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Abstract


Groundwater is a vital resource for ecosystems, with its recharge process influenced by climate change and urbanization. The transformation of natural and urban landscapes and the over-extraction of groundwater contribute to its depletion and degradation. Groundwater recharge and management are intricately linked to land use and the landscape. Despite this close connection, spatially integrating groundwater recharge strategies in the landscape context remains underexplored. This systematic review synthesizes state-of-the-art research at the intersection of spatial planning, landscapes, and groundwater recharge. We employed a combination of bibliometric visualization and thematic analysis and reviewed 126 studies published between 1990 and April 2024 from the Scopus and Web of Science databases. Based on their objectives and outcomes, we found four prominent themes in these clusters: groundwater recharge potential studies, groundwater vulnerability studies, design-based studies, and participatory studies. When organized iteratively, these clusters can become potential building blocks of a framework for a landscape-based groundwater recharge approach. With interdisciplinary collaboration, spatial visualization and mapping, a co-creative design, and a feedback mechanism at its core, this approach can enhance stakeholder communication and translate highly specialized technical knowledge into adaptive, actionable insights. This study also highlights that including spatial design can help develop landscape-based groundwater recharge for long-term sustainable regional development.
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1. Introduction


The global urban population is expected to reach 2.5 million dwellers by 2050, encompassing 70% of the world population [1,2]. This rapid population explosion is causing overcrowding, air pollution, and natural resource depletion [3,4]. Many cities, particularly in developing countries like Asia and Africa, face critical challenges associated with high population growth and inadequate water supply [5]. Significant overexploitation of groundwater is happening to compensate for the water demands in the urban peripheries of developing countries. Groundwater is a vital source of freshwater, particularly in these water-scarce regions [6]. In addition to serving as a drinking water source to over two billion people around the globe, it also supports the agriculture industry and overall socio-economic growth [7]. This uncontrolled urbanization and overexploitation of groundwater resources threaten groundwater resources’ sustainability [8,9]. For example, in regions like North Africa and South Asia, the over-extraction of groundwater for irrigation and rapidly growing urbanization have led to aquifer depletion and reduced recharge zones [10].



These challenges are further exacerbated by altered rainfall patterns, prolonged droughts, and accelerated evapotranspiration rates due to climate change [11,12]. In addition, pollutants from untreated wastewater and agriculture runoff continue to degrade groundwater quality [13]. These multiple threats to groundwater underscore the urgent need for sustainable groundwater management strategies to address recharge and quality issues [14,15]. Moreover, attention is needed to reduce urbanization’s hydrological and ecological impacts and increase urban green spaces [2].



Groundwater recharge (GWR) is the process of replenishing underground aquifers. It is essential for maintaining groundwater levels and ensuring long-term water security. It occurs naturally (through precipitation and infiltration) or through managed interventions (managed aquifer recharge) [16]. Various surface and subsurface landscape conditions influence GWR, including land use, vegetation, geology, and soil type. Besides its hydrological importance, GWR provides essential ecosystem services, such as reducing saltwater intrusion, enhancing biodiversity, and improving soil fertility [15].



This nexus between GWR and spatial, social, and ecological processes aligns with using landscape as a base for design and planning, emphasizing the interconnectedness of natural and human systems [17]. Besides physical landscape characteristics, this approach values social, economic, and political drivers of land use decisions to offer a holistic framework for addressing complex environmental challenges [18]. This approach is particularly relevant in groundwater management, where recharge processes depend on geological, ecological, and anthropogenic factors.



Spatial planning umbrellas GWR into sustainable urban and regional development. Practices such as water-sensitive urban design (WSUD), integrated water resources management (IWRM), and sponge cities demonstrate the potential of planning strategies to enhance GWR measures through permeable pavements, green roofs, and rainwater harvesting. However, despite these advances, spatial planning rarely prioritizes GWR in a landscape context. While most groundwater recharge review studies focus on recharge estimation methods and modeling and offer technical insights [19,20,21,22,23,24,25,26,27], only three literature reviews explore the integration of GWR in spatial planning through the landscape- and nature-based solutions [9,28,29] (Table 1). The critical barriers include insufficient collaboration between stakeholders like hydrologists, urban planners, landscape designers, and governments and limited subsurface hydrological data. Addressing these gaps holds significant implications, particularly for water-scarce developing regions, where ineffective recharge is the leading cause of water stress and compromised ecosystem resilience.



This review synthesizes state-of-the-art studies at the intersection of spatial planning, landscapes, and groundwater recharge. We used bibliometric visualization and thematic analysis of 126 studies published between 1990 and April 2024, identifying four key themes: groundwater recharge potential, vulnerability, design-based approaches, and participatory studies (Figure 1). By highlighting gaps in the spatial application of GWR, this review proposes an operational framework for landscape-based GWR. This bridges the gap between hydrology and spatial landscape design to support adaptive, socially inclusive, and ecologically sustainable groundwater management practices.




2. Materials and Methods


Firstly, we conducted an exploratory bibliometric visualization using VOS Viewer as a preliminary tool to examine trends and identify gaps in the existing literature on “groundwater recharge” [30]. VOS Viewer is a Java-based software program version 1.6.19 used to create colored maps from bibliographic data and visualize and dig the intrinsic meaning of the maps. We used network maps to represent the significant research clusters among current bibliometric data [31]. Next, we defined three primary keywords: “groundwater recharge”, “landscape”, and “spatial planning”. We included two multidisciplinary databases, Web of Science (WOS) and Scopus, to obtain robust datasets and a wide range of records from different disciplines, including natural science, social science, arts, and the humanities, on the relationship between GWR, the landscape, and spatial planning. These databases were also chosen for their extensive coverage of the scientific literature and for being recognized as high-quality and credible information resources. Then, we selected the related keywords to reflect the key research themes, and the keywords were expanded with associated terms to ensure comprehensive coverage of the relevant literature (Table 2).



