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Abstract

:

Globally Important Agricultural Heritage Systems (GIAHS) territories are highly relevant to achieving sustainable lifestyles with human subsistence in balance with the ecosystem. The Barroso agro-sylvo-pastoral system is a clear example of this alignment between existing society, nature and natural resources, the environment, landscapes, and contextual heritage. Moreover, the sustainable use of existing natural resources, excellent environmental conditions, and breath-taking untouched landscapes represent a truly relevant factor towards the development of a region economy that is still greatly influenced by an engraved cultural, patrimonial, and agricultural heritage. Given the GIAHS classification attributed to that territory, the need arises to guarantee the existing environmental conditions. This context will allow the maintenance of the GIAHS classification, ensuring the quality of life in the region and stimulating its socio-economic development and overall sustainability. The present article describes a proposal for a digital ecosystem model aimed at the Barroso GIAHS, composed of four main functional hubs that actively interact with each other: smart environment, smart government, smart economy, and smart people. Based on wireless sensor networks, IoT, artificial intelligence, data analytics, and other technological solutions, this solution will allow real-time control of the territory’s environmental conditions and develop more efficient and well-supported management and governance.
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1. Introduction


The Globally Important Agricultural Heritage Systems (GIAHS) concept represents a different and more complex manner of classifying protected areas or landscapes. It goes further than the conventional European network “Natura 2000” of protected areas classification. GIAHS territories are living agricultural systems in which the existing communities develop and maintain intricate relationships with the territory, the cultural and agricultural heritage, and the biophysical and social environment [1]. It is an initiative of the Food and Agriculture Organization of the United Nations (FAO) to promote and preserve agricultural heritage.



As it is easily understood by the interpretation of the existing scientific literature, the preservation of GIAHS territories is highly relevant not only for the conservation of current natural biodiversity but also for the sustainable provision of endogenous goods, services and food of very high quality, and levels of safety and quality of life opposite to those experienced in large metropolises [2,3]. Therefore, GIAHS territories also have the potential to stimulate the sustainable socio-economic development of their populations through the emergence of new products and services based on their natural characteristics (e.g., nature tourism) [4].



The Barroso agro-sylvo-pastoral system, recognised with this certification in 2018 and since then the only Portuguese GIAHS, covers the six municipalities of the Alto Tâmega region (NUTS III) and is commonly recognised for the traditional agricultural practices based on smallholdings and livestock farming, promoted by geographic isolation and a rural subsistence economy that contributed to a community effort. This same territory, represented in Figure 1, is, at the same time, home to a set of potentially polluting industrial activities and has a subsoil rich in a diversity of mineral compounds essential to national and international economic activity (e.g., granites, marbles, lithium, etc.). Hence, there is a potential danger of distorting its natural and environmental characteristics through the potential negative impacts of both industrial and extractive activities [5,6].



To provide the aforementioned GIAHS territory, and the entities responsible for its management, with the necessary tools to ensure that the natural and environmental characteristics remain stable for populations, animals and agricultural productions, and considering that, to the best of our knowledge, there is no solution already available in the market of conceptually proposed that can address all the identified requirements, a novel model characterising a digital ecosystem aimed at Barroso GIAHS is proposed. This model’s development was aligned with the latest scientific perspectives on the topics at hand [8,9].



By guiding itself in the same mindset driving the global digital transition, our proposal focuses on four main scopes: (a) smart environment; (b) smart government; (c) smart economy; (d) smart citizens. Furthermore, we believe the proposed digital ecosystem could represent an initial step toward establishing a disruptive approach focused on triggering regional sustainability by developing innovative solutions based on existing and novel technologies.



Focused on benefiting not only the villages of Boticas and Montalegre but the entire Alto Tâmega region (composed of the municipalities of Chaves, Boticas, Ribeira de Pena, Montalegre, Valpaços and Vila Pouca de Aguiar), and the entire inherent transboundary region, the proposed artefact aims at speeding up the Barroso GIAHS self-regulation process, creating the ideal conditions for the generation of new knowledge and retention of new researchers, investors, and companies, and consequently decisively stimulate the sustainability of the region.



The remainder of the paper is structured as follows. The following section briefly describes the theoretical background on digital ecosystems, GIAHS territories, environmental monitoring, and rural regions’ governmental and sustainability challenges. The third section summarises the Barroso agro-sylvo-pastoral system territory, the only GIAHS site in Portugal. The fourth section details the entire digital ecosystem model that we propose. This is followed by a comprehensive discussion on the potential implications of our proposal to the GIAHS territories. The sixth section highlights the conclusions that we have achieved, the identified limitations to our research and future work that has already been envisioned.




2. Contextual Background


2.1. Digital Ecosystems


As technologies evolve and become further heterogeneous, they tend to merge and orchestrate themselves structurally around a stable core [10]. These combinations of technological elements, typically known as “digital ecosystems”, are usually used as a multidisciplinary answer to complex problems and challenges [11]. Li et al. [12] argued that digital ecosystems are technology-based artefacts that mimic biological systems. From a conceptual perspective, these are scalable intricate systems composed of multiple functional and technical elements that interconnect with each other to reach a given goal. Furthermore, and drawing on Boley and Chang’s [13] argument, digital ecosystems can also be perceived as open communities where control and leadership structures continuously adapt to the dynamic changing environment.



According to Subramaniam et al. [14] and Nativi et al. [15], as more advanced technologies (such as sensing modules, Internet of Things—IoT, artificial intelligence, data analytics, broadband communication systems, etc.) are being used as the basis for the abovementioned digital ecosystems, their ability to generate data is also triggered, thus allowing for more informed and supported decision making.



