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Research has shown that the collective network of domestic gardens could make a substantial contribution to climate change adaptation. One way to harness this contribution is by implementing Nature-based Solutions (NBS). However, due to the predominant focus on NBS applicable in large-scale and publicly available urban green areas, there is a lack of comprehensive research encompassing NBS specifically applicable to domestic gardens and their associated ecosystem services. Through a systematic review following the ROSES protocol, this paper provides an overview of the existing knowledge on small-scale NBS and climate resilient gardening practices, as well as, identifies research needs. This work contributes to the growing recognition of the spatial and ecological importance of domestic gardens for climate adaptation, and stresses the urgent need for more quantitative research on the range and effectiveness of ecosystem services provided by small-scale NBS. In this paper, we reflect upon the feasibility and practical implications of three specific NBS: the improvement of current lawn management practices, the reduction of sealed soil or pavement present, and the integration of trees in domestic gardens. We also acknowledge the potential of Citizen Science and governmental initiatives to engage citizens and improve the adoption of NBS in domestic gardens. Our work highlights the additional benefits and crucial role of urban planning and policy in integrating domestic gardens into broader climate adaptation strategies.
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1 INTRODUCTION
Can domestic gardens play an important role in climate change adaptation? In the face of rapid urbanization and population growth, urban areas have been increasingly affected by heatwaves, air pollution, floodings and droughts, all of which will become more prevalent in the future due to climate change (Kabisch et al., 2017; Department of Economic and Social Affairs, 2019). Compared to traditional and technical measures, integrating Nature-based Solutions (NBS) into climate change adaptation policies is considered more effective and sustainable (Pauleit et al., 2017; Albert et al., 2019; Krauze and Wagner, 2019). NBS are defined by European Commission (2015) as actions which are “inspired by, supported by, or copied from nature”, and that are designed to address a range of environmental challenges in an efficient and adaptable manner, while at the same time providing economic, social, and environmental benefits (p. 5). The implementation of NBS in cities has been increasingly recognized for addressing climate-related challenges by providing diverse ecosystem services (Krauze and Wagner, 2019; Sušnik et al., 2022; McPhearson et al., 2023), including improving heat-regulation, advancing carbon sequestration, and reducing water scarcity, while also contributing to overall human wellbeing and biodiversity (Dewaelheyns, 2014; Beumer and Martens, 2016; Krols et al., 2022).
While much attention has been given to NBS applicable in large-scale and publicly available urban green areas, such as urban forests or sustainable urban drainage systems (Cameron et al., 2012; Haase et al., 2019), one vital area has remained hidden and largely unexplored—the private domain of domestic gardens. Turner (2005) describes gardens as “areas set aside for the cultivation and enjoyment of plant and other natural life”, emphasising how gardens combine cultivation (enhancing the natural environment or producing food) and enjoyment (recreational use), distinguishing them from purely agricultural or natural areas. Cameron (2012) further notes that domestic gardens are typically adjacent to residential buildings, situated within a local and individual household setting. Here, residents, whether owners or tenants, have the autonomy to manage their gardens personally or delegate this responsibility to professionals, underscoring the private nature of these spaces (Cameron et al., 2012).
Gardens are an integral part of the urban green and blue network and make up a significant portion of urban areas worldwide, ranging from 16% to 36% (Gaston et al., 2005; Mathieu et al., 2007; Loram et al., 2011; Cameron et al., 2012; Beumer and Martens, 2016; Yan et al., 2022). In Western Europe, this percentage is estimated to be even higher (Loram et al., 2011). Although specific numbers are limited, studies in the UK show that domestic gardens take up 35%–47% of the total green space in cities (Loram et al., 2007). Similarly, the extend of vegetated garden cover within the total urban area of Dunedin (New Zealand) was determined to be 36% (Mathieu et al., 2007). Research in Flanders (Belgium), the northern region of Belgium, estimated that domestic gardens cover more than one third of urban areas, and over 12% of the Flemish territory. This surpasses the present Flemish surface area of nature conservation (<5%) and forests (10%) (Strosse et al., 2020).
Despite their number and extent, domestic gardens have been largely missing in urban climate research, which may be due to their small scale, spatial fragmentation, and private character (Gaston et al., 2005; Mathieu et al., 2007; Dewaelheyns, 2014). Nevertheless, their collective network, the so-called ‘garden complex’, could make a substantial contribution to climate change adaption and the local quality of life by enhancing the various ecosystem services they provide (Dewaelheyns, 2014). Previous studies by Cameron et al. (2012), Langemeyer et al. (2019) and Krols et al. (2022) have explored the contribution of gardens to ecosystem services provisions, yet they primarily offer descriptive lists of ecosystem services without further refinement. Although these studies highlight that differences in both form and management of domestic gardens influence the ecosystem services benefits, limited research has been conducted specifically on the climatic impact of garden management (Cameron, 2023). Moreover, existing studies are limited to a particular scientific field, such as biodiversity, urban hydrology or soil research (Dewaelheyns et al., 2013; Tresch et al., 2019).
