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In 2022, the EU coordinated action “From the Hives” (Honey 2021–2022) revealed that 46% of imported honey in the EU did not comply with the “Honey Directive” and is suspected of adulteration. Nowadays the blockchain ecosystem is a digital technology that could be used to trace honey, assisting in fraud reduction and ensuring the authenticity of the botanical and geographical origin of the honey. Nevertheless, its implementation is limited by stakeholders’ acceptance, particularly beekeepers’ decisions. With the aim of identify principal factor affecting beekeepers blockchain adoption, this study applied two theoretical models at the farm level, related to technology adoption: The Theory of Planned Behavior (TPB) and the Technology Adoption Model (TAM). In both models, an additional construct identified as digital maturity was included, analysing their impact on the intention to adopt blockchain through the PLS-SEM method. General findings show that all constructs of both extended models influence the intention to adopt blockchain. Especially, the extended TAM model showed better results than extended TPB according to the explained variance (64.0 and 62.0% respectively). In these models, the perceived behavioral control of TPB and the usefulness perception of TAM were the major predictors of intention to adopt blockchain. Moreover, the digital maturity of farmers was a pivotal factor in enhancing the adoption of such innovations. The findings indicated that implementing blockchain necessitates the provision of training and resources to enhance beekeepers’ competencies, thereby augmenting their trust and proficiency in utilizing digital technologies. Furthermore, the creation of user-friendly interfaces is critical for acceptance, emphasizing the importance of a collaborative process between blockchain designers and beekeepers.
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1 Introduction

Honey is widely recognized as a highly valuable and superior natural food produced and consumed globally (Khaoula et al., 2019; Edo et al., 2023). However, honey can be adulterated with cheap syrups, resins, and hive feeding, altering its color, origin, and composition (Marín et al., 2022). According to the Anti-Fraud Office from the European Commission within the EU coordinated action “From the Hives” (Honey 2021–2022), 46% of imported honey in the EU in 2022 was suspected of adulteration, making effective detection challenging. This indicates that honey adulteration is a widespread problem that affects the authenticity and quality of honey in Spain and other EU countries. Fraud can occur through incorrect labeling or intentional adulteration (Soares et al., 2017; Hall, 2023). Similarly, in Tunisia, honey adulteration is a growing concern. A 2022 study in Greater Tunis highlighted increasing consumer awareness of honey adulteration issues, which involve adding cheap sugars or syrups to inflate volume and reduce purity and quality (Jribi et al., 2022). Adulterating honey with sugar syrups offers a cost-effective advantage to fraudsters, leading to unfair competition. Most fraudulent honey entering the EU comes from countries like China and the United Kingdom (Ždiniaková et al., 2023). Ensuring honey authenticity is a significant challenge for Mediterranean beekeepers and stakeholders, impacting livelihoods and industry reputation. In order to confront this challenge, beekeepers should develop fraud mitigation strategies that combat honey adulteration and utilize technologies that enable them to guarantee their genuineness (García and Schwarzinger, 2021). Exist various technologies for food traceability, such as blockchain, internet of things (IoT), Radio Frequency Identification (RFID), sensors, wireless devices, and QR codes (Lukacs et al., 2025). The integration of digital technologies improves the food supply chain transparency and traceability management by tracking the product quality, environmental conditions and logistics enhancing efficiency (Verna et al., 2025). Traceability refers to the ability to connect all actors involved in the supply chain, enabling the flow of information to know, track and monitor the products effectively (Engelseth, 2009; Olsen and Borit, 2013). Traceability must encompass every stage of the honey supply chain, including production, processing, and distribution (Danieli and Lazzari, 2022). A track and trace system typically require methods for collecting and storing data, effective communication tools, and, if possible, a certification or trust mechanism to ensure the veracity of the information (Lukacs et al., 2025). Blockchain stands out for its immutable record, decentralization, and ability to guarantee information in real time, enabling transparency, efficiency, and improved customer satisfaction (Shukla et al., 2024). Blockchain strengthens traceability by securing the supply chain, minimizing fraud, and ensuring authenticity thereby enhancing transparency, resilience and food safety and quality standards (Dasaklis et al., 2022; Sri Vigna Hema and Manickavasagan, 2024). Blockchain is considered vital for fostering sustainable business models in the agri-food industry while also serving as a robust solution for enhancing traceability (Paunović and Alizadeh, 2022; Dal-Mas et al., 2023).

