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Abstract
Unique challenges exist in the fruit cultivation sector and, if not considered in the 
development and application of technologies, this sector is at risk of being left 
behind in the ongoing digital transformation of agriculture. While understanding 
perspectives of stakeholders is critical for technology acceptance, their knowledge 
and views are underrepresented in analyses on the impact of digitalization on fruit 
production. This research works to fill this knowledge gap by qualitatively analyzing 
semi-structured interviews on the impact of digitalization on sustainability challenges 
in fruit production with 34 stakeholders along the fruit value chain in the case study 
region of Lake Constance, Germany. Societal acceptance and understanding of fruit 
cultivation practices, restricted plant protection product use, labour availability, and 
biodiversity support were the main reported environmental and socio-economic 
challenges. Nearly all stakeholders (94%) were hopeful that digital technologies 
could effectively address environmental challenges in fruit production, particularly 
through increased efficiency, while greater uncertainties were reported for the 
socio-economic challenges. Perceptions of digitalization’s chances and challenges 
varied among individuals, fruit production systems, and farm sizes. Authors provide 
recommendations, including targeted support for small-scale fruit farmers and 
suggestions for future research activities, and emphasize the importance of factual 
knowledge dissemination on digitalization in fruit farming to support informed 
adoption choices for intended users. The results of this study offer critical viewpoints 
on the current challenges in fruit production and the potential for digitalization to 
increase sustainability in this sector.
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1  Introduction
Climate change and weather extremes pose substantial challenges for fruit farmers, 
disrupting horticultural processes, altering growing conditions, and amplifying pest 
and disease pressures [1–3]. Early blossoming exposes crops to frost, while dry spring 
and summer periods reduce water availability, leading to potential yield losses. Societal 
demands and consumer expectations, emphasizing nature protection and specific con-
cerns, e.g. about bee survival, further complicate the fruit farming landscape. Simultane-
ously, consumers expect consistently high quality and affordably priced fruits, creating a 
dual pressure on fruit farming. In response to environmental concerns, the use of pesti-
cides in fruit production is under scrutiny, with the European Commission aiming for a 
50% reduction in chemical pesticide use by 2030 [4, 5]. Of all crops grown in Germany, 
apple cultivation is the most pesticide-intensive, due to the low genetic diversity and 
susceptibility to fungal infections, as well as the societal demands for visually flawless 
products [6]. The potential for technologies in digitalized agriculture (and its sub-forms, 
including precision farming and smart farming) to contribute to increased sustainabil-
ity in agriculture has been demonstrated [7–12]. Digitalized agriculture is inspired by 
the paradigm of Industry 4.0 and includes a wide range of technologies and technologi-
cal advances, from artificial intelligence (AI) and the Internet of Things (IoT) to robots 
and drones [13]. These technologies hold promises such as a 90% reduction in pesti-
cide use, but simultaneously pose the risk of a rebound-effect, such as increased energy 
usage through new technologies or the expansion of intensive agricultural production 
[6]. The history of technology has shown that next to the intended positive effects, unin-
tended negative side-effects, so-called “unseens”, occur [14–16]. Digital technologies' 
social sustainability impacts receive less attention than their environmental counterparts 
[17, 18]. A number of ethical issues regarding digital agriculture exist, including invasion 
of farmers' privacy and lack of accountability for problems resulting from AI tool use 
[19–21] and potential rural unemployment and amplified inequalities through the use 
of agricultural robotics (e.g. [22]). The cooperation of humans and robots for the execu-
tion of agri-food tasks may be the best strategy to realizing societal goals and respond-
ing to modern challenges [23]. Public acceptance of agricultural sustainability may be 
improved if the positive impact of using digital technologies in food production, such as 
the reduction of inputs during weed control measures through precise herbicide spray-
ing techniques, is communicated to the public [24].

As digitalization progresses within agricultural sectors, and as urgent environmen-
tal and social issues threaten the sustainability of agricultural production, it is critical 
to understand which positive and negative effects are anticipated. Qualitative research 
involving stakeholders provides valuable insights on the interests, needs, expectations, 
and adoption tendencies of the intended users for digital technologies to influence the 
sustainability of agricultural systems, which can enable a user-oriented digital transfor-
mation. Existing studies indicate varying interest levels among farmers towards digi-
talization, with larger farms showing a greater inclination to adopt these technologies 
due to their capital-intensive nature [25]. Typically, farmers embrace most agricultural 
innovations [26]. Reviews on farmer adoption tendencies for agricultural innovations, 
precision agriculture technologies (e.g. [26–28]) and field robotics and Unmanned Aer-
ial Vehicles (UAVs) (e.g. [29]) highlight commonalities across agricultural sectors and 
regions, such as the factors of age, farm size, and education level.
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In the case of fruit production, development of digital innovations is progressing. 
Autonomous robots have been developed for fruit harvesting (e.g. [30, 31]) and farm 
management tasks can be conducted by UAVs and robots (e.g. [32–35]). Efficiency in 
apple production can be enhanced through smart sensors and modelling (e.g. [36–38]). 
Artificial intelligence models are additionally altering the fruit production landscape. 
Deep learning approaches for fruit sizing (e.g. [39]), detection and segmentation (e.g. 
[40]) have been developed to aid the particularly labour-intensive activity of harvest-
ing fruit, as well as for early recognition of fruit disease like pear and apple scab [41]. 
Machine learning as a digital assistant for farmers has been developed to achieve a 
sustainable and competitive fruit and wine production through, for instance, dis-
ease prognosis, early pest detection, and suggestions of optimal dates for harvest [42]. 
Smart traceability systems along the value chain using Industry 4.0 technologies such as 
blockchain and AI, a concept referred to as Food Traceability 4.0, offer the potential for 
enhanced traceability, improved safety and product quality, and decreased food waste in 
the fruit and vegetable sector [43].

Despite the rapid progression of digital technology development, adoption rates in 
fruit farming lag behind those of arable farming [44]. The reasoning behind this lag is 
currently unclear, although research specific to the German fruit sector suggests that 
misguided marketing and inadequate information on digitalization may be the cause 
[45]. Studies on stakeholder perceptions of digital tools in other agricultural sectors in 
Germany offer largely positive results with some exceptions. For instance, a represen-
tative sample of the German public were positively inclined towards autonomous crop 
robots, particularly for the goal of reduced agrochemical use in plant production [46]. 
While Pfeiffer et al. [17] also found overall positive attitudes among the German popula-
tion towards digitalisation in agriculture, great differentiations in attitudes among Ger-
man citizens were found in the study by Langer and Kühl [47] on robots in dairy farming. 
German farmers as critical stakeholders in the digital transformation tend to have a neu-
tral to positive view on field robots (e.g. [48, 49]). Another representative survey of Ger-
man citizens by Wilmes et al. [50] determined digital technologies to have a negative 
effect on willingness to buy food products produced by farms in Germany; however, this 
effect turned positive when environmental arguments in favour of digital technologies 
were introduced. Still, stakeholder perspectives on the benefits and drawbacks of digital 
technologies, particularly regarding sustainability, remain largely unexplored. Within the 
limited research on stakeholder perspectives on digitalization in relation to environmen-
tal and social sustainability, for instance towards agroforestry [51], water resources in 
mediteranean agriculture [52], or large scale German arable farming [53], studies repre-
senting stakeholder perspectives and sustainability in fruit cultivation do not yet exist.

The research conducted for this study contributes to filling this literature gap and 
was completed within the same research framework as articles [45, 54]. The results of 
this study build on the previous findings, providing a comprehensive understanding of 
stakeholder perspectives on how digital technologies might contribute towards sus-
tainability in German fruit production. Specifically, this study adds to the existing sci-
entific discourse on stakeholder perceptions of digital tools in German agriculture by 
first examining the socio-economic and environmental challenges in the sector of fruit 
production, considering factors such as farm size and production systems. The research 
then investigates whether digital technologies can effectively address these challenges 
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and contribute to enhanced sustainability and acceptability from the perspectives of 
farmers and other fruit value chain stakeholders. The study encompasses both small and 
large-scale farms1 and includes organic and Integrated Production (IP) systems2 in its 
analysis.

2  Methods and materials
This study employs a case-study methodology, concentrating on the Lake Constance 
region in Baden-Württemberg, which is recognized as the second-largest apple-grow-
ing region in Germany. Using a qualitative, open, and empirical approach, the research 
delves into stakeholders' expectations, concerns, and beliefs regarding digitalized fruit 
production and sustainability. The methodological framework included stakeholder 
identification, a semi-structured questionnaire, and 34 stakeholder interviews. Follow-
ing data collection, the information was transcribed, translated, and comprehensively 
analysed using MAXQDA 2020 software. This meticulous process aimed to ensure a 
nuanced understanding of the diverse perspectives within the fruit farming community 
of the Lake Constance region, offering insights into the intricate dynamics of adopting 
digital technologies in fruit cultivation.

