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Abstract: Agricultural production finds itself in an area of tension. As a critical infrastructure, it has
the task of reliably feeding a growing global population and supplying it with energy. However, the
negative environmental impacts caused by agriculture, such as the global loss of biodiversity and the
emission of greenhouse gases, are to be reduced. The increasing use of digital technologies is often
described as a panacea that enables sustainable agriculture. The relevant literature is very dynamic,
but the large number of concepts and terminologies used makes it difficult to obtain an overall view.
In addition, many contributions focus on presumed or modeled efficiency gains, but this ignores
technical and societal prerequisites and barriers. Therefore, the aim of this work was to identify the
opportunities and risks of smart farming (SF) for more ecological arable farming. For this purpose,
a holistic and environmental view was taken. The potential of SF to aid in the reduction in the
environmental impacts of individual agricultural work steps was examined via an analysis of current
literature. In addition, rebound effects, acceptance barriers and political omissions were considered
as risks that prevent the benefits from being realized. It was shown that SF is able to contribute to a
significant reduction in the negative environmental effects of agriculture. In particular, a reduction in
fertilizer and pesticide application rates through mapping, sensing and precise application can lead to
environmental benefits. However, achieving this requires the minimization of existing risks. For this
reason, a proactive role of the state is required, implementing the necessary governance measures.

Keywords: smart farming; precision farming; sustainable agriculture

1. Introduction

Agriculture in the 21st century must be both resource efficient and sustainable in
order to ensure a high level of food security and a reliable supply of renewable energy and
materials for a growing global population. Currently, approximately 12% of global land
area is used for crop production [1]. Technological innovations, increasing demand for agri-
cultural products, limited (and in some cases declining) availability of arable land, water
scarcity, and climate change have led to an intensification of agricultural production [2].
However, this intensification has resulted in significant damage to global environmental
assets. In addition to emitting carbon dioxide, agriculture emits large amounts of the
greenhouse gases such as nitrous oxide and methane, which are significantly more harmful
to the climate [3]. Land use changes related to agriculture, such as deforestation or drainage
of peatlands, are a major threat to biodiversity and also cause the emission of greenhouse
gases [4,5]. The use of synthetic fertilizers and pesticides contaminates soil as well as water
bodies and can result in nutrient runoff as well as the emission of air pollutants, such as
ammonia [6,7]. Together with other factors, such as a reduction in field margins, the spread
of monoculture, and the narrowing of crop rotations, this leads to long-term environmental
damage and global biodiversity loss [4]. It is estimated that agriculture and forestry are
responsible for almost 60% of global biodiversity loss [4]. This also leads to reduction
and loss of valuable ecosystem services on which agricultural production depends, e.g.,
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pollination, biological pest control, water retention and purification, maintenance of soil
structure and fertility, and nutrient cycling [6,8].

Agriculture has already undergone numerous changes that have led to a significant
transformation of its production steps. The introduction of smart systems such as the
Internet of Things, Big Data, artificial intelligence, cloud computing, and other related
technologies is now being characterized as the fourth revolution in agricultural produc-
tion [9,10]. In contrast to other sectors, digital technologies have been used commercially in
agriculture since the 1990s [11], with some technologies such as remote sensing applications
since the 1980s [12]. The digitalization of all production areas, however, is now expected
to enable the technical optimization of agricultural production systems, value chains and
food systems, thereby also enabling a reduction in its environmental impacts [13,14]. This
use of information and data-based technologies for collection, analysis, and application in
agriculture is referred to as smart farming (SF) [15].

SF technology providers in particular, but increasingly also politicians, describe SF
as a panacea in terms of efficiency and sustainability to agriculture of the future [16–18].
The growing but heterogeneous literature on the subject [19] also indicates this positive
tendency. Thus, some reviews of SF technologies can be found in the literature and quite
predominantly studies of individual software or hardware solutions. Methodologically,
the existing literature focuses mainly on empirical surveys of effectiveness or technical
considerations; technological feasibility is typically expressed as the maturity of a particular
technology, the so-called technology readiness level (TRL) [17,20]. When the social, institu-
tional and legal environment of SF technologies is considered, the focus is often on concrete
barriers to acceptance and farmers’ problems in applying them [21–26]. Holistic analysis of
SF technologies that consider the opportunities but also the obstacles of implementation as
a whole are hardly to be found in the scientific literature, and socio-cultural dimensions
in particular are neglected in feasibility assessments [27]. Moreover, environmental risks
associated with SF either due to rebound effects or to barriers for technology adoption are
hardly considered in current research. There is also rarely a focus on arable farming, which
shows clear differences from other forms of agricultural cultivation. This is somewhat
surprising, because SF technologies are particularly relevant here due to the significant size
of land take and hence related impact on soils, water bodies and the associated biodiversity.

In order to substantiate the alleged positive ecological effects, a holistic assessment is
needed that takes into account the complex interactions between production technology,
environmental impacts as well as socio-technical, behavioral and governance aspects
of technology adoption, i.e, in addition to the undoubted technological potential of SF,
necessary accompanying technical infrastructures as well as market conditions, regulatory
settings and farmers’ behavior that act as implementation barriers and prevent or slow
down the application of SF technologies must be considered. This is crucial to derive the
policy recommendation to realize the (environmental) potential of SF.

