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Abstract

:

Identifying degraded lands and degradation trends is essential to determine measures that contribute to avoiding, reducing, and reversing the rate of deterioration of natural resources. In this study, we assessed the state and trend of degradation in Ixtacamaxtitlan, Puebla, Mexico, by determining the spatial and temporal changes of three indicators, Land Cover (LC), Land Productivity Dynamics (LPD), and Soil Organic Carbon (SOC), during the period 2000–2015, using global data proposed by the Convention to Combat Desertification for the implementation of Land Degradation Neutrality (LDN). The results showed increases in croplands (6.89%) and a reduction in grasslands (9.09%), with this being the transition that presents the most significant extension in the territory. The LPD is the indicator where the most deterioration was observed, and due to negative changes in LC, SOC losses were estimated at more than 7000 tons in the study period. The proportion of degraded land was 19% of approximately 567.68 km2 of Ixtacamaxtitlan’s surface. Although the municipality presents incipient degradation and only a tiny part showed improvement, identifying areas with degradation processes in this work will favor degradation monitoring and the adequate planning and application of restoration measures in the local context to promote the path towards LDN.
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1. Introduction


Land degradation (LD) is a globally relevant environmental problem [1,2] that negatively affects biodiversity, ecosystem services, and the lives of millions of people by promoting poverty and migration [3,4]. However, the dynamics and complexity of this phenomenon make it challenging to diagnose due to the heterogeneity and interaction of biophysical and socioeconomic factors that impact the land [5,6]. Some of its main drivers are climatic variations, extreme weather events, land-use changes, deforestation, overgrazing, inadequate agricultural practices, and population growth [6,7].



Several studies have evaluated the phenomenon of LD at international [8,9,10] and national scales [11,12]. These studies have meant progress in integrating knowledge about ecosystems and the factors that cause degradation [13]. However, the studies conducted in the last 30 years present inconsistencies due to the complexity, variety, and quantity of indicators used; therefore, the information is not comparable between regions [14,15,16]. Furthermore, data is scarce at more minor scales (local and regional). In many cases, the implementation and reproducibility of methodologies are costly and hardly applicable [15,17].



Recently, the United Nations General Assembly introduced the concept of “Land Degradation Neutrality” (LDN), which is part of one of the Sustainable Development Goals (specifically SDG 15.3) and whose purpose is to avoid, reduce, and reverse land degradation (decision 3/COP.12) [1]. Thus, it seeks to maintain a balance between the quantity and quality of non-degraded and degraded land or land in the process of degradation [18].



The LDN is estimated by applying a conceptual and methodological scientific framework conducted by the Convention to Combat Desertification (UNCCD) [19,20]. In this framework, the assessment of LD employs three biophysical indicators: (a) Land Cover (LC), (b) Land Productivity Dynamics (LPD), and (c) Soil Organic Carbon (SOC). The determination of the indicators serves as a basis for establishing the current state of the land, knowing the changes and trends over time, monitoring the progress or reverse of degradation, and determining the proportion of degraded land (SDG 15.3.1) [19,20,21,22]. In addition, the convention provides a global dataset to diagnose land changes and proposes a diagnosis over a 15-year period, which allows for the determining of degradation trends [18,20].



Most of the studies of LDN have been conducted since 2015. They examine the concept [3,23,24,25,26,27] and apply LDN methodology at national levels [18,28,29,30] or in large watersheds (>1000 km2) [5,13,31,32]. However, in some of these studies, only one of the three indicators was used [33,34], and in others, the information for these was obtained from methods different from those recommended by the UNCCD [4], which limits making a comparison between them.



According to our review, there are no published studies for Mexico about LDN assessment, possibly because there is no information on LPD and SOC indicators. In addition, the necessary data posted by the National Institute of Statistics and Geography (INEGI, Mexico) to determine the country’s LC present variations in terms of the categories of classification, the temporal scale, and the methodology used [35]. Therefore, it is difficult to perform a detailed quantification of the indicators’ state and trend and the changes that occurred over time, both at national and local scales. This situation does not allow proposal strategies to be planned, managed, and implemented to minimize the negative effects of degradation on environmental, social, and economic dimensions [36].



This paper presents the application of the LDN methodology at the local level, taking as the study system the municipality of Ixtacamaxtitlan located in the Sierra Norte of Puebla (Mexico). Ixtacamaxtitlan presents diverse contrasts between the vegetation, relief, and climate that make it vulnerable to degradation [37]. In addition, a series of hydrometeorological phenomena, anthropic processes affecting the state of natural resources, socio-environmental conflicts, and poverty have been documented for the study area [38,39,40,41,42]. However, there is no detailed quantification of its environmental state nor its potential risk of degradation.