Hence, there is a need to update the understanding of the ecosystem services provided by gardens and to explore what gardens exactly contribute to climate change adaptation. One way to harness this contribution is by implementing NBS within the domestic garden context. The research questions are: (i) ‘Which NBS are applicable in domestic gardens?’ and (ii) ‘How and to what extent can these NBS provide climate change adaptation?’. Building on Turner (2005) and Cameron et al., 2012 definitions of domestic gardens, we further define NBS within this context as solutions that enhance the cultivation and enjoyment of natural life, tailored to the limited and local space of domestic gardens and easily accessible for voluntary adoption by residents. By performing a systematic review, we aim to consolidate existing knowledge on these small-scaled NBS applicable within domestic gardens and provide a well-documented inventory of their contributions to enhance the climate change adaptation potential of domestic gardens. This inventory could serve as a starting point for policymakers and planners looking to leverage that potential within their climate change adaptation strategies.
2 SYSTEMATIC REVIEW
2.1 Koppen-Geiger climate zone ‘Cfb’
The review focusses specifically on the Western European region classified as Koppen-Geiger climate zone ‘Cfb’, including the UK, the Netherlands, Belgium, Luxembourg, France, Germany, and Switzerland (Peel et al., 2007). Urbanization in Western Europe has evolved organically over centuries, resulting in an intricate network of different land uses, ribbon development and urban sprawl, intertwining domestic gardens throughout the territory (Dewaelheyns et al., 2018; 2014; EEA, 2016; Vermeiren et al., 2022). This historical interconnectedness of domestic gardens with spatial development patterns specifically offers potential for local climate change adaptation (Dewaelheyns, 2014). Although the spatial context may differ in other regions, for example, the US (Akbari et al., 1997; Nassauer et al., 2014; 2009; Larson et al., 2022; 2009; Harris et al., 2012), analogies with urbanization patterns elsewhere makes Western Europe an interesting case. This includes considering the influence of policies promoting consumerism, the embrace of rural lifestyles, challenges from private housing development and governance ambiguities (den Heijer and Coppens, 2013).
The review aims to identify NBS that are particularly well-suited for addressing climate-related challenges and opportunities specific to the Western European ‘Cfb’ regions and their climatic patterns. These regions experience a maritime temperate climate with significant precipitation throughout the year and are characterized by mild summers due to cool ocean currents and winters that are usually cloudy and wet (Peel et al., 2007).
2.2 ESS garden model
To structure the systematic review, we developed ESS Garden model, built upon the ecosystem services (ESS) cascade model of CICES v5.1 (2017) (Figure 1) (Potschin et al., 2018). The CICES cascade model is a conceptual framework that was developed to explain how the ecosystem services paradigm can be used to understand relationships between people and nature (MEA, 2004; EEA, 2017). The model helps to explain benefits that ecosystem services provide for society, as well as how ecosystem services themselves are determined by natural structures and processes (Potschin and Haines-Young, 2011; Potschin and Haines-Young, 2016).
[image: Figure 1]FIGURE 1 | The ESS Garden Model based on (i) the CICES cascade model, and (ii) the MEA ecosystem services classification (MEA, 2004; EEA, 2017). Garden structures and components are divided over three garden covers where NBS can be implemented. In turn these NBS can provide relevant ecosystem services to address local urban environmental challenges related to climate change such as flooding, drought, and heat stress.
We restricted the biophysical structures and components to the garden context and focus solely on the environmental aspects of climate-related ecosystem services. We included three key garden covers to which NBS can be applied: vegetation, water, and soil. From the Millennium Ecosystem Assessment (MEA) classification (MEA, 2004), we selected relevant ecosystem services by prioritizing those that have a climatic impact or that can help alleviate local urban environmental problems, such as flooding, drought, and heat stress. These include local climate regulation, water regulation, air quality maintenance, and wind regulation. Recognizing the potential contribution of small-scale NBS in domestic gardens to increase carbon storage and other aspects of global climate regulation, we also included this aspect as part of the reviewed ecosystem services. This approach ensures a more comprehensive understanding of the overall impact of NBS across different scales.
The ESS Garden model simplifies the complex relationships between small-scale NBS and the ecosystem services they provide. Similar to the cascade model, it offers a vocabulary to better understand what ecosystem services can be provided by small-scale NBS that are useful for climate change adaptation (Potschin et al., 2018).
2.3 ROSES protocol
The ROSES review protocol is used to consolidate and document the existing knowledge on small-scale NBS suited for implementation within domestic gardens. This systematic review protocol builds upon the foundations of well-known reporting standards like PRISMA and is particularly tailored for conservation and environmental management research (Haddaway et al., 2018). It serves as a reporting and guidance tool designed to improve the efficiency and critical appraisal of the systematic review. It consists of an extensive checklist/report (Supplementary Appendix A) and flow diagram (Figure 2) designed to register all necessary information on how the systematic review was conducted to increase transparency and to ensure that the systematic review is of high standards (Haddaway et al., 2018; Drepper et al., 2021).
[image: Figure 2]FIGURE 2 | ROSES flow diagram of the systematic review. The flow diagram illustrates the screening and selection process of articles for the systematic review. Out of the 245 articles reviewed at full text level, 70 articles were ultimately included in the review.