2.1  Description of the case study region

The Lake Constance region, encompassing the counties of Konstanz, Bodensee-Kreis, 
Ravensburg, and Lindau, stands as a vital hub for fruit farming, boasting over 1,000 fruit 
farms [59]. Benefiting from mild temperatures and an annual precipitation of 900 mm, 
the region holds particular significance as the primary fruit-growing zone in Baden-
Württemberg, covering more than half of the cultivated tree fruit area at over 9,000 
hectares out of a total of 17,640 hectares [60]. Fruit farms in the Lake Constance region 
are traditionally small-scale and have an average size of 8,8 hectares [61]. Small-scale 
farms are widely acknowledged for their pivotal role in promoting greater landscape 
diversity and making significant contributions to biodiversity conservation, as well as 
environmental and socio-economic benefits (e.g. [62, 63]). Within Baden-Württemberg, 
the approximately 3,560 orchards have an average size of five hectares. Nearly 400 of 
these orchards adhere to organic cultivation practices, collectively managing an area of 
3,260 hectares. A particularly noteworthy trend is the substantial 14% increase in the 
number of organic fruit growers from 2017 to 2022, standing out amidst the overall 
decrease in fruit farms by 11% over this same time period [60].

2.1.1  Environmental context

One of the key challenges facing fruit production in the study region is the impact of 
climate change and weather extremes, which include wet periods leading to heightened 
mildew pressures, adversely affecting fruit production [64]. The study region's proxim-
ity to the nation's largest drinking water reservoir, the Lake of Constance, necessitates 
stringent regulations governing the application of agricultural inputs, such as plant 

1 In Germany, where large farms are considered to be over 100 ha, the average farm size is about 65 ha [55]. Nearly 
half of all German fruit farms are categorized as small, each covering less than 20 hectares [56].
2 German horticulture is comprised of two production systems: integrated production (IP) and organic. Current “con-
ventional” fruit production is carried out according to IP guidelines. Therefore, IP and organic fruit farming encom-
pass the conventional/organic binary. The choice of PPP and the holistic nature of the production system differentiate 
the two systems [57, 58]
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protection products and fertilizers, to mitigate the risks of polluting the drinking water 
through runoff or leaching into the reservoir [65]. This underscores the need to explore 
different options for reducing chemical inputs as a proactive response to these chal-
lenges, including technological changes in farm management.

2.1.2  Socio-economic context

Fruit production in the Lake Constance region is deeply rooted in tradition and is char-
acterized by small- to medium-sized family farms, who take pride in their family farm 
structures and long tradition of fruit growing. Recent political strategies and societal 
pressures have increased tensions in the area. Regional actors in the fruit value chain, 
including farmers, are particularly active in the community regarding current political 
pressures and social movements related to agriculture. Recent examples include their 
reactions to the “Save the Bees” referendum by the state of Baden-Württemberg in 2019 
and 2020 [66] and silent protests as part of the continued European farmer protests at 
the internationally-recognized fruit production expo “Fruchtwelt Bodensee” [67]. On a 
national scale, civil activism to disrupt systems in Germany is well-established, and con-
flicting interests in current themes has led to protests that gain international attention, 
a current example being the ongoing farmers protests that began at the end of 2023 (see 
[68]). Criticism towards agriculture in Germany is a well-known phenomenon (e.g. [17, 
69]). At the same time, German citizens place high value on regional products and tend 
to choose these for environmental purposes [70].

2.2  Stakeholder selection and qualitative interviews

This study employed a qualitative and explorative research design based on interviews. 
Stakeholders were strategically selected following a purposive sampling approach [71], 
guided by two key criteria:

1.	 Stakeholders identified as either intended users or developers of digital technologies.
2.	 Stakeholders engaged in the fruit value chain, spanning farm-level participants, 

marketing and wholesale representatives, and those viewing the industry from a 
broader technology or research perspective.

Authors generated a list of stakeholders who met these criteria with the use of an inter-
net search engine, which included websites of technology companies, research groups, 
and farmer associations. Additionally, initial interviews were conducted with experts 
in regional farming and digital farming technologies, serving as a foundation to refine 
stakeholder groups and identify additional relevant stakeholders. This iterative process 
mirrored elements of snowball sampling [72]. These experts also played a crucial role in 
shaping the interview guideline, as outlined in the Appendix. The finalized list of stake-
holders was categorized into six distinct groups (Table 1), forming the basis for in-depth 
qualitative exploration in this study.

Utilizing the power-interest matrix developed by Johnson et al. [73] and adapted from 
Mendelow [74], stakeholder groups were evaluated according to their level of interest 
and power in influencing the sustainability of digitalization in fruit production (Fig. 1). 
Initially, a target of five to six interviews was set for each stakeholder group. However, 
recognizing farmers as the primary audience for digital technologies and acknowledging 
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their pivotal role, this group was given a higher target of eight interviews evenly distrib-
uted between organic and IP farmers.

Among the six identified stakeholder groups, two were found to be underrepresented 
in the region and challenging to engage: (1) technology developers and (2) nature, agri-
cultural, and consumer groups. Recognizing the importance of these groups, proactive 
efforts were made to actively pursue and include them by expanding the geographical 
search area to ensure their participation. This approach successfully met the targeted 
number of interviews for each stakeholder group. While proximity to the Lake Con-
stance region was prioritized, it was not a strict requirement for all stakeholders, espe-
cially considering the national and international scales at which digital technologies 
are developed. Certain groups, such as farmers and consultants, were expected to have 
regional expertise, allowing for an expanded stakeholder radius.

Table 1  Stakeholder group categories and their descriptions, adapted from [45, 54]
Fruit farmers Farmers, predominantly engaged in fruit production on their agricultural land, employ-

ing either IP or organic principles
Technology 
developers

Individuals working as employees or leaders in agricultural machinery or technology 
companies, ranging from start-ups to international corporations

Cultivation 
consultants

Individuals, whether privately or publicly employed, advise farmers on on-farm activities 
and/or the purchase and application of agricultural inputs, such as Plant Protection 
Products (PPPs) and fertilisers

Researchers Local or national-based researchers affiliated with public or private institutions pos-
sessing knowledge of fruit cultivation, fruit value chain conditions, and/or agricultural 
technologies

Nature, agriculture 
and consumer 
associations (NAC 
associations)

Individuals who are members, employees, or leaders of public or private organisations 
dedicated to nature preservation, agriculture, or consumer interests. These individu-
als play a role in representing the interests of groups or communities related to these 
sectors

Fruit wholesalers or 
marketers

Individuals serving as employees or leaders within fruit wholesale organisations or com-
panies or individuals in similar roles within farm shops that offer local delivery services

Fig. 1  In the Power-Interest matrix, as found in [54] and based on Johnson et al. [73] and adapted from Mendelow 
[74], stakeholder groups are assessed according to their level of interest and power concerning digitalization in 
fruit production. This matrix helps identify the importance and influence of each stakeholder group in shaping the 
outcomes and sustainability of digitalization initiatives in the context of fruit farming
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Between October 2020 and April 2021, 34 stakeholders from six stakeholder groups 
participated in interviews. 15 interviews were conducted digitally using Zoom-online 
software, while 19 were conducted in-person. Each interview had an approximate dura-
tion of one hour and were one-on-one interviews between the stakeholder and the cor-
responding author of this article. Characteristics of the interviewed stakeholders (Fig. 2) 
reveal commonalities. Most stakeholders were male, falling within the age range of 41 to 
60. Their professional affiliations were primarily in the private sector and they resided in 
predominantly rural or mixed regions. All stakeholders had completed post-secondary 
training or education, contributing to a diverse and knowledgeable participant pool.

A number of limitations should be considered during the interpretation of the results. 
The sample size of 34 stakeholders is small and cannot be considered representative of 
the fruit growing sector; however, the stakeholder selection methodology exhausted the 
limited number of relevant and interested stakeholders in the case study region. Due to 
financing project constraints, it was not possible to increase the sample size to reflect a 
more diverse sample. In the same way, it was additionally not possible to have enabled a 
more balanced gender representation among the stakeholders, as the German agricul-
tural sector is largely male-dominated [75]. Although the authors made equal efforts to 
interview both IP and organic farmers, ultimately, more organic farmers were interested 
in participating than IP farmers, resulting in five organic and three IP farmers. Finally, 
the authors recognize that while the data could be considered outdated, the stakeholder 
interviews in this study provided a valuable snapshot into the perspectives in the region 
and sector at a critical moment in the ongoing digital transformation. These findings 
can be used as a basis for comparison with future studies that utilise similar methods to 
observe changes over time.

The interview guideline (Appendix) was formulated as part of an interview series for 
the DESIRA project (Digitization: Economic and Social Impacts in Rural Areas [76]) 
and therefore covers more topics than are relevant for the present study. Only responses 
from questions 18, 19, 21, and 22 were considered relevant for this study. The guideline 

Fig. 2  The characteristics of the six stakeholder groups (n = 34 participants) engaged in the interviews within the 
study region or online, adapted from [54]
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consisted of 20 questions, with an expanded set of 27 questions tailored for farmers. 
Questions 1–17 were demographic-related for analysis purposes and thus formulated 
to be closed in order to simplify this straightforward phase of the interview. Questions 
18–26 were the content-focused questions intended to answer the research questions. 
These were formulated as open-ended questions to encourage discussion by the par-
ticipant. Question 27 was a closed question and was included for the purposes of the 
DESIRA project. The additional seven questions for farmers focused on eliciting infor-
mation about farm characteristics, encompassing details such as farm size and the types 
of crops cultivated. The interview guideline underwent a refinement process and final-
ization, benefiting from feedback obtained through two expert interviews conducted in 
early 2020. These experts, both of whom are established researchers on digitalisation in 
German agriculture, were selected based on their prominence in the relevant scientific 
literature and involvement in research projects on digitalisation in German agricultural 
contexts. This iterative approach ensured that the questions were comprehensive and 
effectively aligned with the study's objectives.

