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Abstract

:

Pollinators are responsible for the reproduction of many plant and crop species and provide important diversity for food webs and cultural value. Despite the critical ecosystem services provided by pollinators, rapid pollinator declines are occurring in response to anthropogenic activities that cause the loss of suitable habitat. There is an opportunity for urban green space to support pollination ecosystem services locally and across the landscape. However, there is a lack of practical but evidence-based guidance on how urban green space can be designed effectively to provide floral resources and other habitat needs to a diverse assemblage of pollinators. We examine the existing pollinator research in this paper to address the following questions specific to insect pollinators in temperate urban settings: (1) Which pollinators can be the focus of efforts to increase pollinator ecosystem services in cities? (2) Which plants and what arrangements of plants are most attractive and supportive to urban pollinators? (3) What do urban pollinators need beyond floral resources? (4) How can the surrounding landscape inform where to prioritize new habitat creation within cities? Using these questions as a framework, we provide specific and informed management and planning recommendations that optimize pollinator ecosystem value in urban settings.
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1. Introduction


Pollinators are declining worldwide, and as pollinators are lost, so too are the ecosystem services they provide. Significant pollinator loss is occurring in response to several threats, including pesticides, pathogens, and habitat loss and fragmentation [1,2,3,4]. Loss of pollinator species and networks has been noted at the global scale [1,5], and through direct long-term studies in specific regions [6,7,8,9], which has significant implications for humans and the ecosystems on which they depend. An ecosystem service is a benefit, often economic, that nature provides to humans [10], and the service of animal-assisted reproduction of flowering plants, or pollination, is a recognized critical “regulating” ecosystem service [11]. Many pollinator species increase or ensure the reproduction of plants in both native plant communities and agricultural systems. Almost 90% of all wild flowering plant species depend, at least partially, on animal pollination services for their reproduction [12], and nearly 35% of global food crops rely on pollinators to reproduce [5,13], giving pollinators an estimated food provisioning service value in the USD billions [14]. The impact of pollinator declines is already measurable in agricultural systems [15]. In addition, the ecosystem service of value of pollinators extends beyond their role in food production and the persistence of natural plant communities to include supporting and even cultural ecosystem service value. Insect pollinators, in particular, are at the base of many food webs, providing rich, abundant resources for other species, which in turn support other ecosystem services [5]. The diversity of animals that serve as pollinators—from hummingbirds to metallic green bees—also provide aesthetic and cultural ecosystem service value, especially in cities where species richness enhances the psychological benefits of green space [16].



While urbanization has contributed to pollinator species loss, well-designed urban landscapes provide an opportunity not only to curb the pollination crisis but also to support the beneficial ecosystem services of pollinators, both within the city and beyond. Many of the drivers of pollinator loss are associated with urbanization, including the loss and fragmentation of pollinator habitat through increased land use intensity and impervious surfaces and threats such as non-native species, environmental contaminants, and urban warming [17,18,19]. While some studies have found pollinator declines along increasing urbanization gradients [20,21], the effect of urbanization on insects generally can vary greatly from negative to no impact to even positive effects [22]. In fact, cities can contain surprisingly abundant pollinators compared to rural or agricultural landscapes [19,23,24,25]. Hall et al. [24] suggest that cities with a variety of forage and nesting sites can serve as important refugia for pollinators compared to increasingly less hospitable rural and suburban landscapes that surround urban areas. The relatively small spatial and temporal scales of insect pollinators in terms of functional ecology (for example, habitat range, life cycle, and nesting behavior compared with larger mammals) offer opportunities for small actions to yield large benefits for pollinators [24]. This can support the ecosystem services of pollinators within the city itself, including the productivity of urban food gardens [26], and support the spillover of pollination ecosystem service benefits to agricultural and natural areas outside of the city [27,28].



Interest in urbanization as both a potential threat and opportunity for pollinators has accelerated research in pollinator urban ecology, but the actual practice of supporting pollinator ecosystem services in cities has not been fully realized. Our ability to inform urban design has been improved by systematic reviews of urban pollinators and pollination ecology [18,19,25,29], and general recommendations on ways to support pollinators in urban settings [19,30,31,32] and even assessments of pollinator ecosystem service value of green space in specific cities (from Grenada, Spain to Chicago, USA; [33,34]). However, there is inadequate specific and practical planning and management guidance directly linked to the research that supports it [19]. Gaps between research and practice are a common problem in conservation [35,36], highlighting the need for approaches that stimulate the connection between research and feasible implementation [37].



The purpose of this paper is to compile and organize relevant literature on pollinators in cities within a framework of practice-based questions relevant for urban designers, planners, and dwellers. The evidence-based and socially contextualized answers to these questions can guide ecologically informed design that maximizes pollinator ecosystem services in cities in the face of increasing urbanization. Specifically, we address the following questions:




	
Which pollinators can be the focus of efforts to increase pollinator ecosystem services in cities?



	
Which plants and what arrangements of plants are most attractive and supportive to pollinators in cities?



	
What do urban pollinators need beyond floral resources?



	
How can the surrounding landscape inform where to prioritize new habitat creation within cities?








We first discuss the relevant literature for each of these questions and also address the question of urban management practices that would support pollinator ecosystem services. Then, we provide a synthesis of recommendations for the local garden scale, including informed planting typologies for urban gardens and then, from an urban planning perspective, to guide landscape-scale management and design. Given the burgeoning field of urban pollination, we do not attempt to review all available evidence, but rather to contribute to the “research-implementation space” [37] in the form of some key actionable recommendations directly based on current knowledge and needs.



Although many urban design recommendations might apply to different pollinators and regions, we aimed to narrow our focus especially to insect pollinators for temperate zones, especially those native to North America. Our aim is to provide more species- and research-specific recommendations rather than make generic conclusions or falsely extrapolate to other systems. That is, recommended plant arrangements and typologies are likely to be quite different for temperate bees vs. tropical hummingbirds. We agree that the bias in the urban pollination literature to the global north is problematic [29,38], but specific recommendations for tropical cities (including bird and bat pollinators) are emerging as these systems are increasingly studied [38,39,40], and so parallel recommendations specific to other systems can become available over time.




