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	ARTICLE INFO
	ABSTRACT
Mountainous watersheds are highly sensitive ecological systems in which land use change, vegetation transformation, hydrological redistribution, and human disturbance jointly influence ecosystem service performance and environmental stability. In recent decades, rapid expansion of built-up land, adjustment of agricultural structures, engineering development, and shifts in vegetation cover have increasingly altered the ecological and hydrological behavior of mountainous regions. These transformations have not only changed landscape patterns but also weakened regulating ecosystem services such as soil conservation, runoff buffering, slope reinforcement, and hazard mitigation. Against this background, remote sensing and related geospatial technologies have become essential scientific tools for monitoring land use/cover change, identifying ecological degradation, and supporting watershed management. This paper develops a natural science analysis of the relationship between land use change and ecosystem service dynamics in mountainous watersheds. Drawing on studies related to forest ecosystem services, LUCC, runoff prediction, slope stability, vegetation restoration, and remote sensing-based hazard detection, the paper constructs an integrated analytical framework linking landscape transformation, ecological function, and watershed resilience. The analysis shows that land use change operates through multiple interconnected pathways. It modifies vegetation structure and spatial continuity, alters infiltration and runoff processes, affects sediment transport and river erosion, and changes slope resistance. As a result, ecological services decline not only in terms of value but also in terms of functional capacity. 

	Keywords
remote sensing; ecosystem services; mountainous watershed; ecological resilience; watershed management

Published:
11 March 2026
	

	
	



1. Introduction
Mountainous watersheds occupy a special place in natural science because they function simultaneously as hydrological systems, ecological habitats, geomorphological structures, and human use spaces. Their environmental processes are shaped by topographic relief, climate variability, vegetation distribution, river networks, and the intensity of human activities. Compared with lowland landscapes, mountainous watersheds are generally more fragile, more heterogeneous, and more sensitive to disturbance. Small changes in land use may trigger large ecological consequences because steep slopes, shallow soils, concentrated runoff, and unstable surface conditions amplify the effects of environmental transformation. As a result, the study of mountainous watersheds has become increasingly important in fields such as hydrology, ecology, environmental geology, and land system science.
One of the most significant changes affecting mountainous watersheds in recent decades has been land use and land cover change. The expansion of built-up land, reclamation of ecological land, alteration of vegetation structure, road construction, and engineering interventions have transformed the spatial organization of many watershed systems. These land transitions are not merely changes in human land occupation; they reshape the material and functional basis of ecological systems. Earlier reviews of land use and land cover change research already emphasized that LUCC is a key process linking human development and environmental response (Chen et al., 2003). More recent studies further show that LUCC research has evolved into a comprehensive field that addresses dynamic processes, spatiotemporal trajectories, ecosystem implications, and sustainability concerns (He et al., 2022). This development is especially relevant for mountainous watersheds, where land change often interacts with hydrological concentration and terrain sensitivity.
The ecological importance of mountainous watersheds lies partly in the ecosystem services they provide. These services include water retention, flood mitigation, sediment regulation, slope stabilization, biodiversity support, and landscape maintenance. In scientific terms, ecosystem services represent the functional outcomes of ecosystem structure and process. When a watershed maintains healthy vegetation cover, balanced land use, and relatively intact hydrological pathways, regulating services tend to be strong. When ecological land is fragmented or replaced, the service base may weaken. Consequently, land use change in mountainous watersheds should be analyzed not only as a spatial or socioeconomic phenomenon but also as a transformation of ecological service capacity.
Remote sensing has become one of the most important scientific tools for studying this transformation. Traditional field-based environmental observation remains valuable, but it is often difficult to implement efficiently across broad and topographically complex mountain environments. Remote sensing allows researchers to capture spatially continuous information on land cover, vegetation, built-up expansion, terrain conditions, and environmental anomalies. In forest ecosystem management, remote sensing has already been recognized as a powerful means of optimizing ecosystem services and improving environmental diagnosis (Abad-Segura et al., 2020a, 2020b). In watershed contexts, this advantage is even more pronounced because land transformation, runoff generation, vegetation decline, and slope instability all have strong spatial signatures.
