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Abstract

:

The Tehuacán-Cuicatlán Valley, Mexico, is the semiarid region with the richest biodiversity of North America and was recently recognized as a UNESCO’s World Heritage site. Original agricultural practices remain to this day in agroforestry systems (AFS), which are expressions of high biocultural diversity. However, local people and researchers perceive a progressive decline both in natural ecosystems and AFS. To assess changes in location and extent of agricultural land use, we carried out a visual interpretation of very-high resolution imagery and field work, through which we identified AFS and conventional agricultural systems (CAS) from 1995 to 2003 and 2012. We analyzed five communities, representative of three main ecological and agricultural zones of the region. We assessed agricultural land use changes in relation to conspicuous landscape features (relief, rivers, roads, and human settlements). We found that natural ecosystems cover more than 85% of the territory in each community, and AFS represent 51% of all agricultural land. Establishment and permanence of agricultural lands were strongly influenced by gentle slopes and the existence of roads. Contrary to what we expected, we recorded agricultural areas being abandoned, thus favoring the regeneration of natural ecosystems, as well as a 9% increase of AFS over CAS. Agriculture is concentrated near human settlements. Most of the studied territories are meant to preserve natural ecosystems, and traditional AFS practices are being recovered for biocultural conservation.
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1. Introduction


Agriculture has been one of the main causes of changes in land use and land cover throughout the world’s history. However, it became a main environmental problem since the 1950s, when intensive agriculture requiring large amounts of agrochemicals and fuel for machinery dramatically increased [1,2]. Between 2000 and 2010, an average of nearly 13 million ha of forests were lost per year across the world, to be transformed into land for intensive production of livestock and crops [2,3,4].



Since the 1990s, agroecologists have recognized the ecological and social importance of agroforestry systems (AFS) as a potential alternative for sustainable production of food and other raw materials, and for conservation of biodiversity and ecosystems processes [3,5,6]. These AFS benefit rural household economies through complementary practices associated with the multiple use of resources and environmental services [6,7,8,9,10]. They are important reservoirs of biocultural diversity, where traditional ecological knowledge is constructed, management practices have been tested, and domestication of plants and animals have been conducted [4,11,12,13].



It has been estimated that nearly one-half of the agricultural fields of the world maintain at least 10% of arboreal cover [1,14], thereby integrating trees, crops, and livestock for direct consumption by households. In agroforestry, a broad spectrum of agricultural systems may combine several management practices at different degrees of intensification [2,14,15]. Agroecology recognizes the advantages of AFS both in terms of production and environmental benefits, as well as the possibility of increasing the area of AFS with features of sustainable management; particularly the inclusion of perennial plants with commercial value (timber or non-timber products) to maximize production and use of multiple resources and ecosystem services [1,2,16].



Owing to economic pressures to enhance productivity, traditional AFS are considered as peripheral and low-production systems compared with modern intensive agricultural systems [1]. Such views have questioned the capacity of AFS to satisfy demands for food and raw materials in the future, and their permanence is at risk due to undue pressure. However, it is a fact that traditional agriculture sustains a substantial proportion of the world’s production of food and raw materials for industries [17].



Traditional AFS are integrated systems that operate: (i) maintaining components of forest biodiversity, mainly plants, animals, and soils biota; (ii) managing agrobiodiversity, including wild plants and animals, and some with incipient or clear signs of domestication; (iii) managing abiotic components of agroecosystems, such as water, soil, lithological substrate, incident solar radiation, albedo, and wind incidence, associated to agricultural, and forest components management; and (iv) including participation of social groups who drive the interactions of the system’s components [18].



In Mexico, traditional AFS originated in the earliest phases of agricultural practices [19,20,21,22]. However, because of technological and cultural changes that started in the Spanish colonial period and continued during the modernization of agriculture during the 20th century, AFS have been progressively decreasing. These processes are due mainly to global policies endorsing the increase of conventional and intensive agricultural systems, generally monocrop fields with high levels of agrochemical inputs and machinery powered by fossil fuels [23].