The three groups of keywords were combined using the “AND” operation to retrieve articles relevant to the specific research topic. We performed searches on titles, abstracts, and keywords for both databases. The search was limited to studies published between 1990 and 2024, with English as the language option. Following the PRISMA guidelines [32], 257 results were obtained from Scopus and 116 from Web of Science on 6 May 2024 (Figure 2).



To facilitate initial screening and the removal of duplicates, we used Rayyan [33], an advanced web-based tool designed to assist in systematic review management, particularly in the screening and inclusion/exclusion process. After removing 96 duplicates, we further screened the remaining 277 records based on the inclusion and exclusion criteria and their accessibility. The inclusion criteria were (1) empirical research studies and (2) studies relevant to spatial planning or landscape. The exclusion criteria were (1) studies not focused on groundwater (GW) and groundwater recharge (GWR) as the research theme (52 studies), (2) studies that did not integrate spatial planning (4 studies), and (3) studies with irrelevant methodological approaches (17 studies). Additionally, 60 studies were excluded because they were not accessible or had broken links, and 18 records were removed as they were previous literature reviews.



We also employed inductive thematic analysis to identify different themes within the literature. This thematic analysis followed the approach outlined by Braun and Clarke [34]. After the first round of screening, we thematically clustered the 126 remaining records based on their objectives, relevance to spatial planning and the landscape, methodologies, and findings using Excel. Subsequently, the findings from the literature were synthesized and applied to develop a framework for landscape-based groundwater recharge [35], and conclusions were drawn based on the analysis (Figure 1). After all the authors discussed the selected groups of keywords and inclusion and exclusion criteria, the first author screened the studies and performed categorization and organization in Excel and Rayyan. This process and the results were discussed and validated weekly by the other two authors to resolve conflicts and bias and assess certainty. This also helped in the thematic categorization of different records and in forming an outlook toward landscape-based groundwater recharge in the existing literature.




3. Results


3.1. Visualization Analysis


The bibliometric visualization results showed key groundwater recharge (GWR) research trends. This highlighted a focus on its quality, flow, climate change impacts, and analytical techniques. Notably, we found that urban planning is a minor area of interest and is disconnected from related themes such as design, development, land use, and landscape features. This gap will be further explored in Section 3.2.



A comparative analysis of annual publication trends in the Web of Science (WOS) and Scopus databases from 1990 to 2024 indicates a general increase in publications, although with noticeable fluctuations. There were no publications in WOS from 1990 to 1995, while Scopus saw a decline in publications between 2008 and 2015, with a notable increase in 2018. Since data were retrieved in early May 2024, the number of publications for that year is still lower than expected, but this number is likely to rise by the end of the year (Figure 3).



The spatial distribution of the studies is fragmented, with the United States contributing to the most publications (14), followed by China (13) (Figure 4). Discipline-wise, most studies in both databases fall under environmental sciences (46% in WOS and 38.8% in Scopus), followed by Earth and planetary sciences in Scopus and water resources in WOS. Interestingly, there is no significant association between urban planning and landscape design disciplines (Figure 5). However, the research demonstrates strong connections with ecology, geography, computer science, mathematics, and civil engineering, highlighting the multidisciplinary nature of groundwater recharge studies.



We systematically categorized the studies based on their objectives, relevance to spatial planning and the landscape, methodologies, and findings. In total, six thematic clusters were identified, which were subsequently merged into four main areas. These clusters represent the major themes emerging from the literature on groundwater recharge (GWR) about spatial planning and the landscape:




	
Groundwater Recharge Potential Mapping: studies focusing on identifying and mapping areas with high groundwater recharge potential.



	
Vulnerable relationship between climate change, urban landscape, and groundwater hydrology: research underscoring the vulnerable relationship between climate change and urban landscapes and factors affecting groundwater recharge and hydrological processes.



	
Spatial Design in Groundwater Recharge: studies exploring spatial design interventions such as green infrastructure, water-sensitive urban design (WSUD), and landscape planning to enhance groundwater recharge.



	
Participatory outlook: research focused on participatory approaches in groundwater management, emphasizing community and stakeholder engagement and collaborative decision-making processes.








These four thematic clusters highlight key areas of research that intersect with spatial planning and the landscape, offering spatial insights into sustainable groundwater recharge and ecosystem management strategies. It is also clear from Table 3 that vulnerability studies, particularly those focusing on the intersection of climate change and groundwater, dominate the literature, with a high concentration of studies addressing the role of groundwater in ecosystem services.




3.2. Thematic Categorization in the Groundwater Recharge Literature from a Spatial Planning and Landscape Perspective


3.2.1. GWR Potential Mapping


Groundwater recharge potential mapping studies render the relationship between spatial and hydrological layers (both surface and sub-surface) to estimate the influence of different landscape factors on groundwater hydrology. These studies identified optimal GWR locations on different scales using GIS-based analysis, machine learning, and statistical models. We found six studies in this cluster, five from arid and semi-arid regions, where groundwater recharge is crucial for water security and resilience.



The research outcomes include comprehensive maps of the landscape composition (geomorphology, geological conditions, and soil conditions), land use practices (Urban, infrastructure, agriculture), socio-cultural influences (administrative and cultural landscapes), hydrology-related ecosystems (surface water bodies and existing aquifers), and suitability mapping to find the optimum landscape conditions for GWR. Integrating remote sensing data has made these analyses cost-effective and more accessible.



Various decision-making frameworks enhance the reliability of these studies. For example, the analytical hierarchy process (AHP) systematically assigns weights to different landscape factors that impact groundwater recharge [36,37]. However, the analytical network process (ANP) accounts for interdependencies and feedback loops among input factors, addressing potential subjectivity in AHP-based models [38]. Advanced machine learning algorithms and hybrid approaches further improve the accuracy of GWR potential mapping [39,40] (Table 4).



Validation techniques such as groundwater level data analysis, sensitivity testing, and incorporating human perceptions strengthen the reliability and applicability of these studies [37,39,40,41]. These methods provide a holistic framework for understanding and planning GWR’s potential, particularly in regions with critical groundwater reliance.




