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FOREWORD
This report dives deep into a reality of 
agriculture: the sector is undergoing profound 
technological change at an accelerating pace. 
New technologies, unimaginable just a few 
years ago, are rapidly emerging. In livestock 
production, for example, technologies based 
on electronic tagging of animals � including 
milking robots and poultry feeding systems�� 
are increasingly adopted in some countries. 
Global navigation satellite system (GNSS) 
guidance allows automated crop production, 
involving use of autosteer for tractors, fertilizer 
spreaders and pesticide sprayers. Even more 
advanced technologies are now coming onto 
the market in all sectors. In crop production, 
autonomous machines such as weeding robots are 
starting to be commercialized, while uncrewed 
aerial vehicles (commonly called drones) gather 
information for both crop management and input 
application. In aquaculture, automated feeding 
and monitoring technologies are increasingly 
adopted. In forestry, machinery for log cutting 
and transportation is currently a major aim of 
automation efforts. Many of the most recent 
technologies facilitate precision agriculture, a 
management strategy that uses information to 
optimize input and resource use. 

Recent technological developments may astound 
and amaze, inspiring the desire to learn more. 
However, it is important to remember that 
technological change is not a new phenomenon 
and, crucially, not all agrifood systems actors 
have access to it. FAO has been studying this 
subject for decades. What we see today is no 
more than a consolidation point � for now � of 
a lengthy process of technological change in 
agriculture that has been accelerating over the last 
two centuries. 

This process has increased productivity, reduced 
drudgery in farm work, freed up labour for other 
activities, and ultimately improved livelihoods 
and human well-being. Machinery and equipment 
have improved and sometimes taken over the 
three key steps involved in any agricultural 
operation: diagnosis, decision-making and 
performing. The historical evolution exhibits 
five technology categories: the introduction 
of manual tools; the use of animal traction; 

motorized mechanization since the 1910s; the 
adoption of digital equipment since the 1980s; 
and, more recently, the introduction of robotics. 
What is referred to as automation in this report 
really begins with motorized mechanization, 
which has greatly automated the performing 
component of agricultural operations. The more 
recent digital technologies and robotics allow 
for the gradual automation also of diagnosis 
and decision-making. As this report notes, this 
evolution is ongoing, but not all agricultural 
producers in all countries are at the same stage. 

It is true that there are widespread concerns 
about the possible negative socioeconomic 
impacts of labour-saving technological change, 
in particular job displacement and consequent 
unemployment. Such fears date back to at least the 
early nineteenth century. However, when looking 
back, fears that automation which increases 
labour productivity will necessarily leave people 
without jobs on a vast scale are simply not 
borne out by historical realities. This is because 
automation in agriculture is part of the process 
of structural transformation of societies whereby 
increased agricultural labour productivity 
gradually releases agricultural workers, allowing 
them to enter into profitable activities in other 
sectors such as industry and services. During this 
transformation, the share of the population 
employed in agriculture naturally declines, while 
jobs are created in other sectors. This is generally 
accompanied by changes within agrifood systems, 
whereby upstream and downstream sectors 
evolve, creating new jobs and new entrepreneurial 
opportunities. For this reason, it is essential to 
recognize that agriculture is a key part of broader 
agrifood systems.

The report highlights the potential benefits 
of agricultural automation that are manifold 
and able to contribute to the transformation of 
agrifood systems, making them more efficient, 
productive, resilient, sustainable and inclusive. 
Automation can increase labour productivity 
and profitability in agriculture. It can 
improve working conditions for agricultural 
workers. It can generate new entrepreneurship 
opportunities in rural areas, which may be 
particularly attractive for rural youth. It can 
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help reduce food losses and improve product 
quality and safety. It can also bring about benefits 
in terms of environmental sustainability and 
climate change adaptation. Recent solutions 
involving precision agriculture and the adoption 
of small-scale equipment � often more suited to 
local conditions than motorized mechanization 
using heavy machinery � can improve both 
environmental sustainability and resilience 
to climate and other shocks. Thanks to these 
numerous benefits, agricultural automation 
can also contribute to achieving several of the 
Sustainable Development Goals (SDGs). 

However, the risks and problems associated with 
agricultural automation are also acknowledged 
in this report. As with any technological change, 
automation in agriculture implies disruption 
to agrifood systems. If automation is rapid 
and not aligned with local socioeconomic and 
labour market conditions, there can indeed be 
displacement of labour � the common outcome 
that must be avoided. In addition, automation 
may increase demand for highly skilled labourers, 
while reducing demand for non-skilled workers. 
If large prosperous agricultural producers 
have easier access to automation than smaller, 
poorer producers, automation risks exacerbating 
inequalities, and this must be avoided at all 
costs. If not well managed and suited to local 
conditions, automation, especially mechanization 
relying on heavy machinery, can jeopardize 
agricultural sustainability. These risks are real 
and are recognized and analysed in this report. 

Yet, as the report also suggests, saying no to 
automation is not the way forward. FAO truly 
believes that without technological progress and 
increased productivity, there is no possibility 
of lifting hundreds of millions of people 
out of poverty, hunger, food insecurity and 
malnutrition. Refusing automation may mean 
condemning agricultural labourers to a future of 
perennially low productivity and poor returns 
for their labour. What matters is how the process 
of automation is carried out in practice, not 
whether or not it happens. We must ensure that 
automation takes place in a way that is inclusive 
and promotes sustainability. 

Throughout this report, FAO shares the concept 
of responsible technological change to make 
agricultural automation a success. What does 
this entail?

First, agricultural automation needs to be part of 
a process of agricultural transformation that runs 
in parallel with, facilitates, and is facilitated by 
broader changes in society and agrifood systems. 
For this, it is essential that adoption of automation 
responds to real incentives. Thus, labour-saving 
technologies can further the process of 
agricultural transformation if they respond to 
growing labour scarcity and rising rural wages. 
On the other hand, if incentives for adoption of 
automation or specific automation technologies 
are artificially created, for example, through 
government subsidies � particularly in contexts 
where labour is abundant � automation take-up 
can be highly disruptive with negative labour 
market and socioeconomic impacts. However, it 
is also important that government policies do 
not inhibit automation, as this could lead to 
condemning agricultural producers and workers 
to a future of perennially low productivity and 
competitiveness. This report argues that the 
appropriate role of government is to create an 
enabling environment to facilitate adoption of 
suitable automation solutions, rather than directly 
incentivize specific solutions in contexts where 
they may not be appropriate, or inhibit adoption 
of automation in any way.

For coherence with the SDGs, automation needs 
to be inclusive. It must offer opportunities 
for all, from small-scale producers to large 
commercial farms, as well as marginalized 
groups such as women, youth and persons with 
disabilities. Barriers to adoption need to be 
overcome, not least for women. Making suitable 
technical solutions available for all categories 
of producers involves making technologies 
scale-neutral, that is, making them suitable for 
producers of all scales, or accessible to all through 
institutional mechanisms such as shared services. 
Building digital skills through education and 
training is also essential for facilitating adoption 
and avoiding digital divides based on unequal 
knowledge and skills.
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FOREWORD

To enhance sustainability and be truly inclusive 
and transformative, automation solutions need 
to be adapted to the local context, in terms not 
only of the characteristics of the producers, but 
also of local biophysical, topographic, climatic 
and socioeconomic conditions. This report is 
realistic and offers no one-size-fits-all solutions. 
The most advanced technological solution is not 
necessarily the most appropriate everywhere and 
for everybody. As the evidence presented shows, 
in some situations, simple technologies such as 
small machinery and even hand-held equipment 
can lead to substantial benefits for small-scale 
producers and enable production on hilly terrain. 
There are even situations where producers may 
be able to leapfrog directly to more advanced 
technological solutions. What is essential is that 
agricultural producers themselves choose the 
technologies most suited to their needs, while 
governments create the enabling environment 
that allows them to do so. 

Finally, this report also argues that agricultural 
automation must contribute to more sustainable 
and resilient agriculture. In the past, the use of 
large-scale heavy machinery has often had a 
negative impact on environmental sustainability. 
Addressing this requires tailoring mechanization 
to smaller and lighter machinery. At the same 
time, digital agriculture and robotics that 

facilitate precision agriculture offer solutions 
that are more resource-efficient and more 
environmentally sustainable. Applied technical 
and agronomic research can help find solutions 
that can lead to further progress towards 
environmental sustainability. 

This report looks in detail at these issues, 
presenting an objective and in-depth 
examination of agricultural automation, 
demystifying the ill-founded myths surrounding 
it, and suggesting ways forward to adopt 
agricultural automation in different country and 
local settings. It identifies key areas for policy 
interventions and investments to ensure that 
agricultural automation contributes to inclusive 
and sustainable development. 

FAO firmly and strategically believes in 
technology, innovation and data, supported 
by adequate governance, human capital, 
and institutions, as key cross-cutting 
and cross-sectional accelerators in all its 
programmatic interventions to accelerate impact 
while minimizing trade-offs. No doubt, these 
accelerators will be catalytic for agricultural 
transformation in all contexts. It is my hope that 
this FAO report can contribute in a constructive 
way to the policy debate in this area of major 
importance for achieving the SDGs.

Qu Dongyu
FAO Director-General
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METHODOLOGY
The preparation of The State of Food and Agriculture 2022 began with the formation of an advisory group 
representing all relevant FAO technical units, which, together with a panel of external experts, assisted the 
research and writing team. The preparation of the report was further informed by six background papers 
and original empirical analysis prepared by FAO and external experts. The advisory group met virtually 
to discuss the outline of the report on 24 January 2022 and commented on the first drafts of Chapter 1 and 
Chapter 2 in March 2022. Drafts of all chapters were presented to the advisory group and panel of external 
experts in advance of a workshop held virtually on 31 March � 6 April 2022 and chaired by the Deputy 
Director of FAO�s Agrifood Economics Division. With guidance from the workshop and a follow-on 
advisory group meeting, the report was revised and presented to the management team of FAO�s Economic 
and Social Development stream. The revised draft was sent for comments to other FAO streams and to 
the FAO regional offices for Africa, Asia and the Pacific, Europe and Central Asia, Latin America and the 
Caribbean, and the Near East and North Africa. Comments were incorporated in the final draft, which was 
reviewed by the Deputy Director of the Agrifood Economics Division, the FAO Chief Economist and the 
Office of the Director-General.
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ACRONYMS AND ABBREVIATIONS
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Business-to-client model. Direct relations and sales 
of products and services between a company and 
customers who are the end users of its products or 
services.9

Conservation agriculture (also referred to as 
conservation tillage). A farming system that 
promotes minimum soil disturbance (i.e. little or 
no tillage), maintenance of permanent soil cover 
and diversification of plant species. It enhances 
biodiversity and natural biological processes 
above and below the ground surface, contributing 
to increased water- and nutrient-use efficiency 
and improved and sustained crop production.10

Digital automation in agriculture. The strengthening 
of automated processes in agricultural 
machinery and equipment (e.g. tractors and 
their implements, feeding systems, milking 
machines) by adding digital tools that increase 
their efficiency and precision as a result of access 
to data and digital services through intelligent 
interoperable networks, platforms and farm 
management systems.

Disembodied vs embodied digital solutions. 
Disembodied digital solutions are primarily 
software-based solutions that do not rely on 
the use of agricultural machinery but instead 
require limited hardware resources, generally in 
the form of a smartphone or a tablet, or software 
tools such as advisory apps, farm management 
software, and online platforms. They may include 
remote sensing and/or UAS but limited to data 
for decision support and scouting. When digital 
tools are installed on agricultural machinery 
and equipment, they are called embodied and 
they enable the machinery to interact with the 
environment through direct action (performing), 
rather than just observations and decision 
support.9

Electronic identification (EID). The use of a 
microchip or electronic transponder embedded in 
a tag, bolus or implant to identify an individual 
farm animal.5

Farm. Any management-integrated agricultural 
production unit that produces crops, livestock, 
agroforestry or aquaculture products.

Fee-for-service. In the context of farm machines, a 
business arrangement whereby the farmer pays a 
provider for machine services on a per unit basis 
(e.g. per ha, hour, animal or tonne harvested), 
rather than owning the machine.5

Global navigation satellite system (GNSS). Any  
system that uses satellite signals to provide 
location information. Examples include the global 
positioning system (GPS) of the United States of 
America, the European Galileo system, GLONASS 
of the Russian Federation, and the Chinese 
BeiDou system.5

Autosteer. A GNSS-enabled technology that 
provides automated steering and positioning 
in the landscape for self-propelled agricultural 
machines (e.g. tractors, combine harvesters, 
forage harvesters, sprayers). With the most 
advanced autosteer, the computer does almost 
all the steering in the field, including turning 
at the end of a row. Autosteer technology 
typically requires a human operator present 
on the seat of the machine to take over in 
case there is a malfunction or other problem. 
It is a good example of a precision farming 
technology.5

Global positioning system (GPS). The United 
States of America�s GNSS. Because it was the 
first GNSS available for civilian use, GPS is 
sometimes used as a generic term for GNSS.5

Internet of things (IoT). A system in which devices 
� including mobile phones, sensors, drones, 
machines and satellites � are connected to the 
internet.9

Interoperability. The ability of machines and 
equipment to create, exchange and consume data 
due to clear and shared expectations regarding 
the contents, contexts and meaning of those data.9

On the go. In the context of farm machines, a 
situation in which machine operation is adjusted 
while moving through a field based on an 
algorithm using sensor data without direct 
human intervention.5
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GLOSSARY

Operator assistance system. A system that helps 
human operators of farm machines. Typically, it 
uses sensor data from several sources on the 
machine to assist the operator in making 
decisions; it can automatically adjust machine 
settings to optimize the operator�s priorities 
(e.g. fuel efficiency, speed of work accomplished, 
product quality) and was first introduced on 
combine harvesters.5

Precision agriculture. A management strategy 
that gathers, processes and analyses temporal, 
spatial and individual data and combines them 
with other information, to manage variations in 
the field accurately and to support management 
decisions and precise machine action for 
improved resource-use efficiency, productivity, 
quality, profitability and sustainability of 
agricultural production.11

Precision livestock farming. A data-based livestock 
management strategy that monitors and controls 
individual animal or group productivity, 
environment, health and welfare in a continuous, 
real-time and automated manner. It focuses on 
improving resource-use efficiency, productivity, 
quality, profitability and sustainability of 
livestock production.5

Protected agriculture. The production of high-value 
vegetables and other horticultural crops in 
greenhouses and vertical farms. It allows farmers 
to grow cash crops on small plots in marginal, 
water-deficient areas where traditional cropping 
may not be viable. It is also called protected 
cultivation or protected crop production.9

Remote sensing. The process of gathering 
information about objects on earth from a 
distance, using aircraft, satellites or other 
platforms carrying sensors.9

Robot. A machine capable of autonomous 
operation without direct human intervention.12 
It can be stationary (e.g. a milking robot) or 
mobile (e.g. autodriving). The word tends to be 
used mainly in the media and by the general 
public, and robots are often anthropomorphized. 
More technical discussions prefer to use terms like 
autonomous machine or autonomous equipment.13

Leg robot. A mobile autonomous machine 
with articulated limbs instead of wheels for 
movement.5

Milking robot. Any milking machine that 
automates the milking of dairy animals, 
especially dairy cattle, without human labour. 
They are also called automatic milking systems 
(AMS).

Swarm robots. Multiple, relatively small 
mobile autonomous machines that accomplish 
work done by one large machine in 
conventional mechanization. 

Robotics. An interdisciplinary branch of computer 
science and engineering, which involves design, 
construction, operation and use of robots. 
It integrates many fields, including mechanical 
engineering, electrical engineering, information 
engineering, mechatronics, electronics, 
bioengineering, computer engineering, 
control engineering, software engineering, 
and mathematics.

Uncrewed aerial system (UAS). A large system 
including aircraft (drones) with mounted 
sensor(s), a ground control station operated by the 
pilot and the software used to analyse the data 
gathered by the sensor(s).9

Uncrewed aerial vehicle (UAV) or Drone. A flying 
autonomous machine. It can be guided by 
remote control or using a device that is 
software-controlled. In agriculture, it is often 
used to collect aerial images or to apply fertilizer, 
seed, pesticides or other crop inputs.5, 9

Unstructured supplementary service data (USSD). 
A message service that is more interactive than 
SMS. Characterized by the use of codes that 
start with * and end with # (e.g. *845#). A USSD 
message has a maximum of 182�characters and is 
used to access information on agriculture, health, 
news, weather etc.14

Variable rate technology (VRT). A technology based 
on a combination of equipment and software to 
vary the application of fertilizer, pesticides, seed 
and other crop inputs within fields to optimize 
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yield based on the needs of crops so that the 
highest possible yields are obtained with the least 
possible inputs.5

Map-based VRT. A VRT based on a map that 
documents spatial information on site-specific 
conditions within the field. A human analyst 
prepares this spatial information map 
beforehand in a separate activity to be used in 
guiding the VRT.

Planter row shut-offs. A GNSS-enabled VRT 
approach that controls individual row seeder 
units, based on a prescription map or sensor 
data. Often used to avoid seeding in non-crop 
areas or double seeding in end rows. 

Sensor-based VRT. A VRT that is based on sensor 
reading collected on the go in the field, so the 
information guiding the VRT is automatically 
collected (different from a map-based VRT). 
Typically, the sensor is in the front of the 
applicator, a computer using an algorithm to 
vary rates is on the machine, and the application 
equipment is in the back of the machine.

Sprayer boom section controllers. A GNSS- 
enabled VRT approach that controls parts of 
a farm sprayer boom based on a prescription 
map or sensor data. Section width may 
vary from several metres to a single nozzle. 
Current technology allows nozzles to be turned 
on, off and pulsated at various rates.

Vertical farming. Indoor farming with a completely 
controlled environment, used for growing crops 
vertically year-round.9

Virtual fencing. A technology based on equipping 
animals with GNSS transponders to determine 
their location that uses audio alerts, electric 
shocks or other prompts to keep animals within 
geolocated boundaries. It potentially eliminates 
the need for physical fencing, and the GNSS 
helps growers locate animals grazing in large 
open pastures.5
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1 Agricultural automation can play an important role 
towards achieving the Sustainable Development 

Goals (SDGs), not least SDG 1 (No Poverty) and SDG�2 
(Zero Hunger) and those relating to environmental 
sustainability and climate change, by building resilience, 
raising productivity and resource-use efficiency, and 
improving food quality and safety.