Against this background, the aim of this paper is twofold. First, we provide a literature-
based overview of SF technologies at individual stages of arable farming that include
current and future opportunities (see Section 3) as well as associated environmental risks of
SF technologies (see Section 4) based on a framework presented in Section 2. Secondly, we
draw governance implications to realize the opportunities while minimizing environmental
risks of SF technologies (see Section 5).

2. Materials and Methods

Relevant publications were identified by searching the online databases Web of Science
and Google Scholar. Articles were included if they described single or multiple aspects of SF,
such as digital technologies to reduce negative environmental impacts from arable farming,
barriers to adoption of SF technologies, or rebound effects of digitalization. Publications
up to the end of August 2020 were considered. However, the most important method
was examining the references of relevant articles (snowballing). On the one hand, this is
due to the numerous terminologies used in the literature to describe digital technologies
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in agriculture (e.g., SF, digital farming, and precision farming). In particular, the term
precision farming is widely used in the scientific literature. We understand SF and precision
farming as synonyms. However, in order to ensure consistency and clarity of the article,
we are using SF as an umbrella term for the various terms used in the literature in the
further course of the paper. Due to the lack of scientific publications directly linking SF to
environmental impacts, gray literature was also included in the analysis.

To make it easier to understand our results, the opportunities of SF are presented
with regard to the individual work steps of arable farming (see Section 3). After an in-
troductory section explaining technologies relevant to several work steps, sub-chapters
on crop rotation and cultivation planning, tillage and sowing, fertilization, crop protec-
tion, irrigation and harvesting follow. For each step of arable farming, negative environ-
mental impacts and relevant SF technologies that can have a beneficial effect are identi-
fied. This is supplemented by selected empirical examples that prove an improvement in
environmental impact.

With regard to environmental risks associated with SF, we distinguish between direct
and indirect risks. Direct risks are due to rebound effects that outweigh positive environ-
mental effects of SF technologies, such as energy consumption, increasing intensification of
agriculture on marginal lands, or increasing irrigation. However, the sole consideration
of rebound effects neglects other factors that also determine whether SF technologies will
lead to the positive environmental impacts discussed in the literature. We therefore also
include indirect risks that prevent the adoption of SF technologies and thus the realiza-
tion of their positive effects, such as the technical, infrastructural requirements, gaps in
the regulatory regime or acceptance barriers on the part of farmers. Especially the latter
approach, which examines user barriers to acceptance, is common in recent technology
assessment [28–30]. Our holistic approach allows a more realistic view of the potential of
SF technologies, but also enables the derivation of policy measures to reduce such barriers
for technology adoption. Based on studies of technology implementation [26,31–33], we
derive a categorization of factors that may prevent the adoption of SF.

Figure 1 illustrates our approach that also provides the structure for the results pre-
sented in the following sections.

Figure 1. Overview of the opportunities and risks found through the evaluation.

3. Opportunities of SF Technologies

Before we go into detail on SF technologies for individual work steps in arable farming,
we first point out some basic technologies that are relevant for several work steps or that
are fundamental for further specific technologies. These include field mapping services,
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the deployment of small-scale autonomous machines, digital decision support systems or
the use of digital forms of agricultural consultancy and administrative enforcement.

The extensive collection and comprehensive use of data to produce field mapping
promises significant efficiency gains in crop production, resulting in both economic and
environmental benefits [11]. The Talking Fields services are one example which offer differ-
ent mapping methods that can contribute to better plant use of nutrients and water and
thus to a reduction in input quantities [34]. Yield maps are another example which predict
crop yields for individual subplots based on weather, climate and remote sensing data as
well as growth models. In a survey of Australian grain farmers conducted by Bramley
and Ouzman [35], the availability of yield maps was identified as a basic requirement for
the adoption of other technologies such as crop and soil sensors for subplot specification.
Accurate mapping is also crucial for a networked use of machines and robots performing
site-specific tillage. Communication between large machines and digital control reduce
greenhouse gas emissions in addition to time, as significant amounts of fuel are saved [36].
This is especially due to the use of optimal routes [37] and the prevention of overlaps,
for example when applying crop protection products [38]. GPS control and driving of
predefined routes can also be used for targeted exclusion of critical regions, for example
to protect amphibian migration or accurate spacing from marginal and/or flower strips.
The latter increase natural pest control and have positive effects on biodiversity and other
ecosystem services [39–41].

Small-scale robots are increasingly taking over tasks and are significantly lighter than
large machines, which reduces the risk of soil compaction and energy demand due to
a small rolling resistance and also enables new farming methods, such as spot farming.
However, a single mobile unit can only be practical to a limited extent, as it has too little
energy to cover large fields. A fleet of robots to perform work and collect data is better
as there is less risk of failure as the remaining robots continue to work even if one fails
and the number of robots can be scaled to the size of the operation [42,43]. However, most
models are still in the development phase. While the results to date are positive from an
ecological perspective, economic relevance will not be achieved until costs are reduced. In
the medium term, however, a significant increase in supply and market penetration can be
assumed [44].

Computer-based decision support systems for farm management receive much at-
tention in the literature. One example is the AgroDSS software, a cloud-decison toolbox
proposed by Rupnik et al. 2019 [45] that uses farm data to simulate scenarios and generate
management recommendations based on that data. However, despite the high potential
and good availability, the acceptance in practice has been low so far [46,47].

