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smallholder farmers. This conceptual study adopts a systematic literature review and
theory integration approach by incorporating the Technology Acceptance Model, Diffusion
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1. Introduction

The agricultural sector is currently experiencing a profound transformation driven by rapid
advancements in digital technologies, biotechnology, and precision farming systems. Emerging
agricultural innovations such as artificial intelligence, biosensors, portable diagnostics, and smart
farming technologies are increasingly reshaping traditional agricultural practices by enhancing
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productivity, improving resource efficiency, and supporting sustainable food production systems.
Recent studies indicate that digital agricultural technologies have become essential instruments for
addressing global challenges related to food security, climate change, declining biodiversity, and rural
sustainability [3,9].

In recent years, portable agricultural diagnostic technologies have attracted substantial attention
due to their ability to provide real-time, field-based information for farmers and agricultural
stakeholders. These technologies enable rapid identification of crop diseases, soil conditions, and
genetic materials without requiring sophisticated laboratory infrastructure. Within this technological
landscape, rapid portable germplasm identification technology represents an emerging innovation
with significant potential for supporting seed authentication, varietal verification, biodiversity
conservation, and crop improvement initiatives. Germplasm identification is particularly important
because accurate identification of plant genetic resources contributes to agricultural resilience,
enhances breeding efficiency, and protects farmers against counterfeit or low-quality planting
materials.

The increasing relevance of germplasm identification technologies is closely associated with the
broader digital transformation of agriculture. According to Bertoglio et al., [3], the ongoing digital
agricultural revolution integrates advanced technologies such as the Internet of Things (1oT), artificial
intelligence, remote sensing, and digital diagnostics to modernize agricultural systems and improve
sustainability outcomes. Similarly, recent studies emphasize that agricultural digitalization can
improve decision-making processes, reduce production uncertainty, and optimize farm management
efficiency among rural farming communities [5].

Despite the growing availability of agricultural technologies, adoption among smallholder farmers
remains uneven and frequently constrained by economic, technical, institutional, and behavioral
barriers. Smallholder farmers often encounter challenges such as limited financial capability,
inadequate technical knowledge, insufficient training, low digital literacy, and uncertainty regarding
technological benefits. Research by Cui et al., [9] demonstrates that factors such as technological
complexity, compatibility, accessibility, and farmers’ perceptions significantly influence the adoption
of digital technologies in agricultural settings. Likewise, Manzoor et al., [29] argue that the adoption
of digital agricultural technologies in developing regions is heavily shaped by infrastructural
limitations, knowledge gaps, and institutional constraints.

In the context of Sichuan, the adoption of agricultural technologies has become increasingly
important as China continues to promote rural revitalization and agricultural modernization
strategies. Sichuan is recognized as one of China’s major agricultural provinces, characterized by
extensive smallholder farming activities and diverse crop genetic resources. The province plays a
critical role in China’s food production system and possesses substantial potential for integrating
digital agricultural innovations into smallholder farming practices. Recent evidence from Sichuan
indicates that digital agricultural technology services positively influence farmers’ willingness to
adopt digital production technologies by improving information accessibility, operational
understanding, and economic cognition [19].

Although prior studies have extensively investigated the adoption of digital agriculture and smart
farming technologies, limited scholarly attention has been devoted specifically to rapid portable
germplasm identification technology. Existing studies predominantly focus on generalized digital
agriculture adoption, precision farming systems, or smart agricultural services rather than portable
germplasm diagnostic innovations. Furthermore, while willingness to adopt agricultural technologies
has been widely explored, the issue of farmers’ willingness to pay for emerging agricultural diagnostic
technologies remains underexamined. According to the World Intellectual Property Organization,
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farmers’ willingness to pay for new agricultural technologies is strongly influenced by perceived
benefits, technological performance, learning requirements, and financial considerations.

More importantly, current literature rarely integrates adoption barriers with economic valuation
perspectives within a unified theoretical framework. Most previous studies examine either
technology adoption behavior or willingness to pay independently, resulting in limited understanding
of how adoption barriers shape economic acceptance and commercialization potential among
smallholder farmers. Consequently, there remains a significant theoretical and contextual gap
concerning how economic barriers, technical complexity, knowledge limitations, trust perceptions,
and institutional support collectively influence adoption intention and willingness to pay for portable
germplasm identification technology among smallholder farmers in Sichuan.

Therefore, this study aims to develop an integrated conceptual framework examining the
relationship between adoption barriers, adoption intention, and willingness to pay for rapid portable
germplasm identification technology among smallholder farmers. By integrating perspectives from
Technology Acceptance Model, Diffusion of Innovations, and economic valuation theory, this study
seeks to contribute to the literature on agricultural innovation adoption, technology
commercialization, and rural digital transformation. The findings are expected to provide valuable
insights for policymakers, agricultural technology developers, extension agencies, and research
institutions seeking to promote inclusive agricultural modernization and sustainable technology
diffusion in rural farming communities.

The global agricultural sector is undergoing a significant transformation driven by the rapid
advancement of digital technologies, precision farming systems, and agricultural biotechnology. This
transformation is increasingly viewed as essential for addressing global challenges related to food
security, climate change, resource scarcity, and sustainable agricultural production. Recent
developments in digital agriculture have enabled farmers to utilize data-driven technologies, smart
sensing systems, artificial intelligence, Internet of Things (loT) devices, and remote monitoring tools
to improve farming efficiency and decision-making processes. Scholars have argued that the
digitalization of agriculture represents a major paradigm shift from conventional farming toward
more intelligent, connected, and sustainable agricultural systems [3,6].

Digital agriculture refers to the integration of advanced digital technologies into agricultural
production, management, and marketing systems. These technologies include cloud computing,
satellite imaging, drones, mobile applications, blockchain systems, artificial intelligence, and smart
sensors that facilitate real-time monitoring and farm optimization. According to Gumbi et al., [20],
digital agriculture ecosystems have increasingly become important in supporting smallholder farmers
through improved access to information, precision decision-making, and market connectivity.
Similarly, Hassim et al., [22] emphasized that digital agriculture can enhance agricultural
sustainability and rural development by improving productivity, operational efficiency, and resource
management.

The emergence of precision agriculture has further accelerated the modernization of farming
practices worldwide. Precision agriculture utilizes geospatial technologies, 10T devices, data analytics,
and automated systems to optimize agricultural inputs and improve crop productivity while
minimizing environmental impacts. Precision farming technologies enable site-specific crop
management, efficient irrigation systems, automated fertilization, and early disease detection,
thereby improving both economic and environmental outcomes. Recent studies indicate that
precision agriculture technologies can substantially improve farm profitability and productivity by
reducing labor costs, minimizing input waste, and enhancing crop quality [17]. Furthermore, the
adoption of precision agriculture has been associated with more efficient resource utilization and
improved sustainability outcomes in agricultural systems [34].
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In addition to digitalization and precision farming, biotechnology adoption has become
increasingly important in supporting agricultural innovation and resilience. Agricultural
biotechnology encompasses a broad range of scientific techniques, including molecular diagnostics,
genetic engineering, DNA-based identification systems, and biosensor technologies that improve
crop productivity, disease management, and genetic resource conservation. Recent technological
advancements have enabled the development of portable diagnostic tools capable of conducting
rapid field-based germplasm identification, reducing dependence on laboratory-based testing and
improving real-time agricultural decision-making. The integration of biotechnology with digital and
precision agriculture systems has strengthened the ability of farmers and agricultural institutions to
manage crop diversity, identify high-quality germplasm, and improve seed authenticity verification.

