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Social-ecological systems (SESs) possess a great diversity of land use and land cover (LULC) types with unique assemblages of biodiversity and ecosystem services. However, LULC changes due to landscape fragmentation are emerging as major threats to the system productivity of SESs around the world. This study examined changes to LULC extent and landscape patterns in the Village Tank Cascade Systems (VTCSs) of Sri Lanka using satellite imagery and GIS techniques between 1994 and 2021. Multispectral Landsat images (5 TM and 8 OLI/TIRS) obtained from Google Earth Engine were classified using machine learning algorithms. Overall accuracies obtained were 85.9% (1994) and 88.6% (2021). The LULC change matrix and spatial pattern metrics were used to examine LULC and landscape pattern change dynamics over the VTCS landscapes. LULC change matrix results revealed that forest, which is the dominant LULC class covering 73.7% of the total land area was reduced by 206,725 ha due to transformation into agricultural (70.43%) and scrub (24.33%) lands between 1994 and 2021. Over this time landscape pattern of the VTCS has gradually changed from forest to agricultural land-dominated landscape, with forest and agricultural land types showing a significant negative correlation (p < 0.001; R2 > 0.868), particularly in the southeastern region. Landscape patterns were analysed based on eight spatial metrics calculated at both the landscape and class levels using FRAGSTATS spatial pattern analysis software. At the landscape level, the structure became more dispersed and complex in shape. Heterogeneity was noted to have gradually increased with weakening connectivity, whereas the fragmentation process had gradually accelerated. At the class level, the dominance of forest patches decreased, fragmentation and isolation increased, and connectivity and shape complexity reduced leading to the loss of fragmented forest habitats. The number of patches within the agricultural class increased and became more aggregated and complex in shape. Landscape performance indicators show that VTCSs have experienced a gradual loss of environmental sustainability. Assessment of LULC along with fragmentation can help to monitor the spatial pattern impacts that determine ecological integrity. Thus, the study provides scientific guidance for ecological restoration in degraded VTCSs to effectively improve ecological productivity.
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1 INTRODUCTION
Social-ecological systems (SESs) around the world are receiving increased recognition in scientific research as they are facing many challenges due to the dynamics of anthropogenic environmental changes [1-3]. Social-ecological system (SES) landscapes are recognised as landscapes managed by local people based on their traditional knowledge and long-term interaction with the surrounding natural environment and biocultural values [4]. In most cases, a mosaic of multifunctional land use and land cover (LULC) systems in these landscapes provide bundles of ecosystem services that contribute to resilience and sustainable food production [5]. However, over the last four decades, SESs have experienced profound socio-economic transformations leading to the degradation of ecological and cultural values embedded in the landscape structure and composition [3]. Many studies present LULC change as one of the leading drivers, alongside climate change, of the deterioration of SES landscape values [6-13].
SES landscapes, referred to as Village Tank Cascade Systems (VTCSs) in Sri Lanka have been designated as a Globally Important Agricultural Heritage System (GIAHS) in 2017 [14]. The GIAHS, initiated by the Food and Agriculture Organization of the United Nations (FAO) in 2002, aims to identify and safeguard agricultural heritage systems around the world. The significant feature of the GIAHS landscape is the remarkable mosaics of LULC systems. The landscape structure and pattern support a high level of agrobiodiversity and biocultural diversity that, in turn, sustain local food systems [4, 14]. However, the Green Revolution (during the 1960s), transformed land use patterns in GIAHSs, shifting focus to increasing economic and social productivity, while giving less attention to ecological productivity [15, 16]. As a result of this shift in traditional agricultural practices, which has resulted in ecological and cultural integrity and their interconnectivity to the sustenance of local food systems being ignored, GIAHSs in several parts of the world, including the VTCSs of Sri Lanka, have partially collapsed [17-19]. In addition, over the past couple of decades, VTCSs have encountered issues (e.g., encroachment of forest habitats and illegal fellings of forest trees) due to the absence of proper local land governance, resulting in these landscapes being more vulnerable to anthropogenic forces [20-23].
LULC changes in VTCSs, directly and indirectly, impact ecologically important habitats of VTCS landscapes that generate ecosystem functions and damage ecosystem services that are important for maintaining resilience and sustainable food production [24, 25]. Most LULC changes occurring in VTCSs are manifestations of long-term interactions between anthropogenic and environmental drivers [26-31]. LULC changes in VTCSs are characterised not only by changes to the extent of a given LULC type but also by changes in attributes, such as shape, connectivity, aggregation, dispersion and diversity that determine the composition and configuration of the landscape [32]. Given the strong link between LULC systems and ecological integrity, it is important to determine changes in land use and cover types as well as changes to the structure and pattern of the landscape, especially to core and edge habitats of particular land use and cover types [33]. Structural and pattern changes influence the ecology of tank cascade ecosystems by altering interactive relationships between biota and their abiotic environment in the VTCSs over time [29]. The literature review revealed that studies on the evolution of rural SES landscape patterns due to the LULC transformation are lacking, while many focused on urban landscapes [34, 35]. Thus, understanding the impact of landscape pattern changes on ecological integrity is key to ecological restoration and sustainable land management in the VTCSs [36, 37].
Remote sensing techniques are popular among researchers analysing LULC change because land cover data can be obtained through satellite imagery conveniently and cost-effectively without direct access to local areas [38]. Thus, many studies have used satellite imagery coupled with GIS and remote sensing techniques to assess and quantify LULC changes and landscape pattern dynamics in rural and urban landscape management more broadly [39]. Machine-leaning algorithms have made considerable contributions to the classification of the LULC in many regions [40-42]. Among these, support vector machine and random forest algorithms have been used to classify the remote sensing images in previous studies conducted in rural and urban landscapes in Sri Lanka [23, 43]. Landscape pattern dynamics can be quantified through spatial metrics (landscape metrics) which express and quantify the characteristics of landscape pattern change [44]. Moreover, spatial metrics are important indices for understanding how landscape fragmentation occurs and its implications for the ecological integrity of the landscape [45-48].