Data was collected on the first of November 2023, from literature available on Web of Science Core Collection (WOS) and Scopus, using predetermined and tested search strings based on the ESS Garden model (Table 1). These search strings targeted literature exploring the interplay between NBS and gardens, and their roles in delivering ecosystem services. By including specific keywords such as “Nature-based Solutions”, “yard”, and “garden (management)” alongside with terms related to “ecosystem services” or environmental benefits, we aimed to target studies that focussed on their impact on key garden covers: vegetation, water, and soil. Since ‘ecosystem services’ or ‘Nature-based Solutions’ are both relatively recent scientific concepts, supplementary vocabulary related to urban green, nature, environment, and ecology was incorporated to reduce publication bias and cover reliability over time.
TABLE 1 | The predetermined and tested search string used to scan literature.
[image: Table 1]After extracting records from WOS and Scopus, the screening strategy focussed first on filtering literature on the relevant Koppen-Geiger climate zone ‘Cfb’, and literature written in English. Next, literature was screened at title-level, followed by the abstract and key-words. Based on predefined inclusion criteria (Table 2), studies covering both practical applications and theoretical explorations of the implementation of NBS within the domestic garden context were included. This approach aimed at offering a broad overview of the potential of NBS in domestic settings, with desired outcomes being improvements in ecosystem services or climate adaptation. If all the inclusion criteria were met (Table 2), literature was saved in the Mendeley Reference Manager software, and full-text screening was performed independently by three authors (Supplementary Appendix B). The ROSES flow chart in Figure 2 exposes the full body of literature.
TABLE 2 | Overview of the inclusion-criteria for full-text review.
[image: Table 2]To address potential publication bias, a comprehensive quality assessment was performed. This involved assigning a quality score to all included studies, categorizing them into low, medium, or high susceptibility to bias. Studies that are categorized as low susceptibility to bias, explicitly mention the link between NBS and the ESS they deliver, provide robust quantitative results, and detailed methodological approaches for transparency and replicability. Medium susceptibility studies similarly mention the link and provide quantitative results, however, these results are either suboptimal or derived from modelling, indicating a need for caution in interpretation. Lastly, high susceptibility studies only make reference to the link between specific NBS and ESS without providing supporting quantitative results (Supplementary Appendix B).
Data extracted from the final set of research papers is systematically organized using the ESS Garden model (Figure 1) resulting in an inventory of ecosystem services and NBS that provide them, with details covering NBS description, implementation, and management (Supplementary Appendix C). To ensure the reliability of the review, two independent authors tested the consistency of data extraction and validity assessment across a subset of six publications (8.6%), using the same indicators for inclusion or exclusion. This systematic approach aligns with the essential criteria for systematic reviews outlined by Bown and Sutton (2010).
3 RESULTS
3.1 Global results of the systematic review
A total of 3,498 and 4,925 records were obtained from the Web of Science (WOS) and Scopus, respectively. From these initial records, 6,351 were excluded based on the language and geographic location requirements (Table 2) and 607 duplicates from both WOS and Scopus were removed. Subsequently, another 1,204 articles were excluded after title and abstract screening. Even though 246 articles were reviewed at full text level, only 71 remained for inclusion in the synthesis after screening and critical appraisal of the specific studies included in these articles (Figure 2). Most of the excluded articles focused on NBS that were specifically designed on a city-scale (e.g., urban forests, riparian buffers, large-scale bioswales) which did not align with the objectives of this research.
The distribution of articles for which the full text was screened, categorized by their year of publication, demonstrates a notable increase in literature corresponding with the introduction of the scientific term NBS (2015) (Figure 3). This expansion suggests a growing recognition and integration of the concept in research, leading to a substantial growth in the body of literature. Another noticeable trend is the increase of relevant publications that were ultimately included in the systematic review, particularly with the introduction of import garden research contributions, including (i) the first garden research in climate zone ‘Cfb’ (Gaston et al., 2005), and (ii) the first research exploring ecosystem services provided by gardens (Cameron et al., 2012; Cook et al., 2012) (Figure 3).
[image: Figure 3]FIGURE 3 | Illustration of the distribution of articles by publication year. The figure distinguishes the articles read at full-text level (shown in grey) and those included in the synthesis of the literature review (shown in blue). Additionally, the introduction of the term Nature-based Solutions (NBS) is highlighted, as well as, key research achievements including (i) the first garden research in climate zone ‘Cfb’, and (ii) the first research exploring ecosystem services provided by gardens.
Figure 4 illustrates the spatial representation of the research included in the systematic review. Studies concerning small-scale NBS within climate zone ‘Cfb’ have predominantly been conducted in the UK (24%) and France (13%). The remaining references do not target a specific geographical location and comprise of theoretical studies or other reviews which mainly focus on the city-scale and include only a limited number of NBS applicable to domestic gardens.
[image: Figure 4]FIGURE 4 | Illustration of the geographical distribution of articles included in the synthesis. The figure shows a spatial representation of the research included in the systematic review, with the size of each circle corresponding to the number of studies conducted in that specific area.
3.2 Nature-based Solutions applicable to domestic gardens
The systematic review resulted in a descriptive inventory of 10 small-scale NBS that support climate adaptation in domestic gardens by providing ecosystem services. These NBS are specifically suitable for implementation in domestic gardens given their spatial compatibility with domestic gardens of all sizes (Table 3) and are categorized by the garden cover they can be applied to (e.g., vegetation, water, or soil).
TABLE 3 | Overview of the 10 NBS suitable for domestic gardens resulting from the systematic review.