The connection between remote sensing and ecosystem service analysis is particularly important in the contemporary era of rapid environmental change. A watershed may still appear stable from a narrow local perspective, yet remote sensing may reveal that vegetation continuity is declining, impervious surfaces are expanding, and vulnerable slopes are becoming more exposed. Such observations are not merely descriptive; they can be translated into ecological meaning. A reduction in vegetation density implies weaker rainfall interception and root reinforcement. The spread of built-up land may indicate reduced infiltration and stronger runoff peaks. Riverbank change may signal increasing geomorphic pressure on adjacent slopes. Thus, remote sensing contributes to natural science not only by showing where change occurs, but also by supporting the interpretation of how ecological functions are being altered.
The relevance of this problem has also increased because environmental risk and ecological degradation are becoming more intertwined. Hydrological modeling studies show that future runoff variation and flood risk are strongly related to land use trajectories (Ji et al., 2021). Research on geo-hazards in Yunnan Province indicates that hazard occurrence is closely linked to river systems and watershed conditions (Yang et al., 2017). Studies of river erosion and landslide stability likewise reveal that slope safety depends on hydrological and geomorphic interactions rather than on isolated slope properties alone (Guo, 2019). These findings imply that ecosystem service decline and environmental hazard intensification should not be treated as separate issues. In mountainous watersheds, the weakening of regulating services often forms the ecological precondition for later disaster development.
This paper addresses these issues through a natural science synthesis based on the reference set provided. Its central purpose is to explain how land use change affects ecosystem services in mountainous watersheds and how remote sensing helps identify, interpret, and manage these changes. The paper does not focus on one single watershed case with newly collected field data. Instead, it uses the provided literature as a bounded scientific knowledge base and organizes it into a coherent framework of watershed ecological change. This approach is appropriate because the included studies collectively cover land use dynamics, vegetation and root effects, hydrological prediction, ecosystem service evaluation, geological hazard monitoring, and spatial technologies.

The paper has four specific objectives. First, it reviews the scientific basis for understanding LUCC in mountainous and watershed-related environments. Second, it examines the relationship between land use change and regulating ecosystem services, with particular attention to vegetation, soil conservation, and hydrological function. Third, it analyzes the role of remote sensing and geospatial tools in watershed ecological monitoring and hazard identification. Fourth, it discusses how these insights contribute to an integrated model of ecological resilience in mountainous watersheds. By doing so, the paper aims to contribute a natural science perspective that links land system transformation with ecosystem service dynamics and practical watershed sustainability.
2. Literature Review
2.1 Land use/cover change as an ecological process
Land use/cover change has long been recognized as a major environmental process that reflects both natural adaptation and human transformation of the earth’s surface. Early review work emphasized that LUCC connects population pressure, economic development, ecological change, and regional environmental response (Chen et al., 2003). At that stage, much of the research focused on mapping, classification, and broad pattern identification. Over time, however, LUCC studies increasingly incorporated dynamic simulation, scenario analysis, ecological consequences, and cross-scale interpretation. He et al. (2022) showed that land use/cover change research from 1990 to 2018 displayed clear trends toward multi-source data integration, stronger process analysis, and wider concern with environmental implications.
This shift from descriptive mapping to functional interpretation is highly important for mountainous watersheds. In such environments, land use change rarely remains confined to its immediate location. A forest-to-cropland conversion on an upper slope may influence runoff generation downstream. Expansion of infrastructure may cut slopes, fragment vegetation, and change sediment delivery. Urban growth in valley zones may increase impervious area and concentrate discharge into surrounding channels. Therefore, LUCC in mountainous watersheds should be viewed as a process with cascading ecological effects rather than as a mere record of changing land categories.
Recent scenario-based research reinforces this understanding. Wang et al. (2023) simulated future land use/cover change in typical arid-region watersheds under multiple scenarios and demonstrated that future ecological trajectories depend strongly on current land planning decisions. Although their regional setting differs from humid mountain systems, the conceptual lesson is transferable: watershed function is path-dependent, and LUCC influences future environmental stability. Similarly, Yang et al. (2022) analyzed the impact of LUCC on landscape pattern in the Yangtze River basin and found substantial restructuring over the 2001–2019 period. This indicates that land transformation affects not only land proportion but also landscape configuration, connectivity, and fragmentation, all of which matter for ecological service delivery.