Interview questions were not provided to participants in advance, ensuring a consis-
tent and spontaneous response pattern. The participants viewed the questions during 
the interview- either via the shared screen during the online interview format or with 
a provided question set during the in-person interviews- to support comprehension 
of the interview questions. The interviewer intentionally omitted a definition of the 
term „digitalization “. As the goal of these interview questions was to gather perspec-
tives and inductively code and categorize the responses ex-post, this omission allowed 
interviewees to respond from the basis of their own understanding of digitalisation in 
fruit cultivation without strictly framing the discussion around the researcher’s perspec-
tive. Consequently, the interview questions in this study reflect the interviewees' inter-
pretations of digitalization. Further information on these stakeholders’ perspectives on 
the meaning of digitalization in fruit cultivation can be found in previously published 
work through the same interview series in the DESIRA project by Gaber et al. [45]. The 
interview process adhered to the principle of free, prior and informed consent from all 
participants. The interviews were initiated by exploring the primary environmental and 
socio-economic challenges faced by fruit growers in the Lake Constance region, focus-
ing on potential distinctions between IP and organic fruit growing, as well as variations 
based on farm size. Subsequently, stakeholders' perspectives on the digitalization of fruit 
production were examined, exploring the potential of digitalization to address environ-
mental, socio-economic, and social challenges.

2.3  Interview result analysis

The recorded interview audio files underwent a thorough anonymization process and 
were transcribed by a third-party transcription company. The ensuing analysis employed 
Qualitative Content Analysis [77] with MaxQDA 2020 software. Transcripts were sys-
tematically organized according to stakeholder groups. In the analytical phase, interview 
responses were coded using a two-phase inductive coding method proposed by Saldaña 
[78]. In the first coding phase, one-word or short statement codes that derived directly 
from the participants' own spoken language (in-vivo) were identified, preserving the 
authenticity of the original responses. In the second phase, pattern coding was used to 
identify major themes from the data: the in-vivo codes were re-coded using descriptive 
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codes to group similar codes together, facilitating the emergence of themes. Category 
titles were then assigned to groups of similar descriptive codes to summarize and struc-
ture the analysis (Figs. 3 and 4; Table 2; descriptions in Tables 3 and 4 in the Appendix). 
The corresponding author conducted the coding. The co-authors worked collaboratively 
during the iterative coding process to ensure reliability and feasibility of the coding 
framework. This rigorous analysis ensures a comprehensive exploration of stakeholder 
perspectives, providing valuable insights into the challenges and opportunities associ-
ated with digitalization in fruit production. The excerpts, example coding, and catego-
ries presented in this article have been translated to English.

3  Findings
This results section is structured as follows: first, Sect. 3.1 illustrates common themes 
within the reported environmental challenges, then perceived differences in production 
system and farm size. This is followed by an elaboration of the described potential for 
digitalization to mitigate the reported challenges. The same structure for the socio-eco-
nomic challenges follows in Sect. 3.2. Some challenges naturally relate, cause, or even 

Fig. 4  Example of coding process of interview excerpts (translated) regarding socio-economic challenges in fruit 
production

 

Fig. 3  Example of coding process of interview excerpts (translated) regarding environmental challenges in fruit 
production
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exacerbate other challenges. Stakeholders also frequently provided multiple responses 
to interview questions; unless clarified, the responses were considered to have equal 
value. For these reasons and because of the added value that the nuances found within 
qualitative analyses can offer over quantitative, the focus of this results section is on the 
qualitative analysis. Descriptive statistics and graphs are used to emphasize the general 
frequencies of which categories of responses were reported by stakeholders, but should 
be understood with reservations, also with consideration of the small sample sizes of 
stakeholders.

3.1  Environmental challenges and digitalization in fruit production

3.1.1  Reduction of PPP use and supporting biodiversity

Stakeholder descriptions of environmental challenges in fruit production were 
grouped into the following categories: farm management- related challenges and their 

Table 2  Environmental and socio-economic categories and coded challenges
Environmental challenges Socio-economic challenges
Category Descriptive code of challenge Category Descriptive code of challenge
Farm manage-
ment- related 
challenges and 
their environ-
mental impacts

Reduction and availability of ap-
proved active ingredients

Challenges 
related to farm 
labour and 
management

Wages and housing standards for 
farm labourers

Reduction of use of PPPs Integration of foreign seasonal work-
ers into the community

Untrustworthy active ingredients Reliability, work ethic, training of the 
labourers

PPP drift and nitrate leaching Labour availability
Minimize residues Dependency on seasonal workers 

due to shortage of local labourers
Control pests sustainably Bureaucracy
Need-based fertilization Transition 

and societal 
acceptance of 
agriculture

Structural change of farming
Maintain high yield and quality 
with changing regulations

Disturbance to tourism industry by 
certain agricultural practices

Support of biodiversity, avoidance 
of species loss

Creation of valuable, attractive jobs/
retention of employees

Increase resilience Farm succession
Soil compaction Lack of societal understanding, ac-

ceptance, and appreciation
Avoiding resistance Markets and 

marketing
Power of monopolies

High fuel consumption Price competition and pressure
Climate and 
energy

Climate change Inadequate marketing methods/
channels

Weather extremes Global competition
Access to water Socio-econom-

ic-environmen-
tal nexus

Crop losses due to weather extremes
Frost Land use competition
Hail and precipitation Food security

Insects, pests, 
and diseases

Disease
Intensive permaculture increases 
pest challenges
Scab pressure
Damage from insects
Pollination

Regional 
environment

Humidity from lake proximity 
causes increased apple scab
Problematic, weak young sites
Lake largest water reservoir, pro-
tected area
High local precipitation
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environmental impacts; climate and energy; insects, pests, and diseases; and regional 
environment (Table 3 and Fig. 7, located in the Appendix). Environmental challenges 
within the category “farm management- related challenges and their environmental 
impacts” were most commonly reported by stakeholders. This category related to the 
interactions between farm-management practices and the environmental impact these 
interactions created on the surrounding ecosystem. The reduction of PPP use was a 
critical theme among the reported current environmental challenges for fruit produc-
tion in the Lake Constance region. This challenge was described to stem from societal, 
political, economic, and environmental pressures. For instance, a developer: “How can I 
reduce or minimize spraying agents? It is always interesting from a cost point of view, of 
course, economically… but also extremely interesting from an ecological point of view”, 
and an advisor: “Over the next few years, it will be a legal requirement to reduce the 
proportion of chemical-synthetic products by 40 to 50 percent. In other words, what we 
have already been doing for years, decades, in integrated production: reducing the pro-
portion of chemical-synthetic products has now been enshrined in law as a task”. Many 
of the response elaborations linked the reduction of PPP use to other challenges, dem-
onstrating the natural interrelation between environmental issues. Representatives from 
NAC associations named this challenge more than any other group. One representative 
described this challenge in relation to another, namely sustainably controlling pests: “I 
believe that, on the one hand, we could simply reduce the use of critical pesticides even 
further. And the ecological challenge in this case would be to deal with pests and insect 
pests in a more sustainable way”.

Neither organic nor IP fruit farmers named this challenge of PPP reduction. Instead, 
farmers were more concerned by challenges related to precipitation and crop manage-
ment. “The classic challenge, and also here in the region, is disease because we have a 
lot of precipitation, there is probably [more] scab pressure compared to other regions” 
reported an organic farmer. Another organic farmer linked precipitation to high fuel 
consumption and PPP application: “High fuel consumption, I would definitely put it 
there. Because of the weather. I would not even say climate, but weather. Because quite 
honestly, yes, when the weather is, let us say, bad for us, we have to make a lot of passes 
with the crop protection sprayer”.

Biodiversity support and avoidance of species loss was a second critical category of 
responses. Similar to the challenge of PPP reduction, biodiversity support was often 
described in relation to political and societal pressures. “And the challenges [of biodi-
versity support] will be considerable over the next few years, especially as political and 
public pressure is increasing in this direction, especially now with the Bee Protection 
Ordinance and so on” reported an organic farmer. One wholesaler described biodiversity 
itself to not be the issue, but rather the myth surrounding biodiversity issues in farm-
ing: “Of course, we have biodiversity, this insect extinction as a keyword. Where I say 
that this is not really a challenge. We have studies that show that [biodiversity] in fruit 
production, both conventional and organic, is actually quite good. But in the public 
perception, it is somehow always bad. And so, yes, we are always challenged to justify 
ourselves about something that is actually not a problem at all, from my point of view”. 
This implies that the narrative on fruit cultivation and sustainability in the public is cur-
rently inadequate and is allowing misinformation to be spread, leading to both negative 
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public perception of fruit cultivation and increased frustrations of the farmers towards 
the public.