In this study, we consider traditional AFS as rural landscapes of high cultural relevance, where multiscale strategies of management are practiced in the plots, watersheds, community territories, and regions. Rural landscapes are environments where natural ecosystem management occurs, in which these ecosystems are consciously or unconsciously modified in their structure, functionality, and dynamics to be adapted for the people’s benefit. [24]. Thus, main decision makers regarding ecosystem management and conservation are people interacting with the environment: the land owners or those working the land [25]. In the case of rural Mexico, the decision makers are mostly traditional campesinos or peasants whose decisions depend on their culture, customs, and local knowledge. This traditional ecological knowledge is in turn influenced by natural elements such as topography, climate, hydrological systems, soil, and lithological substrate [26]. Those elements interact with human constructions, such as roads and human settlements, which together shape the quality and fragility of the landscape [27,28]. However, the continuity of traditional agricultural practices is affected by the adoption of modern agricultural techniques, as well as government financial programs and subsidies [23].



In Mexico, traditional AFS are small-scale systems: plots covering from one to three hectares, where products are mainly for direct consumption by local households. In general, machinery is seldom or never used in these systems. AFS are the predominant agricultural systems among traditional campesinos, particularly in commonly owned land (ejidos and indigenous communities) [29].



One of the richest biocultural regions in North America with a high variety of traditional AFS is the Tehuacán-Cuicatlán Valley in central Mexico [30,31]. The traditional AFS of this region are more than 9000 years old and might be among the oldest agroforestry systems of Mesoamerica and the entire New World [32,33]. A number of studies have reported these AFS as dynamic settings of plant domestication, with high capacity for natural vegetation regeneration; maintaining good levels of food production and serving as important reservoirs of biodiversity. Additionally, traditional ecological knowledge of the multicrop maize system called “milpa” [21,29,31,32,33,34,35,36,37,38,39] and management of home gardens [40,41] has been preserved along hundreds of generations. Most of those studies have documented a current loss and fragmentation of AFS at a local level, mainly due to an upsurge of household units, and the intensification of agricultural practices. However, there are no evaluations of this process at a regional level.



Globally, a recurrent concern in most of the existing studies is the magnitude of the pressure exerted on AFS by the intensification of agricultural systems [2]. This concern is prompted by the loss of natural ecosystems, biodiversity, and ecosystem services (such as pollination, water infiltration, and seed dispersal), as well as by the contamination of watersheds by agrochemical products used in intensive agricultural systems [10]. Therefore, analyzing the state and trends of AFS is a priority research issue throughout the world.



This study analyzes agricultural land changes in five communities representative of the main ecological zones and the traditional AFS of the Tehuacán-Cuicatlán Valley [37], in order to assess the location and magnitude of land use changes occurring at a regional level. The objectives of our study were to: (i) identify the spatial distribution of the agricultural production systems of the Tehuacán-Cuicatlán Valley; (ii) evaluate the proportion of AFS and agroforestry practices compared to other forms of agriculture in the region; (iii) identify changes in land use, focusing in agroforestry systems during the period 1993–2003–2012; and (iv) analyze the landscape factors influencing distribution and changes in agricultural land uses and practices.




2. Materials and Methods


2.1. Study Area


The Tehuacán-Cuicatlán Valley is located in the southeast of the state of Puebla and northwest of the state of Oaxaca, in central Mexico. It has a surface of approximately 10,000 km2 and high environmental heterogeneity [42,43] (Figure 1). Most of the valley is semiarid [38], with annual precipitation averaging 300 to 500 mm [44]. Biodiversity is high, with more than 3000 vascular plant species, 365 of them endemic to the region [32,42,43], distributed in 37 types of plant associations [38]. The Tehuacán-Cuicatlán Valley is one of the sites known to have the earliest evidence of agricultural practices in Mesoamerica [19]. All these facts make the region one of the richest and oldest biocultural areas of North America and the New World [45].



This study was conducted in five agrarian units of communal land, hereafter called communities: Ejido San José Axusco (Axusco) and Indigenous Community Santiago Quiotepec (Quiotepec) at the lowlands; Ejido San Luis Atolotilán (Atolotitlán) in the intermediate elevation land area; and indigenous communities of San Lorenzo Pápalo (Pápalo) and Santa María Ixcatlán (Ixcatlán) in the highlands (Figure 1). The main productive activity in all communities is agriculture. Although most inhabitants are indigenous people, those of Quiotepec and Atolotitlán no longer speak their native language (Table 1).




