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Increasingly, architects are embracing “biomorphic urbanism,” a design ideology that takes inspiration from nature to develop more sustainable cities that reduce the environmental impact of urban life. At the moment, plants are incorporated into biomorphic urban designs for conservation or aesthetic reasons. Here, I argue the role of plants in building more sustainable cities can be augmented by integrating plant sciences, ecology, and urban design. I propose that we can develop synthetic Function-Specific Plant Systems (FSPSs) which harness the genetic and metabolic diversity of plants to perform specific services that benefit society and the environment as a whole. FSPSs can contribute to three broad categories of urban life: Urban Landscape and Infrastructure; Biodiversity and the Environment; and Human Health. Across the three categories, FSPSs can be designed to provide nine key services: flood control, soil stabilization, fire control, climate control, water treatment, habitat for endangered flora and fauna, pest control, air purification, and modulation of human immune systems. The plants included in each FSPS are based on several considerations, including (1) functional traits, (2) biogeography, and (3) cultural concerns. In the future, synthetic biology could improve, expand and diversify these services. This approach harnesses plant biodiversity to transform urban spaces while meeting key UN Sustainable Development Goals.
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GREENING FUTURE CITIES

For millennia, we have imagined what future societies will look like, from Thomas More's Utopia and Aldous Huxley's Brave New World to the artists of the Italian futurismo movement and popular films like Ridley Scott's Blade Runner. Such ideas have also entered the architectural world, most notably with National Geographic's The Cities issue (National Geographic, 2019a). This issue depicts what our cities could look like: sustainable, resilient, and beautifully designed. Central to future cities thinking is the concept of biomorphic urbanism: the idea that the natural world can inspire how we design the spaces we inhabit and how our cities function (Beatley and Newman, 2013; Kindel, 2019; Pedersen Zari, 2019).

This push toward sustainable urbanism is sorely needed. Urban populations are set to expand from 3 billion people as of 2000 to 6.4 billion by 2050; areas of greatest growth include sub-Saharan Africa and South and Central Asia (Figure 1; Angel et al., 2011). Such influxes of humans into urban spaces will create new stresses on transportation infrastructure, housing, water, and use of other natural and non-renewable resources (McPhearson et al., 2016). This shift in human population dynamics will also impact the natural world. For example, wildlife migration patterns, behavior, and biological processes (like mating and reproduction) will shift with loss of habitats and perturbation of food webs (Hilty et al., 2006; Su et al., 2011). Urban landcover in biodiversity hotspots is projected to expand by 200% by 2030, threatening the continuity of and ecosystem services provided by major global biodiversity hotspots, such as the Eastern Afromontane and Guinean Forests of Western Africa (Seto et al., 2012).
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FIGURE 1. Urban populations are projected to double by 2030. How can we make current and future cities more sustainable while also maintaining and preserving biological diversity and ecosystem services?


Integrating biomorphism into the design of new cities or improvement of old ones could mitigate the effects of anthropogenic urbanism while also providing new prototypes of how humans and nature can coexist in a more balanced and fair manner. Biomorphic urbanism could also help mitigate the effects of climate change on urban centers, including flooding, storms, sea-level rise, forest fires and drought (Leichenko, 2011; Riffat et al., 2016). Examples of realized future cities include Seagull Island (China), Singapore, Silk City (Kuwait), and the Kitakyusho EcoTown project (Japan) (McDonnell and MacGregor-Fors, 2016; Riffat et al., 2016; National Geographic, 2019b). More idealized, futuristic urban spaces include Ocean Spirals (Shimizu Corporation), Lilypad City (Vincent Callebaut), and the Venus Project (Jacque Fresco) (McDonnell and MacGregor-Fors, 2016).

Biomorphic urban designers have developed well-thought out and creative architectural designs and urban plans. However, I believe the application of biomorphism to urban planning could be expanded to include the role of plants in terms of ecosystem service provisioning and human well-being. To date, sustainability architects think about vegetation in two main ways: (1) as a resource to cordon off or restore and (2) as an aesthetic medium. Here, I argue a third possibility: that we create entirely new buffer landscapes designed to perform specific functions that improve the sustainability of urban living, contribute to biodiversity conservation, and use resources more sustainably. I contend that we can use plants in a very directed manner to perform specific urban functions on different timescales (temporary vs. long-term). These specific urban functions relate to how cities are designed, how humans inhabit them, and how the natural environment and human activities interact. I argue these designed landscapes, termed loosely Function-Specific Plant Systems (FSPSs), can provide nine key services which could improve the sustainability of future cities. Moreover, I argue synthetic biology could expand these roles in the future.