2. Pollinators: Which Pollinators Can Be the Focus of Efforts to Increase Pollinator Ecosystem Services in Cities?


“Pollinator” is a large category of organisms defined by their function. Although bees and butterflies may be the most well known, pollinators span a range of taxonomic categories including not only wasps and other members of the Apoidea superfamily but also moths, which make up nearly 90% of species in the Lepidoptera order, as well as “hoverflies” in the Syrphidae family of the Diptera order (true flies). Even the term “bee” is a common name that can apply to a diversity of species within the Anthophila clade and includes not only honeybees and native (to North America) bumblebees but also mason, carpenter, and sweat bees. Birds and bats are also critical pollinators in many areas of the world, though insects remain the most frequently recorded pollinators in urban areas worldwide [29]. Specifically, across studies of urban areas globally, Hymenoptera, especially honeybees and bumblebees, were by far the most frequently recorded insects, followed by Lepidoptera and Diptera [29].



Public perceptions of pollinators or of “Save the Bees” campaigns often focus on the European honeybee (Apis mellifera), known for their honey production and pollination of certain crops [41]. In fact, wild bees are equally if not more critical for staple crop pollination (e.g., apples and blueberries [42]), and A. mellifera is non-native in most areas of the world and known to compete with native bees for limited floral resources [43]. While A. mellifera are the most frequently recorded and often the most abundant species in urban areas worldwide [29], an increase in urban beekeeping (hives specifically for A. mellifera) can negatively impact more diverse native bee assemblages in cities [44]. Thus, urban efforts to increase ecosystem services of pollination need to recognize the value of pollinator diversity to maintain services, as well as to consider the critical difference between managing habitat for pollinator services and preserving overall pollinator biodiversity [45]. Intense focus on honeybees spreads misinformation regarding pollinator biodiversity and its value, so it should be established that the term “pollinator” encompasses many species with different needs.



While pollinator responses to urbanization are quite varied and are trait- and scale-dependent, urbanization tends to lead to an increase in the abundance and dominance of generalist and social species and a higher rarity of specialist species [18,25,29]. For example, urban areas tend to support generalist, short-tongued bee species and not specialist bee species [46]. It may be possible to attract more specialist species with different plant selections (see below), but even if only generalist pollinator taxa are common in cities, these still span a diverse assemblage (Table 1) and so can support ecosystem services.



Understanding the finer-scale differential effects of urbanization on pollinators can allow urban designers to focus on providing habitat to the pollinator species most likely to be present or to take informed approaches to improve habitat suitability for missing taxa. For example, ground-nesting bee species richness decreases with an increase in the impervious surface of an area [48] as ground-nesting species require patches of bare dirt in which to nest. Conversely, cavity-nesting and aboveground-nesting bee species are more abundant in more densely built urban areas, given that they are able to build their nests in pre-existing cavities of urban structures [18,48]. Research also shows that even just the presence of permanent grassland can increase the number of rare bee species supported [48]. Thus, design efforts that increase bare soil and permanent grassland habitat in areas of highly impervious surfaces can diversify the pollinator assemblage. As we further discuss below, habitat patch size can also affect pollinator composition. Suburban and urban sites containing smaller habitat patches show an increases in small bee, social bee, and solitary cavity-nesting bee species [49]. These urban habitat patches also favor species in the family Halictidae (sweat bees) over Apidae (honey, bumble, carpenter, and cuckoo bees). Study results such as these can better direct plant selection and habitat construction in urban areas based on the floral preferences of the more favored species; for example, sweat bees prefer flowers from the plant families Asteraceae (asters and daisies) and Lamiaceae (mints) [47].



Managing habitats for diverse pollinator assemblages in cities is feasible, because although they may have different habitat and floral resource needs, there are many overlaps in needs within temperate insect pollinator communities. This overlap provides opportunities to create beneficial habitat for many pollinator groups at once [47]. For example, 30% of the 4000 bees native to the United States are cavity-nesting species, using dead wood and plant stems as shelter for developing larvae [50]. These cavity-nesting bees include mason, leafcutter, and carpenter bees, which all belong to different genera. Similarly, well-chosen plants, as we discuss below, can attract pollinators from completely different insect orders, e.g., butterflies and moths (Lepidoptera), bees (Hymenoptera), beetles (Coleoptera), and flies (Diptera).




3. Plants: Which Plants and What Arrangements of Plants Are Most Attractive and Supportive to Pollinators in Cities?


While more green space in urban areas is associated with increased pollinator species richness [25], the characteristics of that green space strongly influences the pollinators present [51] add [18,29] and therefore the ecosystem services they can provide. Urban green space spans a huge variety of types, from individual flowerbeds to private or community gardens planted with flowering and/or edible plants and to lawns, green roofs, recreational parks, remnant natural areas, vacant lots, and even urban cemeteries, golf courses, and university campuses [29,52]. These spaces differ in landscape management intensity, vegetation composition, vertical structure, microclimate, and patch size, all of which can have effects on pollinator populations [18,53]. Broadly speaking, the presence of floral foraging resources is consistently found to influence the presence of pollinators in urban areas [19,24]. More specifically, urban areas with higher floral diversity [54,55] and floral abundance [56,57,58] tend to have a higher pollinator abundance and/or diversity. This pattern holds even for a vertically isolated habitat in a highly urbanized context—green roofs in Chicago planted with native plants and with the highest plant diversity have the highest bee species richness and abundance [59]. These studies support the idea that it is not necessarily the degree of “urban-ness,” but instead the specific characteristics of each urban green space that ultimately influence pollinator abundance and diversity. In this section on plant choice, we provide specific information to guide decisions at this local scale of a green space [18], including factors such as the origin, floral features, and arrangement of vegetation within a green space, noting how these factors influence the ability of an urban green space to support insect pollinators.