2.2. Materials


The community boundaries were obtained from the National Agrarian Registry [46]. We used SPOT (Satellite Pour l’Observation de la Terre) multispectral images from 1995 (10 m resolution), and multispectral and pansharpened images (2.5 m res.) from 2003 and 2012 (ERMEX-Marine Ministry of Mexico), and orthophotos scale 1:20,000 (2 m res.) for 1995 from the National Institute for Geography (INEGI). Digital layers for topography, rivers, roads, and human settlements were obtained from INEGI´s vector sets scale 1:50,000 [48]. In addition, we used the land cover maps from the Forest Resources Cartography of the States of Oaxaca and Puebla, scale 1:50,000, from the National Forest and Soil Inventory (INFyS as per its Spanish acronym) [49], as well as the Land Use and Vegetation map Series V of INEGI [48]. All maps were generated, processed, analyzed, and presented using QGIS (QGIS Development Team. Open Source Geospatial Foundation. Beaverton, OR, USA). Figure 2 shows the processes applied to these materials and the corresponding obtained results.




2.3. Distribution of Agricultural Land Use


Through screen visual interpretation of the multidate images (Figure 2), we identified seven classes of agricultural land use. A subgroup of agricultural practices is composed by those recognized as (1) agroforestry systems, all of which have more than 5% of tree coverage: (1.1) fringes of vegetation inside or surrounding the agricultural fields; (1.2) terraces with vegetation, which are parallel lines of arboreous and shrubby plants following the contour lines; (1.3) isolated trees scattered throughout an agricultural field, which is done intentionally for various purposes; and (1.4) vegetation patches, which form clusters of arboreous, shrubby and herbaceous plants within the agricultural plots. The second subgroup is integrated by practices identified as (2) conventional agriculture systems (CAS): (2.1) conventional agriculture, relatively continuous agricultural areas without arboreal vegetation; (2.2) areas with very low tree coverage, which are agricultural plots with less than 5% of tree coverage; and (2.3) agricultural terraces without trees or other natural vegetation (Figure 3). We also visually interpreted dry river beds; and human settlements.



The agricultural land use classes mentioned above were digitalized at scale 1:20,000 from othopothos and satellite images to generate land use maps for 1995, 2003, and 2012. Other land cover categories (conserved natural ecosystems; and grassland and farmland at rest) were obtained from the National Forestry Commission (CONAFOR) [49], grouped and reinterpreted to downscale class boundaries to a 1:20,000 scale.



We generated maps for the whole territory of each community, considering a buffer zone of 2 km along community boundaries. We calculated the area occupied by every type of agricultural practice for each analyzed year, in order to estimate the rates of change over time. We carried out field verification of all seven classes throughout a weighted random sampling of 232 agricultural plots.




2.4. Changes between 1995 and 2012


The maps generated for every date were overlaid in two periods, 1995–2003 and 2003–2012, and their corresponding transition matrices were constructed. Changes were classified as: (A) AFS gain, from CAS to AFS; (B) AFS loss, from AFS to CAS; (C) farmland abandonment, from AFS, CAS, or grassland and farmlands at rest to natural ecosystems; (D) farmland expansion, from natural ecosystems to AFS or CAS, and grassland and farmlands at rest; (E) crop–pasture rotation, from grassland and farmland at rest to CAS or AFS; (F) agriculture at rest, from AFS and CAS to grassland and farmland at rest.




2.5. Landscape Factors Influencing Agroforestry Systems Distribution and Land Use Changes


We analyzed spatial relations of proximity and coincidence of four landscape factors that influence patterns of expansion, maintenance or decrease of AFS and CAS: (i) slope, considering its optimum for agriculture purposes from 0 to 15° [1]; (ii) perennial rivers, as main sources for AFS irrigation; (iii) roads, such as paved, gravel, and dirt roads and or trails that allow motorized vehicles circulation [50], access to agriculture plots and the use of machinery; (iv) human settlements, since agriculture is generally established close to towns and villages.



To determine the effect of slope, we generated a raster map with slope classes every 5°, which was converted into vector format and overlaid to the land use map 2012, in order to identify the areas of AFS and CAS per slope category. For linear features as perennial rivers and roads, we generated buffers of <250, 250–500, and >500, and then estimate the extent of ASF and CAS lying within each distance range. Same process was applied to estimate the influence of proximity to human settlements, but in this case distance buffers were established at 500, 1000, and >1000 m from a town or village.



Finally, descriptive statistics were generated to explain the magnitude of agricultural land use changes and the relation of main landscape factors with the AFS and CAS occurrence.