An additionally issue in Mediterranean (MED) countries such as Türkiye, Spain, and Tunisia, is the fragmented structure that characterize the beekeeping sector, where numerous small-scale beekeepers operate independently (Baytaroğlu, 2006). This fragmentation presents challenges for the widespread adoption of innovative technologies like blockchain, as the dispersed nature of the sector can make coordinated efforts and cohesive implementation difficult. However, blockchain technology offers a promising strategy to counter these challenges by enhancing competitiveness and reducing fragmentation. By providing a transparent, secure, and decentralized system for tracking honey production and supply chains, blockchain can foster greater collaboration among beekeepers, improve traceability, and increase trust in the authenticity and quality of honey products. Consequently, this can help unify the sector, making it more resilient and efficient, while boosting the overall market competitiveness of honey from these Mediterranean countries. Blockchain is defined as a distributed database shared among a peer-to-peer network, consisting of timestamped transactions secured by public-key cryptography (Sciarelli et al., 2022). Its adoption facilitates transaction monitoring and authentication during data processing and transfer and enables to access detailed product information generated along the value chain to all customers special through QR codes (AlShamsi et al., 2022; Do et al., 2025; Verna et al., 2025). In the agrifood sector, blockchain improves food safety, traceability, quality, transparency, and scalability (Bermeo-Almeida et al., 2018; Dal-Mas et al., 2023; Sharma et al., 2023). It is commonly used to verify the botanical and geographical origin of honey (Danieli and Lazzari, 2022). According to Dehghani et al. (2022) in the food sector one of the most important and crucial things of blockchain is consumer trust. Although this digital technology has inherent features such as decentralization, data integrity, security, and reliability, its rate of adoption is limited (AlShamsi et al., 2022; Danieli and Lazzari, 2022).

Understanding the factors affecting digital technology adoption is crucial for recognizing market opportunities and reducing fraud. Digital technologies enhance economic growth, productivity, and operational efficiency (Bravo et al., 2018). They are increasingly integrated into agriculture and the agrifood supply chain (Aras and Büyüközkan, 2023; Sharma et al., 2023). Blockchain, one of the most innovative technologies, improves transparency, traceability, and security in transactions (Liu and Ye, 2021).

The decision to adopt technology in agriculture is influenced by beliefs, perceptions, attitudes, social norms, skills, and abilities (Räisänen and Tuovinen, 2020; Concu et al., 2020). Studies have analyzed technological innovation adoption in various contexts based on different theoretical frameworks (Ullah, 2020; Räisänen and Tuovinen, 2020; Shang et al., 2021; Gandhi et al., 2023). Some of these theoretical models are the theory of reasoned action (TRA; Fishbein and Ajzen, 1975), the technology acceptance model (TAM; Davis et al., 1989), the theory of planned behavior (TPB; Ajzen, 1991), the unified theory of acceptance and use of technology (UTAUT; Venkatesh et al., 2003), the technology organization environment (TOE; Tornatzky et al., 1990) and the diffusion of innovations theory (DOI; Rogers, 1995). All of them provide empirical evidence on factors influencing the intention to adopt digital technologies as the blockchain (Palos-Sanchez et al., 2019). Two of the most important approaches influencing the digital innovations adoption are (TPB) and (TAM) and have been utilized to examine the adoption of blockchain technology, particularly in context where external factors like perceived benefits are significant (Sciarelli et al., 2022; Gandhi et al., 2023). TAM is better suited for analysing individual adoption behavior through constructs like perceived ease of use and usefulness, while TPB excels at integrating group dynamics and social norms. In contrast, UTAUT is a more complex theoretical model based on TRA, TAM, and TPB (Shukla et al., 2024), it focuses on constructs like performance expectancy, effort expectancy, social influence, and facilitating conditions. However, it is often applied in large-scale organizational context, which may not fully address the individual and small-group characteristics of beekeepers (Dwivedi et al., 2019).

Digital maturity influences the acceptance of digital advancements, making adoption easier (Bravo et al., 2018; Ladu et al., 2024). It involves indicators demonstrating an organization’s capacity to adapt and leverage digital tools. Agricultural companies with higher digital maturity experience enhanced efficiency and lower costs (Hansen et al., 2022). They are more prepared to adopt new technologies due to advanced capabilities and positive attitudes toward technology. Moreover, their robust and advanced technological infrastructure facilitates the integration of new tools and systems, and their data management focuses on effective information flow management to collect, process, and distribute data (Teichert, 2019).

The literature review highlights a scarcity of studies focused on investigating the adoption of blockchain in the agri-food sector, therefore, the main this study aims to identify the factors affecting the beekeeper’s intention to adopt the digital technology, specifically blockchain, as a traceability system for their honey in three Mediterranean countries (Spain, Türkiye, and Tunisia). This is achieved by extending the TAM and TPB theories using the Digital maturity construct. Further, this paper contributes to the literature by addressing current gaps on the use of theoretical models such as TPB and TAM to identify the factors influencing the adoption of emerging technologies in beekeeping. This can help to identify not only beekeepers’ attitudes and perceptions but also how these translate into actual behaviors. From an interdisciplinary perspective, this article can enrich the understanding of blockchain applications across different domains, combining knowledge from fields such as apiculture, technology, and supply chain management. Moreover, the inclusion of beekeepers’ digital maturity provides a more detailed vision of how the level of digitalization affects the willingness to adopt innovative technologies. This insight could be useful in designing strategies for the potential adoption of blockchain in beekeeping activities. Finally, the study of blockchain application in the agricultural sectors like the beekeeping niche provides new insights and broadens the scope of blockchain technology studies. The remainder of this paper is organized into six sections as follows. Section 2 presents the theorical framework and research hypotheses. Section 3 contains a broad exposition of the used methodology. In Section 4 is the exposition of the results. Section 5, corresponds to the discussion of the results, followed by the implications of the findings on Section 6, and finally in section 7 the conclusions of this study are presented.



