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ARTICLE INFO ABSTRACT

Keywords: Farmers’ attitudes toward field crop robots in a European setting have hardly been studied despite an increasing
Farmer survey availability of the technology. Given the relevance of robots for small-scale agriculture, however, their accept-
Attitude ability in regions dominated by small-scale agriculture such as Bavaria, Germany, is of particular interest. Based
ggﬁ:ﬁ;‘;‘?jﬂ on a sample of 174 farmers, an exploratory investigation of factors influencing the preference for large or small

field crop robots in general and in specific settings and for mode of operation was carried out. Data were gathered
using questionnaires at two events including lectures and field demonstrations and analyzed using bivariate tests.
Farm size, farming system (organic/conventional), and occupational structure (part-time/full-time) were rele-
vant attributes influencing the evaluation of advantages and disadvantages of field crop robots. Generally, re-
spondents from larger farms focus more on financial benefits from robots and prefer large autonomous tractors.
Conversely, small-scale or organic farmers consider environmental benefits of field crop robots relatively more
important and favor small robots. Organic farming also positively correlates with the intent to purchase field
crop robots within the next five years. More farmers can generally imagine owning small robots as opposed to an
autonomous tractor in ten years, but at the same time view autonomous tractors as more suitable for most
specified agronomic tasks. Non-purchase options such as contractor services and machinery sharing represent the
preferred modes of robot deployment.

Field crop robot

1. Introduction
1.1. Overview of field crop robots

Robots are built to automate repetitive, dull, strenuous, or hazardous
tasks, which may include manual weeding, harvesting, spraying, or
tractor driving in an arable farming context. Corresponding to the
definition proposed by Lowenberg-DeBoer et al. (2020), the following
analysis considers field crop robots as ground-borne technologies auto-
mating human tasks in field crop production without permanently
requiring a human driver or remote operation, although human inter-
vention may occasionally become necessary (cf. levels 3 and 4 in SEA
International, 2018). One can differentiate between large and small field
crop robots, both of which may work individually or as part of a swarm
or fleet. Field crop robots may be driven by a combustion engine pow-
ered by fossil or bio-based fuels or by an electric engine powered by solar
or grid energy (Fig. 1), but alternative power sources may be developed
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in the future.

Large robots resemble traditional tractors in that they can be
equipped with various implements but do not require a driver (Gaus
etal., 2017), although specialized large robots are also being developed.
Manufacturers of conventional tractors in the USA and Japan have
already produced prototypes of autonomous tractors without a driver’s
cab. Additionally, manufacturers are experimenting with different forms
of power supply to replace diesel as fuel. Some research projects have
also modified commercially available conventional diesel-fueled trac-
tors to work autonomously (e.g. Emmi et al., 2014).

Small robots, on the other hand, may be further differentiated into
single- and multi-task machines, with the former being specialized
mainly for sowing and crop maintenance, although robots built for other
specialized tasks also exist (Gaus et al., 2017). All currently available
models are electrified and may be charged on- or off-grid. Multi-task, or
platform, robots, on the other hand, are available as electrically powered
or diesel-fueled machines. They act as carrier frames for standard
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implements and may thus replace small traditional tractors.

While field crop robots are being hailed as enablers of more sus-
tainable intensification (Bongiovanni and Lowenberg-DeBoer, 2004;
Lowenberg-DeBoer et al., 2020), this may only be achieved if robotic
solutions are accepted by the various relevant stakeholders: farmers,
distributors, contractors, society, and policymakers. Little research on
the perception of robotic solutions in crop farming has been carried out
to date, though, especially when compared to the substantial body of
research on robots in dairy production. The dairy sector was introduced
to robots in the 1990s when the first automatic, or robotic, milking
system (AMS) entered the market. The spread of AMS sparked research
interest in its economic efficiency as well as its impacts on animal
welfare, milk quality, or barn structure. AMS investment trends differed
strongly between Europe and North America, though, which is attrib-
utable to differences in typical herd size, availability of support, and
supply of cheap farm labor (Jacobs and Siegford, 2012). Following AMS,
robots to automate cattle feeding and barn cleaning were introduced to
the market. The dairy sector is thus two to three decades ahead of crop
farming regarding the level of robotization, which is evident in the
amount of literature available (cf. Jacobs and Siegford, 2012).

Compared to the comprehensive evaluation of AMS explaining their
regionally different acceptance, the information about field crop robots in
this regard is only fragmentary. Expert interviews conducted in California
suggest that economic factors may both drive and hinder adoption of
robotic solutions (Rial-Lovera, 2018). Farmer interviews in Australia
indicate concerns about reliability and cost-efficient data storage, but also
expectations of decreased pesticide costs and increased amounts of free
time as benefits (Redhead et al., 2015). Additionally, Devitt (2018) argues
that cognitive factors such as a lack of trust in robot decision making,
reduced feeling of connectedness to one’s own farm, and apprehensive-
ness about a lack of social exchange during farm work may negatively
affect farmers’ acceptance and thus adoption of field crop robots.
Recently, Riibcke von Veltheim et al. (2019) assessed the current state of
literature on the acceptance of autonomous field crop robots published in
English or German and determined an enormous research deficit, espe-
cially outside the USA. Subsequently, they interviewed manufacturers of
autonomous equipment who expect that field crop robots will first be
implemented in specialty crops and organic farming as the economic case
for conventional farming is not yet strong enough. The experts further
highlight the importance of field size and distribution, predicting that
farms with (few) larger fields will adopt field crop robots sooner than
farms with (many) small fields, irrespective of total acreage, due to lo-
gistics costs (Riibcke von Veltheim and Heise, 2020). A follow-up survey
of German farmers allowed for the identification of three clusters,
described as ‘convinced adopters’, ‘open-minded supporters’, and
‘reserved interested’. The clusters have different expectations of field crop
robots and correspondingly indicate varying levels of interest to invest.
They did not differ significantly, however, in their occupational structure,
farming system, or farm size (Riibcke von Veltheim and Heise, 2021).