This study systematically examines long-term LULC changes in the North and North-central VTCS zone of Sri Lanka between 1994 and 2021. Studying LULC changes and their impacts in this area is significant because this zone is becoming a climate and LULC change hotspot for environmentally and social-ecologically sustainable food production [49-52] (see section 2.1). Therefore, the study attempts to: i) establish the characteristics of spatiotemporal transformations that occurred in LULC systems of the VTCS landscape between 1992 and 2021; ii) analyse the changes that occurred to the spatial pattern of the VTCS landscape due to the LULC transformations between 1992 and 2021; and iii) determine the major implications of the LULC transformation and landscape pattern dynamics in VTCSs.
Achieving these objectives will provide the quantitative data necessary to further examine the significance of LULC changes on the ecological productivity of VTCSs. Thus, the findings of this study support ecological restoration planning of degraded lands of this GIAHS which is in line with the implementation of the 2030 Sustainable Development Goals (SDGs) target 15 on ‘Life on Land’ (15.1, 15.2 and 15.3), and target 2 of the Kunming-Montreal Global Biodiversity Framework (GBF) [53-55].
2 MATERIALS AND METHODS
2.1 Study area
The study was confined to the VTCS zone located in the north and north-central parts of the dry zone of Sri Lanka (Figure 1). The selected landscape is the largest VTCS zone of Sri Lanka with 617 VTCSs (58.8% of total VTCSs) [56]. The sacred cultural city of Anuradhapura, which was declared a World Heritage cultural city by UNESCO in 1982, is located in the heart of this zone. The VTCSs started to evolve based on this hinterland of the kingdom Anuradhapura in the fourth century BCE [57]. The North and North-central VTCS zone occupies about one million hectares, which is approximately 30% of the dry zone extent of Sri Lanka, of which, about 20% is used for paddy farming [17, 56]. Further, this zone claims approximately 16% and 27% of the paddy farming areas of the total land extent of Sri Lanka and the low country dry zone of Sri Lanka, respectively [58]. The tanks and the minor irrigation network at this zone allow farmers to grow paddy during the wet and dry seasons, either as an irrigated or a rainfed crop. Paddy (Oryza sativa L.) is the staple food of the population in Sri Lanka.
[image: Figure 1]FIGURE 1 | Location of the study area: (A) distribution of Village Tank Cascade Systems (VTCS) of Sri Lanka; (B) study area (North and North-central VTCS zone).
The entire VTCS zone is located within a single agroecological region (DL1) of Sri Lanka [59, 60]. The study area is characterised by a tropical monsoonal climate with a bi-modal rainfall pattern. The average annual rainfall in the study area is 1,320 mm and the average daily ambient temperature is 28°C according to the weather data of the Anuradhapura meteorological station [61]. The major soil groups prominent in this area are Reddish Brown Earths—Rhodustalfs (60%), Low Humic Gley—Tropaqualfs (30%) and alluvial (10%) [29]. There are undulating terrain features in this area with elevations ranging from 100 to 300 m amsl [29, 56]. The land use and cover systems of the VTCS zone, including features such as ecology, hydrology and vegetation, provide a favourable setting for the adoption of social-ecologically sustainable farming systems that are more resilient to the impacts of climate change [29, 59, 62, 63]. The bi-modal rainfall pattern allows farmers to cultivate two cultivation seasons: i) Yala (dry season) and ii) Maha (wet season). However, studies revealed that this zone is becoming vulnerable as a sustainable food production zone due to unpredictable climatic variations and reduction of environmental sustainability due to long-term changes to LULC systems caused by population growth, urbanisation and economic development [50, 63-67]. A significant forest cover loss was revealed in Anuradhapura district according to forest cover change assessment using satellite images during the last three decades (1992–2019) [23].
2.2 Preparation of satellite data
The study used Google Earth Engine (https://code.earthengine.google.com/; accessed on 10 December 2022) to acquire Landsat satellite images (5 TM) for 1994 and (8 OLI/TIRS) for 2021 with 30 m spatial resolution and multispectral bands based on the availability of high quality imagery for the study area during the evaluated period. The study extracted the annual median to produce cloud-free images with pixels of high quality for 1994 and 2021. In this study, we used 41 images for 1994 and 102 images for 2021 to obtain annual median pixels (Supplementary Table S1). The extracted images were then used for LULC classification in the study area described in Section 2.3. A flow chart of the study methodology is presented in Figure 2.
[image: Figure 2]FIGURE 2 | Workflow chart of the study methodology: (A) acquisition and pre-preparation of satellite data; (B) LULC classification and accuracy assessment; and (C) Analysis of LULC change and spatial metrics.
2.3 Land use land cover change detection
2.3.1 Defining LULC classification scheme
The study defined and adopted a LULC classification scheme encompassing five major socio-economically and ecologically important LULC systems of VTCSs, namely, agriculture, forest, waterbody, scrub land and other lands based on a 1:50,000 land use map of the Land Use Policy Planning Department of Sri Lanka. These LULC systems were a result of merging into broad groupings (Table 1). For example, LULC types of dense forest, open forest, micro forest and forest plantation were aggregated as forest LULC system as the study aims to investigate overall forest cover changes. Similarly, built-up land, barren land, commercial land and industrial land were put together as one group due to the intermixed nature of these LULC types. The study further aggregated paddy, shifting cultivation, seasonal crop and home garden horticultural lands as agricultural LULC system because they are small-scale farmlands and, in many cases, combined with hamlets because they are difficult to be distinguished from each other without fine scale image classifications. Further shrub land, grass land, and rock outcrop were categorised as scrub land LULC system due to their heterogeneity.