3.2.2. Vulnerability Studies: Understanding the Relationship Between Groundwater, the Urban Landscape, and Climate Change


This cluster explores the two-way relationship between groundwater (GW) and natural and urban landscapes while also emphasizing how both are influenced by climate change and anthropogenic pressures. The studies highlight the vulnerability of GW under current and future scenarios, providing insights into sustainable landscape planning and ecosystem management.



Landscape and Climate Conditions as Indicators of GW Vulnerability


By taking individual or collective urban landscape layers/climate changes as indicators, this section explores how GW quality, quantity, flow, and temperature changes are affected. GW’s vulnerability to pollution calls for context-specific spatial and environmental strategies, interdisciplinary collaboration, and policy integration for sustainable urban and rural development [42]. The spatial divergence between master planning and urban growth trends can severely impact GW conditions, potentially compromising urban water supplies. Hard surfaces, as well as poorly planned landscape interventions, disrupt the terrain context, exacerbating water management challenges [43]. Ecological integration and stakeholder collaboration can help revitalize urban landscapes and optimize GW conditions [44].



Landforms and Soil Conditions as Key Indicators of GW Vulnerability: Landforms and soil conditions are critical for understanding groundwater recharge and contamination risks. For example, Falkowska found that morainic uplands and ablation covers are more suitable for GW storage due to their insulating properties [45]. In contrast, sandy landforms offer poor insulation and are more susceptible to GW pollution because of shallow water tables. At the local scale, isotopic analyses of various urban green spaces during drought revealed that shrublands are the most resilient, showing minimal evapotranspiration losses and maintaining high moisture content, followed by grasslands [46].



High karstification potential areas, typically with significant groundwater vulnerability, pose additional challenges [47]. The EPIK (epikarst, the protective cover, infiltration conditions, and the Karst network) method for karst aquifer vulnerability mapping highlights areas near mining and urban developments as prone to contamination [48]. Additionally, agriculture, grazing, waste dumping, and illegal landfills further deteriorate the GW quality in karst landscapes. In tectonic structures like grabens, which act as accumulation points, excessive water logging exacerbates the challenges of GW management [49]. Urbanization has a particularly critical impact on water resources in arid zones, further complicating GW management.



Landscape Types and Their Impact on GW Flow: Certain landscape types, such as grasslands, the forest cover, and agroforestry, correlate positively with improved GW flow [50,51]. Replacing conventional crops with perennials like switchgrass and short rotation coppice (SRC) in watershed management can also enhance GW recharge [52,53]. However, transitioning landscapes to plantations like blue gum can reduce GW recharge potential [54]. A study by R. Li et al. (2023) examining the effects of urbanization on the water cycle at the basin scale showed that increased agricultural activities and urbanization negatively impact GW quality [55]. Similarly, trees can deplete GW in waterlogged areas or recharge it in drought-prone zones [56].



Role of Urbanization and the Urban Heat Island Effect in Groundwater Vulnerability: Urbanization often results in converting vegetated or forested areas into barren land and, eventually, urbanized spaces. This transition increases runoff, accelerates soil erosion, decreases agricultural activities, and diminishes GW recharge capacity. Furthermore, traditional GW harvesting systems, such as Aflaj, are negatively impacted by these changes [57,58,59,60,61]. Specific urban land uses, such as cemeteries, road salting sites, and areas with reclaimed water containing pharmaceuticals and personal care products, are also known to have a detrimental effect on GW quality because of waste affluents with groundwater [62,63,64,65]. Barren land and pasture positively correlate with GW depth [66].



Dense residential development in low infrastructure and unsewered areas increases contamination risks to GW, particularly in regions with shallow groundwater tables [67]. Unregulated real estate developments cause the over-exploitation of open spaces and wells and disruptions in canal systems, decreasing GWR opportunities. These fragmented changes in the land cover affect larger-scale water systems, reducing GW levels and regional ecosystem services. Furthermore, the lack of integration between local and state-level land use planning and regulation limits the ability to address these challenges effectively [68].



The urban heat island (UHI) effect is positively correlated with increased impermeable surfaces, leading to enhanced runoff, decreased infiltration capacity, and flooding [69]. The effective impervious area (EIA)—a refined metric—is a more accurate indicator of hydrological responses than the total impervious area (TIA) [70]. The EIA index has revealed that sparse vegetation and croplands are associated with positive GW recharge, while urbanized areas with high imperviousness negatively impact GW flow.



Water Bodies and Groundwater Recharge: Urban waterbodies serve as aqua nature-based solutions. They enhance GW recharge and improve resilience to droughts and flooding by providing additional infiltration and seepage opportunities [71]. In areas of high GW tables, groundwater-fed ponds provide stable habitats, benefiting macroinvertebrate biodiversity. In the case of low GW table areas, the water bodies can be a means to increase GW levels by improving precipitation and runoff infiltration. Integrating waterbodies as nature-based solutions in planning and modifications to the water bodies, such as ecological water diversion, positively correlates with improved GW quality, vegetation health, landscape restoration, and support for agricultural activities and tourism, contributing to socio-economic, hydrological, and ecological sustainability [72].



Role of Geological and Geomorphological Features in Groundwater Flow: Urban planning often overlooks the potential for groundwater flooding risk despite geological and geomorphological features being key contributors to flooding in aquifer zones. Features like faults and slopes, which contribute to increased runoff and rising groundwater tables, complicate urban water management, especially in areas far from riparian zones [73]. Physiographic landscape features also indicate the discharge and recharge point of GW [74]. A study in Abu Dhabi by Elmahdy and Mohamed revealed that groundwater flow dynamics differ significantly across various geomorphological surfaces, such as local, intermediate, and regional flows, which are characterized by fresh, brackish, and saline water, respectively [75]. Integrating recharge and discharge systems into urban planning can help identify landscape features that contribute to sustainable groundwater management.



Impact of Surface Cover on Groundwater Temperature: Surface sealing significantly impacts the GW temperature. Impervious surfaces increase GW temperatures [76]. A positive correlation exists between impervious areas and shallow subsurface aquifer temperature magnitudes [77]. Additionally, vertical groundwater flow, which acts as a heat transport mode in shallow depths, diminished after a radius of approximately 175 m.