[image: Table 3]The primary focus of our review was to prioritize NBS supported by more robust and well-documented data. NBS focused on urban food production and soil contamination were excluded due to insufficient information regarding their specific ecosystem services or climate change adaptation potential. Similarly, NBS focused on highly specific applications like hardscaping, which involves integrating rocks, walls, and fences with plants for landscaping and energy savings (Sharath and Peter, 2019), were excluded due to a lack of supplementing information in general.
We maximized the inclusion of information from the systematic review by grouping certain NBS together when specific applications lacked sufficient data for meaningful comparisons or reliable conclusions. First, applications with similar characteristics, such as different types of water bodies, or comparable effects of practices like liming, fertilization, and pesticide use, were grouped together (e.g., ‘Installing a (natural) water body or rain garden’ and ‘Minimizing the application of liming, fertilizers, and pesticides’). Second, applications demonstrating coherence and aligning characteristics, such as ‘Greening of bare and sealed soil’ or ‘Creating a complex and diverse understory’ were grouped as they both contribute to the strengthening of a broader NBS.
Table 4 shows an overview of the links between NBS and their ecosystem services, highlighting research hot-spots as well as gaps. In the included NBS research, water regulation appears to be the primary focus, followed by local climate regulation. In contrast, papers focusing on wind regulation are rare. We found that the included literature extensively explores the contribution of the NBS ‘Increasing tree cover’ across all included ecosystem services. Concerning their climate change adaptation potential, the most studied NBS are ‘Increasing the tree cover’, ‘Installing a green roof’ and ‘Greening bare and sealed soil’. Despite being the least studied NBS, ‘Reducing lawn mowing’ was deemed important considering its potential impact, especially considering the prevalence of short-cut lawns in domestic gardens worldwide (Runfola et al., 2013; Ignatieva et al., 2020).
TABLE 4 | Overview of the link between NBS and ESS mentioned in the reviewed research. The numbers in the table represent the count of articles included in the systematic review that establish a link between a specific NBS and an ESS. The total of articles mentioning a particular NBS are provided at the end of each row, while the total of articles mentioning the ESS are presented at the top of the columns. The shading intensity visually represents the proportional frequency of these associations.
[image: Table 4]3.3 Ecosystem services provided by NBS in the garden context
Our systematic review synthesizes the effectiveness and extent to which NBS applicable in domestic gardens can provide ecosystem services for climate change adaptation. With ‘extent’ we refer to the range of ecosystem services provided by the NBS, while ‘effectiveness’ refers to the degree to which these NBS successfully deliver those services, often supported by quantitative results. Therefore, we supplemented our overview of the research hotspots and gaps of the links between NBS and ecosystem services with the quantitative results from our systematic review (Table 5).
TABLE 5 | Overview of the quantitative results derived from the systematic review. The table highlights quantitative results on the link between specific NBS and ESS, derived from the systematic review of 71 articles. Darker shading indicates quantitative results, while lighter shading indicates a mere mention of the link. Grey shading with diagonal hatching signifies that no links were found in the reviewed research, and “NA” indicates no observed effect of the NBS on the specific ESS.
[image: Table 5]When compared to Table 4, the systematic review included some explicit results, although some of them are rather general. Specifically, our review provided quantitative outcomes for only 30% of the specific connections between NBS and their roles in delivering specific ecosystem services. These outcomes were limited to seven out of the ten NBS studied. For about 44% of the researched combination of NBS and ecosystem services, general information was provided. Remarkably, our systematic review revealed that in 14% of the cases, a specific NBS was never reported in the included literature to provide the corresponding ecosystem services.
The majority of included studies are either theoretical or review studies (43%), modeling or simulation studies (26%), or experimental research (16%), while objective measurement studies are limited (14%). The remaining 3% consisted of qualitative research. Moreover, a range of different methodologies, units or metrics, and spatial ranges are used across the quantitative studies (Supplementary Appendix B).
Most of the quantitative data available concerned local climate regulation, while no quantitative data was available for wind regulation. The NBS ‘increasing the tree cover’ generated the most explicit results concerning its climate change adaptation potential across all ecosystem services. Although there is a vast amount of quantitative research conducted on trees, this systematic review identified only seven quantitative studies in Climate Zone ‘Cfb’ that were relevant to garden-scale applications. Even though garden management often involves making decisions regarding watering, soil improvement, and plant growth, no specific quantitative results were found for ‘harvesting rainwater’, ‘applying organic amendments’, or ‘greening bare and sealed soil’. Despite limited availability of literature concerning ‘reducing lawn mowing’, it yielded more quantitative results than the average NBS (Table 5).
4 DISCUSSION
4.1 Relevance and feasibility of NBS in the garden context
The research included in the systematic review primarily focuses on NBS related to vegetation (59%). NBS concerning water (22%) and soil (19%) received less attention, indicating a need for additional efforts in these areas (Table 3). Despite this distribution, the systematic review does clearly highlight the climate change adaptation potential of NBS in domestic gardens. However, it also highlights a significant lack of quantitative data to support this claim. About 58% of the results from the systematic review provide either only general information or indicate a missing link between NBS and the ecosystem services, emphasizing this urgent need for more quantitative data on small-scale NBS.