2 Agricultural automation can deepen inequalities if it 
remains inaccessible to small-scale producers and 

other marginalized groups such as youth and women; 
certain technologies � large motorized machinery 
� can also have negative environmental impacts as 
they contribute to, for example, monoculture and soil 
erosion.

3 Before the digital revolution, motorized 
mechanization (e.g. tractors) was key to agricultural 

transformation worldwide; however, there have been 
wide disparities in adoption between and within 
countries, with adoption being particularly limited in 
most of sub-Saharan Africa.

4 If tailored to local needs and supported by digital 
tools, motorized mechanization still has the 

potential to improve agricultural productivity, leading 
to poverty reduction and enhanced food security, with 
positive spillover effects on the wider economy.

5 The use of digital automation technologies is 
growing, but mostly in high-income countries. 

Often their business case is not yet mature: some 
technologies are still in the prototype stages, while 
for others a limited enabling rural infrastructure � 
such as connectivity and electricity � hinders their 
dissemination, especially in low- and middle-income 
countries.

6 Investing in enabling infrastructure and improving 
access to rural services (e.g. finance, insurance, 

education) is key to ensure access to these 
technologies, especially for marginalized groups such as 
small-scale agricultural producers and women.

7 Digital automation technologies have great 
potential to achieve higher efficiency, productivity, 

sustainability and resilience. Yet, inclusive investments 
are needed � involving producers, manufacturers and 
service providers, with special attention to women and 
youth � in order to further develop technologies and 
tailor them to the needs of end users.

8 The impacts of agricultural automation on 
employment vary depending on the context. 

In situations of rising wages and labour scarcity, 
automation can benefit both employers and workers in 
agriculture and in the wider agrifood systems, creating 
opportunities for skilled young workers.

9 Where rural labour is abundant and wages are low, 
agricultural automation can lead to unemployment. 

This can happen if subsidies make automation 
artificially cheap or sudden technological breakthroughs 
bring automation costs down very rapidly.

10 In labour-abundant contexts, policymakers 
should avoid subsidizing automation, but 

rather focus on creating an enabling environment for 
its adoption � especially by small-scale agricultural 
producers, women and youth � while providing social 
protection to least skilled workers, who are more likely 
to lose their jobs during the transition.

11Creating an enabling environment calls 
for multiple, coherent actions, including 

legislation and regulation, infrastructure, institutional 
arrangements, education and training, research 
and development, and support to private innovation 
processes.

12 Investments and other policy actions to promote 
responsible agricultural automation should be 

based on context-specific conditions, such as status of 
connectivity, challenges related to knowledge and skills, 
adequacy of infrastructure, and inequality in access.

CORE MESSAGES
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EXECUTIVE SUMMARY
Throughout the ages, technological change � in 
agrifood systems and elsewhere � has brought 
gains in productivity, incomes and human 
well-being. Today, technological solutions are 
indispensable to feed a continuously growing 
population in the face of limited agricultural land, 
unsustainable natural resource use, and increasing 
shocks and stresses, including climate change. 
These solutions are needed to make agriculture 
more productive and sustainable across all 
its sectors � crop and livestock production, 
aquaculture, fisheries and forestry � and boost 
productivity levels within agrifood systems. 

Technological change has reduced the need 
for manual labour in agriculture. This process 
of increased agricultural productivity and 
reallocation of labour away from farming is often 
referred to as agricultural transformation. It is 
accompanied by investments in agrifood systems 
and other physical and market infrastructures. 
Agricultural automation can be a driver of 
transformation and create new opportunities. 
In this respect, motorized mechanization 
has allowed to automate the performing of 
agricultural operations, while more recently, 
digital technologies have been creating new 
opportunities to automate decisions that precede 
the performing of physical operations.

Common fears that automation leads to growing 
unemployment, although understandable, are 
questionable and generally not supported by 
historical realities. Overall, automation alleviates 
labour shortages and can make agricultural 
production more resilient and productive, 
improve product quality, increase resource-use 
efficiency, promote decent employment, 
and enhance environmental sustainability. 
Negative socioeconomic impacts of agricultural 
automation � such as increased unemployment 
� usually occur when automation is not suited 
to specific local needs. Risks of negative impacts 
can be countered by facilitating the transition 
of farm labourers to other job opportunities, 
by addressing the barriers that prevent poor, 
small-scale producers from participating in the 
benefits, and avoiding policies that subsidize 
automation in contexts of labour abundance and 
low rural wages.

AGRICULTURAL AUTOMATION: 
OPPORTUNITIES ABOUND BUT NOT 
WITHOUT CHALLENGES
Any agriculture-related operation consists 
of three phases: diagnosis, decision-making 
and performing. Motorized mechanization 
automates the performing of agricultural 
operations such as ploughing, seeding, fertilizing, 
milking, feeding and irrigating. With digital 
automation technologies, it becomes possible to 
automate also diagnosis and decision-making. 
These technologies increase the precision of 
agricultural operations and allow more efficient 
use of resources and inputs, with potential 
gains in environmental sustainability and 
improved resilience to shocks and stresses. 
The technological evolution in agriculture can 
be summarized as a progressive move from 
manual tools to animal traction, to motorized 
mechanization, to digital equipment and finally, 
to robotics with artificial intelligence (AI). 

Against this background, the report defines 
agricultural automation as:

the use of machinery and equipment in 
agricultural operations to improve their diagnosis, 
decision-making or performing, reducing the 
drudgery of agricultural work and/or improving 
the timeliness, and potentially the precision, of 
agricultural operations. 

Agricultural automation presents many 
opportunities: it can raise productivity and allow 
for more careful crop, livestock, aquaculture 
and forestry management; it can provide better 
working conditions and improved incomes, 
and reduce the workload of farming; and it can 
generate new rural entrepreneurial opportunities. 
Technologies beyond the farm can further reduce 
food loss and waste, enhance food safety, and 
enable value addition. 

In many countries, declining rural labour 
availability � reflected in rising agricultural 
wages � is a main driver of agricultural 
automation. Rising consumer concerns about 
food quality, safety, taste and freshness, together 
with environmental concerns, are also driving 
investment in digital technologies. The same 
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applies to challenges in livestock management 
and animal welfare that derive from growing 
herd sizes in livestock production. 

On the other hand, agricultural automation can 
carry the risk of exacerbating social inequalities, 
as larger and more educated producers have 
greater capacities (e.g. finance, rural infrastructure, 
skills) to invest in new technologies or to retrain 
and learn new skills. Women and youth may face 
particularly significant obstacles, for example, 
obtaining quality education and training, as well 
as having access to land, credit and markets. 
Furthermore, automation is expected to reduce jobs 
that involve routine tasks, such as planting and 
harvesting, but increase skilled jobs requiring, for 
example, secondary education. In countries with 
a large rural workforce, this shift in employment 
can risk deepening inequalities. Overcoming these 
challenges requires reducing barriers to adoption 
� faced in particular by small-scale producers, 
women and youth � to ensure that automated 
solutions become scale-neutral, that is, accessible 
to all scales of agricultural producers from 
small to large. This can be achieved through 
technological innovations that tailor automation 
to the conditions of small-scale producers. 
In addition, innovative institutional arrangements, 
such as shared assets or machinery hire services, 
can contribute to scale neutrality by connecting 
equipment owners to small-scale producers who 
pay a fee for an automation service instead of 
bearing the cost of buying the machinery.

Reliance of agricultural automation on heavy 
machinery may also jeopardize environmental 
sustainability and contribute to deforestation, 
farmland monoculture, biodiversity loss, land 
degradation and soil erosion. However, some 
new advances in automation, especially in small 
equipment relying on AI, can actually reverse 
some of these negative impacts. 

UNDERSTANDING THE PAST AND 
LOOKING TOWARDS THE FUTURE OF 
AGRICULTURAL AUTOMATION
Motorized mechanization has increased 
significantly across the world, although reliable 
global data with broad country coverage exist 

only for tractors and only up to 2009. The use 
of tractors as farm power was one of the most 
influential innovations of the twentieth century; 
it started in the United States of America between 
1910 and 1960 and spread to Japan and Europe 
after 1955. Later, many Asian and Latin American 
countries saw considerable progress in terms of 
adoption of motorized machinery, in addition 
to the emergence of agricultural machinery 
manufacturing sectors in some countries. With the 
rise of rental machinery markets, adoption has 
become more widespread, allowing access for 
small-scale producers. However, adoption of 
tractors has stalled in sub-Saharan Africa in past 
decades, and light hand-held tools remain the 
main type of equipment used. Efforts during 
the 1960s and 1970s to promote mechanization, 
by providing subsidized machinery to farmers 
and setting up state farms and public hire 
companies, proved costly and mostly failed 
due to governance challenges. This is changing 
with the re-emergence of agriculture on Africa’s 
development agenda, which has led to a renewed 
interest in automation.

Since the 1970s, digital technologies have 
found their way to agriculture through various 
applications. Initially they were mostly simple 
precision livestock technologies that facilitated 
management of individual animals based on 
electronic identification (EID) � also known as 
electronic tagging � which then paved the way 
for milking robots in the 1990s. At the same 
time, digital tools embodied in mechanization, 
such as machinery with global navigation 
satellite systems (GNSS), started to appear 
and enabled autosteer for tractors, fertilizer 
spreaders and pesticide sprayers. More recently, 
disembodied devices such as smartphones are 
being adopted to inform producers through 
sensors, high-resolution cameras and various apps 
embedded in them. These technologies can reduce 
costs and raise productivity; however, adoption 
seems to be driven also by non-monetary 
considerations such as increased flexibility in 
work schedules and better life quality, as in the 
case of milking robots. 

More advanced still are internet of things 
(IoT) solutions, used, for example, to monitor 
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and sometimes � at least in part � automate 
decisions about the care of crops, livestock or 
fish. Digital services also include shared asset 
services, which connect owners of equipment 
(e.g.�tractors or drones), and sometimes also 
operators, with farmers in need of such 
equipment. 

Digital technologies hold potential also 
for non-mechanized precision agriculture. 
Methodologies for manual, site-specific fertilizer 
application were developed a long time ago � 
variable rate technology (VRT) fertilizer for rice 
is one example, while a hand-held soil scanner 
is available in several low-income countries in 
Africa and Asia. Uncrewed aerial vehicle (UAV) 
services, commonly known as drones, are also 
being used by non-mechanized farmers in Asia 
and Africa; GNSS measures field areas (Asia) and 
maps field boundaries to establish land tenure 
(Africa).

THE CURRENT STATE OF DIGITAL 
AUTOMATION TECHNOLOGIES AND 
ROBOTICS IN AGRICULTURE
Digital automation and robotics applications 
in agriculture are extremely diverse. 
Smartphones, with a range of sensors and 
high-resolution cameras built into them, are 
the most accessible hardware for producers 
(especially small-scale producers) in low- 
and middle-income countries. However, low 
digital literacy in rural areas, lack of available 
technologies suited to small-scale producers, 
and the relatively high cost of these technologies 
remain the biggest barriers to adoption. 

More recently, advanced technologies such as 
autonomous crop robots (e.g. for harvesting, 
seeding and weeding) have started to be 
commercialized. Drones are used to gather 
information and to automate input application, 
but their use is often strictly regulated. 

In the aquaculture sector, automation is on the 
rise in response to labour scarcity and high 
wages. In forests, much of the wood harvesting 
work is already highly mechanized, and mobile 
robots, combined with new virtual reality and 

remote sensing techniques, are paving the way for 
advanced automatic machines. In addition, remote 
sensing is being used to monitor deforestation. 
There is also potential for digitalization and 
automation in controlled environment agriculture 
(CEA), which includes indoor agriculture and 
vertical farming. Greenhouses are the most 
common form of CEA and by their very nature are 
amenable to environmental monitoring, control 
and optimization. 

Many technological solutions are already 
available for adoption in high-, middle- and 
low-income countries. The direction they take 
and their rate of adoption are greatly influenced 
by policy choices. Governments need to facilitate 
access to these technologies by all � in particular, 
small-scale producers, women, youth and other 
vulnerable and marginalized groups � and ensure 
that they are tailored to the specific context 
and needs of producers. Ideally, governments 
should create a level playing field for innovative 
technologies to enable the private sector to meet 
demand for automation. 

ONE STEP AT A TIME: SIMPLE 
MOTORIZED MECHANIZATION STILL  
HAS A ROLE TO PLAY
While digital technologies and robotics promise 
great things, motorized mechanization can 
still bring many benefits in terms of enhanced 
incomes, reduced costs, labour savings and less 
drudgery. It can free up household labour and 
enable agricultural households to allocate time 
away from agriculture to pursue off-farm work. 
There can also be spillover effects on the wider 
economy. These may occur through increased 
demand for non-farm goods and services 
from agricultural households as their labour 
productivity improves, as well as the expansion 
of the non-farm economy as labour moves out of 
agriculture and into sectors with higher labour 
productivity. Automation can also improve 
food safety, thanks to preservation and storage 
technologies, and make agricultural production 
more resilient, in particular to climate shocks, by 
allowing farmers to complete farming activities 
more rapidly and be more flexible in adapting 
activities to changing weather. 
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Consequently, there is still scope for increased 
use of motorized mechanization in some 
contexts. In low- and middle-income countries, 
small-scale producers may benefit more from 
small machines, such as two-wheel tractors, 
which represent a less costly option and are more 
environmentally sustainable than traditional 
heavy machinery. Recent innovations to tailor 
motorized machinery to local needs can help 
countries improve resource-use efficiency 
and save scarce resources (e.g. water) through 
innovative synergies between mechanization and 
other field practices. Agricultural mechanization 
is therefore high on the policy agenda of many 
low- and middle-income countries. This is 
especially the case in sub-Saharan Africa, where 
agricultural mechanization was neglected for 
some time, following the earlier failures of 
state-led mechanization programmes. 

Manual technologies and animal traction can 
also still play a major role in many contexts. 
Animal traction can be an important source of 
power for very small, fragmented farm holdings, 
and advanced manual tools can reduce the need 
for human power. While less powerful than 
tractors, both draught animals and advanced 
manual tools can still help remedy labour 
shortages and enable higher crop yields and land 
expansion in many areas. In many cases, they 
are probably the most viable option to increase 
power supply. 

THINKING AHEAD: THE BUSINESS CASE 
FOR INVESTING IN DIGITAL AUTOMATION
The business case for investing in agricultural 
technology rests on the potential private gains. 
The relevant actors � including producers, 
dealers and service providers � are assumed 
to make rational decisions that maximize their 
profits and well-being. Investing in automation 
technologies entails costs, which tend to increase 
if technologies are not widely available locally. 
Suppliers and producers will only make the 
necessary commitment if the benefits outweigh 
the costs. For some technologies and in certain 
conditions, the investment costs may exceed the 
private benefits; on the other hand, there may be 
significant benefits for the wider society. In this 

case, public intervention is needed to align private 
benefits with the interests of society as a whole.

Given the scarcity of data, 27 case studies, 
based on interviews with digital automation 
service providers, were used to shed light on 
the business case for digital automation in 
agriculture. The case studies cover all world 
regions and agricultural production systems 
(crops, livestock, aquaculture and agroforestry). 
They represent digital automation solutions 
at different stages of readiness, with many 
still in the early stages of development and 
commercialization. The results reveal only 10 
out of the 27 service providers to be profitable 
and financially sustainable. These ten providers 
� mostly based in high-income countries � use 
solutions that are in the mature phase (i.e. 
widely adopted) and mostly serve large-scale 
producers. More than one-third of the case studies 
suggest that farmers are benefiting from these 
solutions through gains in productivity, efficiency 
and new market opportunities. Overall, the 
results indicate that the business case for digital 
automation technologies is not yet mature, partly 
because many of these technologies are still in 
the prototype phase, but also because there are 
serious barriers to adoption, especially in low- 
and middle-income countries. 

Although the development of many technologies 
is still in the preliminary stage, several 
important lessons may be drawn from the 
case studies. Key factors for adoption are first, 
awareness of a solution�s ability to perform 
agricultural operations successfully and 
second, the ability of farmers to handle the 
solution. Frequent obstacles to adoption of these 
technologies are lack of digital literacy, and 
limited connectivity and availability of other 
enabling infrastructures, including electricity. 
These are often compounded by a reluctance 
to change, generally associated with ageing 
farming populations. Generational change is 
indicated as a driver of adoption, with young 
farmers seen as instrumental in a transformation 
towards digitalization and advanced automation. 
Another driver of or barrier to adoption is market 
conditions � where strong competition among 
producers drives them to take more risks and 
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adopt new technologies that promise higher 
productivity and efficiency. Limiting factors 
can be government regulation of technology 
imports, absence of policies on data sharing, and 
insufficient public policies and incentives. On the 
other hand, if well designed, regulations or 
public support can be a strong driver of adoption.

BEYOND THE BUSINESS CASE: 
AGRICULTURAL AUTOMATION PROMISES 
ENVIRONMENTAL BENEFITS, BUT MORE 
RESEARCH IS NEEDED
In high-income countries, but also in many 
commercial farms in low- and middle-income 
countries, agriculture is already highly 
mechanized, mainly through the use of large 
machinery. However, this type of mechanization 
has triggered soil erosion, deforestation 
and biodiversity loss � all contributing to 
reduced resilience. Innovations in automation 
technologies and applied agronomic research 
can help to explore solutions to address 
these challenges. For example, motorized 
mechanization can be tailored to smaller and 
lighter machinery. Solutions with potential for 
small-scale producers include small four-wheel 
and two-wheel tractors. They can minimize 
biodiversity loss since they do not require 
substantial field clearing and reshaping. 
Other small motorized machines, such as power 
weeders and mobile threshers, may also have 
benefits in terms of gender equality, because 
women can operate them easily. 

Digital automation technologies that support 
precision agriculture also present an opportunity 
for great environmental benefits. They have 
potential to facilitate the adoption of sustainability 
practices such as conservation agriculture. 
There are success stories on the use of computers 
and IoT to automate greenhouses, leading to 
savings in water and other inputs. Small swarm 
robots can lead to environmental benefits by 
reducing the use of pesticides and herbicides, 
optimizing the use of other inputs and reducing 
soil compaction. They are already economically 
feasible in certain circumstances but more 
research is needed, especially on their potential for 

small-scale agriculture, where they should have a 
comparative advantage over large machinery on 
farms with irregularly shaped fields.