Monitoring Landscape and Climate Impacts on Groundwater: The “WATERWISE” and “Saxon Academy Landscape Monitoring Approach” (SALMA) are two integrated hydrological models that monitor the impacts of landscape and climate changes on hydrological conditions, providing valuable insights into the long-term sustainability of groundwater systems [78,79]. A high sensitivity of peak discharges to increased precipitation is recorded in grasslands and agricultural areas, which is positively correlated to groundwater levels. Flow retardation in upstream areas can be performed to control the peak discharge in the lower regions. This highlights the significance of a suitable strategy in terms of spatial planning to utilize climate change as an opportunity rather than for GWR [78].



Drought conditions cause humus loss, soil degradation, and conversion to arable land due to climate and anthropogenic influences that have decreased groundwater levels in several areas [79]. Monitoring the landscape conditions and effective planning strategies can also help mitigate these challenges.




Groundwater as a Marker of Landscape Fragility


Groundwater (GW) levels and quality serve as critical indicators of landscape vulnerability, particularly in the context of natural and human-induced hazards. Changes in GW storage are strongly correlated with hazard mitigation and dryland resource management, reflecting its role in buffering against both natural and anthropogenic pressures [80]. Declines in GW levels, for instance, are often precursors to hazards such as landslides, land subsidence, and extreme rainstorm-induced challenges. Excessive GW extraction amplifies landslide risks, emphasizing the need for its monitoring as part of pre-hazard planning and urban development strategies, especially in mountainous terrains [81,82,83,84].



Interactions between GW and the landscape highlight its role in maintaining ecological functions, particularly during water scarcity. Urban natural reserves rely on GW to sustain transpiration rates during dry months and warm nights, ensuring vegetation resilience. Shallow-rooted vegetation, such as grasses, demonstrates greater vulnerability to water table depth fluctuations than deep-rooted trees, which can maintain high evapotranspiration (ET) rates due to adjacent water sources [85,86].



Hazards and Landscape Modifications: Improperly designed vineyard terraces and poorly managed drainage systems exacerbate hydrological instability, erosion, and landslide risks on slopes landslides [87,88]. Similarly, high groundwater coal basins (HGCBs) are highly susceptible to land subsidence and collapse, especially in areas with shallow GW levels and inadequate drainage [89]. In karst terrains, collapse susceptibility is heightened in regions close to springs, roads, and settlements, while areas with vegetation tend to be less vulnerable. Methods like the PI (protective cover and infiltration conditions) model demonstrate how GW elevation significantly influences aquifer vulnerability in these landscapes [90,91].



Urban and Regional Planning Implications: GW levels provide essential data for land use optimization, guiding urban and regional planning efforts. For example, areas with deeper GW tables are better suited for landfill siting due to reduced contamination risks [92]. GW recharge (GWR) is a valuable indicator for ecological-economic zoning [93]. Infiltration systems like vegetated swales and bioretention cells are more effective in deeper GW regions, as they minimize pollutant transfer risks and improve urban water management transfer [94,95]. GW mapping further aids in identifying vulnerable zones for activities such as oil and gas extraction, ensuring environmental safety [96].



In arid and semi-arid regions, GW levels are integral for revising zoning methods for eco-environmental fragility assessments [97]. For instance, urban soil quality in areas with saline shallow GW shows higher levels in forests compared to local and riverside parks, highlighting the role of vegetation in enhancing soil quality [98]. Additionally, conservation practices in exurban housing areas help balance GW demands, social acceptance, and wildlife safety, optimizing landscape management [99].



Agriculture and climate response: GW availability is a cornerstone of irrigation expansion and agroforestry initiatives [100]. Performance indices for GW irrigation systems demonstrate how GW levels, infrastructure, and exploitation affect agricultural outcomes [101]. Crops sensitive to waterlogging require alternative land use strategies informed by ecological and social sustainability criteria [90]. Agroforestry systems in saline GW regions have successfully minimized the water demand while reactivating marginal landscapes, particularly in urban areas [102].



GW also influences forest responses to climate change, with variations observed across groundwater table depths and soil types [103]. Excessive extraction and over-reliance on GW lead to fragmented land use patterns and declining meadows, emphasizing the need for sustainable extraction practices [104]. However, studies suggest that water table depth alone may not be a robust indicator for specific ecosystems, such as peatland vegetation, which rely on a broader range of environmental factors [105].




GW in Ecosystem Services Evaluation


The spatial valuation of regional landscapes links groundwater (GW) with ecosystem services (ESs) and underscores its role in land use planning and policymaking. Integrated spatial arrangements based on prioritization strategies and multi-zoning can mitigate conflicts among ecosystem services. For instance, trade-offs often arise between GW availability for irrigation and biodiversity conservation [106]. A driver–pressure–state–impact–response (DPSIR) framework used to analyze conflicts among ecosystem services for GW and bioenergy crop production under three scenarios (centralized, decentralized, and trend-based) indicated diminishing GW availability in centralized scenarios. However, decentralized scenarios, which showed only minor changes in GW availability, were preferred by stakeholders for their balanced approach [107].



Integrated modeling of GW and land-surface interactions has revealed that urbanization in upland regions has broader impacts on ecosystem yield due to reduced GW influence on land-surface processes, compared to the localized effects observed in lowland areas. This is attributed to feedback loops between root water uptake and lateral flow from nearby water sources. However, implementing high-resolution and high-pixel models for such studies remains challenging in data-scarce regions [108]. A survey by Martínez-Santos et al. in 2021 used multi-layered supervised classification algorithms to map GW-dependent ecosystems in wetlands, highlighting how ecosystem services often extend beyond officially delineated boundaries. The study also emphasized the buffering role of wetlands in aquifer dynamics and GW storage, mapping groundwater-dependent ecosystems using the multi-layer supervised classification [109].



