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Introduction

Global biodiversity is in decline (IPBES 2019), while urbanization is on the rise (Chen et al. 2020). 
While safeguarding biodiversity will not solely be decided in urban areas, their relevance for biodi-
versity conservation increases (Seto et al. 2012). To plan, design, and manage urban areas in ways 
that benefit both humans and biodiversity, it is necessary to understand drivers and patterns of urban 
biodiversity and underlying mechanisms driving species populations and community dynamics (Mc-
Donnell and Hahs 2013; Lepczyk et al. 2017; Kowarik and von der Lippe 2018; Piana et al. 2019).

Plant species as primary producers are key elements of ecosystems. High plant diversity 
supports the diversity of many other taxa (Bräuniger et al. 2010). Understanding how urban 
environments promote plant diversity will thus benefit other taxa as well. Moreover, plant 
diversity is key to the delivery of many ecosystem services (Schwarz et al. 2017). Maintaining 
and promoting urban plant diversity should thus be a core interest of urban stakeholders.

This chapter overviews patterns of plant biodiversity across urban and urbanizing land-
scapes and compares these patterns to those in non-urban areas. Specifically, we will examine 
four attributes of diversity – taxonomic, phylogenetic, genetic, and functional (Table 15.1) – 
and their responses to urban environments. We will also examine the social-ecological drivers 
influencing the composition, abundance, and distribution of plant biodiversity. Finally, we will 
make recommendations on the conservation of plant biodiversity in urban areas.

The chapter focuses principally on vascular plants, but lichen and mosses are also considered. We 
classify vascular plants into those occurring spontaneously (wildly) and those cultivated by humans. 
Both groups comprise native and non-native species. These differentiations are necessary because spon-
taneous and cultivated as well as native and non-native species respond differently to urban influences. 

Patterns and drivers of spontaneous vascular plant diversity  
in and across urban areas

Taxonomic diversity

Urban areas often have a greater species richness (total number of species) than adjacent non-
urban regions (e.g. Pyšek 1993; Hope et al. 2003). This richness results from a number of factors, 
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including urban areas being located in biological hotspots, high degree of spatiotemporal hetero-
geneity, introduction of non-native species, and age and size of the urban area.

Urban areas often occur in biological hotspots (Seto et al. 2012). These hotspots correspond to 
regions of high productivity such as deltas and estuaries, high substrate diversity, the confluence 
of ecotones, and moderate climates. By settling in these regions, humans capitalized on the natural 
resources, such as timber, game, and fisheries, productive soils for agriculture, and the confluence 
of rivers for transportation. Consequently, today’s urban areas are located in regions of high plant 
species richness (Kühn et al. 2004).

Urban areas have a high degree of spatial heterogeneity when compared to agricultural landscapes 
(Sukopp 1998). They consist of a range of land use/cover configurations of which each has a unique 
social-ecological environment (Cadenasso et al. 2007) which influences not only the abundance and 
distribution of species but also ecosystem functions. Sites with vegetation (Kowarik 1992) include 
remnants of natural landscapes (e.g. alluvial forest), patches of agrarian landscapes (e.g. hay mead-
ows), designed urban green spaces (e.g. gardens, parks), and novel urban ecosystems (e.g. vacant 
lots, railways, road verges).

Non-native species contribute significantly to urban biodiversity (Pyšek 1998). Most of these 
have been and continue to be introduced with trade and transport (Seebens et al. 2015), either as 
ornamental or crop plants or unintentional introductions (Reichard and White 2001; Lambdon et al. 
2008). Consequently, non-native species richness increases with urbanization (Tait et al. 2005). In 
addition, cities host many native generalist species as well as a number of rare and threatened spe-
cies (Ives et al. 2016). Some of the latter, however, only exist in today’s urban areas due to extinc-
tion debts (Hahs et al. 2009), and on the long term, they might not be able to form viable populations 
(Kowarik and von der Lippe 2018). The increase in widespread non-native species and the loss of 
rare species can increase the similarity of urban floras across the globe (McKinney 2006; Winter 
et al. 2009), but the compositional similarity of urban forests among the world’s cities is scale de-
pendent (Yang et al. 2015).

Species richness also increases with age and size of urban areas (Klotz 1990; Aronson et al. 2014). 
Regardless of size and age, native species richness declines, while non-native species richness increases 
as one moves from the rural fringe to the urban core (Lososová et al. 2012; Aronson et al. 2015).

Table 15.1 Measures of biodiversity with definitions

Measure of biodiversity Definition

Taxonomic diversity Number, abundance or evenness of species, genera, or other taxonomic units
Phylogenetic diversity Wealth of evolutionary information inherent in a species assemblage. 

While the term “phylogenetic diversity” has been used by Faith (1992) 
for measuring the sum of branch lengths in an evolutionary/phylogenetic 
tree, it is often used more broadly for describing phylogenetic richness 
(sum of accumulated phylogenetic differences among taxa), divergence 
(mean phylogenetic relatedness among taxa), and regularity (variance in 
differences among taxa) – cf. Tucker et al. (2017).

Genetic diversity Measure of within-species diversity quantifying the diversity of alleles 
present within a species population

Functional diversity Number, range, or abundance (or combinations of these) of functional traits 
represented within an assemblage. Different measures exist covering 
aspects of richness, abundance, and divergence (Villéger et al. 2008).
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Phylogenetic diversity

Studies focusing on species richness provide little insight into how species are related to each 
other. Similarly, species richness may not be the best indicator how urban environments influence 
biodiversity. Phylogenetic diversity is a measure of evolutionary relationships and is based on the 
phylogenetic similarities and differences among species (Table 15.1). In urban areas, species 
are more closely related to each other than species in the countryside (Knapp et al. 2008a; Ricotta 
et al. 2009). Across land use/cover types within urban areas, plant communities are phylogeneti-
cally clustered (i.e. less diverse than expected by chance; Čeplová et al. 2015). Possible underlying 
reasons are the high share of non-native species that are closely related to each other and to native 
species and restricted growing conditions for species mal-adapted to urban environments (Knapp 
et al. 2008a; Čeplová et al. 2015; Knapp et al. 2017).

Genetic diversity

Broad-scale analyses of genetic diversity across urban and urbanizing landscapes are limited, and 
there appears to be no general pattern emerging of genetic responses to the urban environment. 
Nonetheless, the urban landscape can be hostile to gene flow because the habitats remaining within 
the built-up matrix are highly isolated, which can promote inbreeding and genetic drift, thus de-
creasing genetic diversity and reproductive success within populations (Van Rossum 2008; Bar-
tlewicz et al. 2015). Yakub and Tiffin (2017) also observed that the individuals of an urban plant 
population can be more closely related to individuals from other urban centers than to individuals 
in adjacent non-urban areas. It seems that long-distance transportation of species (which especially 
applies to non-native species) connects plant populations across cities, thus potentially increasing 
global genetic homogenization.