TABLE 1 | LULC Classification scheme.
[image: Table 1]2.3.2 LULC classification and accuracy assessment
The study used more than 2000 training samples from the study area for the periods of 1994 and 2021 for supervised classification. The LULC classification, used machine learning algorithms such as Random Forest (RF), K-Nearest-Neighbor (KNN), Support Vector Machines (SVM), and Neural Network (NN) available in R statistical software [68]. The accuracy of the classification methods was determined by considering each year’s overall accuracy and kappa statistics. The LULC for 1994 and 2021 were classified using the SVM algorithm, and the RF method, respectively [69]. The study used ancillary data and visual interpretation to identify misclassified areas [70]. The hybrid classification and majority filter (8 by 8) methods were used to remove the misclassification errors. These methods are commonly used to remove the misclassification errors in Landsat data [71-73]. A random sampling method was used to generate 500 random points each year, and accuracy was checked using ground truthing with Google Earth. The data obtained from the comparison between the reference and actual points were compared, and finally, the user’s accuracy, producer’s accuracy, and overall accuracy were extracted for classified LULC maps of 1994 and 2021 using ArcMap (version 10.8.2) [74, 75].
2.3.3 LULC change gradient analysis
To analyse multidirectional LULC change dynamics, a gradient analysis was applied using GIS-based concentric rings surrounding the geometrical centre of the study area [76]. A 2 km buffer zone was created, overlaying with the LULC maps of 1994 and 2021. The concentric zones were divided into four quadrants (northwest, northeast, southwest and southeast) to extract multidirectional LULC to analyse LULC change between agricultural land and forest in the four directions in 1994 and 2021 from the centre of the study area (Supplementary Figure S1). After the four directional profiles were created, forest and agricultural land percentages were extracted for each buffer zone (buffer zone samples) and finally, the correlation was calculated using forest and agricultural land percentages.
2.4 Analysis of landscape pattern changes
The study used FRAGSTATS version 4.2.1 [77] (https://www.fragstats.org, accessed on 15 June 2023) for the computation of spatial metrics for forest and agricultural LULC types in the study area. FRAGSTATS is a free software (spatial pattern analysis program for quantifying the structure of landscapes or categorical maps) developed by Oregon State University [33, 78]. FRAGSTATS can measure spatial metrics at different spatial scales (landscape, class and patch), for landscape patterns (landscape composition and spatial configuration) analysis. Further, FRAGSTATS can compute several statistics that quantify landscape heterogeneity and provide first-order and second-order statistical summaries of the class-level and patch-level metrics for the entire landscape [78]. There is an increasing trend of using FRAGSTATS among ecologists to analyse, characterise and undertake evidence-based decision-making on the fragmentation of social-ecologically important landscapes [13].
Raster maps of agriculture and forest LULC types for 1994 and 2021 were processed in ArcMap software and used as input data for FRAGSTATS [77]. The study employed spatial metrics to measure and describe the spatial pattern change under agriculture and forest LULC types in the study area. Due to the high diversity and heterogeneity of the LULC system of VTCS landscapes, five levels of potential spatial metrics in different spatial scales can be identified, namely, micro patch-level, patch-level, class-level, micro catchment-level and landscape-level (Figure 3). The study employed spatial metrics at the landscape-level and class-level to measure and describe the spatial pattern change under agriculture and forest LULC types in the study area because agroecosystems and forest ecosystems are considered the most important social-ecological LULC systems of the productivity and sustainability of GIAHS [79, 80].
[image: Figure 3]FIGURE 3 | Graphical illustration of potential levels of spatial metrics identified in a Village Tank Cascade System (VTCS) landscape based on social-ecological land use types for analysing landscape pattern changes: (A) Land use and land cover (LULC) in North and North-central VTCS zone in 2021; (B) a VTCS landscape meso-catchment showing a mosaic of LULC types; and (C) potential levels of spatial metrics identified in the VTCS landscape.
The study analysed three metrics at the landscape level: i) landscape shape index (LSI); ii) contagion index (CONTAG); and iii) Shannon’s diversity index (SHDI); and five class-level metrics; i) a percentage of landscape (PLAND); ii) patch density (PD); iii) mean patch size (Area_MN); iv) area-weighted mean patch fractal dimension (Frac_AM); and v) mean Euclidean nearest neighbour distance (ENN_MN) to evaluate forest and agricultural LULC systems in 1994 and 2021 as described in Table 2. All the aforementioned metrics were computed using the FRAGSTATS eight-cell neighbour rule [13]. Metric selection was based on previous related studies of rural landscape patterns that have demonstrated which metrics provide the best measures of changes to ecological productivity and social-economic driving forces of VTCS landscapes [48, 81-86]. The selected spatial metrics reflect the measures of aggregation, dispersion, shape complexity, heterogeneity, composition, dominance, fragmentation, structural complexity, connectivity or/and isolation from the class and landscape levels to the study landscape. In addition to the FRAGSTATS metrics, the study used two more landscape-level performance indicators adopted and modified from the literature [84, 87] to assess the impact of LULC change on the sustainability and productivity potentials of the VTCS landscape: i) Sustainable Land Use Indicator [SLUI] defined as the ratio between forest lands and agricultural lands; and ii) Agricultural Land Use Intensity [ALUI] defined as the ratio between the total VTCS landscape area and the total agricultural lands.
TABLE 2 | Description of landscape and class level spatial metrics used in this study.