From regional sustainability and overall governance perspective, and drawing on arguments from Barykin et al. [16], the rise of digital ecosystems can trigger the establishment of cooperation and collaboration initiatives that encompass governmental entities, R&D organisations, the private sector, and the majority of the population, and that tends to foster the regional innovation mindset, the development of disruptive solutions, economic growth, and the overall regional sustainability.




2.2. Globally Important Agricultural Heritage Systems


For thousands of years, communities of farmers, herders, fishers and foresters developed complex, ingenious techniques and practices that are locally adapted and time-tested, which led to community food security and biodiversity and natural resource conservation in the territories, and also to very characteristic and unique landscapes [17].



This is an era of rapid population growth, climate variability and biodiversity extension. The existence of agricultural heritage systems worldwide that balance human livelihood with the founding ecosystem encouraged the Food and Agriculture Organization of the United Nations (FAO) to start the initiative to global recognition, and safeguard and preserve the Globally Important Agricultural Heritage Systems (GIAHS). FAO defines these territories as “Remarkable land use systems and landscapes which are rich in globally significant biological diversity evolving from the co-adaptation of a community with its environment and its needs and aspirations for sustainable development” [18]. Since then, the FAO has recognised 62 agricultural heritage sites in 22 countries.



Twenty years have passed since the FAO GIAHS programme was launched, and in some territories it is already notable the collateral effects of this recognition. In Japan, analysing the reflection of the ten years of GIAHS designation, it is noticeable that it has stimulated policy interventions, academic research and raised interest from outsiders. From the perspective of the local people, this title incentivised them to be proud of their agricultural heritage, rediscover their cultural values, and rethink agrarian production as an activity that is in harmony with nature [19]. In Xuanhua Grape Garden, China, this recognition strengthened government support and local public awareness of the conservation of Xuanhua Grape Garden, and the tourism development is notable in the village [20].



However, rapid urban development and socio-economic interests put these rural territories under pressure. Although this acknowledgement increased the sales volume of those products produced in traditional agriculture, the industrial farming competitive numbers and large-scale production in GIAHS sites overgrows conventional farming [21].



As Yang et al. [22] argued, the Zhagana Agriculture-Forestry-Animal Husbandry Composite System—the first GIAHS site in the Qinghai-Tibet Plateau—is facing the trend of smallholder farmers abandoning agricultural production and turning to the tertiary industry due to higher economic profit and fast return on investment. The non-agricultural livelihood transformation of the smallholder farmers in this region is leading to irrational utilisation of resources and natural environment destruction, compromising the hybrid agricultural system.



In Kuttanad, the below-sea-level polder-farming-system, located in South India, the environmental changes are making the maintenance of the GIAHS title difficult. This challenge is triggered by the inappropriate use of natural resources and socio-economic problems. Improper sanitation, waste carried away to the water bodies (such as plastic waste materials), excessively applied fertiliser and the increase in mechanised farming are some of the factors that lead to severe water, soil, and biodiversity degradation in this region [23].



Along with this factor, the agricultural holdings suffer from soil degradation, water stress, and air pollution [24,25]. The current farming practices also contributed to this climate emergency due to the continuous application of fertilisers, pollution of surface and underground water, air pollution and greenhouse gas emissions (emission of methane (CH4), carbon dioxide (CO2) and nitrous oxide (N2O)), mostly from cattle production. To mitigate these climate change effects, sustainable agri-food activities must be practised and adopted globally [26].



The expansion and maintenance of traditional agriculture heritage play a decisive role in the climate transition and for the subsistence of humankind and the planet as we know it, so urban development and industrialisation need to be controlled in these regions. The replication of sustainable, food quality, biodiversity-friendly agricultural production with chains close to the final consumer must be globally maintained, supported, and replicated. To support these sustainable agrarian systems, optimisation and the improvement of productivity and economy are needed in these rural territories, and technology-driven smart farm technologies can help to achieve these goals [27]. As suggested by Singh and Singh [28] combining traditional agriculture with modern sustainable farming can help prevent, mitigate, and adapt to climate change scenarios.



Regional management entities are the key players in maintaining these regions, as they are the ones who make the decisions for the near future of the territories. The incorporation of technological solutions in these regions, to create a digital ecosystem that remotely monitors the environmental parameters of the sites in real-time, based on advanced sensing and data analytics, can not only provide the necessary support for the territorial management entities to make informed decisions, but also create an awareness in the residents and the global population of the environmental impacts of industrialisation and climate change in the territories.




2.3. Environmental Monitoring


The GIAHS effort is based on the accomplishment of critical requirements, including food and livelihood security; agro-biodiversity; local and traditional knowledge systems; cultures, value systems, and social organisations; and landscape features. Therefore, conserving these core aspects is vital to ensure the integrity of GIAHS areas. Indeed, GIAHS should be analysed as a whole, not in compartments or actions, considering the preservation of the ecological environment [1,2,3]. As so, the scope of environmental monitoring overlaps with the necessity to manage and minimise the impact of the continuous increase in human population, industrial activities, and energy consumption. The continued development of advanced, automated monitoring applications and devices is crucial for enhancing the accuracy of environmental monitoring reports and the cost-effectiveness of the environmental monitoring process. The evaluation and accurate and over-time monitoring of the air and soil quality, the availability and quality of water, and minor noise pollution represent specific quantitative and qualitative attributes to track outputs of activities and help monitor trends in the sustainability of the GIAHS region.



2.3.1. Air Quality and Noise Pollution


Air quality represents an important global issue with a significant cross-sectional impact on ecosystems, biodiversity, food production, and human health. Following recent estimates by the World Health Organization, exposure to air pollution is thus a more significant risk factor for several diseases, namely asthma, cancer, pulmonary illnesses, and heart disease. Air pollution is the most significant contributor to the burden of environmental-related diseases [29].



