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Abstract

:

Agricultural activities are important contributors to greenhouse gas (GHG) emissions in southern Chile. Three types of agricultural systems coexist within this region: traditional, conventional and agroecological. Historical changes in agricultural practices were identified from bibliographic sources and field surveys of 10 farms of each system type. A similarity analysis between systems was carried out using the survey data, which were also input to the Cool Farm Tool software to estimate GHG emissions of carbon dioxide, methane and nitrous oxide. The main historical changes identified were: (i) replacement of organic inputs by chemical products, (ii) replacement of workforce by agricultural machinery, (iii) decrease in crop diversity and (iv) decrease in total agricultural area. A multivariate analysis showed that agroecological systems are different from the traditional and conventional systems mainly because of the land use and the amount of organic fertiliser applied. However, no significant differences were found in the GHG emissions, which on average were 2999 ± 1521, 3443 ± 2376 and 3746 ± 1837 kg CO2-eq ha−1 year−1 (traditional, conventional and agroecological, respectively). Enteric fermentation was the main source of emissions in all agricultural systems, therefore methane was the most important GHG. Identifying the sources and practices that produce more emissions should help to improve management to reduce GHG emissions.
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1. Introduction


Atmospheric concentrations of greenhouse gases (GHGs) have increased since the start of the industrial revolution in 1750 due to human influence, causing global warming and alterations to biogeochemical cycles [1]. Agriculture and livestock raising are responsible for 24% and 10.5% of total GHG emissions worldwide, respectively, mainly contributing carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). Specifically, N2O is emitted from agricultural soils due to the excess use of nitrogen (N) fertilisers, while CH4 emissions are mainly the result of enteric fermentation [2] Increasing demand for food products, particularly meat, has implied rapid growth in trade in livestock products over the past decade, especially in developing countries. This transformation has been favoured by technical factors, such as the increasing specialisation of production operations, as well as advances in transportation and the cold chain, which has made it possible to achieve economies of scale [3]. This tendency to abandon traditional practices and incorporate industrial agriculture can be observed in other parts of the world such as France [4]. There was a significant increase in agricultural mechanisation and the use of external inputs such as synthetic fertilisers in the 1950s, which coincides with a considerable increase in its GHG emissions between 1950 and 1980 [5]. In this sense, it is important to describe the different agricultural systems and the farm productive activities, because depending on the set of management practices, there may be differences between systems. For example, on European dairy farms conventional systems were found to emit more GHG emissions compared to organic systems [6]. In the same way, it seems equally important to consider the productive activities developed at each farm, because a meta-analysis showed that emissions may be more related to the type of product than to the agricultural system type. In this sense, it is important to describe the different agricultural systems and the farm productive activities, because depending on the set of management practices, there may be differences between systems. For example, on European dairy farms conventional systems were found to emit more GHG emissions compared to organic systems [6]. In the same way, it seems equally important to consider the productive activities developed at each farm, because a meta-analysis showed that emissions may be more related to the type of product than to the agricultural system type [7]. For example, a study showed that organic olives and crops had lower GHG emissions compared to conventional agriculture, while for cereals and pork this trend was reversed [8]. Proposed solutions for reducing GHG emissions from agricultural lands include (a) enhancing carbon sequestration by reducing erosion and tillage, giving priority to free range [9], applying biosolids, using periodic green fallows and the establishment of hedgerows, which can sequester and store carbon in their biomass, as well as in the soil [10,11,12], (b) reducing CH4 production by reducing the use of concentrate in livestock diets [13], using CH4-inhibiting food supplement in the cow’s gut, draining rice fields when flooding is not necessary and installing digesters to capture CH4 produced during manure storage [14,15,16], (c) reducing N2O emission through moderate fertiliser application taking into account soil characteristics, the use of slow-release fertilisers or nitrification inhibitors and changes in the timing of application to improve absorption of nutrients by plants [17] and (d) increasing circularity of nutrients on farms by reintegrating crop and livestock systems and using a climate-smart pest management approach [18,19]. Reintegrating crop and livestock systems supposes benefits that can be economic (because of the utilisation of by-products on the other type of production) and environmental (e.g., because replacing synthetic fertilisers for organic ones improves soil structure and reduces GHG emissions) [20]. In Europe, where farmers are mostly specialised in either crop farming or livestock raising, it is proposed that reintegration be implemented at the regional level [20]. However, a study based on surveys on milk farms in Europe found that cooperation between specialised farms generated few environmental benefits, because new resources were generally employed to intensify or specialise activities, instead of diversifying them [21].