On a global level, both machines and fields have been increasing in
size in the past decades for cost efficiency reasons. Larger machines
allow an individual to complete more work in the same amount of time,
thus reducing human labor input but also requiring larger fields to use
these machines efficiently. This trend has contributed to the difficult
stand of the agricultural sector today (de Witte, 2019). Field crop robots
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show potential to improve the economy of small-scale agriculture,
though, and thus also the environmental impact of agriculture. Since the
average EU-28 farm size in 2016 was 16.6 ha, with only 15% of Euro-
pean farms actually meeting or exceeding this area (Eurostat, 2019), the
economic and environmental opportunities of field crop robots on small-
scale farms are highly topical for a large number of European farmers. In
addition to potential economic and environmental benefits of field crop
robots, social improvements relating to workload and quality of work
may be expected. Development in these areas can be considered un-
derlying drivers of a positive attitude toward field crop robots among
farmers.

1.2. Economic, ecological, and social evaluation of field crop robots

1.2.1. General publication trends

With regard to socioeconomic and environmental evaluation, field
crop robots are not yet well researched. An analysis of the Scopus
database, which contains a sizable number of journals relevant to agri-
culture, yields that publications on field crop robots focus heavily on
technology and programming. Publications concerned with environ-
mental or socioeconomic aspects remain low in number despite an
overall increasing interest in the field of field crop robots (Fig. 2).

Only two abstracts indicated a purely economic focus while 14 ab-
stracts showed a dual focus on technology and environment or socio-
economics. However, most document abstracts in the economics
category focus on cost of the new technology rather than its socioeco-
nomic impact, while in about half the document abstracts placed in the
environmental category, environmental benefits were depicted as a
consequence of technological innovation rather than main content. In a
similar, yet more comprehensive approach, Lowenberg-DeBoer et al.
(2020) searched six databases for research on the economics of auto-
mated and autonomous agricultural equipment published after 1990.
Despite their larger time period and more economics-focused query,
albeit considering not only field crop robots, they were able to obtain
only 18 publications eligible for further analysis. Their finding corrob-
orates the conclusion drawn from the present analysis of publication
abstracts that the current literature on field crop robotics focuses
strongly on technological aspects and presents comparatively little
insight into their economics. Summarizing the current state of the
literature on field crop robotics with respect to their socioeconomic and
environmental consequences thus requires making inferences from
empirical knowledge about related technologies.

1.2.2. Economic effects

Some authors argue that switching from conventional to autonomous
equipment (Shockley et al., 2019) and from whole-field to precision
approaches (Bongiovanni and Lowenberg-DeBoer, 2004) is associated
with increases in net returns. However, the economics of automated
technology over conventional machines depends on multiple factors
such as processes concerned and farm size. Small-scale field crop robots
appear to be economical substitutes for labor-intensive processes by
decoupling them from human and legal limitations on daily working
hours (de Witte, 2019; Pedersen et al., 2008). This may prove particu-
larly interesting for organic farming (Sgrensen et al., 2005). Yet for
rather capital-intensive processes like harvesting, large machines,

Field crop robots

Large

combustion and electric engines

Small
Platform Specialized
combustion and electric engines electric engines

Fig. 1. Typology of field crop robots available for arable farming settings including available power sources (source: own compilation)
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autonomous or human-operated, retain an economic advantage (de
Witte, 2019), although country-specific cost and farming structures will
strongly affect individual profitability (Pedersen et al., 2008).

Contrary to the opinion of agricultural technology experts inter-
viewed in Germany (Riibcke von Veltheim and Heise, 2020), small farms
with correspondingly smaller fields may generally profit more from
automation. A sensitivity analysis on farm size (Shockley et al., 2019)
identifies a stark increase in profitability particularly for smaller farms,
although limited by the exclusion of used machinery in the model.
Similarly, Lowenberg-DeBoer et al. (2019) find that small autonomous
tractors may strongly reduce the unit cost of wheat production espe-
cially for smaller farms, allowing them to retain previously unprofitable
fields, compete on an international level, and reduce their dependence
on government subsidies. On the other hand, Lampridi et al. (2019) find
that autonomous weeding processes outperform conventional tractors
economically only on small rather than large farms, but also only when
ignoring labor costs entirely, underlining the multiple factors playing
into the economic evaluation of field crop robots. Contrasting the case
for robots and small field sizes are the findings of Zhang and Noguchi
(2017) whose multi-robot tractor system proved more efficient on
longer fields due to the reduced number of headland turns relative to
field size. Their study also points to the relevance of multi-robot driving
patterns on the field. Further possible economic benefits from the
automation of agronomic processes include reduced yield risk, reduced
input costs, and costs avoided due to reduced environmental external-
ities (Gaus et al., 2017; Shockley et al., 2019).

1.2.3. Environmental effects

Small robots in particular also reduce the negative impact of culti-
vation processes on soil structure and biota due to their comparatively
low weight (Shockley et al., 2019). With the increase in profitability of
small, irregularly shaped fields due to autonomous machinery (Low-
enberg-DeBoer et al., 2019; Shockley et al., 2012), ecosystem benefits
from smaller field sizes may also be expected (e.g. Fahrig et al., 2015).
Additionally, solar power is incorporated in the development of field
crop robots to further increase their autonomy in the field (Griepentrog
et al., 2012), thus reducing the need for fossil fuels. While this tendency
is supported by the cost of battery storage continuously decreasing over
the past decade and being expected to decrease even further (Cole and
Frazier, 2019), the dependence on sufficient hours of sunshine during
critical periods may limit this application in some regions.

1.2.4. Social effects

Health benefits from field crop robots for farmers and farm em-
ployees specifically due to the replacement of repetitive manual tasks
like weeding are also conceivable. Certain crops, particularly in organic
cultivation, require extensive amounts of hand weeding, which in-
creases production costs (Sgrensen et al., 2005) and puts physical strain
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Fig. 2. Number of topic assignments per year, in-
cludes multiple assignments of individual articles
hence cumulative number exceeds total number of
documents analyzed (Source: own survey).Two
categories of keywords were chosen to select for
robotics (‘smart robots’, ‘autonomous robots’, ‘field
robots’, and ‘agricultural robotics’ connected by the
Boolean operator OR) and agriculture (‘agriculture’,
connected to first category by the Boolean operator
AND). The time period was set to 2009-2019. Only
articles, reviews, short-surveys, conference papers,
and conference reviews written in English were
considered. Their abstracts were analyzed for rele-
vance to field crop robots. The resulting 166 papers
were hence categorized as ‘socio-economics and
costs’, ‘technology and programming’, or ‘environ-
ment and ecological sustainability’, with assign-
ment to more than one category possible.

