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Urban green infrastructure is recognized for its potential to combat biodiversity loss and enhance carbon sequestration in cities. While residential yards constitute a significant part of urban green infrastructure, their role in providing urban ecosystem services remains largely understated. There is a lack of systematic measures for effectively implementing urban vegetation to enhance ecosystem services. The aim of this study is to investigate how different vegetation types typically found in urban residential yards of apartment blocks can enhance carbon sequestration and biodiversity, and how these benefits can be supported through landscape design. The study encompasses an integrative literature review and qualitative analysis. Drawing from a review of previous research, this study identifies the drivers that indicate either carbon sink potential or biodiversity enhancement potential of urban vegetation types. The drivers are then cross-examined to identify the qualities of urban green that potentially strengthen carbon–biodiversity co-benefits. As the key findings we present versatile measures to enhance the potential co-benefits of carbon sinks and biodiversity within urban yards and summarize them in three main categories: plant diversity, provision of good growing conditions and maintenance. The study stresses that the several potential co-benefits of urban green can only be achieved through the selection and prioritization of solutions during the planning and design process. To exemplify this, we demonstrate how the findings from the literature review can be incorporated into the design and management of urban yards. We conclude that the main actions to be addressed in the future planning and design of urban residential yards are (i) establishing diverse planting areas with a mixture of woody and herbaceous plants to encourage species richness and complexity, (ii) optimizing the use of space and growth conditions, and, (iii) implementing maintenance practices that consider both carbon and biodiversity aspects. The study highlights that through enhancing carbon-biodiversity co-benefits urban yards can significantly contribute to major environmental challenges and provide vital ecosystem services within the built urban environments.
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1 Introduction

Climate change and biodiversity loss are interlinked, and are major sustainability challenges the world is currently facing (IPBES, 2019; IPCC, 2022). Their causes and consequences manifest especially in urban areas, indicating that solutions to both crises must also occur in cities. Conceptual approaches such as ‘carbon-neutral’ (Laine et al., 2020) or ‘biodiversity-friendly’ cities have accordingly been introduced in response to both global crises (Aronson et al., 2017; Fischer et al., 2020; Kowarik et al., 2020; Rega-Brodsky et al., 2022).

In recent years, ecosystem- and nature-based approaches–including nature-based solutions (NBS) and green–blue infrastructure–have received increasing attention for their potential to address pressing environmental challenges in cities. NBS can be defined as ‘solutions that are inspired and supported by nature, which are cost-effective, simultaneously provide environmental, social and economic benefits and help build resilience’ (European Commission, 2021, p. 17).

NBS are multifunctional, providing multiple ecosystem services (European Commission, 2021). Several previous studies have addressed the synergies and trade-offs of ecosystem services at the landscape scale (Karimi et al., 2021), but few studies have described the indicators of such co-benefits of urban green infrastructure on both climate mitigation and biodiversity (Raymond et al., 2017; Choi et al., 2021; Lampinen et al., 2022; Rega-Brodsky et al., 2022). This is a severe knowledge gap as the urban environment is clearly distinct from its natural counterpart, with different rules of guidance affecting the potential carbon sequestration and storage (CSS) rates, as well as biodiversity. Albeit not strictly accountable as an ecosystem service, biodiversity is closely related to the functionality of an ecosystem (Jax and Heink, 2015). More diverse environments nurture higher ecosystem service level (Le Provost et al., 2023) and thus managing biodiversity can also enhance ecosystem services. The interaction of spatial-, temporal-, and socioeconomic processes associated with urbanization have been suggested to act as a distinct series of hierarchical biogeographic filters, which dictate the organism community composition in urban environments (Aronson et al., 2016).

Residential landscapes are of particular interest as hubs of CSS and biodiversity. Residential land represents 41% of urban areas globally (UN, 2014), and residential yards and domestic gardens constitute a significant part of green infrastructure in cities (Loram et al., 2007; Haase et al., 2019). The private and semi-public yards of urban residentials blocks thus have a significant, though understudied, potential to contribute to urban green infrastructure and tackle climate change and biodiversity loss (Larson et al., 2016; Schmidt and Walz, 2021). Tools such as biotope area factor or green area factor (Juhola, 2018) aim to harness this potential. However, despite such practical implementation, a deeper integrated understanding of how the CSS and biodiversity of residential yards in cities can be preserved and enhanced is still missing.

It is well established that the urban carbon pool is diverse and contributes to terrestrial carbon sinks both locally and globally (Churkina et al., 2010; Hutyra et al., 2011; Nowak et al., 2013). For example, recent research suggests that the urban green can sequester up to 7% of a city’s annual emissions and that almost half of the sinks are based on urban green spaces of the built environment (Havu et al., 2024). The methods for estimating urban carbon pools vary, for example, in terms of resolution and definition of land-use classes (Davies et al., 2013), thus making it difficult to make comparisons. Many assessments only cover above-ground carbon storage, thus resulting in a high emphasis on the role of trees (Ariluoma et al., 2023). While the vegetation coverage in cities is currently shrinking in most urban areas (Richards and Belcher, 2020), especially in residential environments, there is significant potential for CSS increment (Kinnunen et al., 2022). Soil usually forms the most significant carbon storage in residential yards, augmented by choice of vegetation types and maintenance practices (Schmitt-Harsh et al., 2013; Sarzhanov et al., 2017).

The CSS potential of urban residential yards can further be enhanced with both novel solutions–such as biochar or green building surfaces–and by diversifying the current vegetation. A diverse vegetation structure is often the best practice in optimizing above- and below-ground CSS rates, both spatially and temporally (Edmondson et al., 2014c; Gu et al., 2015; Horn et al., 2015), because CSS in yards varies not only between vegetation classes but also with time (Pataki, 2011; Huyler et al., 2014; Havu et al., 2022).

As the residential green can contribute significantly to the total green infrastructure of a city, improving the CSS potential of these green spaces can have a substantial impact on the related carbon sink capacity (Tahvonen and Airaksinen, 2018; Kinnunen et al., 2022). Although carbon stocks in cities are much smaller than emissions, the residential landscape covers large areas, so its impact and potential as a whole is large for both carbon sinks and other ecosystem services (Ariluoma et al., 2021; Schmidt and Walz, 2021). Further, preserving existing carbon sinks and stores is important to prevent associated carbon losses from residential landscapes (Davies et al., 2011; Bae and Ryu, 2015; Trammell et al., 2017).