The objective of the present study was to determine the state and trend of land degradation in Ixtacamaxtitlan, Puebla, Mexico, in the period from 2000 to 2015 through the LDN framework indicators. For this purpose, the global dataset recommended by the UNCCD [19] and the proposed methodology for LD assessment [22] were used. This methodology has been accepted worldwide and used at global, national, and regional levels, providing important information on land degradation.



The relevance of this research consists of applying the methodology at the local level over a period of 15 years, obtaining information on positive and negative trends and changes in the three indicators evaluated. Due to its spatial and temporal coherence, the use of global data allows the comparison between regions, easy interpretation of the results, the identification of degradation processes over time, and monitoring to 2030. In this sense, some socioeconomic and biophysical factors related to environmental deterioration in Ixtacamaxtitlán were highlighted. Furthermore, this investigation represents a baseline at the local level in the context of LDN, being the starting point for the development of public policies and strategies focused on the conservation, recovery, and restoration of natural resources.




2. Materials and Methods


2.1. Study Site


Ixtacamaxtitlan municipality is located in the north of Puebla, Mexico, between 19°27′–19°45′ N and 97°41′–98°03′ W, with a total area of 567.68 km2 (Figure 1). Its altitude varies between 2000 and 3400 masl with a temperate and semi-cold sub-humid summer rains climate. The average annual precipitation is typically 800 mm, and the temperature ranges between 12–18 °C [37]. The predominant soils are lithosols, regosols, and phaeozems [43]. The main economic activities practiced are agriculture, livestock, and forestry [37,44]. About 40% of the landscape consists of forested areas with primary and secondary vegetation of pine, fir, juniper, and pine-oak forests and regions of desert scrub [44].




2.2. Data Sources


The LC was determined from the data set of the European Space Agency’s Climate Change Initiative (ESA-CCI-LC) program, available at a spatial resolution of 300 m [19,45].



The Land Productivity Dynamics (LPD) was determined from the Normalized Difference Vegetation Index (NDVI), obtained from the Terra Moderate Resolution Imaging Spectroradiometer (MODIS, MOD13Q1) dataset. This set provides a time series of NDVI images generated at 16-day intervals and integrated annually at a spatial resolution of 250 m [46].



For the estimation of Soil Organic Carbon stock (SOC) (tC ha−1), the SoilGrids250 dataset developed by the International Soil Reference Information Center (ISRIC) was used. SoildGrids is a global raster layer at 250 m spatial resolution that predicts carbon stocks in the first 30 cm of soil depth, accounting for bulk density and gravel fraction [47,48].



The cartography processing (projection, delimitation, pixel adjustment and matching, classification, and map algebra) and the determination of the indicator’s state and trend were carried out in the QGis 3.12 and ArcGis 10.4 programs. The coordinate reference system used in the cartography was WGS84/UTM zone 14 N projection.




2.3. Detection and Analysis of Land Cover Changes


The LC classification from the ESA-CCI-LC dataset [49] was reclassified to the seven land-use categories proposed by the Intergovernmental Panel on Climate Change (IPCC) [50] and the LDN methodological framework [19] (Table 1). To determine the LC trend for each category, the total annual surface was quantified for every year of the study (2000 to 2015).



LC changes were analyzed with the start (2000) and end (2015) maps using a cross-tabulation matrix [19,51]. A change was considered positive or negative according to the transition from one LC category to another in the study period [52].




2.4. Determination of Land Productivity Dynamics


The NDVI trend was determined by calculating the arithmetic mean of the territory in each year (2000 to 2015). The index is dimensionless, and its values range from −1 to +1, where a higher value indicates more vegetation abundance, density, or health [5].



Subsequently, NDVI values in 2000 and 2015 were categorized into 5 classes: no data (<0.18); very weak (0.18–0.40); weak (0.40–0.63); moderate (0.63–0.80); and intensive (>0.80) [5,47,53]. The surface area for those years (2000 and 2015) was determined for each NDVI class, and then, the percentage of change was calculated by dividing the percentage of area in 2015 between the percentage of the area in 2000 minus 1 and multiplied by 100.



LPD describes the variability of land productivity based on the natural or productive characteristics of the Land Cover relative to its maximum potential NDVI range [5,47]. Thus, LPD is categorized into five qualitative classes of land productivity trends: 1 (declining productivity); 2 (early signs of decline); 3 (stable but stressed); 4 (stable, not stressed); 5 (increasing productivity) [19,22,54].



The LPD distribution map was made from a double-entry matrix with the determined 2015 NDVI classes and 2015 LC categories. First, each LC category (with or without changes) was assigned an LPD classification [5,47]. Then, the area of each given LPD class was determined by the same process used to calculate LC changes.