3.1. Native vs. Non-Native Plants


In recent years, gardeners and researchers alike have been debating the role of native and non-native ornamental plants in supporting local biodiversity and ecosystem function. Given the long history of coevolution between native plants and their insects, the widespread use of non-native plants across urban and non-urban landscapes has likely contributed to global insect declines through the loss of suitable food and habitat [60]. Although pollinators are often attracted to various non-native ornamental plants in urban landscapes [56,61], research increasingly demonstrates that overall pollinator abundance and diversity are greatest in landscapes with native plants [55,59,62]. Pardee and Philpott [56], for example, found that for city backyard gardens, both bee richness and abundance are higher in gardens that contain more native plants and thus have more floral abundance, taller vegetation, more cover, and more potential nesting sites. Similarly, Rollings and Goulson [63] found a significantly higher diversity of pollinators attracted to native plants as opposed to ornamental plants in backyard gardens. Additionally, there may be a native plant “threshold” of eight or more species of native plants within a landscape to increase the abundance and diversity of native bees [64,65]. These findings suggest that incorporating native plants into the urban landscape is critically important for supporting abundant, diverse pollinator populations. The use of native plants is especially important for supporting specialist species, for which non-host plant pollen is not only non-preferred but toxic [66], so cities without sufficient quantities of host plant pollen would have an overall lower bee species richness. While rare specialist pollinator species may not contribute as significantly to crop pollination ecosystem services [67], in an urban context, specialist pollinators and their associated plants can provide cultural and aesthetic ecosystem service value while contributing to overall diversity.



Beyond the value of native plants for pollinator diversity and ecosystem services, they should be favored in urban green spaces due to the risks posed by non-native plants. The flowers of non-native plants, especially when abundant, can draw pollinators away from native plants and thereby decrease their reproductive success, especially when the non-native flowers are similar to the native ones [68]. Thus, the use of non-native plants in city plantings can undermine the ecosystem service value of pollination for native plant communities. Non-native plantings also increase the risk of invasive species spread, which can further degrade natural ecosystems. Urban and suburban gardens are not only a key entry point for many invasive plant species but also a source for secondary escape and spread into natural area remnants within cities or along the urban–wildland interface surrounding cities [69,70].



Some non-native ornamental plants do offer important social value, and so if their risks of spread or competition with natives are low, they can play a valuable role as part of a mixed planting of both native and non-native species to support pollinator ecosystem services. Landscape aesthetics are a powerful cultural driver of a green space’s success and long-term sustainability [71]. Non-native, ornamental plants have been human-selected for their beauty, scent, reliability, or cultural relevance among other socially determined reasons. It follows that these plants are familiar, broadly socially accepted, and legible to the general public. These spaces inherently feel orderly and cared for, which exemplifies Joan Nassauer’s “Cues to Care” [72]—the social importance of cues to care cannot be underestimated, but it can be signaled in other intentional ways in plantings that are less ubiquitous or orderly. Regardless, the social legibility of culturally beloved, ornamental plants such as peonies, roses, or boxwoods can be leveraged to make less-familiar, more “wild” native plantings more socially acceptable and therefore more likely to be cared for and persist over the long-term, which is what pollinators depend on. Additionally, not all gardeners want to plant an all-native garden but want to help pollinators. By not vilifying ornamentals and instead encouraging a mix of ornamental and native plants, we may offer a steppingstone and olive branch for anyone who wants to garden for pollinators.



Beyond their potential social value, some non-native ornamental plants do directly provide resources for pollinators. For example, many popular, easy-to-grow annuals and perennials, as well as non-native flowering trees, can be very attractive to pollinators and provide abundant floral resource availability [61,73,74]. However, there is growing evidence that non-native plants attract a subset of pollinators, and frequently these pollinators are more generalist in their foraging preferences [57,61]. This support for generalists is valuable, especially in urban environments, which may be resource-poor, but it is important to acknowledge this limitation and provide a variety of foraging resources for both specialist and generalist species. The value of non-native plants is important to consider in the face of climate change. Many non-native plants are selected for longer blooming periods and blooming periods for the “shoulder” seasons of early spring and late fall, all of which can extend foraging resource availability temporally for pollinators [75], which may be especially important with climate change. Thus, in making decisions about which plant species to include in urban green spaces, it is important to not only consider their origin [76] but also their risks, social value, which pollinators they support, and their value for urban climate adaptation.



The growing number of “nativars,” or cultivated varieties of native plants, in horticulture has raised questions about how the horticultural modification of plant traits affects the ecological function of native plants. To date, this research has produced variable answers. Cultivated plants are often selected for desirable growth traits (disease resistance, longer bloom time, tidy form, etc.) or aesthetic traits (double blooms, larger blooms, bloom color variety, variegated leaf/stem color, etc.). Either for growth form or aesthetics, alterations that change the physical traits of a plant may alter its attractiveness or resource availability to insects and thus change their ecological function. Robust garden trials from Mt. Cuba Center in Delaware are actively testing pollinator use (ecological function) alongside horticultural performance (social function). Though only a few genera have been tested so far (Baptisia spp., Coreopsis spp., Echinacea spp., Monarda spp.) results vary widely, with some cultivated varieties actually attracting more pollinators than the “straight” native plant. For example, within Monarda varieties, moths and butterflies were more attracted to selections that offered the largest abundance of 2–3” wide flowers, with M. fistulosa ‘Claire Grace’ attracting substantially more pollinator visits than the straight native M. fistulosa [77]. Importantly, the Mt. Cuba researchers note that this artificially resource-rich “buffet” of dense Monarda plantings may reveal pollinator preferences given unlimited options, but any of these Monarda varieties on their own in a landscape setting may perform equally well. Although the current research is limited regarding which specific alterations may affect ecological function, Tallamy et al. [60] found that native varieties that had leaves that altered from green to red, blue, or purple were eaten significantly less by herbivorous insects. The same study found no effect of altered plant habit, fruit size, disease resistance, or fall color, but leaf variegation seemed to increase insect herbivory. These limited studies suggest that some “nativars” still provide resources for pollinators and herbivorous insects [78], although more research is still needed to test cultivated varieties of more plant species and to investigate alterations to pollen and nectar quantity and quality and their potential invasiveness risk.




3.2. Floral Features


Beyond plant origin (native or non-native), it is known that floral features such as fragrance, color, shape, and nutritional quantity and quality influence pollinator attractiveness [47,61,79]. The broadest diversity of pollinator groups can be supported by representing a diversity of their associated flower traits (Table 2) within the garden or green space.