In recent years, several Latin American countries have increased their specialisation in trading primary goods, given the upward trend in prices and global demand for commodities [22]. In this region, as in the rest of the world, the maintenance of ancestral agricultural management is scarce and that is why the Food and Agriculture Organization created the Globally Important Agricultural Heritage Systems (GIAHSs) in 2002 with the aim of valuing this cultural heritage for humanity. This category recognises farming systems that integrate practices that create livelihoods in rural areas, are biodiversity friendly and combine innovation with ancestral and scientific knowledge. There are currently 72 agricultural heritage systems in 23 countries in the world. In Latin America and the Caribbean, there are only five, which are in four countries: one in Brazil, one in Chile, two in Mexico and one in Peru [17]. The Chiloé archipelago in southern Chile was recognised as a GIAHS in 2011 because it is a reserve of several native varieties of potatoes and there are social and cultural activities around their cultivation [23]. The traditional system that is a remnant of what existed in the past is characterised by crop rotation, natural fertilisation, livestock raising, cooperative work among farmers and production for self-consumption [24]. Chiloé is an interesting study case to compare different types of agriculture and their GHG emissions because the traditional farming coexists with two other agricultural systems: (i) the conventional system, which has been installed recently with industrial agriculture and the salmon industry, is characterised by a great mechanisation and inclusion of synthetic fertilisers and pesticides [24,25,26] and (ii) the agroecological system, which has been promoted for approximately thirty years by local institutions (i.e., Centre for Education and Technology, CET), which seeks to design sustainable and self-sufficient forestry and agricultural systems based on agroecological principles and traditional knowledge [27,28,29].



The objectives of this study were: (i) to describe the historical changes in agricultural practices on Chiloé Island, (ii) to compare the three agricultural systems in terms of land use and management practices and (iii) to estimate the current GHG emissions associated with the different agricultural systems.




2. Materials and Methods


The study was carried out in the commune of Chonchi, located in the central zone of Chiloé Island (Figure 1; 42°40′36″ S, 73°59′36″ W), which is representative of the agricultural area of the Chiloé archipelago (Figure 1). The climate is temperate, the average annual temperature is 10.2 °C and the annual rainfall is 1460 mm [30]. The main economic activities in this area are crops, livestock and seafood exploitation [31]. Regarding land use, 32% of the area is suitable for agricultural and livestock production and 68% is suitable for forest lands [32]. Farmers produce both native and exotic varieties of potatoes and vegetables and raise mainly sheep and cattle and some pigs and poultry as well [33].



2.1. Description of Changes in Agricultural Systems and Practices


To describe the three agricultural systems (traditional, conventional and agroecological) and identify the changes that have occurred since the beginning of agriculture to the present in the study area, relevant information was collected from academic articles, agricultural census, documents prepared by Chilean government offices (Agricultural Research Institute, INIA; Office of Agricultural Studies and Policies, ODEPA; Agricultural Development Institute, INDAP; Agricultural and Livestock Service, SAG) and a non-governmental organisation (Centre for Education and Technology—Chiloé, CET) and from a field survey that will be described in the following section.




2.2. Comparison of Agricultural Systems


We developed and applied a survey (Supplementary Material Table S1) to thirty farmers (10 traditional, 10 conventional and 10 agroecological) between September and October 2021. Small farmers were selected from the database of the Local Development Program of the Chilean Ministry of Agriculture (PRODESAL), which works with 342 farmers in the Chonchi commune. The traditional system, 75% of all farmers, corresponds to a remnant of what existed in the past, characterised by crop rotation, use of animals in farming, cooperative work between peasants and production for self-consumption [24]. The conventional system, 15% of all farmers, was installed with the green revolution and the arrival of the salmon industry, and is characterised by a higher specialisation, greater technology, inclusion of pesticides and synthetic fertilisers [34]. Finally, the agroecological system, 10% of all farmers, is recognised as a sustainable agricultural and forestry system based on agroecological principles and for promoting the conservation of native potatoes [35]. According to this, our sample of 10 farmers represented 4%, 19% and 29% of each system, respectively. The survey was designed meeting the criteria required by the Cool Farm Tool (CTF) model to estimate GHG emissions [36] and the data collected represent the activities carried out every year in each farm.



For statistical analyses, we selected the 14 most representative variables from the survey and grouped them into four categories for discussion purposes (Table 1). First, we tested for differences for each of the variables between types of agriculture with a Kruskal–Wallis test and then, in cases where there were statistically significant differences, a Mann–Whitney U test of multiple comparisons. As some farmers did not perform all the activities, the ‘zeros’ were excluded in the management and fertilisation categories. In a second stage, we used multivariate approximation with a principal component analysis and later an analysis of similarities (ANOSIM) to evaluate differences among the three agricultural systems, considering the 14 variables described in Table 1. Statistical analyses were performed using PAST3 software [37].