Residential yards and gardens have also been shown to support considerable biodiversity (Goddard et al., 2010). Besides vascular plants (Thompson et al., 2004), evidence from beetles (Barratt et al., 2015), bumblebees (Gunnarsson and Federsel, 2014), birds (Paker et al., 2014), spiders (Otoshi et al., 2015), and mammals (Van Helden et al., 2020; Kristancic et al., 2022) point to the potential of urban yards and gardens as habitats for diverse species, with specific garden features such as vegetation characteristics (Paker et al., 2014; Van Helden et al., 2020; Kristancic et al., 2022), and management methods (Otoshi et al., 2015; García-Antúnez et al., 2023) shaping the patterns of diversity in these groups.

It is also increasingly recognized that proper restoration techniques, improved management practices, and nature-based solutions are able to improve the fine-scale habitat characteristics in urban environment for many species, thus further supporting biodiversity (Goddard et al., 2010; Aronson et al., 2017). Urban parks can be hotspots for biodiversity (Nielsen et al., 2014), but green roofs, urban brownfields, power line clearings, and stormwater catchments have also been proposed as solutions to enhance urban biodiversity (Lampinen et al., 2015; Kyrö et al., 2020).

The relationships between biodiversity and carbon storage have been extensively studied in different geographic and spatial contexts (Di Marco et al., 2018), but how these relationships play out in residential yards, a key component of green infrastructure in cities, has so far remained understudied. As cities become denser and the amount and size of green areas diminishes (Hautamäki, 2019), the role of residential yards in safeguarding biodiversity and contributing to CSS becomes increasingly important. Only a few previous studies have studied the ecosystem services co-benefits of residential yards (Schmidt and Walz, 2021), and even fewer have presented application-oriented indicators and methods to simultaneously recognize and enhance co-benefits of CSS and biodiversity in yards.

To address this knowledge gap, our study conducts a review that examines the carbon and biodiversity benefits of urban vegetation, consolidating findings from various research domains within the context of urban residential yards of apartment blocks. Within this study, we identify and assess the most effective strategies for promoting CSS and enhancing biodiversity within residential yards situated in densely populated urban areas. Our primary goal is to explore how different types of vegetation, typical of residential yards, contribute to the enrichment of urban carbon sinks and biodiversity. Moreover, we aim to elaborate on how these advantages can be further reinforced through fine-scale landscape design and management solutions.



2 Methodology

The study consists of a four-step integrative literature review (Torraco, 2005; Whittemore and Knafl, 2005; Snyder, 2019), which, according to Torraco, is suitable for assessing and synthesizing the literature on a research topic in a way that enables new theoretical frameworks and perspectives to emerge. First, we composed research questions and defined the scope to guide the review; second, we searched and screened the literature; third, we conducted a thematic data analysis and fourth, as the synthesis of our review, we assessed the co-benefits of CSS and biodiversity (Figure 1).

The review was informed by a two-fold question addressing the key drivers for CSS and biodiversity in vegetation types in urban residential courtyards. The scope has been defined as follows. In this study, a “driver” refers to a characteristic within urban green spaces that enhance CSS and biodiversity. The focus of the review is on studies that introduce specific drivers for CSS and biodiversity, not exact indicators or quantities.
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FIGURE 1
 Research design.


The context of the study is urban residential yards situated within densely developed urban environments, referring to urban blocks and courtyards of multi-story apartment buildings (hereafter called as ‘urban yards’). Urban yards can vary in type and size, but typically, these yards consist of relatively small size vegetated areas and multiple functional requirements such as playgrounds, parking areas and paths, that limit the area available for vegetation (see for example Ariluoma et al., 2021). Moreover, urban residential courtyards can be quite demanding growing environments, for instance, due to shading by the buildings and, quite often, due to underground parking facilities. As to ownership, the models vary from country to country. The most common form is the dualistic system, in which each apartment unit within a building is owned separately and individually, and the owners of the apartments own collectively the common areas, for example yard (Easthope, 2019, p. 4).

Despite the chosen context, the review has not been limited to urban residential yards alone, as there are limited studies on this topic. The review included research literature related to the vegetation types commonly found in densely developed urban areas, such as yards, gardens, allotment gardens or other small-scale urban green spaces, which correspond to the vegetation types and conditions of urban residential courtyards.

As to vegetation types, we applied a typology of carbon-oriented urban vegetation (Ariluoma et al., 2023) which categorizes the vegetation into woody vegetation, herbaceous vegetation, and mixed-types. A more detailed categorization is based on the Green Factor method used in the planning and design of urban yards (Juhola, 2018), consisting of trees, shrubs and climbers, perennials, urban meadows, lawns, green roofs and urban farming plots.

The study focuses on site-scale qualities, excluding large urban green space types, such as urban forests, and landscape-scale characteristics, such as habitat connectivity. The study also excludes green walls, which are not yet sufficiently applied in a Nordic climate region, even though they may have relevant biodiversity potential. Moreover, we excluded small-scale interventions such as the provision of bird feeders, nest boxes, bat boxes and compost heaps, as these measures are not directly dependent on vegetation.

After defining the scope and review questions, searching and screening of literature was conducted by using Scopus. We focused on journal articles published from 2000 until the beginning of 2023 and written in English. The search was limited within titles, abstracts and keywords, and was completed separately for the two research themes, biodiversity and carbon, using search strings such as ‘theme’ AND ´vegetation type’ AND ‘residential’ OR ‘garden’ OR ‘courtyard’ OR ‘yard’ AND ‘urban.’ Vegetation types searched were as follows: tree, shrub, hedge, climber, lawn, grass, perennial, meadow, green roof, vegetated roof, garden plot and urban farming.

The search originally yielded 329 results for CSS and 722 for biodiversity. The results were screened according to following steps:

1. Articles must be written in English, published after 2000, and come from the fields of environmental, biological, or earth sciences.

2. Articles should primarily focus on biodiversity and/or carbon sequestration. Papers solely addressing other ecosystem services were excluded based on titles and abstracts.

3. Articles should specifically address small-scale urban green spaces and/or relevant vegetation types. Studies focusing on large green spaces like urban forests or agricultural lands were excluded. This screening was based on an initial review of the content of the papers.

4. Articles selected for in-depth review must present drivers aimed at enhancing biodiversity or carbon sequestration potential.

When the search method did not produce relevant results for a specific vegetation type, the search was continued by using a ‘snow-balling’ method. Following this method, finally 32 articles related to CSS and 34 to biodiversity were selected for thematic analysis. In the thematic analysis we identified the key factors for enhancing CSS and biodiversity related to various vegetation types typical for urban residential courtyards and summarized the results in two tables. The relevance of the drivers was assessed on the basis of research literature and most of the selected drivers received at least two mentions in literature.

In the last phase, we cross-examined the results in order to find the most potential drivers for co-benefits. This was completed by comparing the list of drivers for CSS and biodiversity according to each vegetation type and by further analyzing the drivers for potential win-win effect. Finally, we synthesized our findings and implications on how the co-benefits can be further enhanced in urban and landscape design and management of urban residential courtyards.