The ecosystem’s natural function is impacted by air pollution, particularly by high concentrations of carbon, sulphur and nitrogen emissions and tropospheric ozone. Emissions of sulphur dioxide and nitrogen oxides deposit in water, vegetation, and soils, thereby increasing their acidity and adversely affecting flora and fauna. This acid environment affects nutrient, carbon cycling, and water provision [30]. In addition, particulate matter (PM), classified as carcinogenic to humans by the International Agency for Research on Cancer [31], has also been described to affect air quality since the heterogeneous mixture of a large variety of tiny particles of solids and liquids of both organic and inorganic nature, derived from natural and anthropogenic sources. The PM size (PM1, PM2.5 and PM10) is an essential factor influencing how it is deposited in the respiratory tract and affects human health. These particles penetrate deep into the lungs, influencing health outcomes in the respiratory and vascular systems [32].



Food production and air pollution have been considered bi-directional; air pollution negatively impacts food production and significantly improves air pollution. Agriculture is the primary source of ammonia production and the emission of nitrogen-based compounds, affecting the soil quality and sustainability of plants and animal productivity. Additionally, livestock, the critical contributing sector to greenhouse gases production, has been identified as the primary source of non-CO2 emissions of CH4, mainly by enteric fermentation and manure emission sources. In ruminants, the rumen is the most important site of methanogenesis, even though, in monogastric animals (e.g., pigs), CH4 is mainly produced in the large intestine [33,34]. On the other hand, ozone precursor emissions (nitrogen oxides and volatile organic compounds) are of particular concern for global food security since it penetrates the plant structure, hindering its ability to develop and grow [35,36]. Noise pollution has been characterised as air pollution, a significant public health concern affecting human health and the environment. It refers to the increase in ambient noise levels originating in human activities, which may harm both people and the ecological system. However, depending on the sound level, duration, spectrum, temporal pattern, and proximity to the source, noise pollution may affect people and animals according to their different backgrounds [37].



The most relevant parameters of these air quality and noise pollutions can be measured through environmental monitoring systems based on IoT devices and wireless sensor networks. These technologies are widely adopted in different applications; in urban centres, for example, the European Environment Agency developed in 1997 a concept for an air quality Model Documentation System (MDS) that, nowadays, is a GIS map application, Air Quality e-Reporting that shares, assesses and report air quality information, based on air quality networks, spread all over European cities [38]. Being that agriculture, namely livestock production, is responsible for 14.5% of greenhouse gas emissions, several monitoring solutions based on gas sensors (NOx, COx, CH4, NH3, NH4) are being adopted by the producers to minimise the environmental impact. These solutions are IoT infrastructures based on wireless sensors that collect and send the data to cloud services, where business intelligence methods can then be applied [39,40,41,42].




2.3.2. Water Quality and Availability


Water quality monitoring is essential to sustainable water management and characterising water resources’ physical, chemical, and biological states. Several parameters can be addressed for this purpose: temperature, pH, dissolved oxygen (DO), and ions concentration.



Water temperature influences most physical, biological, and chemical activities in aquatic systems. The measurement of temperature helps to understand the magnitude and variability of its fluctuation, allowing the anticipation of the consequences for water quality and ecosystem health. Short- and long-term increases in temperature can negatively impact aquatic ecosystems in different ways. For instance, the non-seasonal increased water temperature can result in reduced DO and increased solubility of metals, toxins, and algal blooms development [43,44]. DO is a crucial indicator of the overall biological health of aquatic systems and is required to support aquatic life, depending on the species and their life stage; consequently, hypoxic or anoxic states do not support a viable aquatic ecosystem. This parameter also presents seasonal concentration variations directly with temperature [45,46]. An increased water temperature and eutrophication (high nutrient concentrations) can result in excess algal growth. Additionally, increased salinity and lower barometric pressure have been associated with reducing the capacity to absorb DO. Alterations in DO levels may be related to changes in other water quality parameters, namely chlorophyll (an indicator of an emerging algal bloom), pH, and mineral concentration [46].



pH plays a critical role in water chemistry and toxicity and subsequently in aquatic health by affecting biochemical processes and the metabolism of aquatic organisms. Variations in pH can lead to alterations in the toxic chemicals’ concentrations, such as aluminium, lead, mercury, copper, and arsenic; metals that are generally more soluble at a lower pH and in higher concentrations are hazardous to aquatic life. On the other hand, in more basic waters (pH > 8.5), the concentration of nitrogen compounds, such as the toxic form of ammonia, is increased. pH presents seasonal and daily variations, with high levels during the daytime (more alkaline) due to the photosynthesis process with the consumption of CO2 by aquatic plants and algae. Conversely, at night the pH levels decrease (more acidic) due to the production of CO2 [47,48]. Turbidity and total suspended solids (TSS) represent two different forms of analysing similar water quality characteristics, including chemical and microbiological burdens. TSS corresponds to the concentration of suspended particles, which include soil particles, algae, and microscopic organisms. These particles absorb pollutants, comprising metals and organic compounds. An increase in turbidity or TSS can negatively disturb aquatic health by affecting, for example, the respiratory process of aquatic animals, hampering visibility, decreasing light penetration into the water, and affecting the photosynthetic mechanisms. Increased turbidity is likely accompanied by the high temperature, reduced DO due to reducing light penetration, increased nutrient concentrations, and chlorophyll a [49]. The conductivity refers to a measure to evaluate the capability of water to pass electrical flow directly associated with the concentration of ions. These ions originate from dissolved salts and inorganic substances, such as chlorides, sulphides, and carbonate compounds. Natural waters tend to present a relatively constant range of conductivity that may ultimately be used as a baseline for comparison with regular conductivity measurements. Conductivity has been characterised to increase with temperature, salinity, and dissolved solids [50]. Metals or heavy metals (e.g., aluminium, arsenic, manganese, mercury, selenium, and zinc) are elements present in all types of water, with natural concentrations entirely related to local geology. High concentrations of metals, even those with nutritional characteristics, can be toxic for sustaining life in aquatic health and ecosystems. For example, metal toxicity can decrease the diversity and richness of aquatic species, alter behaviour and reproduction, and interfere with the normal development of organs and systems. As so, dissolved and suspended metals in water can accumulate in the tissues of fish and other aquatic organisms through bioaccumulation or biomagnification. These processes may impact lower and higher trophic levels [51].