These environmental benefits are currently 
location-specific; what is more, many solutions 
are still in the early stages of development and 
commercialization. Therefore, more research, 
including testing, is needed. If both policymakers 
and producers are fully aware of the benefits 
of these technologies, investment in their 
development should expand. Transitioning to 
renewable energy is also important and can 
offer fresh opportunities to power automation, 
especially in remote rural areas, but � once again 
��research is needed to explore which off-grid 
renewable energy solutions can most efficiently 
power each type of machinery.

AGRICULTURAL AUTOMATION HAS 
COMPLEX IMPACTS ON LABOURERS AND 
CAN ALSO BENEFIT CONSUMERS
Measuring the overall employment impacts of 
agricultural automation is very difficult because 
it requires large amounts of data tracking all the 
transformations and the associated reallocation 
of workers, not only in farm activities, but also 
upstream and downstream. As agricultural 
transformation unfolds, people exit agriculture to 
seek higher-paying jobs, and the share of people 
employed in agriculture continues to decline. 
The process reshapes labour supply and demand 
within entire agrifood systems. When all nodes in 
agrifood systems are changing simultaneously, it 
is almost impossible to ascribe labour market and 
socioeconomic impacts to specific occurrences of 
agricultural automation. 

The possible effects of agricultural automation 
on farm employment are likely to be diverse. 
Demand for low-skill labour is likely to 
decrease as many tasks become automated. 
Meanwhile, automation boosts the demand for 
relatively skilled workers. Looking at agrifood 
systems in their entirety, automation could 
decrease low-paying seasonal employment 
on farms but increase higher-paying and less 
seasonal employment upstream and downstream.
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Implications of automation may also differ for 
different types of farms. For small-scale and 
subsistence farmers, automation can free up 
family labour for non-farm employment, but 
may also allow production to expand. On family 
commercial farms, it can both free up family 
labour and reduce demand for hired labour, but 
if commercial agricultural activities expand as a 
result of automation, there may be more need for 
hired workers. Corporate commercial farms are 
the most automated with a corresponding drop in 
labour requirements on farms. Nevertheless, even 
in this case, if automation adoption is spurred 
by rising wages and scarce labour, it will tend to 
increase labour productivity and wages without 
causing unemployment. 

If automation occurs where there is an abundance 
of labour, and is incentivized by subsidies that 
make automation artificially cheap, there is a 
serious risk of displacing labour and generating 
unemployment, with major socioeconomic 
implications, especially for the poorest and least 
skilled, who may not easily find employment 
elsewhere. 

Agricultural automation has significant 
socioeconomic impacts on consumers, because 
it results in reduced costs of food production. 
Developments in digital automation may also 
create new entrepreneurial opportunities 
beneficial to consumers � for example, by 
allowing the revival of nutrient-dense heirloom 
crops that were difficult to automate � and 
substantially reduce production costs for organic 
foods, which are currently very labour-intensive. 

THE AGRICULTURAL AUTOMATION 
PROCESS MUST BE INCLUSIVE AND  
NOT LEAVE ANYBODY BEHIND
Agricultural automation must involve those 
who experience vulnerability, exclusion and 
marginalization, in particular small-scale 
producers, pastoralists, small-scale fisherfolk, 
small-scale foresters and forest communities, 
agricultural wage-workers, informal 
microenterprises and workers, landless people, and 
migrant labourers. Involving women, youth and 
persons with disabilities is particularly important. 

The gender implications of on-farm automation 
are complex. However, women lag behind men 
in agricultural technology adoption due to 
barriers in access to capital, inputs and services 
(e.g.�information, extension, credit, fertilizer), 
and in some contexts also as a result of cultural 
norms. Policymakers and local implementation 
partners need to promote gender-sensitive 
technology development, dissemination and 
service provision.

Young farmers appear to be the first to eagerly 
embrace the process. Agricultural automation 
promises new types of jobs that require a strong 
skill set. A solid human capital development and 
capacity-building agenda, with a focus on youth, 
must be a priority.

As labour-saving automation expands on farms, 
not only does the farm workforce become smaller, 
it becomes more skilled. An important challenge 
is to facilitate a transition of the agricultural 
workforce from low-skill manual activities 
to working with more complex technologies. 
However, fears that automation will displace 
millions of farm workers without other job 
prospects are misplaced. The automation of 
agricultural jobs, with the consequent evolution 
of the farm workforce, is a gradual process that 
differs across localities, crops and farm tasks. 
The incentives to adopt labour-saving automation 
are greatest for specific labour-intensive farm 
tasks that are easily automated at low cost. 
As some tasks become automated, others will 
remain labour-intensive. 

If the available automation technologies are not 
scale-neutral, there is a risk that small-scale 
producers and processors may be pushed out of 
business because they lack the economies of scale 
necessary to remain competitive. However, this 
is not an inevitable outcome of automation in 
agriculture; the key is for scale-neutral, low-cost 
automation to become ubiquitous. 

In any case, the assumption that limiting 
automation can preserve agricultural 
employment and incomes is ill-founded. 
Indeed, policies to restrict automation will 
only make farms less competitive and unable 
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to expand their production. To improve 
wages and working conditions for their 
workers, farms must become more productive 
through new technologies. Without labour 
productivity-enhancing technologies, the 
prospects of moving poor farm workers out of 
poverty and food insecurity are dim. 

INTRODUCING A ROADMAP FOR 
EFFICIENT, SUSTAINABLE AND 
INCLUSIVE AGRICULTURAL 
AUTOMATION: POLICIES, INVESTMENTS 
AND INSTITUTIONS 
Agricultural automation has strong potential 
for contributing to sustainable and inclusive 
rural development based on intensive, but 
sustainable, agriculture. However, achieving 
this potential is not automatic and depends on 
the socioeconomic context, as well as the policy 
and institutional environment in which the 
process of agricultural automation plays out. 
Whether countries gain or lose from the process 
depends on how they manage the transition. 
Countries that build the necessary physical, 
economic, legal and social infrastructures 
for digital automation stand to benefit. 
Countries that ignore the challenge may lose.

Like any technological change, agricultural 
automation inevitably entails some disruption, 
bringing benefits but also giving rise to 
trade-offs. The report proposes a range of 
possible options regarding policies, institutions, 
legislation and investments. Together they form a 
roadmap to ensure that agricultural automation 
contributes to efficient, productive, sustainable, 
resilient and inclusive agrifood systems. 
Some options focus on creating a conducive 
environment for business in agriculture, in 
particular regarding investments in automation 
technologies, and these need to be complemented 
by regulations and other actions to guarantee 
they lead to environmental sustainability 
and climate resilience. Lastly, policies and 
programmes must be in place to ensure the 
process works for all, especially marginalized 
groups, such as women, small-scale producers 
and youth.

Governments will also need to balance trade-offs 
between different, and sometimes conflicting, 
economic, environmental and social objectives. 
The proposed policies, investments and other 
public actions � discussed in the next section as 
part of a roadmap for agricultural automation�� 
do not carry the same weight in all contexts. 
Governments must prioritize actions based 
on the challenges faced and their national 
capacities. One important cross-cutting area 
for government intervention is that of general 
services support (GSS), which represents 
government actions that, without distorting 
incentives or favouring certain actors over others 
(or certain sectors within agriculture), create 
an enabling environment for doing business in 
agriculture and agrifood systems.

AGRICULTURE-TARGETED POLICIES AND 
INTERVENTIONS ALSO AFFECT 
AUTOMATION UPTAKE
A number of agriculture-specific policies can 
support automation more directly and help 
overcome barriers to adoption, especially for 
small-scale producers. Governments can influence 
the adoption process through credit policies 
that directly target agricultural automation. 
Investment loans are the most common solution 
for financing automation and they come in 
various forms, such as contract-based securities, 
loan guarantee schemes, joint liability groups, 
leasing, and matching grants. In addition, �smart� 
targeted subsidies that do not distort markets 
can play a role. Improved land tenure security 
is essential, as insecure land tenure restricts 
producers� access to credit because they cannot 
use land titles as collateral. Reducing import 
duties for machinery, digital equipment and 
spare parts, and improving customs procedures 
can also help to lower the transaction costs of 
automation technologies and spur uptake. 

Human capital development is needed to overcome 
digital illiteracy, for example, through vocational 
training centres. Knowledge and skills of 
manufacturers, owners, operators, technicians and 
farmers must all be strengthened, with youth as 
a strategic target as they are often the key drivers 
of automation. Improving agricultural extension 
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and rural advisory services can facilitate adoption. 
Public extension services have always played an 
important role in ensuring inclusive agricultural 
automation. However, the shortage of well-trained 
extension personnel is a major constraint in most 
low- and middle-income countries. 

While human capital is key for users (i.e. farmers  
and service providers), it is equally important for 
those involved in innovations (e.g. researchers  
and scientists). Governments can fund or conduct 
applied research and development on automation 
technologies, in particular aiming at solutions 
adapted to local needs and those of small-scale 
producers. An important area of research is 
impact assessment of precision agriculture 
solutions in terms of profitability, environmental 
sustainability and inclusiveness. There needs to 
be a focus on both small machinery and low-tech 
digital solutions, such as interactive voice 
response (IVR), unstructured supplementary 
service data (USSD) and short message service 
(SMS). Small machinery may be more suited to 
local conditions and small farms, while low-tech 
solutions may more easily reach all farmers at a 
low cost. 

Finally, governments need to develop quality 
assurance and safety standards, which may be 
managed by public, market and third-sector 
organizations. Automation safety laws and 
regulations need to be based on inclusive 
consultation with all stakeholders, and must be 
transparent and supported by measures to ensure 
compliance by users.

POLICIES, INSTITUTIONS AND 
INVESTMENTS BEYOND AGRIFOOD 
SYSTEMS AFFECT AGRICULTURAL 
AUTOMATION UPTAKE
General policies and investments not specifically 
aimed at agrifood systems can shape the 
enabling environment, including infrastructure. 
Road infrastructure is particularly poor in 
low-income countries and in most of sub-Saharan 
Africa. Improving this infrastructure can reduce 
the transaction costs of access to machinery, 
spare parts, repairs and fuel, and facilitate the 

emergence of service markets. Investing in energy 
infrastructure, for example, through development 
of off-grid electricity from renewable resources, 
is equally important as no automation technology 
works without energy. The availability of 
renewable energy based on local investments 
can buffer both shocks in the energy sector and 
fluctuations in fuel prices.

Improving communication infrastructure 
and internet connectivity is critical for 
the proper functioning of agricultural 
automation. Poor connectivity is widespread 
even in some rural areas in high-income 
countries. Policies can grant tax concessions 
or provide low interest loans for rural internet 
providers. Legislation can play an important 
role � promoting public�private�community 
partnerships to improve connectivity and related 
infrastructure in rural areas and provide data 
services and support. Investments should also 
target associated enabling infrastructures, such 
as public datasets on weather forecasts and 
calendars for crop and livestock production.

While physical infrastructure is a primary 
concern, institutions, macroeconomic 
conditions and broader institutional capacity 
are also key to agricultural automation uptake. 
Improving general credit markets is important; 
indeed, small-scale producers� access to credit 
at affordable interest rates is usually limited, 
making it impossible to finance automation 
technologies. It is vital to strengthen institutional 
and political capacity to guide the development 
of automation technologies; if, on the other hand, 
powerful private technology companies get there 
first, the consequences are potentially negative 
with spillover effects on wider society. What is 
more, if transparent national data policies are put 
in place � including data protection, data sharing 
and privacy regulations � they themselves can 
facilitate digital automation. Other enablers are 
the development of national data infrastructures 
and the promotion of interoperability, that is, 
accurate and reliable communication among 
machines. Finally, exchange rate policies and 
trade policies can affect automation patterns 
through the import costs for machinery, digital 
equipment and spare parts.
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CHAPTER 1 AGRICULTURAL AUTOMATION: WHAT IT IS AND WHY IT IS IMPORTANT

phases as a cyclical process with continuous 
feedback between them. The implementation of 
any agricultural operation � from harvesting, to 
disease control, to irrigation � generally starts by 
diagnosing the issue at hand to determine what, 
if any, action is needed. By way of illustration, 
before irrigating, producers need to know 
whether plants require water. Similarly, livestock 
producers need to know the health status 
of animals before prescribing antibiotics. 
A diagnosis can be made using producers� 
experience, but it can also be automated through 
sensors monitored by the producers. Once a 
diagnosis is made, producers decide what needs 
to be done (e.g. the amount of irrigation or 
antibiotics needed) and when. Decisions can 
then be made by agricultural producers based 
on their experience and knowledge, or they can 
be automated by controllers sending signals 
based on information received from sensors 
in the diagnosis phase. In the third and final 
phase (performing), farmers can either conduct 
agricultural operations directly, using hand 
tools or animals, or operate various machines. 

The most advanced automation technologies 
allow the three phases to be entirely automated. 
Fruit-harvesting robots are a case in point. 
These robots carry out all three phases 
sequentially and automatically, while agricultural 
producers simply monitor the sensors and 
maintain the equipment.

Any technology that automates at least one of the 
three phases may be classified as an automation 
technology. Motorized mechanization using 
engine power15 focuses essentially on the last 
of the three phases: performing. It automates 
agricultural operations such as ploughing, 
seeding, fertilizing, milking, feeding, harvesting 
and irrigating, among many others. For the 
purpose of this report, any technology that 
assists agricultural producers in one or more 
of the three phases in Figure�1 is considered an 
automation technology. This includes situations 
where, for example, agricultural producers use 
sensors to monitor plants and animals, thus 
automating the diagnosis phase, but make 
decisions based on their own experience without 

 FIGURE 1   THREE-PHASE CYCLE OF AN AUTOMATION SYSTEM
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SOURCE: FAO elaboration for this report.
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the assistance of automated equipment. In some 
cases, the performing phase can also involve 
sensing (e.g. the creation of yield maps during 
harvesting), which then feeds into the diagnosis 
phase, hence the cyclical representation of Figure�1.

With the rise of digital technologies and 
automated equipment such as sensors and 
robots that rely on machine learning and AI, the 
automation of diagnosis and decision-making 
becomes possible. Motorized machines are 
increasingly complemented, or even superseded, 
by new digital equipment that automates 
diagnosis and decision-making. For example, 
a conventional tractor can be converted into 
an automated vehicle capable of sowing a field 

autonomously.15 Therefore, while mechanization 
eases and reduces hard and repetitive work and 
relieves labour shortages, digital automation 
technologies further improve productivity 
by allowing more precise implementation of 
agricultural operations and more efficient use of 
resources and inputs. As a consequence, digital 
automation can lead to gains in environmental 
sustainability and greater resilience to climate 
shocks and stresses. However, the possible 
effects on labour require careful consideration, as 
explained later in the report. 

Figure 2 represents this technological evolution, 
illustrating the progression of agricultural 
technologies � with examples of each � from 

 FIGURE 2   EVOLUTION OF AGRICULTURAL AUTOMATION
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 FIGURE 3   SHARE OF EMPLOYMENT IN AGRICULTURE OUT OF TOTAL EMPLOYMENT BY INCOME GROUP (TOP) 
AND REGION (BOTTOM), 1991�2019
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or food preparation,27 and for children to play 
and go to school.26, 28, 29 Evidence suggests 
the lifestyle benefits of machine milking � 
freeing up time for producers to do other jobs, 
spend time with their family or enjoy a more 
flexible working day � are those most valued 
by adopters.30, 31 Positive impacts related to 
the alleviation of drudgery can particularly 
empower rural women who gain time to 
undertake new productive initiatives and/or to 
expand existing activities in agrifood systems. 
It also helps attract youth to the sector.

Another important dimension of agricultural 
automation is its potential for generating rural 
entrepreneurship opportunities. For example, 
one of the main constraints to organic 
production is the cost and availability of labour. 
Although there is strong demand in many 
countries for organic products, consumers are 
reluctant to pay substantially more for them. 
Robots for weeding, selective harvesting, and 
other field operations could significantly reduce 
the cost of organic production, thereby creating 
opportunities for more producers. 

In the past, for the successful automated 
performing of certain operations using 
motorized machinery, it was necessary to adapt 
agricultural production. For example, as tomato 
harvesters were adopted in the United States of 
America, a tomato variety was developed that 
ripened uniformly on the vine and had a tough 
skin which would not easily break when handled 
roughly by a machine.32 The new advances 
in digital automation technologies may offer 
solutions for much more refined agricultural 
operations. For example, engineers are currently 
seeking robotics solutions that would permit 
mechanical harvesting of strawberries, one of 
the most delicate and labour-intensive crops.

Beyond the farm, processing, preserving, 
storage and transport technologies can help 
reduce food loss and waste, enhance food safety 
and enable value addition,33 all of which are 
necessary for efficient agrifood systems capable 
of delivering healthy diets for all in a sustainable 
manner. Automation can also provide safer 
working conditions for labourers, for example, 
by reducing occupational hazards related to 
pesticide use.

Plugging the labour gap
In terms of employment, agricultural automation 
has been hailed as a solution to urgent rural 
labour shortages, occurring particularly in 
high-income countries (see Figure�3). Statistics show 
that 2.5�million workers left agriculture in the 
European Union in the last ten years, with 
a predicted further 2�percent yearly decline 
up to 2030.34 The main driver of this is the 
unattractiveness of agriculture as a career 
(harsh working conditions, low pay, lack of 
prospects, etc.). The COVID-19 lockdowns and 
social distancing exacerbated labour shortages, 
and political events leading to immigration 
regulations and policies have restricted access to 
seasonal, migrant labour. 

Many agricultural enterprises, especially fruit 
and vegetable production, rely on human labour 
to perform tasks such as picking, packing 
and disease treatment. Other sectors, such 
as livestock production, can also require a 
large workforce. Automation solutions could 
plug serious shortfalls in labour and enable 
agricultural producers to adapt to sudden shocks 
that disrupt labour markets, leading to improved 
resilience. At the same time, these solutions can 
contribute to decent employment by creating a 
large number of skilled jobs that provide a living 
income and reasonable working conditions, 
attracting skilled younger workers.35 Training 
and capacity building are needed to ensure 
the transition is smooth and inclusive (see 
Chapters�4 and�5).