Landscapes surrounded by forests in uplands often function as recharge zones, whereas those adjacent to high-intensity land use usually act as discharge zones [110]. Urban expansion has been shown to reduce ecosystem service values in high GW table coal basins. Conversely, ecosystem service values increase with restoration activities, farmland conversion, and the creation of water bodies [111]. Urban green spaces, wetland restoration, and forested areas support GWR while contributing to high ecosystem service valuations, both ecologically and monetarily [112,113]. Regions with GW are among the most valuable in terms of relative annual ES flows [114].



Agroforestry systems have demonstrated an optimal balance of cultural and regulating ecosystem services, including biodiversity support, GW recharge, and monetization opportunities [115]. Pastures also facilitate GWR but remain vulnerable to climate change-induced GW variability. Through managed aquifer recharge (MAR), forest landscapes can improve GW management in river basins, further enhancing ES provisioning [116].





3.2.3. Spatial Design in Groundwater Recharge


Studies in this cluster are focused on integrating groundwater (GW) in urban landscapes to enhance landscape performance and hydrological conditions. They employ design explorations to visualize potential future landscape scenarios across different scales. This section has two sub-groups: spatial design as a landscape-based GWR tool and groundwater integration in urban water management systems.



Spatial Design as a Tool for Landscape-Based GWR


Thinking of groundwater as a vital resource associated with urban landscapes requires an in-depth understanding of the interactions between groundwater and space. Employing interactive mapping can facilitate an interdisciplinary and integrated approach to spatial planning [117]. A collaborative design studio approach, wherein master planning is seen from a landscape perspective, also offers a potential bridge between academic theory and practical implementation, enhancing infiltration opportunities [118].



In water-scarce cities, the design of socially inclusive multifunctional green spaces, such as stormwater ponds, can play a crucial role in groundwater recharge. These spaces can aid in managed aquifer recharge (MAR), improving infiltration capacity and providing valuable amenity services to local communities [4]. Moreover, low-impact development strategies, i.e., modifying existing urban infrastructures to enhance infiltration, can improve GWR and mitigate urban water stress [119]. Landscape interventions like phytoremediation, constructed wetlands, and rehabilitating abandoned pits can also enhance the quality of groundwater [120,121,122]. Furthermore, designing biofilters with plants to filter nitrogen-contaminated groundwater during the summer months and incorporating stormwater harvesting and treatment systems for the winter season can address water quality concerns in arid regions [123].




GW in an Integrated Urban Water Management Approach


GW is a co-benefit of blue–green infrastructure [124], as it plays a central role in enhancing the resilience of urban water systems. Developing water-sensitive spatial strategies at multiple scales, including local and metropolitan levels, and systematically linking them through stakeholder involvement can provide a comprehensive approach to managing urban water scarcity [125]. The integration of both soft (e.g., green spaces) and complex (e.g., built structures) landscape interventions can restore natural hydrology, increase water conservation, and recharge groundwater aquifers [126].



A significant strategy is the integration of various water flows within urban planning, closing the water cycle loop. While ensuring efficient groundwater management, this approach also connects urban water cycles, landscape practices, and the role of key stakeholders [127]. By integrating socio-ecological data into planning, cities can tailor their approaches to specific contexts [128].



Collaborative and interdisciplinary approaches, such as stormwater infiltration projects to boost groundwater levels, have shown promise in improving green and blue infrastructure. For example, a collaborative urban design project in Denmark majorly improved stormwater infiltration as part of a broader urban water management strategy [129]. Similarly, the sponge city concept (India), focusing on improving stormwater retention and infiltration, holds potential benefits for groundwater recharge. However, the suitability of different sites for deep or shallow infiltration should be carefully considered, particularly in areas with shallow groundwater levels, steep slopes, or saline aquifers [130].



As demonstrated in India, the concept of smart cities supports the reuse of wastelands for groundwater recharge, combining natural and artificial recharge methods and creating cascade systems for storing treated wastewater in urban water bodies. These methods are crucial for combating water scarcity in arid regions [131].



Also, the conjunctive management of groundwater and surface water is significant, especially in limited groundwater supply areas. This approach also encourages protecting river ecosystems under the pressures of climate change and urbanization [132]. Integrated planning that combines artificial recharge with natural groundwater replenishment using reclaimed water can offer sustainable urban water solutions, as seen in various case studies such as reclaimed water projects in Los Angeles and desalination initiatives in Tel Aviv [133,134,135]. Also, integrating groundwater recharge into anti-land subsidence planning and groundwater management can avoid fundamental urban problems [136]. However, sectoral approaches must be overcome to realize the full potential of integrated urban water management [137].





3.2.4. Participatory Outlook


This cluster focuses on research from a social, action, or participatory perspective, highlighting the importance of community involvement and collaborative governance in groundwater recharge (GWR) management. A study by Everard et al. (2018) demonstrated that integrating socio-ecological perspectives in technical solutions enhances resource management and promotes sustainable practices [138]. Involving local communities through interviews and employing frameworks like STEEP (social, technological, ecological, economic, and political) can address the complex relationship between ecosystems and urban development. These participatory approaches often emphasize local-scale, community-driven designs, which integrate green infrastructure development with long-term hydrological impacts. This process involves feedback loops, consultations, and informational sessions to educate communities about their potential exposure to groundwater issues and their role in its management [139].



One example of participatory tools is web-based platforms, such as the SOILCONSWEB-CGI system introduced by Terrible et al. in 2015 [140]. These platforms facilitate stakeholders through inclusive and informed decision-making. This allows for the better management of fragmented urban landscapes. In the same way, geovisualization tools enable cross-scale and cross-level decision-making about groundwater sustainability among various stakeholders, promoting transparency and collaboration in planning [141]. However, limited sectoral knowledge often challenges effective groundwater management. To overcome this, integrating knowledge across different sectors and strengthening local stakeholders and existing structures can promote a polycentric approach to groundwater governance [142].



Conflicts between economic development and ecological restoration and inadequate communication among local stakeholders, scientists, and decision-makers often complicate groundwater management [143]. A solution proposed by Dhakal and Chevalier involves a two-tier governance framework that includes city governments and hydrological districts [144]. This framework highlights decentralization and local management of stormwater to improve stakeholder collaboration, increase groundwater replenishment and landscape improvement, and encourage inter-sectoral cooperation.