2.2 Ecosystem services and watershed ecological function
The concept of ecosystem services provides a useful bridge between landscape change and ecological meaning. Ecosystem services refer to the benefits that ecosystems generate through their structures and processes. In mountainous watersheds, regulating services are especially important because the environmental stability of the watershed depends on them. These include soil retention, water conservation, runoff moderation, erosion control, slope protection, and microclimate regulation. If these services weaken, the watershed may become more vulnerable to instability and hazard.
Research on ecosystem service optimization has already shown the value of integrating ecological and spatial analysis. Abad-Segura et al. (2020a, 2020b) argued that remote sensing can support forest management and optimize ecosystem services by improving environmental observation and planning. Although their work is situated in forest management, its implications are broader. Forested watershed areas often form the ecological backbone of mountainous systems. When forest structure and continuity are preserved, watershed services such as interception, infiltration support, and slope stabilization are more likely to remain effective.
Xi et al. (2021) provided another important contribution by evaluating and predicting ecosystem service value based on LUCC. Their study demonstrates that land use change can be translated into changes in ecological value, making it possible to move beyond purely structural indicators. For mountainous watersheds, this is crucial because the ecological consequences of land change are often functional rather than immediately visible. A watershed may retain a large amount of green cover overall, but if its vegetation becomes fragmented, degraded, or redistributed in hydrologically sensitive areas, regulating services can still decline sharply.
The watershed context makes service-based analysis particularly meaningful. Watersheds are spatially connected systems, so the ecological function of one part affects others. Upper-slope vegetation influences downstream sediment and water behavior. Riparian land use affects bank stability and river regulation. Land conversion in one tributary may alter flow timing and erosion in another part of the basin. Therefore, ecosystem services in watersheds should be understood spatially and relationally rather than as isolated local attributes.
2.3 Vegetation, roots, and slope stabilization
Vegetation is one of the most important ecological variables in mountainous environments because it directly influences soil stability, water movement, and erosion resistance. Vegetation can intercept rainfall, reduce splash erosion, increase surface roughness, enhance infiltration, and provide mechanical reinforcement through root systems. In mountainous watersheds where shallow landslides and surface erosion are common, these effects are especially significant.
Yan (2019) emphasized the effect of vegetation coverage on soil and water conservation, highlighting the role of plant cover in protecting surface soils from hydrological stress. This result is important because soil conservation is not merely an agricultural issue; it is a fundamental regulating service in mountainous watersheds. Once surface protection weakens, runoff can detach and transport material more easily, which can contribute to gullying, channel siltation, and slope failure.
Experimental and field studies provide stronger mechanistic evidence. Wen et al. (2016) examined the effect of tree roots on shallow landslide resistance and deformation and found that roots can substantially improve slide resistance under shallow failure conditions. Li et al. (2019) showed that ecological restoration using shrub roots contributed to slope reinforcement in shallow landslide-prone areas. Li et al. (2020) further connected landslide distribution to vegetation root characteristics, suggesting that vegetation type and root architecture matter for slope stability. These studies collectively indicate that vegetation is not only an ecological cover element but also a biomechanical factor in watershed resilience.
The importance of vegetation also extends to post-disturbance recovery. Once land use change or engineering activity damages vegetation, natural recovery may be slow in steep terrain, especially if soils are thin or erosion is active. Therefore, ecological restoration can be interpreted as the rebuilding of regulating service capacity. Vegetation restoration is, in this sense, both an ecological intervention and a hazard reduction strategy.
2.4 Hydrology, river systems, and watershed hazard linkage
Hydrology is one of the principal pathways through which land use change influences ecosystem services in mountainous watersheds. Changes in vegetation and land cover affect infiltration, evapotranspiration, overland flow, peak discharge, and sediment delivery. These changes are particularly important in steep terrain because runoff responds rapidly to altered surface conditions.