Furthermore, even when quantitative results are available, a variety of methodologies and spatial ranges are utilized (Supplementary Appendix B), making comparisons between different NBS and the ecosystem services they provide impossible. This underscores the need for standardized approaches to enable comprehensive assessments in future research efforts.
Moreover, while spatial compatibility and the scale of NBS are crucial prerequisites for the successful implementation in domestic gardens, it is essential to consider various other factors. This includes evaluating the necessity and the feasibility of integrating specific NBS within the domestic garden context, key aspects that are not included in the reviewed articles. Surprisingly, none of the 71 included articles specifically address practical implications that significantly impact the effectiveness and long-term benefits of NBS implementation in domestic gardens. NBS are not one-size-fits-all solutions, and not every NBS is easily adopted by private gardeners, either due to technical constraints, financial limitations, or behavioral considerations. We reflect upon the necessity and the feasibility of shifting towards extensive lawn management, minimizing soil sealing, and expanding tree canopy cover in domestic gardens.
4.1.1 Shifting towards extensive lawn management
Worldwide, urban green areas are predominantly covered by lawns, covering around 50%–70% (Ignatieva and Hedblom, 2018). In the US, lawns cover over 163,000 km2 and are particularly prevalent within residential areas (Runfola et al., 2013; Lerman and Contosta, 2019). Within Sweden, their coverage is estimated to range between 23%–31% of the country, and half of its urban green areas (Hedblom et al., 2017). In Flanders (Belgium), 16% of the total surface area of gardens consists of intensively managed lawns (derived from Strosse et al., 2020). As their neat and functional appearance is perceived as a sign of wealth, the majority of lawns in domestic gardens are subjected to intensive management practices mainly including frequent mowing, fertilization, liming and irrigation. (Bormann et al., 1994; Cook et al., 2012; Lerman et al., 2018). As illustrated by our systematic review, this socially and culturally ingrained approach to lawn management can have a pronounced effect on the local environment and climate (Selhorst and Lal, 2013).
Our literature review revealed that petrol-powered lawn mowing specifically emits 1.5 times more carbon than the lawn itself is able to sequester (Cameron et al., 2012). This occurs not only due to emissions but also as a result of frequent mowing practices, often exceeding 20 times a year, which leads to reduced organic matter. Additionally, many gardeners dispose of their grass clippings, further depleting organic matter present. Furthermore, elevated pH levels resulting from excessive liming accelerate the breakdown of organic matter in lawns, hindering their ability to effectively sequester carbon in the soil. A striking 80% of soils beneath Flemish lawns have a carbon content lower than the target zone, which is determined by the optimal condition relative to the soil type and organic matter content (Dewaelheyns et al., 2013; Tits et al., 2021). Our systematic review also found that often frequently fertilized lawns emit up to 10 times more N2O compared to adjacent agricultural grasslands (Cameron et al., 2012).
In spite of that, when managed properly, grasslands have the potential to sequester a similar amount of carbon (2.8 Mg C ha-1 year-1) as forests (3.2 Mg C ha-1 year-1) (Selhorst and Lal, 2013). Turfgrass alone has demonstrated relatively rapid carbon sequestration potential, reaching 0.32–0.78 C ha-1 year-1 within the initial 4 years (Qian and Follett, 2002; Qian et al., 2010). Given the prevalence of lawns in urban areas, particularly in domestic gardens, their impact on carbon sequestration cannot be underestimated. For example, when all short-cut lawns in Flanders (Belgium), encompassing approximately 60,420 ha, are managed sustainably and even surpass the initial target zone, they have the potential to sequester an estimated extra 845,880 tons of carbon annually (derived from Tits et al., 2021; Dewaelheyns et al., 2013; Van Meerbeek et al., 2019). Next to carbon sequestration, our systematic review also indicated that opting for a less intensive lawn management reduces water requirements by up to 10 times compared to traditional lawns (Cameron et al., 2012). The NBS ‘reducing mowing frequency’ and ‘minimizing the use of lime, fertilizers, and pesticides’, are thus highly relevant as they can enhance climate adaptation in domestic gardens to impacts such as drought, heat stress, and flooding (Shwartz et al., 2013; Tresch et al., 2018). Nevertheless, our systematic review reveals that to date, no quantitative research has been done to assess the benefits resulting from shifting from an intensive to extensive lawn management in domestic gardens, specifically for local climate regulation.
The adoption of climate adaptive lawn management practices can lead to economic benefits at the individual level, such as reduced costs, time savings, and decreased environmental impact (Ignatieva and Hedblom, 2018). Citizens can reduce expenses on inputs like irrigation, pesticides, and fertilizers. Improved soil health from better management leads to reduced water usage, further lowering costs. Healthier lawns require less maintenance, saving time and energy (Selhorst and Lal, 2013). Less intensively managed lawns possess greater plant diversity, feature an abundance of flowers and attract a wider variety of fauna (Lerman et al., 2018).
Nevertheless, the successful implementation of these NBS relies entirely on adapting garden management practices and behaviors. While reducing lawn mowing frequency and minimizing the use of chemical inputs may require less frequent efforts and do not necessarily pose any economic or biophysical constraints, the need for behavioral change introduces a social constraint or hesitance. Adopting a more integrated approach to lawn management requires time and effort to study, seek advice, and explore alternative strategies. This social hesitance can arise from the additional steps and considerations involved in transitioning to new practices, which may require individuals to be receptive to change. Social hesitance can also arise from a social norm or a sense of social responsibility towards the neighborhood or community to keep lawns short and tidy (Robbins, 2008; Eisenhauer et al., 2016; Sisser et al., 2016).