3 Results


3.1 Drivers of CSS potential of urban vegetation


3.1.1 Woody vegetation

Nearly all of the urban aboveground carbon sequestered in vegetation is stored in trees (Davies et al., 2011). Thus, it might be concluded that a simple way to increase carbon stocks in urban yards would be to maximize the number of trees and their biomass (Golubiewski, 2006; Ariluoma et al., 2021). However, in the first years of their life span, urban trees may cause emissions through their growth media that exceed the amount of carbon sequestrated (Riikonen et al., 2017; Havu et al., 2022). Havu et al. (2022) found that for street trees, the compensation point at which trees turn from annual sources to sinks was 14 years after planting. In urban yards, this compensation point may be achieved sooner due to more favorable growing conditions compared to street trees and a possibility for plant litter to accumulate in soil. However, if similar growing media and soil respiration rates apply, trees will likely remain sources of CO2 for several years after planting in garden and park-like conditions too, mainly due to high soil respiration rates (Riikonen et al., 2017). Thus, the lifetime of an urban tree becomes an important factor as only a mature tree is a carbon sink (Nowak et al., 2013). There are large variations in the lifespan and size of mature trees among species. Both native and non-native cultivated species are common (Gaertner et al., 2017). It is also important to ensure the presence of trees of different ages, so younger trees can replace old decaying ones (Lindén et al., 2020). Additionally, as tree roots typically reach deeper soil layers, their presence usually increases the total CSS potential of more mature yards (Golubiewski, 2006; Davies et al., 2011). As such, a diverse vegetation structure is often the best practice in optimizing above- and below-ground CSS rates both spatially and temporally (Edmondson et al., 2014c; Gu et al., 2015; Horn et al., 2015) (see Tables 1, 2).



TABLE 1 Review of the key factors related to CSS capacity of urban vegetation types.
[image: Table1]



TABLE 2 Review of the key factors related to biodiversity potential of urban vegetation types.
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Tree species appear to have a major impact on potential carbon sinks. Furthermore, species diversity should be taken into account, particularly to enhance resilience to changing climate and other potential threats, such as pests or diseases (Roloff et al., 2009). Some non-native species thrive better in urban environments than native species as they are better adapted to modified and extreme growing conditions (Sjöman et al., 2016; Gillner et al., 2017; Schlaepfer et al., 2020). However, Belaire et al. (2022) found that sites with greater richness in tree species and a greater percentage of native trees had higher carbon sequestration values. Similar results from previous studies in forests indicate that increased tree species richness is associated with higher carbon stocks, carbon fluxes, and total carbon storage (Lecina-Diaz et al., 2018; Belaire et al., 2022). Moreover, evergreen trees and shrubs have been found to enhance the carbon accumulation in soil (Setälä et al., 2016; Lu et al., 2021).

In addition to species characteristics, the life span of an urban tree is affected by several factors. The average life span of trees growing in urban conditions is usually shorter than those growing in natural conditions (Sæbø et al., 2003). This is due to various stress factors, such as the availability of water, heat, pollution, physical damage and soil compaction even during dry periods (Hilbert et al., 2019; Lüttge and Buckeridge, 2020). The mortality of urban trees is at highest during the first years after establishment, but can be minimized through proper maintenance, including watering and protection from damage and vandalism (Sæbø et al., 2003; Hilbert et al., 2019). Young trees require irrigation during the first years after planting in almost all conditions, but especially during dry periods. If the sapling dies, the soil respiration continues, but the compensation point moves even further away, even if the tree is replanted (Havu et al., 2022). Mature trees do not typically require irrigation if they have the possibility to develop a strong root system and access moisture in the deeper layers of soil. This is often limited in urban areas by constructed and compacted soil layers (Sæbø et al., 2003). Trees also have varied strategies to cope with drought, thus further highlighting the role of species selection (Gillner et al., 2017).

For trees, sufficient growth space is one of the major limiting factors for CSS capacity, especially in densely built urban areas. As a result of limited space, as well as other horticultural reasons, trees are often pruned and cut, which diminishes their carbon storage potential (Nowak et al., 2002). However, cutting and pruning woody plants can also lead to more dense and increased growth, and thus to increased carbon sequestration rates, as found in hedgerow systems (Sæbø et al., 2003). The resulting carbon impact depends on how the biomass is processed. Another factor that limits the space suitable for trees in urban yards is shading by buildings. Although some tree species can survive in shade, an exteremely low light intensity is a stress factor for trees and limits photosynthesis, thus decreasing carbon sequestration (Sæbø et al., 2003; Guo et al., 2020).

The typical maintenance of shrubs in yards differs from that of trees. Typical activities include cutting and mulching. Although mulching may benefit growth, excess mulching increases soil respiration and is not necessarily considered an effective way to optimize CSS (Edmondson et al., 2012, 2014c; Lindén et al., 2020). However, plant litter input is critical for the accumulation of organic matter in the soil, and this process can be supported by maintenance, for example, by leaving leaf litter on the ground (Bardgett and Wardle, 2010).



3.1.2 Herbaceous vegetation

The CSS capacity of herbaceous vegetation types is defined by the species composition, growing conditions, and maintenance practices (Ariluoma et al., 2023). Different species are adapted to different growing conditions, but availability of moisture and nutrient richness define plant productivity, which is commonly controlled by standardized growth media products applied in built areas (Kuittinen et al., 2021). Many herbaceous plants are also adapted to wet habitats. Wet conditions seem to increase the organic carbon values in urban soils (Dorendorf et al., 2015; Kavehei et al., 2021), so rain gardens and similar areas that are designed for rainwater management may also enhance soil carbon storage.

The ability of herbaceous plants to act as carbon sinks relies on the interaction between soil and vegetation, specifically the accumulation of carbon within the soil. The process of underground plant production is significantly important because it has been shown to represent a major part of the total biomass production (Steinaker and Wilson, 2008). Plant species diversity is found to be linked to increased soil carbon storage both in urban and non-urban settings (Lange et al., 2015; Schittko et al., 2022), and the results apply to both native and non-native plants (Schittko et al., 2022). Mixing plant species can enhance effective root production on different soil layers. High soil carbon levels are also linked to increased soil microbiota and earthworm diversity (Schittko et al., 2022).