[image: Table 2]3 RESULTS
3.1 LULC classification and change detection
The classified LULC maps for the years 1994 and 2021 are presented in Figure 4. The results of spatial and temporal changes that have occurred on the LULC classes are presented in Table 3. The findings show that agricultural and forest LULC classes dominate to the greatest extent in the VTCS zone in both the 1994 and 2021 periods compared with other classes. Scrub lands occupied 660 ha in 1994 and increased to 76,474 ha in 2021, reflecting an increase of 8.5% over 27 years. Waterbodies and other land classes (see Table 1) remained more or less stable in extent over the period. The results show a considerable expansion of agricultural lands from 185,521 ha (20.9%) in 1994 to 280,613 ha (31.7%) in 2021. More agricultural land expansion can be seen in 2021 on the southeastern side of the study area, mostly encroaching forest lands. Meanwhile, the extent of forest cover decreased from 73.7% in 1994 to 54.6% in 2021. Generally, forest cover reduction occurs across the whole study area. However, forest cover is reduced at least at the periphery of the zone, especially in the North and North-west. Conversely, greater forest habitat loss occurred in the southeast of the zone. Ratios of the landscape performance indicators imply that the Agricultural Land Use Intensity (ALUI) value decreased from 3.5 to 1.7 and the Sustainable Land Use Indicator (SLUI) value decreased from 4.8 to 3.2 between 1994 and 2021. Decreasing values of both indicators suggest an increased impact of agricultural expansion and intensification on the environmental sustainability of the VTCS landscape.
[image: Figure 4]FIGURE 4 | Land use and land cover classification for 1994 and 2021 in the North and North-central VTCS zone.
TABLE 3 | LULC classification statistics in the study area in 1994 and 2021.
[image: Table 3]3.1.1 Accuracy assessment of LULC classification
The accuracy of the classification methods was evaluated by considering each year’s overall accuracy and kappa statistics as presented in Table 5. The overall classification accuracy of 85.9% (Kappa coefficient of 0.79) and 88.6% (Kappa coefficient of 0.84) were attained for 1994 and 2021, respectively (Table 4; Supplementary Table S2). The overall accuracy established above 85% with no LULC type less than 70% is a widely acceptable value in a diverse range of satellite image classification applications [90-92]. Thus, the accuracy values archived in this study indicate acceptable precision of LULC classification and is in agreement with the ground reality.
TABLE 4 | Accuracy assessments of the LULC systems.
[image: Table 4]3.1.2 The dynamics of LULC types
The extent of LULC transformations, annual and net changes between LULC types from 1994 to 2021 are summarized in Table 5. The sum of row and column of each LULC system shows the total extent in 1994 and 2021. According to the LULC transformation statistics, a substantial forest area was converted to agricultural lands during the past 27 years. The net gain of agricultural lands was 95,092.7 ha (51.3%), being an annual increase of approximately 3,522 ha. During the past 27 years, forest cover reduced by −6,275.6 ha per year and the net forest cover lost was 169,441.9 ha (25.9%). The loss in forest cover was 206,725 ha, this transformed mainly into agricultural (70.43%) and scrub (24.33%) lands from 1994 to 2021. Substantial agricultural areas were also converted to scrub lands, resulting in a net gain of 75,814.7 ha from 1994 to 2021.
TABLE 5 | LULC transformation statistics from 1994 to 2021 in the study area.
[image: Table 5]The LULC dynamics were examined using LULC transfer matrix (Figure 5A) and Sankey map (Figure 5B). The transfer matrix was used to calculate the area of new gains, losses, persistent and swaps between different LULC systems. The transfer matrix summarises the LULC transformations in which the diagonals of the matrix indicate the proportion of LULC systems that showed persistence while the non-diagonal entries comprise the area converted from one LULC system to the other system between 1994 and 2021. The Sanky map was used to visualise these relationships. The LULC change matrix indicates the percentage of transformation from one LULC class to another from 1994 to 2021. According to the results, 66% of the agricultural lands and 68% of the forest lands remained unchanged between 1994 and 2021. During the same period, 22.3% of the forest lands were converted into agricultural lands and 7.7% into scrub lands. In the VTCS zone, 60% of the waterbodies remained unchanged in 2021 and 28% were converted to forest and agricultural lands. Of scrub lands 24% remained unchanged in 2021 and 38% and 20% were converted into agricultural lands and forest lands, respectively. A further 56% of the other lands were converted into agricultural lands from 1994 to 2021. The Sankey diagram visualises the LULC transition flows from one LULC class to another from 1994 to 2021. The results indicate that within the VTCS zone 19.1% of forest cover was lost and agricultural lands increased by 10.8% between 1994 and 2021. Further, LULC transition flows show majority of newly gained agricultural lands (>90%) were converted from forest lands. Scrub lands increased by 7.8% from the total land in 2021 and, similar to agricultural land gain, the majority (>65%) was gained from forest lands. The most significant LULC transformation pattern of VTCS landscapes was observed between forest and agricultural lands which was indicated in the Sankey map. In addition, scrub lands show a significant gain. Results show that other LULC transformations between LULC types were not remarkable.
[image: Figure 5]FIGURE 5 | The land use and land cover (LULC) transformation from 1994 to 2021. (A) The LULC area transfer matrix shows the percentage of each LULC class area (ha) converted to other LULC classes from 1994 to 2021 compared with 1994 extent. The diagonal (shaded grey) corresponds to the area of each LULC class that stayed persistent. The darker the shade of red, the larger the percentage of change; and (B) The Sankey diagram showing the LULC transformation flows from 1994 to 2021 in the study area.
Figure 6 shows the loss and gain of LULC types from 1994 to 2021 in the study area. Accordingly, the southwestern and southeastern parts of the VTCS zone underwent substantial LULC changes. For example, most of the forest in the southwestern part of the study areas was converted to agricultural lands and scrub lands. Similarly, a substantial amount of forest was lost in the southeastern region due to the transformation into agricultural lands. Figure 7 shows the comparison of agricultural and forest land composition in 2021 and the gain from different LULC classes relative to the 1994 extent. In 2021, 43.4% of the agricultural lands remained from 1994 to 56.6% was gained from other LULC types, of which 91.7% was from forest lands. For forests, 92.3% of the 1994 forest land remained in 2021 and 7.7% was gained from other LULC types, of which the majority (82.6%) was from agricultural lands in 1994.