Despite the growing potential of digital agriculture, precision farming, and biotechnology
adoption, the diffusion of these technologies among smallholder farmers remains uneven. Previous
studies have highlighted that high implementation costs, technological complexity, limited
infrastructure, inadequate digital literacy, and weak institutional support continue to hinder
adoption among small-scale farmers [29,50]. Moreover, many smallholder farmers remain uncertain
about the economic benefits and affordability of emerging agricultural technologies, influencing both
adoption intention and willingness to pay.

Consequently, understanding how smallholder farmers perceive emerging agricultural
technologies has become increasingly important for policymakers, agricultural researchers, and
technology developers seeking to promote inclusive agricultural modernization. Within this context,
rapid portable germplasm identification technology represents a promising innovation that combines
elements of biotechnology, precision agriculture, and digital agriculture to support sustainable
farming and agricultural resource management.

Germplasm identification technology has become increasingly important in modern agriculture
due to its critical role in ensuring seed authenticity, conserving agricultural biodiversity, and
enhancing crop productivity. Advances in portable and rapid identification technologies, including
molecular diagnostics, biosensors, and DNA-based detection systems, have significantly improved
the efficiency and accessibility of germplasm characterization and verification processes. These
technologies are increasingly recognized as essential tools for supporting sustainable agricultural
development and food security in both developed and developing agricultural systems.

One of the primary functions of germplasm identification technology is to ensure seed
authentication and varietal purity. Accurate identification of crop varieties is essential for maintaining
seed quality, preventing the circulation of counterfeit or mislabeled seeds, and ensuring that farmers
receive genetically authentic planting materials. Recent studies have shown that improper seed
identification may negatively affect crop quality, market value, and agricultural productivity,
particularly among smallholder farming communities that rely heavily on seed performance for
income generation. Phan Thi-Thu-Hong et al., [36] emphasized that seed purity identification is a
crucial component in evaluating seed quality because contamination or mixing with other varieties
may significantly reduce crop yield and product quality.

Furthermore, portable germplasm identification technologies provide opportunities for real-time
field verification, reducing farmers’ dependence on laboratory-based testing systems that are often
expensive, time-consuming, and inaccessible in rural areas. The growing integration of machine
learning, biosensors, and genomic technologies into agricultural diagnostics is expected to further
strengthen seed traceability and quality assurance mechanisms in modern agricultural supply chains.

Germplasm identification technology also plays a significant role in biodiversity conservation and
the preservation of plant genetic resources. Agricultural biodiversity is increasingly threatened by
climate change, habitat destruction, monoculture farming, and the replacement of traditional crop
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varieties with commercial high-yield cultivars. As a result, accurate identification and conservation of
germplasm resources have become critical for safeguarding genetic diversity and ensuring long-term
agricultural resilience.

Recent literature highlights that germplasm conservation is essential for maintaining global food
security and protecting endangered or vulnerable plant species. Yadav and Yadav [49] noted that
germplasm preservation supports the conservation of valuable genetic resources through both in situ
and ex situ conservation approaches, including gene banks, cryopreservation, and DNA storage
systems. Similarly, Prochnow et al., [37] argued that plant genetic resources are crucial for crop
improvement and biodiversity preservation because they preserve important genetic traits that may
otherwise disappear during domestication and agricultural modernization.

In addition, Gepts [18] explained that biodiversity plays a fundamental role in crop improvement
and agricultural sustainability, particularly in enhancing tolerance to environmental stress, pests, and
diseases. The integration of advanced germplasm identification technologies therefore facilitates
more accurate characterization, monitoring, and management of plant genetic resources,
contributing to sustainable agricultural ecosystems and climate resilience.

Another important contribution of germplasm identification technology is its potential to
improve crop productivity and agricultural efficiency. Accurate identification of superior germplasm
enables farmers, breeders, and agricultural institutions to select crop varieties with desirable
characteristics such as high yield potential, drought tolerance, pest resistance, and improved
nutritional quality. This is particularly important in smallholder farming systems where productivity
improvements directly influence household income, food availability, and rural livelihoods.

Recent studies suggest that improved access to genetically diverse and properly identified
germplasm resources can significantly strengthen agricultural resilience and productivity. Wang et al.
(2026) reported that plant core germplasm collections contribute substantially to crop improvement,
efficient resource management, and sustainable agricultural innovation through the application of
modern genomic and predictive breeding technologies. Likewise, Wambugu et al. highlighted that
improved farmer access to conserved germplasm resources may enhance food security and climate
resilience by enabling farmers to identify and adopt crop varieties with preferred agronomic traits.

Moreover, the emergence of portable diagnostic technologies allows farmers to make faster and
more informed decisions regarding seed selection and crop management under dynamic
environmental conditions. Such technologies may reduce production uncertainty, improve resource
allocation, and strengthen the adaptive capacity of smallholder farming systems in regions
experiencing increasing climate variability.

Smallholder agriculture continues to play a fundamental role in China’s rural economy, food
security, and agricultural sustainability. In Sichuan, agriculture remains one of the province’s most
strategically important economic sectors due to its large rural population, diverse agroecological
conditions, and extensive crop production activities. Sichuan is widely recognized as one of China’s
major agricultural provinces, contributing significantly to the national production of rice, maize,
vegetables, rapeseed, and livestock products. The province’s complex topography and rich
biodiversity also make it an important region for germplasm conservation and agricultural genetic
resource management.

Smallholder farmers dominate agricultural production systems in Sichuan, where farming
activities are often characterized by fragmented landholdings, labor-intensive cultivation practices,
and relatively limited access to advanced agricultural technologies. Despite the increasing
modernization of China’s agricultural sector, many smallholder farmers continue to face structural
constraints such as limited financial resources, inadequate technical knowledge, and restricted
access to digital agricultural infrastructure. These limitations may hinder the adoption of emerging
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agricultural innovations, particularly technologies requiring technical competency and initial
investment costs.

In recent years, the Chinese government has accelerated efforts to modernize agriculture
through digital transformation, smart farming initiatives, and rural revitalization strategies. The
integration of technologies such as artificial intelligence, Internet of Things (IoT), big data analytics,
remote sensing, and portable diagnostic tools has become increasingly important in supporting
agricultural productivity and sustainability. According to recent national policy developments,
China’s smart agriculture strategy aims to strengthen digital agricultural infrastructure, improve
agricultural efficiency, and promote technological innovation across farming systems.

The modernization of agriculture in Sichuan has also been supported by broader national
initiatives emphasizing agricultural digitalization and precision farming. Emerging technologies are
increasingly viewed as essential mechanisms for improving crop management, enhancing
productivity, reducing operational costs, and supporting food security objectives. Digital agriculture
technologies additionally provide opportunities for improving traceability, varietal authentication,
and germplasm management, which are becoming increasingly important in the context of climate
change, biodiversity preservation, and seed quality assurance.

Nevertheless, the transition toward technology-driven agriculture among smallholder farmers
remains uneven. The adoption of advanced agricultural technologies is often influenced by economic
affordability, perceived complexity, institutional support, and farmers’ perceptions regarding the
usefulness and reliability of technological innovations. Consequently, understanding the barriers
affecting technology adoption and farmers’ willingness to pay for emerging agricultural diagnostic
technologies is essential for promoting inclusive agricultural modernization in Sichuan and other rural
regions of China.

Despite the rapid advancement of digital agriculture and portable diagnostic technologies, the
adoption rate of emerging agricultural technologies among smallholder farmers remains relatively
low in many developing agricultural regions. Smallholder farmers often face structural and behavioral
constraints that limit their ability and willingness to adopt innovative agricultural solutions. Recent
studies have shown that economic limitations, technological complexity, inadequate infrastructure,
and insufficient technical knowledge continue to hinder the diffusion of digital agricultural
technologies among rural farming communities [12].