The majority of stakeholders (over 70%) believed a difference in environmental chal-
lenges exists based on production system. Stakeholders who responded with “yes” often 
elaborated upon their answers, whereas “no” responses did not elicit further elabora-
tion. All organic fruit farmers and nature, agricultural, and consumer group stakeholders 
believed a difference exists, whereas other groups, such as fruit cultivation consultants, 
were more critical. Most challenges described to differ based on production systems 
belonged to the response category “farm management- related challenges and their envi-
ronmental impacts”. In particular, stakeholders described the PPPs allowed in IP to be 
more efficient than those in organic farming, and that fewer PPPs are approved for use 
in organic farming. Stakeholders mentioned that the challenge of biodiversity support 
and avoidance of species loss differs by production system. IP farming was reported to 
be more threatened by this challenge, as the organic farming system incorporates the 
positive potential of insects, for instance through flowering strips, more often than in 
IP farming. However, this depends largely on the interests of the farmer rather than the 
certified production system of the fruit farm: “in organic farming, we try to have bio-
diversity over the entire area. And we try to get the incredible insect potential into the 
entire area. In IP or conventional cultivation, we try to keep the insects out of the plants 
due to approvals of plant protection products… then it is again up to the head of the 
farmer whether they use the free space sensibly”, reported an organic fruit farmer. Still, 
other stakeholders said there are no significant differences between production systems 
because in the end, the regional characteristics and challenges are the same regardless of 
production method: “For me, this has nothing to do with ecology or anything else. But 
almost rather with bureaucracy… So these problems in plant protection are pretty much 
the same between [IP] and organic production”, described a fruit wholesaler.

When asked if a difference in environmental challenges exists based on the size of the 
fruit farm, a wider variety of stakeholder opinions was observed than for differences 
based on the production system. Less than half of all stakeholders believed a difference 
exists, and a few chose not to respond to this question for undisclosed reasons. As with 
the previous question, some stakeholders provided two answers. For instance, most 
interview partners who believed differences exist based on farm size referred to ecosys-
tem challenges in relation to cost efficiency. A fruit wholesaler described biodiversity 
mitigation strategies to be easier for larger farms to conduct, depending on the strategy: 
“depending on how [a farmer manages] biodiversity, larger farms can take part of their 
land out of production and, yes, perhaps do some hedge planting or extensification mea-
sures there. If a small farm does that, it is often a high proportion of its farmland and it 
cannot afford to give up that area”. In contrast, a consultant described smaller farms to 
be less challenged by issues related to biodiversity, as they have a greater positive impact 
on species diversity through their small structures, which offer more possibilities for 
diversification. Still, many respondents saw differences in how farms face environmental 
challenges to depend on the farmer or organization of the farm, not the farm size: “there 
are no differences. It is up to what the farmer does”, described an organic farmer; “the 
people who work there are the decisive factor… What knowledge and expertise do they 
have? What are their goals? What kind of ethical background do they have?” reported a 
researcher.
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3.1.2  Digitalization to mitigate environmental challenges through increased efficiency and 

productivity

Nearly all stakeholders (32 of 34; 94%) believed that digitalization could mitigate the 
environmental challenges (Fig. 5); all interviewed researchers, consultants, representa-
tives from NAC associations and developers were convinced of this. Increased efficiency 
and productivity were strong themes among stakeholder responses. One developer 
mentioned the endurance of digitalized machinery: “people simply do get tired… [the 
digitalized machinery] can just deliver the same performance over a whole day”. Other 
stakeholders in these groups described digitalization to improve the quality of the 
products and the productivity of on-farm tasks through automation, leading to overall 
improved environmental efficiency. A consultant was optimistic that digitalization could 
address two challenges at once: earlier, more precise application with PPPs that are less 
effective. “In order to be able to consciously use ecological products in advance that do 
not have such a high degree of efficiency, but can still regulate an initial population well, 
these are possibilities, perhaps, that we will be able to master the ecological challenges 
in the future through digitalization”. Another developer provided an example in the case 
of fungicide application: “A concrete example would be when I can draw conclusions 
about fungal infestation on the basis of image data information. I can then take much 
more selective and time-limited measures, i.e., at the optimal time, and no longer have 
to apply pesticides over large areas as a preventive measure”. The precision aspect of 
digitalization was an additional benefit mentioned by many stakeholders: precise mea-
surements of the soil and plants could reduce the amount of applied PPPs and therefore 
alleviate the related environmental challenges. Similarly, stakeholders discussed how 
optimized weather prognoses could allow for more efficient management of the farm 
and PPP applications.

Over 80% of the stakeholders in the farmer group and the fruit wholesaler group 
(seven out of eight farmers, four out of five wholesalers) believed digitalization could 
mitigate reported environmental challenges, but these groups also included more scepti-
cal opinions than the others. One fruit wholesaler and one IP fruit farmer did not believe 
that digitalization could mitigate current environmental challenges. Six stakeholders 
responded with “no” when asked if digitalization could mitigate the described environ-
mental challenges. However, four of these stakeholders also provided “yes” responses in 
their open-ended interview answers. As previously described, unless otherwise clari-
fied, both responses were considered to have equal value. An organic farmer mentioned 

Fig. 5  Stakeholder group responses to the influence of digitalization on the environmental challenges in fruit 
production. Stakeholders could provide multiple answers
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that existing digital tools in fruit production do not offer mitigation strategies for the 
challenge of biodiversity: “there are solutions for the work around it, for biodiversity, for 
maintenance work in certain areas. But to get more biodiversity, I do not see any digita-
lization options yet”. Either this signifies a lack of digital tools for this issue, or if they do 
exist, the communication about these tools may be insufficient.

3.2  Socio-economic challenges and digitalization in fruit production

3.2.1  Societal acceptance and labour availability

Stakeholders were asked to name the most important socio-economic challenges in fruit 
production in the Lake of Constance region (Table 4 and Fig. 8, located in the Appen-
dix). Socio-economic challenges can be understood as societal and/or economic issues 
that threaten the activities within and/or the overall existence of fruit production. In-
vivo coding of the interview responses and inductive categorization resulted in the fol-
lowing categories: challenges related to farm labour and management; transition and 
societal acceptance of agriculture; markets and marketing; and socio-economic-envi-
ronmental nexus. The majority of named challenges were grouped into the category 
“transition and societal acceptance of agriculture”. Overwhelmingly, stakeholders were 
concerned about societal values around agricultural production: the challenge “lack 
of societal understanding, acceptance, and appreciation” was reported by over 90% of 
stakeholders. Increased quality expectations among consumers, demands for low prices, 
and societal pressures regarding agricultural practices, such as PPP reduction, were 
described to stem from deficient competencies about farming. “What I also find to be 
a big challenge is the pressure from the population. Because the population simply no 
longer knows how to farm apples or agriculture in general”, reported a representative 
from an NAC association. Consultants, researchers, NAC association representatives, 
and fruit wholesalers/marketers were particularly concerned that, despite the perceived 
lack of care or understanding from consumers about how fruit is produced, consumers 
are quick to criticize the need for pesticides or higher prices for organic products.

To combat this disconnect, stakeholders frequently reported that consumers must 
learn to recognize added value in products, from higher quality standards to regional 
products. A consultant suggested, “Maintaining or re-establishing communication 
[between farmers and consumers] will be extremely important for the acceptance of the 
cultivation system in the long term. That consumers understand why a product looks the 
way it does in the supermarket. And why it costs what it costs. And, on the other hand, 
that farmers understand why consumers make the choices they do. And there are now 
so many intermediate storage, processing and marketing steps in between, all of which 
want to make a profit”. While farmers did not express this concern as frequently as other 
groups, one IP farmer also hoped for greater appreciation for regional products and less 
partiality for organic labels by consumers. He also connected the socio-economic chal-
lenge of societal acceptance and appreciation to environmental concerns: “I would sim-
ply like to see a little more appreciation for our local agriculture and for what we do here. 
Because the apple that comes from Italy or from somewhere else has seen completely 
different pesticides than the one here in the Lake Constance region. And then organic is 
not necessarily better. And we still do not get that across to our customers. So we cannot 
go on consuming everything just because it says organic on it. We can no longer afford 
that, I am deeply convinced… I do not think it is the way we can go for the next few years 
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and for the next few generations… Because all this organic stuff that has been carted 
around the globe does not have a great environmental footprint either”.

As with the environmental challenges, socio-economic issues are interrelated. For 
instance, stakeholders linked labour challenges to societal competence. The lack of 
appealing, well-paid positions with career prospects, which attract and retain employ-
ees, creates a strain on the regional fruit production. “Again, this aspect of appreciation 
comes into play, how attractive the profession is, who actually wants to do it?” reported 
a developer. All stakeholder groups except researchers and farmers reported concerns 
over farm succession. Instead, stakeholders from these groups focused more on the 
direct challenges related to farm labour and management.