Urban lawns seem to be relatively efficient in transferring carbon in soil due to high productivity enhanced by maintenance (Poeplau et al., 2016). However, the overall relevance of urban grass lawns as a carbon sink is controversial (Lindén et al., 2020). First, at the early stages of development, lawns are a source of carbon, due to grass soil constructions (Shchepeleva et al., 2017). Early-stage carbon loss can be minimized by a soil material with low organic matter content (Shchepeleva et al., 2017), which may lower productivity in the beginning. Second, lawn maintenance is an important source of CO2 emissions. Emissions can be reduced by using low-carbon maintenance with electric/solar-powered machines (Thompson and Kao-Kniffin, 2019). Optimal maintenance frequency (mowing) is important but difficult to define as soil carbon response to maintenance is complicated (Trammell et al., 2017; Thompson and Kao-Kniffin, 2019; Lindén et al., 2020). However, leaving grass litter/clippings on the ground can diminish the need for additional nutrient inputs and raise soil carbon storage (Gu et al., 2015; Lorenz and Lal, 2015; Poeplau et al., 2016). Further, lawns are prone to drought and compaction, both of which can limit the carbon sequestration capacity in residential yards (Francini et al., 2021).

Green roofs have been broadly investigated and several studies show that green roofs sequester carbon on a yearly basis. However, most studies are based on observations during a short interval of time (Shafique et al., 2020). As pointed out by Kinnunen et al. (2022), green roofs lack storage capacity, or at least the capacity is much more limited than for ground-based plantings. Thus, the right choice of materials and plant selection are important, as well to store the carbon after the average life span of a green roof (between 40 and 50 years) (Shafique et al., 2020).

Furthermore, green roof construction has environmental impacts via the material production (Scolaro and Ghisi, 2022), which can be partly compensated by the energy savings and carbon sequestration. Using simple, lightweight green roof designs to avoid material use is recommended to minimize the environmental impacts (Bozorg Chenani et al., 2015; Scolaro and Ghisi, 2022). The weight of soil on green roofs is the main source of environmental impact. However, most life cycle assessment (LCA) studies show that conventional roofs have a higher environmental impact even than green roofs (Scolaro and Ghisi, 2022).

In urban yards, annual plants mostly occur in annual flower beds, meadows in the first years, and gardening patches. A key difference with other vegetation types is that the soil is usually bare outside the growing season and is often disturbed by cultivation, which enhances carbon release (Bae and Ryu, 2015). After the growing season or harvest, the vegetation dies and starts to decompose. Carbon accumulation in soil depends on how the decomposing plant material and soil are treated. High soil carbon levels can be maintained by the additional carbon inputs (manure and compost) (Edmondson et al., 2014a). Edmondson et al. (2014a) suggest that for urban allotment cultivation to be more sustainable, efforts should be made to improve the nutrient and organic matter cycle within cities.



3.1.3 Soil carbon storage

While vegetation plays a crucial role in converting atmospheric carbon into soil organic carbon, the primary climate benefit lies in long-term soil carbon storage (Ariluoma et al., 2021). Any soil disturbance should be avoided and a long life span of all green areas should be guaranteed (Bae and Ryu, 2015; Lindén et al., 2020). The soil microbiome has been found to affect the carbon mineralization, so the development of management practices oriented to promote microbial activity is recommended (Delgado-Baquerizo et al., 2023).

Typically, soil respiration levels are high right after the establishment and in the first years, soil carbon increases slowly (Huyler et al., 2014; Livesley et al., 2016). Results show that the time during which the carbon level stabilizes in urban green areas vary roughly from 30 to 50 years (Pouyat et al., 2009; Lindén et al., 2020; Sapkota et al., 2020). However, older parks and residential sites may contain even higher soil carbon levels and carbon seems to accumulate in deeper soil layers over time (Vasenev et al., 2013; Setälä et al., 2016; Sarzhanov et al., 2017). A woody vegetation layer has been found to increase the soil carbon content in parks, gardens, and allotments (Edmondson et al., 2014a; Setälä et al., 2016).




3.2 Drivers of biodiversity potential of urban vegetation

Plants contribute to different dimensions of biodiversity in urban yards through the taxonomic diversity of plants, by providing habitats for other species, and by facilitating species interactions and ecological functions (Kowarik, 2011; Schlaepfer et al., 2020). Nielsen et al. (2014) found that plant species richness tends to correlate with the number of animal species in urban parks, which is also a common correlation in natural habitats.

Plant taxonomic diversity in cities is often rich but a large part of this is based on non-native and horticultural species. Whether non-native species contribute to urban biodiversity positively or negatively is controversial (Nielsen et al., 2014; Sjöman et al., 2016; Berthon et al., 2021), except for the negative contribution of invasive non-native species that can harmfully spread and invade natural habitats (Gaertner et al., 2017). Some urban insect populations rely on locally adapted non-native species as their food sources (Adams et al., 2020), while herbivorous insects often require a specific native host plant (Burghardt et al., 2009; Narango et al., 2017). Thus, native plants have an impact on the whole food chain and can be considered more valuable for biodiversity on different trophic levels (Narango et al., 2017). Increasing native plants in urban yards has also been found to result in greater bird diversity (Burghardt et al., 2009; Lerman and Warren, 2011). Moreover, planting climate-appropriate or native flora and maintaining landscapes that more closely match conditions in nearby natural areas can increase biodiversity (Adams et al., 2020).

One widely studied aspect of urban biodiversity is wild bee communities. Bees rely on floral resources, and diverse urban plant communities can provide floral resources throughout the seasons. Increasing floral resources has been suggested as an efficient means for urban bee conservation (Plascencia and Philpott, 2017; Egerer et al., 2020; Gerner and Sargent, 2022).


3.2.1 Woody vegetation

Despite the fact that tree species diversity is often large in cities, typically, only a few species comprise the majority of trees (Sæbø et al., 2003; City of Tampere, 2022), and these are often non-native species (Nielsen et al., 2014; Schlaepfer et al., 2020). Some researchers suggest that planting native trees is a high-impact strategy for optimizing urban biodiversity (Belaire et al., 2022). Native tree species may provide greater foraging and habitat resources for insects, birds, and epiphytic plants (Narango et al., 2017).

In addition to taxonomic diversity of tree species, genetic diversity should be considered when choosing plant material, as this supports biodiversity and the health of urban trees (Sæbø et al., 2003). In an optimal situation, plant material could be selected according to the ecotype of the species. However, currently this information is often not available from nurseries (Sjöman and Watkins, 2020).

Increased tree canopy cover and age diversity are positively associated with urban biodiversity, for example, the richness of bird species in residential yards (Lerman et al., 2021). Trees provide an important habitat for a diverse set of organisms, such as insects, lichens, and fungus (Lundquist et al., 2022). Large old trees are a biodiversity-rich habitat type that is declining globally (Lindenmayer et al., 2012). Veteran trees with hollows and decaying wood material in particular are hotspots for biodiversity (Nielsen et al., 2014; Wetherbee et al., 2021).