The issue of low adoption is particularly concerning because emerging agricultural technologies
are increasingly viewed as essential tools for improving productivity, resource efficiency, crop
monitoring, and agricultural sustainability. However, many smallholder farmers remain hesitant to
adopt such technologies due to uncertainty regarding their practical usefulness, operational
reliability, and long-term economic benefits. Zhang et al., [54] found that technology acceptance
among small rural farmers is strongly influenced by perceived usefulness, ease of use, and trust in
the technology itself. Similarly, Cimino et al., [7] emphasized that farmers’ behavioral intention to
adopt digital agricultural platforms is shaped by perceived risks, innovation readiness, and the overall
value proposition offered by the technology.

Another major research problem relates to uncertain market acceptance of emerging agri-
technologies. While technological innovations continue to evolve rapidly, commercialization success
depends heavily on farmers’ readiness to integrate these technologies into daily agricultural
practices. Existing literature indicates that many digital agricultural tools experience limited field
penetration because farmers are uncertain about the technology’s compatibility with local farming
conditions, expected economic returns, and long-term operational sustainability. Furthermore,
farmers may resist adopting technologies that require significant changes to traditional farming
practices or demand advanced digital skills that are not widely available in rural communities.
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Affordability concerns also represent a critical barrier influencing technology adoption and
willingness to pay among smallholder farmers. Many emerging agricultural technologies involve
substantial acquisition, maintenance, training, and operational costs that may exceed the financial
capacity of resource-constrained farmers. Studies on digital agricultural services and mobile
agricultural applications have shown that although farmers may perceive technological innovations
positively, their willingness to pay often declines as the financial burden increases [30]. Research
further suggests that poorer farming households may be unable to sustain recurring subscription or
operational costs associated with advanced agricultural technologies, thereby limiting widespread
adoption [30].

In the context of Sichuan, these concerns become increasingly important as agricultural
modernization and rural revitalization policies continue to encourage the integration of digital and
biotechnology-based agricultural innovations into smallholder farming systems. Despite policy
support and technological advancement, limited scholarly attention has been given to understanding
how adoption barriers influence farmers’ willingness to pay for rapid portable germplasm
identification technology. Existing studies primarily focus on general agricultural digitalization rather
than portable germplasm diagnostic technologies specifically. Consequently, there remains a
significant theoretical and practical gap in understanding the factors shaping adoption intention and
economic acceptance of such technologies among smallholder farmers.

Rapid portable germplasm identification technology refers to field-deployable diagnostic tools
that allow plant genetic materials, cultivars, or seed varieties to be identified quickly outside
conventional laboratory settings. In agricultural systems, such technology is increasingly relevant
because accurate germplasm identification supports varietal authentication, seed quality control,
crop improvement, biodiversity conservation, and protection against counterfeit planting materials.
Recent advances in portable diagnostics have shifted molecular testing from centralized laboratories
toward field-based applications, enabling faster decision-making for farmers, breeders, extension
officers, and seed certification agencies.

One important component of this technology is handheld diagnostics, particularly portable
sequencing and field-based molecular testing platforms. Portable nanopore sequencing has been
widely discussed as a major advancement because it allows real-time DNA analysis with smaller
equipment and shorter turnaround time compared with conventional sequencing systems. Parker et
al. (2017) demonstrated that real-time nanopore sequencing could be used for field-based
identification of closely related plant species, showing the potential of portable sequencing for plant
identification beyond laboratory environments. More recent studies further highlight that nanopore
sequencing is increasingly applied in plant diagnostics because of its capacity for rapid, on-site
molecular analysis.

Another important technological pathway is the use of biosensors, including electrochemical
biosensors, microfluidic platforms, lab-on-a-chip systems, and smartphone-integrated diagnostic
devices. Biosensors are designed to detect specific biological or chemical signals and convert them
into measurable outputs, making them suitable for rapid agricultural diagnostics. Yadav and Yadav
[49] emphasized that portable plant diagnostic systems increasingly combine biosensors, nucleic acid
amplification, immunoassays, handheld analyzers, and smartphone-based platforms to support rapid
on-site detection in agricultural settings. Although many biosensor applications are currently
concentrated on plant pathogen detection, their underlying principles are highly relevant to
germplasm identification because both require rapid, sensitive, and field-compatible biological
recognition systems.

The third foundation of rapid portable germplasm identification is molecular identification,
particularly DNA barcoding, molecular markers, PCR-based assays, loop-mediated isothermal
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amplification, and next-generation sequencing. DNA barcoding uses short standardized genetic
regions to distinguish species, cultivars, or genetic lines. Rani et al. (2025) explained that DNA
barcoding has become an important tool for species identification, biodiversity assessment,
conservation, agriculture, and quality authentication. Similarly, Samarina et al. (2025) highlighted the
importance of DNA barcoding for cultivar identification and intraspecific diversity analysis, especially
for tracking valuable cultivars and managing germplasm collections. These molecular tools are
especially important in smallholder farming contexts because they can help verify seed authenticity,
reduce uncertainty in variety selection, and support more reliable access to improved genetic
materials.

In the context of this study, rapid portable germplasm identification technology is not viewed
merely as a scientific tool, but as an agricultural innovation whose value depends on farmer
acceptance. For smallholder farmers in Sichuan, China, the practical benefits may include faster
identification of crop varieties, improved confidence in seed quality, reduced dependence on distant
laboratories, and better alignment between planting decisions and local agroecological conditions.
However, the successful diffusion of this technology depends on whether farmers perceive it as
affordable, useful, easy to operate, reliable, and institutionally supported. Therefore, understanding
handheld diagnostics, biosensors, and molecular identification provides the technological foundation
for examining adoption barriers and willingness to pay.

Smallholder farmers play a central role in agricultural production, rural livelihoods, and food
security, yet their adoption of new agricultural technologies often remains uneven. Unlike large
commercial farms, smallholders frequently operate under tighter financial, informational, and
institutional constraints, which shape how they evaluate unfamiliar technologies. Recent studies
show that adoption decisions are not determined only by technical efficiency, but also by farmers’
perceptions of cost, usability, risk, trust, and expected economic benefit [12,24].

Innovation resistance is particularly relevant when technologies are unfamiliar, complex, or
perceived as inconsistent with existing farming practices. Chindasombatcharoen et al. (2024) argued
that psychological barriers, including mistrust, perceived effort, uncertainty, and resistance to
change, can prevent smallholder farmers from adopting agricultural innovations even when potential
benefits exist. This is important for rapid portable germplasm identification technology because
smallholders may question the reliability of field-based diagnostic results, the relevance of genetic
identification to everyday farming decisions, and the practicality of using such devices without
technical assistance.

Resource limitations further constrain technology adoption among smallholder farmers. Digital
and advanced agricultural technologies often require financial investment, technical knowledge,
connectivity, training, and after-sales support. Dibbern et al., [12] found that economic conditions,
technological infrastructure, technical knowledge, and reliability concerns are key barriers to digital
agriculture adoption. Similarly, Hoang and Tran [24] reported that smallholders with higher
education, larger farms, training exposure, and stronger extension contact were more likely to adopt
digital agricultural technologies. These findings suggest that limited affordability, low technical
literacy, and weak institutional support may reduce smallholders’ readiness to adopt portable
germplasm identification tools.

Risk aversion also influences adoption behaviour. Smallholder farmers are often cautious toward
technologies that involve uncertain returns, unfamiliar procedures, or possible financial loss. Spiegel
et al., [43] show that risk aversion affects both the timing and scale of agricultural technology
adoption, while Kebede [26] demonstrates that risk preferences can shape adoption gaps among
smallholder farmers. In China, Mao, Quan, and Fu (2023) found that risk aversion and loss aversion
significantly inhibited farmers’ adoption of low-carbon agricultural technologies. Therefore, for
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smallholder farmers in Sichuan, perceived uncertainty regarding accuracy, cost recovery, and
practical usefulness may reduce adoption intention and willingness to pay for rapid portable
germplasm identification technology.