2017 2018 2019

on workers. Prevalent health issues in agriculture may also be associated
with stress (Reissig, 2017), agrochemical exposure, or accidents with
large machinery. Although conclusive studies on health benefits from
the implementation of field crop robotics are lacking, the related time
savings (Sgrensen et al., 2005) may reduce workload and increase lei-
sure time on family farms (Redhead et al., 2015; Strauss et al., 2014),
thus counteracting stress-related illnesses. However, results from an
Austrian survey also indicate that farmers operating farms with higher
levels of automation face more difficulty finding a vacation replacement
(Strauss et al., 2014), possibly generating a new source of stress. The
available research on the relationship between robotics and farmer
health thus remains inconclusive.

Field crop robots are further expected to make a social impact on the
labor market. The European agricultural sector employs a high per-
centage of seasonal (migrant) workers (Williams and Horodnic, 2018),
particularly in specialty crop production. This low-skilled labor espe-
cially could be replaced by field crop robots (Marinoudi et al., 2019),
although development is also taking place in the area of robot assistants
to farmhands (e.g. Baxter et al., 2018). Taking a closer look at Germany
specifically, the supply of officially registered seasonal workers already
lagged behind demand more than a decade ago (Holst et al., 2008).
While more recent information is not available, the decreasing number
of farmhands positions field crop robotics as a potential solution to the
shortage rather than as a replacement of low-skilled labor. Indeed, the
discussion about immigration restrictions due to the Covid-19 pandemic
has highlighted the dependence of German agriculture on seasonal
migrant workers. High-skilled labor, on the other hand, may be com-
plemented by robotics, thus possibly creating a job polarization phe-
nomenon (Marinoudi et al., 2019). These considerations are underlined
by Rotz et al.’s (2019) findings from workshops with scholars and in-
terviews with farmers and other agri-food actors in Canada. Their survey
yields that automation technologies may replace unskilled labor to save
on wage and transaction costs, e.g. for contracting seasonal migrant
workers, but may also allow replacing skilled labor with unskilled labor,
as exemplified by automatic steering systems making expensive tractor-
driving skills redundant. On the other hand, their interviewees also
voiced the need for robot software and sensor experts, underlining the
demand for more high-skilled labor due to digitalization in agriculture
(Rotz et al., 2019). An example of this may be seen in the development of
farming-as-a-service models by manufacturers autonomous technology
(e.g. Small Robot Company, 2020). Operation of the robot by a skilled
employee eliminates the need for farmer training and allows market
introduction before reliability can be fully guaranteed. Clear statements
on the social effects of increased digitalization in agriculture cannot yet
be made, but certain indications exist for both positive and negative
contributions.
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1.3. Study aim

The review of previous publications has indicated a clear lack of
scientific literature on farmers’ attitudes toward field crop robots and
their potential economic and environmental effects, justifying an
investigation into the perception of field crop robots in a small-scale
agricultural region to identify relevant leverage points for or potential
obstacles to their dissemination. The present research focus lies on the
following questions: (1) What are the size and thus function preferences
for robots? (2) How do these preferences change in the context of spe-
cific agronomic tasks? (3) Do farmers prefer purchasing or renting as
operation mode for robots?

In addition to descriptive results, correlations with relevant de-
mographic and structural factors of influence are presented. These links
between variables are discussed in the context of existing literature on
the adoption of digital farming and precision agriculture as the most
closely related areas of research, allowing for further differentiation of
the farmer population as future users of field crop robots. The results
thus add to the currently sparse body of literature on the dissemination
of field crop robots and may prove useful to policymakers, manufac-
turers as well as equipment dealers and contractors in other small-scale
agricultural regions. Fellow researchers may also benefit from the
findings to generate hypotheses for replication and confirmatory
studies.

2. Materials and method
2.1. Data collection

A survey was conducted among participants of two field demon-
strations of automatic and robotic hoeing technology in 2019 in north-
ern and western Bavaria, Germany. The events comprised both lectures
and practical demonstrations, thus possibly attracting a comparatively
more open-minded audience, which may result in bias in favor of the
queried technologies.

The two-page questionnaire queried the level of usage of different
digital agricultural technologies, on potential advantages and problems
relating to field crop robots, on likelihood of field crop robot ownership
and preferred robot size for certain tasks, and on possible types of
ownership and usage. Most groups of questions allowed for 5-point
Likert-type answers and generated ordinal data. Depending on the
type of question, the levels 1 through 5 were described as ‘very unlikely’
through ‘very likely’ (likelihood of field crop robot ownership in ten
years), ‘very important’ through ‘not important at all’ (perceived ad-
vantages of field crop robots), and ‘very problematic’ through ‘not
problematic at all’ (perceived problems of field crop robots), respec-
tively. Demographic and farm structural information was recorded on
varying scales depending on the question. The current level of usage of
digital agricultural technologies and preferred type of field crop robot
for certain agronomic tasks were measured using a 5- and 4-point
nominal response scheme, respectively. The five response options for
digital agricultural technology use were ‘purchased and in use’, ‘pur-
chased, but not used’, ‘purchase planned within the next year’, ‘pur-
chase planned within the next five years’, and ‘no purchase planned’.
The four response options on task-related robot preference were ‘small
robots’, ‘large autonomous tractors’, ‘both sizes’, and ‘neither size’.

A total of 186 questionnaires could be collected at the events, but
twelve (6.5 %) had to be excluded due to implausible response patterns.
Since the remaining 174 datasets (93.5 %) all contained missing data on
one or more questions, percentages reported hereafter always refer to
the valid responses for the particular combination of variables.

2.2. Data analysis

Before testing variables against each other, several modifications
were made to the raw data. The continuous variable ‘farm size’ was
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generated by adding up the hectare sizes participants entered for each
production branch (cash crops, feed crops, grassland, or other). ‘Farm
size” was then compared to the Bavarian average of 35.3 ha (StMELF,
2018) to create the dichotomous variable ‘larger than Bavarian average’.
The response options of multinomial questions were combined where
appropriate to meet conditions for Chi2-testing. In particular, the ques-
tions querying the current level of use of automatic steering systems and
intent to invest in crop robots were collapsed to dichotomous variables
(i.e. using/not using and planning to invest/not planning to invest).