2 Theoretical framework and research hypotheses

To comprehensively understand the factors influencing technology adoption, it is essential to explore three key theoretical frameworks: the Theory of Planned Behavior (TPB), the Technology Acceptance Model (TAM), and Digital Maturity. Each framework offers unique insights into the behavioral, and organizational dimensions of adopting new technologies. These theoretical frameworks provide a solid foundation for investigating and understanding the factors that affect beekeepers’ intention to adopt blockchain technology for honey traceability, offering detailed insight into the attitudes and perceptions that influence their behaviors.


2.1 Theory of planned behavior

The theory of planned behavior (TPB) is a model that predicts and explains how attitudes and social norms influence behavior. It consists of three underlying factors: attitude, subjective (social) norms, and perceived behavioral control (Figure 1). The TPB is commonly used to foresee the behavioral intentions of individuals (Mohr and Kühl, 2021), considering intention as the determinant of an action or the immediate behavior of a human (Tama et al., 2021). Attitude is defined as “the degree to which an individual evaluates the behavior as positive or negative and attitude can be based on instrumental beliefs and experiential or affective beliefs of performing the behavior” (Ajzen, 1991). It refers to the assessment of behavior as either positive or negative, representing an evaluated inclination toward either performing or not performing the behavior (Concu et al., 2020). The perceived behavioral control construct corresponds to the perception of their self-individual abilities, or self-efficacy toward the behavior. It is related to judgements about how well they can execute the necessary actions to deal with the situation, or the confidence in their ability to perform the behavior. Subject norms refer to the perceived social pressure to perform a behavior, it is related to the approval or disapproval of important others (friends, parents, family members) to perform the given behavior (Ajzen, 1991). TPB explores how attitudes, social norms, and perceived control influence the intention to accomplish an action. Building on this framework, Mahattanakhun and Suvittawat (2023) examined technology acceptance among Thai farmers, focusing on their ability to adapt to changes in agriculture. Their findings align with the TPB’ emphasis on attitudes, revealing that attitude is the most significant factor influencing the intention to use technology. This suggests that a positive attitude toward new technology, particularly those that are not yet widely adopted, greatly impacts the intention to utilize such technology. Regarding the digital technologies in the agrifood sector such as blockchain, the TPB constructs influence their acceptance or intention to adopt, as confirmed by a literature review (Gandhi et al., 2023; Rafiq and Malik, 2024). According to this the hypothesis for this study are:
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FIGURE 1
 Theory of planned behavior (TPB-Ajzen, 1991).



Hypothesis 1A: Attitude has a positive significant influence (effect) on beekeepers’ intention to use BCT. A more positive attitude toward blockchain will increase the intention to adopt it by beekeepers.

Hypothesis 2A: Perceived behavioral control has a significant and positive impact (effect) on beekeepers’ intentions to use BCT. Beekeepers who feel more in control are more likely to adopt blockchain technology.

Hypothesis 3A: Social Norms has a positive significative influence (effect) on beekeepers’ intention to adopt the digital technology (BCT).
 

The hypotheses align with previous studies that have utilized TPB to understand the adoption of digital technologies in agriculture. For example, research conducted in Ontario, Canada, examined the adoption of digital technologies “Internet of Things (IoT), sensors, data analytics, artificial intelligence (AI)” in the aquaculture sector by rainbow trout producers (Chowdhury et al., 2024). Another study focused on the acceptance of AI in German agriculture (Mohr and Kühl, 2021). Similarly, studies on BCT adoption in European coffee supply chain (Kramer et al., 2021) and sustainable agricultural practices (Xiang and Guo, 2023; Rafiq and Malik, 2024) further validate the relevance of TPB in this context these examples illustrate the broad applicability of TPB in explaining the digital technologies adoption across diverse agricultural sectors.



2.2 Technology acceptance model (TAM)

The theoretical model of Technology Acceptance (TAM) proposed by Davis (1985) and Davis et al. (1989) explains the factors involve in the innovations’ adoption, and it is widely used to make predictions about the acceptance and use of innovative technologies as blockchain (AlShamsi et al., 2022). This theoretical framework is based on the theory of reasoned action proposed by Ajzen and Fishbein (1980), in which the determinants of conscious behavior are analysed (López-Bonilla and Bonilla, 2006; Rondan et al., 2015). In TAM, there are two fundamental constructs that focus on user perception: (i) perceived usefulness of the technology, and (ii) perceived ease of use, both of which directly influence the behavioral intention, as shown in Figure 2 (Venkatesh and Davis, 1996). The definition of the perceived usefulness corresponds to “the level to which a person believes the use of the specific technology will enhance their performance,” while perceived ease of use, is defined as “the degree to which a person believes that using a particular system would be free of effort” and it is related to the self-capacity to perform the behavior (Davis et al., 1989). Studies on factors influencing the intention to adopt digital technology across the agrifood supply chain using TAM model have demonstrated that perceived usefulness and perceived ease of use play a significant role (Pappa et al., 2018; Saurabh and Dey, 2021; Dong et al., 2022). Furthermore, Caffaro et al. (2020) investigated the factors influencing farmers’ intentions to adopt two categories of Smart Farming Technologies: drones, sensors for data acquisition, and agricultural apps, as well as agricultural robots and autonomous machines. Finding that perceived usefulness significantly influenced farmers’ intentions to adopt these technologies. Building on these findings, the following hypotheses were proposed for this study:
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FIGURE 2
 Technology acceptance model (TAM-Davis et al., 1989).