The urban landscape can also promote genetic diversity. Scholz (2007) describes a group of spe-
cies, anecophytes, which are only found in urban landscapes, thus, potentially enhancing genetic di-
versity. Similarly, Johnson et al. (2018) report that genetic diversity within Trifolium repens increases 
with urbanization. The conservation of genetic diversity within urban landscapes can be achieved by 
enhancing genetic flow through connecting habitat (Van Rossum 2009) and improving opportunities 
for pollinators (Culley et al. 2007; Krishnan and Borges 2018; but see Diniz et al. 2019).

Functional diversity

Functional plant traits are anatomical, biochemical, morphological, phenological, physiological, and 
structural characteristics of species reflecting adaptation to environmental conditions (Kattge et al. 
2011). Changes in environmental conditions can cause shifts in the trait composition of species as-
semblages. With urbanization increasing local temperatures, air pollutants, and nutrient deposition, 
and lowering soil moisture, for example (Sukopp 1998), urban and non-urban plant assemblages 
often differ in functional trait composition. In addition to environmental conditions, an urban area’s 
size, history, and geographical location as well as habitat types can influence functional trait compo-
sition. Consequently, the direction and strength of trait shifts are not the same globally. Nonetheless, 
some general patterns are observed (Williams et al. 2015; Palma et al. 2017) including increases in

• short-lived species that reproduce by seeds and colonize disturbed sites;
• woody species, fostered by plantings of shrubs and trees in parks, gardens, or along streets, that 

escape cultivation and become part of spontaneous vegetation;
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• tall growing species and heavier-seeded plants – related but not restricted to the presence of 
woody species.

By comparison, geophytes (e.g. bulbs, rhizomes, corms, tubers) as well as wind-dispersed species 
decrease in occurrence in urban as compared to non-urban areas. The latter might relate to land 
cover. For instance, Cheptou et al. (2008) observed that Crepis sancta, which grows in small patches 
often surrounded by impervious surfaces, had a higher degree of germination success for non- 
dispersed seeds as compared to dispersed seeds. When seeds dropped from a plant (non-dispersed), 
they often fall on soil and are able to germinate. In comparison, when seeds are dispersed by 
wind, they often fall on impervious surfaces and are unable to germinate (Cheptou et al. 2008). 
In contrast, Kowarik (2011) observed that forested vacant lots were dominated by wind-dispersed 
species. Seeds dispersed by animals and/or humans (such as those wrapped in fleshy fruits) were 
shown to benefit plant occurrence in urban areas (Knapp et al. 2008b) and to increase over time 
(Aronson et al. 2007). These contrasting examples illustrate the complexity of shifting functional 
traits in urban landscapes, with differences among habitats and across time (e.g. succession on 
vacant lots) and the drivers influencing that complexity (Aronson et al. 2016).

Urban-induced trait-shifts exist across genera (interspecific) and within species (intraspecific). 
The latter point towards urbanization being a driver of species evolution (Donihue and Lambert 
2014). Examples of intraspecific trait shifts with increasing urban land use/cover comprise shifts 
from long- to short-distance dispersal (Cheptou et al. 2008), reduced production of antiherbivore 
defense chemicals (Johnson et al. 2018), or changes in leaf physiology (Alberti 2015).

Measures of functional diversity apart from functional composition have rarely been investigated 
in urban areas. Lososová et al. (2016), in a study of 32 European cities, showed that across a range 
of habitat types, plant communities were functionally convergent (i.e. less functional variation 
than expected for random communities). This low functional diversity is in contrast to high species 
richness found in the very same communities. It seems that urban habitats allow for a high number 
of species but restrict the range of functional traits that can occur. Strong environmental filtering 
and/or competitive exclusion among species might be reasons for this (Lososová et al. 2016).

Patterns and drivers of cultivated vascular plant diversity  
in designed urban green spaces

In the previous section, we examined diversity attributes for spontaneous vegetation that occurs 
across all four types of urban nature (Kowarik 1992). Another element of the green infrastructure 
in urban landscapes is the pool of cultivated species, which is primarily restricted to designed 
green space. Designed urban green spaces include but are not limited to household and community 
gardens, stormwater management sites, parks, and street plantings. They are significant land cover 
types in the world’s cities. For instance, domestic gardens alone make up 16% of the total area of 
Stockholm, Sweden (Colding et al. 2006); 22% to 27% of UK cities (Loram et al. 2007); and 36% 
of Dunedin, New Zealand (Mathieu et al. 2007). Cultivated species are usually highly managed for 
aesthetics, leisure, food, or medicine. Social decisions are a much stronger influence on the selec-
tion and establishment of cultivated vegetation than on spontaneous vegetation (Swan et al. 2021).

Taxonomic diversity

Designed green spaces are biologically diverse, including both cultivated and spontaneous vegeta-
tion. Numbers of cultivated plant species can exceed numbers in natural areas (Norfolk et al. 2013; 
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Pearse et al. 2018). This reflects the diversity of people’s preferences (Kendal et al. 2012a) and, 
related to that, exceptionally high proportions of non-native plant species available to select for 
plantings. Unfortunately, ornamental plantings are one of the most important pathways of biologi-
cal invasions (Reichard and White 2001). In Europe, approximately 60% (Pyšek et al. 2009) and in 
Australia, 67% (Moss and Walmsley 2005) of all non-native vascular plants are escaped ornamen-
tal or horticultural species. Moreover, designed urban green spaces plantings introduce cultivars 
and hybrids of both native and non-native species (Galluzzi et al. 2010), which can significantly 
affect ecosystem structure and function (Whelan et al. 2006).

Overall, cultivated plant diversity depends on current and past availability in nurseries (Kendal 
et al. 2012b; Avolio et al. 2018), homeowner preferences (Cavender-Bares et al. 2020), social 
factors such as income (Hope et al. 2003; Leong et al. 2018), and prevailing policies (as in the 
case of public greenery; Kendal et al. 2012b). These relationships exemplify the strong impact of 
human decisions on cultivated plant diversity. In addition, management plays a significant role in 
the success of cultivated plants through weeding, irrigating, and applying fertilizers and biocides 
(Niinemets and Peñuelas 2008). These actions often lessen the effects of the urban environment 
(Kendal et al. 2012b) and physical attributes of the garden (Cavender-Bares et al. 2020).