Given the declining availability of rural labour 
worldwide as economies continue to transform 
(see Figure�3), the maintenance and improvement 
of agricultural productivity will probably require 
automation � at least to perform labour-intensive 
tasks. In many parts of the world, the decrease 
in rural labour supply has led to an increase in 
agricultural wages, promoting further adoption 
of labour-saving technologies.3, 36 

Changes in consumption patterns
Globalization has contributed to changing 
dietary patterns, food preferences and 
consumer demand, and has also led to more 
stringent food safety standards.37 Consumers, 
especially in high-income countries, 
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increasingly care about what they eat and 
how their food is produced, processed and 
transported.38 There is also more concern 
about various health hazards resulting from 
plant and animal diseases or from excessive 
use of pesticides and other chemicals. 
Advanced digital automation technologies can 
facilitate the timely identification of outbreak 
points and allow early and precise treatment, 
thus safeguarding consumer safety and 
limiting financial losses for producers. This is 
particularly important in livestock production 
� since about 60�percent of emerging infectious 
diseases originate from animals � where 
automated systems can play an effective role 
in the prevention and control of zoonosis.39 
Digital automation technologies can also lead 
to reduced pesticide and chemical use on crops, 
as pests and diseases are targeted with more 
precision, ensuring effective plant protection 
with minimum health hazards. Owing to their 
outstanding precision and ability to follow food 
safety procedures in a standardized manner, 
these technologies can prevent and control 
pests and diseases better than humans can, 
resulting in major improvements in food safety. 
Not only do they kill pathogens and block 
transmission routes more effectively, they also 
minimize chemical use.40 

Rising consumer concerns about food quality, 
taste and freshness further incentivize 
investment in digital automation technologies 
(e.g. sensors and mapping systems) that help 
monitor temperature and humidity conditions. 
Fast-changing consumer preferences and 
needs are therefore a key driver to implement 
automation in agriculture.41

Environmental sustainability 
and�animal�welfare
Agricultural automation is critical for 
the future of agrifood systems, given the 
rising environmental and ethical concerns 
surrounding food production and consumption. 
Digital automation technologies, in particular, 
can bring many benefits. Swarms of small, 
autonomous robots (see Glossary) could reduce 
soil compaction and river pollution, enabling 
conservation agriculture, which, in turn, 
enhances land and soil conservation, as well 

as biodiversity for food and agriculture, and 
improves ecosystem services within farming 
systems.42 Digital automation technologies 
can also optimize the use of natural resources 
such as water, for example, through automated 
irrigation. Autonomous robots in the soft fruit 
sector could reduce fungicide and energy 
use, in addition to lowering carbon emissions 
if powered by solar energy. However, the 
energy-intensive process of building robots 
and other technologies used in precision 
agriculture must also be taken into account 
when measuring carbon footprints.43

Agricultural automation can help address 
some of the challenges associated with climate 
change and thus facilitate adaptation efforts. 
This is the case not least for digital automation 
technologies, which through their application 
(e.g. in precision agriculture) can improve 
resource-use efficiency in conditions which 
are increasingly constrained for agricultural 
producers. Moreover, when applied to sensing 
and early warning, they can help address the 
uncertainty and unpredictability of weather 
conditions associated with accelerating 
climate change.

As animal herds increase in size with rising 
numbers resulting in reduced animal welfare, 
livestock management is becoming more 
challenging.44 In this context, new automation 
technologies, such as precision livestock 
farming, can support farmers by monitoring 
and controlling animal productivity, 
environmental impacts, and health and welfare 
parameters in a continuous, real-time and 
automated manner.45 A variety of systems 
using technologies such as sensors, cameras 
or microphones can detect anomalies and alert 
farmers directly, allowing them to intervene 
at an early stage. While the potential of these 
technologies is promising, their use raises 
ethical concerns, due to their potential impact 
on the human�animal relationship � critical 
as it can influence both animal welfare and 
productivity � in particular, the objectification 
of animals, and the notion of care and farmers� 
identity as animal keepers.46,�47 Both the 
benefits and the ethical challenges must be 
taken into consideration when evaluating 
different technologies.
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of mechanization across world regions between 
1961 and 2009. It should be noted that the 
indicator (number of tractors in use per 1�000�ha 
of arable land) takes into account neither 
tractor size nor other types of equipment. 

However, the use of this indicator as a proxy 
for overall mechanization can be justified, in 
part by the unavailability of other data, and 
also by the fact that tractors are currently the 
main power source for numerous agricultural 

 BOX 1   OVERCOMING DATA CHALLENGES IN REPORTING USE OF AGRICULTURAL MACHINERY

Until 2009, FAOSTAT reported regularly on the 
use and trade (volumes and values) in agricultural 
machinery and equipment. Statistical series, starting 
in 1961, were published on a relatively small number 
of items, including total agricultural tractors, 
harvesters and threshers, milking machines, soil 
machines and agricultural machinery. 

The main source of the dataset was an annual 
questionnaire sent to national counterparts, 
covering both use and trade. Some data collected 
through questionnaires were sourced from national 
agricultural censuses � normally undertaken 
every ten years � and updated where possible 
with yearbooks and other ministerial sources and 
data portals in the period between censuses. 
Most countries reported trade data, without 
specifying the units of machinery in use; this raised 
concerns about the data and the need to improve 
both the quality and the detail level of the dataset.

In the early 2010s, FAO revised the 
questionnaire to include a request to countries for 
more detailed information, especially in terms of 
type of machinery. This was complemented with 
traded quantities and values obtained from the UN 
Comtrade database; any remaining data gaps were 
filled using a range of secondary sources, including 
country case studies. 

However, the revised questionnaire did not yield 
the expected response rate. Only a few countries 
were able to provide additional details, and the 
reliability of the overall external information proved 
limited. As a consequence, administration of the 
revised questionnaire ceased and reported data are 
currently only available to 2009 (collected in 2011). 
The result is that very little is known about the 
evolution of the adoption of agricultural machinery 
and equipment in the last ten years. This is a major 
gap in our understanding of how agricultural systems 
are evolving. 

The Statistics Division of FAO has begun the 
process of updating the database on machinery by 
combining different data sources. The methodology 
is still under development and, compared with the 
past, is more reliant on survey data, together with 
agricultural censuses. In the coming years, survey 
data are likely to be collected in the framework of a 
range of projects in which FAO is involved, including 
the Agricultural Integrated Survey Programme 
(AGRISurvey) and the 50x2030 Initiative to Close the 
Agricultural Data Gap. These projects are geared to 
providing technical assistance and promoting data 
collection in agriculture on a range of topics, touching 
on socioeconomic and environmental variables, 
following a parsimonious modular approach that 
covers the inter-census periods. One module among 
those proposed is data on machinery availability 
and use.

Moreover, microdata from agricultural censuses 
are increasingly published in a more systematic 
manner. For the inter-census periods, data on 
machinery use and stocks are available from a number 
of surveys, such as the household survey promoted by 
the World Bank � the Living Standards Measurement 
Study (LSMS) � and similar national surveys. A range 
of harmonized indicators and microdata from such 
surveys are gathered in the FAO Rural Livelihoods 
Information System (RuLIS) database, providing 
another source of data on machinery use.

The updated dataset will include the quantity of 
machinery and equipment in use and produced, and 
the volume of imported and exported machinery (and 
relative trade values).

FAO plans to evaluate all possible reliable 
sources by collecting, processing and developing a 
standardized dataset by 2023. In the longer term, 
the machinery data domain will be updated with 
data collected from the revised questionnaire for 
distribution to countries.
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operations such as land preparation, seeding, 
fertilizing and chemical spraying. In addition to 
transportation, tractors can also provide power 
for pumping water for irrigation as well as for 
milking machines. 

The available statistics on the number of 
tractors per 1�000�ha of arable land (see Figure�4) 
highlight the unequal regional progress towards 
mechanization. While high-income countries 
(Northern America, Europe and Oceania) were 
already highly mechanized in the 1960s, regions 
dominated by low- and middle-income countries 
were less mechanized. Europe witnessed a 
decline in tractor use between the 1990s and 
2000s, with the Russian Federation experiencing 
the greatest decrease (over 50�percent), probably 
due to the political and economic transition in 
the country during that period. However, other 
countries � for example, Albania, Denmark, 
Germany, Ireland and the Netherlands � also 
underwent a significant decrease, although the 

underlying reasons are not clear. Possibly, as 
tractors evolve and farms and farmland become 
more concentrated, the number of hectares (ha) 
serviced by a single machine rises. 

Asia and Northern Africa witnessed rapid 
mechanization after the 1960s. For example, in 
Eastern and South-eastern Asia and Southern 
Asia, the number of tractors per 1�000�ha 
increased by 56�and 36�times, respectively � 
from a combined total of 2.7 million tractors 
in the 1960s to 20.3 million units in the 2000s. 
However, part of the exponential increase 
observed in Eastern and South-eastern Asia in 
the 2000s can be explained by the addition of a 
fourth type of tractor (pedestrian tractor) to the 
measurement analysis; for countries like China, 
Myanmar and the Philippines, this addition 
increased significantly the total number of 
tractors. In Northern Africa and Western Asia 
in the same period, the increase was tenfold 
(from 3�to 33�units per 1�000�ha). Latin America 

 FIGURE 4   TRACTORS IN USE PER 1 000 HECTARES OF ARABLE LAND
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NOTES: Tractors refer to total wheel, crawler and track-laying type tractors used in agriculture. A fourth type of tractor (pedestrian tractor) was 
considered for a subset of countries as of 2000. Only countries that provided data consistently between 1961 and 2009 were considered (total of 
108�countries). Central Asia was omitted due to missing data. See Annex 2 for the complete set of countries, including the 33 countries for which the 
fourth type (pedestrian tractor) was considered as of 2000.
SOURCE: FAO, 2021.9
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 BOX 2   UNDERSTANDING MECHANIZATION IN SUB-SAHARAN AFRICA

Agriculture reliant on human and animal power 
continues to dominate in sub-Saharan Africa, 
limiting productivity. The tractor is one of the most 
disseminated types of agricultural machinery (with 
varying degrees of success) of the past seven 
decades.15 However, tractors remain expensive and 
unaffordable for most farmers. Therefore, sustainable 
rental mechanisms are key for allowing farmers 
� in particular small-scale producers � to access 
mechanization. Tractor hire services operate in the 
region, involving both the traditional (four-wheel) 
tractor and � more recently and to a lesser degree � 
the power tiller (i.e. two-wheel tractor). In contrast to 
the negative image of government-operated tractor 
hire services, there are thousands of individuals 
across the region who own tractors and can provide 
tractor hire services to farmers. TROTRO Tractor in 
Ghana is a case in point (see Box�3 on p.�25). 

The figure provides a snapshot of current use � 
through ownership or rental � of four-wheel (left) and 
two-wheel (right) tractors in selected sub-Saharan 
African countries for which data are available from 
the Living Standards Measurement Study - Integrated 
Surveys on Agriculture (LSMS-ISA) project. 

Tractor ownership at the household level remains 
very low even for two-wheel tractors, which are usually 
less expensive. The availability of tractor rental services 
only slightly increases access to four-wheel tractors. 
The low uptake of two-wheel tractors, together with 
an almost non-existent rental market, highlights how 
suppliers are yet to establish fully operational and 
sustainable local franchises for the supply chains 
of these machines and spare parts.15 Establishing 
commercially sustainable hire services (through private 
or cooperative ownership) is a high priority in any 
strategy for sustainable agricultural mechanization in 
the region.

 FIGURE  SHARE OF AGRICULTURAL HOUSEHOLDS WITH ACCESS TO TRACTORS, IN SELECTED COUNTRIES 
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automatically, as and when necessary, thus 
avoiding damage from heat, cold or drought.39

The transformation by digital technologies of 
the use of motorized machinery such as tractors 
and harvesting equipment is somewhat limited, 
especially in low- and lower-middle-income 
countries.1, 2 On the other hand, the 
organizational models for the use of motorized 
machinery are undergoing significant changes. 
There is an increasing focus on shared rather 
than individual ownership of machines 
by producers in low- and middle-income 

countries. Asset sharing has existed for a 
long time, but with limited success due to, for 
example, distrust between farmers, operators 
and machine owners, and issues related to 
machine maintenance. More recently, IoT and 
GNSS solutions, although still very limited 
among small-scale producers, are being widely 
adopted by service providers (including those 
mentioned in Box�3). By facilitating monitoring 
of the machinery, they enhance transparency 
and trust between service providers and 
users. Perhaps the most important change is 
the embodiment of traditional mechanization 

 BOX 3   DIGITAL TOOLS FOR IMPROVED ACCESS TO MECHANIZATION SERVICES

Digital tools based on the Uber taxi model are on 
the rise and promise to reduce transaction costs for 
tractor services. TROTRO Tractor in Ghana, and Tun 
Yat in Myanmar hire out machinery and share services 
through a digital platform and mobile phone services. 
These tools demonstrate real potential for inclusive 
agricultural mechanization.

TROTRO Tractor matches small-scale producers 
with the agricultural machinery they require, 
primarily tractors, and with the owners of that 
machinery, through a digital platform accessed via 
smartphone apps, as well as through unstructured 
supplementary service data (USSD) for users who 
do not own a smartphone. Currently TROTRO Tractor 
has 75�000�farmers registered across Benin, Ghana, 
Nigeria, Togo, Zambia and Zimbabwe. It relies on 
both business-to-client and business-to-business 
relationships, retaining a commission percentage on 
the cost of the service.

In addition to tractors (offering any type of service 
from ploughing to harrowing, and from planting and 
seeding to spraying) and combine harvesters, the 
TROTRO Tractor platform also connects producers 
with drone owners who offer their services for mapping 
and herbicide spraying. There is growing demand 
for drone-based mapping as farmers appreciate 
the importance of land tenure and understand that 
accurate land data may be crucial when requesting 
financial services from banks or insurers.

Tun Yat provides similar tractor services 
through a smartphone app, specifically targeting 
small- and medium-scale farmers, with a focus on 
women (representing 30�percent of clients) and 
youth (with 25�30�percent of clients under the age 
of�30). Tun Yat owns five tractors and five combine 
harvesters and offers a range of mechanization and 
matchmaking services to more than 20�000�customers. 
Services include ploughing, land preparation, seeding, 
combine harvesting with different headers for different 
types of harvest (e.g. mung beans or maize), and 
picking (e.g. sesame or groundnut). Most customers are 
small-scale producers with landholdings under 2�ha, 
who are especially in need of reliable and affordable 
mechanization services.

The Tun Yat business model embraces 
diversification, with services including resale of inputs 
(e.g. fertilizer), credit brokerage, and laser levelling 
to assist farmers in flood-prone areas who need to 
level farm plots and develop drainage. It also offers 
direct purchase from farmer groups of raw material, 
which is then processed into snacks and sold at 
convenience stores. 

In synthesis, the Uber-like business model is 
advantageous both for farmers who do not own tractors 
and for equipment owners; the latter can maximize, 
closely monitor and plan machinery use and fuel 
consumption, offering competitive rates to a broader 
customer base.

SOURCE: Ceccarelli et al., 2022.2
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equipment with IoT devices (e.g. a combination 
of motorized harvesting equipment from 
a hiring service, GNSS data and a trained 
operator to drive a tractor), which can result 
in more effective use of machines, as well as 
higher yields.1 

The potential of digital technologies for 
non-mechanized precision agriculture 
The previous section described how digital 
technologies can transform the landscape of 
agricultural machinery, making mechanization 
both more precise and more accessible. 
Nevertheless, the adoption of motorized 
agricultural mechanization is still limited 
in many low- and middle-income countries, 
especially in sub-Saharan Africa. There is 
growing research on precision agriculture 
for non-mechanized production and its 
adoption is increasing.40, 41, 42 Methodologies 
for manual site-specific fertilizer application 

were developed a long time ago � for example, 
variable rate technology (VRT) for fertilizer 
on rice43 � while the AgroCares hand-held 
soil scanner is available in several low-income 
countries in Africa and Asia.44 Non-mechanized 
farms in Africa and Asia are adopting 
uncrewed aerial vehicle (UAV) services (also 
known as drones), while GNSS can be used on 
non-mechanized farms to map field boundaries 
and establish land tenure.45

However, there is a lack of information on 
adoption levels; it is not clear how many 
agricultural producers actually use digital 
technologies.46 Results from two technical 
studies � commissioned for this report1,�2 
� indicate that at the field level, a variety 
of digital tools and remote sensing and 
mapping technologies are increasingly 
used by small-scale agricultural producers 
and pastoralists across the world (see Box�4). 
Smartphones, with diverse sensors and 

 BOX 4   DIGITAL TOOLS NOT LINKED TO MECHANIZATION � DISEMBODIED SOLUTIONS

Disembodied digital solutions (see Glossary) are 
not linked to mechanization. They are primarily 
software-based solutions that do not rely on the 
use of agricultural machinery. Instead, they require 
limited hardware resources, generally in the form of a 
smartphone, tablet, software tool (e.g. advisory apps), 
farm management software or online platform. This sets 
them apart from embodied digital solutions, where 
digital tools are combined with machinery to interact 
with the environment. 

Disembodied solutions may include remote sensing, 
but limited to data for decision support and scouting. 
These are increasingly used across the globe as 
illustrated below by examples from across the world. 
The South African company, Aerobotics, operates 
in 18�countries, offering disembodied solutions 
with an uncrewed aerial system (UAS) and remote 
sensing for decision support to growers of fruits and 
nuts. The technologies allow early detection of pests 
and diseases, enable timely monitoring of water, 
fertilizer and nutrient requirements, and facilitate 
yield management. 

In Morocco, SOWIT offers disembodied solutions 
using remote sensing, UAS for imagery collection, and 
machine learning based on data from field or weather 
databases. The technologies can be applied to fruit 
trees, cereals and rapeseed and they inform farmers of 
irrigation and fertilization requirements, estimate yield, 
monitor the dry matter content of forage, and carry out 
plot inspections. 

In Nepal, Seed Innovations offers an Android 
application for farmers to use satellite-based analytics, 
global navigation satellite systems (GNSS) and artificial 
intelligence to monitor crop performance � including 
identification of water and nutrient deficiencies or 
surplus, and of pest and disease threats � and access 
and exchange agronomic information. 

Based in Fiji, TraSeable Solutions has 2�000�active 
customers across seven Small Island Developing 
States in the Pacific. The company offers two main 
solutions. The first is a mobile app that informs 
farmers about the agriculture sector, records and 
manages farm data, and keeps track of resources, 
inventory, sales and expenses. The app also helps 
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contrary, technology adoption is an iterative 
process; it starts with basic research to show 
the potential application and then converts 
scientific ideas into usable commercial products. 
Building on Figure�2 (p.�5), Figure�5 (p.�30) provides 
further examples of technologies covered in this 
chapter, organized by agricultural production 
system. These do not mirror, but rather 
complement, the technologies in�Table�2. 