[image: Figure 6]FIGURE 6 | Spatiotemporal land use and land cover (LULC) changes in North and North-central VTCS zone: (A) LULC types lost in 1994, (B) LULC types gained in 2021.
[image: Figure 7]FIGURE 7 | Composition of newly gained (A) agricultural land and (B) forest lands from 1994 to 2021.
3.1.3 Multidirectional spatiotemporal changes in LULC profiles
Figure 8 shows the multidirectional pattern changes in agricultural and forest LULC profiles, spreading from the centre of the study area to four directions (northeast, southeast, northwest and southwest) in 1994 and 2021. In 2021, the southeast direction, shows an expansion of agricultural lands (40%), from 2 km to 38 km from the centre of the study area. The northeast direction shows the expansion of agricultural lands by 85%, from 74 km to 78 km and a decrease in forest lands by an equal amount over similar distances in 1994 and 2021. In 1994 and 2021, there was a minimal increase in agricultural lands and a decrease in forest lands from 25 km to 74 km towards the northwest direction. Over this period there was a 35% increase in agricultural lands and a 30% decrease in forest lands occurring from 4 km to 18 km. Notable was also the expansion of agricultural lands by 55% and the decrease of forest lands by 70% happening approximately 75 km from the centre towards the coastal areas. Both northwest and northeast agricultural and forest lands LULC profiles showed similar changing patterns in 1994 and 2021.
[image: Figure 8]FIGURE 8 | Multidirectional and multitemporal change of agricultural and forest land profiles from the centre of the study area in 1994 and 2021.
In 2021 agricultural land cover profile showed an increase up to 35 km from the centre of the study area towards the southwest and southeast directions and thereafter decreased towards the coastal area. In 1994 agricultural land cover profile of the southwest direction showed a decrease from the centre of the study area towards the coastal area. However, in 1994 the southeast direction, agricultural land cover profile did not show a large variation from the center of the study area towards the coastal area. In the southeast direction, the agricultural land cover profile shows high agricultural intensification in 2021 compared to 1994. In the southern part, the agricultural and forest land cover profiles, show a substantial difference between 1994 and 2021 indicating forest land loss or encroachment in 2021 compared to 1994. In the southwest direction, forest land increased up to 52 km from the centre of the study area towards the coastal areas, indicating less disturbance for forest lands compared to the southeast. Figure 9 plots the coverage of forest and agricultural land for each concentric zone within each quadrant in 1994 and 2021. It shows that percentages of agricultural land and forest cover had a significant negative correlation (p < 0.001; R2 > 0.868). However, in 2021 in the southwestern directions, it showed a weak significant positive correlation (p < 0.001; R2 > 0.05).
[image: Figure 9]FIGURE 9 | Scatter plots and statistical relationships between the agricultural lands and forest cover change in four directions in 1994 and 2021 from the centre of the study area.
3.2 Spatiotemporal changes in spatial metrics
Figure 10A shows the results for landscape-level metrics in the study area. It shows a decreasing CONTAG (contagion index) and increasing LSI (landscape shape index) and SHDI (Shannon’s diversity index) from 1994 to 2021. The CONTAG value decreased by approximately 20%, indicating that the degree of fragmentation in the North and North-central VTCS landscapes increased. The SHDI increased by approximately 0.35, implying an increase in the diversity or heterogeneity of the LULC patches making up the VTCS landscape. The increase in LSI from 90 to 170 indicates the degree of complexity in the shape of LULC patch types in the VTCS landscape increased in 2021.
[image: Figure 10]FIGURE 10 | Spatial metrics analysis of agricultural and forest lands of the North and North-central VTCS zone in the years 1994 and 2021: (A) landscape-level metrics, and (B) class-level metrics for agricultural and forest lands.
Figure 10B shows changes in class-level metrics for forest and agricultural lands in the study area from 1994 to 2021. The result shows an increase in PLAND (percentage of agricultural land use class) by approximately 10% and PD (patch density) by approximately 1 in agricultural land use class and a decrease in PLAND (approximately 20%) and an increase in PD (approximately 2.5) in forest land use class. Increased PD and decreased AREA_MN (mean patch size) and ENN_MN (mean Euclidean nearest neighbour distance) values for forest indicate that forest became more fragmented and complex from 1994 to 2021 as larger patches were subdivided into smaller ones. The FRAC_AM (measure of the shape complexity of patches) of agricultural land use class increased in 2021, indicating that agricultural land use patches are complex in shape and do not tend to present simple perimeters in those patches. Further, a higher Frac_AM value indicates a greater proportion of the landscape is agricultural land. Conversely, the Frac_AM of forests decreased in 2021, likely due to deforestation. The ENN_MN for agricultural land use class declines from 1994 to 2021. A lower ENN_MN value in 2021 for patches of agricultural lands was probably due to patches within the class becoming more abundant and more clustered or aggregated in the study area. A slight decrease in ENN_MN for forests between 1994 and 2021, is probably due to the fragmentation of forest patches, resulting in a greater number of patches that are more interspersed in the landscape leading to isolation, reduced core-area and lowered connectivity.