Although little research has focused specifically on urban shrubs, many studies emphasize the importance of the diversity and complexity of vegetation communities (e.g., Goddard et al., 2010), in which shrubs play an important role. Shrubs have many of the same qualities as trees, such as providing floral resources for bees throughout the seasons (Gerner and Sargent, 2022). The life span of shrubs is usually shorter than that of trees, so they cannot provide similar habitats for lichens and fungus, for instance. Shrub plantings, as well as climbers, provide shelter, food resources, and nesting places for birds and wildlife (Paker et al., 2014; Rousseau et al., 2015), and many urban wildlife gardening guides mention the importance of a shrub layer for urban wildlife (e.g., RSPB, 2023). Decomposing plant litter often found under shrubs is important for insects and small organisms and can promote soil fauna diversity (Tresch et al., 2019b).



3.2.2 Herbaceous vegetation

Herbaceous perennial plantings and urban grasslands occur in various forms in urban yards and gardens, ranging from ornamentals to semi-natural meadow-type vegetation. Similar to shrubs, the potential species richness of perennial plants is high, so they can provide floral resources throughout the seasons. Additionally, the diversity of grassland species significantly influences soil microbial communities. However, studies indicate a contrasting effect of non-native plant species on soil microarthropod diversity, with an increase in their presence correlating with a decline in microarthropod populations (Schittko et al., 2022).

Herbaceous plants include many endangered cultural species that are typical for traditional agriculture-based grassland environments, but that have lost their habitats as a result of the decline of these landscapes. Urban yards, as well as other built landscapes, can potentially provide alternative habitats for native and endangered species of traditional cultural landscapes (Lampinen, 2020). For example, green roofs can provide an escape for many species familiar to traditional biotopes. In general, studies on green roofs show that they more often support generalists than specialist species, although contrasting observations have been made as well (Kyrö et al., 2020; Kotze et al., 2021). Kyrö et al. (2020) propose that green roofs should be designed so that they mimic local open habitats, for example, by utilizing local seed banks (Nieminen, 2021). Brachet et al. (2019) used the LCA methodology to assess the biodiversity impacts of different green roof types as a whole. They found that extensive green roofs (a substrate layer from 4 to 12 cm) have smaller negative impacts for biodiversity outside the site, as they require fewer material resources than intensive green roof types (a substrate layer exceeding 13 cm).

Urban grasslands, especially intensively managed grass lawns, have also been broadly studied from the perspective of biodiversity. Typically, lawns offer very little opportunity for biodiversity to thrive (Francoeur et al., 2021), but biodiversity measures improve through the use of native plants (Hostetler and Main, 2010). Ignatieva et al. (2020) propose a paradigm shift with urban lawns, based on species-rich native plant communities. Alternative lawn types have been developed and applied, both with spontaneous and carefully designed vegetation. For example, low-growing grass-free vegetation mats have been tested as a biodiverse low-maintenance option for grass lawns (Ignatieva and Hedblom, 2018).

Regarding more traditional lawns, lengthening the mowing interval and timing the mowing to allow for the flowering of herbaceous species can enhance the biodiversity of lawns (Ignatieva et al., 2020). Lawn mowing frequency affects wild bee abundance and insect diversity in yards (Lerman et al., 2018; Francoeur et al., 2021; Proske et al., 2022) and the diversity of plants in the lawn (Watson et al., 2020). However, trimmed grassland can create better grazing opportunities for birds (Pithon et al., 2021). The impacts of typical lawn maintenance practices–such as the management of grass clippings, irrigation, and fertilization–on soil microbial communities and plant species diversity are variable and depend on the specific combination of different practices (Thompson and Kao-Kniffin, 2019), thus making it difficult to interpret the direct and indirect impacts on biodiversity. For example, Crawley et al. (2005) found that turfgrass species richness and microbial diversity declined with soil acidification, caused by the use of a certain combination of fertilizers over a long time. While return of grass clippings has been found to reduce need for fertilizing, it can thus also have an indirect impact on biodiversity (Thompson and Kao-Kniffin, 2019).



3.2.3 Mixed-vegetation communities

Multi-layer complex vegetation that mimics natural ecosystems has often been mentioned as an effective way to create biodiversity in gardens and urban areas, and it is included in the guidelines provided by many wildlife gardening programs (Widows and Drake, 2014; Larson et al., 2022). Complex habitats created by mixing different plant types provide habitats for rich fauna (Goddard et al., 2010; Francoeur et al., 2021). Diverse plant communities have also been found to enhance soil fauna diversity (Tresch et al., 2019a).

Urban garden patches and farming plots are two types of species-rich cultivated habitats. These areas, often managed by residents, are used for growing a variety of crops, including annual plants such as vegetables and flowers. Urban farming plots can vary in size, from small raised beds to larger patches of land. As well as annual plants, these areas can also harbor a high number of wild plants (Seitz et al., 2022). Management of urban gardening plots impacts the vegetation structure and soil quality of these sites, and thus the biodiversity value (Edmondson et al., 2014a; Tresch et al., 2019a,b), to a great extent. For example, the application of compost, often related to urban gardening activities, has been found to positively affect soil fauna communities (Tresch et al., 2019a). In urban gardens, the richness of flowering perennials and the abundant flower resources of annuals promote richness in pollinator species (Egerer et al., 2020).

Areas reserved for nature-based stormwater retention and water quality enhancement in courtyards can consist of various vegetation types. Depending on the type of structure and climate conditions, there is high variation in the level of moisture and occurrence of visible water in these types of habitats. Rain gardens represent a typical rainwater management solution in urban yards and we assume their biodiversity value can be compared to other mixed-type vegetation communities (Osheen Singh, 2019). In general, nature-based stormwater infrastructure has been presented to enhance urban biodiversity, but there is a need for more studies to understand the specific qualities of these solutions, and how they impact on biodiversity (Wang et al., 2023). Water elements with a permanent water surface, such as ponds, provide valuable habitats for invertebrate communities (Hassall and Anderson, 2015), but establishing ponds in urban courtyards is not very common.




3.3 Identifying drivers to enhance co-benefits

The literature review identified key drivers for supporting carbon sinks (Table 1) and biodiversity potential (Table 2) in urban yards across different vegetation types. As a synthesis of the reviews, the drivers that potentially impact positively both carbon sinks and biodiversity, were identified by cross-examining the results of the two thematic reviews. The study reveals there are various ways to simultaneously boost carbon sinks and biodiversity by the planning and management decisions of urban vegetation. The results can be classified under three main topics, encompassing factors related to (i) species diversity, (ii) growing conditions and (iii) maintenance. The drivers, related vegetation types and the potential co-benefits have been further analyzed and presented in Table 3.