Pollinator response to floral color varies across plant genera [61], but there are certain color–species associations based upon pollinators’ species-specific ability to perceive a certain range of colors and some species’ preferences. Red, for example, is perceived as black to bees [47], and so the color red is not attractive to bees; however, red is particularly attractive to hummingbirds, which are also essential pollinators. Bees and many other insect pollinators perceive ultraviolet light cues that often serve as nectar guides but are imperceptible to humans. White, cream, or green-colored flowers are attractive to the less popular but no less important pollinators: wasps, beetles, flies, and night-foraging moths. While these general color associations are helpful for attracting some pollinators, many other floral traits may be more important.



Flower shape, structure, and size also influence the type of pollinator that can access the floral resources, i.e., nectar and pollen. First, pollinators vary in their pollen- and nectar-gathering strategies and have different physical structures to gather, consume, and store these resources. Some physical structures that alter a pollinator’s foraging strategy include tongue length, the presence of external storage structures (e.g., hairs), body size, and body weight. Long-tongued bees, butterflies, and moths can easily access tubular flowers, but short-tongued bees, beetles, and wasps can only access shallow, open nectaries (unless they “steal” resources by cutting into the flower base). For large, closed flowers such as Baptisia spp. or Lobelia siphilitica, resource access is limited to strong, large-bodied bumblebees that can push apart the heavy petals or very tiny bees that can slip in through the gaps. Flat-topped, umbel-shaped flowers including Pycnanthemum spp., Eutrochium spp., and Zizia spp. offer shallow nectaries that attract a greater diversity of pollinators with both short and long tongues. Floret-dense, open, composite flowers of the Asteraceae family including Symphyotrichum spp. (asters), Echinacea spp. (coneflowers), and Solidago spp. (goldenrods) also feature shallow nectaries accessible to a variety of pollinators at a high density, offering a large quantity of resources and a suitable landing pad for large-bodied butterflies. Given that flower shape, size, and structure influence resource availability to a certain subset of pollinators, it follows that by providing a diversity of floral morphologies, a diverse garden will attract a more diverse assemblage of pollinators.



Putting all of these features of certain flowers known to attract pollinators together, there are many existing lists of recommended pollinator-friendly plant species for urban green space designers to consider. While this can be exciting for those looking to improve their pollinator habitat, such recommendation lists have limitations. Garbuzov and Ratnieks [71] reviewed fifteen plant recommendation lists from various sources including pamphlets, websites, books, and botanical garden information stands/leaflets. They found that while these lists are useful communication tools for a general audience—and a good starting point for future research—they often contain poor recommendations, omit what would be good recommendations, lack overlap even when considering the same geographical regions, and are based on author experience rather than empirical evidence. They note “a list is only as good as the data that went into it,” and the lists they reviewed “almost never refer to the empirical sources on which they are based.” (p. 1019). Thus, traits and field observations may be more reliable to inform plant choice.




3.3. Floral Arrangement in Time


Providing not just a diversity of floral traits but also flowers that bloom throughout the growing season is key to supporting a diverse and abundant population of pollinators [47]. Phenology, or the timing of seasonal biological events, frequently orchestrates a tightly evolved relationship between plants and their pollinators. Different plant species bloom at different times for many reasons, including taking advantage of water availability, to have a competitive advantage over other plants and to attract specific pollinators. Many pollinators, especially native bees, live short lives and emerge, feed, and reproduce over a period of weeks or months. Mason bees (Osmia spp.), for example, are active only from spring to early summer, and overwintering queen bumblebees are some of the first pollinators to emerge during spring thaw. These early spring pollinators require pollen and nectar from early-blooming, often spring ephemeral flowers such as Geranium maculatum (wild geranium). In fall, many pollinators are preparing to overwinter or migrate (such as the monarch butterfly) and rely on late-blooming plants including Solidago spp. (goldenrods) and Symphyotrichum spp. (American asters). By providing a diversity of blooms from spring to fall, green spaces can support a greater diversity of pollinators throughout their life cycles. Flowering trees can also play a critical role in providing abundant floral resources over a whole season and can fill gaps in floral resource availability [52,73].



Additionally, the mowing management of lawns—a potentially critical green space in an urban area—can have significant effects on the timing of available floral resources for pollinators. Lawns are iconic to Western cities; they occupy a large proportion of urban areas and are culturally and aesthetically valued [80,81]. Many municipalities enforce ‘weed laws’ to ensure the conformity of the lawn ideal by restricting grass height (e.g., a Chicago ordinance prohibits lawn vegetation from exceeding 24.4 cm; Municipal Code of Chicago: §7-28-120). Households mow to conform to societal expectations, city ordinances, and the personal satisfaction of a neat and tidy yard [80]. Intensive lawn management requires time and financial commitments and is often driven by aesthetics and social norms to adhere to ideals of orderly, weed-free, lush carpets of green grass [72,82,83,84]. However, frequent mowing restricts plant diversity in urban lawns to only a few species that are able to tolerate repeated defoliation and soil disturbance, i.e., Bellis perennis, Glechoma hederacea, Lolium perenne, Plantago major, Prunella vulgaris, and Trifolium repens [85]. The homogeneity of plant species, together with herbicide application, deplete lawns of floral resources for pollinators [86]. Adjusting mowing frequency can lead to increases in pollinator value. Lerman et al. [87] found that the lawn with lowest mowing frequency has the highest floral abundance but not the highest bee abundance. They suggested that taller grass in less-mown yards might have prohibited access to the flowers and rendered the floral-abundant lawns less attractive to pollinators. Alternatively, the lawn flowers might lack the performance traits necessary for competing with the tall grass, leading to pollen limitation and hence less attractive habitats for bees [88]. Thus, an appropriate mowing frequency and the addition of floral diversity are both needed for urban lawns to support more pollinators throughout their active season.




3.4. Floral Arrangement within a Green Space


In addition to the origin, floral features, and flowering timing of the plants within a green space, another important local-scale consideration to support urban pollinators is the arrangement of floral resources within the green space or garden, which may be more important even than its size. For example, some research suggests that while garden size does not influence invertebrate communities [89], floral density (the number of blooms per unit area) frequently has a positive effect on pollinator abundance and diversity [90]. Keasar [91] found that clustering flowers, even if these clusters included resource-sterile plants, increased native bee visitation rates. Small community gardens that are densely packed with a variety of floral resources are highly attractive to pollinators [52,92], and increasing such plantings within larger recreational parks could increase the parks’ pollinator value.