Ji et al. (2021) projected future runoff variation and flood disaster trends through the integration of CA-Markov land use simulation and SWAT hydrological modeling. Their work is important for two reasons. First, it shows that land use trajectories can be linked directly to hydrological outcomes. Second, it demonstrates that prediction of watershed hazards becomes more reliable when land change and hydrology are considered together. This is highly relevant to mountainous watersheds, where flood generation and slope failure are often connected through the same rainfall and runoff processes.
Yang et al. (2017) provided evidence from Yunnan Province showing that geo-hazards are closely related to river systems. This supports the argument that river networks are not passive drainage paths but active components in watershed hazard development. River incision, bank erosion, toe cutting, and flow concentration can all reduce slope stability and increase material mobilization. Guo (2019) similarly found that river erosion affects landslide stability, reinforcing the view that hydrological and geomorphological processes jointly influence watershed resilience.
The implication is that ecosystem service analysis must include hydrological connectivity. A watershed with declining riparian vegetation, increasing channel erosion, and altered runoff timing is likely experiencing a reduction in regulating services even before major hazards occur. Therefore, hydrological function is both a service outcome and a warning indicator.
2.5 Remote sensing and geospatial monitoring in mountainous watershed science
Remote sensing has transformed the scientific study of environmental change by making it possible to observe large, complex, and inaccessible areas efficiently. In mountainous watersheds, this advantage is especially significant because field observation is often constrained by terrain, distance, and hazard risk. Remote sensing supports land classification, vegetation monitoring, topographic interpretation, built-up area extraction, deformation analysis, and hazard detection.
Xu (2008) proposed a new index for delineating built-up land features in satellite imagery. This contribution is important because built-up expansion is one of the clearest indicators of anthropogenic pressure in watershed systems. When settlements, roads, and engineering surfaces expand, they often signal increasing impervious area, stronger runoff response, and direct disturbance to slopes and drainage lines.
Yu et al. (2016) demonstrated the application of virtual earth in 3D terrain modeling for visual analysis of large-scale geological disasters in mountainous areas. This kind of visualization is valuable because watershed processes often depend on topographic relationships that are difficult to understand from conventional two-dimensional maps alone. Zheng et al. (2022) further showed that different InSAR algorithms can monitor potential geological hazards effectively. The significance of this work lies in the move from static mapping toward dynamic environmental monitoring. Remote sensing can therefore serve not only as a descriptive tool but also as a component of ecological early warning and watershed governance.
The existing literature thus suggests that remote sensing contributes to watershed science in three major ways. It reveals land use transformation, supports interpretation of ecological function, and helps detect environmental instability. These functions make it indispensable for the natural science study of mountainous watersheds in a period of rapid environmental change.
3. Conceptual Framework
Based on the literature, this paper proposes a conceptual framework in which land use/cover change influences watershed ecological resilience through four linked mechanisms: vegetation transformation, hydrological redistribution, geomorphic disturbance, and ecosystem service reconfiguration. Remote sensing operates across all four mechanisms as the principal observational and analytical tool.
The first mechanism is vegetation transformation. LUCC changes the amount, type, continuity, and spatial distribution of vegetation. This affects rainfall interception, evapotranspiration, root reinforcement, and erosion resistance. The second mechanism is hydrological redistribution. Altered land cover changes infiltration rates, runoff generation, channel flow behavior, and sediment movement. The third mechanism is geomorphic disturbance. Engineering construction, slope cutting, and river erosion change the physical conditions of slopes and channels. The fourth mechanism is ecosystem service reconfiguration. As these changes accumulate, the watershed’s capacity to provide regulating services is altered, often in the direction of lower resilience and higher hazard sensitivity.
Within this framework, remote sensing provides the means to detect the location, magnitude, and trajectory of change. It also enables comparison across time and scale, which is essential because watershed degradation is often cumulative. This framework guides the later analysis of how land transformation and ecological service change should be interpreted together in mountainous watershed management.
4. Research Approach
This study uses a qualitative scientific synthesis approach grounded in natural science reasoning. The reference set provided by the user is treated as the boundary of the evidence base, and only studies within that set are used. The paper does not attempt meta-analysis in the statistical sense, because the studies differ in scale, method, and objective. Instead, it uses structured thematic synthesis to identify recurring mechanisms, consistent ecological patterns, and shared implications for watershed science.