Overall, smallholder technology adoption should be understood as a behavioural, economic, and
institutional process rather than a purely technical decision. In the context of this study, innovation
resistance, resource limitations, and risk aversion provide a strong basis for examining how adoption
barriers influence adoption intention and, subsequently, willingness to pay.

Adoption intention and willingness to pay represent two distinct yet sequential stages of farmers’
decision-making toward emerging agricultural technologies. Adoption intention reflects behavioural
readiness to use an innovation, whereas willingness to pay represents the economic commitment to
acquire that innovation. Although these constructs are closely related, behavioural acceptance does
not necessarily translate into monetary commitment, particularly among smallholder farmers
operating under financial constraints. Consequently, understanding the relationship between
adoption intention and willingness to pay is essential for explaining not only whether farmers are
willing to adopt a technology, but also whether they are prepared to invest financial resources for its
acquisition.

From the perspective of the Technology Acceptance Model (TAM), farmers first evaluate whether
a technology is useful and easy to use before developing a positive behavioural intention [11].
Behavioural intention therefore represents farmers’ psychological acceptance of an innovation.
However, adoption intention alone cannot determine market success because farmers must
subsequently assess whether the expected benefits justify the financial investment required to
obtain the technology. This transition from behavioural acceptance to economic commitment
represents an important stage that conventional technology adoption theories do not explicitly
address.

The Contingent Valuation Method (CVM) provides the economic rationale for this transition by
explaining how individuals assign monetary value to innovations based on their perceived benefits
and expected utility. Once farmers develop a favourable intention to adopt rapid portable germplasm
identification technology, they are more likely to evaluate the technology positively, perceive greater
value in its application, and demonstrate stronger willingness to pay. Conversely, even when
behavioural intention exists, willingness to pay may remain low if farmers perceive the technology as
unaffordable or economically risky. Thus, willingness to pay reflects the final economic manifestation
of behavioural acceptance rather than an independent decision.

Recent agricultural technology studies support this sequential relationship. Research has shown
that farmers who perceive digital agricultural technologies as useful and beneficial exhibit stronger
behavioural intention, which subsequently increases their willingness to invest in agricultural
innovations through higher perceived value, expected productivity gains, and confidence in future
returns [16,19,30]. Similarly, commercialization studies suggest that behavioural intention functions
as an important precursor to economic valuation because positive perceptions reduce uncertainty
and strengthen consumers’ readiness to allocate financial resources toward new technologies.

Accordingly, this study conceptualises adoption intention as the behavioural mechanism through
which multidimensional adoption barriers influence willingness to pay. Economic barriers, technical
barriers, knowledge and information barriers, trust and risk perception, and institutional support first
shape farmers’ intention to adopt rapid portable germplasm identification technology. Subsequently,
stronger adoption intention increases the likelihood that farmers will assign positive economic value
to the technology and express willingness to pay for its acquisition. This sequential process integrates
behavioural acceptance with economic valuation, providing a more comprehensive explanation of
technology commercialization among smallholder farmers.
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Willingness to pay (WTP) refers to the maximum value or amount that individuals are prepared
to sacrifice in exchange for obtaining a product, service, or innovation that is perceived to provide
utility or benefits. Within the context of agricultural innovation, WTP has become an important
economic indicator for evaluating farmers’ acceptance of emerging technologies, particularly when
such technologies require financial investment and behavioral adaptation. In studies related to
agricultural technology adoption, WTP is frequently used to assess the commercial feasibility,
affordability, and market potential of innovations introduced to farming communities.

From an economic valuation perspective, WTP reflects farmers’ subjective assessment of the
expected benefits associated with technology adoption relative to its perceived costs. Smallholder
farmers are more likely to demonstrate positive willingness to pay when they perceive that a
technology can improve productivity, reduce uncertainty, enhance crop quality, or generate long-
term economic returns. Conversely, high acquisition costs, uncertainty regarding performance, and
limited financial capacity may reduce their willingness to invest in unfamiliar agricultural
technologies. Recent studies have emphasized that economic considerations remain one of the
strongest determinants influencing smallholder farmers’ adoption decisions toward digital and
precision agricultural technologies.

In addition to economic affordability, price acceptance plays a significant role in shaping farmers’
willingness to pay. Price acceptance refers to the degree to which individuals perceive the price of a
technology as reasonable, fair, and justified by its expected value. Farmers’ acceptance of pricing
structures is often influenced by their income level, perceived usefulness of the technology, and
confidence in the reliability of technological outcomes. Technologies perceived as overly expensive
relative to expected benefits are less likely to achieve widespread adoption among smallholder
farmers, particularly in developing agricultural regions where financial constraints are substantial.

Perceived value further strengthens the relationship between technology adoption intention and
willingness to pay. Perceived value refers to the overall evaluation of the utility and benefits derived
from a technology after comparing expected gains with anticipated sacrifices. In the context of rapid
portable germplasm identification technology, farmers may perceive value through improved seed
authentication, reduction of counterfeit planting materials, enhanced crop management decisions,
and increased agricultural productivity. When farmers perceive that the benefits of the technology
outweigh the associated financial and operational costs, their willingness to pay is likely to increase.

The present study grounds the willingness-to-pay construct in the Contingent Valuation Method
(CVM), which is widely used in economic valuation studies to estimate individuals’ monetary
valuation for goods, services, or technologies that may not yet have established market prices. CVM
enables researchers to measure hypothetical market preferences by asking respondents directly
about the amount they are willing to pay for a proposed innovation or benefit. Recent literature has
demonstrated the growing application of CVM in evaluating agricultural technologies, environmental
resources, and digital innovations among farming communities.

Although China has accelerated agricultural modernization through initiatives such as Digital
Agriculture and the Rural Revitalization Strategy, empirical research conducted in Sichuan has
primarily concentrated on farmers' adoption of digital agricultural services, green production
technologies, precision agriculture, and digital information platforms. For example, Gong et al., [19]
demonstrated that digital agricultural technology services improve farmers' willingness to adopt
digital production technologies by enhancing information accessibility and technological cognition.
Similarly, Zhang et al., [54] reported that cooperative participation and institutional support
positively influence agricultural technology adoption among farmers in Sichuan, while more recent
studies have examined the roles of digital literacy, innovation capability, and environmental
sustainability in promoting agricultural modernization. Collectively, these studies have substantially
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advanced understanding of digital agriculture adoption within the province but remain largely
focused on production-oriented technologies rather than biotechnology-based diagnostic
innovations.

More specifically, the existing literature provides little evidence regarding farmers' acceptance of
rapid portable germplasm identification technology. Unlike conventional digital farming tools that
support crop management or production efficiency, rapid portable germplasm identification
technology enables field-based verification of seed authenticity, varietal identification, biodiversity
conservation, and genetic resource management. These functions are particularly relevant in Sichuan
because the province possesses rich crop genetic diversity, extensive smallholder farming systems,
and strategic importance for national agricultural production. Despite these characteristics, previous
studies have not examined how smallholder farmers perceive this emerging biotechnology, the
barriers affecting its adoption, or the factors influencing their willingness to invest financially in such
technology.

Another important limitation concerns the separation between behavioural and economic
perspectives. Existing studies conducted in Sichuan predominantly explain farmers' technology
adoption using behavioural constructs such as perceived usefulness, accessibility, institutional
support, and digital capability. Conversely, willingness-to-pay research has generally focused on
pricing, subsidies, or economic valuation without explicitly considering the behavioural mechanisms
that precede financial commitment. Consequently, there remains limited understanding of how
adoption barriers influence behavioural intention and how behavioural intention subsequently
translates into willingness to pay for an emerging agricultural biotechnology.