Advances in automation for 
livestock production
As illustrated in Table�2, some of the first digital 
automation technologies emerged in the 
livestock sector. Precision livestock farming is 
made possible by attaching sensors to animals 

or to barn equipment to operate climate control 
and monitor animals� health status, movement 
and needs, including related to breeding.67 
Several precision livestock technologies have 
been developed that facilitate management 
of individual animals based on electronic 
identification (EID) tagging, the most common 
being milking robots, which allow cows to be 
milked without direct human involvement. 
The conventional milking machine uses a 
vacuum technology but still requires a human 
operator to place it on and remove it from the 
animal. On the other hand, EID automates 
the process by allowing a milking robot to 
access a database of udder coordinates for 
specific cows.68 This fully automated system 
adapted to animal production has great 

 TABLE 2   SELECTED MILESTONES IN DIGITAL AUTOMATION IN AGRICULTURE �
Year Technology or activity Company or organization Country Reference

1974 Electronic ID for livestock Montana State University United States of America Hanton and Leach, 197450

1983 

Executive order allowing 
civilian use of GPS US Government United States of America Brustein, 201451

Rip and Hasik, 200252

Drone fertilizer and 
pesticide application Yamaha Japan Sheets, 201853

1987 Computer-controlled VRT 
fertilizer Soil Teq United States of America Mulla and Khosla, 201654 

1992 Milking robot Lely Netherlands Lely, 202255

Sharipov et al., 202156

1997

GNSS agricultural 
equipment guidance Beeline Australia Rural Retailer, 200257

N-Sensor Yara Norway Reusch, 199758

2006 Automated sprayer boom 
section controllers Trimble United States of America Trimble, 200659

2009 Planter row shut-offs Ag Leader United States of America Ag Leader, 202260

2011 Weeding robot Ecorobotix
Naïo Technologies 

Switzerland
France

Ecorobotix, 202261

Naïo, 202262

2013 Combine harvester operator 
assistance system Claas Germany Claas, 202263

2017 First fully autonomous 
field crop production Harper Adams University United Kingdom Hands Free Hectare, 201864

2018 Autonomous chaser bin Smart Ag United States of America Smart Ag, 201865

2022 Autonomous large-scale 
tractor John Deere United States of America John Deere, 202266

NOTES: GPS � global positioning system; VRT � variable rate technology; GNSS � global navigation satellite system.
SOURCE: Lowenberg-DeBoer, 2022.48 
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prospects in terms of cost savings and raising 
productivity.69 However, the evidence of the 
monetary benefits of milking robots is mixed: 
some studies indicated a positive impact,70, 71, 72 
while others found no financial gains compared 
with conventional milking machine systems.71 
Therefore, it would seem that adoption is 
driven not only by monetary but also by social 
considerations such as increased flexibility 
in work schedules and better quality of life 
� factors particularly relevant on small and 
medium-sized farms. More recently, however, 
larger dairy farms (with over 1 000 cows) have 
joined medium-sized farms in adopting robotic 
milking systems due to labour shortages. 
Therefore, the decision to use robotic milking 
may be based on quite different considerations 
on larger dairy farms.48 Box�5 presents examples 
of digital automation of livestock production 
in Africa, Europe and Latin America and 
the Caribbean.

Global sales of automatic milking systems 
(AMS) have grown from USD�1.2�billion in 
2016 to USD�1.6�billion in 2019, which points 
to a growing demand, albeit concentrated in 

high-income countries, with countries such 
as Germany, the Netherlands and the United 
Kingdom being early adopters.73, 74 Indeed, 
while no statistics on adoption are available 
across different regions and countries, the 
evidence indicates that adoption is confined 
to high-income countries, mostly in Northern 
Europe.75 Demand is driven by lack of rural 
labour, coupled with a generational shift. 
Table�2�(p.�29) shows that the first commercial 
AMS was used in the Netherlands in 1992; it has 
since spread to other countries.69 The absence 
of data on low- and middle-income countries 
suggests the technology is almost absent 
there.48, 76

In addition to milking machines, there are 
also technologies for the automated feeding of 
varying amounts of concentrates to cows based 
on their milk production.77 The same applies to 
poultry, where feeding systems are based on 
bird weight and egg count, and computerized 
control of ventilation is based on temperature 
and humidity.78 However, data and evidence 
regarding their adoption trends and drivers are 
even scarcer. 

 FIGURE 5   SELECTED DIGITAL TECHNOLOGIES AND ROBOTICS WITH ARTIFICIAL INTELLIGENCE 
BY AGRICULTURAL PRODUCTION SYSTEM
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Advances in automation  
for crop production
Automation of crop production involves the 
use of many precision agriculture technologies, 
namely VRT, GNSS, robots, drones and AI. 
These may require the collection of spatial 
data, based on a geographic information 
system (GIS), using information�from crop 
simulation models to identify the amount 
of inputs necessary to maximize�yield and 
profit.67�Underlying these applications 
are sensors, including proximal sensing 
(e.g.�measurement of nitrogen in the�soil) 
and remote sensing (e.g. satellite imaging). 
Depending on connectivity, operators can share 
these data with stakeholders via smartphones 

and user-friendly apps that present the data in 
a simple manner.35 

Adoption varies by agricultural commodity, 
capital cost, wage rate and other economic factors. 
In any case, adoption by small-scale agricultural 
producers is negligible; this is because there 
is almost no research on its adaption to 
small-scale agriculture and it is not easy to 
transfer the technology from mechanized to 
non-mechanized operations. 

GNSS and VRT, matched with motorized 
machinery, are the most widely used in crop 
production to enable autosteer and on-the-go 
application of inputs. One of the main drivers of 

 BOX 5   DIGITAL AUTOMATION OF LIVESTOCK PRODUCTION: EXAMPLES FROM LATIN AMERICA, AFRICA 
AND EUROPE

The company Cattler originated in Argentina in 2019, 
but has since expanded its business to other countries, 
including Paraguay and Uruguay and, more recently, 
Brazil and the United States of America. It offers an 
automated farm management system for beef cattle 
farms based on satellite information and provides 
feedback and insights for improving management. 
The company targets medium-sized rather than the 
largest farms. According to the company, a key driver of 
adoption has been the need to simplify operations and 
make a return on investment. 

In Burkina Faso and Mali, and soon the Niger, 
with the support of the Netherlands Development 
Organization, GARBAL provides highly contextualized 
advisory information on livestock and crop 
production, as well as on fodder, milk and cereal 
markets. With a specific focus on women and 
youth, the digital solutions offered help small-scale 
producers and pastoralists affected by climate change 
in the Sahel make decisions concerning grazing lands, 
herd migration, the weather, and various farming 
practices. Solutions rely on satellite imagery, mobile 
phone SMS, unstructured supplementary service 
data (USSD), and a call centre with local operators 
speaking local languages. The use of mobile phones 

makes the solution very accessible. It was driven by, 
inter alia, public�private partnerships, subsidies, 
engagement with local farmer and pastoralist 
organizations, and the bridging of traditional and 
scientific knowledge. Key challenges have been 
the need for highly context-specific solutions, the 
security situation in some countries, significant 
capacity-building requirements, connectivity and 
network reception problems, and data quality issues.

Lely, a family-owned company in the Netherlands, 
offers robotics, as well as management software 
solutions for dairy farming, targeting medium- to 
large-scale producers with more than 100�cows, 
but not to date the largest farms. The principal 
technologies adopted are stationary milking robots, 
followed by manure robots and feeding robots. 
Grass harvesting robots optimize grass production, 
while upcoming products focus on reducing emissions. 
This is complemented by management software 
for all farm operations, including information on 
animal status welfare. The technology proposed can 
address issues of limited labour availability, emissions 
regulations and animal welfare. Key drivers of adoption 
are energy efficiency, chemical use reduction and 
labour shortages.

SOURCE: Ceccarelli et al., 2022.2
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is also quite common in some middle-income 
countries, such as Brazil and China.93 

Some lesser known advances in 
automation: aquaculture, forestry, 
and controlled environment crop 
production
Digital automation is on the rise in the 
aquaculture sector in response to labour 
scarcity and high wages. There is wide 

adoption of innovations that automate feeding 
and monitoring, despite their high investment 
costs, as they minimize labour and other 
variable production costs and reduce the 
labour requirements to a few highly skilled 
operators.94 Box�6 showcases recent aquaculture 
innovations in India and Mexico.

In forestry, many wood harvesting operations 
are already highly automated, using motorized 
machinery progressively upgraded with digital 

 BOX 6   NEW AQUACULTURE TECHNOLOGIES: EXAMPLES FROM INDIA AND MEXICO

Aquaculture has already demonstrated its crucial 
role in global food security and nutrition, constituting 
one of the world�s largest sources of animal protein, 
with production growing at 7.5�percent per year since 
1970.95 Given the capacity of aquaculture for further 
growth, but also the enormity of the environmental 
challenges the sector faces as it intensifies production, 
new sustainable aquaculture development strategies 
are necessary. Such strategies need to harness 
technical developments in, for example, feed, genetic 
selection, biosecurity and disease control, and digital 
innovation. This can, in turn, enhance precision, 
improve decision-making, facilitate autonomous 
and continuous monitoring of fish, and reduce 
dependencies on manual labour, thus improving staff 
safety, fish health and welfare, while also increasing 
productivity, yield and environmental sustainability.96

Aquaconnect in India is a case in point. 
Although India is one of the world�s largest aquaculture 
producers, harvesting 7�million tonnes in 2018,95 the 
industry is characterized by a lack of transparency and 
inefficient value chains. Aquaconnect uses artificial 
intelligence and satellite sensing technologies to 
monitor the performance of aquaculture farms and 
provide shrimp and fish farmers (mostly small- to 
medium-scale) with advice to increase productivity. 
This solution is combined with an omnichannel 
platform that sells farm inputs at affordable prices. 
It also bridges the gap between farmers and 
financial institutions and improves market linkages. 
These solutions are currently assisting over 60�000�fish 
and shrimp farmers across India to increase 
productivity, enhance market linkages and improve 

access to formal credit and insurance.1 In parallel, the 
Government of India has allocated about USD�3�billion 
for the modernization of agriculture, including value 
chains of aquaculture and fisheries, and expressed 
interest in supporting initiatives (e.g. start-ups) that 
implement technologies and promote innovation. 

Another ambitious project that promises to 
transform the aquaculture industry is Shrimpbox, 
the world�s first robotic shrimp farm, developed in 
Oaxaca, Mexico (see Atarraya case study in Annex�1). 
The technology provides automated systems that 
can be monitored remotely with software capable 
of learning and making decisions. The systems are 
integrated with biocontrol based on microbial methods 
to reduce nitrate build-up, prevent diseases, and save 
water in shrimp production, leading to significant 
reductions in water consumption, labour requirements, 
risk of diseases, and losses.2 According to the creators 
of the technology, a robotic farm can produce as much 
in 0.5�ha as a traditional 100-ha�farm, while using only 
5�percent of the water and remaining antibiotic-free.97 
Shrimpbox can farm shrimp in colder climates and 
without ocean access. This in turn means that fresh, 
high-quality shrimp can be delivered to regions that 
today depend on imports of frozen produce. 

Aquaconnect and Shrimpbox are just two examples 
of new technologies set to make aquaculture a 
more sustainable, inclusive and efficient process. 
However, the priority should be to further develop 
aquaculture in Africa and in other regions where 
technological development is lagging and food 
insecurity and malnutrition are more severe.95
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 BOX 7   EVOLUTION OF THE FORESTRY SECTOR: MECHANIZATION AND DIGITAL AUTOMATION

Historically, work in the forestry sector was 
physically hard and potentially dangerous, especially 
in the wood harvesting phase. Systems with low 
technological input required a special logging crew 
consisting of a logger and a supporting logger, with 
an additional group of workers to trim the branches. 
Once trimmed, another specialized team, comprising 
a marker, a cross-cutter and two to three draggers, 
would cross-cut the trees into logs.100 Because of the 
demanding labour requirements and the danger to 
workers, such manual logging methods are much less 
common now. 

In the 1950s, a process began to upgrade the 
logging sector from reliance on mainly manual 
labour to mechanization and partial automation. 
Forestry harvesting can be divided into four distinct 
phases: felling of the trees, extraction from the 
forest, sorting and loading at a landing site, and 
transportation to the market. Harvester machines 
are now capable of multiple operations (felling, 

extracting, cross-cutting and sorting). Such machinery 
has resulted in significant increases in efficiency 
and improved working conditions. The advantages 
of mechanization and digital automation include 
the safety and comfort of the harvester operator. 
In the process, labour productivity has increased 
dramatically. In Sweden, productivity per worker 
increased sixfold from 1960 to 2010 (see figure).

Even in these more mechanized logging systems, 
labour typically represents about 30�40 percent of 
running costs in European countries.102 The work 
environment is stressful since operators need to make 
many decisions at a fast pace, manoeuvring complex 
machinery and identifying differences in log quality, 
thus limiting the number of hours they can work. 
Therefore, one way to increase productivity is to raise 
the level of automation. The adoption of autonomous 
equipment is driven by productivity and operational 
costs. Although an autonomous machine is generally 
slower than operator-handled equipment, it can still 

 FIGURE  STANDING VOLUME OF WOOD PER WORKING DAY IN THE SWEDISH FORESTRY INDUSTRY, 
ROLLING THREE-YEAR AVERAGE 
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where combine harvesters reduced rice losses 
and raised yields by 24�percent.2 Based on two 
recent case studies, Box�8 provides evidence for 
the business case of investing in motorized 
mechanization in Ethiopia and Nepal.

Even in sub-Saharan Africa, where 
mechanization is not widely adopted (see 

Chapter�2), evidence indicates that it has brought 
great benefits. In Côte d�Ivoire, tractor use 
promoted the application of modern inputs and 
better crop management, increasing land and 
labour productivity. A study across 11�African 
countries found that tractor use increased maize 
yields by around 0.5�tonnes/ha.3 In Ethiopia and 
Ghana, households using tractors were able

 BOX 8   A COMPARATIVE COST�BENEFIT ANALYSIS FOR MECHANIZED VS MANUAL AND/OR ANIMAL 
TRACTION IN WHEAT PRODUCTION: EVIDENCE FROM ETHIOPIA AND NEPAL

In Ethiopia, farmers using a two-wheel tractor in wheat 
production reduced the costs of the essential operations 
of seeding, harvesting and threshing by 46�percent, 
65�percent and 48�percent, respectively, compared 
with traditional technologies using manual tools or 
animal traction (see figure). Transportation costs also 
went down. The average total revenue increased: from 
USD�1�964 for traditional practices to USD�2�567 for 
mechanized operations. The average total variable cost 
for mechanized and conventional farming systems was 
USD�526 and USD�818, respectively.

As a consequence, the gross margin for mechanized 
operations was 78�percent higher, reaching USD�2�041. 
These results indicate that mechanized production 
of wheat is far more productive and profitable than 
non-mechanized production. 

Similarly, in Nepal, wheat production using 
motorized mechanization � including a fertilizer drill, 
a reaper and a tractor-powered thresher � resulted 
in reducing the total farm operation cost by almost 
half and increasing the gross margin by 81�percent, 
reaching USD�514 (see table on p. 42).

 FIGURE   COST OF AGRICULTURAL OPERATIONS IN WHEAT PRODUCTION USING MOTORIZED VS NON-
MOTORIZED EQUIPMENT � THE CASE OF ETHIOPIA
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technologies (e.g. dryers and cold storage), 
which can reduce contamination,12 provided 
appropriate implementation is in place. Box�9 
highlights the role of agricultural automation 
in improving food safety.

Mechanization also makes agricultural 
production more resilient. In particular, it 
improves resilience to climate shocks, such as 
droughts, since it allows farmers to complete 
farming activities more quickly and to be 
more flexible in adapting work to changing 
weather patterns. For example, irrigation 
pumps can increase or stabilize yields where 
rain is unpredictable and drought is common,1 
as is mostly the case in the Near East and 
North Africa.13 Mechanization also helps build 
resilience to health shocks affecting family 
or hired labour, which can in turn severely 
disrupt agricultural production.14 

Tailoring motorized mechanization 
solutions to local needs is key to 
enhancing the business case
The evidence presented thus far suggests there 
is continuous scope for the use of motorized 
mechanization, especially where adoption 
to date has been slow or absent. It may be 
possible to leapfrog the mechanization stage 
and pass directly to digital automation 
and robotics with AI, but this is only really 
feasible in a few high-income countries 
(see Chapter�2); in contrast, a wide variety 
of motorized mechanization solutions are 
available to low- and lower-middle-income 
countries. A large part of the business case for 
motorized mechanization depends on context 
and the agricultural machinery considered 
for adoption. For large farms located on plain 
terrains, agricultural producers can benefit from 
large machinery such as combine harvesters 
and four-wheel tractors. However, small-scale 
producers may benefit more from small-scale 

 BOX 9   LEVERAGING AGRICULTURAL AUTOMATION TO IMPROVE FOOD SAFETY

The introduction of technologies � from refrigeration 
for food storage and transport to innovations in 
dehydration and smoking processes � has vastly 
improved food preservation and safety. For example, 
in the livestock industry, the vertical meat rail system 
used for carcass dressing in slaughterhouses is a 
simple yet effective mechanism to prevent meat 
contamination. The automation of harvesting, sorting 
and packaging of foods greatly reduces the risks of 
transmitting food-borne pathogens from workers 
to food. Mechanical sorting of peanuts to reject 
kernels with high fungal infection has been extremely 
successful in improving public health. However, it is 
important to follow appropriate equipment sanitation 
and hygiene practices to prevent the transmission of 
food-borne hazards from the machines themselves. 
For example, machinery used to collect crops can 
introduce allergens into a supply chain unless 

cleaned properly. Machines can also introduce food 
safety hazards through oil leakages, hydraulic fluids, 
exhaust fumes and others. 