4 DISCUSSION
4.1 Land use and land cover change
This study examined the long-term changes to five macroscale LULC systems in the major VTCS zone of Sri Lanka between 1994 and 2021. The findings from this research revealed that the study area underwent considerable land use and cover changes between 1994 and 2021, the most dominant being the expansion of agricultural land resulting in shrinking and fragmentation of forest land. This change mostly occurred due to the expansion of agriculture into forested areas. According to the multidirectional change analysis the greatest expansion of agricultural lands and forest cover loss occurred in the southern part of the study area compared to the northern part. The increasing demand for new fertile land for food production due to various external and internal pressures might have contributed to the conversion of forest land into agriculture. The patterns revealed in this study are similar to LULC change patterns in similar landscapes in other parts of the world. For example, the expansion of new crop cultivation areas, population growth and urban sprawl have been observed and attributed to increasing pressure on forested lands observed in tropical Asian and African regions [3, 41, 93, 94]. In contrast, cultural landscapes in Europe are threatened by the abandonment of agricultural lands and urbanisation [95]. The loss and alteration of forest habitats affect the biological diversity in the VTCS landscapes [96]. This has consequences on the environmental sustainability and food production of the VTCS because of their reliance on ecological productivity of the landscape [63, 97, 98]. Agriculture expansion at the expense of forest degradation associated with loss of ecological productivity and environmental sustainability agrees with similar studies in tropical and sub-tropical regions [92, 99].
As noted, the observed increase in scrub lands was mainly due to transformation from agricultural lands. This could probably be due to the turn away from traditional shifting cultivation lands that are affected by climate and soil fertility issues [65]. The small-scale shifting cultivation practised by local people in the past did not result in large-scale environmental damage due to the use of traditional practices of soil management to maintain ecological productivity [61, 100, 101]. However, at present shifting cultivation is becoming commercialised and intensive [102] and has lost its sustainability (evidenced by declining soil health) and economic productivity (evidenced by decreased profits) with the influence of the aforementioned driving forces. Thus, new cultivations tend to be established by encroaching on forested areas of VTCSs, because these forest lands are rich in soil organic matter. This trend can be seen in other tropical Southeast Asian, South Asian and African regions where shifting cultivation is largely practised [94, 103]. Encroachment and expansion of agricultural land use into forest areas led to forest fragmentation—the creation of new LULC patches around the encroached forest areas of VTCSs, depending on the spatial or environmental characteristics of the forest landscape.
4.2 Spatial metrics analysis
The analysis of three landscape-level metrics (CONTAG, SHDI, LSI) confirmed that the VTCS landscape became more fragmented between 1994 and 2021, altering the landscape pattern over the period. A decrease in CONTAG values reflects an increase in dispersion and/or interspersion of individual patches indicating the increase of inter-patch distance within the landscape [78, 104]. Increased SHDI indicates increased LULC heterogeneity of land use patches (number of LULC patches per unit area) while increased LSI depicts a high degree of complexity in the shape of LULC patches (number of ecotone length per unit area) in the VTCS landscapes [105].
The analysis of five class-level metrics revealed that agricultural lands in the study area are becoming more dominant with a more dispersed mosaic pattern between 1994 and 2021. The overall increase in the PLAND and PD, as well as the FRAC_AM indicates the expansion of agricultural lands, with the creation of new patches explaining an increase in fragmentation as well as the complexity of patch shape between 1994 and 2021. The reduction of distance to the nearest neighbouring agricultural land use patch (ENN_MN) and more or less stable mean patch size (Area_MN) indicate agricultural land patches were gained from other LULC types during the process of LULC transformation between 1994 and 2021.
The forest class metrics show a decrease in the percentage of forest class area (PLAND) between 1994 and 2021, suggesting overall forest loss in the VTCS zone during the evaluated period. Moreover, the reduction in the mean patch size of forest patches (Area_MN) and increase in patch density (PD) suggest that forested areas of VTCSs have undergone the process of fragmentation of forest patches during the evaluated period [106]. From 1994 to 2021, the shape complexity (FRAC_AM) decreased and the distance between patches (ENN_MN) remained largely stable. This suggests the loss of small fragmented forest patches in the landscape, with a few remaining large forest patches of the VTCS having become more isolated and confined to one or two areas. Thus, analysis of class-level metrics provided more detailed information about the process of landscape fragmentation that can be useful for understanding the ecological impacts of fragmentation [32, 105].
4.3 The driving forces and major implications of LULC change
External drivers and internal mechanisms influence LULC changes in VTCSs. Key among these are socio-economic, demographic, political, environmental and climate factors [107]. In this study, it emerged that the main cause of the LULC transformations in VTCSs was the encroachment of forest lands for agricultural expansion. This could have resulted from the population growth and urbanisation pressure as a result of large development programs that occurred after the end of the thirty-year-long civil war in the year 2009 at the North and North-central regions of Sri Lanka [50, 64, 67, 108-111]. According to Toma et al., 2023 [112] and Parvin et al., 2024 [113] socio-demographic factors such as increasing population and changing livelihood patterns increase the demand for food production. Thus, intensification of agriculture was obvious to ensure food security in the VTCSs. There is ample literature that supports the fact that social, economic and demographic factors are the major causes of LULC change dynamics in SESs, a phenomenon similar to the VTCSs [50, 64, 114]. In addition, policy gaps in natural resource conservation and sustainable land management have also been highlighted to influence socio-economic drivers in the study area [113, 115, 116]. Political drivers may also influence the natural resource governance in the VTCS areas [117, 118].
The findings of spatial metrics assessment established that LULC transformation resulted in uneven fragmentation of agricultural and forest lands in VTCSs. Thus, LULC dynamics and fragmentation changes the landscape composition and configuration changed considerably between 1994 and 2021. This led to a decrease in landscape variability (diversity of LULC types) and landscape heterogeneity (number, size and arrangement of LULC patches) especially in the forest lands, altering the structural balance of VTCS landscape (spatial proportions among natural, semi-natural and cultivated areas) [84, 87, 105, 119]. Thus, the VTCS landscapes showed decreasing biotic diversity and abiotic heterogeneity required to support and regulate ecosystem services leading to declining ecological productivity, similar to other cultural landscapes in the region [120]. Though agricultural expansion and intensification create economic and social benefits, it causes detrimental problems to ecological and social productivities in the VTCSs as a result of soil erosion, increased levels of nutrient flows, stormwater runoff, increased pollution levels, thermal environment changes and habitat destruction [19].