Water quality is essential for the sustainability of humankind and the sustainable growth of several activities. Water pollution is increasing worldwide. On the other hand, water availability is decreasing. Due to that, environmental and water quality monitoring solutions are being adopted and implemented, not only in the water for human consumption but also in agriculture, mainly in precision agriculture techniques [52,53]. Currently, several monitoring solutions are based on wireless sensor network technologies, where the sensor nodes collect and deploy the data to users. These sensors can provide information about the key parameters of water quality control (e.g., potability and ions concentration) and can be applied in rivers, water courses, and other aquatic means [54].




2.3.3. Soil Health


Soil represents complex crosstalk between soil-living organisms, water saturation, atmosphere, and groundwater. Numerous processes and reactions in the soil environment are influenced by the soil’s chemical, physical and biological characteristics, allowing an overview of soil quality indicators.



Physical soil indicators include soil type, bulk density, and aggregate stability. The former represents the most important indicator of soil quality evaluation. Organic matter-rich soils typically have better physical soil characteristics, such as a greater capacity to retain water, which can be a measure to prevent soil erosion. Instead, natural lands tend to have higher aggregate stability than other lands with anthropogenic activities [55].



Being that soil is a complex matrix, chemical indicators have been described to be interchangeably related to physical and biological indicators. Soil pH controls the solubility and mobility of heavy metals and nutrients, essential to support ecosystem functions, including plants, animals, and intrinsic microbiological mechanisms. The toxicity of several heavy metals may also be regulated by pH. Additionally, this parameter influences the saturation percentage measurements, soil buffering capacity, and soil biological properties, such as microbial growth and diversity. In soils with acid characteristics, calcium, magnesium, nitrate–nitrogen, phosphorus, and boron are present at low concentrations, whereas aluminium and manganese are abundant, which can be a source of toxicity to some plants. Bacterial activity declines at low pH levels, whereas fungi adapt to an extensive pH range. Therefore, an extremely acid or alkaline soil reduces or stops organic matter mineralisation because of poor microbial activity [56,57]. Electrical conductivity (EC) is an electrolytic process totally related to the ions’ concentrations. EC has mainly been used in agriculture as a measure of soil salinity and as an indicator of nutrient availability. The quantity and type of soluble salts, porosity, texture, moisture, and soil temperature can also impact EC. As a result, EC has been used as a surrogate marker of salt levels, organic matter, soil texture and thickness, nutrients, and drainage conditions [58]. Nitrate (NO3−) is a form of inorganic nitrogen naturally occurring in soils. Sources of NO3− include decomposing plant and animal residues, chemical fertilisers, and precipitation. Nitrification is the step in the nitrogen cycle that links the oxidation of ammonia to the loss of fixed nitrogen. This process occurs in soils, sediments, and aquatic environments. It is imperative in agriculture, where it determines the availability of fertiliser nitrogen. Soil texture has been described to influence the NO3− mobility, and, in turn, nitrification rates are influenced by salinity, temperature, and pH [59]. Another parameter that can be analysed is soil organic carbon (SOC), characterised as the primary source of energy for soil-related microorganisms. SOC is one of the most essential constituents of the soil due to its capacity to affect plant growth as both a source of energy and a trigger for nutrient availability. Thus, SOC can be affected by soil texture, climate, hydrology, and vegetation [57].



As argued by [60] “Soil is the kitchen of mother Earth”. Soil pollution puts all living beings in danger, and that is one of the environmental parameters that are a case study in smart environmental pollution monitoring systems and smart agricultural systems. These soil health parameters (e.g., moisture, temperature, pH, humidity, oxygen levels) are similar to the technologies referred to in Section 2.3.1 and Section 2.3.2, the most recent applications are made with IoT based soil monitoring systems, composed of sensor nodes that provide real-time data monitoring [52,54].





2.4. Rural Regions’ Sustainability Challenges


When performing an in-depth analysis of rural regions’ (sustainable) development evolution and policies, it is easily conceivable that their social, economic and environmental features are probably the most relevant factors impacting both contexts [61]. Despite holding a significant amount of the historical and cultural heritage assets, it is also in these territories that the social and economic development divide is more visible, thus allowing us to acknowledge the inexistence of a direct correlation between the referred regions’ inherent characteristics and their sustainability and development [62].



Even though rural regions have the potential to offer a wide range of opportunities, these territories are often characterised by the existence of structural underdevelopment and also by the easily conceivable unexplored potential associated with the sustainable use of both endogenous and natural resources [63]. Furthermore, several challenges are continuously associated with the referred regions; namely, the demographic issue (a significant amount of aged population alongside rural exodus), the low economic and social development that is triggered by low income per capita, precarious employment, by substantial levels of poverty and social exclusion, and by the existence of difficulties in accessing basics services and infrastructures (e.g., hospitals, public transport systems, schools, internet access, etc.) [64].