Therefore, the present study addresses three interconnected research gaps. First, it extends the
literature beyond general digital agriculture by focusing specifically on rapid portable germplasm
identification technology. Second, it advances current knowledge by integrating behavioural and
economic perspectives within a single conceptual framework linking adoption barriers, adoption
intention, and willingness to pay. Third, it contributes context-specific knowledge by developing a
framework tailored to the characteristics of Sichuan's smallholder farming systems, thereby
providing a stronger theoretical basis for technology commercialization, agricultural extension
programmes, and evidence-based policy development.

Accordingly, this study contributes to the literature in three ways. First, it extends agricultural
technology adoption research by focusing on rapid portable germplasm identification technology, an
underexplored agricultural biotechnology. Second, it integrates the Technology Acceptance Model,
Diffusion of Innovations, and the Contingent Valuation Method into a unified framework explaining
the progression from adoption barriers to behavioural intention and willingness to pay. Third, it
provides a context-specific framework for Sichuan's smallholder farming sector, offering theoretical
guidance for technology commercialization, agricultural extension, and policy formulation.

2. Methodology

The Technology Acceptance Model has been widely recognized as one of the most influential
theoretical frameworks for explaining individual acceptance and usage intention toward new
technologies. The model proposes that users’ behavioral intention to adopt a technology is primarily
influenced by two key constructs, namely perceived usefulness and perceived ease of use. Perceived
usefulness refers to the extent to which individuals believe that a technology can improve their
performance or productivity, whereas perceived ease of use reflects the degree to which the
technology is perceived as simple and effortless to operate.
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Within the agricultural context, the Technology Acceptance Model has increasingly been applied
to explain farmers’ adoption intention toward emerging agricultural technologies, including smart
farming systems, precision agriculture, agricultural drones, and digital agricultural platforms. Recent
studies have demonstrated that perceived usefulness and ease of use significantly influence farmers’
intention to adopt agricultural innovations, particularly when technologies are associated with
improved productivity, reduced operational uncertainty, and enhanced farming efficiency.

In the context of rapid portable germplasm identification technology, the Technology Acceptance
Model is particularly relevant because smallholder farmers are likely to evaluate the technology
based on its practical usefulness, operational simplicity, and potential contribution to crop
management and seed authentication. Technologies perceived as complicated, difficult to operate,
or lacking clear economic benefits may reduce farmers’ intention to adopt them. Conversely,
technologies perceived as beneficial and user-friendly are more likely to stimulate positive adoption
intention. Therefore, the Technology Acceptance Model provides a strong theoretical foundation for
explaining the mediating role of adoption intention in this study.

The Diffusion of Innovations explains how new ideas, technologies, and innovations spread across
social systems over time. According to Rogers, the adoption process is influenced by several
innovation characteristics, including relative advantage, compatibility, complexity, trialability, and
observability. The theory emphasizes that individuals are more likely to adopt innovations that are
perceived as advantageous, compatible with existing practices, and easy to understand and
implement.

The Diffusion of Innovations theory has been extensively utilized in agricultural innovation
research because farming communities often rely on social learning, peer influence, and experiential
evaluation before adopting new technologies. Prior studies have highlighted that adoption barriers
such as technological complexity, lack of compatibility with existing farming systems, insufficient
technical knowledge, and institutional limitations significantly influence farmers’ innovation
decisions.

In relation to rapid portable germplasm identification technology, smallholder farmers in Sichuan
may face multiple barriers during the innovation adoption process. Economic constraints may limit
affordability, technical complexity may reduce confidence in technology usage, and inadequate
institutional support may weaken farmers’ willingness to experiment with new diagnostic tools.
Furthermore, trust and perceived risk may influence whether farmers perceive the technology as
reliable and beneficial for agricultural decision-making. Consequently, the Diffusion of Innovations
theory provides a suitable theoretical basis for understanding the multidimensional adoption barriers
examined in this study.

The Contingent Valuation Method is widely employed in economic and environmental research
to estimate individuals” willingness to pay for goods, services, or innovations that may not yet exist
within conventional markets. The method evaluates how individuals assign monetary value to a
product or service under hypothetical market conditions, allowing researchers to measure perceived
economic value and acceptance.

In agricultural research, the Contingent Valuation Method has increasingly been applied to assess
farmers’ willingness to pay for sustainable agricultural technologies, eco-friendly farming systems,
digital agricultural innovations, and environmental management practices. Existing studies indicate
that willingness to pay is influenced by perceived usefulness, expected economic returns,
affordability, trust, and awareness regarding the potential benefits of the innovation.

The present study adopts the Contingent Valuation Method as the theoretical basis for examining
smallholder farmers’ willingness to pay for rapid portable germplasm identification technology. Since
the technology represents an emerging agricultural innovation with potential commercial
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application, understanding farmers’ valuation behavior is essential for determining market
acceptance, pricing feasibility, and commercialization strategies. The Contingent Valuation Method
therefore provides a suitable framework for explaining how adoption intention may translate into
economic willingness to pay.

Understanding smallholder farmers’ acceptance of rapid portable germplasm identification
technology requires a theoretical perspective that simultaneously explains technology acceptance,
innovation diffusion, and economic valuation. Although the Technology Acceptance Model (TAM),
Diffusion of Innovations (DOI), and the Contingent Valuation Method (CVM) have each been widely
applied in agricultural technology research, each addresses only part of the decision-making process.
Integrating these complementary perspectives therefore provides a more comprehensive
explanation of how farmers progress from recognising an innovation to forming adoption intentions
and ultimately making economic commitments through willingness to pay.

The Technology Acceptance Model (TAM) provides the behavioural foundation of the proposed
framework by explaining how farmers develop intentions to adopt a new technology through
cognitive evaluations of its usefulness and ease of use [11]. In agricultural settings, TAM has
consistently demonstrated that behavioural intention is the strongest predictor of technology
adoption because farmers first evaluate whether an innovation improves productivity while
remaining sufficiently simple to operate. Recent studies further confirm that perceived usefulness
and perceived ease of use remain fundamental determinants of farmers’ acceptance of digital and
smart agricultural technologies.

However, TAM alone provides only a partial explanation because it primarily focuses on individual
cognitive perceptions while giving limited attention to the broader innovation environment in which
technology adoption occurs. Smallholder farmers frequently encounter external constraints
including affordability, compatibility with existing farming practices, institutional support, technical
knowledge, and perceived risk that extend beyond the original TAM constructs. These contextual
conditions are particularly important for emerging agricultural biotechnologies whose adoption
depends not only on individual perceptions but also on resource availability, extension services, and
innovation characteristics.

To address these limitations, this study incorporates Diffusion of Innovations (DOI) theory, which
explains how innovation attributes and contextual conditions influence the diffusion of new
technologies across farming communities. DOl argues that innovations are adopted when they
demonstrate relative advantage, compatibility, manageable complexity, trialability, and observability
(Rogers, 2003). These characteristics closely correspond to the multidimensional adoption barriers
examined in this study. Economic barriers reduce the perceived relative advantage of the technology;
technical barriers increase perceived complexity; knowledge limitations reduce trialability and
observability; trust and risk perception affect farmers’ confidence in innovation outcomes; and
institutional support enhances compatibility through extension services, demonstrations, and policy
interventions. Consequently, DOl complements TAM by extending the analysis beyond individual
cognition to include the environmental and innovation-specific conditions that shape adoption
intention.

Although TAM and DOI explain why farmers may intend to adopt an innovation, they do not
explain whether this behavioural intention translates into a willingness to invest financially in the
technology. Behavioural acceptance does not necessarily imply economic acceptance, particularly
among smallholder farmers who often operate under severe financial constraints. A farmer may
recognise the usefulness of rapid portable germplasm identification technology and express a strong
intention to adopt it, yet remain unwilling to purchase the technology because of affordability
concerns, perceived financial risk, or uncertainty regarding expected returns. Therefore, explaining
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commercial acceptance requires an economic valuation perspective beyond conventional technology
adoption theories.