From a practical management perspective, assessing the ecological objectives of various stakeholders can lead to developing management strategies that address changes in baseflow and groundwater depth. Bhaskar et al. (2016) proposed a management framework or decision-support tool to monitor water table depth and baseflow change due to urbanization and landscape vulnerabilities [61]. Land use and land cover (LULC) scenarios also help stakeholders prioritize land use changes based on their potential impacts on groundwater and ecosystem services. For instance, in a regional spatial planning study in Jakarta, stakeholders ranked GWR as the third most crucial ecosystem service, following flood mitigation and biodiversity conservation [145]. However, in many regions where stakeholders are highly dependent on groundwater, it is often ranked lower in spatial planning decisions.



Participatory approaches also allow for the definition of dynamic and static LULC future scenarios, enabling stakeholders to assess the potential for increased aquifer recharge [146]. Braune and Xu 2010 highlighted the need for top-down approaches in groundwater resource management in Sub-Saharan Africa, where groundwater is neglected despite its high socio-economic and ecological significance [147]. For such regions, effective management requires political will, systematic organization, and the integration of groundwater into local-scale planning.



Finally, the integration of both top-down (expert-driven) and bottom-up (community-driven) approaches in groundwater protection has been demonstrated in several studies. For example, in a groundwater protection area in Denmark, Vejre considered both approaches to balance the conflicting demands of (local) farmers and experts while enhancing landscape functions and maintaining groundwater quality [148]. This dual approach is vital for resolving conflicts and improving sustainable groundwater management at the local level. Furthermore, Kmoch highlighted the need for a comprehensive nexus of people (stakeholders), green infrastructure, and water interactions at a cross-sectoral scale to address water scarcity issues effectively and promote a holistic approach to groundwater governance [149].






4. Discussion


4.1. Existing Research Trends and Gaps


Though GWR is essentially linked to the landscape system, we observed less discussed contributions of spatial planning and landscapes in the preliminary visualization of the GWR literature. Specific keyword searches also revealed that only 6.3% (8 out of 126) of studies were focused on using spatial design for groundwater recharge. Also, arid regions mostly conduct studies on GWR potential estimation because they rely on GW. We found an increasing yet fluctuating trend in the literature connecting groundwater recharge, landscapes, and spatial planning. These studies utilize a variety of research objectives, scales, and tools ranging from GIS, machine learning, hydrological technicalities, socio-economic focus, and statistical modeling and call for the need for interdisciplinary collaboration between spatial planners, hydrologists, engineers, and different stakeholders to attain a holistic implication of landscape-based groundwater recharge (GWR).



Urban planning and landscape design do not appear in the top 10 background disciplines, which sheds light on the dissociation between GWR and the urban landscape context. Advanced remote sensing and digital modeling have contributed to efficient recharge estimates and optimum scenario generation. However, it also makes the studies very specialized and technical from a landscape design perspective. Though most authors have linked groundwater recharge to a step towards sustainable regional development, they lack a systematic integration of groundwater recharge in urban and regional environments and mostly rely on quantitative methods and results. Hence, there is a need to translate this scientific knowledge as generalized, operative, and adaptive to contextual specifications so that regions with data scarcity, sectoral approaches, and fewer resources can adapt and integrate this knowledge into urban and regional development.




4.2. Role of Remote Sensing and Digital Tools in Groundwater Management


From this review, we found that the use of digital tools in groundwater potential estimation and management is crucial. All the studies utilized remote sensing and digital technology in one way or another to provide valuable insights into groundwater dynamics. Many studies have already been conducted to review the digital tools used in groundwater management (Section 1). These tools can also facilitate the development of sustainable spatial planning strategies when integrated. Remote sensing has been proven powerful for acquiring data in data-scarce regions, the analysis of land use and change in terms of Landsat images, and the vegetation health and cover, which influences the GWR capacity.



Various digital recharge potential modeling and estimation techniques help assess urbanization’s impact on groundwater recharge potential. Regression analysis [72] and contemporary machine learning hybrid intelligence techniques (i.e., FORSKA-G, FORSKA-M, FLDA, BFLDA, and RFLDA) offer a better substitute for groundwater recharge potential estimation as compared to the conventional GWR mapping estimation techniques of AHP and ANP [38,39,40,103]. The MODFLOW model is also one of the most commonly used models to analyze groundwater flow and quality [65].



Scenario modeling is also a powerful tool for visualizing potential futures, enabling communication and conflict resolution between various stakeholders.



On local and neighborhood scales, Piezometers with isotope sensors [71], soil moisture sensors, and water quality sensors also provide real-time onsite information to planners. Web-based participatory platforms like SOILCONSWEB-CGI [140] can also help facilitate inclusive and informed decision-making of various stakeholders, which is vital for groundwater management.




4.3. Development of a Landscape-Based Framework for the Integration of GWR in Spatial Planning


The four literature clusters highlight significant insights into understanding the connection between landscape and groundwater recharge. The cluster of GWR potential studies provides knowledge acquisition of contextual landscape systems by mapping different landscape layers to co-create spatially explicit knowledge. The cluster of vulnerability studies is closely linked to exploring multi-scale spatial relationships between different landscape layers and synergies and conflicts under urban or climate change scenarios. Studies focusing on using spatial design visualizations to forecast future landscape conditions reinforce the importance of the co-creative design process. This also emphasizes the need to integrate multiple spatial-temporal scales, allowing for creating and delivering “transformative knowledge” that can be validated through continuous feedback. It can further develop principles and strategies to apply theoretical knowledge practically. The fourth cluster of action outlook, prototyping GWR spatial solutions and pilot projects, enriches societal learning processes, reflecting upon the whole decision-making process of this transformative knowledge while bridging the gap between design and implementation.