Drawing on existing literature, in order to trigger rural regions development and overall sustainability, there are multiple steps and initiatives that can be implemented, namely: (a) the existing government bodies must ensure the application of policies focused on nurturing endogenous assets, promoting population well-being and quality of life, and also ensuring that the (natural) environment of the referred regions are maintained [65]; (b) there must be an active and well-structured education strategy that fosters the development of knowledge on both the inherent features and characteristics of rural regions and the issues and opportunities associated with sustainable development [66,67]; (c) the development of innovation and entrepreneurship networks that foster not only the development of novel and disruptive solutions focused on rural region sustainable development, but also the attraction of specialized organizations and highly-qualified individuals [68,69]; and (d) the complete acceptance of the digital transition, thus transforming rural regions into digital territories where individuals, government bodies and enterprises adopt and use information and communication technologies (ICT) to support their daily lives and the incorporation of innovation [70,71,72].





3. Barroso Agro-Sylvo-Pastoral System


The Barroso agro-sylvo-pastoral system covers the municipalities of Boticas and Montalegre, located in the north of Portugal, in the (NUTS III) region of Alto Tâmega and, since 2018, it is the first recognised GIAHS territory in Portugal. Barroso is divided into Upper Barroso, where the Gerês, Larouco and Barroso mountains are located, and Lower Barroso, where the valleys of the rivers Tâmega, Terva, Beça and Covas are located.



The region is commonly recognised for ancestral agricultural practices, based on smallholdings and livestock farming, promoted by geographic isolation and a rural subsistence economy that contributed to a community effort. This is a territory where residents help each other and, at the same time, maintain extensive farming, with extensive grazing and animal release (primarily cattle) for long periods in broad areas, with minimal impact on the existing ecosystem. In the territory, 20% of the population work in agriculture, with family-owned smallholdings as the basis of the local economy [73].



FAO recognises the diversity of plants and species in the Barroso region as crucial for nature conservation [18]. Although it is notable the human intervention for agricultural and sylvo-pastoral production, with permanent pastures for livestock production (bovines, cattle, pigs, and sheep) and annual and forage crops (typically potatoes and rye), there are relatively intact areas since the region is mainly covered by forest and semi-natural areas (mostly oak and pine forests, riparian galleries, and high rocky regions). A part of the municipality of Montalegre, namely 20%, is inserted in the Peneda Gerês Natural Park, where some of the intact and semi-natural areas are located, and other activities also take place, such as beekeeping, mycology and nature tourism [74]. This human intervention, combined with the mountain ranges separated by broad depressions and several permanent and small watercourses, created the Barroso region’s unique landscape as it is represented in Figure 2 [2].



Summarily, the Barroso territory has its main sources of income in agriculture, livestock and food processing, forestry, and tourism activities. Still, there are other sources of income in the region, namely the mining and quarrying industry, due to part of the territory being rich in minerals essential to the energy transition, such as lithium. In 2001 prospection and research in Mina do Barroso of mineral deposits of feldspar, quartz, lithium, tin, tungsten, niobium and tantalum led to an expansion of the exploration area in 2016, including lithium as a licensed substance, and since 2017, it is aimed to be developed the Barroso Lithium Project [76]. This project contains the most significant lithium pegmatites resources in Western Europe, consequently leading to a substantial growth of this sector of activity in the Barroso territory in the near future [77].



This is an extensive agriculture region, though intensive agricultural procedures and industrialisation are rising in the territory. Cattle production, smoked swine meat (typical in these regions), and other agro-industrial activities significantly impact the environment and climate change mitigation.



Although these industrial projects have a high socio-economic impact, since they create new job opportunities in a low-density region, the growth of these polluting industrial activities in the territory worry the residents and the regional rulers. The region economically depends on traditional agricultural, sylvicultural and pastoral activities, and the prevalence of these industrial activities may pollute and commit the natural and environmental characteristics and the biodiversity that made Barroso a classified GIAHS territory (air, soil, and water quality). Agricultural activity plays a central role not only in the Barroso region but in all the regions of Alto Tâmega, being those municipalities rich in high quality endogenous products, with the protected origin and a protected geographic indication that the management entities of the region have as a future vision to promote and valorise these high added value products. Therefore, it is necessary to arrange solutions that may help prevent and reduce the negative impacts of industrial exploitations on the Barroso region and that can be replicated in all Alto Tâmega to maintain the environmental parameters and the GIAHS status of the territory and to create conditions to expand this sustainable way of living to the territory.




4. A Digital Ecosystem Model for GIAHS Sites


The undergoing evolution of digital technologies and their transversal adoption throughout our society allows for their use in multiple contexts. By focusing on claims from Legge et al. [78] and X. Li et al. [79], it is understandable that the development of digital ecosystems (based on real-time sensing systems, data analytics, 5G, artificial intelligence, information systems, and other digital technologies and platforms), focused on ensuring that territories classified by FAO as Globally Important Agricultural Heritage Systems, not only preserve their natural features and characteristics, but also trigger their own sustainable development, might represent an optimal strategic approach to guarantee quality of life to those living in these locations and to foster the regional social and economic development.



Drawing on the abovementioned, we propose a novel digital ecosystem conceptual model that encompasses the GIAHS territories four main scopes: (a) environment; (b) government; (c) economy; (d) citizens. To further prove the replicability of the proposed artefact, we present a specific case of application, the Barroso agro-sylvo-pastoral system. This proposal, despite being theoretical, assumes a similar goal to the one highlighted by Martins et al. [80], who propose a totally conceptual model for supporting future implementations of multisensory virtual experiences for thematic tourism; by Bec et al. [81], when presenting a conceptual model aimed at supporting the development of highly performant processes for managing immersive heritage tourism experiences; by Di Mitri et al. [82], that established a purely conceptual model focused on mapping the use of multimodal data for understanding learning-related feedback, on demonstrating that machine learning principles can be combined with multimodal data and overall learning science.