The Contingent Valuation Method (CVM) addresses this limitation by providing the economic
foundation for estimating farmers’ willingness to pay for technologies that do not yet have
established market prices. CVM captures the monetary value farmers assign to an innovation after
evaluating its expected benefits relative to its anticipated costs. Within the proposed framework,
willingness to pay represents the final stage of the technology adoption process, reflecting farmers’
economic commitment after behavioural acceptance has been established. Thus, CVM extends the
explanatory scope of TAM and DOI by linking behavioural intention with economic valuation,
enabling assessment of both technology acceptance and commercial feasibility.

INTEGRATED THEORETICAL FOUNDATION

Integrating TAM, DOl and CVM to explain the pathway from adoption barriers
to adoption intention and willingness to pay

1. Diffusion of Innovations (DOI) 2. Technology Acceptance Model (TAM) 3. Contingent Valuation Method (CVM)

(the technology is easy to use)

|

|

|

1
Institutional Support | vs, cost trade-off
« Limited extension services } * Attitude toward Using

|

|

+ Indicates commercial feasibility

+ Inadequate policy support and economic commitment

(positive evaluation)

Explains contextual and innovation Explains cognitive evaluations and Explains economic valuation and
characteristics shaping adoption formation of adoption intention willingness to pay
ADOPTION BARRIERS S aE e 0t ) N (AR T RN CERE BT R D
\ I

Economic Barriers | ADOPTION INTENTION WILLINGNESS TO PAY }

+ High acquisition cost | . .
" L.Iriu:‘};iml :SD““'W } (Behavioural Acceptance) (Economic Acceptance) }
- |

|
Technical Barriers | ;
« Operational complexity | | |
* Lack of infrast | |

| Lack of infrastructure ' } 1 ' }
| Knowledge & Information Barriers B | |
B0« Uimited awareness Shape formers' | | Influences !
‘ N7 Lackof techvical knowledge perceptions } oApetcaed Lissfukraas } econon‘yi( Pl s }
| Trust & Risk Perception and evaluations| (the technology is beneficial) } evaluation ai "Y i
| ® * Uncertainty about accuracy . | PRSP ;
+ Perceived risk of investment + Perceived Ease of Use } o Reflects perceived value ‘
| |
| |
i |
i |
| !

N )

Integrated Decision-Making Pathway

Contextual & Innovation Barriers l Behavioural Intention ' Economic Valuation ' Adoption & Commercialization

(DOI Perspective) (TAM Perspective) (CVM Perspective) (Sustainable Outcomes)

This framework explains how multi-dimensional adeption barriers shape farmers” adoption intention

" nfnce path ased on DO wempp nfluence pah based on TAM  memp Influece path b o0 CYM and how that intention translates into willingness to pay for rapid portable germplasm
Identification technology.

Note:

Fig. 1. Theoretical foundation

Accordingly, figure 1 shows the integrated framework proposes a sequential decision-making
process. Diffusion-related barriers including economic, technical, informational, trust-related, and
institutional factors influence farmers’ perceptions of the innovation environment. These contextual
conditions shape behavioural intention through the cognitive mechanisms explained by TAM.
Behavioural intention subsequently influences willingness to pay, which represents farmers’
economic evaluation of the technology within the CVM perspective. By integrating TAM, DOI, and
CVM, the proposed framework explains not only why farmers intend to adopt rapid portable
germplasm identification technology but also whether they are prepared to invest financial resources
in its acquisition. This integration provides a more comprehensive theoretical explanation than any
individual theory alone and offers a stronger foundation for understanding both behavioural
acceptance and commercialization potential among smallholder farmers in Sichuan.

Economic barriers refer to farmers’ perceived financial constraints in acquiring, operating, and
maintaining rapid portable germplasm identification technology. For smallholder farmers, adoption
decisions are often shaped by limited disposable income, uncertain returns, and sensitivity toward
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upfront technology costs. Smidt and Jokonya [44] emphasized that small-scale farmers face
economic, social, and institutional constraints when adopting digital agricultural technologies.
Similarly, Gong et al., [19], in their study of farmers in Sichuan Province, found that technology
accessibility and economic cognition influence farmers’ willingness to adopt digital agricultural
production technologies. Therefore, when farmers perceive the technology as costly or financially
risky, their intention to adopt is likely to decline.

Building upon the integrated theoretical framework, the proposed hypotheses reflect a
sequential causal mechanism linking contextual adoption barriers, behavioural acceptance, and
economic valuation. Consistent with the Diffusion of Innovations theory, multidimensional adoption
barriers influence farmers’ perceptions of the innovation environment. These contextual conditions
subsequently shape behavioural intention as explained by the Technology Acceptance Model. Finally,
behavioural intention influences willingness to pay through the economic valuation process
described by the Contingent Valuation Method. Accordingly, the proposed hypotheses represent an
integrated pathway explaining farmers’ adoption and commercialization decisions regarding rapid
portable germplasm identification technology.

H1: Economic barriers negatively influence adoption intention toward rapid portable germplasm
identification technology.

Technical barriers include perceived complexity, operational difficulty, lack of compatibility with
existing farming practices, and uncertainty about how the technology functions in field conditions.
The Technology Acceptance Model suggests that technologies perceived as difficult to use are less
likely to be adopted. Recent agricultural technology studies also show that technical complexity and
limited usability reduce farmers’ behavioral intention to adopt innovation. Cimino et al., [7] found
that small farmers’ intention to adopt digital platforms depends strongly on perceived usability and
compatibility with agricultural activities. Therefore, if portable germplasm identification technology
is perceived as complicated or unsuitable for daily farm operations, farmers may hesitate to adopt it.

H2: Technical barriers negatively influence adoption intention toward rapid portable germplasm
identification technology.

Knowledge and information barriers refer to limited awareness, insufficient training, and lack of
understanding regarding the benefits and operation of the technology. Farmers may not adopt a
technology if they do not clearly understand its practical value or how to use it. Gong et al., [19]
showed that digital agricultural technology services enhance farmers’ adoption willingness by
expanding information channels, improving operational cognition, and increasing technology
accessibility among farmers in Sichuan. Yu et al., [51] also found that digital multimedia and
information exposure can improve farmers’ adoption of agricultural green production technologies.
Thus, inadequate knowledge and limited information may weaken farmers’ intention to adopt
portable germplasm identification technology.

H3: Knowledge and information barriers negatively influence adoption intention toward rapid
portable germplasm identification technology.

Trust and risk perception are critical in farmers’ evaluation of emerging agricultural technologies.

Farmers may question whether the technology produces accurate identification results, whether the
device is reliable under field conditions, and whether investment in the technology will generate
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practical benefits. Yeo et al., [50] highlighted that trust, perceived profitability, and confidence in
digital agricultural systems strongly shape farmers’ technology adoption decisions. In the context of
germplasm identification, perceived risk may be even more important because incorrect results may
affect seed selection, crop planning, and farm income. Therefore, higher perceived risk and lower
trust are expected to reduce adoption intention.

H4: Trust and risk perception significantly influence adoption intention toward rapid portable
germplasm identification technology.

Institutional support includes extension services, technical assistance, policy support, subsidies,
training, and access to reliable advisory systems. For smallholder farmers, external support is often
necessary to reduce uncertainty and improve confidence in adopting new technologies. Zhang et al.,
[54] found that cooperative membership promotes agricultural technology adoption among farmers
in Sichuan, suggesting that institutional and organizational support can strengthen innovation
uptake. Gong et al., [19] similarly confirmed that digital agricultural technology services enhance
farmers’ willingness to choose digital production technologies in Sichuan. Therefore, stronger
institutional support is expected to increase farmers’ adoption intention.