The main obstacle to the effective implementation of these NBS in the garden context is the deeply ingrained preference for evergreen lawns and the societal constraints associated with this idealized image (Cook et al., 2012). Citizen science (CS) campaigns promoting climate adaptive lawn management, however, have already been successful in engaging individuals (Southon et al., 2017; Ignatieva and Hedblom, 2018; Lerman et al., 2018). Recent initiatives like ‘No Mow May’ have shown remarkable promise by encouraging reduced mowing during the month of May to support biodiversity (Plantlife, 2023). Originating in the UK, this initiative has gained widespread attention and global adoption including in Canada, Denmark, and the region of Flanders (Belgium). The Flemish version ‘MaaiMeiNiet’ has gained significant popularity over the past years, attracting more than 6,000 officially registered participants in 2021 and over 9,000 officially registered participants in 2022 (Knack, 2023). Although intensive lawn management is culturally embedded and socially ingrained, these CS campaigns do demonstrate public willingness to alter lawn management habits, highlighting the potential of these NBS in domestic gardens.
4.1.2 Minimizing soil sealing
Soil sealing is a significant issue in Europe, affecting 88,565 km2 of land, with each EU inhabitant being associated to around 200 m2 of sealed soil (Copernicus, 2018). This challenge is particularly evident in urban areas, where soil sealing occupies 20%–49% of the EU’s surface (Laćan et al., 2020). In the UK, 9,338 km2 is sealed, while Belgium and the Netherlands have approximately 8.2% of their total surface area affected. In Flanders (Belgium), 14% of the soil is sealed, which exceeds the European average by 7.2% (Departement Omgeving, 2018). This soil sealing is largely attributed to urban sprawl, the rapid urban expansion into smaller settlements connected by a dense road network (Antrop, 2004; Verbeeck et al., 2014; Vermeiren et al., 2022). Given that research has already shown elevated levels of sealed soil in front gardens, people may extent this habit of excessive paving within their domestic gardens for a number of reasons (Heikoop, 2022). Much like evergreen lawns, paved surfaces offer convenience as they require minimal maintenance and provide a uniform and tidy appearance contributing to a certain aesthetic appeal (Cook et al., 2012; Eisenhauer et al., 2016). Some people also choose to pave their gardens to create functional space for outdoor activities or parking (Perry and Nawaz, 2008; Cameron et al., 2012). Unfortunately, this trend worsens climate change impacts in urban areas, leading to increased heat stress and flooding (Kabisch et al., 2017). This is exemplified by the city of Leeds (UK) where a 13% increase in sealed soil over 30 years, primarily due to front garden paving, has been directly linked to more frequent and severe floodings in the region (Perry and Nawaz, 2008; Cameron et al., 2012). In Flanders (Belgium), almost 20% of domestic garden surfaces are paved, emphasizing the need to consider the environmental impact of excessive paving (derived from Strosse et al., 2020).
Sealed soil lacks the ability to sequester carbon (Cameron et al., 2012; Pereira et al., 2021). In addition, pavement contributes significantly to the Urban Heat Island effect leading to elevated local temperatures with increased soil sealing (Beumer and Martens, 2016; Ziter et al., 2019). The impermeable nature of pavement increases surface runoff as it prevents water from infiltrating into the ground, leading to reduced groundwater recharge, increased risks to flooding and alleviated pressure on urban drainage systems (Veerkamp et al., 2021).
Through methods like breaking out and removing pavement or utilizing alternatives like vegetated grid pavement, the NBS of ‘greening sealed soil’ offers a relatively straightforward solution to mitigate these negative consequences (Langergraber et al., 2020). Our review highlights that the cooling effect of vegetated patches, due to shading and evapotranspiration processes, can lead to temperature reduction from 1°C to 4°C depending on the spatial arrangement, the surface area and the vegetation type (Derkzen et al., 2015; Canet-Marti et al., 2021). To illustrate, grass-covered areas already show an average temperature reduction of 0.55°C compared to sealed surfaces (Knight et al., 2021). However, our systematic review also reveals a lack of quantitative results on the contribution of minimizing soil sealing to other ecosystem services.
Despite the potential benefits of ‘greening sealed soil’, implementing this NBS may face various constraints. Social constraints arise from limited awareness on the environmental impact of sealed surfaces, resistance to change, and personal preferences for paved surfaces. Furthermore, reluctancy to remove pavement can also be attributed to spatial constraints attributed to garden size or soil conditions. Additionally, greening sealed soil involves cost considerations associated with removing and processing the existing pavement or investing in alternatives like vegetated grid pavement. Moreover, it requires a substantial physical effort to carry out the necessary changes or might involve outsourcing the work to professionals in case of physical limitations.