Hence, despite representing the results of an exploratory research process, drawing on Lee-Geiller and Lee [83], the proposed artefact is still able to be perceived as a valuable contribution for those willing to implement digital monitoring solutions for GIAHS territories, and to those who are in a path of deploying digital ecosystems with a regional-scope.



4.1. Proposed Solution—Global Characterization


Continuously ensuring the existence of adequate, sustainable development indicators within the specific setting of a GIAHS requires a well-structured strategic approach that involves the primary contexts of these rural territories [84,85]: (a) natural environment; (b) local and regional government; (c) economy; and (d) existing population.



The advances associated with digital technologies have enabled their use in multiple sectors, including the development of digital platforms and solutions that not only allow for real-time monitoring of environmental conditions but also support the execution of well-supported governance decisions that foster citizens’ quality of life and the rise of higher levels of social and economic development, of more sustainable use of endogenous resources, and an increase in both the citizens’ overall literacy and expertise [80,86,87].



We have developed a novel conceptual model that characterises the entire scope surrounding a digital ecosystem focused on triggering the Barroso agro-sylvo-pastoral system sustainability and the region’s inherently social and economic development. The proposed artefact encompasses four scopes (Figure 3): (a) smart environment—focused on ensuring that endogenous resources maintain their natural characteristics; (b) smart government—aimed at delivering data and tools that will aid local and regional government entities to make more agile, efficient, and accurate decisions; (c) smart economy—pointed at fostering the development of a more innovation-friendly regional mindset and on creating the conditions for the arising of innovative solutions and for entrepreneurs to be able to experiment and mature their ideas; and (d) smart citizens—emphasis on bridging the existing digital divide, empowering and specialising citizens, and encouraging their more active participation in society and regional government.



All four scopes of the proposed digital ecosystem model have been conceptualised to combine their efforts towards the creation of conditions and some strategic perspectives for the permanent adoption of emerging technologies that, alongside the establishment of a more sustainability-oriented geopolitical positioning, should aid the protection of existing natural resources, should trigger their sustainable use, should contribute to the overall preservation of the regional (cultural, agricultural, and social) heritage, and should allow for those living in these rural territories to experience healthy living.



Although the proposed model is directed to the entire Barroso GIAHS territory, this same artefact predicts that environmental monitoring can be carried out according to the existing literature [88,89], that is, through the distribution of multiparameter sensing nodes in specific locations in the territory (defined by the entities with management and government responsibility in parallel with organisations specialised in the environmental control component), which can collect data that, after treatment and analysis, can be gathered to the point of showing trends representative of environmental quality that can be extrapolated to the entire region.




4.2. Smart Environment


As argued by Yongxun et al. [90] and Jiang et al. [91], for a given site to be considered a GIAHS, it must represent a valuable combination of biodiversity, historically and ecologically implemented agricultural production systems, beautiful landscapes, efficient usage of natural resources, and a well preserved ecological context (i.e., good air quality, high quantities of quality water, healthy soil, and minor noise pollution).



Hence, with the above in mind, the proposed digital ecosystem encompasses the deployment of high-capacity multiparameter sensing systems that will perform (near) real-time monitoring of both the GIAHS territory air quality, the quantity and quality of the available water, the health of the existing soil used for farming, and the current levels of noise pollution. These sensing systems must be combined into self-powered nodes (using technologies, such as solar power systems) that should be replicated and deployed throughout the entire area of the GIAHS territory (in the case of Barroso GIAHS, it is crucial to monitor the whole 1.127 km2) and will communicate via broadband wireless communication systems with a data collection system.



To ensure continuous monitoring of the territory’s environmental conditions, the entity responsible for implementing this type of remote multiparameter sensing solution must have highly specialised human resources that can maintain the referred solution and develop it further.




4.3. Smart Government


By delivering an endless flow of (near) real-time data, the previously detailed “smart environment” hub will ensure that the existing (local and regional) government bodies can develop intelligent and autonomous systems that will directly aid them in establishing policies aimed at fostering both regional sustainability and citizens’ quality of life [92]. By having access to both data and intelligent information systems, the abovementioned entities (through their technical teams) are able not only to incorporate alarmistic features (e.g., trigger an alarm every time the threshold of air quality is crossed) but also to implement advanced data analytics solutions that will allow for delivering visual perceptions; both historical perspectives and existing correlations within the available data [93].



Drawing on Cvar et al. [94], Cunha et al. [95], and Macdonald et al. [96], the deployment of digital solutions aimed at delivering big volumes of data that represent the evolution of a given rural region is the basis for its establishment as a digital region.



Hence, by merging the previously mentioned with the sustainability and preservation challenges inherent to a GIAHS site, those responsible for governing must have access to all the tools and knowledge that allow them to assume the role of pivot for the sustainable development of the region and the preservation of all the values and contexts inherent to their GIAHS classification.




4.4. Smart Economy


According to Galperina et al. [97], the evolution towards a digitally based regional economy tends to impact the sustainable development of the same region directly. From a conceptual perspective, a (regional) smart economy can be characterised as a disruptive approach to traditional economic principles, perceptions, and actions, where the use of technological innovations is perceived as an optimal path toward implementing efficient usage of the existing (endogenous and natural) resources [98]. This regional democratisation of the use of information technologies is being operationalised by a widespread collection of data that are to be used for both ensuring accurate decision-making, but also for triggering the development of innovative e-business and e-commerce, and also facilitating new opportunities for those with an entrepreneurial mindset [99].