Advances in digital automation also offer 
improvements in rapid detection of contaminants 
in food, provide better tools to facilitate timely 
investigations of food-borne illness outbreaks, and 
enhance surveillance and monitoring systems. 
Remote sensing technology in precision agriculture 
allows for early detection of pest damage and 
targeted and timely applications of agrochemicals, 
thus preventing overuse. However, benefits are not 
inevitable; for example, in some cases, automation 
may increase inputs of agrochemicals to reach the 
desired goal, which can be harmful to both humans 
and the environment. It is also important to ensure 
equitable access to technologies and to address 
issues related to data privacy and ownership. 

SOURCE: FAO, 2022.17
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machines such as small four-wheel and 
two-wheel tractors, which are both less costly 
and more considerate of environmental 
sustainability.18 These machinery solutions have 
proved key for narrowing the mechanization 
divide in Asia.2,�19, 20 They are better adapted 
to small farms as they can manoeuvre around 
tree stumps and stones, in addition to being 
easier to operate, maintain and repair, and more 
suitable for microfinance. Furthermore, they 
can be used to pull rippers and direct seeders 
for mechanized conservation agriculture, thus 
contributing to improved climate resilience.21,�22 
Box�10 provides a concrete example of the benefits 
of small-scale machinery in building the 
resilience of small-scale producers in Myanmar.

Recent innovations tailoring motorized 
machinery to local needs go beyond simply 

adapting the size of the machinery to meet 
local challenges. Countries in the Near East and 
North Africa increasingly face water shortages 
that limit agricultural output growth. Box�11 
describes the case of mechanized raised-bed 
planting in Egypt � an example of innovative 
synergies between mechanization implements 
and improved inputs and field practices, 
which together raise yields while saving scarce 
natural resources.

Agricultural mechanization is currently high 
on the policy agenda of many low-income 
countries, especially in sub-Saharan Africa, 
where it was neglected for some time following 
the earlier failures of state-led mechanization 
programmes.23 There are ongoing debates about 
which technological pathway governments and 
development partners should support, especially 

 BOX 10   ENHANCING THE RESILIENCE OF SMALL-SCALE PRODUCERS THROUGH SMALL-SIZED MOTORIZED 
MECHANIZATION

In response to the 2015 cyclone and subsequent 
drought in 2016 in Rakhine, Myanmar, FAO, 
together with the Government of Myanmar, 
began a one-year project (2016/17) funded 
by the Government of Japan. Its goal was to 
improve household food security and increase 
resilience of small-scale producers in conflict and 
natural disaster-prone areas. Among the project 
components, FAO increased the availability of 
small farm machinery such as two-wheel tractors 
and water pumps. The mechanization activities 
were rolled out in 7�townships and 73�villages 
affected by flood and conflict in Rakhine. In total, 
the project distributed 55�two-wheel tractors 
and 94�water pumps, and provided training on 
the use and maintenance of small machinery. 
In addition, 146�village members received training 
as tractor operators.

The results reveal significant benefits for farmers 
and the community in general, with lower land 
preparation costs (USD�1.6/ha) and major savings 
in time (two-wheel tractors were seven times faster 

than draught animals). Timely land preparation 
further translated into increased resilience, as 
farmers improved their ability to cope with erratic 
weather and labour shortages, and respond to 
other hazards. Other benefits in terms of improved 
incomes and food security came from cultivation 
of legumes and vegetables for both household 
consumption and markets, thanks to irrigation from 
water pumps installed during the dry season. 

Other small machinery such as dryers, threshers 
and reapers can have a positive impact on the 
resilience of small-scale producers while creating 
rural job opportunities and reducing work burdens. 
However, the selection of one technology over 
another must depend on the local context and a 
needs assessment. Furthermore, technical support 
is vital, as well as the availability of repair and 
maintenance shops and technicians in the villages 
or surrounding areas, to sustain mechanization 
services. Finally, the project concluded that results 
would have been greatly enhanced by increased 
attention to women and youth.

SOURCE: FAO, 2019.24
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where automation has not yet been introduced 
(e.g. most of sub-Saharan Africa and many 
mountainous areas). There is no one-fits-all 
approach; instead, there will be a best fit under 
certain conditions.18 Decisions to automate 
agricultural operations should take into account 
local conditions, including opportunities and 
barriers, and associated market demand for 
mechanization technologies. 

The (continued) importance of manual 
and animal draught power
Despite the benefits of motorized 
mechanization, there is evidence that manual 
technologies and animal traction can still play 
an important role. Animal traction can be an 
important source of power for very small and 
fragmented farm holdings, especially if pasture 
and water are available and animal diseases 
can be contained.18 Animal traction makes it 
possible to integrate livestock and crops, and 

optimize resource use, for example, using 
manure for crop production and crop residues 
for animal feeding. For many producers, it is 
also the best immediate strategy to overcome 
power shortages before transitioning to 
motorized mechanization.21, 27 For the majority 
of African small-scale producers, the transition 
to animal draft power would mean real 
progress.18

A similar reasoning can be applied to advanced 
manual tools � that is, tools that rely principally 
on human power but are intelligently designed 
such that maximum results are achieved with 
minimum effort. Such tools are particularly 
suited to farms where machinery is difficult to 
operate. They save labour � freeing up time for 
rest or for other income-generating activities 
� reduce costs and drudgery, and improve 
resilience. Box�12 (p.�46) provides a concrete 
example of the benefits of such machinery, 
reviewing the impacts of the manual drum 

 BOX 11   MECHANIZED RAISED BEDS IN EGYPT FOR IMPROVED PRODUCTIVITY AND SUSTAINABLE 
WATER USE

Mechanized raised-bed planting is an effective means 
of increasing productivity and crop yields, saving 
scarce water, and reducing waterlogging through 
better drainage. When applied to wheat production in 
Egypt, the technology was associated with a 25�percent 
increase in productivity due to higher yields, 
50�percent lower seed costs, a 25�percent reduction 
in water use, and lower labour costs. As a result, a 
mechanical raised-bed programme is now a component 
of Egypt�s national wheat campaign, and it is estimated 
that by 2023 approximately 800�000�ha of wheat will 
be planted with the technology. It is further estimated 
that over a 15-year project horizon, the benefits will 
exceed USD�4�billion, mostly accruing to over 1�million 
Egyptian wheat producers. Other benefits include 
reduced wheat import dependency (by more than 
50�percent by 2025) and increased water productivity 
on more than 200�000�ha of water-scarce land.

For positive results, it is essential that this 
technology be adapted to local conditions and that 
the precise components of the technology package 
vary according to the specific context. In Egypt, a 
long-term evaluation resulted in a defined technology 
package comprising: an improved wheat variety, 
seeded at a rate of 108 kg/ha; sowing dates in the 
period 15�30�November; bed preparation and 
planting using a mechanized plough/seeder; and 
nitrogen fertilizer applied at a rate of 168�kg/ha. 
When well adapted, the technology is particularly 
attractive to small and medium-sized farms. It is 
relatively affordable, can easily be implemented 
by small tractors, is easy to maintain with locally 
available crops, and allows both monocropping  
(e.g. wheat or rice) and multicropping for interspaced 
crops (e.g. corn, sugar beet, fava beans).

SOURCES: Alwang et al., 2018;25 Swelam, 2016.26
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and cultural and social norms. In this case, 
governments and service providers may need to 
intervene to communicate the expected benefits 
of investing in these technologies. This may 
involve trials, experiments and cost�benefit 
analysis to generate the necessary confidence. 

An important challenge in assessing the 
business case for digital automation technologies 
in agriculture is the scarcity of information 
on their profitability. With the exception of 
motorized mechanization, digital automation 
technologies are new, and data on their adoption 
are dispersed and inconsistent (see Chapter�2). 
Likewise, information about the economic 
benefits varies widely, depending to some 
extent on the level of adoption of the various 
technologies in agriculture.29 For this reason, the 
discussion herein is based mainly on the findings 
of two technical studies commissioned for this 
report.30,�31 These relied, in turn, on 27�case 
studies, built on interviews with key informants 
across the world. They thus provide mostly 
qualitative evidence, based on the experience of 
digital automation service providers or � albeit 
to a lesser extent � representatives of agricultural 
producers. The 27�case studies cover all world 
regions and agricultural production systems 
(crops, livestock, aquaculture and agroforestry) 
and represent novel � yet scalable or already 
scaled � agricultural solutions related to 
motorized mechanization and digital automation 
technologies, targeting small- to large-scale 

farms. The case studies reflect the perspective 
of service providers rather than of agricultural 
producers as the final users. (See Annex�1 for 
a brief description of each case study and the 
methodology applied.a)

Readiness to scale of agricultural 
automation technologies: a framework
The technologies in the 27�case studies around 
the globe vary widely in their readiness for 
implementation. Figure�6 (p.�48) shows the four 
stages of readiness to scale of each type of 
technology. Solutions at the maturity stage mostly 
relate to livestock automation and whole farm 
digitalization. Fully automated equipment and 
machinery adapted to animal production have 
great prospects in terms of cost savings and 
raising productivity (see Box�13). 

Among the technologies that are scaling, 
Figure�6 presents a variety of categories, 
including disembodied digital solutions (see 
Glossary), uncrewed aerial systems (UAS, 
commonly known as drones) and remote 
sensing, mechanization solutions with global 
navigation satellite systems (GNSS), variable rate 
technologies (VRTs), and solutions for protected 
cultivation. The extensive literature dating 
back to the 1990s and supporting the business 

a  For a more detailed description, see McCampbell, 202230 and 
Ceccarelli et al., 2022.31

 BOX 13   THE EVOLUTION OF THE BUSINESS CASE FOR ROBOTIC MILKING SYSTEMS

The adoption of livestock automation technologies 
is on the rise, especially robotic milking systems 
in high-income countries.32 Economic benefits 
can result from both labour savings (estimated at 
18�30�percent)33 and increased milk production 
(10�15�percent per cow).33, 34, 35 Evidence 
indicates that small and medium-sized dairy farms 
(100�300�cows) were the first to adopt robotic milking, 
embraced by younger farmers attracted by better 
and more flexible working conditions (i.e. that do not 
require animals to be milked two or three times every 

day). The business case for milking robots is based 
more on flexible work schedules and better life quality 
for smaller farms than on purely economic benefits. 
There is, however, more recent evidence that larger 
dairy farms (with over 1�000�cows) are adopting robotic 
milking systems in response to labour shortages.29 The 
upfront costs of robotic milking machines make them 
non-viable for very small farms, found mainly in low- 
and middle-income countries, where � on the other 
hand � the technology may be attractive to commercial 
livestock farms with relatively larger herds.
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 FIGURE 6   THE READINESS TO SCALE OF DIGITAL AUTOMATION TECHNOLOGIES ALONG A SPECTRUM
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NOTES: UAS �uncrewed aerial system; IoT � internet of things; AI � artificial intelligence; FMIS � farm management information system; MV � machine 
vision; GNSS � global navigation satellite system; VRT � variable rate technology; RS � remote sensing; DS � decision support. Readiness to scale is 
divided into four stages: (i)�prototype � concept has been tested and demonstrated in limited trials; (ii)�close to market � solution functions under real 
production settings, and the service provider is investigating one or more business models to reach clients; (iii)�scaling � the solution has been adopted 
by several end users/clients, and one or more business models are profitable; (iv)�mature � the solution has a dedicated client base, one or more business 
models are profitable, and demand is growing.
SOURCE: Ceccarelli et al., 2022.31

case for technologies using GNSS36 facilitated 
its adoption. This was not the case for VRT, 
however, as evidence related to profitability is 
mixed (see Chapter 2).29 

Solutions still at the close to market or prototype 
stages mostly include advanced automation 
and robotics for both field and protected 
agriculture, as well as aquaculture, in addition 
to UAS for sensing and input application. 
Some technologies have already proved to be 
profitable and are replacing manual labour in 
high-income countries, performing a range of 

tasks from irrigation, pest scouting, harvesting 
and weeding, to fruit selection and picking; in 
contrast, there is no evidence of their adoption in 
low- and middle-income countries.

Many of the solutions are still in the early stages 
of development and commercialization, and their 
business case is yet to be determined. From the 
27�case studies, some are still at the prototype 
stage (GRoboMac and Seed Innovations), while 
others propose solutions at the close to market 
stage (e.g. Atarraya, Food Autonomy, GRoboMac, 
Harvest CROO Robotics, Hortikey, UrbanaGrow). 
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There are several cases where solutions are 
scaling (e.g. Aerobotics, Cattler, Cropin, ioCrops, 
SeeTree, SOWIT, TROTRO Tractor, Tun Yat) 
or mature (Lely, ZLTO, ABACO, Egistic and 
Igara Tea). See Annex 1 for more details on the 
readiness to scale stage of each technology. 

A closer look at the case study results
From a service provider perspective, one of the 
most important findings emerging from the case 
studies is that only 10�of the 27�businesses appear 
to be profitable and financially sustainable. 
These are in the mature phase (see Figure�6), mostly 
based in high- or upper-middle-income countries 
and serving large-scale producers, although 
exceptions exist (e.g. a tea business in Uganda 
that targets small-scale tea producers). The fact 
that most businesses operate in high-income 
countries � despite sometimes originating in 
upper-middle-income countries, as is the case of 
Aerobotics in South Africa, Atarraya in Mexico 
and Cattler in Argentina � suggests that the 
business case for investing in these technologies 
is stronger in high-income countries. 

From a user perspective, more than one-third 
of the case studies suggested that farmers are 
benefiting from these solutions through gains 
in productivity and efficiency, as well as new 
market opportunities. For example, in Uganda 
a digital solution aimed at improving the 

productivity and efficiency of tea (Igara Tea) has 
enabled 7�000�farmers to increase production 
by 57�percent over five years. A hire service 
company in Myanmar (Tun Yat) testifies that 
each farmer using their services generates 
approximately an additional USD�240 per 
year; this is primarily due to higher threshing 
quality and improved handling with fewer 
post-harvest crop losses.31 In three other cases � 
one focusing on livestock (GARBAL), another on 
mechanization hire services for crop production 
(TROTRO Tractor), and a third on fruit trees 
(SeeTree) � although evidence of their financial 
sustainability is still weak, the fact that farmers 
are already paying for the solutions suggests 
there is a business case for investing in them. 
Where information on the business case is 
lacking, the number of users or investments 
attracted by a solution can be an indication 
of its financial sustainability. For example, in 
five cases, service providers report the number 
of producers using their services (Aerobotics, 
Cattler, Egistic, Lely, SOWIT), and in two cases 
they report the investments the company has 
attracted (Atarraya and Harvest CROO Robotics).

The development of many of these technologies is 
still in the preliminary stages, with the business 
case yet to be determined. More evidence 
from cost�benefit analysis is needed to better 
understand how to tailor technologies to given 
conditions (see Box�14 for a European example).

 BOX 14   THE IMPACT OF A DIGITAL ORCHARD SPRAYER IN THE EUROPEAN UNION: EVIDENCE FROM 
POLAND AND HUNGARY

The European Union has invested EUR�20�million 
in SmartAgriHubs, which aims to digitize European 
agriculture. Part of this project is the Smart Orchard 
Spray Application, designed to leverage smart spraying 
technologies embedded with internet of things 
(IoT) devices for the optimization of efficiency and 
treatment quality in orchards. IoT-enabled sprayers can 
significantly reduce use of plant protection products by 
adapting automatically to specific field zones as well 

as individual plant conditions. The integration of the 
Smart Orchard Spray Application cloud into farmers� 
existing processes and software solutions further 
increases efficiency, profitability and sustainability of 
food production. Being traceable, it can also improve 
food safety and quality levels. Each year, producers are 
able to save EUR 517/ha on fuel and reduce pesticide 
costs by 25 percent as well as increase revenue thanks 
to better decision-making. 

SOURCE: IoF, 2019.37
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This section takes the analysis one step further 
and goes beyond the business case, looking 
at structural factors (i.e. policies, legislation, 
public investments) that shape incentives 
for agricultural producers and providers of 
automation technologies and encourage them 
to assume the risk of adoption. In Africa, for 
example, where adoption has been lower than 
in other regions, the demand for motorized 
mechanization in agriculture is already high and 
continues to grow. However, lack of knowledge 
and of machinery operation and maintenance 
skills, combined with trade regulations, customs 
policies and poor infrastructure, hold back 
adoption.19 The poor infrastructure in many 
African countries also hampers access to urban 
markets and raises prices of mechanization 
services,38 especially for small-scale producers 
who have small, fragmented plots,9 decreasing 
the incentive to invest in technologies.19, 39 
Improving transport infrastructure and road 
networks reduces costs for producers in accessing 
technologies, spare parts, repairs and fuel, and 
facilitates the emergence of service markets.40 
By improving electricity and renewable energy 
supply, governments can also support the uptake 
of motorized mechanization technologies such 
as solar-powered pumps for irrigation and 
machinery for processing and preservation.19,�41,�42 

Likewise, poor infrastructure hinders adoption 
of digital automation technologies, especially 

in low-income countries.30, 31 Limited or absent 
connectivity and other enabling infrastructures, 
including electricity and data infrastructure, 
are consistently reported as barriers in most 
low- and middle-income countries, including 
in some of the case studies reported above 
(e.g.�Atarraya in Mexico, and GARBAL in 
Western Africa). Rural populations are generally 
disadvantaged in terms of internet and 
smartphone access, and thus have limited access 
to valuable services. In contrast, when such 
investments are in place, they lead to increased 
adoption � as demonstrated by two case studies 
(TraSeable in Fiji, and Tun Yat in Myanmar), 
which show how rapid mobile penetration has 
created a favourable environment for adoption 
of digital automation solutions.31

Land tenure is important to technology 
adoption as it can both affect access to finance 
and shape producers� attitudes towards taking 
risks. Agricultural mechanization tends to be 
first adopted by large farms characterized by 
better tenure security, easier access to credit, 
extension and markets, and the ability to take 
risks.43 There is evidence from across the globe 
that large farms often mechanize earlier than 
small farms.4, 44, 45, 46 Nevertheless, small farm 
size does not have to be a barrier to adoption 
if there is the possibility for the evolution 
of technological and institutional solutions 
designed for mechanization on small farms. 

 BOX 15   COVID-19 SPURRED INTEREST IN DIGITAL TECHNOLOGIES: EVIDENCE FROM TWO CASE STUDIES

Of the 27�case studies prepared for this report, 
two highlighted the role of the COVID-19 
pandemic as a particular driver of adoption. 
TROTRO Tractor, operating in several sub-Saharan 
African countries, mentioned the pandemic as 
an important driver of uptake of their services. 
Their platform enabled crop production in spite of 
movement restrictions and a system of e-vouchers 
facilitated adoption.