The literature review has shown that research on factors influencing
the adoption of field crop robots is limited. However, as Lowenberg-
DeBoer et al. (2019) indicate, field crop robots may be highly relevant to
small farms, warranting an investigation of the influence of the variable
‘larger than Bavarian average’ in the present dataset. In addition to
comparatively small farm sizes (StMELF, 2018), Bavarian agriculture is
also characterized by part-time farming on every second farm (LfStatD,
2014a). For this reason, the variable ‘part-time farming’ was investi-
gated. Additionally, market-available digital farming technologies such
as automatic steering systems, automatic section control, and implement
guidance systems represent a first step into the automation of field work
(Thomasson et al., 2019) and may be understood as gateway technolo-
gies toward robotics in crop production. Therefore, the possible influ-
ence of ‘use of automatic steering system’ as the most advanced
automation technology on the attitude toward field crop robots was
investigated. Given further the relevance of automated weeding for
organic farming, ‘organic farming’ was chosen as a final possible influ-
ence. The independent variables were thus ‘larger than Bavarian
average’, ‘use of automatic steering system’, ‘organic farming’, and
‘part-time farming’, whose influence on the ‘intent to invest in field crop
robots’ was tested. For questions thereafter, ‘intent to invest in field crop
robots’ was included as a fifth independent variable.

Using these five independent variables, correlations with perceived
advantages and disadvantages of field crop robots were tested in order to
compare the results to the literature (Devitt, 2018; Redhead et al., 2015;
Rial-Lovera, 2018; Riibcke von Veltheim and Heise, 2021, 2020). Given
the diverse paths of development of robot size and function described in
the introduction, the influence of the identified factors on preference of
robot type in general and itemized according to specific agronomic tasks
was also tested. Finally, the preferences for mode of operation were
studied to understand how ‘as a service’-options offered by some man-
ufacturers rank compared to traditional purchase or renting options.

The data were analyzed using IBM ® SPSS ® Statistics Version 26.
Nominal-nominal variables were analyzed using Pearson’s Chi>-Test of
Independence. This test compares the observed number of cell counts
with the expected number of cell counts for each combination of the two
variables analyzed and becomes significant when the observed distri-
bution of the variables diverges from their expected distribution. The
data were recoded as explained above in order to achieve expected cell
counts to be at least one in as many cases as possible. Pearson’s ChiZ-test
was then applied to all 2x2-tableaus and those 2x4-tableaus that met the
expected cell count-conditions of all expected values being greater than
one and at least 80 % of cells having expected values of at least five
(Weaver, 2017). For 2x4-tableaus that did not meet these conditions,
Monte-Carlo two-sided p-values were calculated using default settings.
Thus, the results report the asymptotic two-way significance in most
cases and the approximatively exact two-way significance Chi*-value for
results of the Monte-Carlo simulation. The discussion is limited to sig-
nificant correlations with effect sizes of Cramér’s V/Phi > 0.2, as lower
values indicate negligible associations between the variables. Since the
statistical significance of a correlation between two variables provides
no information about the actual magnitude of that correlation (Fritz
et al., 2012), effect sizes are necessary to present a holistic view of the
relationship between two variables. Nominal-ordinal variables were
analyzed using the also Chi%-based Mann-Whitney U test, as all inde-
pendent variables are dichotomous. Reported results include the num-
ber of observations n for the respective combination of variables, test
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statistic U, and the Z statistic as the standardized value of U. The latter is
applicable because all n are sufficiently large (Nachar, 2008). For this
reason, the reported p-value corresponds to a test of the Z-statistic and
represents the level of asymptotic significance. Since the Mann-Whitney
U test requires equal distributional shapes of the samples being
compared to allow for a comparison of medians (Nachar, 2008), a
Kolmogorov-Smirnov test was conducted beforehand. A significant
Kolmogorov-Smirnov test result indicates that the distribution shapes of
the answers to the ordinal variables differ significantly so that a signif-
icant Mann-Whitney U test result indicates differences in the overall
distribution between the samples, not just the medians (Nachar, 2008).
Variable pairs with significant Kolmogorov-Smirnov test results are
marked in the respective tables and only interpreted with respect to their
differences in answer distributions. The absolute value of r was calcu-
lated for effect size (Fritz et al., 2012). Again, only significant results
with effect sizes of r > 0.2 are discussed, as effects below this value may
be considered negligible.

2.3. Sample description

Compared to the average Bavarian farmer population (Table 1), the
sample contains a larger fraction of organic farmers, which may be
explained by the data being collected at events on digital hoeing tech-
nology, which is of particular interest to organic farmers due to their
greater need for mechanical weed control. The survey participants are
also better educated and younger than the average Bavarian farmer,
which may create a pro-technology bias (Pierpaoli et al., 2013).

Table 1
Comparison of sample demographics (n = 141-172) with Bavarian average.
Farm/farmer characteristic Sample Bavarian
average
Farm size Mean 104.8 35.3 ha!
ha
Larger than Bavarian 74.6 % n/a
average
Occupational structure Full-time 73.9 % 48.0 %>
Part-time 261%  52.0 %
Farming system Conventional 73.0%  92.0 %>3
Organic 27.0% 8.0 %>°
Production branch Cash crops 80.1 % 31.0 %> *
Fodder crops 48.1 % 49, 7%> 4
Grassland 59.3 %
Other 280%  32%>*
Technology use profile Use of automatic steering 32.3 % n/a
system

Intent to invest in field 22.2% n/a

crop robots

Level of agricultural Agric. journeyman 31.3% 71.2 %> &7
education Agric. master 325% 18.4 %> %7

Agric. technician 5.5 % 6.9 %> &7
University graduate 202% 6.7 %> %7
Other 10.4% n/a

Age 19 years or younger 23 % 0.9 %> ©
20-29 years 419%  7.2%>°
30-39 years 15.1 % 22.4 %> ¢
40-49 years 15.1 % 35.2 %> ©
50-59 years 209%  29.4 %> °
60 years or older 4.7 % 5.0 %> ©