2.3. GHG Emission Calculation for Different Agricultural Systems


Using the data collected from the surveys applied to 10 farmers of each agriculture type (Supplementary Material Table S1), the CFT (available at https://app.coolfarmtool.org/; Cool Farm Alliance, 2020, accessed on 1 November 2021) was used for estimating GHG emissions. CFT calculates GHG emissions from agricultural systems by integrating different globally determined empirical models [38,39]. Briefly, to estimate N2O emission from soil by fertiliser application, CFT uses the model by Bouwman et al. (2002) [40]. and the pesticide emission factor is derived from Audsley (1997) [41]; for land use change, tillage practices, manure management system, composting and waste management, the Intergovernmental Panel on Climate Change guidance is followed (IPCC, 2006) [42]; for livestock feed uses, the formula is derived from Hillier et al. (2011) [38]; use of fossil fuels is based on the ASAE model (2006) [43]; and for energy use it applies emission factors from a GHG protocol (2003) [44].



CFT estimates emissions of CO2, N2O, CH4 and total CO2-eq, considering the warming potential of CH4 and N2O as 25 and 298 times that of CO2, respectively [45]. The estimation was carried out at farm level for the period of one year by independently assessing crops, potatoes, cattle and other livestock. The following input data were used: (i) crops: cultivated area, yield, fertilisers and pesticides applied, irrigation and energy used for different processes, and (ii) livestock: number of animals, feed and manure management [28]. In CFT, the cattle assessment includes the grassland used and its fertilisation, while the assessment for other livestock types (in this case mainly sheep) does not consider these emissions. Therefore, when sheep grazed on land other than that of cows, general crop assessments were used to account for emissions from those grasslands. Then, the sources of emission from the CFT results had to be reorganised in order to standardise and compare between productive activities (Supplementary Material Figure S1).



Values that were unknown to the farmers were estimated based on the literature or provided by PRODESAL staff. Subsequently, the CFT assessments were completed for each farm and the results of all productive activities (Supplementary Material Figure S1) were added together to obtain the total emission for each farm and converted to kg CO2-eq ha−1 year−1.



Normality and homoscedasticity of data were tested using Shapiro–Wilk [46] and Levene tests [47]. Accordingly, mean total emissions by type of agriculture were compared using the ANOVA test [48]. For each productive activity, a Kruskal–Wallis test [49] was carried out to assess the existence of significant differences in emissions for the different types of agriculture. In addition, emissions per unit of product were obtained for each productive activity, i.e., kilograms produced for potatoes and grassland, units for vegetables and livestock units for cattle and sheep. These data were analysed using the Kruskal–Wallis test to assess the existence of significant differences. All statistical analyses were performed using R software.



As not all the farmers carried out the same productive activities or practices, to analyse how each contributed to the total emissions by agricultural type, pie charts were generated by adding the emissions of all 10 farmers. The same was carried out for the proportion of the different GHGs for each agricultural system.





3. Results


3.1. Historical Evolution of Farming Systems


Traditional agriculture has existed on the island since approximately 1833, characterised by large farms with a small productive part, little agricultural mechanisation, use of organic fertilisers and cooperative work among farmers [24,25,26]. This system remained intact until 1970 when the conventional agricultural technology package of the green revolution was installed on the island and then, in 1980, the salmon industry arrived, capturing a large part of the young peasant labour force, which is what most radically modified the Chiloé way of life [26,50,51,52]. Thus, two new types of agriculture emerged almost in parallel, first the conventional system in 1980 characterised by the use of genetically improved seeds, pesticides and machinery to work the land [24,25,53] and then in 1990 the agroecological system appeared thanks to the intervention and technology transfer of the CET (Figure 2), characterised by small and diverse farms, conserving native varieties of potatoes, in addition to the extensive use of organic fertilisers [35].



The evolution of farming systems on Chiloé Island can be summarised by four transformation processes:



3.1.1. Replacement of Organic Fertilisers and Pesticides by Chemicals


Since 1930, in Chile the use of synthetic fertilisers and agricultural machinery was encouraged to improve yields. On Chiloé, this did not take hold due to the high cost of these new products and the deep cultural roots [53]. It was thanks to state institutional policies that farmers on Chiloé incorporated these new technologies [26,33]. During field work, it was observed that conventional agriculture has incorporated the use of agrochemicals more strongly, while traditional and agroecological systems still use organic fertilisers. In addition, conventional agriculture has incorporated concentrates to feed cows and sheep in winter.