While the process of greening sealed soil may require some social, economic, and physical effort, its benefits are substantial, offering a relatively straightforward solution. The CS campaigns ‘Nederlands Kampioenschap Tegelwippen’ (Dutch Championship Tile Flipping) in the Netherlands and ‘Vlaams Kampioenschap Tegelwippen’ (Flemish Championship Tile Flipping) in Flanders (Belgium) have already successfully promoted this NBS. Using a gamification format, these campaigns encourage citizens and municipalities to remove tiles from their outdoor spaces and replace them with green surfaces (Departement Omgeving and vzw, 2023; Frank Lee, 2023). Municipalities frequently support citizens by collecting the removed tiles and either recycling them into construction materials or ensuring their responsible disposal, highlighting the campaigns’ overall commitment to sustainability (Gemeente Waalwijk, 2023; Stad Leuven, 2023). The initiatives collect data on the number of tiles removed and the corresponding increase in green spaces, fostering community engagement and raising awareness about the importance of greening sealed soil. In the Netherlands the CS campaign has successfully resulted in the removal of an impressive 2.8 million pavement tiles in 2022 (Frank Lee, 2023), demonstrating public and governmental willingness to overcome the aforementioned social, economic and physical constraints.
4.1.3 Expanding tree canopy cover
In our increasingly urbanized world, the spatial importance of trees is evident for climate adaptation and improving the overall quality of life. The urgency and importance of trees within urban landscapes gained significance as early as 1994 by the research conducted by McPherson and colleagues. Their work revealed that an increased tree cover could reduce local air temperatures by 0.5°C and lower total heating and cooling energy use by 5%–10% annually (McPherson et al., 1994). Later studies by Akbari et al. (2001) supported these findings, indicating that urban trees have the capacity to reduce national energy use for air conditioning in the US by up to 20% (Akbari et al., 2001). However, recent studies show that global urban tree cover is declining by 40,000 ha/year, while global impervious cover is increasing by 326,000 ha/year (Nowak and Greenfield, 2020). As urban areas continue to expand, the urgency to integrate trees in the urban fabric to create more climate resilient cities becomes more pressing.
Our systematic review stresses this urgency of integrating trees to enhance climate adaptation in domestic gardens. It highlights that trees are widely recognized for above ground carbon sequestration, storing an average of 10.64 kg/m2 (Derkzen et al., 2015), with mature and diverse trees demonstrating a greater capacity (Pereira et al., 2021). They contribute to mitigating the Urban Heat Island effect by regulating micro-climates and reducing greenhouse gas emissions related to building energy use through shading and evapotranspiration (Cameron et al., 2012; Baró and Gómez-Baggethun, 2017). Broadleaf trees block 70%–95% of solar radiation (Knight et al., 2021), and deciduous trees offer a seasonal heat-blocking effect (Mancebo, 2018). Evapotranspiration cools urban areas by approximately 0.76°C on average (Knight et al., 2021), with a single mature tree providing a cooling equivalent to operating a household air-conditioning unit for a day (Ellison et al., 2017). Trees also play a crucial role in sustainable urban water management by intercepting and temporarily holding water within their canopy with an average of 5,773 L per tree annually (Kotzen, 2021). They protect soil surfaces from rainfall impact, reduce peak flow and ease demand on urban drains (Davis and Naumann, 2017; Roeland et al., 2019; Oral et al., 2020). Trees are also effective windbreaks, protecting buildings from local turbulence and high wind speeds, with vegetation density and roughness enhancing their effectiveness (Nemitz et al., 2020). However, the systematic review revealed deviating results concerning the impact of trees on air quality, with some research stating that trees can cut particulate pollution by as much as 25% (Douglas and James, 2014) and other research suggests that adding just one tree has a negligible impact or even worsens air quality by emitting biogenic volatile organic compounds and producing wind-dispersed pollen (Nemitz et al., 2020; Evans et al., 2022).
As our systematic review illustrates, the NBS of ‘increasing the tree cover’ contributes to all included ecosystem services, indicating a significant potential for climate adaptation. However, it is essential to consider the local context, spatial limitations, urban planning regulations and the social controversies surrounding trees. Planting trees is not a straightforward solution and factors such as soil type, prevailing climatic conditions, strategic tree placement to avoid obstructing ventilation, and appropriate species selection are crucial considerations for successful implementation. This stresses the importance of selecting tree species based on scientific evidence and implementing thoughtful planting strategies (Blanuša and Hadley, 2019; Blanuša et al., 2020; Orta-Ortiz and Geneletti, 2021). Integrating trees into garden designs is also not always feasible, particularly in compact spaces or due to restrictive urban planning regulations (Sousa-Silva et al., 2021). The many diverse social controversies surrounding trees—ranging from concerns related to obstructing views, leaf litter and associated insect nuisances to potential neighborhood conflicts and the need for effective tree management—should also be acknowledged as they often lead to tree removal or reluctancy to integrate trees. Even though, effective tree management can indeed involve tasks requiring time and physical effort such as pruning, thoughtful and strategic planning can significantly reduce the necessary efforts.
While the integration of trees requires thoughtful planting strategies and faces various social controversies, the systematic review highlights their significant potential for climate adaptation. Cities worldwide are actively pursuing tree planting campaigns and programs for their environmental and health benefits (Akbari et al., 2001; Lerman et al., 2018; Sousa-Silva et al., 2021). For instance, the ‘MillionTreesNYC’ campaign has successfully added one million trees, with 70% planted in public green spaces by the city and 30% by private organizations, homeowners, and community organizations. The campaign engaged citizens in planting and maintaining urban trees, fostering a sense of ownership and mitigating social controversies (MillionTreesNYC, 2015). Similarly, programs such as ‘Trees for Streets’ in London engaged citizens to sponsor local councils to facilitate increased tree planting (Trees for Cities, 2023). These abovementioned initiatives reflect a growing recognition that the environmental and health benefits of urban trees can outweigh perceived inconveniences, underscoring the potential of this NBS to transform urban landscapes for the better.