Hypothesis 1B: Perceived ease of use has a significant and positive impact on beekeepers’ intention to use BCT. Beekeepers are more likely to adopt blockchain technology if they perceive it to be easy to use.

Hypothesis 2B: Perceived usefulness has a positive and significant impact on beekeepers’ intentions to adopt BCT. Beekeepers’ willingness to adopt blockchain technology will increase as their perception of its utility grows.

Hypothesis 3B: Perceived ease of use has a significant positive impact on perceived blockchain utility. Beekeepers are more likely to adopt blockchain technology when they perceive it to be simple to use.
 



2.3 Digital maturity (DM)

Maturity refers to being in perfect condition to achieve a goal, prevent an issue or generate a solution (Nikkhou et al., 2016). A company’s digital maturity level reflects its current state in terms of digital transformation, technological adoption, and strategy (Haryanti et al., 2023). According to Aras and Büyüközkan (2023) digital maturity is closely related to the adoption of digital technology, to have a high level of digital maturity makes the successful adoption of digital technologies easier. Gökalp and Martinez (2021) argue that digital maturity is how integrated are the digital technology into the company activities, based on the capabilities and digital skills of its members, technological infrastructure, and the type of commercial relationships it develops. From Ladu et al. (2024) perspective, digital maturity corresponds to the status of digital transformation in the business, and comprises both technical and managerial aspects, and it involves capabilities, resources, and areas of action. MacPherson et al. (2022) highlight how digitalization, in association with certain institutional, social, and legal factors, enables the achievement of sustainability goals. According Safiullin et al. (2022) in agriculture the digital maturity involves all transformations driven by the integration of digital technologies into production management. Rogers (1995), in his DOI theory, explains how technological innovations are adopted by different groups based on factors such as knowledge, attitude toward innovation, and implementation capabilities. Digital maturity can facilitate this process by equipping individuals with the skills needed to recognize and adopt new technologies (Ostmeier and Strobel, 2022). In this context, both TAM (perceived ease of use and perceived usefulness) and TPB (perceived behavioral control) frameworks play crucial roles in technological adoption. Digital maturity underpins these constructs by enhancing trust and reducing technical barriers, those increase willingness to adopt new technologies. Over the years different digital maturity models have been developed from commercial, industry, and academic perspectives, employing diverse criteria and thematic aspects (Aslanova and Kulichkina, 2020). However there remains a lack of theoretical guidance on such models. To address this gap, in this study integrates the construct of digital maturity within both models and propose the following hypothesis:


Hypothesis 4A and Hypothesis 4B: Digital maturity has a positive significant influence (effect) on beekeepers’ intention to adopt the Blockchain technology (BCT).
 

Based on the literature review and the research objectives, the structure and the hypotheses for each model to be tested in this study are illustrated in Figure 3 (Extended TPB model) and Figure 4 (Extended TAM model).

[image: Figure 3]

FIGURE 3
 Conceptual framework of adoption intention based on extended TPB.


[image: Figure 4]

FIGURE 4
 Conceptual framework of adoption intention based on extended TAM.





3 Research methodology and data collection

To understand the intention of Mediterranean beekeepers to adopt blockchain technology, specifically from Spain, Türkiye, and Tunisia, was developed a survey instrument based on existing literature related to attitudinal and adoption theories. The survey was divided into three main parts: (i) demographic profile questions. (ii) Digital maturity questions and (iii) Specific section for questions related to the constructs, where attitudinal, behavioral, and perception questions were included based on the two theoretical frameworks used, TPB and TAM. Table 1 includes the TPB and TAM constructs, as well as the indicators used in this study to define each construct. Also, the indicators for the digital maturity construct were included in this table. Items from the constructs were measured using a five-point Likert scale (1. Strongly Disagree, 2. Disagree, 3. Neither agree nor disagree, 4. Agree, 5. Strongly agree). This scale was based on the operational definition of these variables as proposed by Ajzen and Fishbein (1980) and was also utilized and validated in the study by Yu et al. (2025) on farmers’ adoption of smart technologies.



