sustainable Agriculture Initiative Plat-
form, a global pre-competitive not-for-
profit organization aiming to implement 
sustainability in agricultural value chains 
(see 7 Sect. 6.1). The common goal of 
this collaboration is to promote sustaina-
ble barley production in Ireland. Boort-
malt has implemented web-based sustaina-
bility assessment tool AgBalance® with its 
barley growers in Ireland. The assessment 
software uses data from the farm’s current 
farm operation and compares them with 
a benchmark of other farms in the region 
and shows where farmers can improve their 
operations towards a reduced environmen-
tal footprint and at the same time increase 
the efficiency and productivity on the farm. 
The digital tool, therefore, allows farmers 
to take a holistic view of their farm oper-
ations based on a broad set of sustainabil-
ity criteria [FFV14]. The software can as-
sess environmental impacts such as carbon 
emissions, nitrate leaching, water consump-
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and sustainability assessment can comprise 
a key enabler of a more sustainable agricul-
ture. However, to date activities of substan-
tial scale to increase value creation through 
sustainability are still rather the exception 
than the rule.

6.3   From Ecological 
Intensification to Hybrid 
Agriculture—The Future 
Domain of Digital Farming

Friedhelm Taube 

Abstract
The future of Northwest-European Agricul-
ture is facing a wide range of challenges in-
cluding significant contributions to worlds 
food supply on the one hand, but also new 
leadership in developing strategies towards 
climate change adaptation and mitigation, 
reduced Eutrophication of watersheds and a 
reversal of biodiversity loss. Synergy effects 
have to be identified including new food pol-
icies which are in line with the carrying ca-
pacity of ecosystems. Merging benefits from 
integrated and organic land use systems to-
wards hybrid agriculture is a promising op-
tion for those synergy effects and digitaliza-
tion offers the tools bringing hybrid agricul-
ture into practice.

6.3.1   Introduction

The current debate about the future direc-
tion and intensification level of the agricul-
tural sector in Northwest Europe is shaped 
by two different schools. On the one hand 
are the representatives of sustainable inten-
sification (SI), who associate intensification 
with intensification for increased yields and 
earnings. This follows the paradigm from 
the 1980s and 1990s, according to which the 
Western European countries are expected 

become mainstream throughout most rele-
vant AgFood value chains.

6.2.5   Bringing Sustainability 
to Life—The Role 
of Digitalization

Assessing the sustainability and resilience 
of an agricultural production system pro-
vides the basis for a continuous improve-
ment of intensive arable cropping in the 
context of all three dimensions of sustain-
ability, i.e., economy, environment and soci-
ety. Digitization can become a key enabler 
of sustainable and agro-ecological intensi-
fication through 1.) allowing for the inter-
operability of sustainability assessment sys-
tems and the on-farm data infrastructure, 
first and foremost the FMIS, and 2.) pro-
viding the basis for new business models 
for farmers, which are based upon data ex-
change and transparency. As shown above, 
using tailor-made IT tools, sustainabil-
ity data can be converted into value-add-
ing information for the farmer and the en-
tire value chain. Further, in order to scale 
up sustainable practices in agriculture in at 
least the more developed agricultural pro-
duction systems of Europe, digitization 
plays a key role. By seamlessly interfacing 
data sets from farm machinery and opera-
tions to a data hub system such as a FMIS, 
where this information can be matched 
with background information from specific 
databases, the translation of sustainability 
information into the logic of sustainability 
indicators and ultimately certification cri-
teria can be fully automated. Through in-
terfacing of on-farm production data de-
posited in electronic field documentation 
systems with the software carrying out the 
sustainability assessment, acceptance by 
farmers will be substantially improved and 
at the same time, data quality will strongly 
benefit. In sum, interoperability of FMIS 
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ture” concept, i.e., an approach where the 
benefits of organic and conventional farm-
ing are mixed in an extended crop rotation 
cylce? Thus, what might be the frame for 
Digital Farming in the future? This will be 
revealed in this section.

6.3.2   Why Should the Production 
Narrative be Questioned?

After the Second World War, over a period 
of almost 50 years, a linear yield increase 
was achieved in Germany in all agricultural 
crops. The increase in both plant and ani-
mal production was realized through tech-
nical progress and a corresponding imple-
mentation in the agricultural practice—
an achievement worthy of recognition. 
Since almost 20 years, however, yields of 
the main arable crops (with the exception 
of sugar beets) have stagnated in Germany. 
While yields are high, year-to-year varia-
tions are considerable, with coefficients of 
variation frequently over 10%. Although 
a breeding progress is still documented for 
all crops, in practice this progress is only re-
alized for sugar beet. This means, that the 
yield gap, i.e., the yield gap between possi-
ble yield (best practice conditions) and ac-
tually realized yield, which over decades 
had decreased to a level of around 20%, has 
for the last 20 years increased again. This 
is a completely new situation in a sector 
shaped by technical innovations. Three cen-
tral components are obvious as causes: 1. 
Management mistakes on the farms, caused 
by crop rotations that are too close and re-
lated to this 2. problems and restrictions 
(e.g., approval and ecotoxicity) in the use of 
chemical pesticides and finally 3. Climate 
change effects: climatic changes in North-
western Europe over the last 40 years have 
led to an extension of the vegetation period 
by 10–14 days [TVK+20], increasingly pe-
riods of drought stress, especially in early 
summer, in connection with an increasing 

to make a considerable and increasing con-
tribution to global food security. This view, 
however, ignores the fact that since the 
1960s on the global scale, significant yield 
increases have taken place in the developing 
countries (green revolution). This under-
standing of industry-related European ag-
ricultural research and the agricultural as-
sociations of SI was comparatively unprob-
lematic as long as environmental problems 
were not the central focus of the debate. 
However, at least since the 1990s environ-
mental problems have become of concern. 
Since then, we have not only been discuss-
ing elevated nitrate concentrations in the 
groundwater and biodiversity loss in ag-
ricultural landscapes, but also challenges 
that arise from climate change. In essence, 
this resulted in the second school, which in-
itially focused on organic farming as an al-
ternative to high-intensity systems. How-
ever, by now we have seen that, although 
organic farming is superior regarding es-
sential ecosystem services beyond the pro-
duction of agricultural products, it has a 
considerable yield gap to conventional high 
intensity systems. On average yields un-
der organic farming yields are 19 to 25% 
lower compared with those under conven-
tional farming, but this yield gap varies de-
pending on management, crop rotation and 
crops [SR17]. In northern German arable 
farming regions, yield gaps can be well over 
50% [BTV+20]. In the public debate, how-
ever, representatives of this school are re-
questing that organic farming is expanded 
beyond the currently set target of 20% of 
the agricultural area for Germany. Accord-
ing to Europe’s Farm to Fork strategy (see 
7 Sect. 1.6), at least 25% of the EU’s agri-
cultural land shall be under organic farm-
ing by 2030. In its recent report, the Scien-
tific Advisory Council for Agricultural and 
Food Policy and Consumer Health Protec-
tion, WBAE) has stressed the concept “Or-
ganic farming and more”. What does this 
mean and how can such an approach be 
further developed into a “hybrid agricul-
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of + 80 kg N ha−1 by 2010, and recently set 
to + 70 kg N ha−1 by 2030), one can talk of 
a sustainable policy failure.

In view of the clear evidence of the so-
cial costs arising from this environmental 
pollution, it is indisputable in the science 
community that a transformation of the ag-
riculture sector towards Ecological Intensi-
fication (e.g., [Tit14]) is urgently required. 
All federal government's scientific advisory 
boards are pushing for this. Is ecological in-
tensification the same as organic farming? 
It can be in individual cases, but in princi-
ple, it is not, as shown in . Fig. 6.1. The 
graph shows the use of resources on the 
x-axis and the yield on the y-axis. Position 
“a” characterizes the current common sit-
uation of agriculture in Germany: a high 
yield level linked to high environmental 
costs, for example in the form of nitrogen 
surpluses per hectare. Ecological intensifi-
cation means to maintain a high yield level, 

number of days with maximum tempera-
tures above 30 °C. This causes on the one 
hand a premature phenological develop-
ment and, on the other hand, an increased 
sensitivity to drought and heat stress, and 
consequently the above-mentioned year-to-
year fluctuations in yield. While this par-
ticularly affects dry locations, high-yield-
ing locations in the north are increasingly 
also affected by drought and heat stresses. 
In economic terms this means that the high 
input of production resources, which are 
geared towards maximum yields, is actually 
only rewarded with maximum yields in 20–
30% of the years. As a conclusion, the fol-
lowing proposition can be derived: the par-
adigm of sustainable yield increases will be-
come too expensive in the face of climate 
change.

6.3.3   Why is Ecological 
Intensification the New 
Paradigm?

The above-mentioned yield stagnation, 
with considerable inter-annual fluctuations, 
are causing additional surpluses of nutri-
ents. Consequently, Germany has not met 
the normatively anchored environmen-
tal goals in the agricultural sector for the 
last 20 years. Water protection (EU Ni-
trate Directive, EU Water Framework Di-
rective, EU Marine Strategy Directive) as 
well as air pollution control (EU NERC 
Directive) and the protection of biodiver-
sity (e.g., share of High Nature Value ar-
eas, EU-Flora Fauna Habitat Directive and 
EU- Birds Directive), concerning the bind-
ing commitments to the EU are not kept. 
This has resulted in pilot inquiries as a pre-
liminary stage of infringement proceed-
ings and infringement proceedings them-
selves. Since at the same time the goals of 
the Sustainability Strategy of Germany 
are not being fulfilled at the national level 
(e.g., national maximum nitrogen surplus 

. Fig . 6 .1 The principle of ecological intensification 
derived from the yield function (yield) and the envi-
ronmental load function (environmental load) per hec-
tare. The optimum range derived from this shows the 
lowest environmental footprint per product unit
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6.3.4   Is an Ecological 
Intensification in Western 
Europe Justifiable in View 
of the Global Hunger 
Problem?

For many years, the FAO has been pointing 
out that world hunger is not a problem of 
quantity, but rather of poverty. According 
to FAO estimates, this problem will remain 
until the expected world population has 
reached its maximum in around 30 years. In 
addition, FAO projections up to 2050 and 
beyond indicate that in less than 30 years, 
overweight and obesity will be quantita-
tively a greater problem globally than hun-
ger and malnutrition. “Greedy or needy” is 
the title of an article by [RBS+17], which 
convincingly demonstrates that diet and 
consumption patterns in highly developed 
countries, and increasingly also in emerg-
ing and developing countries, are the driv-
ers of scarcity, not the actual needs in terms 
of a balanced diet. The facts are: 1. the 
consumption of animal source foods (ASF) 
per inhabitant in Germany is twice as high 
as the recommendations of the German 
Nutrition Society (DGE), that 2. around a 
third of the food produced is not consumed 
and that 3. for this ASF a reduced tax rate 
is applied, although the production of 
ASF has the highest ecological footprints 
[WBAE20]. These facts highlight that a 
transformation of German and Western 
European agriculture towards ecological in-
tensification is required. The difference in 
the current land consumption for the gen-
eration of ASF and the requirements ac-
cording to the DGE recommendations indi-
cates that in Germany, an area as large as 
3–4 million hectares could either be used 

but with a reduction in the use of resources 
(e.g., nitrogen fertilization) until the ecolog-
ical footprint of production (expressed as 
ecological burden per unit of yield, e.g., ni-
trogen surplus per ton of wheat) is located 
in a favorable area. In individual cases, the 
theoretical optimum is determined by the 
ratio of the entire benefit to society to the 
entire costs to society. As the overall soci-
etal costs of the environmental pollution 
caused by reactive nitrogen compounds are 
more difficult to quantify than the benefits 
(revenue per ton of wheat), a social debate 
and a political consensus will be needed to 
narrow down this new optimum. Accord-
ing to the European Nitrogen Assessment 
Report [SHE+11], an optimum N fertili-
zation rate in the order of 30% below the 
economic optimum has been derived for 
wheat in northern Germany, taking into ac-
count both, the yield function and the so-
cial costs. The result is a drastic drop in the 
nitrogen footprint, with only very moder-
ate reductions in yield. In contrast, position 
“b” on the production function indicates 
the point, which can be found in many de-
veloping and emerging countries. Accord-
ing to the Global Yield Gap Atlas, the yield 
gap for many areas of Sub-Saharan Africa 
is in the order of 70–80%. Even a small use 
of profit-increasing resources can trigger 
high increases in production and profit in 
these countries. If  the focus were really on 
securing world food supply, then the highly 
developed countries need to develop inter-
national economic, development and trade 
policies for developing and emerging coun-
tries far beyond the dimension previously 
agreed. This would ensure that production 
takes place in these countries, and the peo-
ple would have the prospect of staying in-
stead of getting into the boats.
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tems. The required transformations in land 
use are particularly pronounced for milk 
production systems in Germany, because a 
significant proportion occurs on peatland 
sites, which are burdened with high green-
house gas emissions, and which in turn im-
pact on the carbon footprint of milk. Data 
from intensively managed grassland on low-
land peatlands in Northern Germany show 
that these areas currently emit more than 
15 tons of CO2-C-equivalents per hectare 
and year [PRK+16]. Agriculturally used 
peatlands make up around 900.000 ha of 
around 7% of the agricultural land in Ger-
many, but are responsible for around 35–
50% of the GHG emissions from agricul-
tural land use, depending on the source. 
There is therefore no question that these lo-
cations (especially in northern Germany 
with around 70% of Germany's peatland) 
must be transformed towards a use, which is 
geared towards protecting climate and bio-
diversity [ARP+17]. While this transforma-
tion has occurred in Eastern Germany since 
the reunification (Paludi Cultures etc.), 
the peatlands in the west are largely char-
acterized by intensive dairy farming. This 
means that in the short future a transfor-
mation from a very conservatively estimated 
400–500.000 ha of peatland to higher wa-
ter levels, and land use geared towards na-
ture and climate protection is pending. 
However, these would be framework condi-
tions that oppose efficient milk production, 
rather than alternative extensive- usage con-
cepts. “Less and better” milk production in 
this context does not mean, that the reduced 
milk production on peat soils cannot be at 
least partially offset by an eco-efficient ex-
pansion elsewhere. Rather, the problem of 
“peat soils” appears as a blueprint for basic 
approaches to solutions for area-based ani-
mal husbandry as a whole and for the re-in-
tegration of arable farming and animal hus-
bandry.

for the additional cultivation of e.g., grain 
for bread and other foods of plant origin 
[Woi07; MCS+14], or could be dedicated to 
e.g., nature conservation or other purposes. 
If  only an additional available grain area 
of 2 million ha in Germany were assumed, 
with an average yield of 7 tons ha−1, this 
would result in around 15 million addi-
tional tons of grain annually—a real contri-
bution to global nutrition with a favorable 
ecological footprint.