Fragmentation and loss of forest vegetation lead to modification of atmospheric moisture circulation and evapotranspiration regime in the VTCS environments [121]. In addition, the reduction of forest canopy and soil cover result to increased splash soil erosion due to canopy drips with high kinetic energy and surface runoff leading to increased sedimentation of tanks [61]. This causes increased eutrophication and water pollution in village tanks leading to decreased water productivity and increased risks of floods. Further, tank water pollution increases the risk to human health and aquatic biotopes, and decreased social and ecological productivity of VTCSs [120, 121]. Furthermore, landscape fragmentation alters the structural balance of natural vegetation, water bodies and croplands and may lead to a change in the thermal environment regime in VTCS areas [122]. This may also cause an increase in temperature to levels that may affect both human and crop health [123]. The conversion of forests into agricultural use is acknowledged as one of the main drivers of human-induced climate change [124]. In addition, agriculture intensification may also lead to health implications for communities living in VTCS areas as a result of air and water quality decline. Land use decisions may have a significant impact on air quality in both urban and rural landscapes [125, 126]. Shifting cultivation through slash and burning of forest lands increases smaller carbon particles in the air due to emissions of smoke [107]. Further, overuse of agrochemicals and fertiliser increases pollution loads to downstream areas and may lead to serious health implications [127].
Moreover, fragmentation of the landscape resulted in the weakening of habitat connectivity and likely had impacts on food webs, especially foraging by wild animals living there [128]. Previous research has found that changes in foraging behaviour and patterns of wild animals have led to reduced economic and social productivity of VTCS landscapes (e.g., human-elephant conflict) [65, 129, 130]. Thus, landscape fragmentation could decrease adaptive capacity and increase sensitivity of species communities leading to increased vulnerability to global environmental changes such as climate change [131-134]. Further, fragmentation of ecologically important habitats could impact the probability of bird occurrence in VTCSs which is an important element that contributes to cultural ecosystem services [135]. Therefore, ecological impacts of landscape fragmentation are inevitable and could have major consequences for the sustainability and productivity of the VTCSs. Even though fragmentation resulted in negative consequences on the social-ecological system, increased heterogeneity of agricultural lands due to fragmentation could positively support the production of some ecosystem services such as crop production, carbon sequestration and soil organic carbon retention [136]. Irrational land use planning can also undermine the sustainability and productivity potentials of VTCSs.
So far, only one peer-reviewed research study has been conducted highlighting the process of LULC changes using past topographic maps (1910, 1979, 2002 and 2018) and GIS technology [50]. However, this study was limited to quantifying short-term LULC spatiotemporal transformations in one of the VTCSs. Further, that study did not analyse spatial pattern changes that occurred as a result of LULC transformations. The landscape pattern dynamics due to LULC conversions should be analysed and quantified, as well as the ecological impacts. Therefore, systematic assessment and quantification of LULC change are required to inform social-ecologically acceptable land use policies considering social-ecological interdependencies and interactions to achieve sustainable land management practices in the VTCSs. However, to evaluate the effectiveness of land use decisions whether better or worse outcomes needs proper assessments of the aforementioned drivers and implications. Figure 11 shows the conceptual framework indicating relationships between the drivers of LULC change and their implications on VTCS landscape services and society.
[image: Figure 11]FIGURE 11 | Conceptual framework indicating drivers and implications of LULC changes in village tank cascade systems (VTCSs). The left part of the framework represents the external and internal mechanisms that interact and influence LULC and landscape pattern changes in VTCSs. The right part of the framework represents the benefits/impacts that arise from landscape ecosystem services/disservices to the society means of socio-economic and ecological productivity benefits and impacts.
4.4 Limitations and future directions
This study used Landsat 5 (TM) and Landsat 8 (8OLI/TIRS) images with different precision. In addition, 30 m resolution satellite data were used based on the availability of Landsat images of the study area for the period 1994–2021. The spatial resolution, 30 m of Landsat images is often not enough for capturing all microscale characteristics of land use and cover types such as upstream tree belt and downstream reservation of VTCS [56]. Thus, microscale LULC types that were found difficult to separate due to the limitation of image resolution were merged and segregated into five groups in order to achieve the study objectives. According to Misana et al., 2012 [137], merging different LULC types prevents some important spatial characteristics from being visible and may impact the quality of the classification. However, the five macroscale LULC classification groups used in this study have also been used for related studies undertaken in tropical regions, including Sri Lanka and were adopted for ease of comparison of LULC dynamics within the region [32, 50, 86, 92, 107, 113]. To enhance the precision of land use change results, future research can consider the use of higher-resolution satellite data (e.g., 10-m resolution Sentinel-2 data) to improve the identification capabilities for small-scale features. In addition, the use of a multi-scale approach that combines data of different resolutions to optimise the accuracy and applicability of land cover classification, especially in ecologically sensitive and complex change areas can also be considered. This study did not also evaluate the LULC data in shorter timescales due to the nature of VTCS rural landscapes that do not show significant changes in shorter timescales like those in urban ecosystems in Sri Lanka. However, in future studies, more detailed time series analyses of LULC change data could be considered to model LULC variations under different land use scenarios and propose corresponding strategies [138].