TABLE 1 Definition of research constructs from the 2 models.
[image: Table1]

Data collection for this study was carried out following a structured approach from November 2023 to March 2024, utilizing both face to face interactions and the Qualtrics platform. The target population consisted of beekeepers from three Mediterranean countries: Spain, Tunisia, and Türkiye. A list of all registered beekeepers the association registers of the regions studied (Zaragoza in Spain, northern and central regions of Tunisia and the Ordu Province in Türkiye) was generated to identify possible participants. The sample method employed was random, ensuring representativeness of the target population, with a recorded response rate of 78%, representing 159 valid responses out of the 203 questionnaires distributed. The survey originally written in English was translated into Spanish, French and Turkish to ensure accessibility for the participants. During the survey process, beekeepers were informed about the study’s purpose, the use, confidentiality, and anonymity of their responses. Specific exclusion criteria, such as beekeepers not dedicated to commercialization and incomplete responses, were applied to maintain the quality and relevance of the data. Furthermore, a pilot test was conducted with beekeepers participating in living labs established in each case study country. This test validated the survey instruments prior to data collection, ensuring their adequacy and reliability. Ethical approval was obtained from the ethics committee of the Center for Agri-food Economics and Development (2023–24).


3.1 Digital maturity

Measuring digital maturity involves evaluating various dimensions that determine the potential for digital transformation. Based on analyses of several digital maturity models, the most commonly examined dimensions include technological, organizational, and strategic factors (Safiullin et al., 2021; Piot-Lepetit et al., 2023). Additionally, Mendes et al. (2022) suggest that the digital maturity of agricultural organizations and their workforce is intrinsically tied to their ability to utilize digital technologies. While alternative measures, such as validated digital maturity indices, exist, the selection of the five indicators (people, data, organization, technology, and strategy) was based on their comprehensive representation of the critical dimensions observed in prior studies. The digital maturity structure for this study was designed using the five indicators that characterize the digital maturity model defined by Aslanova and Kulichkina (2020): “people, data, organization, technology, and management/strategy,” as well as those mentioned by Büyük et al. (2021). The indicators are then described specifically.

• “People” refers to the employee’s personal skills or digital capabilities required for the successful implementation of strategies in the company.

• “Data” refers to the use and management of data generated in the organization; proper data management is a prerequisite for the digitalization of activities.

• “Organization” is a key component of digital maturity, defining how business processes are structured and the organizational skills available.

• “Technology” indicator includes all of the equipment required for digitalization.

• “Strategy” focuses on the integration of specific actions to achieve digital transformation goals while considering the management and optimization of any information flux.

These selected indicators allow for a more specific and context-adjusted assessment of beekeeping activities and are aligned to the more accepted dimensions, which is not always covered in generic indices ensuring the conceptual validity of the approach adopted (Büyük et al., 2021).

Digital maturity indicators were assessed on a scale of 1–5 (1 = no affirmative answers, 2 = one affirmative answer, 3 = two affirmative answers, 4 = three affirmative answers, and 5 = all affirmative answers), based on the questions positively answered by the interviewed beekeepers (see Table 2). After completing the questionnaire, the score of each indicator is obtained, and the digital maturity level can be calculated using the average of all indicators, generating values between 1 and 5. Values from 1 to <=2 correspond to the “beginner” digital maturity level, indicating that the organization is in the first step toward digital maturity. Values (>2 and ≤3) indicate an “intermediate” level for companies with experience implementing digital practices. The values (>3 and =4) indicate “experienced” levels of digital maturity, indicating more professional practices in the digitalization data field within the organization. Values >4 and ≤5 indicate the “experts” level of maturity, where companies adapt their infrastructures and processes to focus on digital and smart solutions (Büyük et al., 2021). This methodology was selected because is a simple, understandable and transparent tool, applicable to different fields.



TABLE 2 Questions used to identify indicators that conform the level of digital maturity.
[image: Table2]



3.2 Data analysis

The Partial Least Squares-Structural Equation Models (PLS-SEM) were used as a widely used second-generation multivariate technique of analysis, due to their statistical efficiency and high level of confidence (Yaacob et al., 2021; Gandhi et al., 2023). Compared to Covariance-Based SEM (CB-SEM), the PLS-SEM is a more suitable method for evaluating research models, due to its lower requirements regarding measurement models (both reflective and formative), sample sizes, and residual distribution assumptions (Mustapa et al., 2024). SEM models allow us to simultaneously examine a series of dependency relationships between independent and dependent variables, with the aim of reducing data dimensionality and estimating a causality network (Al-Edrus et al., 2023). The PLS-SEM is a flexible Non-parametric model composed of 2 sub models, (i) the measurement model (also identified as outer model) where relations between the indicators and the constructs “latent variables” are analysed, and mathematically expressed as:

[image: image]

Where [image: image] corresponds to the jth construct, [image: image] is the path coefficient that relate the qth exogenous construct to the jth endogenous construct and the [image: image] correspond to the error of the internal relation.

And (ii) the structural model (identified as inner model) where relation between and constructs are analysed, and in a reflexive model is given by the function

[image: image]

Where [image: image] is the loading of the pth indicator from the qth construct and [image: image] correspond to the error in the measurement process (González, 2018). The aim of the PLS-SEM is maximizing the amount of explained variance (R2). PLS-SEM has the advantage that it can be used with small samples in complex models (Martínez and Fierro, 2018). Hair et al. (2014) indicate that the minimum sample size should be estimated considering 10 times the number of arrows pointing at a variable.