Gender Male 90.9%  92.6 %°
Female 9.1% 7.4 %°

IStMELF (2018) 2calculated based on LfStatD (2014b) 3calculated based on
Bayerisches Landesamt fiir Statistik (2018) “The Information was not available
in the same categories. The present survey data allow naming of multiple cat-
egories. Data used for comparison groups farms based on contribution to overall
farm income and also considers animal husbandry; 63.9% of farms in compar-
ison data focus on a single branch of production. >Calculated based on Bayer-
isches Landesamt fiir Statistik und Datenverarbeitung (2014) ®The information
was not available in the exact age/education units applied in the questionnaire.
“The percentages refer to a total of only the four named levels of education, as no
information for ‘other’ was available.
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Of those participants that indicated their farm size, 25.4 % operate
farms smaller than the Bavarian average. The median farm size for
smaller farms (n = 35) lies at 20 ha (range: 10-35.3 ha) while that of
larger farms (n = 103) lies at 97 ha (range: 35.4-1,450 ha). A review of
the postal codes indicated on the questionnaires shows that at least nine
participants came from outside Bavaria and further 15 participants
indicated no or only incomplete postal codes. These participants re-
ported some of the largest farm sizes, including the overall maximum of
1,450 ha, which may explain why the sample’s average farm size ex-
ceeds the Bavarian average: The federal state of Thuringia, which bor-
ders Bavaria and matched several of the largest farms’ postal codes, has
a much different agricultural structure than Bavaria for historical rea-
sons. Given the applied method of analysis, re-coding farm size as a
binary variable, these few large farms should not distort the results.

The presence of some vocational students at the events provides a
reason for the strong representation of the 20-29 years age-bracket in
the sample compared to the average Bavarian farmer population
(Table 1) and the younger age of conventional as compared to organic
farmers (U = 1257.00, Z = —3.22, p = 0.001, r = 0.3). These students are
all trained farmers with work experience pursuing further education
while working on or already managing a farm. Since employment and/
or ownership status was not queried in the questionnaire, no statement
can be made about the percentage of farm owners as opposed to em-
ployees or managers in the sample.

3. Results and discussion
3.1. Influences on the intention to invest in field crop robots

At the time of surveying, no participant had invested in field crop
robots already, although 22.6 % plan to invest in the technology within
the next five years. Only the farming system significantly influences
participants’ plans of investment in field crop robots (Table 2), with
organic farmers intending to invest more often than the expected value
and vice versa for conventional farmers. This rather strong difference
between organic and conventional farmers may be explained by the
need for mechanical weed control in organic farming and the increasing
number of market-available robots specialized for weeding in recent
years (Treiber et al., 2019).

The intention to invest in field crop robots can be expected to be
influenced by the perception of advantages and disadvantages of the
technology. Beginning with the evaluation of advantages (Fig. 3),
‘reduced soil compaction’ is viewed as the greatest asset of field crop
robots, indicating an underlying assumption of robots weighing less than
conventional tractors. Indeed, in the provided list of possible advan-
tages, ‘reduced soil compaction’ as well as ‘possibility of treatment of
individual plants’, ‘possibility of intercropping’, and ‘preservation of
small-scale landscape’ were indicated to be pertaining only to small
robots. In the ranking of perceived advantages, several economic ad-
vantages follow, pointing to the possible source of motivation in case a
purchase of field crop robots is considered. ‘Preservation of small-scale
landscape’ as a social aspect and ‘possibility of treatment of individual
plants’ as well as ‘possibility of intercropping’ as agronomic techniques
but also ecologically relevant aspects are ranked as less important

Table 2
Results of Pearson’s Chi?-Test of Independence between ‘Intent to purchase field
crop robots’ and four independent variables.

Farm characteristic n Chi? daf p Phi

Intent to Organic farming 121 2714 1 0.000*** 0.5

purchase field Part-time farming 138  0.55 1 0.814 0.0

crop robots Larger than 116 222 1 0.137 0.1
Bavarian average

Use of automatic 143 1.66 1 0.197 0.1

steering system

* = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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Reduced soil compaction

Reduced working hours

Cost savings

Simplification of daily work routine

Profit increase

Preservation of small-scale landscape
Yield increase

Possibility of treatment of individual plants
Possibility of intercropping

0%

G0 Very important
B Rather unimportant
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@ Rather important

100%
@ Undecided

B Very unimportant

Fig. 3. Evaluation of possible advantages of field crop robots; n = 165-171 (source: own survey).

advantages by participants and may thus represent only secondary
sources of motivation or be unfamiliar to participants as advantages of
field crop robots.

Participants were further queried which aspects of robotics they
perceive as hindering (Fig. 4). The results underline the status of field
crop robots as a novel technology as ‘unresolved liability issues’ and
‘market maturity and availability of robots’ are considered most
problematic.

Comparing these findings to the influences on adoption of autono-
mous agricultural technology in the literature, several similarities
emerge. Rial-Lovera (2018) interviewed farmers and other agricultural
experts in California, also finding cost reduction to represent a major
driver of the adoption of robots in agriculture. The experts in her in-
terviews point to a lack of labor availability specifically as an explana-
tion for cost reduction through robots. This is also echoed in Riibcke von

Unresolved liability issues

Market maturity and availability of robots
Increased dependence on manufacturer
Lack of compatibility with other technology
High level of specialization of technology
Safety of humans and animals