6.3.5   Animal Sourced Foods— 
Less and Better?

In its most recently published nutrition re-
port, the [WBAE20] identified political in-
struments to promote the transformation 
of the agricultural and food sector towards 
ecological intensification. For the agricul-
tural sector, the recording and documenta-
tion of the ecological footprint, beginning 
with the “carbon footprint” (for the func-
tion of climate protection), plays a cen-
tral role for assigning social costs (environ-
ment, health) due to incorrect production 
and malnutrition to the underlying causes 
and the prices for food. In terms of perspec-
tive, the CO2 certificate trade or the CO2 
tax are the instruments that can show these 
costs approximately and yet acceptably. Be-
sides, for the function of water and biodi-
versity protection the nitrogen footprint can 
be used as an indicator of the ecological 
footprint. With a corresponding orientation 
of the agricultural sector to the primary re-
duction of the ecological footprint at high 
yield levels, at least two year cultivated for-
age ley systems based on grass-clover mix-
tures which provide climate protection (soil 
carbon sequestration), nitrogen fixation (re-
duction of GHG emissions) and biodiver-
sity (multispecies mix) have advantages over 
current exclusively annual production sys-
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sary use of pesticides. In short: everything 
that is currently missing in our agricultural 
landscapes can largely be provided by such 
ley systems with certain additional elements 
(flower strips, etc.)—they are the golden 
bullet towards resilient agricultural systems 
in connection with milk production, es-
pecially in maritime climate areas. If  these 
multispecies mixtures consisting of grasses, 
legumes and herbs are also grazed, the eco-
logical footprint—due to the reduced en-
ergy requirement and the further increased 
energy density in the feed at the concen-
trate feed level (> 7.2 MJ NEL kg−1 DM)—
decreases further, both in terms of nitro-
gen—as well as the CO2 footprint [RLV+]. 
We have carried out this work on “eco-ef-
ficient pasture milk production” under the 
framework conditions of organic farming 
(7 www.lindhof.uni-kiel.de) and show that 
the milk output in energy corrected milk 
(ECM) ha−1 main forage area is over 80% 
of the output of the top 10% of the con-
ventional farms, and significantly above the 
average of comparable conventional farms 
in Northern Germany. Ecological intensifi-
cation with a very high level of milk yields 
is thus possible also in the frame of organic 
farming as long as ley systems are involved.

6.3.7   Implementation  
of Ecological Intensification 
Through Hybrid Agriculture 
and Public Goods Boni?

The dilemma with regard to stabilizing 
yields at a high level in a crop rotation be-
gins with the subsequent crops following 
the grass-clover leys, i.e., the connection be-
tween forage production and cash crop pro-
duction under the framework conditions 
of organic farming. In regions with signif-
icantly more than 100 mm drainage/year, a 
summer culture must follow the grass-clo-
ver to allow the nitrogen residues from 
the stubble and roots of the ley to flow di-

6.3.6   Back to the Roots: 
Integrated Crop—Livestock 
Systems Including Grass-
Clover Leys?

The yield stagnation in almost all arable 
crops, shown above, is largely due to the 
fact that too few crops result in too little 
functional diversity in our fields. In current 
“crop rotations” (rapeseed and grain here 
and maize in long-term self-rotation there) 
the historically grown function of crop ro-
tations, to produce food and feed eco-ef-
ficient, i.e., via the inclusion of at least a 
minimum of self-regulation mechanisms, is 
switched off  and instead replaced by exter-
nal energy supplies (e.g., fertilizers and pes-
ticides, digitalization). A return to the ben-
efits of integrated systems of agriculture 
and animal husbandry and correspondingly 
wider crop rotations with a high level of di-
versity of crops and the resulting functional 
diversity seems to be necessary, today more 
than ever. What is the lack of functional di-
versity in arable farming today? There is no 
combination of annual and perennial cul-
tures (function: carbon-sequestration and 
weed suppression), the inclusion of spe-
cies with the highest root length density 
(function: water protection) and the inclu-
sion of efficient legumes (function: N fixa-
tion) for the domestic protein supply. These 
functions could only be met by the use of 
at least a two-year-old clover grass system 
(ley system), as current studies from our 
research farm confirm: dry matter yields 
without any mineral N fertilization of 10 
tons ha−1 year−1 with high energy and 
crude protein contents, nitrogen fixation 
capacities of up to 300 kg N ha−1 year−1, 
massive suppression of invasive species 
through frequent use, negligible nitrate dis-
charges via leaching (< 10 kg N ha−1) due 
to root length densities of over 100 km per 
m2 and year [LMK+20], provision of food 
habitats for insects visiting flowers through 
multispecies mixes [LRK+20], no neces-

http://www.lindhof.uni-kiel.de
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forage farms would implement hybrid ap-
proaches with joint crop rotations. If  such a 
transformation is to succeed, then the cen-
tral question arises as to how incentives can 
be created for the actors on the farms to 
take this direction? The use of the common 
good premium model of the German Asso-
ciation for Landscape Management (DVL, 
[DVL20]) is a supreme tool. This instru-
ment first assesses the “best practice” im-
plementation of good professional practice 
with high environmental standards in agri-
culture (e.g., optimal N, P farm balances, 
see [NDT17]) and the additional benefits of 
various elements of agricultural production 
and corresponding additional services via 
a points model for ecosystem services be-
yond agricultural production. Based on this 
expert model the effect of different hybrid 
options for a 100 ha model farm can be as-
sessed and compared with conventional 
systems (. Fig. 6.2).

In this figure the abbreviations on the 
X-axis indicate the different uses of the ag-
ricultural land (not the crop rotations) of 
the model farms (DGL: permanent grass-
land, MA: maize, AG: arable grass, TR: 
triticale, WR: winter rape, WW: winter 
wheat, KG: Clover-grass, HA: oats, BS: 
Flower strip). The abbreviations in the leg-
end as well as calculations are according to 
[DVL20]. . Figure 6.2 describes the points 
depending on different setups:
5 specialized forage system (see pillar 1: 

permanent grassland, high proportions 
of maize, low proportions of grain)

5 market crops (see pillar 2: WR, WW, 
WW)

5 various hybrid options (see pillar 3: con-
ventional: WR, WW, WW, ecological: 
KG, KG, HA; pillar 4: in addition to 
HA 10% BS; pillar 5: instead of a WW 
pro rata MA)

Depending on the chosen setup the farmer 
achieves additional public good bonus 
points. The result shows an additional 

rectly into the yield formation of the sub-
sequent crop, and to minimize N losses via 
leaching in the following winter period. In 
the first crop following grass clover, the N 
transfer of over 120 kg N ha−1 ensures high 
yields, of, i.e., oats without additional ferti-
lization and crop protection of about 6 tons 
ha−1. Problematic are the following classic 
crops, such as winter wheat (WW) or rape-
seed, in which a yield gap of up to over 
50% can occur [BTV+20]. Such a yield gap 
questions the expansion of organic agricul-
ture beyond a certain level. So why not de-
velop a hybrid system that combines eco-
logical and conventional elements to ensure 
high yields and environmental performance 
in equal measure? A rotation with 6 crops, 
each consisting of 50% cultivated area ac-
cording to organic farming standards (e.g., 
2 × clover grass (CG) + oats) and 50% ac-
cording to conventional standards (WW, 
winter rape (WR), WW) would, with ad-
ditional integration of i.e., 10–15% of spe-
cial “biodiversity areas” [OPE20b], guar-
antee under the conditions of Northern 
Germany a large part of what is currently 
discussed in the political area (EU Green 
Deal; EU F2F; national insect protection 
program, etc.). Yield losses in the first part 
of the crop rotation should be almost com-
pensated by crop rotation-related addi-
tional yields of the cash crops in the second 
part of the crop rotation. There is a need 
for further research to confirm this and we 
are working on the corresponding num-
bers. The relevance of this approach arises 
in Northern Germany, because the added 
value of milk production, which in the fu-
ture should not occur on peat soils, should 
remain in the country as long as eco-effi-
cient production is maintained. The line of 
argument is thus: cure the deficits of spe-
cialized arable farming with some addi-
tional forage and milk production ensur-
ing multifunctional benefits! Virtual mixed 
farms would be an approach to implemen-
tation, whereby neighboring cash crop and 
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curity on the one hand, and environmen-
tal goods and animal welfare on the other 
hand. This offers, however, only solutions 
in the existing structures of specialized sys-
tems. It seems questionable whether the 
given goals can be achieved in this way. 
Rather, the overarching options at the stra-
tegic level should—as discussed above—be 
given greater attention. The re-integration 
of animal husbandry and arable farming 
within the framework of ecological intensi-
fication and the formulation of hybrid ap-
proaches are such key elements of a com-
prehensive transformation of agriculture in 
the upcoming 30 years. This includes pri-
marily answering the questions in connec-
tion with the transformation of the food 
system, namely how much animal hus-
bandry, where distributed and how kept, 
which equally achieves the protection goals 
and ensures a social consensus that allows 
agricultural practitioners to make appropri-
ate investments in the future.
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quantifiable benefit of up to 700 evalua-
tion points (1000 instead of ~ 300) for the 
hybrid options compared to the special-
ized actual starting options. Currently, in 
the political discourse on the implementa-
tion of the DVL points model in the GAP 
eco-schemes, a fee of € 30–50 per point is 
being discussed after 2020, which would 
correspond to an additional benefit of € 
210–350 per hectare in the model farm cal-
culations for the hybrid approaches. In view 
of the urgency of achieving climate protec-
tion and biodiversity goals, there are many 
arguments in favor of developing and op-
timizing hybrid approaches that go be-
yond the existing Extensification in the var-
ious regions of Germany. Digital Farming 
solutions (e.g., spot spray technologies) will 
play a significant role in this transformation 
process.

6.3.8   Conclusion

In current agricultural research, technolog-
ical options of precision agriculture, digiti-
zation and artificial intelligence on the tac-
tical level are representing the main stream 
to fulfil the given goals of global food se-

. Fig . 6 .2 Public good bonus points for 100 ha model farms for the current situation of typical, specialized 
farms in forage and market crops (pillars 1 + 2) as well as for various hybrid options (pillars 3–6)
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5 highly precise seeding, fertilizing and 
spraying systems to avoid unproductive 
subareas

5 geometric field structures for a most un-
disturbed crop stands and the use of 
machinery

5 less crop varieties and adapted crop phe-
notypes for a highly specialized produc-
tion

5 low variety of soil and crop manage-
ment methods for a best utilization rate 
of technology

6.4.2   Precision and Efficiency, 
the Evil Twins

The mentioned developments led to the ac-
tual situation of frail farming systems. Rep-
resentatively, regions of Mediterranean cli-
mate combined with adequate soil char-
acteristics for winter wheat and rape seed 
production. For decades, the crop pro-
duction in such regions followed the mar-
ket's demand by highly specialized farm-
ing systems. Short successions of the same 
crops and low intensity in soil manage-
ment were compensated by highly precise 
nutrient inputs and chemical crop protec-
tion. Technology allowed to run these sys-
tems most efficient and, in turn, technology 
was adapted to the farming systems by size 
and function. Subsequently, cropping sys-
tems and technology changed the structure 
of landscapes merging fields to bigger en-
tities which—in consequence—allowed an 
even more efficient use of even more spe-
cialized technology grown in weight and 
size. The precise application of seeds and 
inputs resulted in 100% crop-coverage and 
fields with nearly homogeneous growth 
conditions for an optimized field use effi-
ciency. Economy tells us, machine use ef-
ficiency grows with the size of field units 
and uniform crop stands. Even breeding 
was adapted to produce crops of homoge-

6.4   Digitization as Co-Designer 
for Cropping Systems: 
Technology Shapes Cropping 
Systems, Now and in Future

Klaus Erdle 

Abstract
Crop production changed fundamentally 
in the past decades. Farm inputs as well as 
technology allowed cropping systems to 
be specialized and scaled up to large enti-
ties. Even crop varieties were fitted to easy 
to manage crop stands. While technology 
and digital tools fueled this reinforcement 
towards market related efficiency, nature is 
catching up with pest resistances, soil deg-
radation, and biodiversity loss affecting eco-
system services. However, the same technol-
ogy being blamed to be a major factor for 
the negative effects can be used to reshape 
our way of farming for a more integrated 
and sustainable way of crop production.

6.4.1   Mechanization and Its 
Excesses on Farming

Mechanization is one of the major factors 
which shaped the way of farming during 
the last decades. The introduction of trac-
tors as a multi-purpose machine led to a se-
ries of developments and a broad range of 
implements and self-propelled machinery. 
As the number of employees in agriculture 
decreased in the more industrialized coun-
tries and market conditions led to a grow-
ing demand on efficiency, farming struc-
tures followed this development and formed 
cropping systems suitable for maximum 
productivity and control:
5 extensive mechanization for low labor 

input
5 increasing weight and working widths 

of machinery for high spatial efficiency
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farming practice are described extensively. 
Specifically, upcoming pests due to narrow 
crop rotations were successfully avoided by 
breading tolerant varieties and the devel-
opment of plant protection methods. De-
creasing soil nutrient content was overcome 
by external nutrient supply. Complex land-
scape structure was not seen as relevant for 
a successful cropping system. Eventually, 
nature caught up by an insidious strength-
ening of ecological complexity:
5 soilborne pathogens hardly to be man-

aged
5 resistances of insect pests and weeds to 

chemical actives
5 environmental impacts by nutrient 

losses
5 decreased macro and micro biodiversity
5 decreased soil health
5 increased soil erosion

Farmers suffer crop failures due to massive 
weed invasion. Chemical actives are not 
able to control pests anymore and substi-
tutes are not to be seen in near future. Bi-
odiversity is drawn down by intensive crop 
management, the loss of landscape features 
and management diversity. It becomes clear 
now that agriculture cannot be compared 
directly to any other industrial process. The 
interdependencies between crop produc-
tion and environmental factors leads to ef-
fects which hardly can be limited to a spe-
cific location or production section. Almost 
all crop management methods do have im-
pacts affecting crucial ecosystem processes 
and subsequently society.