However, being more conservative, to ensure that the results of the statistical method are solid and generalizable, in a more heterogeneous population the guidelines for a minimum sample size must be followed by using the inverse square root method (Hair et al., 2021). Next equation shows the needed sample size considering a significance level of 5%, and a minimum path coefficient equal to 0.2, with a power level of 80%.

[image: image]

To conduct data analysis in this study the software SmartPLS 4.0 was used (Ringle et al., 2024). In a first step, all indicators of each construct were included in the model, later the indicators with no significative loading were removed from the model. All constructs were structured by reflective indicators, because all of them act as causality from the latent variables according to the rational methodological background considerations (Hanafiah, 2020).




4 Results


4.1 Descriptive statistics

The descriptive analysis of the sample is summarized in Table 3. Demographic results revealed that most beekeepers interviewed were between the ages of 36 and 49, accounting for roughly half of the sample. The sample was dominated by men (87%). In terms of education level, more than one-third of respondents (40%) attended university, followed by beekeepers who completed a second stage of formal education (35%). The number of beekeepers surveyed was balanced by origin country, with each country accounting for approximately 33% of the total sample.



TABLE 3 Sample description.
[image: Table3]

According to the established scale, the group of beekeepers surveyed in the Mediterranean countries (Spain, Türkiye, and Tunisia) for this study had an intermediate level of digital maturity (2.59). This maturity level indicates that beekeepers in this region have basic data analytics capabilities, as well as the ability to identify and understand basic digital tools and technologies; however, they must continue to work on full integration of digital practices across the organization, considering digital devises and innovations, to ensure the greatest impact on the apicultural organization’s development.



4.2 Assessment of the measurement model

The measurement models were analysed first, followed by the structural models. Table 4 presents empirical results from validation models (TPB extended, and TAM extended). All loadings of reflective constructs’ indicators (λ) in each model were higher than 0.70, confirming the individual reliability and indicating that all observable variables are positively correlated and measure correctly the composed theoretical concepts (Carmines and Zeller, 1979; Cardona et al., 2018). The VIF values for the indicators of each construct were verified, with all values found to be below 5, indicating low collinearity as recommended by Hair et al. (2014). Furthermore, correlations between the indicators were examined and found to be below 0.85, confirming that excessive correlation, which could hinder the interpretation of relationships between indicators and constructs, was not present. According to Cronbach’s alpha and the composite reliability coefficients of the constructs (rho_a and rho_c), all of them with values higher than 0.70, the composed reliability of the constructs was validated (González, 2018). The convergent validity test showed values >0.50 as observed through the average variance extracted (AVE) indicating that the constructs explain more than half of the components’ variation (Yaacob et al., 2021). The lowest values were for the digital maturity construct in the TPB model (0.668), and for ease-of-use perception on TAM model (0.647), both higher than the threshold.



TABLE 4 Construct reliability and validity.
[image: Table4]

The discriminant validity was tested with the Fornell-Larcker criteria, the Heterotrait-Monotrait Ratio, and cross-loadings (Yaacob et al., 2021; Dong et al., 2022). In both models, results proved the validity of the constructs as can be observed in Tables 5–7. In relation to the Fornell-Larcker criterion, results of the square root of AVE for each construct (black diagonal values of Table 5) exceed the correlation (r de Pearson) with the rest of the constructs of the model. As revealed by the matrix of the HTMT ratios (Table 6), all constructs had significative values (lower than 0.85), except for (Usefulness <− > Ease of use = 0.867) and (Usefulness <− > Intention = 0.867), however both were considered valid in a less conservative model, where the maximum level allowed is 0.90, considering that the constructs in the nomogram are not conceptually very different (Hair et al., 2019; Carrera et al., 2022). And for cross loadings (Table 7), all indicators’ loading of each construct were higher than the loadings of the indicators of its related variables.



TABLE 5 Fornell-Larcker criterion.
[image: Table5]



TABLE 6 Heterotrait-Monotrait ratio (HTMT).
[image: Table6]



TABLE 7 Cross loadings TPB and TAM models.
[image: Table7]



4.3 Assessment of the structural model

Regarding the structural model, in both cases extended TPB and extended TAM, all the values of the variance inflation factor (VIF) were smaller than 3.33 (Table 8), allowing state that collinearity is not a major problem (Mustapa et al., 2024). Furthermore, based on the one-tailed hypothesis test, the results of the structural model analysis showed that all proposed hypotheses on the basis of the theory, including the extension of the digital maturity construct, were accepted. That means that all exogenous constructs (exogenous latent variables) have an influence on the beekeepers’ intention to adopt the digital technology of blockchain, and all p-values were significant. Specifically, in the extended TPB model, results showed that perceived behavioral control (H3A) had the greatest influence on BCT adoption intention (path coefficient = 0.391), followed by beekeepers’ personal attitude (H1A) (path coefficient = 0.352). While in extended TAM, the usefulness perception of the BCT (H4B) was the construct with more influence on the intention to adopt BCT (path coefficient = 0.506). Although the digital maturity construct demonstrated the lowest significant effect compared to other constructs in the models (as shown in Table 9), it remains a key indicator for assessing the ability to use digital technologies such as blockchain. Additionally, digital maturity may have an indirect influence on other critical relationships within the model related to technology usage. This inclusion is supported by Mendes et al. (2022), who emphasize the importance of digital maturity in determining the capacity to adopt and utilize digital technologies.