Image of alienated agriculture

Ethical concerns

0%

tVery problematic

B Rather unproblematic

B Rather problematic

Veltheim and Heise’s (2020) expert interviews. The data presented
herein do not provide participants’ view of labor availability, but the
literature review confirms that labor scarcity is becoming increasingly
relevant in the German agricultural sector. The present results on a ‘lack
of compatibility with older technology’ being considered ‘very prob-
lematic’ or ‘rather problematic’ by a majority of respondents match the
results of Rial-Lovera’s (2018) interviews, in which a lack of equipment
compatibility and standardization is also voiced. Similarly in Australian
farmer interviews conducted as a pre-study for the development of a
field crop robot, Redhead et al. (2015) learned that a lack of compati-
bility represents a major impediment to farmers when adopting new or
specialized technology. They also name reliability under changing
conditions as a very important aspect, which is not covered in the pre-
sent survey but also touched upon by Devitt (2018). The importance of
economic factors such as ‘cost savings’, ‘simplification of daily work

z

-

- /
s

60%

2

20% 40% 80% 100%

B Undecided

2 Not problematic at all

Fig. 4. Evaluation of possible disadvantages of field crop robots; n = 168-171 (source: own survey).
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routine’, and ‘reduced working hours’ to a majority of the present survey
respondents, on the other hand, is confirmed by German manufacturers
(Riibcke von Veltheim and Heise, 2020) and mirrored in the importance
attributed to field crop robots for the tedious and thus expensive task of
manual spot weeding or spraying by Australian farmers (Redhead et al.,
2015). The clusters identified by Riibcke von Veltheim and Heise (2021)
also indicate that a positive attitude toward field crop robots (‘open-
minded supporters’ and ‘convinced adopters’ clusters) is associated with
expected facilitation of work processes but not necessarily economic
benefits. The two positively inclined clusters differ, however, with
respect to their evaluation of more environmentally friendly production
with the help of field crop robots, which is valued most greatly by the
‘convinced adopters’. Conversely, environmental aspects as perceived
advantages in the present survey (‘reduction of soil compaction’, ‘pos-
sibility of treatment of individual plants’, and ‘possibility of intercrop-
ping’) are not attributed equal levels of importance (Fig. 3) and do not
correlate significantly with the ‘intent to invest in field crop robots’
(Table 3). This divergence in findings demands further research into the
ecological dimension of farmers’ acceptance of and investment in field
crop robots. Finally, Devitt (2018) considerations on a loss of connection
to one’s farm and of social interactions during farm work cannot be
directly reproduced in the present sample because of the phrasing of
questions. Some experts in Riibcke von Veltheim and Heise’s (2020)
study, however, also state that farmers may be discouraged by no longer
being fully in control, e.g. not being able to repair their own equipment.
The present results show, though, that only a small group of participants
are concerned about field crop robots creating an ‘alienated image of
agriculture’ or raising ‘ethical concerns’ (Fig. 4). In addition to this
descriptive, comparative analysis, some significant correlations of
perceived advantages and disadvantages mostly with farm size, pro-
duction system, and purchase intent could be identified (Table 3 and
Table 4). Only significant results are presented in these and the
following tables, but a complete listing of all test results may be found in
the supplementary material.

Respondents from larger farms tend to be more focused on financial
advantages of field crop robotics whereas small-scale farmers place
more importance on environmental and social aspects. Large-scale
farmers show a tendency to be more wary of ‘unresolved liability is-
sues’ and ‘safety of humans and animals’ while also differing in their
response distribution on the advantage of ‘profit increase’, suggesting
that large-scale farmers may see the lack of clear laws on operating field
crop robots (Vogel, 2020) as a higher financial risk. Conversely, small-
scale farmers consider ‘reduced soil compaction’ somewhat more
important than large-scale farmers. Given the existence of a strong
correlation between small-scale farmers and part-time farmers in the
sample (n = 134, Chi® = 51.63, df = 1, p < 0.000, Phi = 0.62) , similar
effects for these two variables were expected. Instead, part-time farmers
and full-time farmers differ only in their evaluation of ‘preservation of
small-scale landscape’, which was deemed more important by part-time
farmers. This distinction may point to different motivations for on-farm
work between full-time and part-time farmers (cf. Mittenzwei and Mann,
2017) and suggests that size of the farm and size of the contribution of
on-farm work to household income do have discrete effects on farmers’
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Table 4
Mann-Whitney U-Test of perceived disadvantages of field crop robots and
dichotomous independent variables.

Perceived Farm n U Z p r

disadvantages characteristic

Unresolved Larger than 133 130450 —-2.04 0.041* 0.2
liability Bavarian
issues average

Safety of Larger than 132 1139.00 -2.84  0.004** 0.2
humans and Bavarian
animals average

Image of Intent to 143  1245.00 —2.50 0.013* 0.2
alienated purchase field
agriculture crop robots

Ethical Intent to 143 1158.00 —-2.97 0.003*+¥ 0.2

concerns purchase field

crop robots

K — significant Kolmogorov-Smirnov Test, i. e. group distributions differ, hence
Mann-Whitney U-Test refers to distribution instead of median.
*=p <0.05, ** = p < 0.01, *** = p < 0.001.

views of field crop robots.

The farming system influenced participants’ views on ‘reduced
working hours’ and ‘possibility of intercropping’, both of which were
considered more important by organic farmers. Given the ban of most
agrochemicals in organic farming, organic farmers may economize
overproportionately by replacing high-cost manual labor with robotic
weed control (Sgrensen et al., 2005). Similarly, intercropping presents a
way to reduce the need for pest and weed control as well as fertilizer by
utilizing synergies between certain plant species. While intercropping is
work-intensive to implement, it can be profitable and may reduce eco-
nomic losses in weak years (Bybee-Finley and Ryan, 2018). Field crop
robots may help tip the cost-benefit balance in favor of intercropping by
reducing labor-related input costs, thus making intercropping econom-
ically more attractive and generating ecological co-benefits. The ‘intent
to purchase field crop robots’ is also related to the perceived problem of
creating an ‘image of alienated agriculture’. Less than a fifth of survey
participants intending to purchase field crop robot is thus concerned,
compared to almost a third of those not planning to make such an in-
vestment. The groups differ similarly in the distribution of their evalu-
ation of ‘ethical concerns’ as problematic. This presents an interesting
point of further research, for example to investigate which aspects fuel
these concerns and whether these concerns exert a conscious or un-
conscious influence on the intent to purchase.

3.2. Preferences for size and type of robot

Robot sizes are concomitant to certain functions, which may moti-
vate participants’ responses to the question discussed in the following.
Participants clearly consider owning small field crop robots in ten years
more likely than owning a large autonomous tractor (Fig. 5), although
the ‘intent to purchase field crop robots’ within the next five years
correlates with the evaluation of likelihood of ownership ten years into
the future for both sizes (Table 5).