It seems that the desire for an ever more 
precise and efficient production led to the 
point where methods used in the past dec-
ades struggle to control the actual chal-
lenges. Even more, well known methods ap-
pear to be of harm. Some would even say 
“nature takes its toll”.

Precision and efficiency fueled by in-
creased mechanization and sophisticated 
technology can at first glance be considered 
as the cause of all evil.

neous appearance best to be managed and 
harvested by respective technology. Mar-
ket quality standards asked for uniform 
crops of constant quality to be processed 
in the downstream sector. The larger the 
field and their structure the better AgMa-
chinery of the actual broad working widths 
can be used and the sooner they pay off. 
Machines do not have to be moved several 
times between different fields with high ef-
forts. The more geometric or rectangular 
the fields structure, the less overlapping and 
the higher the machine performance. Man-
aging fields of small scale takes a lot more 
resources of time and unwanted soil dis-
turbance by increased passage frequency. 
Eventually, fields covered densely with only 
one single crop and variety are managed 
more easily because inputs and cultivation 
is equal for the whole area and machinery 
can be specialized therefore.

While reading the latter sentences, the 
effect of a mutual reinforcement of tech-
nology and cropping system can be gath-
ered easily. However, we do not only see 
this effect in agriculture alone. Nearly all 
economic sectors of the more industrialized 
regions of this world follow the upwards di-
rected spiral of efficiency. Highly special-
ized production lines for mining minerals, 
the production of automobiles, furniture, 
cloths, electronic devices, etc. can be de-
scribed similarly strongly relying on tech-
nological support. Why should it have been 
different for the agricultural branch consid-
ering an even decreasing number of availa-
ble labor and increasing global demand for 
food?

In contrast to most of the sectors men-
tioned before, agriculture, in particular crop 
production, is strongly connected to envi-
ronment which can only be controlled lim-
ited. Staying with the example of winter 
wheat and rape seed rotations in the highly 
productive regions, agriculture was able to 
push these limits by ever more sophisticated 
technology and adaption of their cropping 
system. In 7 Sect. 1.2 the challenges of 
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cesses are highly complex and hard to be 
overlooked by farmers who have limited re-
sources of methods. To reduce negative ef-
fects on ecosystems and at the same time 
produce food and commodities for an inter-
national market we have to find ways to un-
derstand the interactions between farming 
practice and environment. If  this knowl-
edge is available, farmers will decide upon it 
as to adapt processes to reduce negative im-
pacts and even increase benefits by a most 
individual and adapted farming system. 
Technology, previously demonized, will 
play a crucial role in this approach.

6.4.4   Digitization for Initiating 
Promising Cropping 
Concepts

6.4.4.1   Data, Information, Decision
To change our current cropping systems 
to more sustainable processes we have to 
find ways to improve the way of decision 
making in crop management. Decisions 
are founded on information. Information 
should always be based on relevant and suf-
ficient data of high quality. This conclusion 
is not new even in strongly traditional ag-
riculture. Independent of the way of farm-
ing—if organic or conventional—cropping 
systems rest on a few principles to be sus-
tainable: adapt measures to best fit crops 
to soil conditions and to climate with a tai-
lored supply of water, nutrients, and the 
avoidance of pests. Farmers with a deep 
knowledge about their fields with soil and 
regional conditions are able to make rea-
sonable decisions to run sustainable plant 
production. In the past, this knowledge 
stems from long-lasting experience and 
passed on knowledge of generations. To-
day, this information is not to be gathered 
by a single farmer anymore due to growing 
farm sizes and management tasks as well 
as a growing complexity of the challenges 

6.4.3   Back to Reality

Looking at regions where mechanization is 
not yet adapted accordingly, farming sys-
tems seem still to be more various, individ-
ual and less specialized. Often it is assumed 
that in such regions crop production sys-
tems would be more sustainable especially 
in the subject of ecology. However, looking 
at Southeast Asia as an example where rice 
cropping is done on small patches, with low 
tech solutions and by small holders, simi-
lar problems can be found. Rice in such re-
gions is cropped on the very same field for 
even decades and the use of fertilizer, wa-
ter, and plant protection chemicals is done 
by low educated farmers. This leads to very 
similar effects of ground water shortage, loss 
of soil quality and the eutrophication of wa-
ter bodies by chemicals, thus, leading to a 
strong decrease in biodiversity. Similar to 
that, in Sub Sahara regions traditional farm-
ing practices are intensified as arable land 
decreases with increasing population. And 
we see, with better education and mechani-
zation, situation improves in such regions.

Technology and the run for efficiency 
and precise application enabled us to re-
duce inputs in conventional agriculture dur-
ing the last 30 years (see . Fig. 6.3). For 
sure, there are negative consequences of the 
intensive way the actual crop production is 
done. At the same time, spraying systems 
work most precisely to reduce the amount 
of active agents applied, so do fertilizer 
spreaders. And this while increasing yield 
per area and independent of the decreasing 
number of employees available in the agri-
cultural branch.

Nevertheless, we experience the ecologi-
cal limitations of our systems and have to 
react on that like stated in 7 Sect. 1.4. A 
majority of these effects are due to a still 
limited knowledge about the interactions of 
soil, plant, and atmosphere. Even more, if  
additional effects of agricultural measures 
interfere with natural processes. These pro-
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lizer application considering spatial differ-
ences in the field. A big step to individual-
ize farming measures to actual crop needs. 
In the beginning, systems worked on the 
basis of a direct connection between cause 
and effect: poor crop status means higher 
fertilizer application. Considering the num-
ber of factors influencing our cropping sys-
tems, the decision actually cannot be that 
easy. It needs more detailed and integrated 
observation of our ecosystem we are work-
ing in and we are working with. Here, digi-
talization can help to analyze interactions, 

ahead. Decreasing numbers of available la-
bor in agriculture, increasing farm sizes, 
new market requirements and pests as well 
as climate change ask for a higher level of 
information to run cropping systems suc-
cessfully, thus, sustainable.

It was called precision farming when 
farmers for the first time used sensors for 
improved data recording in the field to fi-
nally gather better information for crop 
production. This started already three dec-
ades ago. Sensors were developed to detect 
the actual crop status for improved ferti-

. Fig . 6 .3 Yearly (blue) and moving average (red) of the nitrogen balance of the German agricultural area. 
(Source: DLG Sustainability Report 2016)

. Fig . 6 .4 Unstructured field (left) enabling high efficiency due to homogeneous crop stand and conditions 
for broad working widths. Highly structured field (right) adapted to local soil and landscape being managed by 
swarm organized robots
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With the right data acquisition and pro-
cessing we may get information about priv-
ileged plant (crop) communities and even 
better rotations. Taking advantages out of 
symbioses between plant and soil borne or-
ganisms. Improved understanding of pest 
development and spreading as well as their 
antagonists. A better knowledge about the 
existence of these interactions and the use 
of their potentials can lead to improved and 
locally adapted cropping systems. A broad 
information on such level may lead to a re-
gional organization of cropping systems 
or—in contrast—to a small scale, patch-
based crop production (see 7 Sect. 6.3). Ex-
tensive fields will be analyzed to be subdi-
vided into patches of specific soil and micro 
climate conditions. Crops can be found that 
are adapted to these conditions and develop 
with less effort and higher fitness against 
pests, climatic influences or better nutrient 
efficiency. Eventually, this will break with 
traditional ever-growing entities down to in-
dividually managed, small and unstructured 
patches of different crops. A picture hardly 
any farmer today is willing to imagine. Even 
if  data tell us that small, unshapely patches 
of different crops oriented on soil, microcli-
mate and plant community could be favora-
ble for crop production: How should such 
small areas be managed economically and 
the use of machines be accomplished?

Small patches need small machinery. 
The competition for ever larger and heavier 
AgMachinery with ever increasing work-
ing widths contrasts with the actual devel-
opment of small, intelligent and swarm or-
ganized machines. Concepts and already 
on the field working autonomous machin-
ery shows potentials of very different crop-
ping systems in future. These implements 
are able to manage areas nearly independ-
ent of field size and shape and therefore 
could support the introduction of inter-
cropping, mixed cropping or patch based 
cropping systems. With working widths 
of less than one meter up to a few meters, 

quickly process data into tangible informa-
tion and ultimately provide a sound deci-
sion-making aid for farmers.

To create new cropping systems, it needs 
suitable crops which allow for a more sus-
tainable management. Our current main 
crops were adapted not only to pest ap-
pearance and yield or quality standards but 
also to the technology used for their man-
agement. Crop pattern and architecture was 
considered in breeding to meet the limita-
tions of machinery for crop management. 
Breeding has to speed up to meet the chal-
lenges not only of climate change or new 
pests but also to offer a variety of crops 
and varieties to enable farmers the adap-
tion of their cropping system to local con-
ditions. Digitalization will also help breed-
ers to precisely detect genotypes and phe-
notypes in rapid throughput and analyze 
data for the breed to follow.

6.4.4.2   Size Does Matter
With time ever more sophisticated tech-
nology was developed to increase the da-
tabase for improved information. Satellite 
data cover soil and crop characteristics for 
improved fertilizer or water management. 
Forecasting models provide information on 
precipitation or the spread of pests through 
yield forecasts and CO2 emission and se-
questration. But still, data are not intercon-
nected sufficiently to consider potential in-
teractions or offer straightforward informa-
tion to farmers (see 7 Sect. 3.4). Artificial 
Intelligence (AI) (see 7 Sect. 3.5) prom-
ises to be capable to detect complex interac-
tions—by considering and analyzing huge 
databases—and finally offer sound infor-
mation for decisions made by farmers in the 
end. Eventually, this only leads to an even 
more optimized and efficient crop produc-
tion. But let us think a step forward: inter-
actions in nature do not only show gaps of 
inefficiency. There are chances to use natu-
ral interactions actively to improve crop fit-
ness, thus, less efforts for crop management. 



6

370 K. A. Wheeler et al.

The assessment of the threat to our 
crops will not be limited to pests, but will 
also include the independent detection and 
identification of weeds in the field. Digi-
talization will enable machines to not only 
detect weeds in general, but also to distin-
guish between “good” and “bad” weeds 
and individual plants. Ultimately, only 
weeds that definitely affect crops or yield 
quality will be eliminated with slender tools 
or treated with precisely guided spraying 
systems.

Considering such developments, bio-
diversity will improve even in intensively 
cropped agricultural regions. Patches of dif-
ferent crops can be integrated in a heteroge-
neous landscape much easier. The patches 
offer green stepping stones for organisms 
and harmless weeds may be left in the field 
as food source for pollinators and beneficial 
insects. Keeping spinning this thought, an 
increased beneficial biodiversity may lead 
to pest management hand in hand with na-
ture. Less insect pests through less uniform 
crop stands and a higher number of benefi-
cial insects lead to decreased pest manage-
ment inputs and labor resources for crop 
management.

If  agricultural machines become smaller 
and work within swarms, the sum of the 
operational investments will not decrease in 
reality. However, the performance of future 
technology will be judged not only by the 
size of the area it has worked in a unit of 
time, but more by the success and ultimate 
benefit of a highly complex farming system 
in which it operates.

6.4.5   Conclusion

Complexity increases in agriculture by 
changing natural and political frame-
works as well as the changing structures 
of farm organization. In the past, technol-
ogy strongly influenced decisions on how 
to plan and implement crop production  

weights far below 1000 kg and intelligent 
decision support systems, these new imple-
ments may be able to optimize crop stand 
architecture in a field considering soil pa-
rameters, landscape structures, topography, 
and microclimate. So, technology can fol-
low the needs of the cropping system rather 
the other way around. If  technology can be 
most efficient independent of field size and 
shape, farm size must not be the figurehead 
of farm prosperity anymore. This allows 
farmers in small structured agricultural re-
gions to have better future prospects as well 
(. Fig. 6.4).

6.4.4.3   Mastering Complexity
Improving cropping systems in that way 
definitely leads to heavily increasing com-
plexity of production processes with which 
farmers would struggle in management.

Intelligent technology can support 
farmers when weather, soil, and crop de-
mands offer only minor time slots to 
cover crucial measures. If  the number of 
crops in new crop rotations increases (see 
7 Sect. 6.3), farmers will need support to 
meet the diverse demands of individual 
crops and their effects on each other and 
the environment. Even the design of suc-
cessful crop rotations in complex unshapely 
field patterns may be possible by using digi-
talization for scenario evaluation and strat-
egy adaption. Robotics already seed and 
treat crops autonomously working 24/7 to 
get the work done in the short time frames 
available. By identifying individual plants, 
crop management focuses only on the crop 
in question and not on the field as an area 
itself, which leads to individual treatment 
and only covers actual needs rather than 
homogeneously managing the area. Early 
detection of pests is supported by improved 
predictive models which better estimate the 
probability of a pest spreading, and spec-
tral sensors (see 7 Sect. 3.2) which detect 
the earliest stages of infections—far before 
the human eyes can see them.
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oxide emissions on global change, there is 
increasing focus on the question how agri-
cultural land management can be used to 
mitigate their effects. “Regenerative agricul-
tural practices” are widely considered a key 
component of the attempts to increase car-
bon sequestration through agricultural land 
use. To date, however, the scientific evidence 
to substantiate this claim is rather slim. De-
spite this fact, an informal market for the 
trading of carbon certificates in agricul-
ture is emerging, and numerous stakehold-
ers from the AgFood value chain share very 
high hopes for a significant new business op-
portunity in “carbon farming”. Digitization 
has the potential to become the key enabler 
to scale up of this informal market.