The spatial arrangement of flowers can strongly affect not only how many but which pollinator species visit a garden. Plascencia and Philpott [93] found that the honeybee was more abundant in sites with patchy floral resources (larger nearest-neighbor ratio of quadrats with ≥15 flowers), likely because it is a generalist species, and its medium size permits it to forage large distances. By contrast, native bee species were most abundant in gardens with clustered floral resources (smaller nearest-neighbor ratio). Thus, the local and small-scale arrangement of flowering plants can favor certain pollinators over others, and so heterogeneous arrangements are likely to support the greatest diversity of pollinators. In Section 5, we also discuss landscape-scale spatial considerations for supporting pollinators, such as the variety of green space sizes and their placement in an urban setting.





4. Nesting Habitat: What Do Urban Pollinators Need beyond Floral Resources?


Quality pollinator habitat includes more than just floral and foraging resources. Within the same local scale as floral resources, native pollinators, especially wild bees, must have habitat for nesting and overwintering. Variability in insect pollinator composition among urban green spaces can depend less on floral density or cover and more on available nesting habitat [53]. Many native bees nest in plant material such as hollow plant stems and leaf litter, while others require bare ground to nest. For example, across Californian urban gardens, Quistberg et al. [94] found that the number of cavity-nesting bees depended on the percent of leaf litter cover and the number of ground bees increased with an increased percentage of bare ground and decreased with wood chip mulching. Landscaping practices such as the widespread use of wood mulch can thus be detrimental to ground-nesting bees. Tree and shrub pruning/leaf removal, especially as “fall/spring clean ups,” can also greatly diminish the nesting habitat for pollinators [32]. Leaving such materials can pose an aesthetic challenge, especially in urban gardens and campuses where the city or school may have yard care guidelines. Campaigns such as “Leave the Leaves!” are spreading thanks to the Xerces Society and the National Wildlife Federation. Both organizations have published materials explaining the ecological value to pollinators of leaf litter, plant stems, and other dead and decaying plant debris. Butterfly larva such as that of the great spangled fritillary (Speyeria cybele) overwinter in piles of leaves, and other species such as the red-banded hairstreak (Calycopis cecrops) lay their eggs on fallen oak leaves, which the hatched caterpillars will eat in the spring. Bumblebees (Bombus spp.) are a well-known pollinator group that depend on leaf litter for protection over the winter. These are just a few of many examples, demonstrating that planting pollinator-friendly plants is only one part of creating a quality pollinator habitat.



Bees can be organized into three guilds based on their nesting habits: ground-nesting, above-ground-nesting, and cleptoparasitic [95]. The ground-nesting guild is dominated by the families Andrenidae, Melittidae, Halictidae, and Colletidae, while the above-ground-nesting guild includes mostly Megachilidae and Apidae species [96]. Nesting sites for cavity-nesting bees in the form of “bee hotels” are increasingly being promoted as a way to aid pollinator conservation. Bee hotels vary in size and are typically constructed from wood and contain different-sized cavities and a variety of materials to be used for nesting, such as bamboo tubes and bricks with holes. Unfortunately, installing bee hotels can be counterproductive because most of North America’s native bee species (and 70% of the ~20,000 bee species worldwide) nest under—not above—the ground [97]. A large majority of bees either nest underground or parasitize other bees’ nests, which limits the value of above-ground-created habitats such as bee hotels.



Bee hotels are widely touted as a positive addition to any pollinator garden, but numerous studies have documented increased parasitization of native bees nesting inside such hotels [97]. Additionally, non-native and non-pollinating bee and wasp species have been demonstrated to use bee hotels more often than native, pollinating bee species, thus outcompeting native bees for nearby resources [97]. Geslin et al. [98] found that 40% of all individuals recorded using the 96 bee hotels they installed were Megachile sculpturalis, a leafcutting bee native to Japan and China. They also found a negative correlation between the presence of M. sculpturalis and native bees in the hotels. MacIvor and Packer [97] coined the term “bee-washing” (a form of green-washing) to warn promoters and users of bee hotels against spreading potentially misleading information. They note that, much like pamphlets of pollinator-friendly plants, bee hotels are useful tools for engaging the public in citizen science and pollinator conservation outreach but that their potential pitfalls must be thoroughly researched before they are recommended as “pollinator friendly”.



Although bee hotels may not necessarily be the best choice for bee nesting sites, bees still do need habitat in which to nest and overwinter—nesting requirements are as important to consider as floral resources [99]. Bumblebees (Bombus spp.) often overwinter beneath the base of clumped grasses, while many ground-nesting bees will utilize bare patches of soil for nesting. Bare patches in particular pose an aesthetic challenge in an urban setting; those who do not know the purpose of the bare soil may find it less aesthetically pleasing than a patch of foliage or flowers. Such challenges could be overcome by signage that explains the purpose of the bare patches and their value to native pollinators. Alternatively, soil squares—smaller patches of bare soil that form a 0.5 m deep hole in the ground—could be constructed to provide nesting sites for cavity-nesting bees [100]. An interesting study by Cane [101] shows that native species of Halictus prefer to nest beneath decorative landscaping pebbles instead of bare soil patches. Much like providing an array of floral resources will tend to attract the most diverse pollinator assemblage, providing a variety of nesting materials and sites that can be maintained (rid of harmful parasites if necessary) is most beneficial to urban pollinators.




5. Landscape-Level Planning and Connectivity—How Can the Surrounding Landscape Inform Where to Prioritize New Habitat Creation within Cities?


Thus far, we have discussed local-scale factors that influence the ability of a green space to support pollinators effectively, but designing for pollinator ecosystem services in cities requires considering habitat at different scales, from the quality and size of the green space itself to the arrangement of potential habitat within the landscape and the quality of the urban context (Figure 1). Urbanization essentially fragments pollinator habitat, a process that can reduce pollinator and plant pollen movement among fragments and reduce pollinator abundance and diversity, especially for species sensitive to fragmentation [17]. Green space fragments that contain more floral resources and a higher diversity of flowering plants (e.g., community gardens, residential gardens) have significantly more abundant and diverse pollinator communities [102]. The patchwork of other urban habitat types (e.g., open parks, lawns, paved areas, buildings) surrounding these floral “hotspots” represent a resource-poor “matrix” that may be unusable and even impermeable to pollinators.