Labour availability was the second-most important challenge according to stakehold-
ers. The concern about attaining domestic and foreign labour is related to a multitude 
of reported factors, including unappealing physical labour, rising minimum wage, and 
the lack of regional farm labourers. A researcher mentioned that in fruit production, 
“you really aim for the cheapest possible labour for unpleasant routine work. And that's 
a huge challenge. That is not going to work anymore. It already does not work today”. In 
German fruit farming, when imported fruit can be purchased at much lower prices, it 
is a challenge for German farmers to offer the minimum wage to employees while pric-
ing their products competitively. “You always have to make sure that you are competi-
tive in order to be able to sell the fruit in the country in the end. And that does present 
challenges”, described a developer. The increasing costs required by farmers to employ 
labourers threaten the economic feasibility of the occupation. While other stakeholder 
groups reported farmers to deal with intensive bureaucracy, especially when employing 
foreign seasonal labourers, this challenge was not described by farmers themselves.

Most interviewed stakeholders (62%) believe that differences exist between produc-
tion systems regarding socio-economic challenges. A common theme among descrip-
tions was that organic agriculture has a better image and therefore is more accepted by 
society than IP or conventional production methods. An IP farmer reported, “I lost cus-
tomers [at the farmer’s market] because I said very clearly, I am not an organic farmer”, 
implying a disadvantage for non-organic farmers regarding social acceptance and stigma 
of non-organic production methods. Still, interviewed organic farmers mentioned that 
consumers have higher expectations for the quality of organic fruit than for non-organic 
fruit, but simultaneously expect low prices, creating greater social acceptance challenges 
and market pressures for organic farmers. Some stakeholders reported the requirements 
for labourer conditions to be higher in organic than in IP fruit farming. An organic 
farmer conveyed, “The amount of work, manual labour on the organic farm is definitely 
higher than on an IP farm”. Therefore, organic farmers may be more confronted by the 
described challenges related to domestic and foreign labourers. Stakeholders within the 
technology developers group described organic farming as having both a price advan-
tage over IP farming, yet they must tackle the challenge of reaching the same yield 
potential and therefore economic margins as an IP farm.

Similar to the socio-economic challenges for different production systems, most inter-
viewed stakeholders (82%) agreed that there are also differences in these challenges 
based on farm size. The stakeholders who provided responses in the groups fruit whole-
salers or marketers, fruit cultivation consultants, and technology developers all agreed 
that farm size does imply a difference in challenges. Specifically, developers mentioned 
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that farm organization and management is easier for larger farms, as well as the ben-
efit of the economy of scale. One developer said, “We know that the large companies in 
particular also benefit from certain economies of scale. Of course, this cannot be gener-
alized, but they also demonstrate a certain professionalism, have lower costs and are sim-
ply organized in a completely different way”. Similarly, larger farms benefit from synergy 
effects, such as the better economic utilization of machinery. However, these stakehold-
ers also mentioned that smaller farms are less challenged in hiring labourers and more 
often received familial help than large farms with more land area. An organic farmer 
described small farms to offer better working conditions for their hired workers and that 
the farm manager has a better overview of their team than a manager of a large farm. 
Still, other farmers reported that workers on larger farms tend to earn higher salaries. 
Smaller farms may have more issues finding farm successors and face greater challenges 
to enter the market with their products, according to a NAC association stakeholder. 
Regarding societal acceptance, smaller fruit farms may have an advantage. A developer 
reported that “small farms in particular are somewhat glorified in public, because there 
is a bit of a prejudice that as soon as a farm is small, it is good, it is what we imagine 
idyllic about agriculture and everything is good. And as soon as the farm is large, it can 
no longer be good, because if it is mass production, it cannot be good”. Stakeholders 
who believed that differences in these challenges do not exist based on farm size did not 
elaborate on their answers.

3.2.2  Digitalization to mitigate socio-economic challenges through increased efficiency and 

transparency

When asked if digitalization can help mitigate the socio-economic challenges (Fig.  6), 
perspectives varied within each stakeholder group. Of the stakeholders who believed 
digitalization could mitigate said challenges (16 of 34 stakeholders; 47%), responses cen-
tred largely around two themes: increased efficiency through automation and increased 
transparency along the value chain for increased acceptance and market advantage. 
Specifically, the challenge of labour availability and the dependency that farmers were 
reported to have on labourers- domestic and foreign, permanent and seasonal- could 
be eased through automated technologies. An IP farmer mentioned that the use of 
automated machinery could make work more accessible for a wider scope of potential 
labourers, for instance people with intellectual or physical disabilities, and therefore 

Fig. 6  Stakeholder group responses to the influence of digitalization on the socio-economic challenges in fruit 
production. Stakeholders could provide multiple answers
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increase local job opportunities. When discussing what digitalization could replace, a 
researcher listed “tasks that you no longer want to do, that are unpleasant, exhausting, 
boring, not challenging, are no longer necessary. And higher, more interesting fields of 
activity are created, which make the workplace more interesting”. However, the same 
researcher described the risk of higher wages for labourers and job discrimination asso-
ciated with this positive aspect of digitalization: “with the higher added value that can 
then be realized, appropriate payment is also really necessary… whoever cannot fulfil 
[the higher paying jobs] gets kicked out”.

The second theme of increased transparency for consumers into the production of 
agricultural products through technologies was described to potentially allow for more 
public knowledge and social acceptance of fruit cultivation methods, which could in turn 
lead to a price advantage for local farmers. Consultants and researchers most frequently 
mentioned this potential. The traceability of products and production conditions may 
additionally lead to easier, more reliable quality control by wholesalers and certification 
bodies. Stakeholders also mentioned the marketing advantage: more customers can be 
reached through online platforms or social media than through non-digitalized forms of 
marketing.

Of the respondents who were uncertain, stakeholders reported not seeing a direct 
connection from digital technologies to socio-economic challenges. Additionally, 
some stakeholders reported that the customer base is already developed and loyal, and 
because people tend to exhibit habitual behaviours and therefore are not likely to change 
their buying patterns due to increased transparency of products or different marketing 
via digitalization. A researcher mentioned that while he has observed new technologies 
like robotics to improve societal acceptance of arable farming, this may not be the case 
in all agricultural sectors. He used animal husbandry as an example: “But if we then look 
into the stalls and look at the topic of ‘animal welfare’, we actually find that these argu-
ments that we put forward, that digitalization in the barn probably leads to animal wel-
fare. In principle, yes, it is seen as positive, but overall we have found that it does not 
really move us forward in terms of acceptance, because the situation is that if the entire 
husbandry system is rejected, then, and it seems to be the case in some cases, then yes, 
minor changes in the system [through digitalization] do not move you forward [towards 
acceptance]”.

4  Discussion
Stakeholder perceptions and interests determine the role they play in the digital trans-
formation of agriculture. The willingness of stakeholders to take part in this transforma-
tion depends partially on the extent to which they believe digitalization can influence 
sustainability. The results of this study indicate that the majority of interviewed stake-
holders believe digitalization can positively influence current sustainability challenges in 
fruit production in the Lake Constance region, particularly through increased efficiency, 
productivity, and transparency.

This research delves into real-world problems by exploring participants' experiences, 
perceptions and behaviours, answering “how” and “why” questions rather than “how 
many” or “how much” in order to understand themes and patterns that are difficult to 
quantify. Although it presents some numerical data, it is important to keep in mind the 
limited sample size and to emphasise the importance of context and narrative.



Page 18 of 36Gaber et al. Discover Sustainability           (2025) 6:806 

This discussion section is separated into two parts: the first section explores support 
measures for digitalization to mitigate environmental and socio-economic sustainability 
challenges based on the findings of this study. Second, the discussion is concluded with 
a section that examines the role that digitalization could play specifically with the socio-
economic sustainability of fruit farming in the Lake Constance region.

4.1  Support for digitalization to mitigate environmental and socio-economic sustainability 

challenges

While the majority of stakeholders believed that digitalization could mitigate both envi-
ronmental and socio-economic challenges, responses were higher for the former cate-
gory. Digitalization was believed to be able to mitigate environmental challenges in fruit 
production through greater endurance of machinery over human labourers, improved 
environmental efficiency and precision and optimized prognoses. These expectations 
may not be attainable with the complexities surrounding digitalized fruit cultivation 
today, including unsuitable tool development and an uneven distribution of digital 
knowledge in the fruit cultivation industry [45]. Arguably, these themes of efficiency and 
productivity belong to the growth paradigm that has led to a number of sustainability 
problems existing today. Digital technologies developed by large agro-food companies 
are not radically changing how agriculture is conducted, but rather optimising the cur-
rent production model, and may lock farmers into the current and unsustainable system 
that uses large-scale machinery and chemical inputs [79–81]. Considering that digitali-
zation of the fruit sector is already underway, the responsible way forward is to ensure 
that it is focused on mitigating current and future sustainability challenges, with consid-
eration of the unique challenges and regional contexts found within this sector. The digi-
talization of fruit production requires support in order to continue to function in this 
same paradigm and not contribute to further degradation of the environment, but rather 
contribute positively to sustainability.