TABLE 8 Effect size values (f2) and collinearity statistics (VIF)- structural model.
[image: Table8]



TABLE 9 Constructs’ relations - hypothesis test.
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The structural model TPB explains the 60.2% of the total variance (R2 = 0.602) of the intention behavior to adopt the BCT (Figure 5). While the structural model TAM (Figure 6) explains the 64.0% of the total variance (R2 = 0.640) of the intention behavior and 51.8% for the usefulness perception (R2 = 0.518). Being the dependent construct enough explained by the independent variables. The results of the composite-based standardized root mean square residual (SRMR) analysis showed values lower than 0.08 in both estimated models and the normed fit index (NIF) values nearest to 1 (in TPB SRMR = 0.066 and NIF = 0.819 and in TAM SRMR = 0.062 and NIF = 0.802), confirming the robustness of the models (Henseler et al., 2015; Hair et al., 2019; Dong et al., 2022). Overall, the above results allow us to argue that extended TAM is a better model to predict the intention to adopt the blockchain by beekeepers in comparison to the extended TPB model. Additionally, contrasting the models with the quality criteria BIC, we confirmed that the TAM model generates a better value for intention than the TPB model (lower BIC), results can be observed in Table 10.

[image: Figure 5]

FIGURE 5
 Structural equation model of the blockchain adoption TPB.


[image: Figure 6]

FIGURE 6
 Structural equation model of the blockchain adoption TAM.




TABLE 10 Models’ selection criteria.
[image: Table10]




5 Discussion

Drawing on the theoretical frameworks of TPB and TAM, this study proposed and analysed two extended models with the digital maturity construct to identify the determinants of intention to adopt the blockchain traceability system in beekeeping. The research results highlight that beekeepers’ intention to adopt the blockchain is statistically significantly influenced by all constructs included in the models, confirming the initial hypothesis. The level of influence varied depending on the construct. On TPB, perceived control behavior had the greatest influence. This construct indicates that when beekeepers have self-confidence in their ability to manage the situation, they are more interested in adopting the proposed technology, as previously found (Mohr and Kühl, 2021; Mustapa et al., 2024). However, Sok et al. (2020) argue that in empirical studies the real measure about perceived control, related to the self-confidence, is often difficult to estimate, therefore it is frequently considered as an approximation. The second construct that had a greater impact on adoption intention was attitude toward blockchain, similar to the results obtained by Mohr and Kühl (2021) in their study about adoption of artificial intelligence (AI) in German agriculture. Findings made by Gandhi et al. (2023) also showed that attitudes toward blockchain positively affect the intention to adopt this digital technology. According to their findings, attitudes define the emotional aspects of intention, and appropriate emotions and beliefs have a significant positive impact on acceptance or intention to adopt blockchain throughout the agricultural supply chain. Influence of social norms came in third place. Perceived social pressure had a positive effect on individual decisions to adopt blockchain technology. This result was consistent with the study of Noor et al. (2013) and opposite to the findings of Kamble et al. (2018) and Abbas and Mehmood (2021) that indicated in their research that people did not make an effect on the decision to adopt the digital innovation proposed.

Regarding the TAM model, all constructs included in the structural equation had a positive effect on beekeepers’ intention to adopt the blockchain, and according to the magnitude of the constructs, perceived usefulness has the greatest effect on beekeepers’ intention. Previous research has shown that perceived usefulness is a stronger predictor of behavioral intention than perceived ease of use (Venkatesh, 2000; Kumari and Devi, 2023). Further, the findings are consistent with Shrestha and Vassileva (2019) and Gandhi et al. (2023) who reported that both perception of ease of use and perception of usefulness have a significant impact on the blockchain adoption intention in agricultural sector. As a result, the more simple, convenient, and adaptable blockchain is the more likely beekeepers will want to make use of it. As suggested by some studies (Kumari and Devi, 2023), it is critical to increase user training and assistance to improve their perception of the ease of use and usefulness of BCT. The digital maturity construct had the least influence on blockchain intention to adopt, but it was significantly positive in both models, with a stronger effect in the TAM model. The finding of this effect indicates that digital technology adoption, previous knowledge or familiarity with the digital technology, the digitalized management of the data in the organization, and a strategy focused on the optimized information management, increase the probability of adopting the blockchain. These findings highlight the multifaceted nature of technology adoption and emphasize the importance of addressing various psychological and contextual factors to encourage the use of blockchain in the agricultural sector. Compared to TAM, TPB’s focus on social norms and perceived behavioral control appears less applicable in the beekeeping context, where individual decision-making is primarily driven by the tangible benefits of technology rather than external social pressures. The findings of this study demonstrate that perceived usefulness, a central construct in TAM, significantly outweighs the influence of social norms in determining adoption behavior. This underscores the value of TAM’s practical, utility-driven approach, offering more actionable insights into fostering blockchain adoption through targeted interventions such as user training and support systems. These conclusions align with prior research (Venkatesh, 2000; Kumari and Devi, 2023) and are further validated by the study’s results, where perceived usefulness emerged as the strongest predictor of blockchain adoption intentions.