TABLE 3 Drivers with potential to enhance the co-benefits of biodiversity and CSS, and related vegetation types.
[image: Table3]

Plant species related factors to enhance co-benefits include increasing plant species diversity and complexity of plant communities and promoting the life span of urban trees. Diversity of plant species has many positive effects on the carbon–biodiversity nexus, but also many uncertainties, especially related to non-native species (e.g., Berthon et al., 2021). Diversity of plant species can have both direct and indirect impacts and concerns all vegetation types. The most obvious interlink highlighted in the literature was found via soil fauna diversity, which is found to increase along with plant species diversity and has a positive impact on soil carbon accumulation (Schittko et al., 2022). Moreover, while plant, fauna, and microbial diversity create complex interaction connections, it is likely that soil microbial activity also plays a role in this context.

The complexity of plant communities is closely connected to species diversity, but refers especially to structural complexity, meaning that woody and herbaceous plants of different sizes exist in the same habitat. Complex multi-layer vegetation types in urban areas are not very well studied, and only a few references were found addressing these types of plant communities. The clearest evidence of biodiversity value was found from research on urban bee communities benefiting complex vegetation communities that provide resources for various pollinator species throughout the seasons (e.g., Ayers and Rehan, 2021). Multi-layer vegetation types can also utilize space efficiently, both above and below ground, which promotes effective root and biomass production and thus can enhance carbon sinks (Steinaker and Wilson, 2008).

Based on our review, large old trees emerge as one of the most prominent indicators of carbon–biodiversity co-benefits. Although the lifespan of urban trees can be influenced by various factors, their species determine their ability to thrive in an urban environment. Veteran trees, in particular, serve as biodiversity hotspots and offer valuable long-term carbon storage both above and below ground (e.g., Nowak et al., 2013; Nielsen et al., 2014). Enhancing the co-benefits of carbon storage and biodiversity can be achieved by providing optimal growth conditions for urban trees, including adequate growth space and access to water. Furthermore, the age diversity of trees, achievable through long-term management practices, serves as an indicator of both high habitat value and evidence of a long-term carbon sink.

In addition to functioning as a stormwater management system, individual studies address the benefits of nature-based stormwater solutions as urban habitats (Hassall and Anderson, 2015) as well as for the carbon and nitrogen cycle (e.g., Kavehei et al., 2021). It is evident that applying rainwater to plants can promote ecosystem productivity and has potential positive effects on invertebrate communities. The review indicates that wet habitats with meadow and perennial vegetation are particularly effective in providing co-benefits.

Based on our analysis, one strategy to promote carbon–biodiversity synergies, especially on urban blocks, is the application of lightweight green roof systems. The life cycle impacts of green roof systems have been well studied and several papers indicate the overall positive impacts of green roofs. Their biodiversity benefits are well justified (e.g., Kyrö et al., 2020). If the whole life cycle of a green roof system is considered, uncertainties remain related to the end-of-life stage of the green roof as well as to the construction emissions.

A few drivers to clearly enhance CSS-biodiversity co-benefits address the maintenance of urban vegetation. Applications of decomposing plant litter, compost or mulching all have similar impacts on CSS and biodiversity. These drivers were found to support carbon accumulation and rich soil fauna across all vegetation types, provided they are not used excessively (e.g., Lindén et al., 2020). Decomposing organic matter can also have several other beneficial impacts on the structure and quality of the soil by, for instance, releasing nutrients for the plants, which may improve plant growth and thus enhance carbon sequestration (e.g., Poeplau et al., 2016).




4 Discussion and practical implications


4.1 Assessing the co-benefits potential in urban residential landscapes

Through the review and cross-examination of the drivers supporting CSS and biodiversity potential of urban vegetation types, we identified several measures to enhance the carbon-biodiversity nexus in urban courtyards. In the following chapters we discuss how these synergies can be integrated in the planning, design and management of urban residential yards. Further, several drivers presented in Tables 1, 2 can enhance either biodiversity or carbon sinks independently, without compromising the other.


4.1.1 Creating species-rich complex planting areas with both woody and herbaceous species

A characteristic of urban yards is limited space, which affects the amount of vegetated area and especially the number of big trees. However, a common feature is the versatile use of vegetation types, such as shrubs, perennials, lawn, and vegetated roofs that can be designed and managed to provide various ecosystem services (Ariluoma et al., 2021; Schmidt and Walz, 2021). Dense multi-layered planting areas can be established in even small yards and can provide more benefits per unit than simple-structure vegetation (Edmondson et al., 2014a; Gu et al., 2015; Horn et al., 2015).

In urban areas, tree species selection is heavily influenced by human preference, often leading to a significant proportion of exotic species. The study highlights the importance of considering tree species selection both from an ecological and a functional point of view. Species selection should be based on species diversity and lifespan, and large tree species should be favored over small ones when possible. In cold climates, evergreen tree species can enhance soil carbon accumulation through high root production, low decomposability of needle litter and low soil respiration (Lu et al., 2021). However, the acidification of soil caused by the accumulation of needle litter may restrict the growth of other plant species, which needs to be considered in planting design.

Shrubs are a commonly found vegetation type in urban courtyards due to their easy maintenance and establishment. Instead of mass-planting areas containing a few species, courtyards allow for the creation of diverse shrub-planting areas with high species diversity. Shrub areas can also be mixed with other vegetation types to create multi-layered planting areas, offering even more foraging resources and more effective use of root space (Steinaker and Wilson, 2008; Goddard et al., 2010).

Perennial and meadow vegetation have good potential to support native species, even endangered ones, and provide resources for pollinators (Ignatieva et al., 2020; Lampinen, 2020). In urban yards, species-rich semi-natural perennial planting designs should be preferred. Considering the relatively small size and shady growing conditions for meadow patches, their diversity potential may be low in urban courtyards. Thus, semi-natural planting areas with plants carefully selected for the site and maintained to support the richness of species may be more valuable than a typical natural meadow.



4.1.2 Providing optimal growth conditions and optimizing the use of space

The spatial arrangement of vegetation is typically affected by the arrangement of yard functions (areas for play, lounging, and waste management etc.), and limited by the space reservations for parking, emergency routes and the pedestrian path system of the yards. Since the benefits of green are at least partly related to the surface area, extending the overall area covered with vegetation as much as possible within the plots is a central approach to enhance climate and biodiversity benefits. Rather than organizing vegetation patches in small areas, one obvious way to enhance the carbon–biodiversity nexus is to combine the areas into larger patches of multi-species layered vegetation communities (Goddard et al., 2010; Francoeur et al., 2021). This requires a careful design and prioritization of the functions already in the early phases of planning. For instance, car parking located outside the plots in centralized facilities enables car-free courtyards and, thus, more space for vegetation.