PUTTING PLANTS TO WORK

Designed Function-Specific Plant Systems (FSPSs) provide services that fall into three categories: Urban Landscape and Infrastructure; Biodiversity and the Environment; and Human Health. Table 1 lists the services under each category, the biological/ecological rational behind each service, examples of projects that provide data on the benefits of each service, and references which support the science behind each service. Many of these services provided by FSPSs align with the UN 2030 Sustainable Development Goals, namely SDG 6 Clean Water & Sanitation, SDG 11 Sustainable Cities and Communities, SDG 14 Life Below Water, and SDG 15 Life on Land (United Nations, 2018). Under the category of Urban Landscape and Infrastructure, FSPSs could be used to reduce flooding in coastal urban areas, stabilize shorelines from erosion, and reduce the impact of wildfires. The latter may become particularly important in areas of the Western US and Australia, where wild fire events are increasing annually. Under the category of Biodiversity and the Environment, FSPSs could be used to remove harmful industrial chemicals from waterways (e.g., rivers, lakes, storm run-off) while also providing habitats for native species. Finally, under the category of Human Health, FSPSs could be used to control pests like mosquitos, remove harmful pollutants (e.g., benzene) from urban environments, and potentially, alter the volatilomes of urban landscapes to promote human health and well-being.


Table 1. Services provided by Function-Specific Plant Systems (FSPSs).
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The selection process for which plants to include in each FSPS should be guided by three factors: (1) functional traits, (2) biogeography, and (3) cultural concerns. Functional traits are measurable, documented physiological (e.g., root length/architecture) or metabolic (e.g., enzymes) features of a given plant that contribute to the performance of a given service (e.g., water purification). Biogeography, defined here as including climate, elevation, terrain, and biodiversity, should also be taken into account to ensure the plants selected and used in FSPSs are local (where possible) and can survive under the environmental conditions where the FSPS is located. Finally, cultural concerns may also guide plant selection. For example, plants considered invasive should not be used. Where possible, plants with specific biocultural value (e.g., rare, indigenous, or medicinal plants) could also be used as a way to integrate these synthetic landscapes into the wider fabric of society. Ultimately, this means that each FSPS will be highly specialized, rooted to local geography, climate, biodiversity, and community.

The FSPSs described above could be incorporated into pre-existing and new urban designs in four ways. First, certain FSPSs could be used to develop “buffer zones” that surround certain urban features. For example, stands of cypress (Cupressus sempervirens) could be established around fire-prone areas (Della Rocca et al., 2014) while eucalyptus (Tyagi, 2016) could be planted around residential areas in malaria-prone regions. Second, plants and trees with specific functional traits could be incorporated into urban landscaping. For example, urban landscapers could integrate plane trees, ivy and ferns along urban walkways and around transit hubs to reduce the amount of small particulate matter and volatile organic compounds from automobiles (Claudio, 2011). Similarly, when designing green walls, landscape architects could select plants known for sequestering and/or degrading predominant air pollutants, such as BTEX, solvents, pesticides, adhesives, coatings and cleaning agents (McDonald et al., 2018). Third, FSPSs could be incorporated into green architecture. Architects routinely incorporate plants into building designs for aesthetic reasons, yet being more conscious about what plants and trees are used could increase the impact of these features on human health and the environment. Research on volatilomes is in its infancy (Giannoukos et al., 2019), but several studies suggest that the compounds produced by plants and bacteria can impact human health and well-being (Maffei et al., 2011; Ljunggren et al., 2019; Liddicoat et al., 2020). These VOCs (such as terpenoids) are highly lipophilic and can pass the blood-brain barrier, causing neurophysiological and behavioral changes in mammals (such as reduced anxiety and improved memory), while also reducing risk/duration of infections and other illnesses (Maffei et al., 2011). Potentially, selection of plants in urban residential units can be guided by these principles. Finally, FSPSs could be integrated into urban art installations (Sachdev, 2019). These installations could play with form and function, culture and identity, conservation and education, thereby pioneering new ways of integrating plants into urban landscapes.