Pollinator habitat planning at a city-wide or landscape scale thus must also consider the spatial distribution of existing pollinator habitat and the land cover in between. While local, garden-scale characteristics are often stronger predictors of pollinator abundance and richness [56,103], the surrounding landscape matrix may influence the accessibility or quality of any individual garden. For isolated garden patches, finding opportunities to create “corridors” of even marginal pollinator habitat to connect patches of higher-quality habitat can facilitate movement across a landscape, encouraging opportunities for short- or long-distance migration, shifting life cycle habitat requirements, and genetic exchange. In contrast, some urban cover types or features such as buildings or busy roads may present barriers to pollinator movement across an urban landscape. Additionally, proximity to more natural habitat types such as forests, wetlands, or grasslands can provide additional resources for pollinators and thus increase pollinator use of nearby garden patches in an urban context. Below, we provide more specific evidence to guide landscape-scale planning for pollinators.



5.1. Matrix Quality


Overall, landscape-level variables are frequently not as strong as garden-level characteristics at predicting pollinator population metrics; however, the effect of the surrounding landscape matrix type may differ by pollinator guild. In the urban habitats of Chicago, Tonietto et al. [59] found that bee species richness positively correlates with the proportion of natural area within a 500 m radius. Pardee and Philpott [56] found that cavity-nesting bee abundance was higher in urban gardens with more natural areas within 1 km, and they hypothesized that a mix of natural and man-made resources may assist with nest building. Ground-nesting bees were more abundant where wetlands were within 1 km, which suggests an association with wet habitats. Increased forest cover within 500 m and 2 km was associated with increased abundance of both cavity- and ground-nesting bees, respectively [56]. The authors speculate that the smaller-bodied cavity-nesting species they captured had smaller foraging distances and thus were more associated with nearby forest resources, whereas larger-bodied ground-nesting bees could travel farther and utilize more distant resources. These studies suggest that the effect of the landscape matrix is species-specific and influences life cycle needs and foraging distance.



In addition to the quantity of different land cover types within the matrix, the quality and permeability of the matrix may influence pollinator populations. As opposed to the rigid definitions of usable patches and linear corridors within an unusable matrix, matrix permeability describes a more fluid gradient of use that “spills over” into and within the matrix. A meta-analysis of wildlife habitat creation in agricultural areas suggests that increasing the permeability of a matrix by improving the quality of the matrix may be a more effective method to increase fragment connectivity and reduce the negative effects of patch isolation [104]. With this in mind, perhaps urban pollinator habitat improvement efforts should consider not just creating more patches or corridors of habitat but also improve the quality of the surrounding matrix.




5.2. Size, Arrangement, and Connectivity of Green Space within the Urban Matrix


The quality, size, and isolation of an urban green space can interact to determine its value for supporting insect pollinators. While the species–area relationship suggests that larger fragments have higher species richness, when it comes to urban pollinators, the relationship between size and quality is more complex. As noted above, high-quality small gardens can have an equivalent or higher pollinator habitat value than larger green space [52,92], even if isolated [59]. Reviews on the optimal size of green space to support insect pollinators suggests that it depends on the mobility of the pollinator [17,18,105]. Pollinator foraging distances are species-specific and influenced by body size, foraging specificity, and eusocial lifestyle [47]. While smaller-bodied species may persist within small patches of habitat more characteristic of urban areas, larger-bodied species are able to travel further and cover larger distances in search of resources, especially within a fragmented urban landscape [20,106]. For example, larger, colony-nesting bees such as bumblebees are considered more generalist pollinators and have larger foraging ranges than smaller, solitary bees. Bumblebees (10–23 mm body length) can forage up to one mile from the nest, while smaller mason bees (6–11 mm body length) forage within 300 feet from the nest [47]. Hinners et al. [49], studying suburban green space fragments in Colorado, found that species richness increased with area up to a point, but they also found that there was a shift in bee species composition from small to larger areas, some of which reflects mobility differences. Smaller areas harbored more bees that were eusocial, small-bodied, and cavity-nesters, whereas larger areas shifted to dominance by solitary, large-bodied, and ground-nesting species. Even if these same patterns do not apply elsewhere, the important lesson for planners is that a diversity of green space sizes across the landscape can increase the diversity of pollinators supported overall, due to differences in the response to green space characteristics.



Patch isolation is one measure that could negatively impact pollinator use of any one patch and the metapopulation of pollinators as a whole. Several studies have found that as a habitat patch becomes more isolated from a natural habitat, pollinator populations begin to decrease [107,108]. However, in the urban grassland areas of Berlin, Fischer et al. [109] found that only one pollinator species (Bombus terrestris) was affected by degree of habitat isolation (negatively), but the authors note that the goodness-of-fit for this model was low and the results should be used cautiously. One possible solution is the use of small “stepping stones” of pollinator habitat to connect isolated patches across a landscape [110]. While flight distances vary by body size and local site conditions, using estimates of flight distance may provide a starting point to determining how far away a functional steppingstone habitat should be (Figure 2). Creating stepping stones between habitat patches could essentially increase the quality of the matrix and facilitate pollinator movement across the landscape. Especially for smaller pollinators with a limited foraging range, the proximity of abundant floral resources is critically important for survival and successful reproduction. Even across a small area, such as an urban or campus promenade, having frequent patches of dense foraging resources will ensure that pollinators with small foraging ranges will have accessible resources.