TraSeable � which offers a mobile app with 
simple digital tools allowing farmers in the Pacific to 
keep up to date on current affairs in the agriculture 
industry � also cited the COVID-19 pandemic as an 
enabling factor of adoption. The app was released 
in 2020 and, according to the interviewee, the 
remarkable increase in downloads has been in part 
due to the limitations on face-to-face contacts to 
control the COVID-19 pandemic.

SOURCE: Ceccarelli et al., 2022.31
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 BOX 16   SOLVING LABOUR SHORTAGES IN STRAWBERRY FIELDS USING HARVESTING ROBOTS

Automated harvesters can autonomously pick, 
inspect, clean and pack crops. Harvest CROO 
Robotics was developed in the United States of 
America to solve the problem of labour shortages in 
the strawberry production industry through a robotic 
harvester.�Each harvester has 16�independently 
working robots, which navigate through the farm, 
inspect the quality and ripeness of the strawberries, 
and then proceed to pick, clean and pack them. 
This technology thus completely replaces manual 
labour in the diagnosis, decision-making and 
performing of this task.

Harvest CROO Robotics is one of the few known 
strawberry harvesting solutions currently available 
in the United States of America. It has attracted 
investment funds from about 70�percent of national 
strawberry growers � typically large-scale � in response 
to concerns related to both lack and cost of labour. 
A pay-as-you-go system is adopted, with producers� 
payments related to the volume harvested.

Once the technology scales, the aim is to have a 
fleet of harvesters that can be controlled remotely from 
an operations centre; in addition to picking, inspecting, 
cleaning and packing, it will also be possible to collect 
data to be shared with the growers.

SOURCE: Ceccarelli et al., 2022.31

In high-income countries, robots are 
replacing manual labour in tasks ranging 
from irrigation, pest scouting, harvesting 
and weeding, to fruit selection and picking. 
For example, in one case study (Harvest 
CROO Robotics), the service provider 
noted that 70�percent of strawberry 
producers in the United States of America 
have already invested in their project to 
develop strawberry harvesting robots 
(see Box�16). Robotics technologies can lead 
to environmental benefits if they reduce or 
eliminate the use of pesticides and herbicides. 
Autonomous crop robots save labour, improve 
the timing of operations, optimize quantities 
of applied inputs, and reduce soil compaction, 
especially when using smaller swarm robots. 
Based on a review of 18�studies, autonomous 
crop robots for harvesting, seeding and 
weeding are economically feasible in certain 
circumstances.61,�62,�63 Swarm robots, in 
particular, offer a cost advantage on farms 
with small, irregularly shaped fields.64 
Policymakers and producers need to gain a 
clearer perception of these benefits in order to 
achieve increased investments in development 
of the relevant technologies. 

The potential of automation for 
unmechanized or scarcely mechanized 
small-scale agriculture
Small-scale agricultural producers comprise a 
highly diverse range of agricultural production 
units. Some may be highly commercialized 
and use modern technologies, including 
motorized mechanization, while others 
practise subsistence farming with simple 
tools. In general, they rely heavily on family 
labour and mechanize only part of their 
farm operations � if at all. In many contexts, 
however, they could benefit from the expansion 
of rental machinery markets. The rental market 
tends to be dominated by large machinery 
that migrates across various agroecological 
zones within and across national borders. 
In order to take advantage of these services, 
producers have had to adapt their farms and 
production systems to conform to this focus on 
large-scale agricultural production. There is 
an urgent need, therefore, to find tailored 
solutions to first, address past negative impacts 
of mechanization and second, facilitate its 
expansion, thus increasing productivity in a 
sustainable manner.
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CHAPTER 4 SOCIOECONOMIC IMPACTS AND OPPORTUNITIES OF AGRICULTURAL AUTOMATION

impacts of agricultural automation on decent 
employment within agrifood systems are 
likely to be very different from the impacts 
on individual agricultural business sites. 
Automation could easily reduce low-paying 
seasonal employment on farms but increase 
higher-paying, less seasonal employment 
upstream and downstream. The question is 
whether the positive social impacts of the 
increase in higher-paying, less seasonal work 
compensate for the negative impacts of the 
decrease in availability of low-paying seasonal 
employment for workers, allowing the latter to 
find alternative employment.

Employment seasonality is a concern in 
agriculture around the globe. Crop and 
livestock production activities are inherently 
seasonal. This means that unemployment 
and underemployment tend to be high in 
some seasons, while there may be severe 
labour shortages in others. For an agricultural 

producer, not having access to labour at 
critical times (e.g. during crop harvest 
and livestock shearing) can have serious 
ramifications for farm operations and may lead 
to losses or discourage cultivation altogether. 
Automation that eases excess labour demands 
during some seasons could, in theory, maintain 
employment in other seasons. This raises 
important questions. Which cropping tasks, 
in which seasons, are easiest to automate, and 
do they coincide with the labour shortages 
farms face? Conversely, what are the impacts 
for the poorest, unskilled workers who find 
themselves without a job once businesses 
start to automate and their skills become 
obsolete? Which policies can ensure a more 
productive, efficient, sustainable and inclusive 
automation process?

For the most labour-intensive crops � primarily 
fruits and vegetables � tasks occurring in the 
most labour-lean seasons are often the hardest 

 BOX 19   ANALYSING AGRICULTURAL AUTOMATION THROUGH THE LENS OF DECENT EMPLOYMENT 

Decent rural employment refers to any activity, 
occupation, work, business or service performed 
for pay or profit by women and men, adults and 
youth in rural areas that:23 (i)�respects core labour 
standards as defined in International Labour 
Organization (ILO) conventions (i.e. against child 
and forced labour and discrimination and with 
guaranteed freedom to negotiate); (ii)�provides 
an adequate living income; (iii)�ensures adequate 
employment security and stability; (iv)�adopts safety 
and health measures; (v)�avoids excessive working 
hours; and (vi)�promotes training. For an analysis of 
agricultural automation through the lens of decent 
employment, it is necessary to examine its impacts 
on the following: 
 
Child labour. According to a recent empirical 
study covering seven developing countries, use 
of tractors (and of combine harvesters in India) 
reduces by 5�10�percent the probability of children�s 
employment, while improving their school attendance. 
However, where access to education is limited, the 

introduction of agricultural machinery may merely 
result in a shift for children from farm to non-farm work 
activities.24

 
Adequate living income. In certain situations, 
automation can contribute to improved incomes, 
livelihoods, profitability and job opportunities.25, 26 
For example, in Uganda, mobile phones are associated 
with positive increases in household income and gender 
equality due to improved access to markets, services 
and information.27

 
Occupational safety and health. New technologies 
can reduce drudgery and health risks (e.g.�through 
decreased use of herbicides and pesticides).28 
 
Reduced working hours. Time savings from agricultural 
automation can allow more time for rest and 
recreational activities. This can also enable small-scale 
producers to engage in non-agricultural employment, 
generating more stable income and contributing to 
resilient livelihoods.
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Many of the potential benefits of agricultural 
automation are neither immediate nor 
automatic. Small-scale producers and 
subsistence farmers lack the managerial and 
technical skills to benefit from the opportunities 
of agricultural automation. They also need to 
update and modernize their business models 
to align with prevailing market requirements 
and standards. This highlights the importance 
of building capacities and putting in place 
effective rural advisory systems that can ensure 
timely access to information on technologies 
and markets (see Chapter�5).

Implications for medium- to large-scale 
commercial production
Commercial family production units are owned 
and operated by family labour, but may also use 
hired labour (e.g. hired field workers, labour 
supervisors, contractors). Automation can 
reduce demand for all three types of labour, 
but can also induce producers to expand their 
operation. If family commercial producers 
choose to expand towards corporate commercial 
agriculture, family labour will most likely 
be replaced by hired professionals, including 
farm managers, sales personnel, machine 
operators and mechanics. If, as is often the case, 
technology adoption is spurred by rising wages 
and scarce labour, agricultural automation 
will tend to increase labour productivity 
and wages, in which case automation might 

enhance welfare for both producers and 
hired workers. However, automation can also 
displace workers, especially the poorest and 
least skilled, who will be forced to seek jobs 
elsewhere, possibly putting downward pressure 
on wages for unskilled labour as their skill set 
makes it difficult to find other jobs (see Box�20). 
Another possibility is that subsistence farms 
exit agriculture entirely due to technology 
adoption by commercial farms � so-called 
farm consolidation. In these cases, policies, 
legislation and investments must be in place 
to ensure that subsistence and small-scale 
producers, as well as low-skilled workers, are 
not left behind, but rather are able to reap the 
benefits of agricultural automation. It may be 
necessary to provide targeted social protection 
and training during the transition.

Corporate commercial farms employ all types 
of labour, except family labour. These farms 
are the most advanced and are generally 
automated to a significant level. They often 
have the economies of scale and capital to 
invest in more robotics technologies that may 
reduce considerably on-farm labour demand 
� with potentially negative consequences for 
workers, in particular low-skilled workers � 
or change the type of labour needed on the 
farm. For example, with digital automation, a 
former tractor driver may supervise a swarm 
of autonomous crop machines or retrain to 
carry out repairs. However, robots are not 

 BOX 20   THE LABOUR IMPACTS OF MECHANIZED HARVESTING OF SUGAR CANE IN BRAZIL  

In Brazil, a set of laws and regulations were created 
to prohibit the practice of pre-harvest burning of 
sugar cane from 2020 for environmental reasons. 
This put an end to manual harvesting � which 
involves the practice of burning sugar cane prior 
to the harvest � and saw sugar cane producers 
increasingly invest in motorized harvesting. 
While this legislation has brought environmental 
benefits in terms of less pollution and has increased 

productivity, it was estimated that it would reduce 
by 52�64 percent the workforce directly employed 
in sugar cane production. Least qualified workers 
(with no more than three years of education) would 
be the most severely affected, while the demand for 
skilled labour in the sector was expected to increase. 
Such changes in employment call for immediate 
public action to protect the most vulnerable from the 
negative effects of automation.

SOURCE: Guilhoto et al., 2002.39
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typically economically viable for most farms, 
unless labour is scarce. By way of illustration, 
although robotic milking technologies have 
been in commercial use for many decades, few 
dairies in the United States of America have 
adopted them, as farm labour is still relatively 
inexpensive.40 In contrast, they have been 
in commercial use in Western Europe since 
the 1990s. 

In general, if automation technologies are 
adopted where there is no labour scarcity, 
but because they are made artificially cheap 
(e.g. due to government subsidies), there is 
a risk of displacing workers and generating 
unemployment. Labour displacement can be 
costly for farm workers; the overall impact will 
depend on whether they can move to new jobs 
generated upstream or downstream (see Figure�7 
on p.�65). On the other hand, agricultural 
technology adoption spurred by rising wages 
and increasing competition for scarce labour 
is likely to increase both wages and overall 
productivity, benefiting both producers and 
hired workers. 

Automation on farms in high-income countries 
or regions within countries could have 
negative impacts on migrant remittances 
to poorer countries and regions. If demand 
for unskilled migrant agricultural workers 
declines, this could increase unemployment 
levels in migrants� home countries and 
regions, as well as reduce remittance flows.41 
In Brazil, automation of coffee harvesting has 
significantly reduced the demand for unskilled 
labour � mostly internal migrants from poorer 
areas of the country � but increased the 
demand for skilled workers.42 This calls for 
immediate, inclusive social policies to help 
unskilled workers who lose their jobs so they 
can find employment elsewhere.

Automation often seems to occur in the context 
of diminishing farm labour and rising wages 
in migrant-sending areas. Box�21 provides 
an example of how agricultural automation 
in the United States of America is being 
driven by a growing scarcity of labour in the 
migrant-sending communities of Mexico. 
Another study in the United States of America 

 BOX 21   AUTOMATION AND RURAL MIGRANT-SENDING COMMUNITIES: THE CASE OF CALIFORNIA  

As crop production expands while supply of domestic 
farm labour contracts, countries seek new sources 
of farm labour through immigration. For example, in 
California, United States of America, over 90�percent 
of the farm workforce is composed of immigrants. 
Reliance on foreign farm workers is universal in 
today�s high-income countries. It might seem 
automation would negatively affect migrant-sending 
communities. However, California�s agricultural 
automation does not occur in a vacuum. In Mexico, 
the home of most immigrants, fertility rates are 
falling, school attendance levels are rising sharply and 
access to non-farm jobs is increasing, reducing the 
rural labour supply. Secondary school construction 
in rural Mexico is extending education to boys and 
girls who would otherwise seek jobs in agriculture, 
thus accelerating the agricultural transformation. 

Indeed, better educated people are more likely 
to work in the non-farm sector, even when they 
emigrate.44 As a consequence, the agricultural labour 
supply has shrunk significantly in California; between 
2008 and 2018, agricultural wages increased 
18�percent faster than non-agricultural wages.

Before the decline in the Mexican farm labour 
supply in the 1990s, there was little incentive to 
adopt and develop new labour-saving technologies 
in California. Today, in both countries, there is a race 
between automation and a declining farm workforce. 
The automation process usually begins with the most 
labour-intensive and easiest-to-automate operations, 
but as more advanced solutions are developed and 
commercialized, the United States of America in 
particular is starting to automate more complex 
operations such as harvesting fruits and vegetables.

SOURCES: Charlton, Hill and Taylor, 2022;3 Taylor and Charlton, 2018.45

| 71 |







CHAPTER 4 SOCIOECONOMIC IMPACTS AND OPPORTUNITIES OF AGRICULTURAL AUTOMATION

gender divisions on farms. For example, in 
Morocco, cultivation of the crocus flower, from 
which saffron is extracted, is a male-dominated 
activity, while processing of the flowers � 
involving tedious, labour-intensive work � is 
performed almost exclusively by women.52 
Therefore automation in flower cultivation 
would release mostly male labour. Moreover, if 
it led to an expansion of flower production, 
there would be an increased demand for female 
labour. While this may be good news for hired 
female workers, it is bad news for family 
female labour.

In a case study in Zambia, men and 
women shared labour-intensive tasks (e.g. 
weeding). When tractor services were adopted 
for land preparation, cultivation increased, but 
this did not place a disproportionate additional 
burden on women or children. On the contrary, 
all household members were able to enjoy more 
leisure.35 Further evidence from Eastern and 
Southern Africa shows that, in many instances, 
the mechanization of land preparation replaces 
the labour of both men and women � but 

especially women, who are mostly responsible 
for weeding, which involves considerable 
drudgery.38 In Western Kenya, the adoption of 
motorized mechanization also freed up time 
for both men and women, and the household 
was able to increase investment in children�s 
education.53 These examples underline how 
assessing the impact of automation on women 
must include understanding specific gender 
roles; it is important to not make poorly 
founded generalizations about automation 
benefiting only men simply because it mainly 
automates the operations they perform. 
For other successful examples of agricultural 
automation technologies being used by women 
and youth, see Box�23.

Despite the potential of on-farm automation to 
ease women�s time and work burdens, while 
enhancing productivity, income and welfare, 
research suggests that women lag behind men 
in agricultural technology adoption due to 
barriers in access to capital, inputs and services, 
(information, extension, credit, fertilizer), 
limited physical accessibility, and cultural 

 BOX 22   INCLUSION OF PERSONS WITH DISABILITIES  

Persons with disabilities are often excluded from 
development processes based on psychosocial, 
physical/sensory and intellectual disabilities, 
preventing fair and equal access to social and 
economic opportunities. Poverty, food insecurity and 
malnutrition can be the causes of disability, while 
people with disabilities are more at risk of poverty, 
hunger and malnutrition. Agriculture is one of the three 
most dangerous sectors to work in, with exposure to a 
wide variety of hazards, long hours and poor working 
conditions, often without appropriate occupational 
health and safety policies or legislation. 

Automation can contribute to ensuring decent job 
opportunities that eliminate labour-related hazards 
and break the link between poverty, malnutrition and 
disabilities. Inclusion of people with disabilities may 
also entail: (i)�adapting and improving existing, or 

developing new, agricultural automation technologies 
that meet their special requirements, using alternative 
communication media (e.g. large print, Braille, sign 
language) and adopting pictorial, audio (recorded tapes 
or discs) and electronic formats; and (ii)�strengthening 
the technical skills of persons with disabilities in 
agriculture and broader agrifood systems. 

It is particularly important to allow young people 
with disabilities to become independent and active. 
FAO has used its junior farmer field and life schools 
(JFFLS) to address the gap in access to education, as 
well as the stigma and lack of economic opportunities 
faced by people with disabilities, building on 
innovative technologies. This involves a simple, 
yet effective, methodology to educate vulnerable 
children and young people about agriculture while 
incorporating life skills.

SOURCE: FAO, 2022.2, 51
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norms.55 By way of illustration, according 
to the Ghana Institute of Management and 
Public Administration, 78.6�percent of female 
farmers in the coastal zone cannot access 
tractor services.56 Women are often unable to 
embrace automation technologies and cannot 
take jobs that require skills in farm operation 
and management due to lower literacy levels, 
lack of suitable tools/equipment, absence 
of infrastructure, and insufficient funds for 
women�s extension programmes.56

It is usually men who conduct commercial 
transactions of agricultural automation 
services at the farm level. Consequently, it is 
men who make the decisions and control the 
resources required to invest in automation 
(especially capital).56 Agricultural equipment 
and tools are usually designed to meet men�s 
ergonomic characteristics, with little attention 
paid to those of women.57 In Bangladesh, 
women do not use irrigation pumps because 
of their technological complexity, the 
physical requirements to operate them, and 
the difficulty of hiring and supervising 
labourers.58 There is a clear need to design and 
provide access to gender-friendly automation 
technologies. Indeed, a recent literature review 
highlights the need to incorporate � in future 

research and policy � gender differences 
related to design, promotion and adoption of 
automation technologies to reduce women�s 
work burdens and enhance welfare outcomes.55

These gender constraints must be overcome 
to increase productivity, safety and comfort, 
and reduce drudgery as part of an all-round 
sustainable development of society.57 To favour 
women�s adoption of technologies, policymakers 
and local implementation partners also need to 
assess the enabling environment and promote 
gender-sensitive technology development, 
dissemination and service provision. 
Gender-sensitive technologies are those suited to 
both male and female physical characteristics.59 
Policies, legislation and investments should also 
promote women�s capacity and autonomy, as well 
as gender equality in ownership and/or control 
over key productive assets.60 Targeted strategies 
and actions which simultaneously address the 
technology adoption constraints that women face 
at the household, service and policy level can 
lead to positive outcomes. Evidence from Ghana, 
for example, shows that provision of training for 
women in typically male-dominated value chain 
nodes can have a positive impact on not only 
women but also the wider community (see Box 24 
on p.�76).56 

 BOX 23   INCLUSION OF WOMEN AND YOUTH: EVIDENCE FROM CASE STUDIES  

Several of the case studies in Chapter 3 have a strong 
focus on women and youth empowerment through 
technology development. Successful examples 
include the following service providers: 

Igara Tea. About 18�percent of users are women, of 
whom 4�percent are household heads. At the farm 
level, 65�percent of the labour force comprises youth. 
In processing tea leaves, women and young people 
comprise more than half the total workforce.�

TraSeable Solutions. Women and youth represent 
approximately 40�percent and 15�percent of registered 
users, respectively.�
 
Tun Yat. Approximately 30�percent of users are women, 
and 25�30�percent are young people aged up to 30�years. 
This is also a consequence of internal male migration, 
where men move to urban areas for work, leaving women 
to perform agricultural tasks. By focusing on employment 
of (local) women and youth, Tun Yat incentivizes women�s 
empowerment in rural areas. The company employs 
women and youth in food processing and food safety, and 
as tractor operators and mechanics.