Due to limited space enclosed by buildings, the possibilities for planting large trees and creating high tree canopy cover in urban courtyards can be rather limited. However, maximizing the number of trees and ensuring adequate growing space both above and below ground are some of the most obvious solutions to promoting ecosystem services in urban yards. By organizing the yard functions, utilizing the space under the trees and possibly by sharing some functions with adjacent plots, yard space can be optimized for trees. Also creating larger blocks with a shared yard space could provide possibilities for extended tree cover or larger trees. To optimize the canopy cover in the long term (Lindén et al., 2020; Lerman et al., 2021), we recommend a phasing plan for tree planting to be prepared. Also paying attention to the early maintenance of trees will create a good start for carbon–biodiversity co-benefits to develop in the yards (Sæbø et al., 2003).

Impermeable surfaces, used for various functions, obviously limit the vegetated areas in courtyards. However, rainwater run-off from these areas can be managed to establish rain gardens and ponds, which can create rich habitats and enhance carbon sinks if provided with a suitable plant selection and permanent moisture (Dorendorf et al., 2015; Kavehei et al., 2021; Pille and Säumel, 2021). Also, rainwater from the roofs can be applied to create small ponds with permanent water (Hassall and Anderson, 2015). Availability of water through nature-based solutions in the yards can also support the growth and health of trees and other plants, thus simultaneously enhancing several ecosystem services (Meineke and Frank, 2018). However, water management requires careful planning, as both excess drainage of urban areas and accumulation of water may be harmful for trees. In Nordic coastal regions, for instance, a surplus of precipitation, combined with poor drainage, can cause death to urban trees by leading to oxygen deficiency (Sæbø et al., 2003).

Although the application of vegetated roofs has already become more common in new urban developments, they still cover only a small percentage of the total roof area in cities. Due to the large amount of potential surface area, green roofs–especially lightweight green roof systems with native local species–have great potential to enhance carbon-smart biodiversity in urban courtyards (Brachet et al., 2019; Shafique et al., 2020). However, the long-term accumulation of carbon on green roof systems requires more attention in research. Moreover, green walls and greenery on facades, such as those created by climbing plants, have also been proposed as solutions to increase urban green in places where the space is limited, but both practical applications and research on the benefits is still scarce, especially in the Nordic climate (Manso et al., 2021).



4.1.3 Applying maintenance practices that enhance carbon-biodiversity synergies

The presence of decomposing organic matter plays a key role in several ecological functions. To enhance soil fauna diversity and carbon accumulation, leaves and other plant litter can be left in the planting areas to decompose (Schittko et al., 2022). Recycling plant litter on site can also help avoid the need for excess mulching, which is a common maintenance activity. While mulching has been found to increase carbon content in the topsoil under certain conditions, it also increases soil respiration, thereby releasing CO2 back into the atmosphere (Tresch et al., 2019a; Lindén et al., 2020).

Lawns are often a dominant vegetation type in urban yards. Lawn can sequester carbon surprisingly well, but construction and maintenance emissions can outweigh these benefits (Poeplau et al., 2016). Lawn maintenance impacts both the soil carbon cycle and species composition. Due to the wide variability in practices and climatic influences, pinpointing the effects of specific management inputs is challenging. Additionally, the great variability in plant species composition of urban grasslands, which influences the maintenance requirements to sustain specific lawn quality, complicates the definition of universal maintenance recommendations (Trammell et al., 2017). This underscores the importance of locally adapted best-practice guidelines. Establishing lawns using diverse native grass species, while also optimizing carbon flux by leaving grass clippings and by employing smart need-based maintenance with low carbon electric machinery, can mitigate the negative effects of lawn management (Thompson and Kao-Kniffin, 2019). However, while lawns in general have a very low biodiversity value, the most effective action may involve replacing lawns with other vegetation types (Ignatieva et al., 2020).




4.2 Implications for the planning of urban green infrastructure

Our study focuses on fine-scale improvements of urban vegetation in urban yards, which create a small-scale but widespread pattern of urban habitats (Loram et al., 2007). Recently, the complementary use of private and public green space by wildlife has garnered more attention (Mimet et al., 2020), and private gardens have been suggested to play a key part in ecological land-use complementation if located close to city parks (e.g., Colding, 2007). We suggest that urban residential yards should be considered part of the strategically developed green infrastructure network of cities. For example, Nielsen et al. (2014) found that increases in the size of the available habitat increases species diversity in urban parks. The ability of relatively small urban habitats to create larger patch sizes and to decrease isolation effects (Nielsen et al., 2014) should be addressed more in urban planning and design, and the targets should be defined in the early phase of the planning process. However, small and fragmented habitats also found in urban environments can augment biodiversity (Soanes et al., 2019) and provide other ecosystem services, and should be considered as part of the green infrastructure.

Carbon sequestration and storage potential does not directly benefit from ecological networks and habitat connectivity, but they certainly benefit from actions taken to preserve existing vegetation and soil with as little disturbance as possible (e.g., Bae and Ryu, 2015). Preserving existing natural habitats is important for biodiversity, but brownfield sites have also been found to harbor biodiversity values that should be preserved as part of the development (Angold et al., 2006). Consequently, preserving existing nature and soil both in and outside the urban development may be the most effective way to enhance the co-benefits of biodiversity conservation and carbon sinks. To achieve maximum CSS impact, Kinnunen et al. (2022) suggest that urban planning should focus on diversifying the vegetation typologies of residential yards as well as integrating novel technologies, such as biochar utilization, to purposefully increase the CSS potential of the residential environment. Further, as urban environments are characterized by relatively intensive disturbances to vegetation and soil compared to their natural counterparts due to construction cycles, preserving existing carbon sinks and storages is important to prevent associated carbon losses from residential landscapes (Bae and Ryu, 2015; Trammell et al., 2017).

In densely built areas, where space for vegetation is limited, solutions are needed to improve the ecological quality of the environment and to provide important ecosystem services, such as heat-island mitigation, health benefits, and stormwater management. Based on our review, many fine-scale improvements to enhance the carbon–biodiversity link can be reached with relatively small efforts in even small green spaces. The same solutions are also likely to enhance other urban ecosystem services (e.g., Larson et al., 2016; Choi et al., 2021). Overall, we suggest that the planning and management of urban vegetation should be optimized to enhance the ecosystem services provision over the whole life cycle of urban green. For example, in newly built areas, a fast-growing pioneer vegetation layer is initially needed to compensate for the respiration and emissions caused by construction works. In the long term, the role of large trees is important. Maintenance has an important role and guidelines should be developed to better address the multiple benefits of urban green. The trade-offs should also be understood, but according to our analyses, trade-offs between biodiversity and carbon benefits are much less likely than co-benefits. The most obvious possible trade-offs are related to the use of non-native plants, which requires more careful consideration and guidelines.