3.1.2. Disappearance of the Collaborative Work or minga and Replacement of Human Labour by Machinery


The minga is a peasant tradition of collaboration among neighbours and friends to carry out a big task, such as harvesting potatoes [54]. With the arrival of the aquaculture industry, many of the young people from the countryside have migrated to the cities [27,55], so this tradition has practically disappeared and has been replaced by paid labour, causing farmers to have had to use of machinery for sowing and harvesting to save time [26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56]. In 1955, there were 19 tractors in Chiloé and 361 in 2007, while in 1955 there were 75,000 people working on farms and only 29,000 in 2007 [57,58]. As observed during fieldwork, in general, the incorporation of machinery is a widespread phenomenon throughout the island, it is present in all agricultural systems, with only a few exceptions where the minga is still practised.




3.1.3. Decrease in Crop Diversity


Chiloé is one of the origin centres of the potato, its inhabitants have developed and perfected the crop and today there are more than 200 varieties [59]. However, in recent years the farmers of Chiloé have concentrated on the production of a few commercial varieties to achieve a better yield, so that today the native potato shows little genetic renewal and a loss of productive potential [60]. During fieldwork, it was observed that conventional agriculture concentrates more on commercial varieties to achieve better yields, while agroecological agriculture promotes diversity and the cultivation of native potatoes. Regarding grassland management, in conventional agriculture one or three species are sown, while agroecological agriculture promotes the diversity of forage species [33].




3.1.4. Decrease in the Total Agricultural Area


Increasingly fewer hectares of Chiloé are dedicated to agriculture, from 675,000 hectares in 1955 to 357,000 hectares in 2007 [57,58]. Potato cultivation went from 7800 ha in 1977 to 3306 ha in 2007. The same situation occurs with wheat; however, its near disappearance is due more to climatic reasons, reduction of crop rotation area and lack of labour, in addition to greater access to flour and bread already produced. Thus, wheat went from 4,371 ha in 1977 to only 180 ha in 2007 [52,58,61,62].





3.2. Comparison of Agricultural Systems


We found statistical differences in four out of five land use variables (except forest area) (Table 2). The traditional system has the largest area of grassland, while the conventional has the largest area of potato crop, and the agroecological system has a larger area of vegetables and the smallest total area (approximately half of the others) (Table 2). In relation to livestock variables, there were no differences between groups. For management variables, we found differences in crop richness (the lowest for conventional) and potato yield (the highest for conventional), while in the fertilisation variables only the amount of organic fertiliser used showed statistically significant differences, being higher in the agroecological system.



The principal component analysis showed an overlap between the traditional and conventional systems, while the agroecological system is separate (Figure 3). This is confirmed by the analysis of similarities (p < 0.01; R = 0.23), where no statistically significant differences are observed between the traditional and conventional systems (p > 0.05), but between these two with the agroecological system (p < 0.05; Supplementary Material Tables S2 and S3 and Figures S2 and S3). The first principal component (PC1) explains 98.8% of the variability and is strongly associated with the amount of organic and mineral fertilisers used. The second principal component explains 0.83% of the variance and is related to mineral and synthetic fertiliser (Supplementary Material Tables S4 and S5; Figures S4 and S5).




3.3. GHG Emissions of the Different Agricultural Systems


The total farm emissions per hectare in one year were on average 2999 ± 1521, 3443 ± 2376 and 3746 ± 1837 kg CO2-eq ha−1 year−1 (traditional, conventional and agroecological, respectively) and showed no significant differences among agricultural systems (p-value = 0.693), which is consistent with a wide dispersion in the emission values in the three systems, as can be seen in Figure 4. The minimum emission values were around 1000 kg CO2-eq ha−1 year−1 in all three systems, while the maximum was reached by a conventional farm at around 8500 kg CO2-eq ha−1 year−1. The summary of the medians and the significant differences obtained per productive activity for the emission analysis per hectare and per unit of product can be seen in Table 3. The highest emissions per hectare came from cattle, followed by vegetables and potatoes, while the lowest value came from grassland. Significant differences exist only in emissions per Mg of potatoes produced, conventional agriculture emits less than half as much GHG per unit of potato as other agriculture. The contributions (%) of CO2, N2O and CH4 emitted per hectare per year by crop and animal category are presented in Supplementary Material Table S6. Figure 5 shows the percentage that each productive activity contributed to the total emission. In all three systems, about half of the emissions were generated by cattle. Considering total animal emissions, i.e., cattle, sheep and grassland, the percentage is higher than 90% in all systems. Then, the crops (potatoes and vegetables) are only 6% in the case of conventional farming and less in the other two systems. When looking at the specific activities and management practices, in the three systems it was enteric fermentation that represented the highest proportion of emissions, around 70% (Figure 5b).