Four analytical themes are used to organize the evidence: land change, vegetation and soil conservation, hydrology and hazard, and remote sensing technology. Each study is interpreted for its contribution to one or more of these themes. The purpose is to derive a coherent scientific explanation rather than to summarize each article separately. This approach is suitable because the research question concerns mechanism integration across interconnected ecological processes.
5. Results
The synthesis of the reference base produces several interrelated results concerning the ecological consequences of land use change and the scientific value of remote sensing in mountainous watershed systems. These results do not emerge from one single measurement dataset but from the convergence of evidence across land change studies, vegetation and slope studies, hydrological analyses, and remote sensing applications. Taken together, they reveal a consistent natural science pattern: land use change reduces watershed ecological resilience when it weakens regulating services, and remote sensing is critical for identifying the timing, location, and trajectory of that weakening.
5.1 Land use change reduces the structural continuity of watershed ecosystems
The first result is that land use change tends to reduce structural continuity in mountainous watersheds, thereby affecting ecological resilience at the landscape scale. Earlier LUCC studies established that land change is not simply a shift in human occupation but a transformation of ecological pattern and process (Chen et al., 2003). More recent work confirms that LUCC research increasingly identifies the long-term and cumulative consequences of such changes for environmental systems (He et al., 2022). In the watershed context, structural continuity refers to the degree to which vegetation, hydrological pathways, slope cover, and habitat surfaces remain physically connected and functionally coherent.
When ecological land is converted into built-up land, transport corridors, or intensively disturbed agricultural land, this continuity weakens. Fragmentation does not only break the visual integrity of the landscape; it also interrupts ecological flows. Root networks become discontinuous, runoff pathways become more concentrated, infiltration becomes more uneven, and sediment regulation becomes less stable. Yang et al. (2022) demonstrated that LUCC changed landscape patterns in the Yangtze River basin over nearly two decades. Although that basin includes a wide range of environments, the general implication is clear for mountainous watersheds as well: a more fragmented landscape usually means a less stable ecological system.
This conclusion is strengthened by scenario-based simulation research. Wang et al. (2023) showed that future LUCC in typical watersheds of arid regions varied significantly under different development scenarios. The importance of this finding lies in its demonstration that land use planning is not neutral from an ecological perspective. Future watershed conditions are shaped by present land decisions. If ecologically sensitive areas are converted repeatedly or without functional zoning, fragmentation deepens and resilience declines. Thus, land use change reduces not only ecological area but ecological coherence.
5.2 Vegetation loss weakens regulating ecosystem services
The second result is that vegetation change is a central pathway through which LUCC affects watershed ecosystem services. In mountainous watersheds, vegetation performs multiple regulating functions simultaneously. It intercepts rainfall, slows overland flow, stabilizes shallow soil through roots, improves infiltration, reduces sediment detachment, and helps maintain micro-scale moisture balance. Once vegetation is lost, degraded, or spatially displaced from sensitive areas, these services diminish.
The literature strongly supports this conclusion. Yan (2019) emphasized the role of vegetation coverage in soil and water conservation. This is especially important in mountain environments, where exposed surfaces can generate rapid erosion. Wen et al. (2016) experimentally demonstrated that tree roots improve resistance and reduce deformation in shallow landslides. Li et al. (2019) further showed that ecological restoration with shrub roots reinforced slopes in shallow landslide-prone regions. Li et al. (2020) linked landslide distribution with vegetation root characteristics, suggesting that the effectiveness of vegetation in slope protection depends not only on cover quantity but also on root morphology and structure.
These studies point to a deeper scientific interpretation. Vegetation is not merely one ecosystem component among many; in steep and hydrologically active terrain, it acts as an ecological infrastructure. It provides the biological basis for several regulating services that would otherwise require costly engineering substitutes. In this sense, forest cover, shrub belts, and stable vegetative layers can be interpreted as living protective systems. When land use change removes or weakens them, the decline in ecosystem services is not abstract; it translates directly into greater erosion potential, lower soil retention, and increased slope sensitivity.