The environmental challenges described by stakeholders were numerous and primarily 
concerned reduction and use of PPPs, support of biodiversity and avoidance of species 
loss, weather extremes, climate change, and sustainable pest control. These reported, 
perceived challenges match those found in the literature on fruit cultivation (e.g. [82, 
83]) and those of concern by political frameworks and current goals around environ-
mental sustainability. These include the EU Commission’s proposal to cut greenhouse 
gas emissions by at least 55% by 2030 [5], the Climate Law to be climate neutral by 2050 
[84], and the Green Deal’s Farm to Fork strategy [85]. Communication on- and sup-
port for digitalization at the national government level has typically focused on envi-
ronmental aspects, such as the strategy to support biodiversity by the federal ministry 
of food and agriculture [86], and the Rentenbank Investment Program for Agriculture 
which supports investments in particularly environment- and climate-friendly manage-
ment practices [87]. The environmental impact of digitalization is more researched and 
more awareness has been brought to this aspect than potential socio-economic impacts, 
despite the fundamental changes digitalization could impose across all aspects related 
to agriculture [18]. This may be the reason why stakeholders were more confident that 
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digitalization could mitigate environmental challenges in comparison to socio-eco-
nomic. However, as some stakeholders reported not seeing a direct connection from 
digital technologies to socio-economic challenges, the root of this difference may instead 
be a lack of digital tools to solve these complex issues, or if they do exist, communication 
to the intended users about available tools and their functions may be insufficient, as 
previously found by [45].

Martens and Zscheischler argue that digitalization’s contribution to solving sus-
tainability challenges is dependent upon the design of political, legal, and economic 
frameworks [88]. Numerous socio-economic challenges were described by stakehold-
ers; within the ubiquitous 3-pillar concept of sustainability (e.g. [89]), the pillars are 
inherently interdependent and thus require equal political attention and support. Yet, 
challenges listed by stakeholders such as those related to farm management, societal 
competence, and agricultural transition are seldom described by policy makers in Ger-
many. To the authors’ knowledge, national funding programs for digitalization with a 
focus on the named socio-economic challenges do not exist and research initiatives that 
employ qualitative, empirical, and/or transdisciplinary methods in fruit production are 
lacking. As such, the current political framework lacks adequate strategies to support 
sustainability challenges facing fruit cultivation in the digital agricultural transforma-
tion. Considering the accelerated pace of digitalization in agriculture, it is critical that 
support structures exist for all agricultural sectors, otherwise the risk of sectoral digital 
divide, or the gap between those able to benefit from the digital age and those who are 
not [90], may become reality.

4.2  Highlight: socio-economic sustainability challenges and digitalization in fruit 

production

In light of the previously described structural deficits, as well as the frequency and cali-
bre of the socio-economic challenges expressed by stakeholders, the following section 
highlights the challenges and opportunities for digitalization in the context of socio-eco-
nomic sustainability and fruit cultivation in the Lake Constance region.

Stakeholders were primarily concerned by the low societal acceptance of fruit cul-
tivation and products, and listed numerous challenges related to labour availability. 
Increased efficiency through automation and increased transparency along the value 
chain for increased acceptance and market advantage were the main themes that 
emerged regarding digitalization’s potential to mitigate the socio-economic challenges. 
The results of this study both confirm and contest findings from the limited existing lit-
erature on digitalization as a potential mitigation strategy for socio-economic challenges 
in agriculture, such as the opportunities that agriculture may gain through the digital 
transformation (see e.g. [11, 91]) including becoming a more attractive activity, offer-
ing new jobs, and improving the economic sustainability of agricultural businesses. In 
particular, stakeholders reported digitalization to potentially ease the frequently named 
challenges related to dependency on domestic and foreign, permanent and seasonal 
labourers, while also expressing concerns that digitalized jobs may become discrimi-
natory, exclusive, and require higher wages than farmers can afford. The interviews for 
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the present study began in the fall of 2020, following a particularly challenging harvest 
season. Due to the COVID-19 pandemic, seasonal labourers, particularly from outside 
countries, were harder to hire than usual. This timing should be considered when looking 
at the frequency of manual labour challenges mentioned by stakeholders in the results of 
this paper. While digital farming technologies may replace manpower as labour short-
ages continue to challenge the agricultural productivity [53], interviewed stakehold-
ers in the present study did not mention risks or opportunities related to the potential 
complete replacement of workers. This could be due to the low adoption of completely 
autonomous robots in German agriculture, as was concluded in the empirical study of 
digital technologies and German horticultural workers by Prause [18]. However, tech-
nologies with semi-autonomy may be enough to influence the sectoral labour force. The 
use of robotics or semi-autonomous machines might lead to sectoral job losses [80, 92] 
through, for instance, a shift from highly skilled labour to temporary, migrant labour 
[93]. These findings contest the previously mentioned economic opportunities found 
in the literature and the concerns of exclusive, high-wage digitalized jobs as described 
by the stakeholders. This contradiction highlights the uncertainties that still exist: the 
impacts of digitalization in fruit cultivation are yet to be fully understood at this stage in 
the digital transformation, emphasizing the need for continued research and observa-
tion to support a sustainable transition.

When asked about differences in challenges based on farm size and production sys-
tem, the greatest number of stakeholders reported differences in socio-economic chal-
lenges based on farm size. Given the research that has shown the correlation between 
farm size and adaptability to technological innovations [94–96], Martens and Zscheis-
chler [88] have questioned how European governments will protect smallholders from 
this digital divide. Prause et al. [80] argue that opposition between small-scale agro-
ecological farming and large-scale industrial farming will be fortified by digitalization. 
Smaller farms were perceived by stakeholders in this study to face greater challenges to 
enter the market with their products. Markets and large-scale buyers may favour larger 
farms, who tend to punctually deliver large volumes of commodities over smaller farms 
[97, 98]. Digitalization could further exclude small-scale producers from certain mar-
kets, as high-cost digital supply chain technologies are being encouraged for regulatory 
compliance proofing, which may not be affordable for smallholders [80]. Policy makers 
recognize the advantage that larger farms have over smaller farms in market access: the 
Agricultural Ministers Conference in 2020 proposed that an International Digital Coun-
cil should be developed by the Food and Agriculture Organisation of the United Nations 
(FAO) to, among others aims, reduce the digital-divide and improve access to digital 
technologies, including for smallholder farmers [99]. Recognition is a helpful first-step 
towards support, but actions are required to ensure that smallholder farmers, such as 
those commonly found in the fruit production sector in the Lake Constance region, do 
not face greater disadvantages than middle- and large- scale farmers. Targeted support 
that considers the results of this study, such as specific development of affordable supply 
chain technologies or policies in markets that favour small farms, would aid in reducing 
the gap in opportunities and challenges based on farm size in digitalized fruit farming.
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Most current socio-economic challenges for fruit production in the Lake Constance 
region reported by stakeholders relate to transition and societal acceptance of agri-
culture. As consumers have gradually become further removed from the agricultural 
industry since the industrialization of agriculture [100], their concerns surrounding agri-
culture have increased [101]. Potential consequences of deficient agricultural knowledge, 
such as misplaced public support for political campaigns, mistrust of farmers, and a lack 
of understanding of price politics threaten the sustainability of farming [102]. Many 
stakeholders described a general lack of knowledge or interest from consumers regard-
ing fruit production, which they described to harbour unfair criticisms and inappropri-
ate expectations for price and seasonal availability. This gap between high expectations 
from society and the prices consumers are willing to pay is referred to as the citizen-
consumer gap [103]. Farmers reported this mismatch less frequently than the other 
stakeholder groups. One farmer suggested consumers change their expectations for the 
price of products in order for the farmers to be able to financially manage the increasing 
environmental and societal demands on fruit cultivation. Stakeholders were hopeful that 
increased transparency from farm to fork through digital technologies in fruit cultiva-
tion could mitigate the most commonly reported challenge of societal appreciation and 
understanding of agricultural practices such as changing consumer expectations. The 
German Agricultural Society (DLG) has echoed this optimism by suggesting that the 
transparency of production processes and traceability that can be simplified through dig-
italization will create trust and increase appreciation of agriculture [104]. For instance, 
blockchain technologies can work with IoT-related technologies (such as sensors and 
digital tags) to collect and upload data along the value chain, from fruit picking to final 
consumption, for increased traceability and transparency [105]. Digital media tools that 
use blockchain platforms to allow consumers to trace the transformation of food along 
the supply chain through, for instance, the scan of a QR code on their product [106, 107]. 
Beyond this, open-source digital platforms and apps that enable two-way communica-
tion between fruit farmers and consumers, such as digital Community Supported Agri-
culture (CSA) platforms or direct marketing apps, could build trust between the parties 
[54]. While the related article by Gaber et al. [54] investigated the perceived impact that 
digitalization, including increased transparency enabled through digital technologies, 
could have on the public opinion of fruit farming, the true impact of increased transpar-
ency in fruit production has yet to be researched. Despite the opportunities offered by 
technologies towards improved transparency and the optimism described by stakehold-
ers on this aspect, little evidence suggests that increased information on practices can 
alter societal appreciation for farming [103]. In fact, in the case of animal husbandry, as 
also described by a researcher within this study, critical attitudes have been observed to 
grow with improved consumer knowledge [69, 108]. Furthermore, based on the results 
of a survey conducted by Pfeiffer et al. [17] with respondents across Germany, authors 
reported that it is unlikely that digitalization benefits can impact public acceptance due 
to the widespread criticism of agriculture among citizens. Weible et al. [69] argue that 
critical attitudes may rather be improved through the public communication of efforts 
taken to improve agricultural systems to meet societal expectations. This could include 
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the implementation of digital technologies focused on improving sustainability chal-
lenges. Authors build upon this argument to suggest that the narrative surrounding 
digitalization in agriculture be accessible to the wide public, considering varying levels 
of foundational agricultural knowledge, and focus on efforts practitioners in the value 
chain, with a particular focus on farmers, are taking to meet the current environmental 
and societal issues.