The study used only eight spatial metrics to evaluate the changes in landscape patterns and their ecological significance. According to the literature, several other types of ecologically important spatial metrics could improve the metrics analysis such as edge density, total core and edge contrast index [45, 89, 139]. However, considering the diversity of available spatial metrics and the complexity of landscape fragmentation it is difficult to select the optimal group of metrics for a particular landscape [13]. Thus, selecting the best available metrics to describe the ecological impacts of landscape pattern changes needs deep knowledge and understanding of spatial metrics as well as ecological characteristics and driving forces of the study area based on past studies [47, 140]. For example, some measurements explained by spatial metrics’ equations such as ENN_MN (in this study the shortest distance between LULC patches) measure the structural distance between patches [141] that may not reflect real movement patterns (ecological distance or functional movements) of ecologically important species [47]. However, such ecological studies are limited in the study location.
The study did not take into account the anthropogenic, environmental and climate change driving forces that impact landscape pattern changes [31, 47, 142-144]. In addition, it is worth noting that this study did not take into consideration the impacts of new cultivations that result from shifting cultivation. Due to the scope of the study, in-depth analysis of the socio-economic and ecological impacts of LULC changes were not accounted. The potential impacts of environmental pollution parameters, such as water and air quality, due to agricultural land expansion were not considered. Accordingly, the landscape pattern changes influence ecosystem functions that generate ecosystem services were also not considered. These aspects could be considered in future VTCS research, including a comparison of the findings with similar GIAHS landscapes in the region.
5 CONCLUSION
This study examined the LULC landscapes of dry zone VTCSs in Sri Lanka by using satellite imagery and GIS techniques. The results show that between 1994 and 2021 agricultural and scrub lands consistently increased whereas forests decreased. The declining forest cover was mainly due to the expansion of agricultural areas within the region. The spatial pattern analysis revealed increased fragmentation of the LULC types, indicating the subdivision of the landscape into smaller patches. This change accelerated the fragmentation of forest habitats as the subdivided patches decreased in number, became more isolated and transformed into agricultural and scrub lands over time which weakened the connectivity of ecologically important habitats [141]. Further, fragmentation caused forest edges and core areas to become exposed to external threats, making them increasingly susceptible to anthropogenic disturbances and climate change impacts [145].
The substantial conversion of forests into agricultural lands indicates that future studies should consider a sustainable land management and agriculture strategy in the VTCSs. Robust changes to national land use policy and legislation are required, particularly in the VTCS landscapes integrating an ecological productivity approach. This approach is largely missing from current national land use policy and legislation as well as national research portfolios. Thus, considering the importance of these landscapes as a hotspot of global agricultural and cultural heritage, the study recommends a national strategy for land use and management for VTCSs in Sri Lanka.
The study acknowledges the importance of LULC change detection along with the spatial pattern analysis as useful techniques to estimate LULC change impacts over time to produce realistic results by employing GIS, remote sensing and Google Earth Engine tools that can be adopted for similar tropical SES landscapes. Therefore, this study has provided a detailed assessment of LULC transformations along with spatial metrics analysis and its implication in ecological productivity in the VTCS landscapes where land use issues are becoming a serious threat to the sustainability and productivity of the system. The approach used in this study could be applied as a tool for designing sustainable land management strategies to optimise the overall system productivity of SESs.
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LULC system  LULC type/class Description

Agriculture Paddy Irrigated paddy lands
Shifting cultivation Rainfed chena field crop lands with very few scattered trees
Seasonal crop Seasonal field crop lands based on climatic seasons
Home garden Homesteads with horticultural crops

Forest Dense forest Catchment forest (tropical dry mixed evergreen forest)
Open forest Sparse forest lands with trees and shrubs

Micro forest habitats  Forest patches/strips found at the periphery of the tank

Planted forest Monoculture plantation

Scrub land Shrubs and grass land  Open areas covered with woody shrubs, bushes and scattered or patches of grass species and small trees. Some of these land
covers is used for foraging animals

Rock Exposed rocks and rock outerops

Waterbody Minor reservoir Network of small village tanks with micro catchments
Major reservoir [ Large reservoirs with large catchment area

Other land Built-up land Includes urban/city arcas with buildings, roads, leisure areas
Barren land | Abandoned lands consistng of eroded bre soil and ltle or no vegetation

Commercial land Non-cultivated commercial lands

Industrial land Includes lands with industrial units
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User's Accuracy (%) Agriculture 813 886
Forest 923 %04
Other land 758 789
Scrub land 743 %02
Waterbody wy | w7
Producer’s accuracy (%) | Agriculture 862 | w7
Forest 907 929
Other land 714 811
| Serub land s 873
Waterbody s w4
Overall accuracy (%) 859 86

Kappa coefficient 079 084
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SLUI, sustainable land use indicator; ALUI, agricultural land use intensity.

Agriculture 185,521 209 - 280613 317 —
Forest 653,110 737 - 483,668 546 -
Other lands 15,533 18 - 15,904 18 —
Scrub lands 660 01 - 76,474 86 -
Waterbodies 30,970 35 — 29,133 33 —
Total lands 885,793 100.0 — 885,793 100.0 —
Forest/ Agriculture (SLUI) - - 35 - - 17
I Total land/Agriculture (ALUI) - — 48 = = 32
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Agriculture Other land Scrub lan
LULC 1994 Agriculture 1217634 30,7883 62933 21,893 47762 18552055
Forest 145,614.6 446,384.7 6,499.1 50,3016 43100 653,110
Other land 86355 2,1259 16120 17909 13685 15,5328
Scrub land 2537 | 283 1609 820 6596
Water 43460 42345 14719 23215 185963 309702
Total extent (ha) 2806133 483,668.1 159044 764743 29,1330
Net change 95,092.7 ~169,4419 3717 75,8147 -1837.2
Net change % 513 -259 24 11,4939 -59 |
| Annual change 35220 62756 138 28080 -68.0