H5: Institutional support positively influences adoption intention toward rapid portable germplasm
identification technology.

Adoption intention reflects farmers’ readiness, motivation, and preference to use the technology.
In technology adoption research, intention is commonly treated as a direct predictor of future
behavioral action. For rapid portable germplasm identification technology, farmers who perceive the
technology as useful, accessible, and valuable are more likely to express willingness to pay for it.
Gong et al., [19] demonstrated that farmers’ willingness to choose digital production technology is
influenced by cognitive and accessibility-related factors. Dai et al., [10] also found that farmers’
intention to use agricultural green production technologies is shaped by perceived usefulness, policy
influence, and social networks. Therefore, stronger adoption intention is expected to increase
willingness to pay.

H6: Adoption intention positively influences willingness to pay for rapid portable germplasm
identification technology.

Farmers who develop stronger behavioural intention toward rapid portable germplasm
identification technology are expected to perceive greater economic value from its adoption. Positive
behavioural intention reflects confidence in the technology’s usefulness, ease of use, and expected
benefits, thereby reducing uncertainty associated with financial investment. Consequently, farmers
with stronger adoption intention are more likely to demonstrate higher willingness to pay because
they anticipate that the benefits derived from the technology outweigh its acquisition and
operational costs. Therefore, adoption intention is proposed as the immediate behavioural
antecedent of willingness to pay.

The proposed framework conceptualises technology adoption as a sequential behavioural-
economic process rather than a collection of independent determinants. Farmers first evaluate
contextual barriers associated with rapid portable germplasm identification technology, including
affordability, technical complexity, information availability, trust, perceived risk, and institutional
support. These contextual evaluations influence behavioural intention, which subsequently
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determines farmers’ willingness to make financial commitments toward technology acquisition.
Consequently, willingness to pay is interpreted as the economic consequence of behavioural
acceptance rather than an independent behavioural construct. This sequential explanation
strengthens the theoretical coherence of the framework by integrating contextual, behavioural, and
economic perspectives into a unified technology commercialization process

Conceptual Framework

A Sequential Pathway from Adoption Barriers to Adoption ion and Willingness to Pay
for Rapid Portable plasm Identification Technology among Smallholder Farmers in Sichuan, China
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Fig. 2. Conceptual framework

Figure 2 presents the proposed conceptual framework explaining how multidimensional adoption
barriers influence smallholder farmers’ behavioural and economic responses toward rapid portable
germplasm identification technology. The framework conceptualises technology adoption as a
sequential decision-making process consisting of three interconnected stages: contextual evaluation,
behavioural acceptance, and economic commitment.

The first stage comprises the multidimensional adoption barriers identified through the Diffusion
of Innovations (DOI) perspective. These barriers include economic barriers, technical barriers,
knowledge and information barriers, trust and risk perception, and institutional support. Rather than
acting independently, these contextual factors collectively influence farmers’ perceptions regarding
the feasibility, compatibility, complexity, and expected benefits of the technology. Consequently,
they determine whether farmers develop favourable or unfavourable evaluations toward adopting
rapid portable germplasm identification technology.

The second stage represents behavioural acceptance, operationalised as adoption intention and
theoretically grounded in the Technology Acceptance Model (TAM). Farmers who perceive fewer
barriers, greater institutional support, and stronger technological benefits are expected to develop
higher behavioural intention to adopt the technology. Adoption intention therefore functions as the
central behavioural mechanism translating contextual conditions into technology acceptance.

27



International Journal of Advanced Research in Food Science and Agriculture Technology
Volume 9, Issue 1 (2026) 11-35

The third stage represents economic commitment, measured through willingness to pay and
supported by the Contingent Valuation Method (CVM). Following the formation of positive
behavioural intention, farmers evaluate whether the anticipated benefits justify the financial
investment required for technology acquisition. Willingness to pay therefore represents the
economic manifestation of behavioural acceptance, indicating the extent to which farmers are
prepared to commit financial resources toward adopting rapid portable germplasm identification
technology.

Accordingly, the framework proposes that adoption intention mediates the relationship between
multidimensional adoption barriers and willingness to pay. Contextual barriers do not directly
determine farmers’ willingness to pay; rather, they first influence behavioural acceptance, which
subsequently shapes economic valuation. This sequential mechanism provides a comprehensive
explanation of how contextual, behavioural, and economic factors interact to determine both
technology adoption and commercialization among smallholder farmers in Sichuan.

3. Discussion

The proposed framework suggests that smallholder farmers’ willingness to pay for rapid portable
germplasm identification technology is not determined by economic affordability alone, but by a
wider set of adoption barriers that shape their intention to use the technology. Recent studies show
that farmers’ adoption of digital and agricultural technologies is commonly influenced by economic
constraints, lack of infrastructure, technical knowledge, perceived usefulness, risk-taking, and
technology reliability [12]. Similarly, research on small farmers’ digital platform adoption confirms
that behavioral intention is shaped by perceived performance, effort expectancy, uncertainty, and
ecosystem-related factors [7]. In the context of Sichuan, China, this suggests that even if rapid
portable germplasm identification technology offers technical advantages, farmers may hesitate to
adopt it if the technology is perceived as costly, complex, unfamiliar, unreliable, or weakly supported
by extension institutions.

Furthermore, willingness to pay should be understood as an economic outcome of adoption
intention. Farmers are more likely to pay for a technology when they perceive clear value, practical
usefulness, long-term benefits, and institutional legitimacy. Li et al. (2024), in a study of Chinese
farmers, found that farmers’ willingness to pay is affected by perceived value, time preference, and
the expected future benefits of agricultural land protection. This supports the argument that farmers’
payment decisions are shaped by both behavioral and economic reasoning. In addition, portable
diagnostic technologies have been recognized for their potential to support rapid, field-based
agricultural decision-making, but their wider diffusion depends on cost-effectiveness, usability,
validation, standardization, and stakeholder support [49]. Therefore, the present framework
positions adoption intention as a key mediating mechanism linking adoption barriers to willingness
to pay.

This study contributes to adoption theory by extending technology adoption research into the
underexplored context of rapid portable germplasm identification technology among smallholder
farmers. While previous studies have examined digital agriculture adoption, mobile extension, and
smart farming technologies, limited attention has been given to farmer acceptance of portable
germplasm identification tools. By incorporating economic, technical, knowledge-related, trust-
based, and institutional barriers, this study broadens the understanding of adoption intention
beyond conventional perceived usefulness and ease-of-use factors.

The study also integrates behavioral and valuation perspectives by linking adoption intention with
willingness to pay. This integration is important because acceptance of agricultural technology does
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not automatically imply financial readiness to pay for it. By combining adoption barriers, behavioral
intention, and willingness to pay in one framework, the study advances a more complete explanation
of how smallholder farmers evaluate emerging agricultural technologies.

For policymakers, the framework highlights the need for subsidy mechanisms, rural training
programs, and extension-based demonstrations to reduce adoption barriers. For agri-tech startups,
the findings suggest that portable germplasm identification devices should be affordable, simple to
operate, and clearly linked to farmers’ productivity and income benefits. For seed companies, the
technology can support seed authentication, varietal verification, and farmer trust in seed quality.
For extension agencies, the framework emphasizes the importance of farmer education, technical
assistance, and field demonstrations to increase adoption intention and willingness to pay.

The proposed framework also carries important policy implications for agricultural innovation
governance in Sichuan, China. Since rapid portable germplasm identification technology may involve
relatively high acquisition costs, technical learning requirements, and uncertainty regarding practical
benefits, targeted subsidy schemes could reduce the financial burden faced by smallholder farmers
and encourage early-stage adoption. Recent evidence shows that digital extension and agricultural
technology services can improve farmers’ adoption willingness by expanding access to information,
strengthening economic cognition, and improving technological accessibility [19]. Therefore, policy
actors such as the Ministry of Agriculture and Rural Affairs and local agricultural bureaus may play an
important role in promoting rural technology diffusion through training, demonstration programs,
extension services, and financial support mechanisms.