Hence, drawing on the abovementioned arguments, for the “smart economy” hub to have a valuable contribution to the success of the proposed Barroso GIAHS digital ecosystem model and the transformation of the current economy into a digital economy, those responsible for the artefact operationalisation must ensure a continuous mindset towards the creation of a business (e.g., industry, services, etc.) scope based on digital technologies, data and innovation-prone strategic approaches. Considering the degree of expertise needed to undertake an innovation process and the multidisciplinary support networks that must exist to support those innovating, it is also essential that education and training entities (i.e., universities and polytechnic institutes) are also available to support both the development and transfer of new knowledge and the edification of technology-based innovation hubs that have the ability to raise financial funds and collect strategic support (e.g., business angels).




4.5. Smart People


Despite being present in our daily lives since the beginning of the century, the digital divide between urban and rural regions is still a reality that negatively impacts rural territories [100,101]. As Lythreatis et al. [102] argued, multiple levels of digital divide significantly influence rural regions’ sustainable (social, demographic, and economic) development and their population’s quality of life. The same authors also state that education is the factor that the existing scientific literature highlights as the most relevant one to the growth of the various segments of the digital divide (“sociodemographic, socio-economic, personal elements, social support, type of technology, digital training, rights, infrastructure, and large-scale events”). Furthermore, and drawing on the fact that we currently live in a digital society where citizens can directly influence local governments’ decision processes (thus fostering a continuous battle against the referred digital divide), rural regions must ensure democratic access to digital technologies to the entire population [103].



GIAHS territories must assume an apparent talent retention strategy to ensure their future sustainability. These citizens (human resources), highly trained and specialised, will be the structuring basis not only to guarantee the permanent incorporation of innovation but also for the emergence of a more comprehensive, participatory thinking focused on maintaining their quality of life and the natural conditions existing in the territory [104,105,106].



Hence, the proposed digital ecosystem model “smart people” hub encompasses the operationalisation of regional activities and initiatives focused on increasing the digital literacy levels of the population, mitigating the existing digital divide, fostering the creation of digital talent pools that continuously trigger the arise of innovation, and motivating citizens to actively use digital technologies to participate in both local and regional government processes.





5. Implications for Barroso Agro-Sylvo-Pastoral System and Other GIAHS


Focusing on the Barroso agro-sylvo-pastoral system, which covers the municipalities of Boticas and Montalegre (NUTS II of Alto Tâmega), the proposal solution plays a decisive role in ensuring that the existing natural environmental conditions (air, water and soil) remain compatible with the GIAHS classification, awarded in 2018 by the FAO (UN), and which is seen by the region as a brand image that will be decisive for the future sustainability of local communities, companies whose economic activities are directly or indirectly related to endogenous products and, ultimately, to the entire existing ecosystem.



The current socio-economic moment of the country and the Barroso region, combined with the existence of an exciting set of companies (agro-industrial sector, extractive, farming, etc.) and the Barroso GIAHS operation whose activity may cause adverse environmental impacts, makes the multiple entities responsible for the territory management highly concerned with this context, mainly due to its socio-economic dependence on the natural and ecological characteristics that make this a GIAHS territory.



From an economic point of view, analysing together the situation from the municipalities of Boticas and Montalegre, the combination of the agro-industrial sector, the extractive and manufacturing industries, the wholesale trade sector, the accommodation and restoration sector, and the recreational, cultural and sporting activities sector represents an annual turnover of approximately EUR 1750 million, which, accordingly with the most recent interim evaluation reports of the operationalisation of the classified GIAHS territory, is expected to be majored by 5 to 10 percentage points by the direct impact of the national and international promotion generated by this classification. Thus, there is a potential annual economic impact for the Barroso population between EUR 87 to 174 million resulting from the GIAHS classification.



Therefore, the implementation of solutions to permanent monitoring of the natural and environmental indicators (air, water, soil, and noise pollution) is crucial since the maintenance of the GIAHS classification depends on it and simultaneously assures the future sustainability and life quality of the Barroso territory itself.



Following the arguments presented above and the difficulty in operationalising permanent manual approaches, in loco, verify the natural and environmental conditions of Barroso territory, it is not only critical but also highly impactful that the implementation of a digital and self-sustaining sensing and telematic solution, focused on alerting to deviations from the environmental quality standards required by law, with intelligent analysis, interpretation and data visualisation that allows strategic decision-making by the territorial management entities, duly supported by facts. This solution will grant that the criteria under which FAO awarded GIAHS status to the Barroso agro-sylvo-pastoral system remain unaltered and that, consequently, the region can benefit socially and economically from this title.



In parallel, the formalisation of a digital ecosystem in Barroso, through which other monitoring and control solutions can be implemented and interconnected in the territory (e.g., monitoring and control units of the environmental conditions in the potato seed crops in Montalegre and the apiaries in Boticas), will not only increase products’ production rate and quality but also stimulate the digital transition of the territory and consequently result in a socio-economic improvement.




6. Conclusions


This article proposes a model for a digital ecosystem for the agro-sylvo-pastoral system of Barroso that results from early exploratory research.



In an era where the impacts of climate change are increasingly present, there is an increasingly clear need for forms of preservation and sustainable use of the environment and natural resources. GIAHS territories present themselves as very relevant bridges between urban and industrialised environments since, in these rural areas, the cultural and patrimonial heritage have minimal impact on the entire territorial and environmental context.