Although much of the research on pollinator corridor habitat has focused on agriculture, corridors of linear habitat may serve to connect habitat patches and facilitate pollinator movement across the urban landscape as well. In croplands, linear habitat in ditches can increase pollen dispersal between isolated habitat patches [111]. A similar study of linear hedgerows in cropland in southern England suggests that both hedgerow quality (absence of gaps, high species diversity, and an abundant, flowering understory layer) and landscape context (hedgerows were more valuable in intensively managed landscapes) influenced the value of hedgerows to pollinators and other insects [112]. Comparisons can be made between an inhospitable matrix of monoculture crops and a matrix of resource-poor urban environments such as traditional lawns or parking lots. Linear corridors of unbroken, floral-rich habitat may facilitate movement through intensively managed landscapes devoid of pollinator resources, however, the strategy of increasing matrix permeability, as discussed above, should also be considered.



In conclusion, much research suggests that landscape-scale variables are less important than garden-scale variables in determining pollinator populations; however, pollinator foraging distances and proximity to natural habitats may be helpful factors to consider when prioritizing locations for new pollinator habitat. Where feasible, improving matrix quality and creating linear habitat corridors are two potential strategies that may improve overall urban landscape connectivity for pollinators, and these are areas needing more research. Interestingly, there is some evidence that the heterogeneous, dynamic, and cosmopolitan nature of urban landscapes has actually increased the number of species that can thrive there and perhaps is evolutionarily selecting for species that are more tolerant of these conditions [113].





6. Management—What Urban Management Practices Would Support Pollinator Ecosystem Services?


Individual decisions in urban yard and garden management are critical to consider in supporting pollinator habitat [114,115]. Currently, many common urban green space management practices threaten biodiversity in cities [32]. These include the continued maintenance of turf grass lawns, which leads to a lack of foraging resources, the application of pesticides and herbicides, and tree and shrub pruning/leaf removal (especially as “fall/spring clean ups,” which can greatly diminish nesting habitat for pollinators).



Mowing management, as discussed above, has been studied in a way that allows for specific applications to improve practices for pollinator ecosystem services. Less intensively managed urban lawns host more plant species [116]. If coordinated, then even a small percentage of adoptees of a lower mowing frequency, delayed mowing, or no mowing can scale up and might have positive conservation implications for bee habitat [24,114]. A reduction in mowing frequency from every few weeks to only once or twice per season causes a species turnover and increases the plant species richness of urban lawns by 30% [85]. Moreover, the change in management also increases the spatial heterogeneity within and between lawns. Lerman et al. [87] suggest a ‘lazymower’ approach as a practical, economical, and time-saving alternative that also helps to promote bee conservation. They argue this approach might garner broad public support (compared with lawn reduction or replacement), because it more closely aligns with current single-family homeowner motivations for adopting lawn-dominated yardscapes. However, less is not always better. A very low mowing frequency might exceed the aesthetic tolerance of many homeowners and their neighbors.




7. Conclusions and Planning Recommendations


We have framed the current literature within actionable design questions that aim to guide urban design for pollinator ecosystem services. It is clear from this review that urban green spaces present ample opportunity for meaningful—and quantifiable—improvements in pollinator habitat in the face of increasing urbanization. Here, we summarize the recommendations based on the evidence reviewed above and provide evidence-based and feasible planting typologies.



7.1. Summary of Planting Recommendations at the Local Scale


Urbanized areas, especially less densely built areas more characteristic of “suburban” or “urban sprawl” that still have a high proportion of vegetated areas, represent a matrix for some bee species, especially large-bodied, generalist, and cavity-nesting species, while many specialist species may have habitat requirements that are incompatible with most levels of urbanization. Urban environments may be able to support a diverse assemblage of bee communities by improving habitat quality at a relatively small scale. Actions to diversify urban bee community assemblages and improve the genetic diversity of existing populations should emphasize provisioning habitat and resource requirements for smaller-bodied and ground-nesting species, which make up 75% of bee species [25].



For urban habitats, it is not necessarily the degree of “urban-ness” but instead the specific characteristics of each urban green space that ultimately influence pollinator abundance and diversity. Urban areas with a higher floral diversity and floral abundance tend to have a higher pollinator abundance and/or diversity. Native gardens typically feature greater floral abundance, taller vegetation, more cover, and more potential nesting sites that likely attract pollinators. Incorporating native plants into the urban landscape is critically important for supporting abundant, diverse pollinator populations. However, even though plant nativity has been found to positively affect bee abundance and richness, it need not be the only consideration in floral resource management. Many non-native, ornamental plants serve the dual purpose of providing pollinator resources (e.g., nectar, pollen, structure) and signaling important social cues, including legibility and familiarity, that influence the acceptance, care, and longevity of gardens. Public park managers, landscapers, and even homeowners should prioritize native flowering species, but they should not be afraid to fill in gaps in flowering periods with non-native species when needed [57], if the risks discussed above are considered.



Floral morphology is another important factor to consider while improving the quality of pollinator habitat. A garden with diverse flower shapes, colors, and other features will attract a more diverse assemblage of pollinators. Moreover, providing a diversity of flowers across the entire growing season will support a greater diversity of pollinators throughout their life cycles. The seasonality of flowering times and food availability throughout the growing season is essential to ensure that a diverse community of bees can persist even within a relatively small area [65]. An array of plant species that allow for consistent flowering, from spring ephemerals to late-season bloomers, has been shown to be of greater significance to bee populations than high plant nativity. Though plant selection is often focused on herbaceous species, trees represent significant sources of floral resources when in bloom due to the size and abundance of inflorescences. Including native flowering tree species into the landscape can provide a substantial pollinator resource within a very small footprint [73] as well as woody vegetation for cavity-nesters [56]. Leaf litter, plant stems, dead and decaying plant debris, bare soil, as well as other habitats that are beyond floral resources, provide valuable nesting and overwintering spots for pollinators.



Given the research findings reviewed, to support pollinators in urban green spaces through planting design, in summary, we recommend the following:




	
Incorporate high densities of flowering plants, including flowering trees.



	
Incorporate a high diversity of flowering species by varying the species and floral features in each bed across the landscape.



	
Utilize species with flowering times that span the entire growing season, including beneficial spring bulbs and late-blooming fall flowers.



	
In areas with high aesthetic and maintenance requirements, utilize non-native, ornamental, or “nativar” plants that provide pollinator resources but do not pose a risk of invasive spread.



	
In areas with lower aesthetic and maintenance requirements, utilize as many native plants as possible.