2.5. Soil Organic Carbon (SOC) Stocks Assessment


The SOC stock trend was determined using the annual arithmetic mean for every year of the study (2000 to 2015).



An overlay of the layers from the beginning and end of the period was performed with the SOC coverage information to determine the changes and surface (km2) encompassed by these changes. Regions that experienced a decrease in SOC ≥10% were considered potentially degraded, while those that experienced an increase ≥10% were considered potentially improved [55]. Finally, the SOC loss (tC ha−1) associated with negative changes in LC was determined.




2.6. Land Degradation State


As a result of the evaluation of the change processes produced in each of the indicators, negative changes were classified as “degradation”, positive changes as “improvement”, and areas that did not present transformation as “stable” [19,20]. In the case of LPD, areas classified as degradation were those whose LPD class was the lowest ranked, depending on their LC category.



A final map of degraded land was obtained by an intersection with the change maps of the three indicators. Areas were classified as degraded if at least one of the three indicators, LC, LPD, or SOC, presented a negative change; this was taking the principle of one-out-all-out (1OAO) as a basis [20,52,56].




2.7. Statistical Analysis


Mean NDVI values and mean SOC stock for 2000 and 2015 were compared with an analysis of variance (ANOVA) with a 95% confidence interval. Statistical analyses were performed with the Minitab® software version 19.1.





3. Results


3.1. Land Cover


The spatial and temporal distribution of the Land Cover (LC) categories in Ixtacamaxtitlan during the study period is shown in Figure 2. As can be seen, there are extensive forested areas distributed mainly in the center-south of the municipality, with some zones to the north and northwest. Croplands and grasslands were located in the center, with additional zones throughout the territory (Figure 2a).



The annual trend of the LC categories shows that croplands increased their surface, whereas grasslands had a decrease. During this period, forest lands showed minimal fluctuations between gains and extension losses (Figure 2b).



In 2000, the forest lands category predominated, followed by the croplands, each one with more than 36% occupancy (Table 2). However, by 2015, forest lands had a slight negative change, and croplands became the category with the largest surface area in the territory (38.65%).




3.2. Land Productivity Dynamics


The spatial distribution of NDVI classes for the years 2000 and 2015 in Ixtacamaxtitlan is shown in Figure 3a. The “very weak” and “weak” classes occurred in the central zone, where more croplands and grasslands were observed. On the other hand, NDVI values higher than 0.63 (moderate and intensive classes) were found in the south and northwest of the municipality, in areas associated with forest lands.



The NDVI annual mean (2000 to 2015) showed a positive trend during the study period (Figure 3b), with a statistically significant difference between 2000 and 2015 (p = 0.000); in 2000, the NDVI value was 0.43 (min. 0.18 and max. 0.76), and in 2015, it was 0.54 (min. 0.21 and max. 0.83). However, throughout the analyzed period, decreases in NDVI were observed in 2013, 2011, and 2005, being more pronounced in the last year.



In 2000, the density and abundance of vegetation considered “very weak” and “weak” was present in 94.32% of the territory. Furthermore, in that year, the vegetation did not exceed the NDVI value of 0.80, so the “intensive” class was inexistent (Table 3).



In 2015, the “very weak” class had a decrease in its extension, while the “weak”, “moderate”, and “intensive” classes increased; the increase of more than 366% in the “moderate” class stood out (Table 3). However, even though there was a positive trend, the annual mean in 2015 was classified as “weak”, and the extension occupied by the “very weak” and “weak” classes was larger than the “moderate” and “intensive”.



The analysis of the Land Productivity Dynamics (LPD), calculated from the LC and NDVI classes, is shown in Table 4. In areas with no change in the LC during the period, most of the forest lands showed a “stable, not stressed” productivity (34.48%), while the persistent grasslands presented a “stable but stressed” productivity (22.31%), and croplands exhibited “early signs of decline” (22.23%). The most extensive distribution of LPD classes in areas with negative LC changes were “declining productivity” (0.22%) due to forest loss; “early signs of decline” due to a loss of grasslands (1.27%), and “declining productivity” due to a croplands decrease (0.01%).



The spatial and proportional distribution of the LPD classes along Ixtacamaxtitlan is shown in Figure 4. The areas with “increasing productivity” presented few fragments over the municipal surface arranged in the center-south and northwest zone, in high areas considered forest lands (Figure 4a). On the contrary, areas classified as “declining productivity” were distributed to a greater extent in the central strip of the municipality, associated with cropland and grassland categories.