SF technologies can also support agricultural consultation and compliance with legal
management requirements. Farmers have the opportunity to better comply with envi-
ronmental regulations, since, for example, limit exceedances during fertilizer application
can be immediately detected and controlled by sensors, or the distance to water bodies
or sensitive areas can be precisely maintained by GPS. On the other side, authorities are
able to carry out monitoring more efficiently, even without a physical presence on the
farm. This also supports the implementation of ecological incentive systems that reward
farm management measures that go beyond minimum standards. For example, regular
measurement of the carbon dioxide content in soils could be used to integrate farms into
emissions trading in the future. Against this background, new opportunities arise, for
example, for recording and assessing ecosystem states [48] and thus for identifying and
quantifying ecosystem services.

Cross-cutting platform communication, both between farmers and with experts and
external service providers, holds ecological potential. One example is the Smart-AKIS
initiative, which provides a network on SF technologies designed for effective knowledge
exchange between research, industry, and the farming community to disseminate directly
applicable research as well as commercial solutions, capturing farmers’ needs and inno-
vative ideas [11]. Other platforms, such as the PLATEM multimedia platform, provide
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functions to control the smart application of water, fertilizer, and pesticides [49]. It also
enables the sharing of experience and know-how through an exchange of information
with other farmers, producers, and experts. In developing countries and remote regions,
low-cost wireless sensor network platforms could connect farmers with experts, ensuring
continuous advice, higher yields, less pesticide use, and greater environmental sustain-
ability. Clasen [50] also emphasizes that digital marketplaces in particular help to increase
efficiency by both reducing transaction costs and improving factor pairings so that more
suitable machine pairings can be created, which means, for example, that tractors that are
too large and therefore too expensive would be used less frequently for a particular field.

3.1. Crop Rotation and Cultivation Planning

The planning of crop rotation and cultivation has long-term economic and ecological
effects. Standardizing crop rotations, types of crops, and cropping systems put a strain on
ecosystems [48] and narrow crop rotations, especially with root crops such as maize, can
lead to soil compaction as well as erosion and loss of humus [51]. Diverse crop rotations,
on the other hand, have numerous ecological advantages, such as suppression of weeds,
promoting natural pest control and increasing overall biodiversity [52]. In the second half
of the 20th century, there has been a shift in agricultural strategies towards the cultivation
of monoculture crops, which rely on high resource inputs, especially the use of synthetic
fertilizers and pesticides [53]. Monoculture leads to pests and pathogens spreading rapidly
throughout the field [54] and also contributes to humus depletion [55]. Notwithstanding
these advantages, the cultivation of mixed crops and frequently changing crop rotation is
not widespread in conventional agriculture due to lower yields.

SF can greatly simplify the move away from monoculture and the planning of diverse
crop rotations. Appropriate advisory services or platforms for the exchange of know-how
promote the implementation of ecological crop rotations, which can also lead to efficiency
gains. Soil and yield potential maps are particularly suitable for promoting the cultivation
of mixed crops, as is the use of autonomous swarm robots in the future. The creation
of comprehensive yield maps is already offered by various companies [56]. With data
from sensors and aerial photographs, the field can thus be divided into different spots and
later managed with different crops and/or crop rotations [57]. In addition, smart farm
management software is able to provide recommendations for implementation, considering
local conditions. Autonomous robots will be able to sow, tend, and harvest crops at the
point in the field where they find optimal values and synergy effects are maximized [43].
Smaller machine dimensions thus allow for greater crop diversity, and lanes for large
machines would no longer be necessary. In addition, alternative crop production systems
such as strip farming can be implemented, in which crops can achieve higher yields.

3.2. Tillage and Sowing

Soils and the biodiversity they contain are a key factor in securing agricultural yields in
the long term [58]. Before sowing, agricultural soils are mostly tilled mechanically to create
the best possible conditions. However, the consequence of intensive tillage is often the
decomposition of humus and the associated release of carbon dioxide [51]. Machines used
for this purpose emit greenhouse gases and are largely responsible for soil compaction.

Sensors attached to robots or machines can collect soil data to create soil density
maps as a basis for site-specific soil cultivation with minimized interventions. Exemplary,
sensors are applied for working depth regulation [59]. Gorucu et al. [60] found for cotton
cultivation that precision tillage resulted in fuel savings of more than one third compared
to a control field that was tilled conventionally. Comparable results were obtained by
Whattoff et al. [61]. Soil analysis for depth control may also significantly reduce tillage
intensity. Shamal et al. [62] used a sensor to classify the degree of soil compaction into three
compaction classes, determining that only 4.8% of the field studied required aggressive
tillage and approximately 34.8% of the field required only harrowing or surface loosening
with a cultivator, i.e., reduced tillage. Simulations also illustrated significant reductions in
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energy consumption and carbon dioxide emissions compared to reduced and conventional
tillage practices [62].

Using swarms of small-scale robots for seeding can prevent or minimize environ-
mental damage caused by heavy machinery. Moreover, by recording the position of each
individual seed, field maps can be created [63,64] that can be used later, e.g., for pest con-
trol by autonomous unmanned aerial vehicles (UAVs). Site-specific seeding also enables
variable seeding patterns and densities or different varieties to be applied, depending on
the parameters on the respective piece of field which can increase productivity [38].