Although the GIAHS classification, attributed by the FAO, is a clear indicator that the agricultural heritage is present across the board, the needs presented by local rural societies and economies have also made the GIAHS territories host areas for a set of economic activities whose environmental impact tends not to be positive. The installation of infrastructures to support agroindustry, agriculture, and even mining is expanding in these territories, so strategies must be adopted to mitigate the negative impacts typically associated with these pollutant economic activities.



The Barroso agro-sylvo-pastoral system, which encompasses the municipalities of Boticas and Montalegre, has a gross area of over 1100 km2 and a vast spectrum of biodiversity. However, despite being one of the good examples of alignment between the development and preservation of the environment and existing natural resources, the growing installation of farms for intensive production of cattle and swine, smoked meat, and the fixation of mining and quarrying industries (extraction of granite, marble, and lithium) represents both a misuse of natural resources and a potential source of pollution.



The regional entities and the Barroso GIAHS region’s population have demonstrated the willingness to evolve in terms of digital transition, not only to incentive the fixation of the youngest generations but also to support the governing entities’ decision-making. This, alongside the existing environmental conditions and the emerging economic activities that compromise the territory’s vision, triggered the development of a digital-based artefact that aggregates all the identified needs.



The Barroso GIAHS digital ecosystem model proposed in this article is perceivable as a multi-disciplinary strategic vision, where four distinct contexts are combined: (1) smart environment; (2) smart (GIAHS) government; (3) smart economy; (4) smart people. Each of these contexts encompass different scopes of action and objectives, although the existence of direct and indirect impacts on the contexts is notorious.



Concerning the specific context of the smart environment, the proposed model assumes the need for parallel implementation of sensor and telematics nodes designed to collect data related to the quality and availability of water, the air quality, the health of soils (mainly agricultural), and with existing noise pollution. For this to be possible, the need for articulation with wireless connectivity providers was also conceived, namely with 4G and 5G network operators, to ensure that these sensor nodes benefit from the potential for internet connectivity, even in remote locations. Conceptually speaking, this smart environment context was conceived as the one with direct responsibility in collecting environmental quality-related data and feeding it to the digital ecosystem data lake.



Regarding the smart government module, it is assumed to be a vital element for implementing a data-oriented government strategy, in which the decision-making process is sustained and based on structured analytical information representative of medium- and long-term trends. Thus, this data orientation, combined with a set of intelligent solutions for analysing and alarming data in time, as well as with a shift to a digital mindset, is expected to improve the quality of life of citizens and also turn Barroso GIAHS into a truly intelligent territory.



At the same time, and focusing attention on the economic component, the modelled digital ecosystem encompasses an active combination of efforts between public organisations, companies, entities of the scientific system, universities, and polytechnic institutes, with the common objective of permanently innovating and developing new knowledge, to the point of creating the ideal conditions for the establishment of intelligent and competitive companies, and for the transformation of the regional economy into an intelligent and open economy for the world.



Considering the mixed visions and contexts that are encompassed in the proposed digital ecosystem model, and combining it with the existing theory, triggered by the need to model and strategically consider the inclusion of a “social element”. In a territory that wants to be sustainable at all levels and where digital technologies tend to become an integral part of everyday life, a digital ecosystem that supports this same reality must acknowledge as critical the continuous availability of digital training to the local populations, the mitigation of the existing digital divide, the challenges associated with e-participation of citizens and that, in essence, assumes itself as a centralising, stimulating and disseminating pole of all the human talent that the territory has to offer.



In short, the proposed Barroso GIAHS digital ecosystem model aims at being a trigger to the transversal incorporation of (emerging) digital technologies, at being a stimulus to the definition of new sustainability-oriented geopolitical positions, at triggering the operationalization of regional government-related decision-making processes based on accurate and structured data, and at aiding at the establishment of initiatives and approaches that foster a more efficient and sustainable use of existing natural resources, while encouraging the preservation of the region’s entire cultural, historical, and agricultural heritage, and the promotion of a healthy, quality way of life.



Even though the proposed model is the result of exploratory research, the existing literature alongside the dynamic of the referred digital ecosystem model, as well as the similar characteristics presented by all the territories classified by FAO as GIAHS, make it possible to envision its potential replication to other locations besides the Barroso GIAHS, which will represent a step forward not only in the digital transition of these territories, but also in their path towards better use of existing natural resources, and also towards greater economic, social and cultural sustainability.



That said, the proposed artefact represents, across the board, a very positive contribute to science and governmental entities that assume themselves as those responsible for managing and governing the GIAHS territories.



Limitations and Future Work


Despite all the detail presented for the proposed Barroso GIAHS digital ecosystem model, some concerns and goals still have yet to be achieved. One of these unaccomplished goals was the development of a fully functional prototype that could be used to validate all the established assumptions, preconceptions, and functional and technical requirements.



Even if a digital ecosystem focused on stimulating the sustainable development of the Barroso GIAHS territory has not been developed and operationalised, the existing literature on the subject presents very positive indicators regarding the impact of this type of ecosystem based on the adoption and democratisation of access to digital technologies in rural environments [94,107,108,109].



These indicators create positive expectations that deploying a digital ecosystem composed of four main functional scopes/hubs, focused on Barroso GIAHS, is possible, and will also represent a trigger for regional sustainable development.



Hence, to continue our research, we intend to establish an implementation plan that will support the development of the entire functional modules of a prototype that mimics the proposed Barroso GIAHS digital ecosystem and its validation under natural conditions and in the territory itself.
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Figure 1. Barroso region and main land uses and cover. Source [7]. 
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Figure 2. Barroso agro-sylvo-pastoral system. Source [75]. 
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Figure 3. Digital Ecosystem Model for Barroso GIAHS. 
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