This result also implies that ecological restoration is an important mechanism for rebuilding watershed resilience. If vegetation loss is a pathway of ecological decline, then vegetation restoration is a pathway of ecological recovery. However, the literature suggests that restoration should be function-oriented rather than purely area-oriented. Replanting vegetation in hydrologically strategic or slope-sensitive locations is likely to produce stronger service gains than generalized greening without spatial prioritization.
5.3 Hydrological redistribution is a major consequence of land transformation
The third result is that land use change substantially alters watershed hydrology, and this alteration is one of the main reasons ecosystem services decline. In mountainous watersheds, the hydrological response to land change is often rapid because steep gradients, short concentration times, and shallow soils amplify runoff shifts. Changes in land cover affect infiltration, evapotranspiration, water storage, and peak flow behavior. When ecological surfaces are replaced by compacted or impervious surfaces, rainfall is converted into runoff more quickly. When vegetation is reduced, interception declines and surface flow accelerates. When channels and slopes are engineered or disturbed, natural drainage regulation is weakened.
Ji et al. (2021) provided direct support for this perspective by linking land use simulation with SWAT-based runoff and flood disaster prediction. Their work indicates that changes in land use do not remain confined to land categories; they translate into altered hydrological futures. This is particularly important for mountainous watersheds, where runoff peaks can trigger both flooding and slope destabilization. Yang et al. (2017) further showed that geo-hazards in Yunnan Province are closely linked to river systems. This suggests that watershed hydrology should not be seen merely as water movement through the landscape but as a driver of geomorphic and hazard processes.
Guo (2019) added another important dimension by demonstrating that river erosion affects landslide stability. In practical ecological terms, this means that bank erosion and toe cutting can undermine the regulating service of slope support. A watershed may therefore lose resilience not only because of upper-slope vegetation decline but also because channel processes intensify and remove physical support from adjacent terrain. The decline of regulating services thus occurs through both surface cover pathways and channel-geomorphic pathways.
Hydrological redistribution also has broader implications for ecosystem service valuation. A watershed with increased runoff volatility may still appear green in satellite imagery, but if that green cover is fragmented, degraded, or poorly located, the hydrological service base may already be compromised. Therefore, remote sensing-based vegetation observation should be integrated with hydrological understanding rather than interpreted on cover alone.
5.4 Human land disturbance amplifies geomorphic instability
The fourth result is that direct human disturbance associated with land development amplifies geomorphic instability in mountainous watersheds. LUCC is often discussed at the scale of land categories, but many ecological consequences are activated through concrete disturbances such as slope cutting, road construction, tunneling, excavation, drainage alteration, and surface loading. These interventions can rapidly destabilize terrain that was previously in a condition of ecological equilibrium.
The literature on engineering-related hazard processes supports this clearly. Fan et al. (2018) examined karst tunneling hazards in the Qinling-Daba mountainous area and demonstrated that engineering activity in geologically sensitive terrain can create serious environmental problems. Hongyu et al. (2020) identified characteristic disaster patterns in railroad slopes located in complicated mountainous areas, again showing the close relationship between human intervention and slope instability. Lavrusevich et al. (2017) argued that slope suffosion hazards are often underestimated during the construction and operation of road infrastructure. These findings collectively suggest that land use change in mountainous watersheds cannot be understood only through the final mapped land category; the transition process itself may be hazardous.
This result is significant for ecosystem service analysis because human disturbance can damage the ecological substrate faster than natural recovery can compensate. For instance, a road cut may remove vegetation, alter drainage, and expose weak material simultaneously. Even if the total amount of ecological land in the watershed does not appear to decline dramatically at first glance, the functional integrity of the slope system may have already deteriorated. Therefore, ecosystem services should be interpreted in relation to disturbance intensity as well as land cover percentage.
5.5 Remote sensing is essential for diagnosing ecological service decline
The fifth result is that remote sensing offers a uniquely powerful scientific means of diagnosing ecosystem service decline in mountainous watersheds. This is not simply because it captures spatial data, but because it enables repeated, large-scale, and comparative observation across difficult terrain. In mountain systems, many early signs of ecological decline are spatially distributed and temporally gradual. Traditional site-based observation may miss them, whereas remote sensing can reveal them more clearly.