3.3. Fertilizer Application

Nitrogen is considered the most important and universal fertilizer, but it can cause
considerable environmental damage. Nitrogen that is not absorbed by plants ends up as
nitrate in the groundwater as well as in surface water and as ammonia and nitrous oxide
in the air. Ammonia has a eutrophic effect, damages plants, can contribute to acidification,
and is also responsible for the emission of greenhouse gases [52]. Nitrous oxide contributes
to climate change and is significantly more potent than carbon dioxide. In addition, the
application of urea fertilizer leads to the release of carbon dioxide [65]. In water bodies,
excess nitrogen, as well as excess phosphorus caused by excessive fertilizer use, can result
in strong algal growth, displacing other animals and plants [66].

SF can contribute to mitigating harmful environmental impacts of fertilizer applica-
tion. Nutrient management systems are designed to ensure optimal fertilizer use through
accurate demand calculations. Sensors on tractors, UAVs, or as handheld devices enable
measurement of current crop nitrogen levels [67,68], for example, through soil sampling [69]
or determination of chlorophyll content [70,71] and real-time application according to de-
mand. In combination with biomass maps generated by satellite or UAV data, fertilizer
application maps can also be generated, enabling site-specific fertilization [72,73]. The de-
velopment of nutrient management systems is well advanced and also promises economic
benefits through higher yields.

The potential for fertilizer savings seems large and empirical studies confirm the
positive environmental effects. Gianquinto et al. [74] determined the optimal fertilizer
timing of rice, corn, and wheat using sensors, achieving average nitrogen reductions of
18 to 45% in three field experiments. Bökle et al. [75] demonstrated that digital control
and geo-referenced documentation of manure application using sensors provided accurate
information and enabled site-specific management in contrast to conventional documen-
tation methods. In the field trial by Bijay-Singh et al. [76], the use of a nitrogen fertilizer
management strategy based on optical sensors in India resulted in high wheat yields as well
as high fertilizer efficiency. Stierli [70] calculates that agriculture in Switzerland could avoid
nitrogen surpluses and thus 140 t of nitrous oxide emissions annually through site-specific
fertilization. In Germany, the principle of site-specific application of fertilizers has been
successfully implemented in several pilot farms [77]. Wagner and Marz [78] were able to
show that variable-rate site-specific fertilization was the only fertilization method that led
to a significant improvement in the nutrient situation. Zhang et al. [79] achieved a fertilizer
reduction of 29% with a yield increase of 33% in variable-rate fertilization of corn compared
to conventional fertilizer application. Trials in fruit production also indicate great potential.
Aggelopoulou et al. [80] were able to achieve a saving of 38% (49.4 kg/ha) with site-specific
nitrogen fertilization. Some crops also achieve a qualitative improvement. For example,
winter wheat that received site-specific nitrogen fertilization has higher quality and can
thus provide economic incentives [81].

3.4. Crop Protection
3.4.1. Herbicide Application

The regulation of weeds is an essential part of agriculture. Increased use of herbicides
in recent decades has led to accumulation in the ecosystem that is toxic to the vegeta-
tion [82,83]. Biodiversity is affected by herbicide use as non-target plants may be damaged
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or herbicide-resistant populations emerge that can be hardly controlled. Many herbicides
also result in the direct and indirect destruction of pollinating insects [84]. Spray drift
during application and leaching of chemical components into water bodies are problematic
as well [83].

SF technologies can contribute to a significant reduction in herbicide use with the
help of various technologies. Farm management systems already equipped with satellite
imagery enable optimize demand calculation and site-specific application, so that her-
bicides are only applied to affected areas. Data collected by UAV-mounted sensors or
cameras are even suitable for early weed detection in a variety of broad-row crops and
have high spatial resolution [85]. Systems for weed mapping and site-specific weed control
have already been commercialized and are marketed by several suppliers [85]. However,
complex handling and high time requirement as well as the small time window for weed
detection and control make a broad practical application difficult. In this regard, accurate
weed population models [86–90] could help determine best possible timing for treatments
or other measures.

The potential for herbicide savings based on site-specific weed control is large. Hamouz
et al. [91] achieved savings of 15 to 100% for the same yield in a field trial with winter
wheat based on weed frequency data and relevant treatment thresholds. Gerhards and
Oebel [92] achieved herbicide use reductions of 19 to 20% for herbicides against specific
weeds with site-specific application when growing winter canola and as much as 58 to 81%
when growing winter cereals. Timmermann et al. [93] were able to consistently save 54%
of herbicides in a four-year trial using a GPS-controlled sprayer. For grass weed herbicides,
the savings were: 90% in winter cereals, 78% in corn, and 36% in sugar beets. For broadleaf
weed herbicides, savings were 60% in winter cereals, 11% in corn and 41% in sugar beets.
In addition, in areas where weed density remained below the weed control threshold,
flora and fauna were able to establish themselves largely undisturbed. Field studies on
crucifer detection in winter wheat fields covering 2656 ha achieved comparable results [94].
For example, savings of 13 to 61% were achieved by using site-specific application maps.
Berge et al. [95] calculated a potential herbicide savings of 85% through smart herbicide
application for spring wheat, and savings of 6 to 81% are possible for winter wheat [96].
Castaldi et al. [97] used UAVs to collect data and variably applied herbicides to a corn
field based on these data. As a result, herbicide savings were 14 to 39% compared to a
uniform area-wide application. Nordmeyer [98] was also able to demonstrate that variable
herbicide application results in ecological as well as economic benefits due to a reduction
in the applied amount.