Enhancing the carbon–biodiversity nexus also requires public acceptance (Lampinen et al., 2023). Previous studies have demonstrated that ‘wild’ vegetation in urban areas may elicit positive, but also negative associations, such as ‘unkempt,’ ‘disorganized,’ or ‘messy’ (Gobster and Hull, 2000; Williams and Cary, 2002; Lampinen et al., 2021). Similarly, carbon and biodiversity-wise maintenance practices and leaving plant litter on the ground, for example, may conflict with perceptions of well-maintained urban green spaces (Lampinen et al., 2023). The social acceptability of nature-based solutions can be supported by promoting awareness, effective communication, and resident engagement, such as by providing opportunities to participate in design and management (Lampinen et al., 2022). Residents are not only users of their green spaces but also decision-makers of their yards (García-Antúnez et al., 2023). Previous research has shown that community-led ecological participation, such as community gardening, can increase biodiversity and wellbeing (Dennis and James, 2016).

Improving the carbon–biodiversity nexus requires measures at all planning levels and scales, from city-scale urban planning to neighborhood-level urban design and site-scale landscape design and management. Different planning levels require research-based and applicable knowledge on biodiversity and the carbon outcomes of urban green infrastructure. Although numerous sustainability tools address biodiversity, assessment methods differ widely (Salati et al., 2022). Similarly, carbon calculations and life cycle assessment for urban environments focus on the building sector rather than urban green infrastructure (Kuittinen et al., 2021). Improving biodiversity and the carbon nexus of urban environments requires a more holistic evaluation of the environmental impacts of the construction sector, focusing on the overall quality and synergies of different actions. Implementing biodiversity and carbon smartness necessitates multi-stakeholder engagement of municipalities, businesses, and residents.

Moreover, long-term impacts should be monitored as both carbon and biodiversity benefits require a long-term commitment from the different stakeholders.

For example, auditing and coaching programs of private urban green spaces, with specific criteria, could be launched to support sustainable yard management. Rather than focusing on exact species surveys and carbon measurements, monitoring can focus on the identified drivers and best-management practices that can support biodiversity and carbon sinks in the long term. In the European Union’s Nature Restoration Law proposal (European Parliament, 2024) GIS-based monitoring on canopy and green space cover in urban ecosystems is proposed as means to ensure biodiversity and provision of ecosystem services. In addition, monitoring methods that build upon GIS-approaches such as the 3–30-300 principle (Konijnendijk, 2023) can be utilized to supplement these regional level assessments at the local level.



4.3 Implications for further research

Although existing research has identified the climate and biodiversity contribution of urban vegetation, the synergies between these aspects require further attention. Even though a vast body of literature acknowledges the co-benefits of green infrastructure, studies often remain at a rather theoretical level and lack profound empirical evidence (e.g., Elmqvist et al., 2013; Schwarz et al., 2017; Belaire et al., 2022; Schittko et al., 2022). Moreover, the link between carbon sinks and biodiversity benefits is not often addressed, although the two represent the major environmental challenges of the time. While the biodiversity values of urban gardens are well studied, urban residential yards of apartment buildings have often been overlooked in urban carbon sink and ecological network studies (Davies et al., 2013; Edmondson et al., 2014b). Further practice-oriented research is needed to inform planning and design, and to add knowledge on how to address these challenges and bridge the gap between research and practice. Moreover, monitoring is needed to understand how maintenance practices should be oriented to support the link between carbon sequestration and biodiversity. For better identifying the positive drivers and impacts, efficient techniques for measuring and assessing the benefits of vegetation in urban context should be developed.

In urban areas, the composition of plant species often differs markedly from the natural environment, which may create new kind of biodiversity, sometimes called a novel habitat (e.g., Hobbs et al., 2009); eventually, this may be considered the new normal (Gaertner et al., 2017). Urban areas can provide important habitats for various species, (e.g., Matteson and Langellotto, 2011; Santos et al., 2022), but further understanding is needed regarding how dense residential land use and contemporary yard management affect species interactions and ecological functions. For instance, the European hedgehog (Erinaceus europaeus), once common in urban gardens, has dramatically declined, partly due to changes in gardening practices, although the exact reasons remain unclear (Taucher et al., 2020). Our study has highlighted the potential of nature-based stormwater management solutions, which is clearly a multifunctional solution. Yet the actual application of these solutions in urban areas has large variation, making it difficult to draw clear conclusions on the overall impacts of rainwater management systems in urban yards. Furthermore, a more systematic integration of native vegetation in urban landscape can provide benefits, that still require more studies especially in the face of changing climatic conditions.

Urban high-density residential yards are a typology that has not yet been broadly studied. Typologies can also vary significantly across countries. Most of the literature on yards focuses on low-density residential gardens, but often without specifying the context or the type of garden or vegetation (e.g., Loram et al., 2007; Larson et al., 2016; Tahvonen and Airaksinen, 2018). However, different urban typologies have differences in their potential to enhance both carbon sinks and biodiversity. For example, podium yards built on top of parking facilities are commonly used in urban areas, but their life cycle impacts are not well known. Overall, to develop ecologically sustainable dense residential landscapes, and to be able to compare different approaches, we need a more holistic understanding of carbon flows and biodiversity impacts of various typologies of urban development, over the whole life cycle (Nielsen et al., 2014; Kuittinen et al., 2021).




5 Conclusion

We conclude that despite the limited size and challenging growing conditions, the possibilities to enhance the potential co-benefits of carbon sinks and biodiversity within urban residential yards are versatile. Based on our study, the solutions with the most potential are (i) establishing diverse planting areas with a mixture of woody and herbaceous plants to encourage species richness and complexity, (ii) optimizing the use of space and growth conditions, and, (iii) implementing maintenance practices that consider both carbon and biodiversity aspects. Built ecosystems within urban residential yards can be species-rich and provide habitats as valuable as natural environments if they are designed and managed to support these qualities. Simultaneously, many species-rich vegetation communities can function as effective carbon sinks. Multi-layered vegetation types should be applied in densely built areas, where space is limited. Trees are an important vegetation type that gain more value as they mature, making it essential to invest in species selection and growth condition. Increasing the age diversity of trees can sustain canopy cover and carbon sinks in the long term. Urban grasslands also play a crucial role in both biodiversity and carbon sequestration, especially when managed to support species diversity and soil carbon accumulation, particularly in wet habitats. Furthermore, in densely built urban areas, utilization of rooftops and lightweight vegetated roofs resembling dry meadows can provide a low-carbon solution, offering habitats for species that would otherwise not find conditions to survive. The requirements of urban vegetation, both in terms of space and growing conditions, should be considered in the early phases of planning. Moreover, it is crucial to develop maintenance strategies adapted to various climate conditions that enhance carbon-biodiversity synergies. As cities become denser, the role of residential green grows, and its multifunctional benefits gain importance–for climate, biodiversity, and human well-being alike.
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