The contribution of CO2, CH4 and N2O to the total emissions was very similar for all three systems (Figure 5c). Methane contributes about 70% of the total, its only source was enteric fermentation, followed by N2O, with a contribution of about 20%, with sources such as fertiliser application, manure management and natural soil emissions (grazing). In the conventional system, the sources of CO2 are fossil or electric energy used for irrigation and machinery, fertiliser production and application and manure management.





4. Discussion


4.1. The Coexistence of Three Agricultural Farming Systems


According to the bibliographical sources [18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41] and the local state agency that advises farmers (PRODESAL), three different agricultural systems currently coexist on Chiloé. However, according to our multivariate analyses, the conventional system does not differ from the traditional one (Figure 3). This is possibly the result of the restructuring of the rural sector in Chile as a part of the neoliberal policies and the implementation of industrial agriculture in the 1970s [63] that arrived approximately a decade later on Chiloé due to its isolated geography (Figure 2) [26,52]. This means that the new technology was partly assimilated by the pre-existing traditional farmers, mainly by substituting animal traction by machinery and by replacing organic fertilisers for synthetic ones, while some traditional practices are still preserved. However, when we carried out the analysis comparing each of the variables, we observed that those associated with potato production (crop area and yield) were the ones in which these two systems differed, which suggests that the conventional system would be characterised by greater specialisation in potato production (Table 2).



In the same way, the properties that would currently be considered conventional are possibly derived directly from the traditional system that tended towards the intensification and specialisation of their management practices. For example, many of these farms have concentrated on growing certified potato varieties to improve their yields, leaving aside the cultivation of native potatoes [33], therefore, nowadays it is difficult to separate these two farming systems. Regarding the degree of specialisation of the conventional system, a significant decrease in the number of crops was observed (Table 1). This coincides with experiences in other parts of the world, such as the European Alps, where the transition towards modern practices results in deterioration of local biodiversity, suggesting that state subsidies are necessary to maintain practices that are more compatible with biodiversity [64].



On the other hand, the agroecological system is significantly different from the traditional and conventional systems, showing among other differences a smaller total cultivated area and a higher proportion of this area dedicated to growing vegetables (Table 2). The agroecological farms of Chiloé belong to the Globally Important Agricultural Heritage Systems (GIAHSs) because they integrate Huilliche ancestral knowledge with elements of modern science and have been fundamental in the recovery and conservation of the germplasm of the native potato [35,65]. This type of complex and multispecies agricultural system tends to be more resilient to environmental variations, so in addition to conserving an agricultural heritage, it contributes to the conservation of biodiversity [35].




4.2. Greenhouse Gas Balance of Different Types of Agriculture


The mean GHG emissions from the three agricultural systems (3396 kg CO2-eq ha−1 year−1) can be compared with a previous study that estimated the GHG balance in this region on croplands (9010 kg CO2-eq ha−1 year−1) and grasslands (−13,500 kg CO2-eq ha−1 year−1), although these estimations were based on direct measurements and did not differentiate between agricultural systems [66]. Our estimations are smaller than those reported for European farms, for both organic and conventional systems (5450 ± 2720 and 11,342 ± 3443 kg CO2-eq ha−1 year−1, respectively) [6]. In this study, we found that although there are differences in the agricultural practices among the farming systems, particularly between the agroecological systems compared to the traditional and conventional systems, there are no significant differences in GHG emissions between them (Figure 4). Similar results were obtained by Dendooven et al. [67], who analysed the differences in GHG emissions in two tillage systems (1: a no-tillage system with crop rotation and residue retention in the soil; 2: a conventional tillage system with residue removal and maize monoculture), and found that they had little impact on emissions, but did have significant effects on soil carbon storage. In addition, Astier et al. [68] studied the differences in GHG emissions between conventional and organic avocado cultivation and found no significant differences.



Flessa et al. [69] evaluated GHG emissions from two farming systems in southern Germany and found that the largest contribution to GHG emissions in agricultural systems was from N2O, about 60%, 25% from methane and 15% from CO2. The authors related the high contribution of N2O to the application and production of fertilisers, which are mainly used in crops that cover about 70% of the total area. In our study, crops cover only around 10% of the farm, which likely explains why N2O contributed only about 23% of the emissions. Meanwhile, high agreement was found between our results for the conventional system and those from a study that looked at cattle pastoral farms in the Netherlands (no crops), with a stocking rate of 2.2 animal units ha−1, where the emissions were 64% from CH4, 26% from N2O and 9% from CO2 [70].