These findings were confirmed by the LPD area distribution data (Figure 4b), which showed that a quarter (25.77%) of the territory’s vegetation showed “early signs of decline”, while more than 15% was classified as “declining productivity”. With this information, it was defined that despite the NDVI trend showing an improvement, the dynamics between the NDVI classes, the LC categories, and their changes in the study period showed degradation processes in the intensity and persistence of the vegetation.




3.3. Soil Organic Carbon


The spatial distribution of SOC stock shows that the lowest content (less than 50 tC ha−1) coincided with cropland and grassland areas, which were the most extensive in the central strip of Ixtacamaxtitlan (Figure 5a). In contrast, the highest SOC concentrations, between 100 and 150 tC ha−1, were found in areas associated with forest lands in the south and northwest of the territory; in the same zone, some fragments with an SOC higher than 150 tC ha−1 were observed. Although a decrease in SOC stock was noticed (Figure 5b), there were no significant differences in the annual mean for 2000 and 2015 (84.95 and 84.71 tC ha−1, p = 0.486).



SOC losses in LC with negative changes amounted to more than 7068 tons of C (Table 5). The most significant decrease was observed in the conversion of grassland to cropland, with a reduction in the carbon stock of more than 83% of the total loss, followed by the conversion of forest land to cropland, whose transition experienced 15.42% loss.




3.4. Land Degradation State


The spatial distribution of degradation in Ixtamaxtitlán occurred mainly in the central strip of the municipality. At the same time, the areas with “improvement” were arranged with small fragments to the northwest of the territory (Figure 6a).



The indicator that presented the highest proportion area with negative changes was LPD, with 17.67% of the surface area, followed by LC with 2.94% and, finally, SOC, whose proportion of negative changes was less than 1%. According to the results of the three indicators and taking into account the 1OAO approach, the potentially degraded surface area was 19.00% (107.88 km2); therefore, most of the territory has remained stable (80.88%) (Figure 6b).



Of the 107.88 km2 with potential degradation, most occurred in croplands with 93.23 km2 potentially degraded, followed by grasslands with 12.72 km2; improvement occurred only in forest lands (<1%) (Table 6).





4. Discussion


The results of this work were obtained from the standardized methodology based on the evaluation of three key indicators, Land Cover, Land Productivity Dynamics, and Soil Organic Carbon, which allowed the comparison of results at different scales, were easily applicable and interpretable, and facilitated monitoring over time. The methodology was applied at the local level to obtain information on the state and trend of land degradation in the municipality of Ixtacamaxtitlan, Puebla, Mexico, over a 15-year period (2000–2015).



4.1. Land Cover Degradation


LC is a parameter that can change rapidly, so it is an important indicator to identify the reduction or increase of vegetation, ecosystem fragmentation, and land conversion generally produced by urban and agricultural expansion [1,57].



Although, in this study, we found that 96.7% of the municipality remained stable in terms of LC change dynamics, there was a negative trend in land cover categories due to reductions in areas with natural vegetation (forest lands and grasslands) and increases in productive or anthropogenic areas.



The loss of forest lands, interpreted as degradation in this study, was minimal, which may have been due to the efforts made by the State and Federal Government, as well as the willingness of the inhabitants to participate in counteracting the natural and anthropogenic phenomena that have occurred in the region: droughts and forest fires. These efforts include the declaration of Ecological Restoration Zones (with a surface area of 1.5 km2) and reforestation and soil restoration programs implemented from 1998 to 2015 [58,59]. Just from 2013 to 2015, almost 3 km2 were reforested using 2,485,530 tree seedlings [60,61,62].



Regarding the increase in croplands, according to data from INEGI [63], the economically active population dedicated to the primary sector increased by 3.4% between 2000 and 2015, suggesting that the population was employed in agricultural activities. Likewise, the main economic activity in the municipality is agriculture, of which 95% of the total production is for self-consumption [37]. However, actions that have promoted crop diversification and intra-regional commercialization have been encouraged, showing a varied productive activity [64,65,66]. On the other hand, migration, a common phenomenon in the municipality [67], could be another factor explaining the increase in croplands, as migration represents a potential flow of capital as a means of subsistence for migrant families [68,69]. Furthermore, in Ixtacamaxtitlan, there are public policies for rural territorial development in the context of migration (e.g., 3 × 1 migrant program), where remittances are supported and channeled to implement productive projects [42]. Together, these factors could promote the extensification or intensification of cultivation [68].



Some studies point to urbanization as a promoter of changes in LC [70,71,72,73]. However, in Ixtacamaxtitlan, this was not the case; the low urban development was reflected in the minimal expansion of human settlements during the study period, as it represented less than 1% of the territory. This information coincides with official reports from INEGI [63], where the municipality is recorded as a rural area with a low population density of 43.7 inhabitants per km2.