6.5.1   The Carbon Cycle and Its 
Interaction with the 
Nitrogen Cycle

CO2 in the atmosphere is critical for life on 
earth in two ways. First, CO2 comprises one 
of the key greenhouse gases (GHG) in the 
atmosphere, thus providing a temperature 
that supports life on earth. Second, photo-
synthetic organisms use CO2 in the presence 
of light to produce biomass, which eventu-
ally becomes the basic food source for all 
microbes, animals, and humans. The burn-
ing of fossil fuels as well as changes in land 
use emit approximately ten billion tons of 
carbon (C) annually as CO2 into the atmos-
phere. These activities are the main driv-
ers of the increase in CO2 concentration 
observed since the start of the Industrial 
Revolution [Chu13]. Approx. 40% (±14%) 
of this human-generated CO2 remains 
in the atmosphere [JHR+05], contribut-
ing to a further increase in the temperature 
on earth. Carbon cycles through different 
pools on the earth. The size and residence 
time of C in each of these pools varies; 
the largest and slowest pool of C resides in  

measures. With time, production processes 
got highly efficient by ever more productive 
machinery even overtaking natural regula-
tory processes. Without natural interactions 
being considered, crop production systems 
seem to lose their balance and affect re-
sources of any kind.

We are at the threshold where our farm-
ing systems need to be reconsidered to 
avoid strong impacts on the ecosystem on 
which we depend. Technology has enabled 
us to advance the unification of our pro-
duction systems and ultimately cause them 
to struggle. But technology is also capa-
ble of breaking the cycle of increasing size 
and homogeneity. By gathering and using 
knowledge about our ecosystem and the ef-
fects of agricultural practices, future farm-
ing systems can be adapted to natural pro-
cesses and even benefit from interactions 
within the systems. This will lead to: a) an 
increase of crop types per crop rotation, b) 
temporal extension of crop rotations and 
thus to a higher diversity of crop and farm-
ing systems.

Technology with an increase in digitized 
tools will make this possible. Both the intel-
ligent use of knowledge and the adaptation 
of plant production to natural conditions 
can make agriculture more sustainable and 
a respected economic sector in society.

6.5   Fighting Climate Change 
Through “Carbon Farming”: 
A Future Business 
Opportunity for Digital 
Farming?

Markus Frank and Isabel Roth 

Abstract
As governments and multi-stakeholder initi-
atives more and more discuss the need to de-
velop “carbon farming” strategies to amelio-
rate the effects of anthropogenic carbon di-
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factors through which intensive agriculture 
contributes to global warming.

6.5.2   Carbon Sequestration 
in Agricultural Soils—A 
Synopsis

Carbon sequestration is the process of cap-
turing carbon dioxide (CO2) from the at-
mosphere, storing it, and preventing it from 
being re-released [IPC14]. Thus, Carbon se-
questration describes a blend of man-made 
as well as natural processes that capture 
CO2 as part of either industrial or agricul-
tural and land-use activities. As mentioned 
above, there are two distinct pathways for 
carbon emissions and removals: i) land use 
changes (e.g., cropland converted to grass-
land) and ii) management practices in an 
area with no change in main land use, i.e., 
areas that have not undergone any land use 
conversion for a period of at least 20 years 
(as a default period). The amount of car-
bon stored in and emitted or removed from 
cropland depends on crop type, manage-
ment practices, and soil and climate varia-
bles [Toe16]. Annual crops (cereals, vege-
tables) are harvested each year, so there is 
no long-term storage of carbon in biomass. 
However, perennial woody vegetation in or-
chards, vineyards, and agroforestry systems 
can significantly store carbon in long-lived 
biomass, the amount depending on species 
type and cultivar, density, growth rates, and 
harvesting and pruning practices.

Carbon stocks in soils can be substan-
tial and changes in stocks can occur in con-
junction with soil properties and manage-
ment practices, including crop type and 
rotation, tillage, drainage, residue manage-
ment (e.g., burning residues, using them for 
animal feed or fuel or leaving them in situ) 
and adding organic matter to the soil (such 
as manure, sewage sludge or compost 
[Toe16]). The system of “regenerative agri-
culture” combines many of these practices, 

 sediment and rocks, which is followed in 
size by the ocean, land, and atmosphere, 
respectively. Burning of fossil fuels, thus, 
transfers C from the largest pool (which is 
also the slowest to accumulate and store 
C) into the atmosphere, elevating the CO2 
levels and contributing to global warm-
ing [Chu13]. CO2 fluxes between the atmos-
phere and biological ecosystems are pri-
marily controlled by uptake through plant 
photosynthesis and releases via respiration, 
decomposition, and combustion of organic 
matter. Living biomass, dead organic mat-
ter, and soils are the biggest terrestrial car-
bon stocks, and the increase in these carbon 
stocks over time represent a net removal of 
CO2 from the atmosphere and decreases in 
total carbon stocks represent a net emission 
of CO2 [IPC14].

Other biogeochemical cycles, such as 
the Nitrogen (N) cycle are tightly inter-
linked with the C cycle. Human activi-
ties have also approx. doubled the quan-
tity of N cycling between terrestrial ecosys-
tems and the atmosphere. Globally, human 
activities convert N2 to reactive forms us-
ing industrial fixation in the manufactur-
ing of mineral fertilizers and in the planting 
of N fixing crops. Predominantly agricul-
tural activities have nearly doubled nitrous 
oxide fluxes from land to the atmosphere 
through mainly fertilization, cattle, and 
feedlots [Chur13]. In addition, the flux of 
ammonia has more than tripled since pre-
industrial times because of agricultural ac-
tivities, animal husbandry being the single 
largest global source ammonia. Although 
the amount of reactive N doubled between 
1860 and the 1990s [GAE+03], contin-
ues to increase, and is mostly deposited on 
land, N is still a limiting nutrient for many 
land ecosystems. In some areas N deposi-
tion stimulates land C uptake and storage, 
and this additional uptake may help offset 
global warming [CBB+09]. However, net 
fertilizer production and direct field emis-
sions together with emissions from animal 
husbandry and feedlots comprise the key 
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age as an alternative to tilling the entire 
field. Full inversion tillage using a mold-
board plow prior to cultivation is widely 
accepted as the one of the key causes for 
the loss in soil C [PWG11].

Conversion to these practices can mean re-
duced yields for three to five years dur-
ing the transition. After this period, yields 
may even slightly increase [HCD+14]. The 
IPCC (2014) rates crop rotations and cover 
crops to have a potential medium global 
impact, being easily adoptable by farm-
ers, and being ready for a wide implemen-
tation within 5 to 10 years. Tillage and crop 
residue retention are considered a high po-
tential global impact, easy adoption by 
farmers worldwide, and ready to be imple-
mented. Strategies to create polycultures or 
to integrate perennials in annual cropping 
systems are rated to provide excellent op-
portunities to increase the carbon seques-
tration potential of the landscape [IPC14]. 
Well-designed polycultures maximize the 
land use efficiency, thereby indirectly im-
proving the carbon footprint on a hectare 
basis. Integrated perennial/annual systems 
typically sequester far more carbon than 
any other type of farming, however these 
land-use systems are not always compati-
ble with an intensified and efficient produc-
tion system [Toe16]. Improving soil organic 
matter, cover cropping, and mulching are 
also important climate change adaptation 
strategies [Lal14]. Crop residues as well as 
cover crops tend to trap carbon dioxide in 
the soil. A wider crop rotation has proved 
effective to support the buildup of humus. 
Moreover, biomass added to soil in the 
form of manure and composts further sup-
ports the generation of soil organic carbon 
(SOC). Crops release 10–40% of the car-
bon compounds they synthesize as root ex-
udates, which get metabolized by microbes, 
immobilizing carbon and increasing SOC 
[Chu13].

such as reduced tillage, cover cropping, and 
crop rotation [GHA+21]. The carbon se-
questration rate of regenerative agricul-
ture has been estimated at 0.6 t/(ha*yr) 
[SLK+15].

6.5.2.1   Key Strategies for Carbon 
Sequestration in Annual 
Cropping Systems

[Lal14] describes the key strategies for car-
bon sequestration in annual cropping sys-
tems:
5 Cover Cropping, i.e., planting crops for 

erosion control, weed suppression, ni-
trogen fixation, and other benefits rather 
than as a marketable commodity. Pro-
viding nitrogen to crops with N-fix-
ing cover crops, intercrops, undersown 
crops, and similar strategies comprises a 
partial alternative to synthetic fertilizers.

5 Crop rotation, i.e., alternating crops, 
usually from different families, rather 
than growing the same crop season after 
season. Crop rotations that include a pe-
riod in perennial grassland for grazing 
or hay are especially beneficial on car-
bon sequestration as they tend to build 
up more soil organic carbon.

5 Mulching and residue retention, i.e., 
leaving crop residues such as stalks and 
stubble at the soil surface rather than 
burning or tilling them into the soil. 
This not only improves soil organic 
matter but also sequesters more car-
bon than burning or tilling the residues. 
Mulching with biomass has similar ben-
efits.

5 Organic Amendments, i.e., using ma-
nure and compost (as well as other more 
controversial amendments such as zeo-
lits or biosolids) to improve soil organic 
matter and build soil carbon.

5 Reduced tillage, i.e., besides conven-
tional no-till, a diversity of reduced till-
age systems exists for large- and small-
scale operations. For example, strip till-



6

374 K. A. Wheeler et al.

grains, and organic amendments from an-
imal manure or compost are more com-
plex and biologically diverse than simple 
two- or three- year combinations of small 
grains with corn and soybeans. Implemen-
tation of integrated, extended cropping ro-
tations have been shown to increase SOC 
e.g., [Tea07]. The impacts of this type of 
agricultural management are especially evi-
dent for labile forms of SOC and have been 
reported to increase biologically availa-
ble forms of SOC [FOG+07]. Organic sys-
tems have been shown to have more micro-
bial biomass C, greater microbial commu-
nity diversity, and higher microbial activity 
than conventional for a variety of grain, 
vegetable, and fruit production systems 
[EGM+07]. The more highly diverse mi-
crobial communities haven been shown to 
transform C from organic residues into bi-
omass at a lower energy cost [FOG+07], 
thus resulting in higher retention efficiency 
of microbial biomass C within organic sys-
tems.

Organic Fertilizer Use
Application of organic nitrogen (N) fer-
tilizer is believed to increase SOC seques-
tration by increasing crop residue inputs 
to the soil. This belief  is supported by nu-
merous studies that relate increases in crop 
aboveground residue biomass with or-
ganic fertilizer application, which results in 
greater inputs of aboveground residue C to 
the soil [PWG11]. For instance, [RCL+09] 
report that corn residue C:N declined and 
decomposition rate significantly increased 
with N fertilization. Decomposition rates 
of crop residue and SOC have been shown 
to increase with the application of ferti-
lizer nitrogen [HAC07]. Further studies in 
the literature document that both organic 
and mineral N fertilization stimulates soil 
C sequestration in some agroecosystems 
[GLE+96] but not in others [RCL+09].

6.5.2.2   Scientific Evidence 
for Carbon Sequestration 
Through Regenerative 
Practices

Tillage and Residue Retention Effects
Conservation tillage to increase the C con-
tent of C-depleted agricultural soils is ac-
cepted as a key strategy for stabilizing 
global atmospheric CO2 concentrations 
over the next fifty years [Lal14], [BOV07]. 
However, many studies have shown that till-
age affects the distribution of soil organic 
carbon (SOC) within the soil profile more 
than its net accumulation [Lal07]. For in-
stance, studies where the soil was sampled 
to depths at or just below the plow layer 
have shown a significant accumulation of 
SOC at 15 to 20 cm below the soil surface 
for conservation tillage compared with no-
till [AE08]. A common observation across 
all of these analyses is a high variability 
in the annual rate of SOC sequestration. 
There are multiple parameters contributing 
to the variation in annual rates of C accu-
mulation, most of which are related to the 
spatial and temporal heterogeneity of soil, 
plant, hydrologic, and atmospheric pro-
cesses that drive the accumulation and dis-
tribution of SOC in agricultural fields, both 
laterally and vertically. Despite this un-
certainty, the general agreement is that re-
duced tillage might be beneficial to C se-
questration, and there needs to be an 
awareness of the differences that are in-
duced in the soil profile by the changes in 
tillage practices.

Crop Rotation and Cover Cropping
Enhancing the complexity of the crop rota-
tions has the potential to enhance SOC se-
questration in agricultural soils either alone 
or in combination with conservation till-
age practices. Multifunctional cropping ro-
tations that include forage legumes, small 
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6.5.2.3   “Carbon Farming”— 
A (Future) Business 
Opportunity for European 
Farmers?

Intensive agriculture in Europe has come 
more and more under pressure as socie-
ties expect the adoption of more sustaina-
ble production practices by farmers. As sus-
tainability has increasingly become an im-
perative for the AgFood value chains in 
Europe, the issue of the reduction of green-
house emissions has advanced to a high pri-
ority topic for most food and retail compa-
nies (e.g., [FG09]).