	
Seek out native plants that are well-adapted to the harsh conditions of urban environments. Some desirable characteristics include salt, heat, and drought tolerance and higher pH tolerance.



	
Avoid the widespread use of wood mulch; instead, create a mix of bare ground and leaf litter cover to support bees with different nesting requirements.



	
Where appropriate, use plants as “living mulch” to maximize plant resources and reduce weeding and watering requirements.



	
Look for opportunities to “improve the matrix” between garden beds. Consider bee-friendly lawns, flowering trees, and functional planters that can provide additional support between garden beds.








Taking these recommendations and the research into consideration, we designed four replicable garden typologies that provide multifunctional benefits to people and pollinators in an urban or suburban setting. A typology describes a design solution for a particular set of conditions. We propose typologies that address four main design goals for urban pollinator gardens: pollinator needs, safety, ease of maintenance, and cultural aesthetics (Figure 3). The four proposed typologies (Figure 4, Figure 5, Figure 6 and Figure 7) represent planting templates for four common urban site conditions with plants specific to the midwestern United States. In terms of pollinator needs, the typologies consider key features such as high floral diversity and abundance, high diversity and density of native plants, sufficient floral resources throughout the growing season, and diverse floral shapes. In terms of safety concerns, it may be an urban requirement that vegetation height be less than 3 feet or canopy height greater than 6 feet to provide clear visibility. The typologies also consider ease of maintenance by using seven species or less planted at a high density that will form a tightly growing mass to shade out weeds. Several cultivated native plants (i.e., “nativars”) are used that were selected for their superior landscape performance characteristics, such as drought tolerance, tidy habit, or more attractive blooms. Finally, the designs feature plants that are visually attractive, including beautiful flowers and foliage, with an emphasis on plants that provide multiple seasons of interest. These ecological and social goals inform the proposed typologies, creating design solutions that provide numerous benefits when implemented in an urban setting (Figure 8).




7.2. Summary of Landscape-Scale Recommendations for Urban Planning


While local garden-scale characteristics are critical for attracting and supporting pollinators, the consideration of a broader landscape-scale perspective can better inform urban planning to promote the ecosystem service value of pollinators. Pollinator foraging distances and proximity to natural habitats can be helpful factors to prioritize locations for new pollinator habitat and improve matrix quality. Linking quality, source habitats to the surrounding habitat is essential to support metapopulations of diverse bee species. Because the mean range for bee species is much smaller than for other animals, unpaved, unbuilt areas larger than 100 square meters can support abundant floral resources and may even represent viable habitat for small-bodied species [117], and even smaller spaces can be corridors. Small, unpaved surfaces in urban areas, such as along sidewalk edges or in-between buildings, should be planted with flowering herbs and trees to function as stepping-stones between habitat patches within an urban matrix [110]. By prioritizing existing urban green spaces for land-sparing and emphasizing land-sharing across the broader matrix through improvements in habitat quality, communities of more bee species may be able to establish large, connected, and persistent populations in urbanized environments. Beyond gardens designed for aesthetics, vegetable gardens can also provide the floral resources that pollinators require [56]. Property owners, especially those adjacent and near green spaces, should be encouraged to increase the overall structural and vegetative heterogeneity of their yards, but even for the most resistant of individuals, simply minimizing the presence and area of turf can be beneficial [118].




7.3. Conclusions


The field of urban pollinator landscape ecology is still developing, but there is no question that there is high potential for urban landscapes to support functional pollinator habitat. As the value of urban green spaces is increasingly being recognized, and we have accumulated a body of research on the specific features of effective pollinator habitat at the local and landscape scale, this knowledge can be directly applied to the design of individual gardens and planning across urban landscapes.
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Figure 1. The inter-related levels to consider in planning pollinator habitat, from bottom to top: the size and quality of individual gardens or green spaces, the arrangement and connection among green spaces, and the matrix or context surrounding the green spaces. 
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Figure 2. Estimated flight distances of bees [47] can provide insights into stepping stone spacing of pollinator habitat. 
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Figure 3. Guiding principles for creating informed pollinator garden typologies in an urbanized setting. 
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Figure 4. Typology 1: Full sun, medium moisture, high visibility (e.g., showy sidewalk garden). 
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Figure 5. Typology 2: Shade, dry, high visibility (e.g., under tree canopy). 
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Figure 6. Typology 3: Partial sun, frequently wet (e.g., rain garden). 
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Figure 7. Typology 4: Shade, medium moisture, low visibility (e.g., foundation hedge). 
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Figure 8. Visual to illustrate application of Typology 3 and Typology 4 in an urban setting, where it provides multifunctional benefits of pollinator habitat, improved water infiltration (shown as arrows), and aesthetic enjoyment. 
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Table 1. A list of generalist insect pollinator families and genera (italicized) based on ref. [47].
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	Category
	Species





	Bees
	Many (but not all): bumblebees (Bombus spp.), sweat bees (Halictus sp. and Lasioglossum sp.), leaf-cutter bees (Megachile sp.), carpenter bees (Xylocopa sp.)



	Wasps
	Paper wasps (Polistes sp.), yellowjacket (Vespula), bald-faced hornet (Dolichovespula)



	Butterflies and moths
	Hummingbird moths (Hemaris sp.), sulphurs (Colias sp.), swallowtails (Papilio sp.), fritillaries (Speyeria sp.)



	Flies
	Families: bee flies (Bombyliidae), Syrphid (hover) flies (Syrphidae), Tachinid flies (Tachinidae), thick-headed flies (Conopidae)



	Beetles
	Families: soldier beetles (Cantharidae), long-horned beetles (Cerambycidae), leaf beetles (Chrysomelidae), snout beetles (Curculionidae)
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Table 2. Flower color and trait preferences of different insect pollinators.
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	Pollinator
	Flower Trait Association





	Bees
	Primary color: pink, purple, or blue

Secondary: white or yellow.



	Wasps
	Shallow corollas for nectar; white.



	Butterflies and day-foraging moths
	Flat-topped flowers or a structure to grasp while nectaring. Prefer composite flowers.



	Night-foraging moths
	White or cream with a strong fragrance.



	Flies
	Flat or bowl shapes, umbels. White or cream color. Musty fragrance.
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