Advances in plant synthetic biology could also expand these roles (French, 2019; Küken and Nikoloski, 2019; Mortimer, 2019). Examples include augmenting the native abilities of plants to perform specific functions [such as biotransformation of industrial toxins (Doty et al., 2000) or production of insect-repellant volatiles (Tyagi, 2016)] by over-expressing key enzymes or by altering plant metabolomes; developing new raw materials on-site that meet the needs of urban construction and consumption (Sakamoto et al., 2018); locally producing natural plant-derived colorants for urban textile and food industries to replace toxic chemicals (Appelhagen et al., 2018); and genetically engineering plants to use urban resources (water, nitrogen etc.) more sustainably to produce drugs/food for urban populations (López-Arredondo et al., 2015).



CHALLENGES TO IMPLEMENTATION

Implementing FSPSs face three key challenges: sustainable design, cost effectiveness, and environmental impact.

The design of FSPSs is key to extracting the greatest benefits from the plant systems while minimizing their carbon footprint. Design includes everything from sourcing raw materials to intended use and end of life. Whether new objects, materials, or buildings, design accounts for an estimated 80% of their environmental impact (Childers et al., 2015). The materials used in their construction should be organic where possible. A key charge against living walls and green roofs is that the materials used in their construction are derived from fossil-fuels (Bianchini and Hewage, 2012), minimizing the carbon they offset (but not other services, such as reduced energy use, air purification, and removing pollutants from storm water drainage) (Pulselli et al., 2014). One possibility would be to use bioplastics, cellulose made from bacteria, or mycelium-based materials from fungi (Munoz and Riley, 2008; Florea et al., 2016; Sagnelli et al., 2016; Abhijith et al., 2018).

Another critical aspect of design is which plants to use. On the one hand, native plants are ideal because they are well-suited to local environments. However, non-native plants have a key advantage, namely increased capacity to perform a given service (e.g., air purification). Whether native or non-native plants are used, central to the design of FSPSs is the focus on principles instead of specific plants. For example, plants sown onto coastlines to control soil erosion may change over the years based on changing local environmental conditions (e.g., salinity, temperature, etc.). GIS could play a key role in the design of FSPSs in the future. Using GIS, we can geospatially map climatological, biological, chemical, and plant functional trait data to model and predict how FSPSs might respond in multiple circumstances (Grêt-Regamey et al., 2013; Jackson et al., 2013; Nemec and Raudsepp-Hearne, 2013; Masson et al., 2014). Employing key design concepts from ecological engineering—such as self-design and systems theory—could also be used to design more complex, multi-species FSPSs that are self-sustaining, resilient, generate zero waste, recycle nutrients, and require minimal management (Bergen et al., 2001; Costanza, 2012; Mitsch, 2012).

The intended end-user of a FSPS should also be taken into account. Key variables to consider include lifespan and location. For example, a green roof might be designed to last 10 years while a water purification system would be in use on a much longer time-frame (e.g., 20–50 years). Location and end-user (e.g., domestic, civic, industrial) will also determine the size, composition, and design of FSPSs. For example, plant-based water purification systems for single-family households will take a much different form from those used to purify water from industrial sites.

Management of FSPSs must also be cost effective. Two methods currently used to green cities-living walls and green roofs-provide multiple amenities (e.g., reduced energy use from heating/cooling; improved air quality; storm drainage) yet some would argue that the design, cost and maintenance of these structures outweighs their benefits. Both features rely on the use of non-degradable polymers for construction. The construction and annual maintenance of these structures can also be up to four times more expensive than alternatives (such as using attic floor insulation or simply planting more trees) (Yok Tan and Sia, 2005; Michael et al., 2010). At all times, Life Cycle Assessments (LCA) can be used to determine the economic cost and environmental benefit of each FSPS, with the design modified accordingly for maximum benefit and least cost (Guinée et al., 2011). One challenge with using LCAs as a benchmark, however, is our current inability to put a monetary value on the services many plants provide (e.g., air purification, modulation of human immune system).

The short- and long-term effects of synthetic ecosystems FSPSs on existing ecosystems must also be monitored and mitigated where needed. For example, would planting cypress fire buffers in Bay-area fire-prone cities lead to a decline in native bird species? Small scale field trials, long term data collection, and monitoring (Tilman, 1989) can be used to quantify changes in ecosystem services/provisioning and could be used to determine the risks and benefits of a FSPS in a given geographic location.