Carbon Certificate Trading in the 
European Union
In the negotiations and debates leading up 
to the Copenhagen Accord, there has been 
growing emphasis on carbon credits for ag-
riculture and the inclusion of soil carbon 
sequestration into the Clean Development 
Mechanism (CDM) and other mechanisms 
including REDD. Soil carbon sequestration 
has so far been explicitly excluded from 
the CDM under the Kyoto Protocol, be-
cause of major uncertainties in measuring 
and verifying the permanence of soil car-
bon stores. But there is now a major push, 
by agribusiness, the FAO and some govern-
ments to change this. A possible way for-
ward might be the compensation through 
an increase of SOC and the trade of carbon 
certificates from agriculture to other indus-
tries. The EU-Emission-Trading-System 
(EU ETS) is “the world's first international 
emissions trading system” [EC18] aiming 
on the reduction of GHG emissions and 
creating an international trading system for 
CO2 emissions. However, carbon certificates 
from agriculture or soils have not been in-
troduced to the ETS yet, though this is cur-
rently discussed in the context of the imple-
mentation of the Farm to Fork Strategy as 

The Limits of Carbon Sequestration 
in Agricultural Soils
The limits of carbon sequestration of the 
agricultural soil are given by the carbon sat-
uration capacity. “Carbon saturation ca-
pacity” is defined as the maximum amount 
of C that can be sequestered by a soil under 
specific climatic and management condi-
tions [SCP+02]. Temporal changes in SOC 
content vary because of complex interac-
tions among different factors, including 
climate, baseline soil C levels, and agricul-
tural management. An increase in temper-
ature is likely to affect SOC [BLB+05] by 
influencing soil organic matter decomposi-
tion and mineralization rates [CDH+08] as 
well as soil and root respiration [JMC+05; 
HAC07], assessed tillage effects and crop 
sequence effects on SOC dynamics on long-
term trials and found that all of the till-
age and cropping treatment lost SOC com-
pared to initial SOC, whereas conserva-
tion tillage and no tillage lost the least. 
[SBK+09] observed that SOC declined un-
der conventional management practices 
relative to baseline, but they did not ob-
serve an increase in SOC under conserva-
tion practices such as no tillage and plant-
ing of cover crops relative to baseline lev-
els. The conservation practices appeared to 
have only prevented SOC losses compared 
to conventional management practices 
rather than facilitating SOC sequestration. 
The largest SOC losses relative to base-
line was observed for virgin grassland sites, 
which has more than twice as much SOC at 
the start of the experiments than the agri-
cultural sites. Other studies have also ob-
served that greater SOC losses with time 
relative to baseline SOC level are associated 
with higher initial SOC contents [BLB+05]. 
A possible mechanism to explain this para-
doxical relationship is the concept of soil C 
saturation capacity.
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5 The buildup of SOC is slow and revers-
ible. Therefore, improved measures, as 
described earlier in this article, must be 
implemented for a minimum term. To 
ensure that, the farmer is not rewarded 
with the entire share at the beginning of 
the program but receives the total com-
pensation after finishing the individually 
defined amount of years depending on 
the program.

Private standards implemented by mul-
tinational food companies and agribusi-
nesses as well as political initiatives such as 
the “Green Deal” or “Farm to Fork Strat-
egy” of the European Union currently cre-
ate a “climate” which encourages more and 
more commercial organizations to bet on 
the further development and expansion of 
the market for carbon certificates from agri-
culture. Accordingly, numerous market en-
trants such as Indigo agriculture, Truterra, 
Positerra, Carbocert, and others strongly 
invest into the business model. At present, 
the different players have their own strate-
gies and certification approaches in place, 
without a clear move towards standardiza-
tion or consolidation. Stakeholders from 
these different organizations state, however, 
that scaling must happen fast to allow the 
different players to capture sufficient mar-
ket share to justify their substantial invest-
ments.

To date, the different organizations pur-
sue different approaches to carbon seques-
tration, certification, and reward. Besides the 
increase of SOC, e.g., the use of biochar as 
input for soils is considered an approach to-
wards increasing carbon sequestration of 
soils. The use of biochar can be an irrevers-
ible sequestration and has positive side ef-
fects such as improving water holding capac-
ity (e.g., [LWM+20]) but is not yet certifia-
ble in the programs of the beforementioned 
stakeholders. In accordance with the “ad-
ditionality” criterion, the organizations ac-
tively recruit farmers who are willing to con-

part of the Green Deal [EC19]. Despite this 
fact, currently various agri-businesses are 
lining up to create an informal market for 
carbon certificates from agriculture and to 
put secondary standards in place. The num-
ber of businesses investigating the potential 
of trading carbon certificates for carbon se-
questration in agricultural soils has been 
steadily increasing. Substantial funds have 
been raised by new pioneering organiza-
tions (e.g., $850 M by Indigo—agriculture 
[Bui21]). This raises the question what these 
players expect as far as the development of 
this future market is concerned.

Status Quo of Carbon Trading 
Initiatives in Agriculture
Thus far, certification of SOC buildup 
through agricultural management practices 
has been managed on a voluntary and pri-
vate basis: Companies generating and sell-
ing certificates offer programs to grow-
ers, mostly focusing on growers cultivat-
ing cropland. There are various individual 
methodologies and systems in place on 
how to certify and reward carbon seques-
tration. Some standards, such as for ex-
ample the “verified carbon standard” pro-
vided by Verra [Ver21] and used for exam-
ple by Indigo agriculture, an internationally 
active certifying company, are more com-
monly known than others. Despite different 
approaches to methodologies, programs by 
different providers have some principles in 
common:
5 The increase of SOC in comparison to 

a baseline is certified and the grower is 
rewarded for an improvement compared 
to former actions. Therefore, additional-
ity is the key requirement of the certifia-
bility of SOC in soils.

5 Certain measures, which must be addi-
tional to former management strategies, 
have to be applied in order to increase 
SOC in the soil. The portfolio of the ac-
cepted measures, however, might vary 
between programs.
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[GHA+21]. Further, the collected and pro-
cessed data needs to be managed and se-
cured to make certificates safe and at the 
same time to make the entire certification 
process scalable. The collected data can be 
used e.g., to automatically determine base-
line emissions and help to implement indi-
vidual strategies for regenerative practices 
anticipated to increase the SOC accumula-
tion in the soil. Benchmarking is made pos-
sible only through digital tools. Moreover, 
modeling of the plant/soil system is data 
intensive (e.g., [BWP+20]) and cannot be 
done realistically without the support of 
digital tools. The documentation around 
the implementation of regenerative prac-
tices and their impact on SOC need to be 
simplified and automated to the extent pos-
sible in order not to overwhelm the farm 
operation and the players involved in the 
downstream certification processes. Lastly, 
digitization such as block chain technol-
ogy can create transparency and credibility 
to the entire process, which is the key pre-
requisite to allow for the transition from a 
rather informal to an established and pre-
dictable marketplace in the nearest future.

6.5.4   Conclusion

Taken together, as outlined in the other sec-
tions of this book, Digital Farming strat-
egies can not only support farms in us-
ing their resources more efficiently (e.g., 
[FCS+15]) but also to become the cata-
lyst of new business models and to create 
transparency and credibility in a complex 
value chain approach such as certification 
of “carbon farming”. Even though there is 
no scientific consensus on the effectiveness 
of regenerative practices on SOC accumu-
lation and thus on the mitigation of climate 
change, there is high likelihood that multi 
stakeholder and governmental initiatives 
will put the topic on their agenda. As a re-
sult, building conventions and standards in 
the accounting for “carbon farming” prac-

vert to regenerative practices as already prac-
ticing ones are out of scope as far as carbon 
sequestration in their soils is concerned. All 
organizations shoot for a long-term com-
mitment by participating farmers as the ben-
efits of regenerative agricultural practices 
will only materialize after years of adoption. 
Considering the agronomic strategies pur-
sued by the different organizations, there is 
a large body of diversity as increasing SOC 
is a complex and multifactorial task, requir-
ing locally and regionally adapted strategies 
[GHA+21]. They further use different ap-
proaches to measuring the buildup of soil 
organic matter compared to the baseline at 
start of the adoption of regenerative prac-
tices. The most accurate but also most expen-
sive option is based on soil sampling and in-
cludes a minimum of two soil analyses be-
fore implementing the program and after 
3–5 years, depending on the program. An-
other option is the use of models, a more 
cost-effective option providing less accuracy 
and safety depending on model and area. 
Sometimes, combinations of soil sampling 
and modeling are used.

6.5.3   Digitization as Key 
Enabler of Carbon Trading 
in Agriculture

The task of measuring and/or modeling 
SOC buildup in soils as a result of regen-
erative practices and the subsequent certifi-
cation of the effect is complex and requires 
the collection and processing of numerous 
data from the farm management informa-
tion system [FCS+15], dedicated databases, 
and downstream operations. Furthermore, 
the identification of suitable areas in the 
agricultural landscape to convert to regen-
erative practices and the best management 
practice in order to combine efficient and 
productivity-oriented strategies with the 
carbon sequestration, e.g., satellite-based 
soil and biomass maps, can be of great help 
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is a realistic chance that “carbon farm-
ing” as a new business opportunity for Eu-
ropean farmers will come of age rather 
sooner than later.
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tative environmental targets for agriculture, 
such as for greenhouse gas emissions, biodi-
versity, air, soil, and water cleanliness. This 
will bring about changes in the instruments 
used to shape agriculture, such as regula-
tory law, taxes, and agricultural subsidies. 
The digital transformation of agriculture 
is an instrument that can make an impor-
tant contribution in this regard to reducing 
the environmental impact per unit of land 
as well as per unit of product. We took a 
closer look at the adoption and acceptance 
of Digital Farming technologies with a fo-
cus on Germany. Here, we learned from a 
survey that many digital technologies are 
used by only a small percentage of farmers, 
and that many of them do not plan to use 
them in the future. We discussed the rea-
sons behind this, such as high investment 
requirements, concerns about data sover-
eignty, poor usability, and compatibility is-
sues, and reflected on how these percep-
tions have changed over time. Beyond this, 
we also considered the perspective of digi-
tal policy makers at the global, European, 
and German policy levels and found that 
there is an overarching consensus on the 
great potential of digitally transformed ag-
riculture, which is supported by a variety of 
different conceptual approaches. Finally, we 
learned about the current state of agricul-
tural digital and data law, including aspects 
such as normative frameworks, regulations 
for data sovereignty and agricultural data 
spaces, self-regulation regarding data sets 
and data exchange, but also regulated use 
of personal and non-personal data. In this 
course, the chances and limits of artificial 
intelligence, e.g., in terms of safety and li-
ability, were also discussed. We learned that 
the field of law has a significant impact on 
the future of Digital Farming by enabling 
and taming novel technologies.

In 7 Chap. 2, we took a methodolog-
ical perspective and focused on methods 
and frameworks that support the digital 
transformation of the agricultural ecosys-
tem. We opened with a historical overview 

7.1   Key Insights from the Experts 
Views

In this book, renowned experts gave us 
their views on the digital transformation 
of the agricultural sector from various per-
spectives. In the following, we summarize 
the most important insights into the cur-
rent state of practice and the state of the 
art that we have gained from each chapter.

In 7 Chap. 1, we looked at the current 
challenges of the digital transformation of 
the agricultural sector. From a farming per-
spective, we learned that a number of is-
sues, such as environmental concerns, lim-
ited resources, climate change, public per-
ception of farming, agricultural policies, 
labor availability, an overwhelming amount 
of new technology, and price volatility, are 
making the work of farmers and the prof-
itability of farming increasingly difficult. 
Against this background, options to ad-
dress these challenges were discussed, such 
as massive growth, differentiation, exit-
ing, and relocating farming operations. The 
fast development and adoption of new dig-
ital technologies and systems can create a 
short-term advantage. Digital technolo-
gies are expected to assist farmers to bet-
ter manage growing demands for efficiency, 
precision, quality, sustainability, and bu-
reaucracy, ultimately helping them to stay 
in business. In addition, digitalization en-
ables new service offerings and business 
models. From a sustainability perspective, 
the role of agriculture in the UN Sustain-
able Development Goals (SDGs) was dis-
cussed, such as its role in ending hunger, 
promoting human health, and also as a vi-
tal source of income. In this context, we 
outlined why data and technology are es-
sential for achieving the SDGs. We then 
delved deeper into the impact of agricul-
ture on the environment. The EU Com-
mission’s “Farm to Fork” strategy builds 
on existing, politically defined targets for a 
more environmentally friendly agriculture. 
It has a high priority and also sets quanti-
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trated with examples from the agricultural 
domain. We closed the chapter with an ex-
perience report on the role of accelerators 
and partnerships in agriculture. By analogy 
with the laws of physics and financial port-
folio theory, we explored why different ways 
of doing business are more successful than 
others. We reflected on the state of technol-
ogy in the food value chain today and how 
things need to change, e.g., by moving from 
stand-alone programs in one company to 
cross-company innovation platforms.

In 7 Chap. 3, we took a technologi-
cal perspective. We began with a look at 
current systems technology for automa-
tion and autonomous machines. Mechani-
zation and automation have been and con-
tinue to be an important driver of pro-
ductivity in agriculture. However, we see a 
paradigm shift from “bigger, faster, wider” 
to more sustainability, a growing role of ro-
botics, and increasing autonomy. We re-
flected on the required competence portfo-
lio of the various stakeholders in the agri-
cultural value chain to be successful in the 
market. Furthermore, we learned about the 
technological challenges in the develop-
ment of autonomous systems, e.g., in terms 
of sensors/actuators or image processing 
and AI. It was concluded that there will be 
a clear trend toward autonomous agricul-
tural systems in the long term, but the rate 
at which farmers will adopt autonomous 
systems will vary widely in different mar-
kets around the world. In the area of preci-
sion farming, we reflected on a wide range 
of enabling technologies (including GNSS/
RTK, various sensor and actuator technol-
ogies, GIS, and FMIS) and discussed vari-
ous applications (such as steering aids, au-
tonomous vehicles, task documentation, 
and implement control). With regard to au-
tonomous systems, special attention was 
paid to one particular topic: safe object de-
tection. We identified challenges in safe 
sensing of the surroundings, mapped them 
to the system development life cycle, and 
discussed initial approaches to  overcoming 

and roadmap for Digital Farming, explor-
ing its roots, disruptive trends in the agri-
cultural value chain, the need to transform 
the business models of the upstream sector 
(from traditional provision of agricultural 
inputs to platform-based holistic recom-
mendations and applications), and finally 
the role of the circular economy in this re-
gard. From there, we highlighted key mac-
rotrends that will impact the AgFood sys-
tem in the future, dividing megatrends into 
sustainability-driven disruption (e.g., in-
vitro meat), society-driven disruption (e.g., 
robots replacing farmers), and digitally 
driven disruption (e.g., new sensors for pest 
and disease control and AI). Furthermore, 
we discussed three key challenges: deal-
ing with the increasing complexity of the 
knowledge base, dealing with new players 
(entering the agricultural value chain from 
the outside), as well as using the right strat-
egy and identifying the necessary skills to 
thrive in such a complex ecosystem. From 
this higher-level perspective, we moved to 
the farm level and addressed a framework 
for quantifying the economic benefits that 
digitalization can bring to farmers, includ-
ing the fundamentals of economic value 
creation and identifying cost structures for 
digital solutions. These considerations di-
rectly target one of the main barriers to the 
adoption of digital solutions as outlined 
in the beginning: the difficulty in assess-
ing their cost–benefit ratio. However, the 
ability to quantify the economic benefits 
is not sufficient in itself  to steer an effec-
tive digitalization, which is why we broad-
ened our view to include additional influ-
encing factors from a French farming per-
spective. Recommendations were made to 
the various stakeholders, i.e., digital tool 
suppliers, distributors, farmers, and influ-
encers, on how they can take action to en-
able better acceptance and adoption. With 
new innovation opportunities in mind, we 
looked at a methodological tool for devel-
oping and analyzing new business models: 
the Business Model Canvas, which we illus-
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Rhineland-Palatinate, Germany. The Geo-
box Viewer was discussed as an example of 
a frontend that can display geo-based data 
from many different public information 
sources. We concluded the chapter with a 
discussion of the technological outlook. 
In doing so, we addressed the critical ena-
blers for Digital Farming such as advances 
in sensor technology, AI trends, and com-
munication infrastructures such as 5G, edge 
computing, and satellites. In addition, we 
discussed trends in autonomous systems, 
including UAVs and robots, innovative con-
cepts such as the digital twin in conjunction 
with blockchain technologies, and the role 
of digital technologies that can catapult ag-
ricultural production into a new era of ac-
cessibility, openness, and traceability.