Phylogenetic diversity

Less is known about the phylogenetic diversity of cultivated plant species. Studies from domestic 
gardens in the US indicate that homeowner preferences and economic status affect phylogenetic 
biodiversity. For instance, in Minnesotan gardens, phylogenetic diversity decreased with both the 
frequency of fertilizer application and preference for ease of maintenance but increased with pref-
erence for orderliness (Cavender-Bares et al. 2020). By comparison, Pearse et al. (2018) observed 
that cultivated plantings in domestic gardens across seven US cities had higher phylogenetic di-
versity than natural areas, reflecting the wide range of species available in the horticultural trade.

Genetic diversity

Similarly, genetic diversity across designed urban green spaces can be quite high owing to the 
availability of cultivars, hybrids, non-native, and native species for planting (Galluzzi et al. 2010). 
On the other hand, the selection of specific species, cultivars, or clones, such as for street tree 
plantings, can significantly decrease genetic diversity (Makeeva et al. 2018) and increase the sus-
ceptibility to insects and diseases over time (Vanden Broeck et al. 2018).

Functional diversity

Studies on the functional richness of cultivated plants in designed urban green spaces are scarce but 
case studies indicate that it can exceed that of natural vegetation (Norfolk et al. 2013). The functional 
composition of cultivated species in designed urban green spaces highly depends on human prefer-
ences (Kendal et al. 2012a). For example, aesthetic qualities are often preferred and related to plant 
growth form, leaf traits (e.g. foliage color, leaf width), flowering traits (e.g. flower size), and tree size 
(Kendal et al. 2012a; Pataki et al. 2013; Goodness et al. 2016). Similarly, species are selected for ease 
of maintenance, water use, and providing shade or fruits (Kendal et al. 2012a; Pataki et al. 2013). Ac-
cordingly, functional traits can be purposefully used to select those species that are adapted to local 
environmental conditions and that promote the provision of ecosystem services and the increase in 
urban functional diversity (Pataki et al. 2013; Lundholm et al. 2015; Filazzola et al. 2019).
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Lichen and mosses

Taxonomic diversity

As with vascular plants, the substrate heterogeneity of urban areas promotes the diversity of lichens 
and mosses. For example, gardens, cemeteries, and tree-dominated habitats were shown to support 
high species numbers of lichens and mosses (e.g. Smith et al. 2010; Sérgio et al. 2016; Vogt-Schilb 
et al. 2018; Oishi 2019). Lichens can establish on different anthropogenic substrates such as brick, 
mortar, or tarmac (Seaward 1982; Gombert et al. 2004). Lichens and mosses can even grow on roofs 
because of their ability to survive extreme drought (Van Mechelen et al. 2015; Schröder and Kiehl 
2020). Still, moss cover, diversity, and abundance are higher in sheltered than sun-exposed areas 
of roofs (Van Mechelen et al. 2015), exemplifying habitat preferences. Consequently, the composi-
tion of moss assemblages differs across urban green spaces, depending on microclimatic conditions 
(Zepeda-Gómez et al. 2014). Also, lichen diversity in urban woodlands increases with woodland age 
(Vogt-Schilb et al. 2018), indicating preferences for specific substrates and micro-climatic conditions.

Air pollutant concentrations – especially SO2, being toxic to lichens – are key to lichen occur-
rence within urban areas. In fact “lichen deserts” exist in many cities around the world. Nonethe-
less, lichens can recolonize areas after SO2 concentrations decreased significantly because of clean 
air policies (Seaward 1982; Ranta 2001; Gombert et al. 2004; Sérgio et al. 2016). Still, other pol-
lutants, such as traffic-related NO2 and dust deposition, as well as extremes of temperatures and 
water supply can reduce species occurrence, abundance, and distribution (Seaward 1982; Sérgio 
et al. 2016). Consequently, lichen cover and diversity are often low in high-traffic areas (Coffey 
and Fahrig 2012; Llop et al. 2012). A study in Ottawa, Canada, however, reported that lichen spe-
cies richness was more related to moisture and colonization sources and less to vehicle pollution 
(Coffey and Fahrig 2012). Similarly, in Almada, Portugal, climate, and not air pollution, was the 
principal driver of lichen diversity (Munzi et al. 2014).

In Germany, Knapp et al. (2008a) reported lower lichen richness in urban than non-urban pro-
tected areas but no difference in moss richness, whereas Concepción et al. (2016) found no re-
sponse of moss richness to urban sprawl across Switzerland. These studies indicate that additional 
research is needed to quantify lichen and moss occurrence, abundance, and distributions across 
urban landscapes.

Other measures of diversity

Phylogenetic and genetic diversity of lichens and mosses have not been investigated in response 
to urban land use. Few studies on functional composition exist. For lichens, terricolous species 
(i.e. those growing on bare soil) tend to be less common in urban environments than saxicolous 
(on stone) or epiphytic species (on bark) because appropriate open soil is scarce (Seaward 1982). 
Oligotrophic, hygrophytic, and acidophilous lichen are sensitive to traffic-induced pollution, while 
eutrophic, xerophytic, basophilous, and nitrophilous lichen are more common in traffic-dominated 
areas (Llop et al. 2012; Sérgio et al. 2016). Overall, lichen species that reach high abundances 
in urban areas are often generalists (Seaward 1982), resembling a pattern that is common across 
many taxonomic groups (Concepción et al. 2015; Deguines et al. 2016).

For moss species, those common in urban areas are often species associated with disturbance 
(Landis and Leopold 2014). In comparison to non-urban habitats more dendroid (i.e. resembling the 
form of a tree) and thallose (without leaf-like structures) but less plagiotropic (growing more or less 
horizontally) moss species were found in urban sites of the Bolzano region, Italy (Spitale et al. 2020).
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Mechanisms driving urban plant biodiversity

In summary, both anthropogenic and environmental drivers affect urban plant biodiversity. These 
can be related to (1) regional climate, biogeography, and land use; (2) human mediated biotic 
interchange; (3) urban form and development history; (4) socioeconomic and cultural influences;  
(5) local human facilitation; and (6) species interactions (Table 15.2; Aronson et al. 2016). Still, the 
complexity of the interactions between drivers and patterns of urban biodiversity and underly-
ing mechanisms driving plant populations and communities dynamics remain largely unanswered 
(McDonnell and Hahs 2013) but are the focus of emerging research (Piana et al. 2019). One key 
question in urban plant biodiversity research is, of which type, size, density, connectivity, and 
quality (e.g. in terms of management) urban green spaces should be maintained or created to 
enhance long-term population viability, overall plant diversity, and the diversity of specific groups 

Table 15.2  Groups of drivers of urban plant biodiversity according to Aronson et al. (2016) with non-exhaus-
tive list of examples of drivers and mechanisms

Group Drivers Mechanisms

Biogeography, land 
use, and regional 
climate

Urban heat island Urban heat is one reason behind rural-urban shifts in plant 
phenology, but other drivers likely interact in ways 
pending to be identified (Zohner 2019). It acts across local 
and regional scales.