In addition, willingness to pay should not be treated merely as an individual affordability issue,
but as a strategic indicator for pricing and commercialization. Studies on farmers’ willingness to pay
for agricultural technologies suggest that pricing strategies should consider perceived value, payment
flexibility, expected productivity benefits, and farmers’ income constraints [4,16]. For smallholder
farmers, tiered pricing, subsidized pilot access, cooperative-based payment models, and installment
schemes may increase acceptance while reducing perceived economic risk. Hatab et al., [23] similarly
emphasized that flexible payment options and subsidies for low-income farmers can align technology
pricing with farmers’ economic capacity.

Future research should empirically validate the proposed framework using survey data from
smallholder farmers in Sichuan. Empirical testing would allow researchers to examine whether
adoption intention mediates the relationship between adoption barriers and willingness to pay.
Furthermore, multi-province comparative studies could determine whether the proposed framework
is applicable beyond Sichuan, particularly across provinces with different agricultural structures,
income levels, digital infrastructure, and extension systems. Finally, longitudinal research is needed
to capture how farmers’ adoption intention and willingness to pay evolve after exposure to
demonstrations, training, subsidies, or repeated use of the technology. This is important because
technology adoption is rarely a one-time decision; rather, it develops through learning, trust-building,
perceived usefulness, and accumulated experience [53].

4. Conclusions

The proposed conceptual framework advances the literature on agricultural technology adoption
by providing several theoretical, contextual, methodological, and practical contributions. Although
previous studies have extensively investigated digital agriculture, precision farming, smart
agricultural services, and green production technologies, limited attention has been devoted to rapid
portable germplasm identification technology, particularly from the perspectives of technology
commercialization and farmers’ economic decision-making. Consequently, the present study
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introduces a comprehensive framework that extends existing adoption theories to an emerging
agricultural biotechnology with significant implications for biodiversity conservation, seed
authentication, and sustainable agricultural modernization.

The first contribution is theoretical. Existing agricultural technology adoption studies typically
employ a single theoretical perspective, such as the Technology Acceptance Model (TAM), Diffusion
of Innovations (DOI), or other behavioural theories, to explain farmers’ adoption decisions. While
these theories provide valuable insights into behavioural acceptance, they do not adequately explain
whether positive adoption intention subsequently translates into farmers’ willingness to make a
financial commitment. The present study addresses this limitation by integrating TAM, DOI, and the
Contingent Valuation Method (CVM) within a unified framework that simultaneously explains
contextual barriers, behavioural acceptance, and economic valuation. This integration extends
existing agricultural technology adoption literature by providing a more comprehensive explanation
of farmers’ technology commercialization decisions.

The second contribution is contextual. Previous studies conducted in China, including those
undertaken in Sichuan Province, have primarily examined digital agricultural services, precision
agriculture, green production technologies, and digital literacy. In contrast, this study focuses
specifically on rapid portable germplasm identification technology, an emerging biotechnology that
has received limited scholarly attention despite its strategic importance for crop authentication,
plant genetic resource management, and agricultural biodiversity conservation. By concentrating on
Sichuan’s smallholder farming systems, the framework provides context-specific insights into
technology adoption within one of China’s most significant agricultural regions.

The third contribution is methodological. Rather than treating adoption intention and willingness
to pay as independent outcomes, the proposed framework conceptualizes adoption intention as the
behavioural mechanism linking multidimensional adoption barriers with farmers” willingness to pay.
This sequential structure captures the transition from behavioural acceptance to economic
commitment and therefore provides a more rigorous explanation of technology adoption and
commercialization processes than models that examine behavioural intention or willingness to pay
separately.

The fourth contribution is practical. Beyond explaining technology adoption behaviour, the
proposed framework provides strategic guidance for policymakers, agricultural extension agencies,
technology developers, and agribusiness firms seeking to commercialize rapid portable germplasm
identification technology. By identifying the multidimensional barriers influencing behavioural
acceptance and economic valuation, the framework offers practical recommendations for designing
subsidy programmes, extension services, farmer training initiatives, pricing strategies, and
commercialization policies that support the successful diffusion of agricultural biotechnology among
smallholder farmers.

Collectively, these contributions distinguish the present study from previous agricultural
technology adoption research by integrating behavioural and economic perspectives within a single
conceptual framework while addressing an emerging agricultural biotechnology that has received
limited attention in existing literature.

Recent studies on agricultural technology adoption consistently demonstrate that smallholder
farmers’ adoption decisions are strongly influenced by economic affordability, technical complexity,
institutional support, and perceived usefulness of the technology. Existing empirical evidence further
suggests that farmers’ willingness to pay (WTP) for emerging agricultural technologies is closely
associated with their adoption intention, perceived economic benefits, and trust in the technology
system.
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For instance, Cimino [7] concluded that small farmers’ behavioral intention to adopt digital
agricultural platforms is significantly shaped by perceived usefulness, ease of use, and ecosystem
support mechanisms. The study emphasized that integrating behavioral and technological
dimensions provides a more comprehensive explanation of farmers’ adoption intention toward
innovative agricultural technologies.

Similarly, Dong et al., [13] found that farmers’ intention to adopt ecological agricultural
technologies in China was positively influenced by subjective perceptions, technology acceptance,
and behavioral control. Their findings highlighted that farmers are more likely to adopt agricultural
innovations when technologies are perceived as practical, beneficial, and compatible with existing
farming activities.

In the context of digital agriculture adoption, Yu et al., [51] reported that digital multimedia and
information accessibility significantly improve farmers’ willingness to adopt agricultural green
production technologies. The study further revealed that limited access to information and
technological literacy remain major barriers to adoption among rural farming communities.

Recent evidence also indicates that economic and institutional barriers remain critical
determinants of technology adoption among smallholder farmers. Pandeya et al., [35] concluded that
high investment costs, insufficient technical support, and limited financial access significantly hinder
the adoption of precision agriculture technologies, particularly among small-scale farmers. Likewise,
Kumar et al. (2025) emphasized that credit shortages, inadequate training, and weak market systems
continue to constrain agricultural technology adoption in developing agricultural economies.

With regard to willingness to pay, Mastenbroek et al., [32] demonstrated that information
availability significantly influences smallholder farmers’ willingness to pay for certified agricultural
technologies. Their findings revealed that farmers are more willing to invest in agricultural
innovations when they clearly understand the technology’s benefits and expected economic returns.
In a more recent study, Mangole et al., [30] found that farmers in Tanzania and Burkina Faso showed
measurable willingness to pay for mobile agricultural extension applications, although affordability
and smartphone accessibility remained substantial constraints.

Furthermore, Feng et al., [16] concluded that policy support, extension services, and perceived
usefulness positively influence farmers’ willingness to adopt climate-smart agricultural technologies.
The study highlighted the importance of government support and institutional facilitation in
accelerating agricultural technology diffusion among farming communities.

Collectively, these findings suggest that agricultural technology adoption among smallholder
farmers is a multidimensional process involving economic, technological, informational,
psychological, and institutional considerations. Although prior studies have extensively explored
digital agriculture, precision farming, and climate-smart technologies, limited attention has been
given to rapid portable germplasm identification technology, particularly in relation to both adoption
barriers and willingness to pay among smallholder farmers in Sichuan. Therefore, this study seeks to
address this gap by developing an integrated framework that explains how adoption barriers
influence adoption intention and subsequently affect willingness to pay for rapid portable germplasm
identification technology.
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