Kust et al. [27] mentioned that negative changes or alterations in the balance and composition of the LC externalize a potential land degradation; this possibility is integrated with the methodology when negative changes in the LC are related to the conditions of the LPD and SOC indicators as discussed below.




4.2. Land Productivity Dynamics Degradation


The NDVI in the municipality of Ixtacamaxtitlan showed a positive trend due to the increase in the area of higher rank classes, which highlights an improvement in the abundance and density of vegetation (Table 3). However, there were annual decreases in NDVI throughout the period that could have been due to atypical hydrometeorological phenomena, such as unprecedented droughts, cyclones, and cold fronts during 2004 and 2005 [38]. Likewise, in 2011, some frosts mainly impacted the agricultural sector [38], and in 2013, almost 4.5 km2 of grassland areas caught fire [60].



In this sense, a limitation of using the NDVI series is that there is no differentiation of degradation driven by climatic factors over human-induced degradation [18,74]. Nevertheless, it has been established that the determination of LDP, as a result of identifying changes in LC and its relationship with NDVI, is a robust approach for land degradation assessment and monitoring. LDP considers the variability of vegetation growth over time and its adaptation and resilience to various human-induced conditions [5,75]. In this sense, the positive trend of NDVI in Ixtacamaxtitlan was presented from low productivity before the study period; this promoted negative trends in LPD that manifested in processes of potential degradation in the intensity and persistence of vegetation in 17.7% of the territory.



It is also important to note that the NDVI classification determined the LPD classes in persistent areas. Thus, when comparing two LPD classes in forest lands that remained unchanged, we could observe that 195.71 km2 had a “stable, not stressed” productivity due to the “weak” and “moderate” NDVI class. In contrast, 8.91 km2 had an “increasing productivity” due to the “intensive” NDVI class, so this area was considered as having the best vegetation conditions, both for the LC, to which it belongs, and its NDVI class.



Regarding the negative changes in the LC, there were also differences in LPD classification; however, this classification depended on both its NDVI class and the LC transition that had occurred. For example, despite having a “moderate” NDVI, the transition from forest land to grassland had a “stable but stressed” LPD class. On the other hand, the transition from forest land to cropland had productivity categorized as “early signs of decline” due to biomass loss in the change.



The productivity in decline, considered as potential degradation in cropland areas, affected 39% of its surface. This phenomenon suggests a persistent decrease in productivity generally caused by the reduction or loss of organic matter through intensive cropland use [5].



In grasslands, “early signs of the decline” occurred in 9% of this category, which could be attributed to the reduction of biomass due to overgrazing [76], forest fires that happened in these areas, and the incidence of droughts throughout the study period [38]. Finally, declining productivity in artificial surfaces is considered as degradation due to the loss of vegetation by soil sealing [28].



Most of the territory of Ixtacamaxtitlan did not present negative changes in LC; however, the dynamics of land productivity presented negative trends that suggested degradative processes in an extensive area of grasslands and croplands.




4.3. Soil Organic Carbon Degradation


Soil is considered one of the leading C sinks; however, the loss of SOC due to land degradation promotes soil to become a source of C emission [77]. In addition, disturbance or vegetation removal due to transitions from natural to productive areas promotes an abrupt decrease in SOC stock due to soil exposure to natural factors [78].



The SOC content in the territory had a minimal but constant decrease throughout the study period. Even in the central area with the most significant extent of croplands and grasslands, there were zones with values below 50 t ha−1 in 2015.



Croplands are known to present low SOC concentrations due to the relationship with land productivity [18,28]; as already known, agriculture accelerates the loss of topsoil by natural and anthropogenic factors [54,78]. In this sense, Ixtacamaxtitlan is considered a municipality with a high vulnerability to the phenomenon of strong winds, as winds of between 100 and 130 km/h have been recorded at 10 m above the ground [38]. Therefore, the absence of vegetation in agricultural areas could promote soil loss; in addition, the steep relief and steep slopes generate conditions that favor runoff and soil loss when vegetation cover is diminished.



Although negative changes in LC directly influence decreases in SOC [79], in this methodology, losses were mainly associated with the type of transition in LC and, to a lesser extent, with the transition surface. For example, in the municipality, the loss in SOC stock was observed mainly in the transition from forest land and grassland to cropland and, to a lesser extent, from forest land to grassland (Table 5). The aforementioned is explained because although it has been shown that productivity is not the same in forest land and grassland surfaces, the SOC stock in these two categories presents a similar C content [79]. In the case of grasslands, this is due to the high root content in the subsurface soil zone, while in forest lands, the production and accumulation of leaf litter in the superficial part of the soil is the leading cause. Therefore, the decrease in this transition (forest lands to grasslands) was not so pronounced, especially in the long term when the grassland was established [80,81].