4.2 Ecosystem disservices in the garden context
While domestic gardens clearly contribute to climate change adaptation through the provision of ecosystem services, they can also be associated with ecosystem disservices such as habitat fragmentation, chemical pollution, water run-off, the introduction of invasive plant species and increased allergic reactions to pollen because of higher concentrations of flowering plants (Wang et al., 2015; Blanuša and Hadley, 2019; Cameron, 2023). Therefore, careful consideration of potential ecosystem disservices is essential, along with selecting appropriate NBS to mitigate these impacts and ensure their overall positive effect on the environment. This highlights the importance of taking a holistic and systemic approach in understanding the potential contribution of domestic gardens and implementing suitable NBS.
4.3 Planning and policy implications
Domestic gardens take up a significant share of urban environments worldwide and their design and management can contribute to climate change adaptation (Mathieu et al., 2007; Dewaelheyns, 2014; Baker and Smith, 2019). Citizen Science campaigns and governmental initiatives have already proven to be successful in engaging individuals and promoting environmentally conscious practices, contributing to the effective implementation of NBS in the domestic garden context. Such initiatives offer guidance, resources, or incentives to encourage the adoption of NBS in domestic gardens.
Urban planning and policy can significantly strengthen these benefits of engaging citizens and promoting environmentally conscious practices. By incorporating NBS for domestic gardens into urban planning frameworks and formulating supportive policies, they can further enhance the climate change adaptation potential of domestic gardens (Pauleit et al., 2017). However, empirical evidence is an indispensable basis for urban planning as well as governance guidelines and tools. The lack of quantitative data, standardized analysis approaches, and thorough insights into the decision-making patterns of gardeners hinder the development of effective urban planning and climate policies.
Furthermore, another essential urban planning and policy aspect involves exploring integrated approaches to overcome the fragmentation inherently related to domestic gardens. This entails recognizing gardens as essential elements of a larger green infrastructure network contributing to ecological, social, and climate-related benefits. This objective to go beyond the limitations of individual property lines, can be achieved by collective efforts involving various stakeholders, including individuals, local governments, experts, and organizations (Dewaelheyns et al., 2016).
In addition to the lack of empirical evidence and the need for integrated approaches, previous research has already identified a range of additional obstacles and challenges in the implementation of NBS, where urban planning and policy can play a key role. Examples of possible interventions are the development of design standards, addressing technological uncertainties, securing adequate funding, enhancing institutional capacities, and establishing robust legal frameworks to enforce NBS policies (den Heijer and Coppens, 2023; Dorst et al., 2019; Kabisch et al., 2017).
5 CONCLUSION
Domestic gardens can play an important role in climate change adaptation in Western Europe, given that evidence-based approaches are used–informed by quantitative results and standardized methods -, feasibility and practical implications are assessed, and ecosystem disservices are recognized. Rather than promoting to expand the spatial extent of domestic gardens, this paper emphasizes maximizing the efficiency and effectiveness of existing ones for climate change adaptation through the implementation of Nature-based Solutions (NBS).
Reviewing 71 articles, we identified ten NBS that effectively address climate-related challenges and opportunities, contributing to the growing recognition of the spatial and ecological importance of domestic gardens for climate change adaptation. However, a possible limitation of our research is that our systematic review might be influenced by publication bias. Nonetheless, our results stress both the urgent need for more quantitative research on the range and effectiveness of ecosystem services provided by small-scale NBS, and the necessity for standardized analysis approaches to enable comprehensive assessments and comparisons.
We highlight the necessity of integrating three specific NBS in the domestic garden context: the improvement of current lawn management practices, the reduction of sealed soil or pavement present and the integration of trees in domestic gardens. We reflect upon their feasibility and practical implications, including social constraints, financial requirements (implementation and management costs or material requirements), spatial limitations, labor involvement, time commitments, and necessary expertise. Even though substantial improvements can be made on these aspects, our research also confirms that NBS are no one-size-fit all solutions and require tailored approaches that are socially, ecologically and spatially explicit.
Our research acknowledges the potential of Citizen Science campaigns and governmental initiatives in addressing these challenges by engaging citizens, promoting climate adaptive practices, and improving the adoption of certain NBS in domestic gardens. Additionally, the role of urban planning and policy in integrating domestic gardens into broader climate adaptation strategies is crucial for enhancing the successful implementation of NBS in domestic gardens.
Future research should prioritize quantitative results concerning NBS in domestic gardens across various climate zones, ensuring a comprehensive understanding of NBS effectiveness in different environments. By developing practical strategies for implementing NBS through collaborations among scientists, citizens, and urban planners, the identified constraints can be addressed. Such comprehensive and holistic approach will contribute to the effective integration of NBS in broader urban planning strategies and policymaking, facilitating their widespread adoption and maximizing the climate change adaptation potential of domestic gardens.
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