3. Results


3.1. Distribution of the Agricultural Land Use


Within each community, the percentage of their corresponding territory dedicated to any agricultural system was low in comparison with natural ecosystems extension. Of the five communities covering 61,510 ha in total, 1,955 of them are agricultural land, including 906 ha of AFS. On average, agricultural land use cover was present in only 5% of the analyzed territories, while conserved natural ecosystems cover on average 86% of those territories (Figure 4).



The agricultural land use increased by 109 ha (5.5%) between 1995 and 2012. However, within this land use traditional AFS increased from 37% in 1995 to 46% in 2003 and 2012, meanwhile CAS decreased (Table 2). In agroforestry systems, the most widespread practice is vegetation fringes, and the least represented is vegetation patches. Nevertheless, this latter category increased slightly by 2012 as did two other categories: terraces with vegetation and isolated trees inside the plots (Table 2).



In the two communities located on the lowlands, throughout the alluvial valley, the agricultural practices are in sharp contrast: in Axusco CAS is dominant; 11% of the territory is agricultural land, and 8% are grasslands and fallow agricultural fields, while 78% is formed by conserved tropical dry and thorn-scrub forests. In this community the number of small agricultural plots with AFS has progressively increased, this traditional system was absent by 1995 while 22 ha were recorded by 2012, nearly 5% of its whole agricultural area (Figure 4, Table 2). The low proportion of agricultural land with AFS may be due to its location in the main alluvial irrigated valley of the region, where commercial production of sugar cane predominates and intensive agriculture utilize machinery, irrigation, and high agrochemical inputs. In contrast, in Quiotepec AFS represent the major agricultural land use. These are developed in the central area of the ejido, and vegetation fringes are the most widespread agroforestry practices. Plantations of fruit trees and home gardens are predominant, and their products are for local and regional commercialization. Nearly 93% of the ejido land is covered by conserved tropical dry and also by thorn-scrub forests and no significant land use changes were identified during the studied period (Figure 4, Table 1 and Table 2).



In Atolotitlán, the agricultural zone is markedly fragmented into numerous small plots, but it is also the community where all four categories of AFS and their largest total extent were recorded, with a total of 700 ha. The dominant agroforestry practice is placing vegetation fringes, although these had decreased by 2012, accompanied by an increase on the isolated trees category. Agriculture was concentrated in the western part of the community territory, covering 7% of its area, while grasslands cover 11%, and conserved columnar cacti forests 82% (Figure 4, Table 2).



Within the communities located in the highlands, the agricultural distribution patterns and changes differ from those described above. In Pápalo, agriculture covers 7% of its territory, grasslands 11%, and conserved natural ecosystems composed of oak–pine forest 82%. In this community predominant agricultural practices are CAS, but they decreased from 97% in 1995 to 81% in 2012. In contrast, AFS increased from 3% to 19%, respectively, in fragments of contiguous oak–pine forests for the production of goods for direct domestic consumption. The most representative agroforestry practice is the placement of vegetation fringes and vegetation patches (Figure 4, Table 1 and Table 2). Meanwhile, in Ixcatlán, the largest studied community, with a territory of nearly 45000 ha inhabited by 500 people, all agricultural land use practices are carried out. Only small parts of their territory are used for crop production (only 1%) or cattle raising (grasslands cover nearly 4%), while most of the community territory, 95%, maintains conserved oak–pine forests. Nevertheless, current agriculture practices are mainly represented by CAS. Also, the community recorded an increase of nearly 100 ha of agricultural land use between 1995 and 2012, 70% of them being AFS, and 30% CAS (Figure 4, Table 2).




3.2. Land Use Changes 1995–2012


The analysis of agricultural land use changes between 1995 and 2003 and from 2003 to 2012 (Figure 5) show that in all the communities that were studied, most of their corresponding territories have conserved natural ecosystem cover; additionally, during period studied these natural ecosystems have remained unchanged by about 99%. Nevertheless, agricultural expansion over natural ecosystems was detected by less than 1% in almost two decades.



From 1995 to 2003 the main land use change (nearly 17%) was due to farmland abandonment (C), where CAS and AFS lands are in the process of being reconverted to natural ecosystems. The second most important change (9%) was the conversion of CAS into AFS (A). Also, agricultural land use rotation was identified: nearly 5% of AFS and 7% of CAS were converted into grassland and farmlands at rest areas (F), while nearly 7% and 2.5% of grassland and farmlands at rest were converted into CAS and AFS (E), respectively, which is associated to the rotation dynamics which involve periods of cultivation and resting of the land (Figure 5).