5  Conclusions and recommendations
Current environmental and socio-economic challenges threaten the sustainability of 
fruit production. This study adds to the limited literature on stakeholder perspectives 
of digitalization in fruit production. Stakeholders named the reduction of available 
PPPs, biodiversity support, labour, and societal acceptance of fruit production to be key 
challenges in fruit production in the Lake Constance region. According to interviewed 
stakeholders, digitalization can alleviate sustainability challenges in fruit production, 
particularly regarding environmental challenges, through e.g. increased efficiency, pro-
ductivity, and transparency. At the same time, stakeholders discussed uncertainties and 
perceived risks of digitalization, including the impact on the regional and sectoral labour 
availability and the unseen connection between digitalization and regional socio-eco-
nomic issues.

It can be questioned if the role of digitalization is indeed to address sustainability chal-
lenges. The authors of this study argue that, in light of the the urgency of the current 
sustainability challenges, the progression of digitalization in agriculture, and the oppor-
tunities described by stakeholders in this study, digitalization should be considered as a 
tool to mitigate current sustainability challenges in the Lake Constance fruit production 
sector, with some considerations. The authors encourage agricultural policy and fund-
ing schemes to give equal attention to environmental and socio-economic challenges, 
as the latter, particularly related to digitalization, are not adequately supported despite 
their abundance and complexity. The digitalization of the fruit production sector must 
be supported through intelligent user-oriented technological design and political and 
financial frameworks. Moreover, this re-focusing of support should include intentional, 
user-driven technological design, considering the unique challenges faced by stakehold-
ers in this sector and within their regional contexts. Specifically, support and design 
must be inclusive of small fruit farms, such as those commonly found in the Lake Con-
stance region, and cater specifically to their reported needs, including non-exclusive 
market policies and cost-effective technical solutions. Further research on the potential 
for digitalization to bridge the existing gaps in sustainability challenges between small 
and large farms, as well as organic and IP farming practices, is necessary. These efforts 
would allow for equal opportunities across farm size, user demographics, and agricul-
tural sectors to fairly benefit from the chances offered by digitalization. Additionally, 
research activities aimed at understanding how the technologies that offer to improve 
transparency along the value chain could impact societal acceptance of fruit cultivation 
and how the use of technologies may influence the challenges associated with labour 
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availability are required. The improvement of information dissemination on digitaliza-
tion in fruit cultivation could help to increase digital literacy among intended users, in 
order for them to be able to make informed choices for or against the implementation of 
digital tools.

Appendix

Abbreviations

AI Artificial Intelligence
CSA Community Supported Agriculture
FAO Food and Agriculture Association of the United Nations
IOT Internet of Things
NAC Nature, agriculture and consumer (associations)
PPPs Plant Protection Products
IP Integrated Production
UAV Unmanned aerial vehicle

Interview guideline

Questions for Interviewees:

1.	 How old are you?

a)	  < 30
b)	 30–40
c)	 41–50
d)	 51–60
e)	 61–70
f )	  > 70
g)	 No answer

2.	 What gender do you identify as?

a)	 Female
b)	 Male
c)	 Diverse
d)	 No answer

3.	 Which county do you live in?
4.	 How would you describe the area you live in?

a)	 Mostly rural
b)	 Mixed
c)	 Mostly urban
d)	 No answer

5.	 What is your highest level of completed education?
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a)	 Primary school
b)	 Secondary school
c)	 Post-secondary at a university or technical college (e.g. Diplom, Magister, Bachelor, 

Master, PhD)
d)	 Other (please specify)
e)	 No answer

6.	 Do you have a specific training in one of these topics?

a)	 Agriculture
b)	 Food science
c)	 Forestry
d)	 Sustainability
e)	 Digital technologies (e.g. IT, electrician, engineering, etc.)
f )	 Other (please specify)
g)	 No answer

7.	 Where do you get your information about digitalization in fruit production or in your 
professional field? (multiple responses are possible)

a)	 Magazines, newspapers
b)	 Social media
c)	 Colleagues and neighbours
d)	 Agricultural fairs or conferences
e)	 Training courses
f )	 Other (please specify)
g)	 No answer
h)	 I do not have any information on digitalization in fruit production or my professional 

field

8.	 Please self-grade your knowledge on digitalization in fruit production

a)	 High
b)	 Rather high
c)	 Medium
d)	 Rather low
e)	 Low
f)	 No answer

9.	 Which role do you play in the digitalization of agriculture? (multiple responses are 
possible)

a)	 Agricultural production
b)	 Agricultural advising
c)	 Agricultural organization or association
d)	 Mechanical engineering
e)	 PPP manufacturer
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f )	 Fruit storage and/or processing
g)	 Wholesaler and/or marketing
h)	 IT- and digital sector
i)	 Administration
j)	 Research
k)	 Education
l)	 Technology development
m)	Local community initiatives or groups
n)	Community service/charitable foundations
o)	 No professional/institutional area

10.	Which sector do you work in? (multiple responses are possible)

a)	 Private
b)	 Public
c)	 Non-profit
d)	 Civil society
e)	 Other (please specify)
f )	 No answer

Questions only for owners or leasers of farming enterprises

11.	Which production system do you use on your farm? (multiple responses are possible)

a)	 Integrated production (IP)
b)	 Organic production
c)	 Certified organic production
d)	 Demeter production
e)	 No answer

12.	How large is your farming enterprise? (answer in hectares)
13.	Please provide the main products of your farming enterprise (multiple responses are 

possible)

a)	 Plant products

1.	 Stone fruits
2.	 Soft fruits/berries
3.	 Other fruits
4.	 Cereals
5.	 Other

b)	 Animal products

1.	 Eggs
2.	 Milk
3.	 Other



Page 26 of 36Gaber et al. Discover Sustainability           (2025) 6:806 

c)	 Services

1.	 Lodging
2.	 Vacation apartments
3.	 Maintenance work for the community
4.	 Other

d)	 No answer

14.	Please describe the ownership of your farming enterprise (multiple responses are 
possible)

a)	 Own property
b)	 Lease
c)	 Community of joint heirs/civil law association/community of farms/cooperative/

Ltd
d)	 Other form (please specify)
e)	 No answer

15.	Do you use digital tools or technologies on your farming enterprise?

a)	 If yes, which ones? Or rather for which purposes do you use the tools?
b)	 If no, why not?
c)	 No answer

16.	How do you store your products? (multiple responses are possible)

a)	 On-site storage
b)	 Off-site storage
c)	 Storage in communal storage facility
d)	 Storage in commercial storage facility
e)	 Other (please specify)
f )	 No answer

17.	How do you market your products? (multiple options are possible)

a)	 Direct marketing

1.	 Farm shop
2.	 Delivery service
3.	 Shipping

b)	 Intermediary trade
c)	 Wholesaler
d)	 Communal marketing over e.g. farming cooperative
e)	 Export
f )	 Other form (please specify)
g)	 No answer
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Challenges in fruit production (your farming enterprise/the Lake Constance region)

18.	Describe the most important environmental challenges of fruit production in the 
Lake Constance region

a)	 Do these differ from those in organic fruit production?

1.	 If yes, which challenges differ, and what are the reasons for these differences?

b)	 Are there differences based on farm size?

1.	 If yes, which challenges differ, and what are the reasons for these differences? Please 
name the farm sizes in hectare for small/large.

19.	Describe the most important socioeconomic and social challenges of fruit production 
in the Lake Constance region

a)	 Do these differ from those in organic fruit production?

1.	 If yes, which challenges differ, and what are the reasons for these differences?

b)	 Are there differences based on farm size?

1.	 If yes, which challenges differ, and what are the reasons for these differences? 
Please name the farm sizes in hectare for small/large.

20.	What do you understand by the term “digitalization in fruit production”? Please give 
examples.

21.	Do you believe that digitalization can help mitigate the previously mentioned 
ecological challenges? If yes, which challenges and how?

22.	Do you believe that digitalization can help mitigate the previously mentioned 
socioeconomical and social challenges? If yes, which challenges and how?

23.	What are the advantages of digitalization in fruit production?

a)	 Do these differ from those in organic fruit production?

1.	 If yes, which challenges differ, and what are the reasons for these differences?

b)	 Are there differences based on farm size?

1.	 If yes, which challenges differ, and what are the reasons for these differences? 
Please name the farm sizes in hectare for small/large.