4.4. Land Degradation Neutrality


The definition of degradation trends in this study allowed for identifying the processes that occurred in the interim of the analyzed period. With this knowledge, it is possible to monitor these processes to lead to a better assessment of the condition of the territory.



Identifying degraded areas is of utmost importance to prioritize possible recovery and restoration actions and improve land in the context of its use. Even though there were some positive changes, the final analyses resulted in a potentially degraded territory, because the improvement or stability in any of the three indicators could not compensate for the degradation in another one. In this sense, the total degradation considering the evaluation of the three indicators represented one-fifth of the municipality’s surface (19%). Degradation occurred where there were low values in SOC and NDVI, in the transitions from cropland to grassland, and with negative trends in LPD, mainly in the central zone of the municipality, while areas with improvement were observed with small fragments in the northwest of the territory. Croplands presented a greater extent of degraded areas, followed by grasslands.



Determining the state of the land at the local level provides valuable preliminary information as a baseline, which helps monitor environmental degradation if an extractive project occurs. For example, implementing an open-pit gold mining project is a latent threat in Ixtacamaxtitlan; this could affect soil fertility and water availability [40,82,83]. Therefore, knowing the environmental baseline would help determine the magnitude of the impact, and then proper mitigation or restoring measures may be applied.



The global datasets have maintained a continuous mapping and standard methodology since 2000, which reduces possible inconsistencies over time. In addition, annual mapping makes it possible to recognize drivers of degradation in a given period without neglecting the transformations between study periods. Nevertheless, the 250 m spatial resolution for local scales may have caused the underestimation or overestimation of indicator values [28,33] that could not reflect some important positive and negative changes in the territory.



Validating the results obtained in this study is complicated by the absence of national data information on the indicators and the continuous spatial and temporal scale used. However, the use of ESA-CCI-LC maps to determine LC at the local scale in the study area presented an accuracy greater than 85% [84].



The methodology proposed by the UNCCD for assessing LD has been successfully applied at global, national, and regional scales [5,13,18,28,32]; however, there is still a lack of consensus on the methods for determining indicators. The main reason is the absence of data at minor scales that reflect the reality of a territory [29]. In that sense, the efforts to quantify degradation more accurately are evident in the diversity of methodologies proposed and used.



Even though the Neutrality objective has been a significant step forward in avoiding LD and is promoted from any scale, the main support is focused at the country-level, leaving aside the local aspect. Therefore, more information is needed on degraded land, and recovery and prevention measures must come from minor scales [31,85].



In this way, the methodology we reported may be an option to generate data at the local level for general planning purposes. In addition, this information can be complemented by using high-resolution satellite images [28] and field verifications to define degradation hotspots. However, identifying the drivers of degradation; the forms of land appropriation; and the actions needed to avoid, reduce, and reverse land degradation are fundamental requirements for advancing LDN.





5. Conclusions


The present study was carried out by applying an LDN approach, evaluating three indicators and global data to determine degradation in Ixtacamaxtitlan, Puebla, Mexico that can serve as a precedent for obtaining information on degraded areas in other municipalities or micro-basins.



It was concluded that there were negative trends in the three indicators assessed, mainly in the cropland and grassland areas. Changes in the LC were represented by the loss of grasslands and forest lands and increased croplands and settlements. Transformations were primarily due to the transition from grassland to cropland.



The cropland’s category was the one that presented the most significant negative changes in LPD and SOC indicators; this land use was distributed in areas of easy access and with slopes of less than 23% and was located in the center of the municipality.



Ixtacamaxtitlan is considered a region with intense agricultural activity that highlights the need to create sustainable soil management programs to maintain and improve soil quality; furthermore, the municipality has preserved areas of forest vegetation, so the identification of these areas contributes to preventing their degradation and promoting their conservation. The emergence of the NDT approach has been an essential step in the consensus on a methodology for assessing LD and seeking strategies to avoid, reduce, and reverse degradation. However, the lack of data at national levels makes it difficult to evaluate degradation at local scales, resulting in a diversity of methodologies to determine the LDN framework indicators that cannot always be compared and replicated in other areas. Therefore, the use of global data should be seen as a first diagnostic tool.