The use of robots for application promises further savings in the amount of herbicide
required and a reduction in the energy demand of the application. Gonzalez-de-Soto
et al. [37], for example, were able to show that considerable fuel reductions could be
realized. Autonomous robots are able to detect weeds and subsequently spray herbicides
precisely resulting in an average herbicide savings of 50% in trial series [99]. Self-learning
devices that use spectral reflections to distinguish crops from weeds and achieve hit rates
of up to 100% [100]. In addition to detecting weed density, UAVs are capable of applying
herbicides up to five times faster than traditional machines [101].

In addition to variable-rate application, the type and composition of the herbicide are
critical; some can be combined while others may not be used together. The appropriate
mixture depends on many, site-specific factors, so decision support systems provide a good
way to plan and implement individual herbicide applications. This prevents the use of
standardized and non-site-specific mixtures that contain unnecessary components. The
Danish project Crop Protection Online-Weeds is a system adapted to Denmark that uses
user input on, among other things, weed species and growth rates to calculate solutions for
field-specific herbicide applications [102].

An alternative option for reducing herbicide use is to return to mechanical, but
now automated, weed control. Mechanical weed control has several advantages, such
as conserving microbial activity, reduction in carbon dioxide emissions, and less runoff
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and leaching of nutrients [103]. Several agricultural machinery manufacturers already
distribute autonomous electric robots equipped with various tools such as weed brushes,
harrows, hoes or torsion springs. These robots will allow simultaneous reductions of input
costs and labor and maybe of particular interest in countries with high labor costs.

3.4.2. Insecticide and Fungicide Application

Although lethal and sub-lethal effects of insecticides on pollinators have been demon-
strated under controlled conditions significant knowledge gaps in assessing the effects
of insecticides long-term under real-world conditions remain [104]. Besides non-target
species impacts, insecticides also enter water, air, and soil via spray drift and leaching [105]
and thus, insecticides are expected to be a major driver of biodiversity loss in agricultural
landscapes [104]. For example, reducing populations of pollinator-relevant insects such
as honeybees and bumblebees impoverishes plant diversity and deprives birds and mam-
mals of food [65,106]. Accordingly, as is the case for herbicide application, target species
may develop resistances that cause further problems [107]. In addition, there is evidence
that insecticides are responsible for the deaths of birds [108] and fish by ingesting toxic
substances through food [109]. Fungicides can have similar negative effects, but have been
studied less frequently. For example, copper-based fungicides have adverse effects on soil
organisms such as earthworms and can reduce soil fertility in the long term [110]. Other
fungicides affect the health of honeybees [104] and increase the mortality of amphibians,
insects and algae, and alter the oxygen content of water bodies [111].

The detection of fungi and insects by sensors or aerial photography is much more
difficult than for weeds. Nevertheless, basically similar technologies such as demand
assessment, composition, application as well as monitoring can be applied. Thus, identical
benefits in terms of quantity savings and mitigation of soil compaction risk can be achieved.
Dammer and Adamek [112] implemented a spray program with variable spray rate using
a sensor-controlled field sprayer that determined the plant biomass of a heterogeneous
winter wheat field in real time and also controlled the amount of insecticide applied based
on these measurements. As a result, 13.4% of insecticides were saved, sparing the ladybug
population, for example [112]. In addition, there is also the possibility of completely
avoiding the application of certain insecticides for some pests. One example is the control
of the European corn borer with the ichneumon wasp, the natural enemy of the pest. The
wasp larvae are enclosed in small, residue-free capsules and distributed over the affected
field with the help of a drone [72]. This method is already fully established in practice and
is offered by various service providers.

If fungicides are applied at the correct time and at the appropriate plant location,
yields can be increased by 1 to 6% in addition to reducing the quantity [43]. Early detection
of fungal infections—so that only the affected sections of the field are treated and a spread is
prevented—promises even higher cost savings and positive environmental effects. Special
sensors equipped with cameras are able to detect fungal stress in a plant before it shows
visible symptoms [113,114]. Successful experiments were conducted for fungal infestations
of hazelnut kernels and red chili peppers [115]. Online platforms for the exchange of
experience and the integration of decision support systems could provide an increasingly
important role here in the future. Another example is the AgroDSS decision support system
mentioned earlier. It helps farmers effectively plan insecticide applications according to
the predicted population size of certain pest species or determine appropriate insecticides
for the current developmental stage of the pest [45]. Increased pest management efficiency
through low-cost technologies can also result in significant environmental effects, as global
crop losses due to crop pests are 20 to 40% of annual production [1].

3.5. Irrigation

Agriculture is the world’s largest consumer of water, and the proportion of arable
land that can be irrigated artificially has increased from 13% in 1970 to 21% in 2017 [116].
Irrigation of crops is a basic requirement for stable yields in many regions and in some
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countries, the proportion of groundwater used for agriculture is as high as 90% [117].
With climate change demand is expected to further increase [117]. As a result of excessive
abstraction from water bodies significant environmental damage occur such as wetland
degradation or coast erosion [118].

The yield of a crop to be irrigated depends largely on the factors of irrigation timing
and quantity and thus, site-specific irrigation can contribute to conserving water resources.
The knowledge base for smart irrigation can be provided by decision support systems,
which are already being used in practice in various variations [11]. Filed sensors or UAVs
track data on soil moisture, temperature or rainfall and support site-specific irrigation
planning [119,120].