Soils In response to urban vs. potting soil, native species mainly 
showed trait divergence, while non-native species mainly 
showed preadaptation. Strategies for living in urban areas 
thus comprise phenotypic plasticity and/or genetic-based 
differences for native but not non-native plants (Borowy 
and Swan 2020).

Human mediated 
biotic interchange

Traffic Long-distance dispersal by vehicles is more common in non-
native than native plant species, promoting plant invasions 
(von der Lippe and Kowarik 2007).

(Horticultural) trade Higher market frequency and cheap prices of seeds in 
horticultural trade promote invasion success (Dehnen-
Schmutz et al. 2007).

Urban form and 
development 
history

Size of urban area The larger a city, the more species it hosts (Klotz 1990), 
pointing towards local extinction and colonization 
mechanisms (cf. MacArthur and Wilson 1967) and the 
importance of habitat heterogeneity, which correlates to 
size (Knapp et al. 2008a).

Socioeconomic 
and cultural 
influences

Socioeconomic status A series of interacting mechanisms relates affluence to 
plant biodiversity. Particularly in arid regions, irrigation 
promotes plant diversity, with affluent households able to 
afford irrigation (Leong et al. 2018).

Local human 
facilitation

Management and 
human selection (e.g. 
irrigation, weeding)

See the previous example (Leong et al. 2018) illustrating 
that drivers of different groups can interact in affecting 
urban plant diversity.

Species interactions Plant-pollinator 
interactions

Insect visitation rates and Hymenoptera community diversity 
drive higher urban than non-urban seed set in Trifolium 
pratense and in turn are affected by patch edge density 
and proportion of arable land (Theodorou et al. 2020).
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such as endangered species (Lepczyk et al. 2017; Kowarik and von der Lippe 2018)? Answering 
this question can inform urban biodiversity conservation and thus aid in protecting global bio-
diversity. A range of approaches exist for analyzing and understanding urban plant biodiversity. 
Some of which are summarized in Table 15.3.  

Conservation and management

All four types of urban nature (Kowarik 1992) – remnants of natural landscapes, patches of agrar-
ian landscapes, designed urban green spaces, and novel urban ecosystems – with their variety of 
habitats together can be home to a diversity of plant species. Consequently, all of them need to be 
included into measures of biodiversity conservation.

Being the core instrument of biodiversity conservation, protected areas do exist in many urban 
areas, with natural remnants, local natural heritage, rare species, and ecosystem functions key to 
human well-being (such as oxygen production) being their main target of conservation. For exam-
ple, in the United States, natural remnants occupy 84% of municipal parkland (Harnik et al. 2017). 
Maintaining protected areas and extending their number and size should be one core strategy of 
urban biodiversity conservation.

Still, the amount of urban land that can be protected is restricted. Thus, in addition to legal 
protection, other parts of urban nature should be used in a sustainable, multifunctional way that 
benefits both human health and well-being and biodiversity (an approach termed “urban land shar-
ing”; Lin and Fuller 2013). For example, designed urban parks will host higher levels of plant 
diversity if hedges, groups of trees, small forests, water bodies, and extensively mown meadows 
complement short-cut lawns. At the same time, such multifunctional green spaces will provide 
opportunity for a range of leisure activities as well as more ecosystem services (Lundholm 2015) 
such as temperature regulation and air purification.

Table 15.3 Major approaches in the study of urban plant biodiversity

Major approach Examples

Monitoring and 
observation

• “Urban biotope mapping” in Germany that provides basic knowledge for planning 
and policy (Sukopp and Weiler 1988).

• Citizen/community science programs enable the collection of monitoring data 
across urban areas (e.g. BioBlitz – see www.nationalgeographic.org/projects/
bioblitz/).

Measurements • Lundholm et al. (2015) measured traits of green roof plant species and linked 
them to ecosystem services.

Macroecological 
analysis

• In a global analysis, Aronson et al. (2014) revealed that most plant species 
occurring in urban areas are native species, few are cosmopolitan, and the 
number of plant species per km² declined with urbanization but increased with 
city age.

Review and 
meta-analysis

• Williams et al. (2015) by analyzing publications across the globe identified both 
broadly valid plant trait patterns in response to urban environmental conditions 
and inconsistencies pointing towards context-dependency of trait patterns.

Experimental 
approaches

• Borowy and Swan (2020) used soil treatment with urban soil vs. potting soil in 
order to test for species’ preadaptation to urban conditions.

• In a social-ecological experiment, Shwartz et al. (2014) investigated urban 
dwellers’ perception of plant diversity.
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Even novel urban ecosystems, which often host large numbers of non-native species, can be of 
value for biodiversity conservation. They can be found along unused railway tracks, brownfields, and 
other typical urban-industrial habitats. An example are emerging forests that gain rare and endangered 
species the older they grow, thus increasingly benefitting biodiversity (Kowarik et al. 2019).

In summary, across urban-rural landscapes, a dense network of larger and smaller green spaces of 
all types of urban nature will help plant species to form viable populations (Kowarik et al. 2019). To 
complement such networks, it is even possible to re-establish habitats of conservation interest within 
urban settings, such as shown by Fischer et al. (2013), who created novel urban grasslands by rein-
troducing native plant species into urban wasteland vegetation. The protection of plant species within 
urban and urbanizing regions will even support the protection of other taxa (Bräuniger et al. 2010). 
With urban areas growing worldwide, identifying how urban landscapes and their collective urban 
nature are planned, designed, and managed in order to protect global biodiversity is a research priority.

Key Companion Papers
Aronson, M.F.J., et al. 2016. Hierarchical filters determine community assembly of urban species pools. Ecology 

97(11):2952–2963.
Hahs, A.K., et al. 2009. A global synthesis of plant extinction rates in urban areas. Ecology Letters 

12(11):1165–1173.
Kowarik, I. 2011. Novel urban ecosystems, biodiversity, and conservation. Environmental Pollution 

159(8–9):1974–1983.
Lososová, Z., et al. 2012. Native and alien floras in urban habitats: A comparison across 32 cities of central 

Europe. Global Ecology and Biogeography 21(5):545–555.
Ricotta, C., et al. 2009. Phyloecology of urban alien floras. Journal of Ecology 97(6):1243–1251.
Williams, N.S.G., A.K. Hahs, P.A. Vesk. 2015. Urbanisation, plant traits and the composition of urban floras. 