Land degradation results from a combination of multiple factors. It is a highly complex process of change, so further studies are needed to deepen the contextualized dynamics of the study area on the socioeconomic and biophysical factors of degradation. However, a land degradation baseline will promote the search for a better understanding of the complex relationships of land change processes and is the first step on the road to achieving Land Degradation Neutrality.
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Figure 1. Location of the municipality of Ixtacamaxtitlan, Puebla, Mexico. 
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Figure 2. (a) Land Cover spatial distribution for 2000 and 2015 in Ixtacamaxtitlan, Puebla, México; (b) Annual trend of Land Cover categories for 2000 to 2015. 
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Figure 3. (a) Spatial distribution of NDVI classes for 2000 and 2015 in Ixtacamaxtitlan, Puebla, México; (b) Mean annual trend of NDVI for 2000 to 2015. 
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Figure 4. (a) Spatial distribution of Land Productivity Dynamics (LPD) between 2000 and 2015 in Ixtacamaxtitlan, Puebla, México; (b) Distribution (area and %) of Land Productivity Dynamics (LPD) classes between 2000 and 2015. 
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Figure 5. (a) Soil Organic Carbon (SOC) stock distribution for 2000 and 2015 in Ixtacamaxtitlan, Puebla, México; (b) Soil Organic Carbon (SOC) mean annual trend for 2000 to 2015. 
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Figure 6. (a) Spatial Distribution of Land Degradation between 2000 and 2015 in Ixtacamaxtitlan, Puebla, México; (b) State of each indicator evaluated in Ixtacamaxtitlan, Puebla, México (2000–2015). 
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Table 1. Land Cover (LC) Classification.
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	Code
	Categories (UNCCD)
	Classification Description (ESA-CCI-LC)





	1
	Forest lands
	Tree cover; broadleaved/needle leaved; evergreen/deciduous; closed to open; 15 to 50% cover.



	2
	Grasslands
	Mosaic natural vegetation, tree, shrub, herbaceous cover (>50%)/cropland (<50%); scrubland, grassland; lichens and mosses; sparse vegetation, tree, shrub, herbaceous cover (<15%).



	3
	Croplands
	Cropland, rainfed/irrigated; with/without herbaceous, tree, or shrub cover; or associated with natural vegetation.



	4
	Wetlands
	Tree cover, flooded, saline water; tree cover, flooded, fresh or brackish water; shrub or herbaceous cover, flooded, fresh/saline/brackish water.



	5
	Settlements
	Urban areas.



	6
	Other lands
	Bare areas; permanent snow and ice.



	7
	Water bodies
	Water bodies.







Adapted from UNCCD [19].
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Table 2. Changes in Land Cover (LC) categories from 2000 to 2015 in Ixtacamaxtitlan.
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Categories

	
LC 2000

	
LC 2015

	
Change




	
(km2)

	
(%)

	
(km2)

	
(%)

	
(%)






	
Forest lands

	
207.61

	
36.57

	
207.35

	
36.53

	
−0.13




	
Grasslands

	
153.44

	
27.03

	
139.49

	
24.57

	
−9.09




	
Croplands

	
205.26

	
36.16

	
219.41

	
38.65

	
+6.89




	
Settlements

	
1.36

	
0.24

	
1.42

	
0.25

	
+4.41
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Table 3. Distribution of NDVI classes for 2000 and 2015. Ixtacamaxtitlan, Puebla, México.
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NDVI

	
2000

	
2015

	
Change




	
(km2)

	
(%)

	
(km2)

	
(%)

	
(%)






	
Very weak

	
253.15

	
44.59

	
97.16

	
17.11

	
-61.61




	
Weak

	
282.31

	
49.73

	
311.21

	
54.82

	
+10.23




	
Moderate

	
32.22

	
5.67

	
150.34

	
26.48

	
+366.85




	
Intensive

	
0

	
0

	
8.98

	
1.58

	
+100.00
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Table 4. Land Cover changes and NDVI classes between 2000 and 2015 for LPD (Land Productivity Dynamics) in Ixtacamaxtitlan, Puebla, Mexico.
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Land Cover

Categories 2000

	
Land Cover

Categories 2015

	
Change

	
NDVI Class 2015

	
Land Productivity Dynamics Class

	
Trend *




	
(km2)

	
(%)