Worldwide, ruminant livestock production contributes significantly to GHG emissions, mainly through the enteric fermentation process that releases methane (CH4) [71], which is the main GHG contributing to climate change after CO2 [72]. In this study, enteric fermentation (from cattle and sheep) was the largest source of emissions in all three agricultural systems (traditional, conventional and agroecological). In this sense, it is especially important to apply management practices that mitigate this type of emission [73], which are mainly related to managing the stocking rate and feeding supplementation. In the first case, it is suggested to maintain relatively low stocking rates [74,75]. In this study, even though the conventional system showed a higher stocking rate of cattle, the difference was not significant, which explains why there were no significant differences in emissions related to cattle raising (Table 3). This is possibly because although the traditional and conventional systems incorporate more practices from industrial agriculture than the agroecological system, they still use relatively low cattle stocking rates (1–2 animal units ha−1; Table 2) compared, for example, to the livestock-intensive systems in Brazil (3–4 animal units ha−1) [76]. A low stocking rate has been highlighted as one of the most important management decisions related to GHG emissions, animal welfare and the conservation of biodiversity in grazing sites [77,78]. In this sense, it would be interesting to investigate the mechanisms associated with the stocking rate and GHG emissions in the agricultural systems of Chiloé. Within the conceptual framework of FAO-GIAHS, multifunctional systems such as the Barroso Agro-Silvo-Pastoral System in Portugal are considered more resilient to the challenges of global change [79]. Regarding feeding supplementation, it was observed that the incorporation of plants with bioactive compounds (10% leaves of lemon grass (Cymbopogon citratus) and curry (Murraya koenigii)) to the diet of lambs resulted in a decrease in CH4 emissions [80]. In the same way, the use of red algae (Asparagopsis taxiformis) in the diet of cattle reduced the CH4 production [81]. Considering that these kinds of supplements are usually imported, their use could have an undesirable effect on CO2 emissions from transport [13]. For this reason, it would be interesting to investigate how plants or algae locally available on Chiloé can contribute to the reduction of GHG emissions.



Nitrous oxide was the second most abundant gas in the three systems, originated mainly by fertilisation practices. Therefore, the stabilisation of organic matter (compost and manure) is recommended before its application [82,83], for example, through the incorporation of inorganic materials such as fly ashes during the composting process [84]. There is also evidence that the use of biochar during composting is a way to mitigate the GHG emissions that are released during this process [85]. In the case of mineral nitrogen, the recommendation is to apply it in dry weather periods [86], which could be a difficulty in environments with high rainfall such as southern Chile.




4.3. Limitations of the Study and Future Research


The Chonchi commune was found to be representative of the farming systems on the Chiloé archipelago. However, it is important to point out that farmers in this area do not keep accurate records of their management practices, so the input data for estimating GHG emissions were an approximation in some cases. In this sense, rather than increasing the number of farms, we think it would be more informative to study in more detail some of the farms that are more representative of each farming system.



Among the available tools for estimating GHG emissions at the farm level, the Cool Farm Tool (CFT) has been used in different types of climates and farming conditions [87,88,89,90]. One advantage of CFT is that it requires input data generally known to the farmer, making it useful for decision support at the farm scale and also to inform practices and their impact [38]. However, one of the limitations of the CFT model is that it does not consider leaving manure on the field as a management practice. The CFT methodological guide mentions pasture/grazing manure management, but later in the tool there is no such option; therefore, when a farmer left manure on the field, no manure management was assigned. On the other hand, CFT does include composting manure management, which is mainly used by agroecological and traditional agriculture, and in this case manure management was included. This could have led to an underestimation in farms that kept large numbers of livestock and left the manure in the field, particularly in the emissions of N2O, since this gas is produced mainly from the manure [91]. Additionally, the bovine assessment includes the grazing livestock pasture, while for the other livestock species it does not, so a separate crop assessment had to be generated to account for the sheep pasture emissions, which made it difficult to compare the main management activities. This is because CFT is a calculator focused on measuring emissions by product [45]. Finally, because CFT does not account for GHG capture, in this study we only estimated the GHG emissions of each agricultural system. In the future, using other tools that also include carbon removals, such as IPCC guidelines [42], may show differences in the GHG balance, particularly because the systems show differences in the amount of organic fertiliser used and the area covered by forests.



The results obtained in this research raise questions that may require more information to be collected or even experimental approaches to be used. A relevant question is whether agricultural systems differ in their ability to store carbon and capture GHG, which would complement what was observed through modelling [92]. In this sense, analysing soil microbial diversity and activity could provide information about the mechanisms behind the observed patterns and in the future incorporate this dimension into sustainable management practices [93]. Understanding the dynamics of the soil microbiota and its management (such as the incorporation of agricultural stubble) can contribute to the mitigation of GHG emissions, since microorganisms play a fundamental role in the stabilisation of carbon and nitrogen in soil [94].