Perspectives in Plant Ecology Evolution and Systematics 17(1):78–86.

References
Alberti, M. 2015. Eco-evolutionary dynamics in an urbanizing planet. Trends in Ecology & Evolution 

30(2):114–126.
Aronson, M.F.J., S.N. Handel, S.E. Clemants. 2007. Fruit type, life form and origin determine the success of 

woody plant invaders in an urban landscape. Biological Invasions 9(4):465–475.
Aronson, M.F.J., S.N. Handel, I.P. La Puma, S.E. Clemants. 2015. Urbanization promotes non-native woody 

species and diverse plant assemblages in the New York metropolitan region. Urban Ecosystems 18:31–45.
Aronson, M.F.J., F.A. La Sorte, C.H. Nilon, M. Katti, M.A. Goddard, C.A. Lepczyk, P.S. Warren, N.S.G. 

Williams, S. Cilliers, B. Clarkson, C. Dobbs, R. Dolan, M. Hedblom, S. Klotz, J.L. Kooijmans, I. Kühn, 
I. MacGregor-Fors, M. McDonnell, U. Mortberg, P. Pyšek, S. Siebert, J. Sushinsky, P. Werner, M. Winter. 
2014. A global analysis of the impacts of urbanization on bird and plant diversity reveals key anthropogenic 
drivers. Proceedings of the Royal Society B-Biological Sciences 281(1780):20133330.

Aronson, M.F.J., C.H. Nilon, C.A. Lepczyk, T.S. Parker, P.S. Warren, S.S. Cilliers, M.A. Goddard, A.K. Hahs, 
C. Herzog, M. Katti, F.A. La Sorte, N.S.G. Williams, W. Zipperer. 2016. Hierarchical filters determine 
community assembly of urban species pools. Ecology 97(11):2952–2963.

Avolio, M.L., D.E. Pataki, T.L.E. Trammell, J. Endter-Wada. 2018. Biodiverse cities: The nursery indus-
try, homeowners, and neighborhood differences drive urban tree composition. Ecological Monographs 
88(2):259–276.

Bartlewicz, J., K. Vandepitte, H. Jacquemyn, O. Honnay. 2015. Population genetic diversity of the clonal 
self-incompatible herbaceous plant Linaria vulgaris along an urbanization gradient. Biological Journal of 
the Linnean Society 116(3):603–613.

Borowy, D., C.M. Swan. 2020. A multi-trait comparison of an urban plant species pool reveals the importance 
of intraspecific trait variation and its influence on distinct functional responses to soil quality. Frontiers in 
Ecology and Evolution 8.



Sonja Knapp and Wayne Zipperer

214

Bräuniger, C., S. Knapp, I. Kühn, S. Klotz. 2010. Testing taxonomic and landscape surrogates for biodiversity 
in an urban setting. Landscape and Urban Planning 97(4):283–295.

Cadenasso, M.L., S.T.A. Pickett, K. Schwarz. 2007. Spatial heterogeneity in urban ecosystems: Recon-
ceptualizing land cover and a framework for classification. Frontiers in Ecology and the Environment 
5(2):80–88.

Cavender-Bares, J., J. Padullés Cubino, W.D. Pearse, S.E. Hobbie, A.J. Lange, S. Knapp, K.C. Nelson. 2020. 
Horticultural availability and homeowner preferences drive plant diversity and composition in urban 
yards. Ecological Applications 30(4):e02082.

Čeplová, N., Z. Lososová, D. Zelený, M. Chytrý, J. Danihelka, K. Fajmon, D. Láníková, Z. Preislerová, V. 
Řehořek, L. Tíchý. 2015. Phylogenetic diversity of central-European urban plant communities: Effects of 
alien species and habitat types. Preslia 87:1–16.

Chen, G., X. Li, X. Liu, Y. Chen, X. Liang, J. Leng, X. Xu, W. Liao, Y. Qiu, Q. Wu, K. Huang. 2020. Global 
projections of future urban land expansion under shared socioeconomic pathways. Nature Communications 
11:537.

Cheptou, P.O., O. Carrue, S. Rouifed, A. Cantarel. 2008. Rapid evolution of seed dispersal in an urban environ-
ment in the weed Crepis sancta. Proceedings of the National Academy of Sciences 105:3796–3799.

Coffey, H.M.P., L. Fahrig. 2012. Relative effects of vehicle pollution, moisture and colonization sources on 
urban lichens. Journal of Applied Ecology 49(6):1467–1474.

Colding, J., J. Lundberg, C. Folke. 2006. Incorporating green-area user groups in urban ecosystem 
management. Ambio 35(5):237–244.

Concepción, E.D., M. Moretti, F. Altermatt, M.P. Nobis, M.K. Obrist. 2015. Impacts of urbanisation 
on biodiversity: The role of species mobility, degree of specialisation and spatial scale. Oikos 
124(12):1571–1582.

Concepción, E.D., M.K. Obrist, M. Moretti, F. Altermatt, B. Baur, M.P. Nobis. 2016. Impacts of urban sprawl 
on species richness of plants, butterflies, gastropods and birds: Not only built-up area matters. Urban 
Ecosystems 19:225–242.

Culley, T.M., S.J. Sbita, A. Wick. 2007. Population genetic effects of urban habitat fragmentation in the peren-
nial herb Viola pubescens (Violaceae) using ISSR markers. Annals of Botany 100(1):91–100.

Deguines, N., R. Julliard, M. de Flores, C. Fontaine. 2016. Functional homogenization of flower visitor 
communities with urbanization. Ecology and Evolution 6(7):1967–1976.

Dehnen-Schmutz, K., J. Touza, C. Perrings, M. Williamson. 2007. The horticultural trade and ornamental 
plant invasions in Britain. Conservation Biology 21:224–231.

Diniz, U.M., S.A. Lima, I.C.S. Machado. 2019. Short-distance pollen dispersal by bats in an urban setting: 
Monitoring the movement of a vertebrate pollinator through fluorescent dyes. Urban Ecosystems 22:281–291.