SOURCE: Ceccarelli et al., 2022.54 
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 FIGURE 8   A ROADMAP OF POLICY OPTIONS TO LEVERAGE AGRICULTURAL AUTOMATION RESPONSIBLY
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Improving general credit markets and 
exchange rate policies
Credit is critical for investing in agricultural 
automation and for financing agricultural 
technologies generally. Small-scale producers� 
access to credit is usually limited, especially 
for women, due to a lack of collateral 
(e.g.�land titles) and high transaction costs, 
among other challenges.12 Prohibitive interest 
rates often make it impossible to source credit 
to finance machinery5, 12 and other automation 
technologies. Unlike seeds, fertilizers and 
pesticides, automation technologies are 
expensive with the costs spread over several 
years. Interest rate policies can heavily influence 
automation patterns, as seen in various Asian 
countries.6, 13 Exchange rate policies can also 
affect automation due to their impact on the 
import costs of machinery, spare parts and 
fuel.5, 13 Guaranteeing affordable interest rates 
for credit and ensuring stable exchange rates 
are essential for long-term investments in most 
automation technologies.

Establishing transparent national data 
policies and legislation
Digital automation technology often collects 
massive amounts of data regarding crops, 
livestock, aquaculture and forestry. This may 
include proprietary information and thus 
raises privacy issues for agricultural producers. 
Data that are unprotected by privacy 
legislation can be a valuable commodity, 
and legal frameworks may be needed to 
clarify who benefits from use of the data. 
Transparent legislation on data protection, 
sharing and privacy is a key enabler of digital 
automation as it allows to build trust among 
farmers. In particular, there is a need for clear 
rules concerning ownership and control of data. 
It is recommended to consider the notion of 
�privacy by design�, integrating data protection 
into technology design. 

There is also a need to support responsible and 
progressive digitalization of the agriculture 
sector, including development and support of 
national data infrastructure. Interoperability 
(accurate and reliable communication among 
machines) is vital for data sharing and needs 

 BOX 26   BROADBAND OPEN ACCESS NETWORK IN KOMEN, SLOVENIA  

In Slovenia, approximately 50�percent of the 
population � close to 1�million people � live 
in rural areas, on average 30�people per km2. 
The municipality of Komen, an area with a low and 
declining population in the Western Slovenian region 
of Carst, received funds from the European Union to 
build open broadband networks. A public�private 
partnership seized the opportunity, bridging the 
local digital divide through rapid deployment of 
infrastructures, and achieved high penetration 
rates. A strong focus on the project�s long-term 
sustainability and operational costs was key to its 
overall success.

The 103�km2 area of Komen comprises close 
to 1�340�households in 35�villages. A challenging, 

rocky terrain and low population made it unviable 
for commercial providers, given the high costs and 
minimal returns. The local municipality developed 
the project, with support from a private partner.

Work proceeded swiftly with very tight completion 
deadlines. The local authorities collaborated 
actively with the private partner; their help in 
overcoming permit issues led the municipality to 
issue the necessary paperwork promptly � key 
for respecting the work schedule. Communication 
and awareness-raising, aimed at all citizens of 
the Carst region, was very effective and smoothed 
relationships with the local population. This close 
cooperation between the partners during the buildout 
phase rapidly led to high penetration rates. 

SOURCE: European Commission, 2020.11
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Evidence from the 27�case studies discussed 
in Chapter�3 shows that when agricultural 
producers � especially small-scale farmers 
� lack financial capacity, service providers 
can seek alternative business models to 
make their solutions profitable. In some 
cases, services are tied to credit, insurance or 
farming contracts, such as contract farming 
agreements that guarantee offtake and a 
fixed price for raw materials. This helps 
reduce production risks, improves investment 
capacity, and leads to higher yields and better 
quality outputs. In the absence of contract 
farming or supply chain legislation that 
improves small-scale producers� contractual 
capacity, such business models may create 
technological lock-ins (i.e.�requiring farmers 
to use specific services), or unwanted 
dependencies and power asymmetries, with 
unintended socioeconomic consequences. 
These solutions may also coerce farmers, 
buyers and service providers to follow certain 
behaviour patterns and agronomic practices 
desired by more powerful market actors. 
At the same time, these solutions embed 
farmers in a closed, proprietary system.25 
More organized, formal services help reduce 
production risks, but can also restrict a 
farmer�s options. Legislation is needed to 
protect small-scale producers from falling into 
coercive contracts. 

Another policy area where governments can 
facilitate access to finance is land tenure. 
Insecure tenure creates disincentives for 
agricultural producers to invest in agricultural 
technologies � and in their farms generally 
� because it causes great uncertainty about 
whether farmers can ever reap the benefits of 
their investments. It restricts access to credit, as 
they cannot use land titles as collateral. This is 
particularly a problem when the investment is 
costly and takes several years to repay, as in 
the case of motorized machinery. Better land 
tenure security facilitates credit access, especially 
for small-scale producers, and incentivizes 
machinery investment. In Myanmar, for example, 
land tenure reforms have significantly increased 
the likelihood of being granted a bank loan 
to purchase agricultural machines.23 Farmers 
can use this credit to purchase inputs such as 
fertilizers and improved seeds; the synergies 
between these inputs and use of machinery 
and digital equipment contribute to raising 
productivity and resource-use efficiency. 
Credit for automation should be led by market 
actors and guided by commercial viability. 
Public efforts to directly finance agricultural 
automation have often come up against 
considerable governance challenges.26, 28

Trade policies can play a role in accessing 
agricultural automation technologies. The supply 

 BOX 27   NATIONAL STRATEGIES FOR A STRONGER ADOPTION OF DIGITAL TOOLS IN AFRICAN AGRICULTURE  

The African Union (AU) and several African 
governments are accelerating efforts towards an 
enabling environment for the effective use of digital 
tools to transform agrifood systems. A key recent 
step is the AU Digital Agriculture Strategy, under 
the leadership of the African Union Commission 
Department of Rural Economy and Agriculture. 
This is a follow-up to the Digital Transformation 
Strategy for Africa (2020-2030), which includes 
agriculture.16 The Digital Agriculture Strategy, yet 
to be officially adopted, encourages governments 
to better leverage the power of digital innovations 
to boost the performance, inclusiveness and 

sustainability of agriculture and other rural sectors, 
calling for digital agriculture strategies and the use of 
digitalization to strengthen mechanization services. 

In addition, Smart Africa, an intergovernmental 
agency created by African heads of state and 
governments, has developed the AgriTech Blueprint 
for Africa,17 while some years earlier, FAO and the 
International Telecommunication Union proposed 
to governments a guide for their digital agriculture 
strategies.18 Building on these various efforts, many 
agriculture ministries in Africa are designing new 
policies to better seize the opportunities offered by 
digitalization.
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to small-scale producers. Applied research is 
also recommended to explore the adaption 
of automated solutions to different regions, 
countries, agroecological conditions, production 
orientations and farm types (see Box�28). 
Ideas that have worked in one place may 
not be suitable elsewhere. To encourage the 
development of relevant autonomous agriculture, 
research and development frameworks need 
to bring innovators together with farmers to 
design and scale solutions. One example from 
the United Kingdom is a scheme by Innovate 
UK called Science and Technology into Practice. 
The programme is publicly funded and requires 
innovators to work with end users throughout 
the project, hold demonstration events, and 
gather and act on feedback from farmers. 

A final research area is that of the emerging 
power dynamics in low- and middle-income 
countries as a result of increasing reliance on 
digitalization and automation technologies. 
It is necessary to understand the commercial 
interests of big players in technology 
development and service provision, and the 
potential impacts on small-scale producers, 
particularly in terms of concentration of power, 

redistribution of land and wealth, and loss or 
creation of knowledge and skills, as well as the 
implications for labour and employment.

Quality assurance and developing  
safety standards 
A lack of quality assurance in the form 
of testing and certification of machinery, 
equipment and spare parts can undermine 
the uptake of various agricultural automation 
technologies as it increases the uncertainty 
and risks associated with their purchase.13 
For example, in Ghana a locally produced 
maize sheller that can be attached to a tractor 
costs less than an imported one, but the 
quality is difficult to assess prior to purchase 
due to a lack of standards or certification 
schemes. Many farmers thus opt for foreign 
brands.5 Testing may not actually be feasible 
for small- and medium-scale manufacturers 
without assembly lines; what is more, they lack 
incentive if local markets do not require formal 
certification. However, public, market and third 
sector organizations can organize testing to 
effectively mitigate information asymmetries 
without substantially raising machinery costs. 

 BOX 28   ADAPTING DIGITAL AUTOMATION TO VARIOUS CONTEXTS: EVIDENCE FROM 27 CASE STUDIES  

The 27 case studies in this report illustrate how to adapt 
digital automation to local needs across production 
systems, countries and farm types. For example, in crop 
production there is evidence of low-income countries 
developing small automated machinery � for example, 
tea leaf pickers in Uganda, and automated cotton 
harvesting machines (a difficult operation to automate, 
as mentioned in Chapter�3) in India and Western Africa. 
These technologies are currently available to medium- 
and large-scale producers, and their use is expected 
to become more widespread, managed by producer 
organizations through hiring centres.

In precision livestock farming, the business and 
service models for milking robots provide valuable 
lessons in terms of application of technologies 

to different farm types. While milking robots are 
mainly adopted by medium- to large-scale farms in 
high-income countries, there are other technologies 
adapted to small-scale indoor farms, as well as 
pasture-based free cow movement installations in 
middle-income countries.

Finally, with regard to agriculture in controlled 
environments, greenhouses are increasingly common 
in high- and middle-income countries where there is 
a certain level of automation (e.g. for climate control). 
These solutions are appearing in countries across the 
globe, for example, Chile, Mexico and Saudi Arabia. 
Controlled agriculture, and in particular greenhouses, 
represent an important opportunity for robotics with 
artificial intelligence (AI).

SOURCE: Ceccarelli et al., 2022.25
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National legal frameworks should also provide for 
gender-sensitive regulatory impact assessments, 
and develop and budget for measures aimed 
at avoiding and mitigating any diverse impact 
on women. Legal frameworks must recognize 
the gender-specific challenges that women face 
and take measures to address them. These may 
include allocation of financial resources to 
expand access to entrepreneurship through 
credit, provision of training (including in digital 
literacy), and measures designed to improve their 
access to input and output markets.

Women�s poor access to mechanization also 
depends on social norms. Potential entry points to 
change this include gender awareness campaigns 
(e.g. showcasing women who are successful 
service providers or operators) and support 
to female-based mechanization cooperatives 
or associations, in which women collectively 
manage machinery, and can gain access to 
knowledge and skills development and finance. 
More research is needed to better understand 
how to improve women�s access to mechanization. 
Automation usually involves heavy upfront costs; 
as female-owned businesses tend to be smaller 
with less capacity to invest, this has important 
implications for women�s competitiveness. 

Women may also be less able to express their 
needs due to lack of empowerment.44 Policies, 
legislation and investments that use human 
rights-based monitoring approaches and enhance 
women�s power can help them to better express 
their needs. Public research and development 
can focus on gender-friendly mechanization 
technologies, tailoring their design to the needs 
of women.

Focusing on rural youth to ensure a smooth 
and inclusive transition in the digital era
One of the main challenges for agricultural 
development is the outmigration from rural 
areas of youth � especially those with higher 
education levels � leaving behind an increasingly 
ageing population and serious challenges in 
terms of the sustainability of agriculture and 
agrifood systems. Agricultural automation can 
play a key role in reversing this trend. It can fill 
labour gaps; digital technologies can spur the 
interest of rural youth to find jobs in the agrifood 

sector, including at the farm level, creating new 
employment opportunities with better working 
conditions and incomes.45

As mentioned in previous chapters, young farmers 
are often the first to adopt and operate automation 
technologies � in part due to their better access 
to information and digital technologies, such 
as smartphones � and are thus instrumental 
in digital automation in agriculture.25 They 
combine insights and expertise in agricultural 
practices with the digital skills necessary for new 
technologies.46 A specific agricultural automation 
agenda that targets rural youth and ensures 
they acquire the necessary skills to perform 
new highly skilled jobs should become a policy 
priority. Such an agenda should aim to build their 
competences not only for agricultural production 
but also for performing high-tech operations 
along agrifood value chains. This should be 
complemented by financial and policy support, 
as well as research, development and technical 
assistance to ensure a holistic approach to 
the transformation of agrifood systems. 
Public education can play a vital role in a smooth 
transition and equitable access to new employment 
opportunities.47 This is particularly important as 
young rural people are likely to continue exiting 
agriculture, especially in low- and middle-income 
countries, but can then transition to higher-skilled 
jobs at other stages of agrifood systems. 

Community-led rural development initiatives 
should include youth in consultation, planning 
and decision-making. Legal frameworks can 
support these initiatives by creating an enabling 
environment for local development, establishing 
mandatory quotas for youth participation and 
creating youth organizations.

Improving agricultural extension and 
rural advisory services
Publicly funded extension services have always 
played an important role in ensuring inclusive 
agricultural automation. Apart from the various 
challenges which small-scale producers face, 
limited access to reliable and timely advisory 
services is a major constraint to increasing their 
productivity. Across the world, publicly funded 
extension services are a fundamental part of 
transforming agriculture, as they represent a 

| 95 |









ANNEXES

ANNEX 1
Description of the case studies	 100

ANNEX 2
Statistical tables	 128

| 99 |



METHODOLOGY UNDERLYING THE 
27�CASE STUDIES
The case studies were collected by a team of 
researchers from Wageningen University and 
Research and by Mariette McCampbell, to take 
stock of agricultural automation technologies 
around the world and analyse the barriers and 
drivers to their adoption. Each case represents 
one company or organization which has 
developed and/or implements one or more 
solutions that fit the definition of agricultural 
automation presented in Chapter 1. Case studies 
were purposely selected based on the following 
criteria: (i)�covering all SOFA regions (Ceccarelli 
et�al., 2022) or representative of the Global South 
(i.e. Eastern and South-eastern Asia, Southern 
Asia, sub-Saharan Africa, Latin America and 
the Caribbean) (McCampbell, 2022); (ii)�covering 
the following agricultural production systems � 
crops, livestock, aquaculture and agroforestry; 
(iii)�representative of a novel yet scalable, 
or already scaled, agricultural automation 
solution; and (iv)�targeting small- to large-scale 
agricultural producers. Information was collected 

through interviews with key informants, and 
complemented with information on agriculture, 
literacy, automation, and policy and legislation 
from secondary national data sources and 
available literature. Interviews were conducted 
virtually in English or Spanish and were 
audio- and video-recorded for transcription and 
analysis. For each solution, the interviews focused 
on the economic, environmental and social 
sustainability, and the barriers to and drivers of 
adoption of that solution. Thematic analysis was 
performed on interview data, using a code frame. 

While the 27 selected case studies may not 
fully represent the wide variety of technologies 
available, they provide a comprehensive view 
of the global trends and developments in 
agricultural automation. Case study data were 
used as input for two background papers, with 
Ceccarelli et al. (2022) using data from 22 cases 
and McCampbell (2022) using data from 10 cases; 
5 cases were covered by both papers. 

SOURCES: McCampbell, 2022;1 Ceccarelli et al., 
2022.2
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ANNEX 2
STATISTICAL TABLES

 TABLE A2.1   TRACTOR USE PER 1 000 HECTARES OF ARABLE LAND, LATEST YEAR AVAILABLE

COUNTRY/TERRITORY Year
Tractors 
(units)

Arable land 
(thousand ha)

Tractors 
per 1 000 ha 
of arable land

WORLD � � � �
AFRICA � � � �
Northern Africa � � � �
Algeria 2008 104 529 7 489 14.0

Egypt* 2009 110 304 2 884 38.2

Libya 2000 39 733 1 815 21.9

Morocco 1999 43 226 8 818 4.9

Tunisia* 2008 42 783 2 835 15.1

Western Sahara 1975 11 2 5.5

Sub-Saharan Africa � � � �

Eastern Africa � � � �

Burundi 1992 170 930 0.2

Djibouti 2006 6 1 4.6

Eritrea 2000 463 560 0.8

Kenya 2002 12 844 5 091 2.5

Madagascar 2004 550 2 950 0.2

Malawi 1968 692 1 800 0.4

Mauritius 1968 283 100 2.8

Mayotte 2003 14 7 1.9

Mozambique 1970 4 193 2 785 1.5

Rwanda 2002 56 1 116 0.1

RØunion 2005 2 941 35 84.0

Seychelles 1974 30 1 30.0

Somalia 2006 1 371 1 140 1.2

Uganda 1977 2 076 4 023 0.5

United Republic of Tanzania 2002 21 207 8 600 2.5

Zambia 1987 5 628 2 568 2.2

Zimbabwe 1997 22 496 3 500 6.4

Middle Africa � � � �

Angola 1971 8 108 2 900 2.8

Cameroon 1991 508 5 950 0.1

Central African Republic 1969 56 1 760 0.0

Chad 1965 27 2 897 0.0

Congo 1974 647 526 1.2

Democratic Republic of the Congo 1971 1 062 6 470 0.2

Sao Tome and Principe 1971 117 1 117.0
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