Like many other countries that export goods derived from agriculture and livestock, Chile faces great challenges associated with climate change, being ranked as the country with the 18th highest water shortage due to climate change and growing demand [95]. Accordingly, it is in the process of reducing its GHG emissions, has signed the Paris Agreement [96] and committed to becoming carbon-neutral by 2050 [97]. Although Chile contributed only 0.23% to global emissions in 2020 [98], its emissions have recently increased significantly, with agriculture being the second largest contributor (10.5% in 2018) after power generation [99]. Our work is in line with detecting which practices generate the most emissions in different agricultural systems, in order to focus attention on how to improve their management.





5. Conclusions


Traditional farming has been practised on Chiloé since ~1830 and is one of the Globally Important Agricultural Heritage Systems. After the incorporation of modern techniques in the 1980s, several farms were classified as conventional; however, according to our analyses, these two types are not significantly different. Subsequently, in the 1990s, a group of farmers combined ancestral and modern ecological knowledge, forming the agroecological farming system, which in fact does differ from the other two systems. The traditional–conventional systems are relatively large farms, specialised in the production of cattle or potatoes, whereas the agroecological farms are significantly smaller and are mainly used to grow vegetables.



Even though we found differences in land use and management practices between agricultural systems in southern Chile, these differences were not observed in the total GHG emissions. The emissions of the three systems are relatively low compared to other livestock systems such as European dairy farms. All three systems showed a higher proportion of emissions related to animal production, mainly explained by enteric fermentation of livestock. In turn, crop emissions were very low, which matches with the low proportion of cultivated area. Therefore, to reduce GHG emissions in all three types of agriculture in this area, it would be necessary first to incorporate management practices focused on reducing the CH4 emissions from livestock, and secondly to reduce N2O emissions from fertilisers.
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Figure 1. Location of Chiloé archipelago in southern Chile. Farms surveyed in this study are shown as red circles for traditional, grey for conventional and green for agroecological. 
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Figure 2. Diagram of the evolution of agriculture on Chiloé. Based on: [24,26,35,52]. 
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Figure 3. Principal component analysis. Red dots: traditional system, grey dots: conventional system, green dots: agroecological system. Variables used in the analysis are those listed in Table 1. 






Figure 3. Principal component analysis. Red dots: traditional system, grey dots: conventional system, green dots: agroecological system. Variables used in the analysis are those listed in Table 1.



[image: Agronomy 13 00240 g003]







[image: Agronomy 13 00240 g004 550] 





Figure 4. Total farm annual GHG emissions per hectare in the different existing agricultural systems on Chiloé Island. The black line indicates the median and the yellow line the mean; the black circles represent the 10 farms in each system. 
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Figure 5. Contribution by sector to the total sum of emissions for each agricultural system: (a) contribution by crop and animal categories, some categories are not present in the pie charts because their contribution to total emissions is less than 1%; (b) contribution by specific activity or management practice, some categories are not present in the pie charts because their contribution to total emissions is less than 1%; (c) contribution of the different greenhouse gases. 
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Table 1. Variables analysed for the agricultural system characterisation.
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	Variable
	Description
	Unit
	Abbreviation
	Category 2





	Forest area 1
	Amount of forest area on the farm
	ha
	FA
	Land use



	Grassland area
	Amount of grassland area on the farm
	ha
	GA
	Land use



	Potato crop area
	Area cultivated with potatoes on the farm
	ha
	PCA
	Land use



	Vegetable area
	Area cultivated with vegetables on the farm
	ha
	VA
	Land use



	Total productive area
	Total area used for agricultural and livestock production on the farm
	ha
	TPA
	Land use



	Total number of cattle
	Total number of cattle on the farm
	number of cows
	TC
	Livestock



	Total number of sheep
	Total number of sheep on the farm
	number of sheep
	TS
	Livestock



	Crop richness
	Number of crops produced on the farm
	number of crops
	CR
	Management



	Potato yield
	Amounts of potatoes produced per number of seeds
	kg kg−1
	PY
	Management



	Cattle stocking rate
	Number of animal units per unit area
	cattle ha−1
	CSR
	Management



	Sheep stocking rate
	Number of animal units per unit area
	sheep ha−1
	SSR
	Management



	Mineral fertiliser
	Mineral fertilisers applied (phosphoric rock and lime)
	kg ha−1 year−1
	MF
	Fertilisation



	Synthetic fertiliser
	Synthetic fertilisers applied (triple superphosphate, Nitram, muriate, urea)
	kg ha−1 year−1
	SF
	Fertilisation