Though each cluster provided valuable insights into groundwater recharge, it also reflects a lack of a holistic approach to the practical implementation of groundwater recharge from a spatial perspective. Hence, we propose integrating these four GWR research clusters as building blocks into an iterative loop to give a holistic understanding of groundwater recharge. This can systematize the existing fragmented and highly technical knowledge into a coherent strategy, helping landscape planners and other stakeholders to navigate complex spatial relationships and environmental dynamics (Figure 6). As a holistic and process-oriented methodology, this aligns with the landscape approach that offers substantial potential to integrate the four research clusters of GWR.



The landscape approach involves the mapping of landscape functions and the co-creation of spatially explicit and context-sensitive knowledge through the continuous loop of understanding, exploring, analyzing, and designing [150,151,152]. In this way, fragmented knowledge in the GWR literature can be systematically integrated to create solutions to real-world issues (pragmatic worldview) [153]. Landscape designers, with their expertise in spatial planning, can play a key role in translating these interdisciplinary concepts into tangible spatial solutions [2]. The relevant research from geography, statistics, computer science, hydrology, environmental science, urban planning, and landscape architecture underscores this opportunity for interdisciplinary collaboration to address GWR-related challenges effectively.



The framework emphasizes the following three core components.



Interdisciplinary collaboration: Collaboration among designers, technical professionals, end-users, and policymakers is essential to co-create socially and ecologically inclusive GWR solutions. Assistance and knowledge-sharing forums can address data scarcity and promote adaptability.



Mapping and visualization tools: Mapping and visualization help to identify, assess, and communicate the potential of GWR in different landscapes. Suitability mapping helps to understand the landscape’s function. Scenario modeling can help explore optimum spatial conditions for GWR. The spatial visualization of technical data assists in creating maximum participation from different stakeholders. It addresses the conflict between ecological, economic, and societal needs by highlighting its relevancy to the specific context. It can improve stakeholder engagement by enabling participatory decision-making processes. This way, diverse groups, including policymakers, developers, and local communities, can understand and evaluate the proposed solutions.



Moreover, for the regions with less favorable natural conditions for infiltration, these tools also evaluate the long-term feasibility of such projects by simulating groundwater dynamics under varying environmental and societal conditions.



Role of design: Design extends the utility of mapping and modeling by enabling the real-world implementation of spatial solutions. It transforms technical insights into tangible, adaptable, and inclusive interventions by integrating social, ecological, and hydrological considerations. For example, incorporating infiltration zones in parks or permeable pavements in public spaces and streets can serve as pilot projects, offering valuable feedback for later improvements in design principles.



Landscape architects can create solutions to enhance recharge potential and improve social acceptance and accessibility by involving communities and other stakeholders in co-creative design processes. This way, design provides “transformative knowledge” by spatially visualizing potential futures and bridging the gap between theory and practice across disciplines. By designing adaptable, multifunctional spatial strategies, planners can accommodate shifting priorities, whether due to climate change, urbanization, cultural norms, or policy changes. This way, landscape-based GWR integrates with broader ecological, esthetic, and recreational goals [150].



Feedback, validation, and reflection: The iterative nature of the landscape-based GWR approach ensures continuous feedback, validation, and reflection loops. This enables planners to address the wicked problem of urban water crises through complex, integrated scenarios [2]. Feedback from the local community and experts is integral for tailoring solutions for regional and cultural preferences, combining top-down and bottom-up planning strategies.




4.4. Limitations


This review is limited to two interdisciplinary academic databases, restricting its scope to documented research. Thus, it overlooks the analysis of practical landscape projects, urban and regional plans, and undocumented community-level initiatives for GWR from a landscape perspective. Also, this reliance on academic databases has excluded policy-driven advancements as it did not include technical reports, policy briefs, and professional planning documents.





5. Conclusions


In this study, we conducted a systematic literature review to examine how spatial planning can contribute to groundwater recharge (GWR). Despite its close connection to the landscape, we hypothesized that GWR is predominantly understood in highly technical and specialized terms within the existing literature. Both broader bibliometric visualization and targeted database search focusing on landscape, spatial planning, and GWR supported this hypothesis that, despite its technical emphasis, GWR is inherently linked to landscape dynamics.



We utilized two interdisciplinary databases, Scopus and Web of Science, to maximize the breadth of assessable results. Our findings indicate that each literature cluster corresponds to a distinct phase or fragment when arranged in an iterative loop, forming the basis of a landscape-based GWR framework. Central to this framework are interdisciplinary collaboration, co-creative design, visualization, and feedback. We linked GWR potential mapping to understanding landscape systems and vulnerability studies to understand the relationships between landscape, urban, and cultural systems. Design-based studies are key to developing integrated spatial solutions, and participatory studies were identified as vital for fostering societal learning. Through this, we propose a landscape-based approach for incorporating GWR into urban planning and regional development, with landscape design as the critical link between scientific research and practical applications.



This study underscores the key role of spatial planners and landscape designers in developing social-ecological spatial GWR solutions. Furthermore, incorporating GWR as a crucial input in urban planning is vital for designing sustainable spatial solutions to contemporary urban challenges.



Future Recommendations


Future research should focus on applying the proposed landscape-based framework in real-world contexts, mainly through pilot projects and case studies, to test the feasibility of GWR interventions. This can hold significant implications in improving the water crisis of developing arid regions that face complex management and infrastructure constraints. Also, policy framework designs facilitating the integration of GWR into urban and regional planning can foster adaptive and context-relevant spatial design solutions. Finally, enhancing groundwater management strategies’ social and cultural relevance on local and regional levels will ensures long-term success and sustainability.
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Figure 1. The flow diagram of this study. 
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Figure 2. The PRISMA framework followed for the systematic literature review. 
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Figure 3. The annual distribution of the studies related to landscape-based GWR (X-axis: years and Y-axis: number of publications). 
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Figure 4. The global distribution of records of landscape-based GWR (Locations plotted with 84% efficiency). 
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Figure 5. (a) The broad visualization result of the GWR literature from VOS Viewer shows five different colored clusters. (b) The division of major clusters based on the themes of the keywords. (c) In the literature, urban planning is a small cluster linked to groundwater. However, it does not show any connection to themes of design, plants, urban growth, low-impact development, or artificial recharge. 
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Figure 6. An iterative framework for landscape-based GWR (source: author). 
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Table 1. Previous groundwater recharge review studies in terms of planning and nature-based/landscape-based solutions.
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	Author (Year)
	Title
	Conclusions
	Limitations/Gaps/Further Recommendations





	Braga et al. (2020)

[9]
	Groundwater Management in Coastal Areas through Landscape Scale Planning: A Systematic Literature Review
	Understanding groundwater systems in terms of landscape units in spatial, temporal, and modification dimensions can help to improve groundwater management decisions.
	Focused on coastal areas.