INTEGRATING PLANTS INTO URBAN DESIGN

We need to think about how plants will fit into future cities models. Greater collaboration between plant scientists, ecologists, architects and engineers is needed to understand how we can translate knowledge of ecological ideas/processes into products/services for future urban societies. This collaboration is also needed to ensure plants and the functions they perform can be scaled up to city-level and that their impact (benefit) outweighs their cost. As such, field trials will become increasingly important to test whether principles of ecological engineering hold up under real conditions before expanding to entire urban landscapes. How these units are designed will be critical to how they function and how they are experienced. Working with artists and designers will also allow a re-imagining of urban landscapes which can push the boundaries of how form, function and aesthetics can go together.

Former industrial areas are good places to test out some of these designs, as these landscapes are currently under re-design and could benefit from some of the services (e.g., water purification) listed above. The FSPSs described above could also be incorporated into urban development in rapidly expanding low-economic income countries, where city re-design is underway and funding is readily available. Countries with the greatest area of urban land cover (5% as of 2000)—including Bahrain, Belgium, Netherlands, the UK, Italy and Germany (Angel et al., 2011)—could also stand to benefit from supporting research on the development and local application of FSPSs. To integrate FSPSs into mega cities (where urban landscapes and infrastructure are already largely “mapped out”) however will require a two-fold effort. First, there must be local support from citizens inhabiting these spaces (e.g., activists, businesses). Second, there must be support (legal, policy and financial) from urban governors, city planners, and civil engineers to enact these goals. Perhaps the easiest way to incorporate FSPSs into mega cities will be in terms of new developments and/or renovations of old buildings and city spaces.

While not a silver bullet, a more nuanced incorporation of plants into urban design will bring us one step closer to mitigating the effects of urbanism on the natural environment and human health in the near future.
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Category Service

Utban landscape
and infrastructure

1. Flood control

2. Soil stabilization

3. Fire control

4. Climate control

Biodiversity and
the environment

5. Water treatment

6. Habitats for
indigenous endangered
plant, animal and insect
species

Human health 7. Pest control

8. Air purification

9. Human health
(volatiores)

Biological/environmental example

Developing synthetic wetlands to stabilize
waterfront soil banks and serve as sinks for
‘excess water from floods and storm water

Planting deep-rooted grasses, ruderal plants,
and trees to prevent soil loss from wind and
‘weather events

Planting barriers with trees and shrubs resistant
to fire between urban settlements and natural
vegetation

Planting trees and plants strategically to
provide micro-climate cooling and carbon
sequestration

Creating artificial wetlands with plants that have
roots that can fiter, hyperaccumulate and
metabolize industrial toxins, pharmaceuticals,
heavy metals and pathogens

Native vegetation

Integrating plants that ward off mosquitoes into
urban domestic and recreational spaces

Developing green roofs with plant and tree
species can absorb and metabolize volatile
organic compounds (VOC) like benzene and
small particles

Planting trees along public transport systems
that give off volatile compounds (e.g.,
terpencids) that positively impact human health
through modulation of the immune system

Example projects/studies

Smith Creek Drainage Basin
(Saskatchewan, Canadal;
White Clay Creek watershed
(DE, USA); Barnegat Bay
(NJ, USA); Oakalla
Bofiltration System
(Burnaby, B.C, Canada)
Oregon Cascades (OR,
USA); De Mond Nature
Reserve (South Africa)

CypFire Project (ltaly)

Bejing (China), Taipei City
(Taiwan), Dar es Saleam
(Tanzania)

Gradiisce (Slovenia); Piana
degli Albanesi (Siciy)

Forest Research Institute
Malaysia (Kepong); Tokyo,
Japan; Molonglo Valley
(Canberra, Australia);
Pachuca (Mexico)

Kagera Region (Tanzania)

Chicago (IL, USA);
Singapore; Guangzhou
(China); Shanghi (China)

n.d.

“Category” refers to the broad area of urbn lie impacted by each system. “Service” refers to the ecosystem service provided by each system.
gives a brief overview of how each FSPS would “work” i real Ife. “Example Projects/Studies” refer to the field anc/or lab-based studies which support the service associated with

specific plants/ecosystems.
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