For the 2003–2012 period same land change patterns were found. The most important change was again agricultural land abandonment, from AFS (20% of its area) and CAS (15.5%) to natural ecosystems (C). In this period agricultural rotation was also dominant, represented by the conversion of AFS and CAS into grassland and farmlands at rest (F) and vice versa (E) (Figure 5).




3.3. Factors Influencing the Establishment of Conventional Agriculture System and Agroforestry Systems


The Agroforestry Systems (AFS) and Conventional Agriculture System (CAS) distribution patterns show that the incidence of agriculture in the Tehuacán-Cuicatlán Biosphere Reserve is significantly influenced by human settlements, roads and slopes. Nearly 80% of agricultural fields occur no more than 3 km away from human settlements (ASF at 2.8 km, and CAS at 3.2 km in average); and agriculture is not practiced at all at locations that are more than 5.3 km away from human settlements. Roads are also important, nearly 80% of agriculture (either ASF or CAS) is practiced in areas less than 600 m away from a road, and not a single agricultural plot was found more than 1.6 km away from a road. Terrain slope is also relevant for agriculture, nearly 75% of both AFS and CAS plots are on terrains with less than 15° of inclination. Nevertheless, data show that AFS are increasingly occupying higher slopes along the observed period (Figure 6).





4. Discussion


In the communities studied, agriculture is the main economic activity, but it is carried out only on about an average of 5% of their territories, while nearly 85% are covered by conserved natural ecosystems. These data indicate that all communities studied, and most likely the majority of the rural communities in the region, maintain most of their territories as forests, and local inhabitants obtain diverse forest products from them. This includes more than 2,000 plant species used for timber and non-timber products at a regional level, as documented by Casas et al. [21,45]. No significant increase in agricultural area was recorded for the studied period, probably because of in 1998 the region was decreed as a biosphere reserve and strict regulations started to be implemented to stop clearing the forests.



Based on our study, two main findings regarding trends for the incidence of agriculture in the region were identified: (i) in CAS dominated communities, intensive agriculture presents a slight conversion trend into AFS, both within the communities at the highlands and at the lowlands. (ii) In AFS dominated communities, agroforestry practices are being maintained and diversified. In Quiotepec and Atolotitlán, 99% of the agricultural land use that remained unchanged was occupied by AFS practices; and in both cases a diversification of AFS practices was observed. These tendencies are similar to patterns documented in other parts of the world. The area under agroforestry practices in Latin America is estimated to be between 200 and 350 million hectares [51]. In recent years it has been revalued as a productive system that, involving local knowledge and agroecological science, increases food security and allows for the conservation of nature. Therefore, government and non-governmental institutions, international cooperation agencies, and private companies are allocating funds and resources to regulate, develop, and expand these agroforestry systems [51,52]. This is also happening in developed countries; for instance, in the European Union explicit policies to promote agroforestry practices and their expansion have been applied [53].



This study at a regional level highlights the importance of multiscale analyses of environmental issues. We found AFS are permanent and on the rise within the communities studied, while locally based studies have reported the opposite. Local people from Atolotitlán [30], as well as from several other communities [35], had pointed out that both AFS and natural vegetation cover were decreasing. Thus, the fact that AFS represent on average 51% of the agricultural land use is an incentive to support the biocultural conservation efforts carried out in the region [30]. These efforts may preserve and promote these productive systems that represent a transition between traditional millenary systems and modern agricultural techniques [37], a model that has proved its effectiveness in favor of biodiversity and cultural conservation, as well as in climate change mitigation programs [1,52,53].



The general pattern of distribution of agriculture in the region is the concentration of agricultural plots around and close to human settlements and roads. These are factors previously considered by Loures [27] and Panagopoulos [28] as crucial elements for analysing landscape quality. Humanized landscapes are more predisposed to be transformed, and roads and towns may serve as factors to boost or diminish landscape quality and fragility [27]. Terrain slopes is determinant in the decision to establish agricultural fields, and it may differ among communities according to their topography. Terrain slope has been considered as a factor related to landscape fragility [54]. In the alluvial valleys of the lowlands, agricultural plots are in areas between 0 to 5° of inclination, while in the mountainous highlands agricultural plots may reach even 35°. No differences were identified in all these factors when deciding the establishment of intensified (CAS) or agroforestry (AFS) agricultural systems.