Donihue, C.M., M.R. Lambert. 2014. Adaptive evolution in urban ecosystems. Ambio 44:194–203.
Faith, D.P. 1992. Conservation evaluation and phylogenetic diversity. Biological Conservation 61:1–10.
Filazzola, A., N. Shrestha, J.S. MacIvor. 2019. The contribution of constructed green infrastructure to urban 

biodiversity: A synthesis and meta-analysis. Journal of Applied Ecology 56(9):2131–2143.
Fischer, L.K., M. von der Lippe, M.C. Rillig, I. Kowarik. 2013. Creating novel urban grasslands by reintroduc-

ing native species in wasteland vegetation. Biological Conservation 159:119–126.
Galluzzi, G., P. Eyzaguirre, V. Negri. 2010. Home gardens: Neglected hotspots of agro-biodiversity and 

cultural diversity. Biodiversity and Conservation 19(13):3635–3654.
Gombert, S., J. Asta, M.R.D. Seaward. 2004. Assessment of lichen diversity by index of atmospheric purity 

(IAP), index of human impact (IHI) and other environmental factors in an urban area (Grenoble, southeast 
France). Science of the Total Environment 324(1–3):183–199.

Goodness, J., E. Andersson, P.M.L. Anderson, T. Elmqvist. 2016. Exploring the links between functional 
traits and cultural ecosystem services to enhance urban ecosystem management. Ecological Indicators 
70:597–605.

Hahs, A.K., M.J. McDonnell, M.A. McCarthy, P.A. Vesk, R.T. Corlett, B.A. Norton, S.E. Clemants, R.P. Duncan, 
K. Thompson, M.W. Schwartz, N.S.G. Williams. 2009. A global synthesis of plant extinction rates in 
urban areas. Ecology Letters 12:1165–1173.

Harnik, P., C. McCabe, A. Hiple. 2017. City Park Facts. The Trust for Public Lands. www.tpl.org/sites/
default/files/files_upload/CityParkFacts_2017.4_7_17.FIN_.LO_.pdf

Hope, D., C. Gries, W.X. Zhu, W.F. Fagan, C.L. Redman, N.B. Grimm, A.L. Nelson, C. Martin, A. Kinzig. 
2003. Socioeconomics drive urban plant diversity. Proceedings of the National Academy of Sciences of the 
United States of America 100(15):8788–8792.



Patterns and drivers of plant biodiversity

215

IPBES. 2019. Global Assessment Report on Biodiversity and Ecosystem Services of the Intergovernmental 
Science- Policy Platform on Biodiversity and Ecosystem Services. E.S. Brondizio, J. Settele, S. Díaz, H.T. 
Ngo, editors. IPBES Secretariat, Bonn, Germany.

Ives, C.D., P.E. Lentini, C.G. Threlfall, K. Ikin, D.F. Shanahan, G.E. Garrard, S.A. Bekessy, R.A. Fuller, L. 
Mumaw, L. Rayner, R. Rowe, L.E. Valentine, D. Kendal. 2016. Cities are hotspots for threatened species. 
Global Ecology and Biogeography 25(1):117–126.

Johnson, M.T.J., C.M. Prashad, M. Lavoignat, H.S. Saini. 2018. Contrasting the effects of natural selection, 
genetic drift and gene flow on urban evolution in white clover (Trifolium repens). Proceedings of the Royal 
Society B: Biological Sciences 285(1883):20181019.

Kattge, J., S. Díaz, S. Lavorel, I.C. Prentice, P. Leadley, G. Bönisch, E. Garnier, M. Westoby, P.B. Reich, I.J. 
Wright, I.H.C. Cornelissen, C. Violle, S.P. Harrison, P.M. Van Bodegom, M. Reichstein, B.J. Enquist, 
N.A. Soudzilovskaia, D.D. Ackerly, M. Anand, O. Atkin, M. Bahn, T.R. Baker, D. Baldocchi, R. Bekker, 
C.C. Blanco, B. Blonder, W.J. Bond, R. Bradstock, D.E. Bunker, F. Casanoves, J. Cavender-Bares, J.Q. 
Chambers, F.S. Chapin III, J. Chave, D. Coomes, W.K. Cornwell, J.M. Craine, B.H. Dobrin, l. Duarte, W. 
Durka, J. Elser, G. Esser, M. Estiarte, W.F. Fagan, J. Fang, F. Fernández-Méndez, A. Fidelis, B. Finegan, 
O. Flores, H. Ford, D. Frank, G.T. Freschet, N.M. Fyllas, R.V. Gallagher, W.A. Green, A.G. Gutierrez, T. 
Hickler, S.I. Higgins, J.G. Hodgson, A. Jalili, S. Jansen, C.A. Joly, A.J. Kerkhoff, D. Kirkup, K. Kitajima, 
M. Kleyer, S. Klotz, J.M.H. Knops, K. Kramer, I. Kühn, H. Kurokawa, D. Laughlin, T.D. Lee, M. Leish-
man, F. Lens, T. Lenz, S.L. Lewis, J. Lloyd, J. Llusià, F. Louault, S. Ma, M.D. Mahecha, P. Manning, T. 
Massad, B.E. Medlyn, J. Messier, A.T. Moles, S.C. Müller, K. Nadrowski, S. Naeem, U. Niinemets, S. 
Nöllert, A. Nüske, R. Ogaya, J. Oleksyn, V.G. Onipchenko, Y. Onoda, J. Ordoñez, G. Overbeck, W.A. 
Ozinga, S. Patiño, S. Paula, J.G. Pausas, J. Peñuelas, O.L. Phillips, V. Pillar, H. Poorter, L. Poorter, P. 
Poschlod, A. Prinzing, R. Proulx, A. Rammig, S. Reinsch, B. Reu, L. Sack, B. Salgado-Negret, J. Sardans, 
S. Shiodera, B. Shipley, A. Siefert, E. Sosinski, J.-F. Soussana, E. Swaine, N. Swenson, K. Thompson, P. 
Thornton, M. Waldram, E. Weiher, M. White, S. White, S.J. Wright, B. Yguel, S. Zaehle, A.E. Zanne, C. 
Wirth. 2011. TRY – A global database of plant traits. Global Change Biology 17(9):2905–2935.

Kendal, D., K.J.H. Williams, N.S.G. Williams. 2012a. Plant traits link people’s plant preferences to the com-
position of their gardens. Landscape and Urban Planning 105(1–2):34–42.

Kendal, D., N.S.G. Williams, K.J.H. Williams. 2012b. A cultivated environment: Exploring the global distri-
bution of plants in gardens, parks and streetscapes. Urban Ecosystems 15:637–652.