24.	What are the disadvantages of digitalization in fruit production?

a)	 Do these differ from those in organic fruit production?

1.	 If yes, which challenges differ, and what are the reasons for these differences?

b)	 Are there differences based on farm size?
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1.	 If yes, which challenges differ, and what are the reasons for these differences? 
Please name the farm sizes in hectare for small/large.

25.	What barriers do you see to the introduction/use of digital technologies and 
innovations in fruit production?

a)	 Do these differ from those in organic fruit production?

1.	 If yes, which challenges differ, and what are the reasons for these differences?

b)	 Are there differences based on farm size?

1.	 If yes, which challenges differ, and what are the reasons for these differences? 
Please name the farm sizes in hectare for small/large.

26.	In your opinion, would the use of digitalized technologies in fruit production change 
public opinion about the products or production methods? (Yes, no and what reasons 
play a role here)

a)	 Does your answer differ when we speak about the use of digitalized technologies 
in organic fruit production? (if yes, how and what are the reasons for these 
differences)

27.	Please indicate which of the following groups of people or organizations you think 
would benefit (winners), not benefit (losers) or neither benefit nor lose (neutral) from 
the digitization of fruit growing, and add if any should be missing from your point of 
view (your farm/region).

a)	 Organic fruit producers
b)	 Conventional or integrated fruit producers
c)	 Small to medium sized farms
d)	 Larger farms
e)	 Fruit wholesalers and marketers
f )	 Production cooperatives/associations
g)	 Agricultural researchers
h)	 Manufacturers of agricultural technologies
i)	 Companies in the field of digitalization/digital technologies in agriculture
j)	 Consultant for fruit production
k)	 Consultant for digitalization
l)	 Crop protection manufacturers
m)	Consumers
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Environmental and socio-economic challenges and descriptions

See Tables 3 and 4.

Category Descriptive code 
of challenge

Description of challenge by stakeholders

Farm manage-
ment- related 
challenges and 
their environ-
mental impacts

Reduction and 
availability of 
approved active 
ingredients

Fewer active ingredients being approved for use as restrictions 
increase

Reduction of use 
of PPPs

Producers are challenged to greatly reduce or complete adhere from 
use of PPPs in their farming practices

Untrustworthy ac-
tive ingredients

Concern over available active ingredients that reach the market with-
out thorough testing

PPP drift and nitrate 
leaching

Laws to control potential drift of PPPs and leaching of nitrate into 
groundwater add complexity to farming activities

Minimize residues Environmental and social pressure to reduce the amount of PPP 
residues on food products

Control pests 
sustainably

Challenge to sustainably control pests in orchards and fields

Need-based 
fertilization

Farmers challenged to apply correct amount of fertilizer, without over- 
or under- fertilizing

Maintain high 
yield and qual-
ity with changing 
regulations

Maintaining product yield and quality while adjusting practices to fit 
new regulations and societal pressures to, e.g., reduce use of PPPs in 
production

Support of biodi-
versity, avoidance of 
species loss

Biodiversity and avoidance of species loss are not prioritized enough 
and/or increasingly challenged by environmental and social pressures

Increase resilience Resilience must be increased and systems such as mixed cultures, 
crop mixes, must be incorporated for this

Soil compaction Soil life is being compromised through the frequent driving of heavy 
machinery over soils and the associated soil compaction

Avoiding resistance Pests and invasive plants are becoming increasingly resistant to PPPs 
as the active ingredient spectrum becomes increasingly restricted

High fuel 
consumption

Frequent use of fossil fuels for tractor and sprayer use, particularly in 
organic farming when PPPs are applied more frequently and with the 
increasing weather extremes

Climate and 
energy

Climate change Changing climate is leading to consequential effects in fruit 
production

Weather extremes Weather extremes such as extreme cold temperatures or heat waves 
are increasing in frequency and can have detrimental effects on fruit 
production

Access to water Water is becoming a limited resource but is critical for agricultural 
production

Frost Fruit production in particular can suffer large harvest losses from frost, 
therefore intensive frost protection actions at farm-level are required

Hail and 
precipitation

Increasing rates of hail storms and heavy precipitation, which cause 
damage to fruit orchards and farms

Insects, pests, 
and diseases

Disease Managing plant diseases and adjusting management practices with 
increasing PPP restrictions

Intensive permacul-
ture increases pest 
challenges

Pests and diseases can thrive better and longer in intensive, permacul-
ture farms such as orchards

Scab pressure High rates of fungal disease like apple scab, particularly in the humid 
regions for fruit growing

Damage from 
insects

Managing damage from insects and adjusting management practices 
with increasing PPP restrictions

Pollination Loss of insect populations reduces the pollination rates and therefore 
success of the agricultural area

Table 3  Environmental challenges and descriptions by stakeholders
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Category Descriptive code 
of challenge

Description of challenge by stakeholders

Regional 
environment

Humidity from lake 
proximity causes 
increased apple 
scab

Humidity from Lake of Constance increases rates of apple scab and 
other fungal diseases

Problematic, weak 
young sites

Young farm sites in the region are at greater risk of failure compared to 
long-established orchards due to pest invasion or failed plant growth

Lake largest water 
reservoir, protected 
area

Lake of Constance, as Germany's largest drinking water reservoir, 
therefore stricter regulations for PPP use

High local 
precipitation

Regional precipitation rates higher than other fruit growing regions, 
therefore require greater interventions such as hail nets

Table 3  (continued) 
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Category Descriptive code of 
challenge

Description of challenge by stakeholders

Challenges 
related to farm 
labour and 
management

Wages and housing stan-
dards for farm labourers

Paying fair wages for farm workers, considering for instance the 
rising minimum wage, is a challenge for some farmers. Indirect 
costs of hired farm workers such as on-farm housing and 
bureaucracy along with fair wages is not economically feasible 
for all farms

Integration of foreign 
seasonal workers into the 
community

Foreign seasonal labourers are often not given opportunities 
to integrate into the local communities and instead can be 
viewed to overwhelm the communities when many arrive at 
the same time of year

Reliability, work ethic, train-
ing of the labourers

Fruit production is challenged to find and retain reliable 
labourers with relevant training

Labour availability Local and international workers are increasingly challenging to 
find. More jobs with better pay and more comfortable working 
conditions are becoming available in nearby regions

Dependency on seasonal 
workers due to shortage of 
local labourers

Local labourers are, for some tasks such as intense seasonal 
harvesting, difficult to find. Farms are dependent upon the in-
flux of international seasonal workers. This dependency creates 
risks, for instance, when seasonal workers are not allowed into 
Germany or are offered better pay and/or conditions elsewhere

Bureaucracy Large amounts of bureaucracy and office work for quality 
control and bookkeeping in addition to field work, includ-
ing bureaucracy for international seasonal workers like visa 
arrangements

Transition 
and societal 
acceptance of 
agriculture

Structural change of 
farming

General challenge of structural change in agriculture is also 
faced locally, with an aging population of farmers and small 
farms being taken over by larger farms or enterprises. Farmers 
have also become more specialized and focus their production 
on one or few products, which increases their vulnerability to 
losses from disease or weather extremes

Disturbance to tourism 
industry by certain agricul-
tural practices

The popular tourism industry in the region is affected by 
unattractive farming practices like hail nets and the spraying of 
PPPs, and this leads to local conflicts

Creation of valuable, at-
tractive jobs/retention of 
employees

Fruit farming is challenged to create and offer attractive jobs 
with competitive pay in order to find and retain labourers

Farm succession Increasing challenge of farm succession in the region as local 
cities offer higher paying jobs or more comfortable, reliable 
working conditions than fruit farming

Lack of societal under-
standing, acceptance, and 
appreciation

Lack of societal understanding, acceptance, and appreciation 
of agricultural practices leads to misguided pressure from 
society and politics on farmers and their livelihoods, which in 
turn challenges the existence of fruit farming

Markets and 
marketing

Power of monopolies Fewer companies operate along the regional fruit value chain 
than in previous years due to monopolization, which has given 
more power to these companies over the farmers

Price competition and 
pressure

Competing prices with imported fruits as well as fruits of other 
production methods, such as IP versus organic products, drives 
profit margins down

Inadequate marketing 
methods/channels

Variety of marketing methods creates a paradox of choice and 
increasing competition pressures the farmers

Global competition The globalised market for fruits challenges the prices of local 
products

Table 4  Socio-economic challenges and descriptions by stakeholders
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Environmental challenges

See Fig. 7.

Fig. 7  Reported environmental challenges in fruit production per stakeholder group

 

Category Descriptive code of 
challenge

Description of challenge by stakeholders

Socio-econom-
ic-environmen-
tal nexus

Crop losses due to weather 
extremes

Crop losses through increasing weather extremes in the region, 
such as frost, hail, and drought lead to economic challenges

Land use competition Land for fruit production competes with, for instance, 
recreational area, as fruit production regions require optimal 
climactic conditions. This can cause regional tensions and 
competition

Food security Ensuring high quality, local food production to keep a low food 
footprint and reduce food imports

Table 4  (continued) 
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Socio-economic challenges

See Fig. 8.
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