In 7 Chap. 4, we set our attention on 
the agricultural perspective, including sup-
porting services and the field crop produc-
tion process. In the support services seg-
ment, we observed the need for a major 
shift in mindset: moving from individual 
product sales to holistic solution offerings. 
This promises to help increase adoption of 
Digital Farming by reducing the complex-
ity and economic risk for farmers by bun-
dling Digital Farming products into an in-
tegrated solution. The example “field-zone-
specific inorganic fertilization” illustrated 
that many different products are required 
to provide a digital solution. In this light, 
the role of the “Key Account Manager 
Smart Farming” was described as a poten-
tial nucleus for connecting all internal and 
external data and competencies to develop, 
test, and scale such new solutions. We fur-
thermore looked at the data exchange be-
tween different machinery brands. These 
data need to be seamlessly available for 
all fields, zones, and crops to enable spe-
cific planning, execution, and documenta-
tion. In contrast to 5–10 years ago, there 
are commercial offerings for this purpose 
today, e.g., agrirouter, DataConnect, Nev-
onex and JoinData. An overview of the 
relevant associations (including AEF, Ag-

these issues. One solution explained is the 
use of simulation and AI technologies to 
address the inherent challenge of season-
ality in agriculture, where new systems can 
only be tested and validated during cer-
tain parts of the year. Furthermore, we 
looked at technologies that show promise 
for overcoming the lack of interoperability 
in the agricultural ecosystem. In this con-
text, we highlighted reference architectures 
and platforms that can provide important 
key components for achieving interopera-
bility. In addition to the architectural per-
spective, we also raised the question of how 
such interoperable platforms can be set up 
in the first place. To this end, we discussed 
a lean multi-stakeholder approach to eco-
system development. One important as-
pect in Digital Farming already mentioned 
is artificial intelligence, which is increas-
ingly being promoted. We discussed where 
AI is being used, such as in environmen-
tal sensing, the use of semantic technolo-
gies for data exchange and shared under-
standing, and in the interpretation, anal-
ysis, and decision support for farmers. We 
learned about the different approaches to 
machine learning and application exam-
ples of artificially intelligent robots such as 
weed removal robots or robots used to col-
lect field data. Special attention was placed 
on agricultural data and terminologies, as 
they are an important prerequisite for effec-
tive data exchange between different stake-
holders. For the data landscape in the agri-
cultural sector, several initiatives for the de-
scription and standardization of data were 
described, such as ISOBUS, ISOagriNet, 
or INSPIRE. We explored the key compo-
nents of a global agricultural data space, 
including the FAIR principles for data ex-
change and the role of terminologies, vo-
cabularies, and ontologies. When look-
ing at geo-based data, we elaborated on its 
importance to the agricultural sector and 
what a resilient infrastructure that can pro-
vide such data might look like, using the 
example of the Geobox infrastructure in 
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The topic was closed with a short- and mid-
term outlook on the use of camera systems 
and automation, concluding that the in-
creasing specificity of field sensor technol-
ogy and application technologies will lead 
to a more specific and diverse crop pro-
tection solution mix. Subsequently, we di-
rected our attention to weather observation 
with public data, but also with recordings 
from in-field weather stations. Historically, 
weather stations were the earliest field sen-
sors that provided temperature, precipita-
tion, wind, and other important data rele-
vant to crop management and/or irrigation. 
We learned about the different sensor types, 
data transmission technologies, and future 
trends such as AI-based virtual weather sta-
tions. Weather data is also used for the fi-
nal process step in crop production: har-
vest. During harvest, the yield level is the 
most important measure of the success 
of the agronomic production season and 
drives key agronomic decisions. Further re-
lated topics included vehicle-based sensing, 
remote sensing support, and automation, 
as well as future developments in these ar-
eas. We also devoted attention to post-sea-
son services and bridged the gap to food 
chain requirements. In this context, we re-
flected on direct marketing as an alterna-
tive distribution channel for farmers that 
allows them to address end consumers di-
rectly, bypassing trade stages and achiev-
ing higher trade margins. On the downside, 
we learned about increasing administra-
tive overhead (e.g., picking, delivery of bills 
and invoices) as well as the need for strate-
gic decision-making (e.g., channel manage-
ment). Within this scope, we highlighted 
software solutions and platforms and 
learned about case studies for end prod-
ucts such as bread, cheese, and wool. This 
included a discussion on the challenges 
and success factors such as location, gen-
eration, and business agility. In addition, 
the impact of COVID-19 on direct market-
ing was addressed. We then looked at the 
food industry and examined how digitali-

Gateway) and research projects (includ-
ing ATLAS, GAIA-X) completed the pic-
ture. Moving on to online purchasing op-
tions for farmers, we covered three types, 
including digital marketplaces, reverse dig-
ital marketplaces, and e-commerce, which 
were complemented by a deep dive into ag.
supply’s offerings and strategy. Pre-seasonal 
support measures of farmers were comple-
mented by a discussion on agricultural in-
surance. Here, the increasing availability of 
farm- and field-specific data opens up new 
possibilities for additional indices and pa-
rameters, i.e., risk profiles and insurance 
products. This assumption was verified for 
the area of climate-based production risks. 
In considering the crop production pro-
cess, we concentrated first on soil and seed 
management, as these initial activities in 
the season lay the foundation for yield lev-
els, as well as water and input management. 
Digital Farming provides benefits by mak-
ing soil and seed management much more 
field-zone-specific. On the other hand, how-
ever, this requires much more field data and 
effective interlinking of soil biology, chem-
istry, and physics. As an important aspect 
in this regard, we looked at nutrient sup-
ply, which is important not only for yield 
levels, but also for the CO2 footprint and 
the reduction of ground water leaching. In 
the last few decades, the accuracy of nu-
trition has evolved from field to field-zone 
resolution. The main digital components 
highlighted are metering, spreading, deter-
mining machine settings, and GPS-based 
automation. The dependencies of field-
zone-specific nutrient determination and 
supply, for both mineral and organic ferti-
lizers, completed the picture. At the begin-
ning of the crop production season, weed 
control and protection against disease and 
pest infestation constitute important meas-
ures. We reflected on both mechanical and 
chemical weed control, including the inno-
vations of the last 20 years in sensor tech-
nology for more precision and convenience 
(e.g., ultrasound, GPS, and nozzle control). 
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were described. Emphasis was placed on 
the biggest challenges of the future, namely 
the availability of labor for heavy work, on 
the one hand, and the development of se-
lective, automated solutions for the vege-
table hyper-segments, on the other. Sub-
sequently, the spotlight was placed on the 
digital transformation of fruit production. 
Particular attention was paid to the poten-
tial of Digital Farming for irrigation, crop 
load management, and post-harvest fruit 
quality management. Future digital oppor-
tunities include improved crop stress man-
agement, better shelf-life management, and 
thus reduced food waste (e.g., by measuring 
fruit quality and predicting shelf-life). We 
learned that the digital transformation of 
the wine industry is a model for authentic 
and sustainable agricultural products. His-
torically, at least Central European winer-
ies cover viticulture, enology, and often also 
sales. Digital technologies support all three 
steps and can improve both the process and 
the product. Future opportunities include 
data-enriched products, such as using ag-
ronomic data to document the high-qual-
ity production process. Subsequently, we 
turned to livestock farming, in particular 
to the influences of digitalization on animal 
welfare in dairy farming. The starting point 
includes a description of the dairy mar-
ket in Germany (Strategy 2030) and a sum-
mary of animal welfare indicators. A con-
clusion was that digital transformation is 
directly linked to the long-term success and 
sustainability of the dairy sector. Finally, a 
cross-farm comparison was made between 
different German agricultural regions 
and a Dutch farm profile. Despite the fact 
that the five German farmers interviewed 
come from very different regions (includ-
ing north, east, south, and west), have dif-
ferent farm sizes (ranging from 100 ha fam-
ily farm to 1,700 ha joint venture) and have 
different focus areas in farming (including 
arable, livestock, and contract farming), 
they all agreed on two main benefits of 
Digital Farming: simplified and automated 

zation is changing food sales. We observed 
that food processing and retail companies, 
as well as start-ups, are also leveraging new 
digital technologies, channels, and products 
to adapt to customer needs. Trends known 
from the past such as “transparency” and 
“direct to consumer” are being transferred 
to new offerings such as crowd farming, 
crowd butching, marketplaces, or subscrip-
tion models. The topic area ended with re-
flections on the B2B2C model, where es-
tablished players could join forces with the 
e-food start-up scene to create new business 
opportunities. We ended the chapter with 
an outlook on a possible future scenario 
where AI could be used to better plan crop 
supply to reduce food waste through digital 
optimization.

In 7 Chap. 5, we took the perspective 
of agriculture and livestock. The chapter 
started with the key question of scalabil-
ity of Digital Farming depending on vari-
ous farming systems. Based on long years 
of first-hand experience, the first topic dis-
cussed was the “how” of scaling valuable 
solutions. To this end, two different per-
spectives were assumed: the product per-
spective and the farmer’s perspective. From 
the product perspective, we opened with a 
report on the current state of production in 
a French cereal production system. French 
digital products and solutions were de-
scribed along the agronomic decision cycle 
(observe, analyze, decide, and act). The out-
look included the opportunity of compen-
sating farmers for their agroecological per-
formance using Digital Farming solutions. 
Compared to cereals, field-grown vegeta-
bles have different requirements, e.g., due 
to the large variety of crop segments (e.g., 
root, hypocotyl, leafy, and fruits vegetables) 
and due to marketing (e.g., value per hec-
tare, harvest costs, labor). Along the vege-
table production process (including seed-
ling cultivation and planting, fertilization, 
plant protection, and irrigation up to har-
vesting and processing) the most important 
requirements were discussed and solutions 
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important enabler for sustainable agricul-
ture at scale. The next core topic we looked 
at was ecological intensification within the 
context of hybrid agriculture. The core idea 
involves the re-integration of animal hus-
bandry and arable farming, which com-
bines the benefits of organic and conven-
tional farming in an extended cropping cy-
cle. Also in this context, the conclusion 
resulted that Digital Farming will play an 
important role in this transformation pro-
cess and for the change of the given struc-
tures (e.g., spot spray). We then looked at 
today’s highly efficient crop production 
practices and how they can regain their bal-
ance. Digital Farming could support this 
change by gathering and using knowledge 
about ecosystems, the impact of agricul-
tural practices, and by helping to adapt to 
natural processes. This will lead to a greater 
number of crop types per rotation and 
thus a greater diversity of crops and farm-
ing systems. We concluded this topic area 
with a discussion on carbon farming, a fu-
ture business opportunity for Digital Farm-
ing. Starting with the carbon and nitrogen 
cycles, the principles of carbon sequestra-
tion through regenerative agriculture were 
explained and the market opportunities of 
Digital Farming were described. In conclu-
sion, it became clear that Digital Farming 
can not only support farms to use their re-
sources more efficiently, but will also serve 
as a catalyst for new business models.

7.2   Remaining Challenges 
and Vision for the Future 
of the Digital Agricultural 
Ecosystem

In this book, we read about a large variety 
of mature methods and technologies and 
also about successful applications of digi-
tal technologies in many different farming 
systems and processes along the complete 
value chain. Digital Farming is part of the 

farming processes and decision support. In 
this context, an overview of publicly avail-
able field-specific data in Germany was pre-
sented. The chapter ended with a vivid de-
scription of a Dutch family farm, includ-
ing its historical setup, the role of precision 
farming, as well as sustainability today and 
in the future. One insight was that a large 
base of agricultural data (almost 50 years) 
has a high value for business operations. 
The additional data is associated with 
the purchase of new equipment and thus 
higher costs. This equipment could be fi-
nanced in the future by compensation pay-
ments to farmers for green and blue infra-
structure services (green: trees, hedges, etc., 
blue: water, rivers, ponds).