6 Implications

The findings of this study have significant implications for the apiculture industry and the adoption of emerging technologies such as blockchain. The implications relate to the need to provide training and resources that enable the development of beekeepers’ capabilities, increasing beekeepers’ confidence and skills in the use of digital technologies such as blockchain, thus increasing their level of digital maturity. Policymakers can leverage this training by promoting educational programs designed specifically for beekeepers, including practical workshops on the use of advanced technologies, simulations of blockchain-based traceability processes, and demonstrations of success stories. The results also highlight the importance of blockchain solution developers creating functional interfaces that can be perceived as useful and easy to use, as this will increase the intention to adopt such innovation. It is also essential to promote information campaigns that highlight the tangible benefits of blockchain adoption such as traceability, transparency, and trust in supply chains, in order to positively influence beekeepers’ attitudes. It should be noted that while positive attitudes toward blockchain have a significant impact on their adoption intention, there are some other specific barriers for beekeeper, such as high implementation costs, limited infrastructure, and a lack of technical expertise, that can still hinder its adoption. Finally, establishing collaborative networks policymakers can support the creation of knowledge-sharing platforms between beekeepers and experts in innovative technologies and solutions. This not only increases trust and reduce perceived barriers, but also creates a favorable environment for the adoption of digital innovations, ensuring that digital maturity training leads to a positive and tangible impact on the adoption rates of these innovations.

Some potential limitations of our study are related to: the sample size, which, although adequate for PLS/SEM analysis, its relatively small size limits the results generalization and does not allow differentiation between the regions analyzed (Spain, Türkiye, and Tunisia). Therefore, a larger sample size in future researches could provide a more representative view and a more in-depth analysis of the relationships between variables. Self-reported data, which can be subject to biases such as social desirability bias or inaccurate self-assessment. Future research, to reduce this bias, the survey could be applied complete anonym instead of a face to face and include control items to detect biased responses. Endogeneity, including self-selection and omitted variable bias, is a common challenge in behavioral studies. While VIF scores and correlation analyses showed no multicollinearity, unobserved heterogeneity cannot be entirely excluded. Future research could apply methods like the Gaussian copula or instrumental variables for more robust result. The cross-sectional design of our data, which reports a single point in time, limiting the ability to infer causality or changes presented over time. To address this, future studies could adopt longitudinal research designs to explore the dynamic nature of blockchain adoption, including shifts in attitudes, behaviors, and external influences over time. Constructs such as perceived control behavior and digital maturity are difficult to measure accurately because they are often approximations, which may affect the reliability of the results. External factors, such as economic conditions, regulatory changes, or technological advancements in other areas, are not accounted for in this study and may influence blockchain technology adoption. Including these variables in future models could provide a more comprehensive analysis of the factors influencing adoption.

Despite these limitations, this study provides a basis for understanding the principal factors related with the beekeepers’ intention to adopt a digital technology such as blockchain. And demonstrates the flexibility of these models which could be further expanded to incorporate other contextual factors such cultural norms or government regulations.



7 Conclusion

This study utilized and compared the Theory of Planned Behavior (TPB) and the Technology Acceptance Model (TAM), significantly contributing to existing research by integrating the Digital Maturity (DM) construct into the models. The aim was to investigate the factors influencing beekeepers’ intention to adopt blockchain technology for honey traceability to mitigate fraud in the Mediterranean and enhance consumer trust. The PLS SEM method was employed to empirically assess the measurement and structural model. This study empirically validates the theoretical models TPB and TAM, demonstrating that all constructs significantly affect beekeepers’ intention to adopt blockchain technology. The extended TAM model produced better results than the extended TPB. In these models, the perceived behavioral control of TPB and the perceived usefulness of TAM were the most important predictors of blockchain adoption intentions. Furthermore, farmers’ digital maturity was a crucial factor in increasing adoption of such innovation.

The findings indicated that the implementation of blockchain requires the provision of training and resources to enhance beekeepers’ capabilities, thereby enhancing their trust and proficiency in using digital technologies. Moreover, the development of intuitive interfaces is essential for acceptance, highlighting the necessity of a cooperative process between blockchain developers and beekeepers. These contributions not only advance academic understanding but also offer practical advice for increasing digital technology adoption in agriculture, specifically blockchain in beekeeping. In summary, this study expands the scope of the TAM and TPB, integrating a new construct and applying them to an innovative agricultural sector, offering both conceptual advances and practical recommendations for the adoption of digital technologies in beekeeping sector.

To encourage blockchain adoption among Mediterranean beekeepers and beyond, tailored training programs should enhance digital literacy and emphasize benefits like honey traceability and fraud prevention. Efforts should account for regional technological differences, foster trust through local partnerships, and align with regulatory frameworks. Cost-effective solutions, such as subsidies, and sharing success stories can further inspire confidence and promote adoption.
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