	
Forest lands

	
Forest lands

	
8.91

	
1.57

	
Intensive

	
Increasing productivity

	
No Change




	
Grasslands

	
Grasslands

	
0.06

	
0.01

	
Intensive

	
Stable, not stressed

	
No Change




	
Forest lands

	
Forest lands

	
131.85

	
23.23

	
Moderate

	
Stable, not stressed

	
No Change




	
Forest lands

	
Grasslands

	
0.06

	
0.01

	
Moderate

	
Stable but stressed

	
Negative




	
Forest lands

	
Croplands

	
0.25

	
0.04

	
Moderate

	
Early signs of decline

	
Negative




	
Grasslands

	
Grasslands

	
12.40

	
2.18

	
Moderate

	
Stable but stressed

	
No Change




	
Grasslands

	
Forest lands

	
0.19

	
0.03

	
Moderate

	
Increasing productivity

	
Positive




	
Croplands

	
Croplands

	
5.21

	
0.92

	
Moderate

	
Early signs of decline

	
No Change




	
Croplands

	
Forest lands

	
0.38

	
0.07

	
Moderate

	
Increasing productivity

	
Positive




	
Forest lands

	
Forest lands

	
63.86

	
11.25

	
Weak

	
Stable, not stressed

	
No Change




	
Forest lands

	
Grasslands

	
0.99

	
0.17

	
Weak

	
Early signs of decline

	
Negative




	
Forest lands

	
Croplands

	
1.21

	
0.21

	
Weak

	
Declining productivity

	
Negative




	
Grasslands

	
Grasslands

	
114.30

	
20.13

	
Weak

	
Stable but stressed

	
No Change




	
Grasslands

	
Forest lands

	
0.73

	
0.13

	
Weak

	
Stable, not stressed

	
Positive




	
Grasslands

	
Croplands

	
7.21

	
1.27

	
Weak

	
Early signs of decline

	
Negative




	
Croplands

	
Croplands

	
120.98

	
21.31

	
Weak

	
Early signs of decline

	
No Change




	
Croplands

	
Forest lands

	
0.99

	
0.17

	
Weak

	
Stable not stressed

	
Positive




	
Croplands

	
Settlements

	
0.06

	
0.01

	
Weak

	
Declining productivity

	
Negative




	
Settlements

	
Settlements

	
0.88

	
0.15

	
Weak

	
Declining productivity

	
No change




	
Forest lands

	
Forest lands

	
0.44

	
0.08

	
Very weak

	
Stable, but stressed

	
No change




	
Forest lands

	
Croplands

	
0.04

	
0.01

	
Very weak

	
Declining productivity

	
Negative




	
Grasslands

	
Grasslands

	
11.67

	
2.06

	
Very weak

	
Early signs of decline

	
No change




	
Grasslands

	
Croplands

	
6.87

	
1.21

	
Very weak

	
Declining productivity

	
Negative




	
Croplands

	
Croplands

	
77.65

	
13.68

	
Very weak

	
Declining productivity

	
No change




	
Settlements

	
Settlements

	
0.49

	
0.09

	
Very weak

	
Declining productivity

	
No change








* Trend considered as a positive or negative change in the Land Cover (LC) category or no change in the study period.
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Table 5. SOC (Soil Organic Carbon) stock losses due to negative changes in LC in Ixtacamaxtitlan, 2000–2015.






Table 5. SOC (Soil Organic Carbon) stock losses due to negative changes in LC in Ixtacamaxtitlan, 2000–2015.





	
Land Cover

	
Change Area

	
SOC Stock 2000

	
SOC Stock 2015

	
Initial SOC Stocks 2000

	
Final SOC Stocks 2015

	
Change in SOC Stock




	
2000

	
2015

	
(km2)

	
(t ha−1)

	
(t ha−1)

	
(tC) *

	
(tC) *

	
(tC) *






	
Forest lands

	
Grasslands

	
1.05

	
96.35

	
95.94

	
10,117.06

	
10,073.82

	
−43.24




	
Forest lands

	
Croplands

	
1.49

	
96.87

	
89.35

	
14,433.57

	
13,312.83

	
−1120.74




	
Grasslands

	
Croplands

	
14.09

	
62.69

	
58.50

	
88,330.58

	
82,432.73

	
−5897.85




	
Croplands

	
Settlements

	
0.06

	
80.00

	
79.00

	
504.00

	
479.70

	
−6.30








* Tons of Carbon.
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Table 6. Land Cover and state of degradation in Ixtacamaxtitlan, 2000–2015.






Table 6. Land Cover and state of degradation in Ixtacamaxtitlan, 2000–2015.





	
Land Cover Category

	
Degradation

	
Stable

	
Improvement




	
(km2)

	
(%) *

	
(km2)

	
(%) *

	
(km2)

	
(%) *






	
Forest lands

	
0.50

	
0.09

	
206.16

	
36.32

	
0.69

	
0.12




	
Grasslands

	
12.72

	
2.24

	
126.76

	
22.33

	
0.00

	
0.00




	
Croplands

	
93.23

	
16.42

	
126.19

	
22.23

	
0.00

	
0.00




	
Settlements

	
1.42

	
0.25

	
0.00

	
0.00

	
0.00

	
0.00








* Percentage of the total area of the territory (567.68 km2).
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