The execution of the irrigation targets can then be performed manually or also auto-
mated. For example, autonomous robots are able to measure the water content of corn
plants and irrigate accordingly [121]. Using smart wireless sensors to monitor field condi-
tions and automated sluices that control water flow can significantly increase efficiency of
furrow irrigation [122]. Smart irrigation controller can control pivots, sprinkler machines,
or drip irrigation systems via an app and sends irrigation recommendations to farmers
based on real-time information. Another advantage of precise irrigation is the reduction in
greenhouse gas emissions through lower energy consumption of pumps and by reducing
the release of nitrous oxide from the soil [38].

Significant water savings from smart technologies can be demonstrated in humid
regions where irrigation supplements rainfall [123]. However, SF can also contribute to
savings in arid regions: Nahry et al. [124] were able to save 23.10% of water through
precise water application in maize cultivation in Egypt compared to traditional cultivation.
Thus, they were able to confirm the results of Al-Kufaishi et al. [125] that variable-rate
water application leads to savings compared to uniform application. Dobbs et al. [126]
achieved water savings of up to 75% with sensor-based automatic irrigation. Zhai et al. [9]
simulated an intelligent decision support system for peanut cultivation in arid regions.
One of the goals of the model was to facilitate adaptation to climate change, for example,
by integrating new parameters such as drought or heat tolerance of crops. As a result, the
system’s decisions were able to increase yields.

3.6. Harvesting

Harvesting is a crucial moment in agriculture, which often requires the use of large ma-
chines. Tractors and harvesters are largely responsible for environmental damages during
harvesting, as they compact the soil and emit large amounts of greenhouse gases [37]. New
technologies, such as harvesting robots, could minimize this risk, as they are significantly
lighter than conventional large machines. However, autonomous harvesting in the field is
extremely complex and no prototypes or technical-theoretical designs of robotic mowers
are discussed in the literature up to now.

Despite these research gaps, an optimal use of machinery by calculating the shortest
routes and avoiding double travel can save up to 50% of fuel and associated greenhouse
gas emissions during harvest [36]. Modern harvesters with position sensors are able to
calculate ideal cutting paths and can thus significantly reduce their operating time [127].
Automatic steering functions on combine harvesters, for example, lead to lower diesel
consumption and an average reduction in air pollution of 0.6 t per year [128].

4. Risks of SF Technologies
4.1. Rebound Effects

The term rebound effect goes back to the observation that increasing energy efficiency
of electric devices does not lead to savings, but on the contrary to increasing consumption as,
e.g., individual efficiency gains are overcompensated by an increase in energy devices [129].
To date, a few rebound effects in agriculture have been scientifically discussed, but the
majority have not yet been empirically proven. For rebound effects in agriculture not only
the change in energy consumption but also that of other input factors must be considered.
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We were able to identify three different types of rebound effects in scientific literature on
arable farming: those that refer to the expansion of cultivated areas, those that refer to the
increasing use of input factors and those that refer to an energy-related rebound.

Generally, the efficiency gains through applying SF technology may lead to an ex-
pansion of agriculture production, since higher yields and/or lower production costs will
ultimately result in lower market prices, which may increase total demand for agricultural
goods, in particular for renewable resources and bio-energy. Farmers thus may face an
incentive to expand their production, potentially also to marginal lands where production
is not affordable without SF technologies. Pellegrini and Fernández [130] showed that
while technological improvements can potentially reduce the amount of arable land needed,
they can also have the opposite effect in a largely open market.

SF technologies for fertilizer application may also bring along rebound effects. Schief-
fer and Dillon concluded in a model experiment that effective cost savings create incentives
to increase fertilizer use [131]. According to Ahlefeld [114], there is also a risk of increasing
intensity on heterogeneous fields, which could hardly be fertilized before. In addition,
the increase in efficiency could contribute to farmers cultivating higher-value crops than
before with regard to a desired profit maximization and thus increase fertilizer intensity
overall [114].

Rebound effects from digital innovations in irrigation have often been studied as it
seems particularly susceptible to rebound effects [132]. For example, Sears et al. [117] show
that increasing irrigation efficiency can lead to an increase in water use by making it less
expensive to irrigate marginal lands. Li and Zhao [133] as well as Pfeiffer and Lin [134]
provide empirical evidence to support the assumption that farmers will plant more water-
intensive crops due to increased efficiency or irrigate previously non-irrigated slopes in
the future. Similar results are provided by Molle and Tanouti [135], who demonstrate that
increased irrigation efficiency in Morocco has led to a shift to more water-intensive crops
and to an expansion of cultivated land. Berbel and Mateos [136] identify this as the greatest
rebound effect risk and state that only if there is a physical or institutional constraint on
land expansion is there unlikely to be a significant increase in water use.

Farm management software, decision support systems or similar tools do involve
an energy input for the operation of computers and servers. However, the resources re-
quired for this have not yet been tracked, so that a precise assessment is not yet possible.
Paul et al. [125] did a review of case studies on factor inputs in agriculture and conclude
that efficiency improvements generally lead to real reductions in resource use and estimate
the direct rebound effects of increased energy efficiency to be relatively small [132]. It can
therefore be assumed for the time being that the positive environmental effects achieved
by SF technologies can exceed the negative consequences of increasing energy use. How-
ever, this conclusion should not lead to a general underestimation of rebound effects in
agriculture, as this is a largely neglected area of research so far.

4.2. Barriers
4.2.1. Technological Barriers

Technological barriers pose a major risk to realizing the environmental benefits of SF.
They either prevent implementation or create uncertainty, so that farmers are reluctant to
adopt SF technologies. Based on our literature screening we identify three main categories
of technology barriers namely data protection and data security, standardization, and
infrastructure requirements.