Abad-Segura et al. (2020a, 2020b) showed that remote sensing can optimize forest ecosystem services by improving monitoring and management. Xu (2008) provided a built-up land index that strengthens the detection of urban and construction expansion, which is especially valuable where built-up encroachment into watershed space is one of the drivers of ecological decline. Yu et al. (2016) demonstrated that virtual earth and 3D terrain modeling are useful for visual analysis of large-scale geological disasters in mountainous regions. Zheng et al. (2022) further showed that InSAR-based methods can monitor potential geological hazards effectively.
These studies suggest that remote sensing contributes to watershed science in at least four ways. First, it detects land change trajectories over time. Second, it reveals ecological indicators such as vegetation distribution and land fragmentation. Third, it supports terrain-sensitive interpretation through topographic and three-dimensional visualization. Fourth, it makes hazard monitoring possible before major visible failures occur. Therefore, remote sensing is not merely a supporting technology; it is a central observational framework for understanding watershed ecological resilience.
5.6 Ecosystem service decline and hazard risk are functionally linked
The sixth result is that ecosystem service decline and environmental hazard risk should be understood as functionally linked outcomes of the same watershed transformation process. In many policy settings, ecosystem services are discussed under conservation planning, while hazards are discussed under disaster prevention. The literature reviewed here suggests that such separation is scientifically incomplete. Soil retention, slope reinforcement, water buffering, and sediment regulation are ecosystem services, but they are also the very functions whose weakening allows hazards to intensify.
This linkage is visible across multiple references. Vegetation studies show that roots strengthen slopes. Hydrological studies show that land change increases runoff variation. River studies show that channel erosion affects landslide stability. Hazard monitoring studies show that deformation and instability can be observed in advance through geospatial techniques. Therefore, a decline in ecosystem service capacity is not simply a reduction in ecological value; it can be interpreted as a transition toward higher environmental risk.
This result has major implications for mountainous watershed management. A watershed should not be considered stable simply because catastrophic events have not yet occurred. If regulating services are declining, instability may already be developing in hidden form. Thus, ecosystem service analysis can function as a preventive science of hazard emergence.
6. Discussion
The results provide a basis for a broader discussion of ecological resilience in mountainous watersheds. Ecological resilience, in this context, refers to the capacity of the watershed to absorb land disturbance, climatic variability, and hydrological stress while continuing to provide essential ecosystem services. The evidence reviewed in this paper suggests that resilience depends less on a single environmental indicator than on the interaction among land pattern, vegetation function, hydrological response, and disturbance intensity.
A key insight is that land use planning should be understood as ecosystem service planning. Too often, land management divides land into categories primarily for administrative or economic purposes. From a natural science perspective, however, the significance of land lies in what ecological functions it supports. Forest patches on upper slopes are not only “forest land”; they are nodes of water retention and root reinforcement. Riparian buffers are not only linear green belts; they are regulators of bank stability and channel interaction. Transitional shrub areas may appear secondary in economic planning, but they can be highly important for slope resistance and sediment control. Therefore, land conversion decisions in mountainous watersheds should be evaluated according to likely service gains and losses, not only according to direct land-use efficiency.
A second insight is that watershed degradation is often cumulative and spatially uneven. A mountain watershed may not experience immediate collapse when one forest patch is cleared or one road is built. Yet repeated local changes can combine to generate broader systemic stress. The decline of ecological continuity, the relocation of runoff pathways, the erosion of key banks, and the weakening of root support may proceed gradually. This makes remote sensing especially valuable, because it can detect distributed patterns of change that are not obvious in localized field observation. The scientific contribution of remote sensing is therefore not only measurement but temporal diagnosis.