Klotz, S. 1990. Species/area and species/inhabitants relations in European cities. In H. Sukopp, S. Hejný, I. 
Kowarik, editors. Urban Ecology: Plants and Plant Communities in Urban Environment. SPB Academic 
Publishing, The Hague, Netherlands.

Knapp, S., I. Kühn, O. Schweiger, S. Klotz. 2008a. Challenging urban species diversity: Contrasting phyloge-
netic patterns across plant functional groups in Germany. Ecology Letters 11:1054–1064.

Knapp, S., I. Kühn, R. Wittig, W.A. Ozinga, P. Poschlod, S. Klotz. 2008b. Urbanization causes shifts in 
species’ trait state frequencies. Preslia 80:375–388.

Knapp, S., M. Winter, S. Klotz. 2017. Increasing species richness but decreasing phylogenetic richness and 
divergence over a 320-year period of urbanization. Journal of Applied Ecology 54:1152–1160.

Kowarik, I. 1992. Das Besondere der städtischen Vegetation. Schriftenreihe des Deutschen Rates für Landespflege 
61:33–47.

Kowarik, I. 2011. Novel urban ecosystems, biodiversity, and conservation. Environmental Pollution 
159:1974–1983.

Kowarik, I., A. Hiller, G. Planchuelo, B. Seitz, M. von der Lippe, S. Buchholz. 2019. Emerging urban forests: 
Opportunities for promoting the wild side of the urban green infrastructure. Sustainability 11:6318.

Kowarik, I., M. von der Lippe. 2018. Plant population success across urban ecosystems: A framework to 
inform biodiversity conservation in cities. Journal of Applied Ecology 55:2354–2361.

Krishnan, A., R.M. Borges. 2018. A fig tree in a concrete jungle: Fine-scale population genetic structure of the 
cluster fig Ficus racemosa in an urban environment. Urban Ecosystems 21:171–181.

Kühn, I., R. Brandl, S. Klotz. 2004. The flora of German cities is naturally species rich. Evolutionary Ecology 
Research 6:749–764.

Lambdon, P.W., P. Pyšek, C. Basnou, M. Hejda, M. Arianoutsou, F. Essl, V. Jarosik, J. Pergl, M. Winter, P. Anastasiu, 
P. Andriopoulos, I. Bazos, G. Brundu, L. Celesti-Grapow, P. Chassot, P. Delipetrou, M. Josefsson, S. Kark, S. 
Klotz, Y. Kokkoris, I. Kühn, H. Marchante, I. Perglova, J. Pino, M. Vila, A. Zikos, D. Roy, P.E. Hulme. 2008. 
Alien flora of Europe: Species diversity, temporal trends, geographical patterns and research needs. Preslia 
80:101–149.



Sonja Knapp and Wayne Zipperer

216

Landis, C.L., D.J. Leopold. 2014. Natural plant establishment along an urban stream, Onondaga Creek, New 
York. Northeastern Naturalist 21:303–322.

Leong, M., R.R. Dunn, M.D. Trautwein. 2018. Biodiversity and socioeconomics in the city: A review of 
the luxury effect. Biology Letters 14:20180082.

Lepczyk, C.A., M.F.J. Aronson, K.L. Evans, M.A. Goddard, S.B. Lerman, J.S. MacIvor. 2017. Biodiversity 
in the city: Fundamental questions for understanding the ecology of urban green spaces for biodiversity 
conservation. BioScience 67(9):799–807.

Lin, B.B., R.A. Fuller. 2013. Sharing or sparing? How should we grow the world’s cities? Journal of Applied 
Ecology 50:1161–1168.

Llop, E., P. Pinho, P. Matos, M.J. Pereira, C. Branquinho. 2012. The use of lichen functional groups as 
indicators of air quality in a Mediterranean urban environment. Ecological Indicators 13:215–221.

Loram, A., J. Tratalos, P.H. Warren, K.J. Gaston. 2007. Urban domestic gardens (X): The extent & structure 
of the resource in five major cities. Landscape Ecology 22:601–615.

Lososová, Z., N. Čeplová, M. Chytrý, L. Tichý, J. Danihelka, K. Fajmon, D. Láníková, Z. Preislerová, V. Řehořek. 
2016. Is phylogenetic diversity a good proxy for functional diversity of plant communities? A case study 
from urban habitats. Journal of Vegetation Science 27(5):1036–1046.

Lososová, Z., M. Chytrý, L. Tichý, J. Danihelka, K. Fajmon, O. Hájek, K. Kintrová, I. Kühn, D. Láníková, 
Z. Otýpková, V. Řehořek. 2012. Native and alien floras in urban habitats: A comparison across 32 cities of 
central Europe. Global Ecology and Biogeography 21(5):545–555.

Lundholm, J.T. 2015. Green roof plant species diversity improves ecosystem multifunctionality. Journal of 
Applied Ecology 52(3):726–734.

Lundholm, J.T., S. Tran, L. Gebert. 2015. Plant functional traits predict green roof ecosystem services. 
Environmental Science and Technology 49(4):2366–2374.

MacArthur, R.H., E.O. Wilson. 1967. The Theory of Island Biogeography. Princeton University Press, Princeton, NJ.
Makeeva, V.M., A.V. Smurov, D.V. Politov, M.M. Belokon, Y.S. Belokon, E.G. Suslova. 2018. Comparative 

assessment of the gene pool and the viability of forest plantations from Moscow and natural populations 
from the Moscow region by example of Norway Spruce (Picea abies (L.) Karst.). Russian Journal of 
Genetics 54:1040–1049.

Mathieu, R., C. Freeman, J. Aryal. 2007. Mapping private gardens in urban areas using object-oriented tech-
niques and very high-resolution satellite imagery. Landscape and Urban Planning 81:179–192.

McDonnell, M.J., A.K. Hahs. 2013. The future of urban biodiversity research: Moving beyond the ‘low-
hanging fruit’. Urban Ecosystems 16:397–409.

McKinney, M.L. 2006. Urbanization as a major cause of biotic homogenization. Biological Conservation 
127:247–260.

Moss, W., R. Walmsley. 2005. Controlling the Sale of Invasive Garden Plants: Why Voluntary Measures 
Alone Fail. WWF-Australia Discussion Paper. WWF-Australia, Sydney.

Munzi, S., O. Correia, P. Silva, N. Lopes, C. Freitas, C. Branquinho, P. Pinho. 2014. Lichens as ecological 
indicators in urban areas: Beyond the effects of pollutants. Journal of Applied Ecology 51(6):1750–1757.