Uncertainties regarding data protection and sovereignty represent a major reason for
farmers’ hesitation in adopting SF technologies [137,138]. Accordingly, the problem has also
become the most frequently cited obstacle to acceptance in the literature [33]. The academic
debate has also often addressed the issue of data sovereignty and autonomy [139–142].
The stakeholders concerned have recognized that mass collection and storage of data
also means a risk of misuse and loss of data sovereignty of farmers. Moreover, not only
agricultural data is collected, but also personal data.
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Another frequently studied barrier to acceptance is the incompatibility of data due
to the diverse format specification of digital systems [33]. Manufacturer-independent
software and hardware or platforms for data exchange like the ISOBUS protocol for tractor-
implement connections represent ways to avoid monopoly positions and allow farmers to
make individual choices. Reuter et al. [143] note that binding standards for the exchange
of data also contribute to fail-safe agriculture by preventing dependencies on individual
manufacturers or systems.

The third hurdle for SF technologies is the lack of adequate infrastructure [144].
European Union member states often lack basic infrastructure, such as access to high-speed
internet connections [145]. However, nationwide mobile coverage, especially in rural areas,
is the basic prerequisite for SF to function reliably. Many developing countries also do
not have the necessary infrastructure to be able to realize the opportunities of digitization.
However, the use of autonomous robots usually requires not only 5G technology but also
a fiber optic network in rural areas [146], so their possible use is currently limited to a
few areas.

4.2.2. Socio-Economic Barriers

In addition to the technological challenges mentioned above, a number of socio-
economic barriers to the implementation of SF are discussed in the scientific literature, albeit
in a scattered and often less comprehensive manner. We summarize the available literature
in three strands: business barriers due to the high investment costs of SF technologies, the
risk of oligopolization of SF providers, and lack of knowledge on the part of farmers.

The establishment of SF technologies is often associated with high investment costs.
In the surveys conducted by Kernecker et al. [26] and by Barnes et al. [147] on challenges
for adoption of SF-challenges, high costs are the most frequently mentioned barrier. In par-
ticular it is expected that only large farms would benefit from SF technologies, because it is
too costly for smallholders [11]. This assumption is underpinned by empirical observations
that large farms are significantly more likely to adopt precision farming technologies [148].

Another risk for SF technologies is the growing market power of agricultural corpo-
rations [144]. Economies of scale are particularly significant due to the relevance of data
volumes. In addition, mergers between software and agricultural technology companies
are necessary in order to develop viable complete solutions. The global oligopoly in seed,
agricultural machinery and pesticide production is currently expanding its market power,
and the comprehensive solutions offered by large corporations mean that smaller compa-
nies have little chance of entering the market. For example, after the successful merger,
Bayer-Monsanto (Leverkusen, Germany) owns 33% of the market share in the seed sector,
followed by Corteva Agriscience (Wilmington, NC, USA) with 21.3% [149]. A similar trend
is emerging among agricultural machinery companies. In the future, large corporations
could force farmers to purchase certain products due to a lack of compatibility as well as
their sheer market power, as non-manufacturer solutions are not compatible with existing
technology [150].

Finally, lack of know-how and qualification of farmers may slow down the adoption
of SF technologies. The survey conducted by Barnes et al. [31] found that advisory services
on SF contribute more to the adoption of precision agriculture methods than financial incen-
tives and lack of information is the third most frequently cited reason for non-adoption [31].
Farmers often do not have sufficient information about current SF technologies and do not
have access to individualized advisory services [26]. Operating modern hard- and software
poses major challenges for many farmers. New skills and abilities are required to apply
and interpret the results of Big Data systems [144]. Higher levels of information can also
reduce the perceived complexity of the adoption process [22]. Further, a lack of information
and extension services means that farmers are uncertain about the economic consequences
of adoption. Kernecker et al. [26] identified the profitability of technologies as a key factor
for adoption, but it is difficult for farmers to assess this for new, cost-intensive technologies
without support and experience. The fact that young and better-educated farmers are more
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inclined to implement precision agriculture technologies [22,148] highlights the need for
external extension and training services for less-educated farmers.

5. Discussion and Governance Implications

SF as a field of research is rapidly evolving. Many terms are not uniformly defined
and results of scientific studies are heavily dependent on the relevant context and thus
up-scaling of results is dubious. No wonder legal regimes by authorities lag behind the
rapid technical development and are rather reactionary than formative. Management
requirements and subsidies, as regulated by the European Union’s Common Agricultural
Policy, have a strong influence on the further development of agriculture and could thus
facilitate the introduction of SF technologies and ensure their positive environmental
impact. Based on the results of the previous sections, we argue for a more pro-active role
of the state in the regulation of SF technologies and derive the following concrete policy
recommendations for action:

1. Counteracting rebound effects: Potential rebound effects must be identified, and
their occurrence prevented. This requires investments and further support for long-
term research projects. Subsequently, regulatory steps such as the regulation of
land use, trade and consumption are required to prevent environmentally harmful
intensification of production, for example through certification systems. Compliance
with regulatory requirements must then be verified. An example of the need for
regulatory measures is the prevention of rebound effects in irrigation by limiting the
ability to expand the irrigated area.