These communities are in a protected area, the Tehuacán-Cuicatlán Biosphere Reserve, where programs for conservation include actions that indirectly influence the maintenance of AFS. There are regulations against tree felling, and extraction of fuelwood and ornamental plants. However, there are no explicit programs to protect AFS; on the contrary, governmental programs subsidize agricultural producers according to the cultivated area, to the disadvantage of producers in plots where natural vegetation is left standing [32,33,34,35,36,37].



Based on information from this study we visualize that the landscape of the Tehuacán-Cuicatlán Valley is a mosaic of rural indigenous and Mestizo communities, with agricultural areas including agroforestry systems, fallow agricultural fields, and human settlements with diverse home gardens. This mosaic is immersed in large extensions of natural forests that have been managed for thousands of years and that harbor high levels of biodiversity [12]. Forests of the region are diverse and contrasting, including Pinus, Quercus, and Juniperus associations dominating in temperate highlands, columnar cacti forests dominated by Pachycereus weberi, Neobuxbaumia tetetzo, Cephalocereus columna-trajani, Myrtillocactus geometrizans, Escontria chiotilla composing the intermediate piedmont areas, some of them reaching 20 m height [42,43]. In the lowlands, alluvial valleys are dominated by great extentions of mezquital dominated by Prosopis laevigata and some patches of tropical deciduous forests dominated by Bursera spp. [42,43], where mechanized agriculture, importantly plantations of sugarcane, are dominant aspects of the landscape [36]. All these agroforestry, forestry, and human occupied areas are reservoirs of high biodiversity and a biocultural heritage of Mexico, and as such these systems deserve to be understood and protected [32,33,34,35,36,37,38].




5. Conclusions


AFS in the Tehuacán-Cuicatlán Valley have been maintained and even increased in area during 1995–2012, with the main change being the abandonment of CAS land. Agricultural land use is dynamic; although some agricultural land had been abandoned, new agricultural areas also emerged. Therefore, there has been no significant increase in the area of agricultural land, but its spatial distribution has changed in some places. Although some AFS have intensified to become CAS, overall, AFS have being increasing over CAS.



Management of communal land by Tehuacán-Cuicatlán Valley locals has allowed the conservation of nearly 90% of the natural ecosystems of the region. This management has been based on agricultural systems combining traditional and intensive practices. Traditional AFS do not seem to be in process of disappearing, as stated by several authors. This study reveals that AFS regional analysis contributes to the recognition of the importance of biocultural diversity conservation in this highly biodiverse protected area, particularly after identifying that AFS are ongoing systems that allow for the production of goods to satisfy human needs in harmony with the conservation of biodiversity.



Considering the recent declaration of this area as a UNESCO’s World Heritage site, which emphasizes the interaction between local population and the natural environment, these AFS demonstrate to be an effective land use tool both for cultural and diversity conservation.
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Figure 1. Communities analyzed within the Tehuacán-Cuicatlán Biosphere Reserve, México. Sources: SPOT image 2012; Agrarian units, from the National Agrarian Registry (RAN) [46]; biosphere reserve boundaries, from National Commission of Natural Protected Areas´ (CONANP) official web site [47]. 
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Figure 2. Methodological flowchart depicting materials and processes to analyze the agricultural land use change at the Tehuacán-Cuicatlán Biosphere Reserve, 1995–2003–2012. 
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Figure 3. Agricultural land uses identified in the selected communities of the Tehuacán-Cuicatlán Biosphere Reserve: (1.1) fringes of vegetation inside or surrounding the agricultural fields; (1.2) terraces with vegetation; (1.3) isolated trees scattered throughout an agricultural field; (1.4) vegetation patches; (2.1) conventional agriculture without arboreal vegetation; (2.2) areas with very low tree coverage; (2.3) agricultural terraces without trees or other natural vegetation. Sources: orthophotos 1995 and own field pictures. 
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Figure 4. Land use and agricultural land use change at five representative communities within the Tehuacán-Cuicatlán Biosphere Reserve. For graphic purposes only main four agricultural land use change processes are shown in maps. 
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Figure 5. Agricultural land use change 1995–2003 and 2003–2012. Boxes represent grouped land use categories, arrows denote land use change processes. Arrow thickness indicates the percentage of change per category, converted to other land use. The percentage of unchanged area per land use category is indicated within the box. 
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Figure 6. Main landscape factors related to agroforestry and conventional agriculture systems occurrence. AFS = Agroforestry Systems, CAS = Conventional Agriculture Systems. 
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Table 1. General socio-ecological aspects of the studied communities in the Tehuacán-Cuicatlán Valley. Sources: land tenure [42], vegetation and elevation [44], farming practices and agroforestry systems [35,37].
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Arid-Alluvial Valleys