7 Chap. 6 addressed the question of 
how sustainability can be operational-
ized with the help of Digital Farming. 
We looked at sustainability associations 
that play an important role in translating 
the UN Sustainable Development Goals, 
among others, into farming practice. This 
includes visioning, establishing metrics and 
best practices, developing assessment tools, 
engaging in multi-stakeholder partnerships, 
and providing high-quality data and plat-
forms. Three exemplary associations were 
described in more detail: Field to Market—
the Alliance for Sustainable Agriculture, 
the Sustainable Agriculture Initiative, and 
the Committee on Sustainability Assess-
ment. Despite the successful establishment 
and growth of the associations described, 
significant challenges were identified, in-
cluding the integration of sustainability 
systems and platforms. Besides the associ-
ations mentioned above, the arguably even 
more important driver for digitally enabled 
sustainable agriculture is the AgFood value 
chain. We looked at case studies on “sus-
tainability assessment” from various indus-
try segments (including AgBalance, Cool 
Farm Alliance, Syngenta, and Wrangler), 
including new business models. The con-
clusion was that FMIS interoperability and 
sustainability assessment could become an 
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cesses to enable interoperability of systems. 
Translating back to farming, the change 
from “optimize a product” (e.g., fertilizer 
big bag, nitrogen sensor, fertilizer spreader, 
FMIS Nitrogen balance calculator) to “op-
timize a process output in an ecosystem” 
perspective (e.g., efficient use of nitro-
gen, total admin and operation time/costs) 
might give guidance. This change would au-
tomatically need to consider soil type, crop 
rotation, interim crop, N-balance, nitrifi-
cation inhibitors, etc. But how can this be 
done considering that every field and every 
farm is different, as one of the key farm-
ing beliefs says? And the product and tech-
nology portfolio is growing faster than ever, 
but we have to be reminded that digitaliza-
tion is not an end in itself.

Every process optimization starts with 
the customer and stakeholder and their 
needs. We learned about the importance of 
food safety, affordable quality, choice, and 
sustainability as major needs of European 
consumers. That actually means, consumers 
ask for high product and process quality. 
As a consequence, we need to enable farm-
ers to plan, pursue, and document this high 
process and product quality in a way, food 
and retail brands can differentiate with Eu-
ropean farmer products. Therefore, we see 
the following fields of action:

z Enabling the Farmers
A key prerequisite for successful adoption 
of Digital Farming technologies and solu-
tions is the enablement of the farmers to ef-
ficiently integrate the right balance of new 
technologies in his farm operation, crop 
production processes and routines. This is a 
major challenge, as the “job description” of 
a farmer nowadays is already packed with a 
large variety of needed competencies, rang-
ing from agronomic via technological to 
business competencies. Now digital tech-
nologies are added to this portfolio as well. 
We want to encourage all farmers to invest 
time in getting familiar with the new Digi-
tal Farming technologies appearing on the 

solution towards ecological intensification. 
All expert views confirm with rationales, in-
sights, and use cases the importance of dig-
ital technologies to transform agriculture 
toward a more sustainable farming. This in-
cludes all levels: data, decision support, and 
automation. The specific application de-
pends on the crop and farm-specific chal-
lenge. The second known, but surprisingly 
consistent conclusion is that experts see 
that Digital Farming can help farmers to 
monetize their public goods services, incl. 
protecting biodiversity, climate, water, soil, 
etc. Furthermore, there is a momentum for 
business models, e.g., direct marketing, re-
gional sourcing, alternative proteins, car-
bon farming.

The reality shows light and shadow. 
Looking from a distance, especially on the 
agronomy perspective taken in 7 Chap. 
4 and the farming perspective taken in 
7 Chap. 5, is not it overwhelming? All 
key farming areas see new products, con-
cepts, and ideas. Farmers could easily run 
a season with next generation seeder, ferti-
lizer, sprayer, drones, and software. But key 
questions how to use these new technolo-
gies to transform the production system to 
the next levels are not yet answered. Ques-
tions are: How does a better crop rotation 
look like? How does this create value for 
the environment, customers, and farmers? 
How to evaluate this value during, after, 
and across seasons? How do digital prod-
ucts support these questions best? How 
can farmers still benefit when taking care 
for public goods? It’s almost like a very big 
puzzle. All pieces are on the table, the cor-
ners of the puzzle are completed, but how 
to connect the remaining pieces toward 
sustainable better yields is not completely 
clear.

From the perspective of the editors, the 
solution might be an inter-disciplinary pro-
cess optimization and ecosystem perspec-
tive. The rise of software in production 
and management is very closely linked with 
standardization of core and support pro-
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challenges and Digital Farming solutions 
around, the empirical evidence is still very 
limited to certain usage contexts. This 
means farmers and consultants do not have 
a solid basis to easily search for new solu-
tions and judging the impact it has on the 
respective farm. This is especially problem-
atic in the agricultural ecosystem, as farm-
ing is highly context-dependent: no two 
farms are identical. Digital Farming solu-
tions must show their benefit in an environ-
ment where all farms are different, climate 
and weather is changing over the years, 
soil-types are different, just to name a few 
relevant parameters that influence yield, 
among others. In order to improve this sit-
uation, researchers and companies in all ag-
ricultural segments should aim at having a 
joint location for storing the empirical ev-
idence and agree on common description 
scheme to make results comparable. With 
such a joint effort, the whole agricultural 
ecosystem will benefit by understanding 
the dependencies between agronomic chal-
lenges and impact of Digital Farming solu-
tions much better, making the digital trans-
formation more efficient.

z Multi-Dimensional View on Multi-Benefits
Reflecting on the benefits of  Digital Farm-
ing solutions brings us to the next big 
challenge. Many times, the benefits are 
hard to quantify and reduced by stake-
holders to just one dimension: investment 
in the solution vs. the direct saving, in part 
because we only focus on existing agricul-
tural policy and given agricultural busi-
ness models. The benefits of  Digital Farm-
ing solutions should be seen in a multi-di-
mensional space including direct savings, 
impacts on sustainability, impacts on the 
workforce, cross-season effects, possible 
prerequisites or enablement of  sustainable 
intensification and of  new business mod-
els. This will be especially relevant with 
new CAP and the potential compensa-
tion of  farmers’  activities improving public  

markets as they can and will have a strong 
influence now and in the future and will 
potentially transform their business. But 
this challenge does not only affect farmers. 
We want to encourage researchers, teach-
ers, public and private consulting organ-
izations to consider if  their current port-
folio in teaching and consultancy reflects 
the current state of the art in digital tech-
nologies. And we have to think if  our tra-
ditional ways of continuous learning and 
technology transfer fits to the needs of the 
future in the agricultural domain. Maybe 
new ways to convey Digital Farming tech-
nologies via small digital units are needed 
for (continuous) education purposes com-
bined with lowering investment entry hur-
dles (e.g., funding, tax, or other benefits). 
Definitely, this portfolio will change and 
grow in future. And, as usual with digital 
technologies: with a much shorter expira-
tion data for current digital technology and 
a much higher release rate for new digital 
technology. If  we master this challenge, we 
will have farmers that are able to make in-
formed decisions when it comes to Digital 
Farming solutions, which will help to have 
an effective digital transformation of the 
agricultural ecosystem at the right places. 
As Diana Lenzi, president of the Euro-
pean Council of Young Farmers (CEJA), 
recently said in a public discussion: Smart 
farming needs smart farmers.

z Show Benefits of Digital Technology with 
Empiricism

As the digital transformation of the agri-
cultural ecosystem is in the beginning, we 
currently have not yet achieved a compre-
hensive body of knowledge about empir-
ically proven benefits and side-effects of 
Digital Farming solutions, especially given 
cross-season, multi-crop/harvest, and sus-
tainable benefit calculations. Many exper-
iments took place under controlled condi-
tions and with a small selection of fields. 
But seen in the plethora of agronomic 
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a common agricultural data and service 
space, partly reusing concepts from the bot-
tom-up initiatives and projects. Currently, 
it is unclear which of the concepts devel-
oped by the bottom-up and top-down ini-
tiatives will become successful. But a clear 
tendency toward more interoperability and 
a better exchange of data and services is ev-
ident. This will speed up the digital trans-
formation and will create new business op-
portunities that farmers as well as all stake-
holders in the value chain will benefit from.

z Scale with Inter-Disciplinary Co-Creation 
with Food Industry

The discussed marketing and food trends 
indicate local sourcing of food supply sup-
ports the consumer trend toward local and 
sustainable production (e.g., replace im-
ported soybean or palm oil with local pro-
duce), but also decreases dependencies from 
world trade issues. Despite the weaker pro-
duction cost perspective compared to very 
large farm operations in the USA, Canada, 
Brazil, or Ukraine, the mid- to large-acre-
age central European farms can differenti-
ate with high volumes, high product qual-
ity, and high process quality. Food industry 
might benefit in multiple ways from Dig-
ital Farming, e.g., via sourcing efficiency, 
risk management, or market differentia-
tion. Food company purchase departments 
can benefit from production transparency, 
yield level forecasts, and a more efficient 
collaboration with farms, or cooperatives. 
New crops can be grown with reduced risks, 
by using digitally supported crop manage-
ment recommendations. New crops, old va-
rieties, or data-enriched products provide 
opportunities to differentiate in the mar-
ket place. The specific scope and size of 
such opportunities depend on local situa-
tion and needs. From a methodical perspec-
tive, such rebuilding of historic local value 
chains (e.g., farmer, mill, baker) can bene-
fit from co-creation methods, connecting 

goods, e.g., via environmental services for 
biodiversity, climate or water protection. 
We believe that more research and devel-
opment toward the multi-dimensional 
quantification and dependencies of  bene-
fit and effects of  Digital Farming solutions 
is needed. This topic is not new. Histori-
cally farms produced multiple products, 
e.g., animals, feed, food, and energy. Mak-
ing dependencies and economics transpar-
ent across seasons and crop rotations is 
important to manage new on-farm value 
streams.

z Interoperability of Digital Farming Prod-
ucts, Services, and Solutions

A further key challenge in the digital agri-
cultural ecosystem is the lacking interoper-
ability of the thousands of Digital Farm-
ing solutions. Farmers have been complain-
ing for a long time about incompatibilities, 
making their decisions for investing in Dig-
ital Farming solutions difficult and once ac-
quired, making their work-processes ineffi-
cient or even ineffective. The current land-
scape of solutions can be characterized as 
many partly connected islands rather than 
a continent of Digital Farming solutions. 
As standardization takes a long time, many 
projects and initiatives started bottom-up 
to address this problem, leading poten-
tially to various (compatible or incompati-
ble) solution concepts. Therefore, all stake-
holders in this realm should join forces and 
work toward a common vision and com-
patible concepts and exchange with the 
top-down approaches that currently start 
to have effects on the agricultural domain. 
One example of such a top-down approach 
is the initiatives on common data spaces 
and common service infrastructure. These 
approaches have the potential to be real 
game changers in the digital transformation 
of the agricultural ecosystem. One exam-
ple is the GAIA-X initiative. Here, various 
EU member states work together toward 
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tion and partnerships among stakeholders to 
be widely accepted, which makes us confident 
that these challenges will be mastered. The 
digital transformation of the agricultural sec-
tor has the clear potential to bring our soci-
ety a more sustainable and safe food produc-
tion, enable a farming that is attractive and 
rewarding for farmers of all sizes, and ena-
bles a whole business ecosystem of small and 
large companies in the whole agricultural and 
food value chain. The editors together with all 
friends of Digital Farming look forward to 
co-create a more sustainable farming together.

agronomy, sustainability, digital and food 
market experts developing better supply op-
portunities. The editors see a need for and 
participate themselves in open discussions 
to translate needs (e.g., CO2 footprint re-
duction, cereal protein content, cultivation 
of new or old varieties) into next farming 
practices with support of Digital Farming.

From the viewpoint of the editors, these 
fields of actions are not new, but challeng-
ing nonetheless. Today’s opportunity is for all 
stakeholders to move toward more sustain-
able farming, and for the need for collabora-
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Glossary1 

Abiotic Non-biotic or non-living (e.g., chemical)

ADAPT Agricultural Data Application Programming 
Toolkit, defined by AgGateway, support of interoperability 
in precision and Digital Farming

AgFood Synonym for Agri-Food Sector, Agricultural Food 
Value Chain

AgGateway AgGateway is a global, non-profit organ-
ization with the mission to develop the resources and 
relationships that drive digital connectivity in global agri-
culture and related industries.

AgFood Market Synonym for AgFood Sector, Agricultural 
Food Value Chain

AgFood Sector Synonym for AgFood Market, Agricultural 
Food Value Chain

Agricultural Food Value Chain Synonym for AgFood 
Market, Agri-Food Sector

Agricultural Revolution See Agricultural 4.0

Agriculture 4.0 For our book: synonym for digital farming.

Agritechnica Forum for agricultural machinery and future 
crop production issues

AGROVOC A multilingual controlled vocabulary covering 
all areas of interest to the Food and Agriculture Organiza-
tion (FAO) of the United Nations

AgInput Company Company providing production inputs 
for farmers, incl. seed, fertilizer, crop protection, etc.