	Kumar et al. (2024)

[28]
	Enhancing Groundwater Recharge Through Nature-Based Solutions: Benefits and Barriers
	Nature-based solutions can increase groundwater recharge.
	Affective planning strategies are needed to enhance NBs for GWR.



	Yimer et al. (2024)

[29]
	The underexposed nature-based solutions: A critical state-of-the-art review on drought mitigation
	Despite the potential, nature-based or landscape-based solutions are significantly underexplored, especially on a large scale globally.
	The role of local stakeholders in enhancing the synergy between land use regulations and groundwater management needs to be explored.










 





Table 2. List of keywords used in the Scopus and WOS databases.
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KW-1

	
KW-2

	
KW-3






	
Groundwater recharge

	
Landscape

	
Spatial planning




	
Related Keywords




	
“Groundwater” OR “Groundwater recharge” OR “Aquifer recharge” OR “Groundwater Potential” OR “Managed Aquifer recharge” OR “Groundwater management”

	
“Landscape” OR “Landscape-scale planning” OR “Green space” OR “Landscape design” OR “Vegetation” OR “Landscape approach” OR “Nature-based solutions”

	
“Spatial planning” OR “Land-use planning” OR “Urban Design” OR “urban planning” OR “Regional planning” OR “Regional development” OR “Multiscale planning”











 





Table 3. Studies distributed in different themes.
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Clusters

	
Numbers (Appendix)

	
Total Number






	
GWR potential mapping

	
68, 74, 78, 91, 98, 117

	
6




	
Vulnerable relationship between climate change, urban landscape, and groundwater hydrology

	
Landscape and climate conditions as indicators of groundwater vulnerability

	
7, 8, 10, 11, 12, 14, 15, 16, 18, 20, 21, 25,

30, 36, 37, 38, 39, 42, 44, 49, 50, 54, 56, 71,

72, 88, 89, 90, 92, 93, 99, 101, 102, 104, 107,

109, 110, 111, 112, 118, 119, 120

	
42

	
84




	
Groundwater as a marker of landscape fragility

	
4, 6, 17, 23, 28, 29, 33, 35, 40, 52, 57, 59, 60, 69,

73, 75, 77, 80, 82, 83, 84, 87, 94, 95, 97, 100, 114,

115, 124, 125

	
30




	
Groundwater in ecosystem service evaluation

	
34, 43, 47, 53, 55, 61, 63, 64, 65, 85, 106, 126

	
12




	
Spatial design in groundwater recharge

	
Spatial design to improve GWR

	
5, 27, 46, 67, 70, 76, 108, 127

	
8

	
23




	
GW in an integrated urban water management approach

	
2, 3, 9, 19, 26, 31, 32, 58, 79, 86, 96,

103, 113, 116, 121

	
15




	
Participatory outlook

	
13, 22, 24, 41, 45, 48, 51, 62, 66, 81, 105, 122, 123

	
13











 





Table 4. An overview of studies presented in the cluster of GWR potential mapping.
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	No.
	Author
	Country
	Scale
	Input Parameters
	Highest Influencing Parameter
	Model/

Methodology
	Validation
	Additional Associated Dimension





	1
	De Souza et al. (2019)

[39]
	Brazil
	Basin
	Elevation Rainfall, Land Cover, and Soil Type
	Rainfall
	Random Forest Model and BALSEQ (Balance method for the evaluation of Groundwater Recharge Potential) Model
	Soil Moisture Data
	---



	2
	Bara et al. (2022)

[36]
	India
	Regional
	Slope, Aspect, Altitude, Drainage Density, Pond Density, LULC, NDVI, Rainfall, Temperature, Lithology, Geomorphology, Lineament, and Soil Type
	LULC and Lithology
	Weighted Overlay Method and AHP

(Analytical Hierarchy Process)
	Groundwater Elevation Datasets
	---



	3
	Das et al. (2021)

[41]
	India
	Sub-district
	Lithology, Geomorphology, Lineament, Soil Type, LULC, Average Slope, and Drainage Density
	Geomorphology
	Weighted Overlay Method and AHP (Analytical Hierarchy process)
	Groundwater Level
	Human Adaptation Behavior



	4
	w. Chen et al. (2019)

[40]
	China
	Regional
	Elevation, Slope, Aspect, Plan Curvature, Profile Curvature, TWI, SPI, STI, Lithology, LULC, NDVI, Distance To Roads, and Distance To Streams
	Lithology
	FLDA

(Fisher’s Linear Discriminant function), BFLDA (Integration Of Fisher’s Linear Discriminant Function With Bagging Ensemble), RFLDA (Integration Of Fisher’s Linear Discriminant Function With Rotation Forest Ensemble)
	Friedman Test, Wilcoxon signed-rank Test, and ROC
	---



	5
	Gizaw et al. (2023)

[37]
	Ethiopia
	Sub-Basin/catchment
	Slope, Geomorphology, NDVI, Elevation,

Geology, LULC, Soil, Rainfall, and Drainage Density
	Slope
	Weighted Overlay and AHP (Analytical Hierarchy Process)
	Boreholes And Spring Yield Data
	---



	6
	Singha and Pasupuleti (2020)

[38]
	India
	District
	Aquifer, Soil, Geomorphology, Slope, Drainage Density, LULC, NDVI, and Rainfall
	Aquifer
	ANP (Analytical Network Process)
	Groundwater Level
	---
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