Table 3

Mann-Whitney U-Test of perceived advantages of field crop robots and dichotomous independent variables.
Perceived advantages Farm characteristic n U Z p r
Reduced working hours Organic farming 138 1442.50 —2.09 0.037* 0.2
Simplification of daily work routine Intent to purchase field crop robots 141 1315.50 —2.36 0.018* 0.2
Profit increase Larger than Bavarian average 135 1324.00 —2.26 0.024*K 0.2
Possibility of intercropping Organic farming 133 1168.00 -3.04 0.002** 0.3
Preservation of small-scale landscape Part-time farming 158 1625.50 -3.19 0.001%* 0.3

Use of automatic steering system 160 1845.00 —3.47 0.001**K 0.3

Reduced soil compaction Larger than Bavarian average 132 1297.00 —2.44 0.015* 0.2

K — significant Kolmogorov-Smirnov Test, i. e. group distributions differ, hence Mann-Whitney U-Test refers to distribution instead of median.

* = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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Fig. 5. Perceived likelihood of operating large or small robots on own farm in ten years; n = 170 (small), 168 (large) (source: own survey).

Table 5
Mann-Whitney U-Test of type of robot considered most likely on own farm in ten
years and dichotomous independent variables.

Robot Farm n U z p r
ownership characteristic
probability
Probability of Intent to 139 876.50 —4.19  0.000%**% 0.4
operating purchase field
large crop robots
autonomous
tractors on
own farm in
10 years
Probability of Intent to 141 1068.00 -3.25  0.001**¥ 0.3
operating purchase field

small robots
on own farm
in 10 years

crop robots

K — significant Kolmogorov-Smirnov Test, i. e. group distributions differ, hence
Mann-Whitney U-Test refers to distribution instead of median.
*=p <0.05, ** =p < 0.01, *** = p < 0.001.

Although a majority of participants consider owning a large auton-
omous tractor themselves ten years into the future ‘rather unlikely’ or
‘very unlikely’, a significant and sizable difference in the response
pattern exists between participants not intending to purchase a field
crop robot and those already planning to invest in field crop robots
within the next five years. The pattern for the future ownership of small
robots is similar, though less pronounced, with those planning to invest
in the near future consequently also considering the ownership of either
type of robot more likely. However, as the question on the ‘intent to
purchase field crop robots’ did not specify the size of the robots, those
survey participants that indicated no ‘intent to purchase field crop ro-
bots’ may possibly have had autonomous tractors in mind more often,
which Fig. 5 documents as being of less interest.

Participants also indicated which robot type, if any, they could
imagine performing various agronomic tasks, from sowing to harvest.
Despite small robots being considered more likely to be owned in the
future overall, large autonomous tractors are considered more suitable

for actual work on the field (Fig. 6), representing a distinctive contra-
diction. Only for one task, plant protection measures, do participants
consider small robots more suitable than large autonomous tractors.

Particularly in the context of the general preference for small over
large robots, this finding appears difficult to explain. Skepticism
regarding market maturity of autonomous field vehicles (Fig. 4) may
play a role as may the influence of a status quo bias regarding size, given
the ever-increasing size of agricultural machines in recent decades.
However, it is also conceivable that those who could imagine owning a
small robot themselves in ten years (Fig. 5) had a weeding robot in mind
as the likelihood of ownership of small robots and type of robot for plant
protection measures correlate significantly (n = 164, Chi® = 28.12, df =
12, p = 0.005 (Monte-Carlo Simulation), Cramér’s V = 0.2).

This assumption is further supported by the number of already
existing robotic solutions to replace hand-weeding, which Treiber et al.
(2019) have identified as the largest category by far of currently or soon-
to-be market-available field crop robots. The potential of robotic
weeding may thus outweigh the skepticism toward autonomous tech-
nology. Testing for correlations with perceived advantages, ‘simplifica-
tion of daily work routine’ and ‘possibility of treatment of individual
plants’ were deemed ‘rather important’ or ‘very important’ by a large
number of those considering small robots most suitable for plant pro-
tection measures (n = 163, Chi? = 25.59, df = 12, p = 0.014 (Monte-
Carlo Simulation), Cramér’s V= 0.2 and n = 163, Chi®? = 21.89,df =12,
p = 0.035 (Monte Carlo Simulation), Cramér’s V = 0.2, respectively).
Additionally, more than three quarters of participants who intend to
invest in field crop robots consider the advantage ‘possibility of treat-
ment of individual plants’ ‘rather important’ or ‘very important’ (cf.
Table 3). Based on these correlations, albeit moderate, and the general
preference of small robots for plant protection measures, small robots
show potential to be accepted as a replacement for cumbersome and
expensive tasks like hand-weeding.

Significant correlations between the choice of robot type for specific
tasks and the independent variables could be observed only for a few
cases (Table 6). The significant correlation between ‘organic farming’
and ‘mineral fertilizer application’ results from conventional farmers
considering large autonomous tractors or both sizes most suitable,
compared to both sizes or neither size for organic farmers. Although

60%
-
40%
20%
0% F - 0 . [ . .
Harvest On-Field Soil Application Sowing Application Plant
Transport  Cultivation Farm Manure Mineral Protection
Fertilizer Measures
OSmall robots  ELarge autonomous tractors  BBoth sizes B Neither size

Fig. 6. Type of robot considered more suitable for various farm tasks in ascending order of choice of small robots; n = 164-169, (source: own survey).
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Table 6
Pearson’s Chi® Test of Independence for the type of robot, if any, for specific
tasks and dichotomous independent variables.
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Table 7
Mann-Whitney U-Test of type of ownership considered most likely and dichot-
omous independent variables.

Agronomic Observed n Chi? daf p Cramér’s Operation mode Observed n U Z p r
task variable v variable
Soil Intent to 141 9.71 3 0.021*M 0.3 Individual Organic 137 1366.00 —2.28 0.023* 0.2
cultivation purchase field purchase and farming
crop robot operation Use of 161 224850 —-2.27 0.023* 0.2
Mineral Organic 133  8.24 3 0.041* 0.2 automatic
fertilizer farming steering
application system
Harvest Intent to 138  7.66 3 0.043* 0.2 Intent to 139  1196.50 -2.49  0.013* 0.2
purchase field purchase field
crop robot crop robots
On-field Intent to 138 1298 3 0.006**M 0.3 Organization by Part-time 160  1899.50 —-2.22  0.026* 0.2
transport purchase field machinery ring  farming
crop robot
*=p <0.05, ** =p < 0.01, =p < 0.001.