2. Support education and training: The economic and environmental benefits of SF must
be communicated to farmers both in practice and in theory. This also applies to the
identified risks. To this end, the gap between science and practical users must be
closed. Agricultural education is also of major relevance. Accordingly, SF should be
part of agricultural education and studies so that uncertainties regarding the applica-
tion are minimized and non-adoption due to a lack of know-how are counteracted.
In addition, comprehensive and professional training and consulting services are
necessary. These must have a high degree of topicality and should be offered by
neutral institutions because independent advice is crucial to successfully reach and
support farmers and to promote the adoption of precision farming methods [151].

3. Financial support and incentive systems: In order to avoid that ecologically beneficial
technologies are not established due to high investment costs, targeted support mea-
sures, such as government subsidies or financing options, are necessary. So that small-
and medium-sized farms are also able to take advantage of the potential of these
systems, there is a need to promote technologies that are specifically adapted to the
needs of small- and medium-sized farms. Broad implementation may subsequently
lead to a reduction in costs. Appropriate premiums or non-financial incentive meth-
ods could also lead to voluntary acquisition. Another effective measure is to invest
in technologies that would not be economically viable without financial subsidies,
but which have a significant positive impact on the environment. This results in
a welfare gain for society as a whole. In the medium term, mandatory measures
are also conceivable, such as the mandatory use of fertilizer application cards or
the use of certain sensors that provide information on fertilizer activity and serve
to (digitally) verify compliance with limit values. Ecologically positive results are
thus rewarded, and limit value transgressions are sanctioned. This also allows more
flexibility in setting limit values. Finger et al. [152] suggest that agri-environmental
policy instruments be designed so that taxes, quotas, and subsidies target defined
levels of agri-chemical inputs or polluting residues. Finally, the use of special certifi-
cation systems also appears to be potentially expedient here, in that they contribute
to transparent information regarding certain quality characteristics along the entire
value chain.
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4. Implementation of binding standards: Further legal regulations on the collection,
storage and transfer of other data are long overdue and must close the gaps that still
exist. In addition, the expansion of security concepts and regulations on the use of
decentralized networks and similar measures is the basic prerequisite for a fail-safe
agricultural sector. In order to prevent farmers from becoming undesirably dependent
on manufacturers and individual systems, mandatory standards must also be defined
for software and hardware so that cross-platform compatibility can be guaranteed.
The ISOBUS protocol for the tractor-implement connection can be mentioned as a
model for such standards. Finally, the establishment or expansion of infrastructure,
especially comprehensive mobile communications coverage in rural areas, is a relevant
factor in ensuring the functionality and usability of modern technologies. This also
includes the simple and free availability of public data such as weather information
or cadastral and soil maps in standardized formats by the respective authorities.
However, there are often legal hurdles that prevent comprehensive utilization options.
To this end, there is also a need to expand the options for digital data transfer between
authorities and farmers. In this regard, the handling of data from the European
Union’s Galileo satellite navigation system, in which data is collected and released via
an interface, can be cited as a prime example [11]. The establishment of an agricultural
master platform is therefore a promising measure that has the potential to minimize
numerous obstacles and risks in a bundled manner as a neutral hub.

6. Conclusions

It was shown that SF technologies available today and those to come offer lots of
opportunities to make arable farming more environmentally friendly while maintaining or
increasing yields. In particular, the efficient use of fertilizers and pesticides can significantly
minimize environmental impacts, primarily through demand-based application. The
future use of robots for automated mechanical weed control may even lead to a complete
avoidance of herbicide applications. Other potentials for increasing efficiency that are
independent of the work steps are offered by the field mapping using GPS, UAVs and/or
sensors, the use of farm management software and cross-functional platforms.

However, our analysis of risks of and challenges for SF technologies has made clear
that these positive effects can be compromised by possible rebound effects in the process.
These have hardly been part of the scientific debate to date, but may contribute to the fact
that increased efficiency ultimately leads to increased resource use. Irrigation technologies
have been identified as particularly at risk, often leading to expansion of irrigated area or
intensification of irrigation activities. To avoid rebound effects, further research is needed.
Technological and socio-economic barriers that prevent or slow down the diffusion of
ecologically beneficial technologies were investigated as further risks. High investment
costs and unresolved data protection issues in particular lead to non-adoption by farmers.
To minimize the risks of SF, government institutions should avoid rebound effects, promote
education, extension and training, provide financial support, create incentive systems, and
establish binding technological standards.

Agricultural digitization does not represent an abrupt paradigm shift, but rather a
continuously advancing process. This circumstance makes it difficult to specify concrete
points in time when technologies will be market ready. Currently, farmers are increas-
ingly using digital methods to collect and evaluate comprehensive data. Accordingly, the
well-established precision farming methods that have been used for many years will be
supplemented in the course of SF. In the medium to long term, it can be expected that
autonomous, electrically powered tractors and, in particular, the use of swarm robotics will
contribute to a significant change in farm management. In addition, intelligent networking
of all agricultural production and value chains may hold further potential to minimize
environmental impacts.
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Today, mostly large farms in industrialized nations are using SF technologies. In order
to better realize the opportunities, diversified products and services must be available
that go beyond a reduction in costs for input factors for large-scale farming. There is an
important role for governments to play here, because even if a business case for SF is not
clear yet, the environmental benefits of SF represent a welfare gain for society as a whole.
Hence, government should take on a pro-active role in funding research on potential
rebound effects of SF, providing the necessary infrastructure, closing the governance
gaps with respect to data security and standardization as well as with regard to support
consulting services on SF in particular to smallholder farms.
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