	Organic fertiliser
	Organic fertilisers applied (compost and manure)
	kg ha−1 year-1
	OF
	Fertilisation







1 This was the only variable not included in the emissions calculation because CFT considers the gain or loss of forest over the last 20 years. 2 Operational categorisation.
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Table 2. Mean ± SD of variables associated with productive activities for the different agricultural systems.
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Variable

	
Traditional

	
N 1

	
Conventional

	
N

	
Agroecological

	
N






	
Land use

	
FA

	
8.45 ± 12.5 a

	
10

	
3.08 ± 4.49 a

	
10

	
4.15 ± 10.26 a

	
10




	
GA *

	
15.47 ± 9.3 a

	
10

	
9.96 ± 9.92 ab

	
10

	
6.49 ± 4.08 b

	
10




	
PCA *

	
0.17 ± 0.23 b

	
10

	
1.95 ± 1.71 a

	
10

	
0.20 ± 0.22 b

	
10




	
VA *

	
0.0092 ± 0.02 b

	
10

	
0.0005 ± 0.001 b

	
10

	
0.1131 ± 0.12 a

	
10




	
TPA *

	
15.64 ± 9.35 a

	
10

	
11.91 ± 9.76 a

	
10

	
6.81 ± 4.12 b

	
10




	
Livestock

	
TC

	
15.25 ± 6.6 a

	
8

	
19.80 ± 9.3 a

	
5

	
9.80 ± 6.5 a

	
5




	
TS

	
57.60 ± 19.0 a

	
10

	
54.12 ± 27.2 a

	
8

	
53.12 ± 26.0 a

	
8




	
Management

	
CR *

	
9.28 ± 7.9 a

	
7

	
2.10 ± 3.1 b

	
10

	
14.30 ± 4.5 a

	
10




	
PY *

	
7.0 ± 3.0 c

	
5

	
18.1 ± 4.81 a

	
10

	
10.1 ± 4.4 b

	
6




	
CSR

	
1.11 ± 0.65 a

	
8

	
2.04 ± 1.03 a

	
5

	
1.19 ± 0.90 a

	
5




	
SSR

	
8.59 ± 7.28 a

	
10

	
9.54 ± 3.97 a

	
8

	
9.45 ± 8.23 a

	
8




	
Fertilisation

	
MF

	
1229 ± 1302 a

	
2

	
1124 ± 1107 a

	
3

	
4991 ± 7946 a

	
5




	
SF

	
4067 ± 5577 a

	
10

	
2377 ± 1678 a

	
10

	
2373 ± 2922 a

	
7




	
OF*

	
6759 ± 13,178 b

	
5

	
22,409 ± 31,495 ab

	
2

	
68,804 ± 53,455 a

	
10








Different letters (and an asterisk) indicate statistically significant differences between agricultural systems (p-value < 0.05). See Table 1 for the definition of acronyms. N is the number of farms that present each variable, out of a total of 30. 1 The statistical comparison was not performed because of the low number of farms that grew vegetables on the conventional farms. Different letters indicate statistically significant differences between agricultural systems (p-value < 0.05).
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Table 3. Median GHG emission (kg CO2-eq ha−1 year−1) of the existing agricultural systems on Chiloé Island.
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Traditional

	
Conventional

	
Agroecological




	
GHG ha−1

	
GHG PU−1

	
N

	
GHG ha−1

	
GHG PU−1

	
N

	
GHG ha−1

	
GHG PU−1

	
N






	
Potatoes

	
1778 a

	
141 a

	
5

	
1140 a

	
59 b

	
10

	
1061 a

	
138 a

	
6




	
Vegetables 1

	
2926

	
0.007

	
4

	
2486

	
0.18

	
2

	
1436

	
0.004

	
10




	
Cattle

	
2059 a

	
4639 a

	
8

	
3475 a

	
4.761 a

	
5

	
3167 a

	
3676 a

	
5




	
Sheep

	
862 a

	
312 a

	
10

	
1689 a

	
326 a

	
8

	
1497 a

	
363 a

	
8




	
Grassland

	
664 a

	
98 a

	
10

	
791 a

	
115 a

	
8

	
382 a

	
59 a

	
8








PU is a product unit, i.e., cattle and sheep (kg CO2-eq animal unit−1 year−1), potatoes and grassland (kg CO2-eq Mg−1 year−1) and vegetables (kg CO2-eq unit−1 year−1). 1 The statistical comparison was not performed because of the low number of farms that grew vegetables on the conventional farms. Different letters indicate statistically significant differences between agricultural systems (p-value < 0.05).
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