M _ exact test using Monte-Carlo simulation due to low expected cell counts.
* = p < 0.05, ** = p < 0.01, *** = p < 0.001.

mineral fertilizer is not used in organic farming, 87 % of organic farmers
in the sample chose to answer this question, indicating that they still
wanted to express their opinion on this matter. Among those partici-
pants intending to invest in field crop robots within the next five years,
small robots are not viewed as suitable for ‘soil cultivation’ or ‘harvest’,
but instead large autonomous tractors or both sizes, respectively, can be
imagined for these tasks. For ‘on-field transport’, those planning on
investing in field crop robots are undecided, choosing both sizes more
often than expected. However, almost half also indicate that they cannot
imagine either type of robot despite intending to purchase field crop
robots. This underlines the vagueness of the term ‘field crop robots’
when querying the intent to invest.

3.3. Preferences for mode of operation of field crop robot

In addition to traditional modes of operation, the dissemination of
digital farming technologies including robotics is accompanied by a rise
in offers of ‘as a service’ or ‘service by manufacturer’ options. Rather
than selling the machine as product, the manufacturer acts as a
contractor and uses the product to deliver a service. In the questionnaire,
the options included individual, shared (‘machinery group’, ‘machinery
ring’), and service (‘service by contractor’, ‘service by manufacturer’)
operation modes. Participants react most favorably toward traditional
service and shared options (Fig. 7). The novel option ‘service by
manufacturer’ is received only poorly.

Differences between large- and small-scale farmers as well as full-
time and part-time farmers can be observed regarding the preferred
mode of operation (Table 7). Part-time farmers show a tendency to be
more inclined toward ‘organization by machinery ring’ of field crop
robot deployment, which may be explained by the expected level of

Service by contractor
Machinery group
Machinery ring

Individual purchase and operation

Service by manufacturer

0% 20%

a1 can well imagine this

B can rather imagine this

utilization. On the other hand, organic farmers tend to be more open to
‘individual purchase and operation’ of field crop robots than conven-
tional farmers, despite the economy of shared or contracting options
depending on the level of utilization (Sgrensen et al., 2005). Finally,
significantly different responses between users and non-users of auto-
matic steering systems and those intending to invest in field crop robots
compared to those not interested in doing so on ‘individual purchase and
operation’ are evident. Participants already operating automatic steer-
ing systems or intending to purchase field crop robots are more posi-
tively inclined toward ‘individual ownership and operation’ of field crop
robots than their respective counterparts.

4. Summary and conclusion

Revisiting the initial research questions to guide the exploration of
the present data, the analysis yields useful results. While small field crop
robots are generally preferred over large autonomous tractors for the
operation on participants’ own farms ten years into the future, survey
participants clearly see plant protection measures as the main, if not
only area of deployment thereof, preferring autonomous tractors or
neither robotic solution in almost all other cases. While the sample at
large prefers traditional non-purchase options for the operation of ro-
bots, those individuals open to an investment in robots favor an indi-
vidual purchase. Novel ‘as a service’-options were of little interest.

Informative correlations of perceived advantages and disadvantages
further support these findings, though not all correlations match the
existing literature. In particular, the importance of workload reduction
for organic farmers further supports the case of small weeding robots.
Although small field crop robots have been identified as potentially
profitable for small farms in the literature, small-scale farmers in the
present sample place comparatively less value on profit improvements
from field crop robots. They do, however, consider reducing soil

40% 60% 80%

100%

®| am undecided

&1 can rather not imagine this B1 cannot imagine this at all

Fig. 7. Preferred mode of ownership and operation of field crop robots; n = 167-169 (source: own survey).
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compaction more important than their larger counterparts. Small-scale
farmers as a potential group of field crop robot buyers should there-
fore be informed better about the ecological benefits of field crop robots
as well as the role of small robot scalability in economically maintaining
small fields. Additionally, the potential of small robots for tasks other
than crop maintenance should be emphasized where appropriate.
Dissemination should focus on shared options to allow hesitant farmers
to test the technology as lack of market maturity was named as a major
obstacle to acceptance. Given that current users of automatic steering
systems do not show a significantly higher intention to invest in field
crop robots than non-users, prior purchase of this technology cannot be
assumed to identify innovators or early adopters in the dissemination
process of field crop robots.

Although the survey was administered in Bavaria, a federal state of
Germany known for its small-scale agriculture, three quarters of par-
ticipants at the field demonstration events exceed the average Bavarian
farm size, indicating that the results do not represent the views of this
federal state’s predominantly small-scale farmers. The comparatively
low attendance of small-scale farmers suggests that they may not view
the presented technologies, including field crop robots, as realistic in
their business context. This corresponds to the small-scale farmers that
did attend being significantly less concerned with profit improvement
through field crop robots than large-scale farmers. Large-scale farmers,
conversely, in addition to being more numerous at the field demon-
stration and lecture events, are more concerned about economic and
legal aspects of field crop robots, suggesting that they have already
invested more time in learning about the details of field crop robot
operation. These considerations underscore the need for better infor-
mation among small-scale farmers, but also indicate that the group of
innovators and early adopters of field crop robots will likely be
composed of large-scale farmers.

The meaningful influences on farmers’ stances toward field crop
robots discovered despite these biases in the sample should be investi-
gated in more detail and with larger, representative samples to confirm
the preliminary conclusions drawn herein. As robot technology for crop
farming is being further developed, changes in power source, means of
locomotion, or level of specialization will influence technology accep-
tance and should therefore also be considered when comparing future
research results. Additionally, investigation into the impact of field crop
robots on the agricultural labor market may be particularly insightful.
The restrictions on seasonal labor migration as a result of the Covid-19
pandemic underscored farmers’ dependence on reliable and cheap labor
during workload peaks. As the search for sufficient farmhands in Ger-
many had already become more difficult during the past years despite
the European Union’s open labor market, seasonal farm labor is
increasingly becoming the bottleneck of agricultural productivity. A
comparative survey of farmers’ views on field crop robots after this
external shock of the pandemic to the labor and sales markets could
provide interesting results. Analyses of the economic efficiency of field
crop robots under special consideration of labor cost and reliability as
well as their impact on the home economies of migrant workers should
also be considered for future research.
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