AgChemicals Synthetic fertilizers and crop protection 
products

AgMachinery Company Company providing machineries 
supporting farmers for soil management, seeding, ferti-
lization, irrigation, crop protection, harvesting and other 
related agronomic activities

Agro-Ecological Agricultural environment important to 
consider for more sustainable, resource-efficient, biodiver-
sity protecting, climate saving farming practices

AgTech Company Company providing products for 
farmers using new technologies, incl. digital, breeding, and 
other technologies

Allelopathy Biological phenomenon of an organism, that 
produces biochemicals that influence germination, growth, 
survival, reproduction of other organisms

Amelioration Improvement of substantial properties of soil

Application Map Geo-referenced record of applied meas-
ures in the field

Anthropocene Geological period starting with first signifi-
cant human impact on Earth’s geology and ecosystems

Anthropotechnologies Study and improvements of 
working and living conditions

Artificial Intelligence Intelligence demonstrated by 
machines opposed to natural intelligence displayed by 
humans, examples for artificial intelligence methods are 
neural networks and machine learning

B2A Business to Administration

B2B Business to Business

B2B2C Business to Business to Consumer

Big Ag Very large agricultural companies

Biodegradation Decomposition of material by living 
organisms (e.g., microorganisms)

Block Chain One type of digital ledger technology that 
supports tamper-proof data storage

CAD Computer-aided Design

Carbon Cycle Biogeochemical cycle by which carbon 
is exchanged with biosphere, geosphere, hydrosphere, 
atmosphere of the Earth, relevant from a farming perspec-
tive, as certain farming measures support carbon dioxide 
removal from the atmosphere and sequestrate it in soils

Carbon Sequestration Capture of carbon in soil, a poten-
tially key climate protection measure

1  Many terms in this glossary are highly standardized and similar definitions can be found in (agricultural or IT) 
dictionaries, papers, and platforms.
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CAN Controller Area Network

Canopy Leaf surface

CF Card Compact Flash Memory Card

CGIAR Consultative Group for International Agricultural 
Research

Circular Economy Production and consumption philos-
ophy, which involves sharing, leasing, reusing, repairing, 
refurbishing, and recycling materials and products

CO2-equivalent Number of metric tons of CO2 emissions 
with the same global warming potential as one metric ton 
of another greenhouse gas, e.g., methane (CH4), nitrous 
oxide (N20)

Code of Conduct EU Code of conduct on agricultural data 
sharing by contractual agreement

Colostrum First milk produced by mammals

Commodity High-volume crops such as wheat, soybean, 
corn, and poultry meat

Contractor Business Outsourcing of single or multiple 
farming measures from farmer to Contractor

Controlled Traffic Farming Farming system built on per-
manent wheel tracks where the crop zone and traffic lanes 
are permanently separated. Minimizes soil compaction

Convolutional Neural Networks Class of deep neural 
network, most commonly used to analyze images

Crop Management Total decisions and actions to grow 
and harvest crops, incl. seeding, fertilization, scouting, crop 
protection, harvest and others

Crop Production System Methods, machinery, inputs and 
experience used to produce crops, incl. seasonal rotations 
with other crops (e.g., cereals, potato, oilseed rape)

Crop Registration Observing single or multiple crops as 
proxy for total fields to derive insights for crop management

Cross Hoeing Mechanical hoeing conducted in two per-
pendicular directions

Crowdsourcing Get information or input to task or project 
by engaging large number of people, either paid or unpaid, 
typically via the internet

CTF Controlled Traffic Farming

CVC Corporate Venture Capital

CRISPR, CRISPR-Cas Gene editing technique

CRM Customer Relationship Management

DSS Decision Support System

Deep Learning Machine learning method based on artifi-
cial neural networks

Deep Neural Network One type of artificial neural net-
work (ANN) with multiple layers between the input and 
output layers

Dendrometer Tool to measure size and volume of trees

Dent Variety Grain corn is field grown corn with high soft 
starch content

Design Thinking Set of processes through which design 
concepts are developed

Digital Farming Software-supported optimization and 
automation of agricultural work and business processes as 
well as the enablement of innovative business models.

Digital Transformation Synonym for Digitalization, Dig-
itization; Making data available in digital form; supporting 
work and business processes and new business models by 
digital technologies reaching a next level of process and 
product quality

Digitalization Synonym for Digital Transformation, Digi-
tization

Digital Ecosystem A Digital Ecosystem is a socio-technical 
system in which companies and people cooperate who are 
independent but expect to gain a mutual advantage from 
participating. A Digital Ecosystem often has at its center a 
digital platform that supports this cooperation via ecosys-
tem services.

Digitization Synonym for Digital Transformation, Digital-
ization

Disruption Change happening in a short time frame in 
contrast to slower evolutionary developments

Downstream Value chain term, downstream means a 
player that comes in later phases of the value chain (e.g., 
end customer)

DTLS Datagram Transport Layer Security

EBITDA Earnings before interest, taxes, depreciation, and 
amortization
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Edge System Term often used in the context of edge 
computing. Computation and data storage is closer to the 
sources of data and not an IT cloud

Ecological Intensification Strategies that rely on the 
application of ecological science to the study, design and 
management of sustainable agriculture in order to achieve 
higher agricultural input efficiency

Ecophysiological Crop physiology depending on environ-
mental factors

EFDI European Forum of Deposit Insurers

EMC Electronic Mass Flow Control

EOS Earth Observation Satellite

ERP Enterprise-Resource-Planning System

ETSI European Telecommunications Standards Institute

EU Code of conduct Code of conduct on agricultural data 
sharing by contractual agreement, which was signed by 
nine organizations and associations

Eutrophication The process by which a body of water 
becomes enriched in dissolved nutrients (such as phos-
phates) that stimulate the growth of aquatic plant life 
usually resulting in the depletion of dissolved oxygen

Evapotranspiration Loss of water from the soil by evapo-
ration or transpiration from plants

Experimental Field Field for testing and comparing alter-
native products and approaches

Extensification Reduction in inputs and accepting 
reduced agronomic yield

Farm Accountancy Network Farm accountancy data 
network (FADN) monitors farms’ income and business 
activities

Fertigation Use of fertilizer-enriched irrigation water

F2F Farm to Fork

FMCG Fast Moving Consumer Goods

FMIS Farm Management Information System

Food Culture Includes all aspects of nutrition incl. food, 
dishes, table decoration, manners, and rituals

Food Fashion Includes presentation of food, categories 
and nutrition habits like organic, vegan, etc.

Food Safety State of food in which it does not present a 
health hazard when consumed

Food Security Sufficient supply of foodstuffs

Forage Food for animals

FDR Frequency Domain Reflectometry

FMCW Frequency-Modulated Continuous Wave

FPGA Field Programmable Gate Array (Programmable 
Integrated Circuit)

GAIA-X Initiative for the development of an efficient and 
competitive, secure and trustworthy federation of data 
infrastructure and service providers for Europe

Gas Chromatography chromatography in which the 
sample mixture is vaporized and injected into a stream of 
carrier gas (such as nitrogen or helium) moving through a 
column containing a stationary phase composed of a liquid 
or particulate solid and is separated into its component 
compounds according to their affinity for the stationary 
phase

Georeferenced Field Boundaries Coordinate system of 
maps or aerial image, provided, e.g., via shape file format

GIS Geographic Information System

GMO Genetically Modified Organisms

GNSS Global Navigation Satellite System

GODAN Global Open Data for Agriculture and Nutrition

GPU Graphics Processing Unit (processing unit especially 
design for Graphics operations that make them especially 
well-suited for high performance, cost-efficient processing 
in certain applications)

Green Revolution Agriculture 3.0 started 1960s incl. high 
yielding varieties, synthetic crop protection products, lead-
ing increased crop production and food security

Greenhouse Gas Gases that trap heat in the atmosphere, 
incl. carbon dioxide, methane, nitrous oxide

Growth Stage Describes different development stages of 
crops, defined in BBCH stages

Harrow Machinery equipment pulled by tractor to break 
the earth into small pieces ready for planting

HI-Tier Platform IT infrastructure for Program for report-
ing birth, movement, death, slaughter, etc., according to 
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the Livestock Traffic Ordinance and for displaying animal 
and herd data.

Hoeing Machinery equipment pulled by tractor with a 
thin, flat blade set, used esp. in breaking up the soil and in 
weeding

Holobiont Assemblage of organisms building niches 
for each other and sharing an economy of nutrients and 
signals that impact on the functioning of the system as a 
whole

Homologation Clearance, approval (e.g., of crop protec-
tion products)

Hyper-local Weather Station Field- and field zone-spe-
cific weather stations

Hyperspectral Remote sensing technology incl. visible 
and parts of invisible wave length spectrum

Hypocotyl Means “below seed leaf,” stem of germinating 
seedling

IACS Integrated Administration and Control System

ICT Information and communication technologies

Index Insurance Insurance that determines the payout 
based on a defined such as rainfall or yield index

INSPIRE INfrastructure for SPatial InfoRmation in Europe

Intercropping Multiple cropping practice that involves 
growing two or more crops in proximity

Interoperability Ability of a system to work with or use 
parts of other systems

IoT Internet of Things

ISOBUS Standardized communication protocol for the 
agriculture industry

Kalman Filter Estimation algorithm for compensating 
inaccurate and uncertain measurements

LiDAR Light Detection and Ranging (optics-based method 
for determining ranges by targeting objects with a laser)

LoRaWAN Network layer protocol for managing commu-
nication between gateways and devices

LPWA Low-Power Wide-Area

M2M Machine-to-machine

Macrofauna Soil organisms which are retained on a 
0.5 mm sieve

Master Data Core data of a company, incl. product, cus-
tomer, production and other data points

MQTT Message Queuing Telemetry Transport

NB-IoT Narrowband IoT

NDVI Normalized difference vegetation index

Newtrition New trends in nutrition

NGSI-LD Information model and API for publishing, query-
ing and subscribing to context information

NIR Near-infrared (optical spectrum in close proximity 
to the infrared band between approx. 750 and 2500 nm 
wavelength)

NIRS Near-infrared spectroscopy

NMR Nuclear Magnetic Resonance sensor systems for 
determination of nutrient content

No-tillage Farming without tillage, including the use of 
herbicides to suppress weeds

NPK Nitrate, phosphor, potassium (major nutrients in 
fertilizer)

OAuth2 Authorization method for web applications, desk-
top applications, mobile phones, and smart devices

Oestrus Recurring period of sexual receptivity and fertility 
in many female mammals

Off-highway Autonomy Autonomy of vehicles not 
intended for road traffic

OMA Open Mobile Alliance

Ontology An ontology encompasses a representation, 
formal naming and definition of the categories, properties 
and relations between concepts, data and entities in a 
domain

Paludi Cultures Sustainable alternative to drainage-based 
agriculture, intended to maintain carbon storage in peat-
lands

Parallel Swathing System In-field guidance with use of 
GPS
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Parametric Index Insurance Non-traditional insurance 
product that offers pre-specified payouts based upon a 
trigger event

Parametric Insurance Non-traditional insurance product 
that offers pre-specified payouts based upon a trigger 
event, synonym for parametric index insurance

Particulate Matter Fine dust particles

Patch Cropping Very small area in a field, e.g., grown with 
weeds, e.g., targeted by spot farming applications

Performance Food Food improving personal perfor-
mance, incl. creativity, endurance

Phenology Models Growth models for plants

PID Controller Proportional–integral–derivative controller 
is one type of control loop mechanisms for controllers

PKI Public Key Infrastructure

Plot Part of field or single field trial area

Point Entry Exposure, e.g., of crop protection product on 
single point into soil and or surface waters

POS Point of Sales

Power harrow Non-rotating tillage for seedbed prepara-
tion

Predictive Analytics Statistical analysis of facts to make 
predictions about the future

Perennial Crops that—unlike annual crops—don't need 
to be replanted each year

Pneumatic Spreader Fertilizer spreader with pneumatic 
conveyance of the fertilizer

Production System Synonymous for crop and or livestock 
production system

PTO Power Take Off

Quantum Computing Computation exploiting the prop-
erties of quantum states

Raman Spectroscopy A spectroscopic technique, in 
which the Raman-spectrum is analyzed to determine the 
properties (e.g., structure) of the substance

Raster Format A dot matrix data structure which (in 
contrast to vector format) does not scale without showing 
artifacts

Raytracing Method for calculating the path of waves or 
particles through a system

REDD Reducing Emissions from Deforestation and forest 
Degradation

Regenerative Agriculture Conservation and rehabilita-
tion approach to sustainable agriculture

Retrofit Hardware Technologies to be mounted later on 
used tractors, e.g., GPS guidance, VRA application, camera 
systems

RTK Real-time kinematic

SaaS Software as a Service

SAE Society of Automotive Engineers

Section Segment of the total working width of an imple-
ment

Sentinel Mission Satellite-based earth observation mis-
sion from the Copernicus Program

SC Section Control

SD Card Secure Digital Memory Card

Shape File Exemplary file format used by GIS and FMIS 
systems, e.g., for “georeferenced field boundaries”

Shear Force Sensor Sensor for detecting non-aligned 
forces, e.g., pushing a vehicle in an unintended direction

Siamese Network Artificial neural network working in 
tandem on two different input vectors to compute compa-
rable output vectors

Site-Specific Management Farming practice targeting 
specific input measures and volumes appropriate for field 
zones conditions, e.g., seed, fertilizer, crop protection

Slow Food Global Organization/trend promoting authen-
tic food, incl. regional, seasonal

Smart Contract Technology used often together with 
blockchain technologies to automatically execute, control 
or document legally relevant events and actions

SoS System of Systems, system can refer to technical or 
business systems

Spectrometer A scientific instrument/measurement 
device used to separate and measure spectral components

SPFH Self-propelled Forage Harvester
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Spot Farming Synonymous for site-specific farming, even 
patch to crop-specific farming

Steering Assistance System GPS-supported steering of a 
machinery

Strip Tillage Minimum tillage for soil protection

Stubble Cultivator Non-rotational tillage to loosen the 
soil and incorporate crop residues into the soil

Synthetic Biology Design and construction of new bio-
logical parts, devices, and systems

Task Controller One of the ISOBUS functionalities, e.g., for 
documenting the performed activities

TDR Time Domain Reflectometry

Tillering Formation of side shoots of a plant (e.g., grass) 
from the base of the stem

TIM Tractor Implement Management

TLS Transport Layer Security (cryptographic protocol)

TOF Time of Flight (e.g., measured by certain sensor types)

Tractive Power Measure for power of a tractor

Tramline Path tractor uses in the field

Transhumanism Philosophical movement, advocating 
and predicting the enhancement of the human condition 
for enhancing longevity, mood and cognitive abilities by 
sophisticated technologies

Twin Disc Spreader Fertilizer spreader with two rotating 
centrifugal discs

Unfair Advantage Providing an advantage to partners 
over the competition that could not be achieved otherwise 
or would be very hard and resource-intensive to achieve at 
this point in time by the company on its own

UAV Unmanned Aerial Vehicle (e.g., drone)

Undersown Crops Crop sown with or after the main 
crop so that it continues to grow after the main crop is 
harvested

Upstream Value chain term, upstream means focus 
towards supplier and materials

Vector Format Graphics format which uses connected 
lines and curves to form polygons and other shapes. Scales 
infinitely compared to raster format

Vertical Farm Practice of growing crops in vertically 
stacked layers

Vertical Integration Integration of value adding steps 
within the supply chain into one controlling organization

Virtual Product Development Practice of developing/
prototyping products in a completely digital environment

Volunteer Plant Plant that grows by itself and is not 
planted intentionally

VRA Variable Rate Application
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