	
Arid

	
Temperate




	
Aspect

	
Variable

	
S. J. Axusco

	
S. Quiotepec

	
S. L. Atolotitlán

	
S. L. Pápalo

	
S. M. Ixcatlán






	
Ecologial Contex

	
Vegetation

	
Tropical dry forest and thorn-scrub forest

	
Tropical dry forest and thorn-scrub forest

	
columnar cacti forests

	
Oak-pine forests

	
Oak-pine forests




	
Elevation (m)

	
700–900

	
500–700

	
1800–1900

	
2000–2500

	
2000–2200




	
Sociocultural Contex

	
Ethnicity

	
Náhuatl

	
Mestizo and Cuicateco

	
Mestizo and Náhuatl

	
Cuicateco

	
Ixcateco




	
Land tenure

	
Ejido

	
Indigenous community

	
Ejido

	
Indigenous community

	
Indigenous community




	
Farming Practices

	
Crops

	
Corn, bean and squash

	
Corn, bean and squash

	
Corn, beans and squash

	
Corn, bean, gourd, fava beans, peas

	
Corn, bean and squash




	
Fallow period

	
6 months

	
6 months

	
1–5 years

	
1–3 years

	
6 months




	
Irrigation

	
Yes

	
Yes

	
No

	
No

	
No




	
Machinery

	
Tractor and Plough

	
Plough

	
Plough

	
Plough and mattock

	
Tractor and mattock




	
Agrochemicals

	
No

	
Yes

	
No

	
Yes

	
No




	
Livestock

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
Agroforestry Systems

	
Principal uses

	
Edible fruit, shade and fodder

	
Other edible product, shade and fodder

	
Edible fruit, firewood and shade

	
Shade, firewood and boundary

	
Shade, firewood and boundary




	
Species richness

	
10

	
32

	
71

	
18

	
29




	
Diversity (Shannon Index)

	
N/A

	
N/A

	
3.2

	
2.5

	
2
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Table 2. Agroforestry and conventional agriculture practices extent (in hectares) by community and observed year. Source: Own data.






Table 2. Agroforestry and conventional agriculture practices extent (in hectares) by community and observed year. Source: Own data.





	
Community (Agrarian unit)

	
Total Hectares

	
Year

	
Agroforestry Systems

	
Conventional Agriculture Systems




	
Fringes of Vegetation

	
Terraces with Vegetation

	
Isolated Trees

	
Vegetation Patches

	
Conventional Agricultural

	
Terraces without Vegetation

	
Low Tree Coverage






	
Axusco

	
4699

	
1995

	
0

	
0

	
0

	
0

	
559

	
6

	
20




	
2003

	
8

	
8

	
8

	
0

	
507

	
6

	
41




	
2012

	
14

	
0

	
2

	
6

	
462

	
2

	
24




	
Quiotepec

	
4527

	
1995

	
89

	
0

	
0

	
0

	
2

	
0

	
11




	
2003

	
115

	
1

	
3

	
0

	
2

	
0

	
5




	
2012

	
122

	
4

	
0

	
0

	
1

	
0

	
0




	
Atolotitlán

	
10941

	
1995

	
393

	
65

	
79

	
32

	
44

	
1

	
75




	
2003

	
451

	
79

	
154

	
25

	
31

	
0

	
29




	
2012

	
339

	
101

	
91

	
77

	
25

	
8

	
55




	
Pápalo

	
4243

	
1995

	
0

	
0

	
0

	
8

	
233

	
0

	
28




	
2003

	
18

	
0

	
0

	
1

	
138

	
0

	
79




	
2012

	
19

	
0

	
10

	
12

	
178

	
0

	
82




	
Ixcatlán

	
45719

	
1995

	
48

	
4

	
23

	
1

	
283

	
63

	
144




	
2003

	
123

	
34

	
16

	
0

	
316

	
0

	
72




	
2012

	
126

	
65

	
36

	
0

	
346

	
5

	
82
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