A third insight concerns restoration. The evidence on vegetation roots, slope stabilization, and ecological reinforcement suggests that restoration should be targeted toward regulating service recovery. In many contexts, restoration is measured by the amount of area replanted or the greening rate achieved. While such indicators are useful, they are insufficient for mountainous watersheds. What matters more is whether restoration occurs in ecologically strategic places and whether it restores key functions such as runoff regulation, soil conservation, and shallow slope stability. Function-based restoration is likely to be more effective than visually uniform restoration because watershed resilience depends on process control rather than appearance alone.
A fourth insight is that ecological monitoring and hazard monitoring should be integrated. Because ecosystem service decline and hazard emergence are functionally linked, separate monitoring systems may fail to capture the full risk trajectory of watershed change. A slope that shows reduced vegetation, increased built-up pressure, altered drainage, and localized deformation should be interpreted simultaneously as an ecological concern and a hazard concern. Remote sensing technologies make this integration more feasible because the same spatial platform can support land use analysis, vegetation observation, terrain interpretation, and deformation monitoring.
The discussion also points to an important scale issue. Watershed processes operate across multiple scales, from plot-level root reinforcement to basin-level runoff redistribution. Some ecological services are highly local, while others emerge from the coordinated functioning of the entire watershed. This means that management should not rely exclusively on either micro-engineering or macro-planning. Instead, the most effective approach is likely a nested system in which watershed zoning, ecological restoration, hydrological modeling, and local slope protection are coordinated. The scientific value of this multi-scale view is that it recognizes the watershed as both a spatial unit and a process system.
Another important implication concerns the relationship between human use and environmental resilience. Mountainous watersheds are not pristine spaces separate from society; they are increasingly shaped by roads, settlements, agricultural restructuring, engineering corridors, and tourism or resource development. The goal of watershed science is therefore not to imagine the complete absence of human activity, but to understand how human activity can remain within the ecological tolerance of the system. This requires better spatial planning, more function-sensitive land conversion decisions, and earlier identification of ecological stress. The references reviewed in this paper support such a perspective by repeatedly showing that hazard intensification is often preceded by ecological weakening rather than occurring in isolation.
Finally, the findings can be connected to the broader idea of human–environment interaction in ecosystem health. Galvani et al. (2016) emphasized that ecosystem health is inseparable from the nature of human interaction with environmental systems. In mountainous watersheds, this interaction becomes visible through land transformation, hydrological change, and the response of regulating services. Watershed resilience is therefore not simply a natural property of terrain; it is an emergent property of the coupled human–ecological system. Remote sensing is especially valuable in this context because it provides the empirical basis for observing that coupling across time and space.
7. Conclusion
This paper has examined the relationship between land use change, remote sensing, and ecosystem service dynamics in mountainous watersheds from a natural science perspective. The analysis shows that LUCC is a major driver of watershed ecological transformation because it modifies vegetation continuity, changes hydrological response, increases geomorphic disturbance, and reconfigures the service structure of the watershed. These effects are particularly significant in mountainous environments, where steep slopes, rapid runoff, and shallow soils amplify the consequences of ecological degradation.
The paper has also shown that regulating ecosystem services are central to watershed resilience. Vegetation coverage, root reinforcement, soil conservation, water buffering, and channel protection are not abstract ecological benefits; they are the practical functions that allow mountainous watersheds to remain stable under stress. Once these functions weaken, the watershed becomes more prone to erosion, runoff concentration, slope instability, and hazard development. Thus, ecosystem service decline should be interpreted as both an ecological and a risk-related process.
A further conclusion is that remote sensing has become indispensable for watershed science. It enables repeated observation of land transformation, vegetation change, built-up expansion, topographic relationships, and potential deformation. This makes it possible to detect ecological decline before it becomes fully visible in the field and to support earlier, more strategic intervention. In mountainous terrains where environmental change is spatially complex and field access is limited, remote sensing is especially important as a scientific basis for management.
Overall, the study suggests that sustainable mountainous watershed governance requires the integration of land use planning, ecological restoration, hydrological analysis, and geospatial monitoring. Watershed stability depends not only on protecting land area, but on maintaining the ecological functions that land provides. Future research can deepen this framework through case-specific modeling and field validation, but the scientific evidence already makes clear that land use decisions and monitoring technologies must be combined if mountainous watersheds are to remain ecologically resilient under increasing human and environmental pressure.
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