Niinemets, Ü., J. Peñuelas. 2008. Gardening and urban landscaping: Significant players in global change. 
Trends in Plant Science 13(2):60–65.

Norfolk, O., M.P. Eichhorn, F. Gilbert. 2013. Traditional agricultural gardens conserve wild plants and func-
tional richness in arid South Sinai. Basic and Applied Ecology 14:659–669.

Oishi, Y. 2019. The influence of microclimate on bryophyte diversity in an urban Japanese garden landscape. 
Landscape and Ecological Engineering 15:167–176.

Palma, E., J.A. Catford, R.T. Corlett, R.P. Duncan, A.K. Hahs, M.A. McCarthy, M.J. McDonnell, K. Thomp-
son, N.S.G. Williams, P.A. Vesk. 2017. Functional trait changes in the floras of 11 cities across the globe 
in response to urbanization. Ecography 40(7):875–886.

Pataki, D.E., H.R. McCarthy, T. Gillespie, G.D. Jenerette, S. Pincetl. 2013. A trait-based ecology of the Los 
Angeles urban forest. Ecosphere 4(6):1–20.

Pearse, W.D., J. Cavender-Bares, S.E. Hobbie, M.L. Avolio, N. Bettez, R. Roy Chowdhury, L.E. Darling, P.M. 
Groffman, J.M. Grove, S.J. Hall, J.B. Heffernan, J. Learned, C. Neill, K.C. Nelson, D.E. Pataki, B.L. Rud-
dell, M.K. Steele, T.L.E. Trammell. 2018. Homogenization of plant diversity, composition, and structure 
in North American urban yards. Ecosphere 9:e02105.

Piana, M.R., M.F.J. Aronson, S.T.A. Pickett, S.N. Handel. 2019. Plants in the city: Understanding recruitment 
dynamics in urban landscapes. Frontiers in Ecology and the Environment 17(8):455–463.



Patterns and drivers of plant biodiversity

217

Pyšek, P. 1993. Factors affecting the diversity of flora and vegetation in central European settlements. Veg-
etatio 106:89–100.

Pyšek, P. 1998. Alien and native species in Central European urban floras: A quantitative comparison. Journal 
of Biogeography 25(1):155–163.

Pyšek, P., P.W. Lambdon, M. Arianoutsou, I. Kühn, J. Pino, M. Winter, J.A. Drake. 2009. Alien vascular plants 
of Europe. Pages 43–61 in DAISIE, editor. Handbook of Alien Species in Europe. Springer, Dordrecht, 
Netherlands.

Ranta, P. 2001. Changes in urban lichen diversity after a fall in sulphur dioxide levels in the city of Tampere, 
SW Finland. Annales Botanici Fennici 38:295–304.

Reichard, S.H., P. White. 2001. Horticulture as a pathway of invasive plant introductions in the United States. 
Bioscience 51:103–113.

Ricotta, C., F.A. La Sorte, P. Pysek, G.L. Rapson, L. Celesti-Grapow, K. Thompson. 2009. Phyloecology of 
urban alien floras. Journal of Ecology 97(6):1243–1251.

Scholz, H. 2007. Questions about indigenous plants and anecophytes. Taxon 56(4):1255–1260.
Schröder, R., K. Kiehl. 2020. Extensive roof greening with native sandy dry grassland species: Effects of dif-

ferent greening methods on vegetation development over four years. Ecological Engineering 145:105728.
Schwarz, N., M. Moretti, M.N. Bugalho, Z.G. Davies, D. Haase, J. Hack, A. Hof, Y. Melero, T.J. Pett, S. 

Knapp. 2017. Understanding biodiversity-ecosystem service relationships in urban areas: A comprehen-
sive literature review. Ecosystem Services 27:161–171.

Seaward, M.R.D. 1982. Lichen ecology of changing urban environments. Pages 181–189 in R. Bornkamm, 
J.A. Lee, M.R.D. Seaward, editors. Urban Ecology. Blackwell Scientific Publications. Oxford.

Seebens, H., F. Essl, W. Dawson, N. Fuentes, D. Moser, J. Pergl, P. Pysek, M. van Kleunen, E. Weber, M. Win-
ter, B. Blasius. 2015. Global trade will accelerate plant invasions in emerging economies under climate 
change. Global Change Biology 21:4128–4140.

Sérgio, C., P. Carvalho, C.A. Garcia, E. Almeida, V. Novais, M. Sim-Sim, H. Jordão, A.J. Sousa. 2016. Floris-
tic changes of epiphytic flora in the Metropolitan Lisbon area between 1980–1981 and 2010–2011 related 
to urban air quality. Ecological Indicators 67:839–852.

Seto, K.C., B. Güneralp, L.R. Hutyra. 2012. Global forecasts of urban expansion to 2030 and direct impacts 
on biodiversity and carbon pools. Proceedings of the National Academy of Sciences of the United States 
of America 109(40):16083–16088.

Shwartz, A., A. Turbé, L. Simon, R. Julliard. 2014. Enhancing urban biodiversity and its influence on city-
dwellers: An experiment. Biological Conservation 171:82–90.

Smith, R.M., K. Thompson, P.H. Warren, K.J. Gaston. 2010. Urban domestic gardens (XIII): Composition of the 
bryophyte and lichen floras, and determinants of species richness. Biological Conservation 143(4):873–882.

Spitale, D., P. Mair, J. Nascimbene. 2020. Patterns of bryophyte life-forms are predictable across land cover 
types. Ecological Indicators 109:105799.

Sukopp, H. 1998. Urban ecology – Scientific and practical aspects. Pages 3–16 in J. Breuste, H. Feldmann, O. 
Uhlmann, editors. Urban Ecology. Springer Verlag, Berlin, Heidelberg, Germany.

Sukopp, H., S. Weiler. 1988. Biotope mapping and nature conservation strategies in urban areas of the Federal 
Republic of Germany. Landscape and Urban Planning 15:39–58.

Swan, C.M., B.V. Brown, D. Borowy, J. Cavender-Bares, A. Jeliazkov, S. Knapp, Z. Lososová, J. Padullés 
Cubino, S. Pavoine, C. Ricotta, D. Sol. 2021. A framework for understanding how biodiversity patterns 
unfold across multiple spatial scales in urban ecosystems. Ecosphere 12(7):e03650.

Tait, C.J., C.B. Daniels, R.S. Hill. 2005. Changes in species assemblages within the Adelaide Metropolitan 
Area, Australia, 1836–2002. Ecological Applications 15(1):346–359.

Theodorou, P., R. Radzevičiūtė, G. Lentendu, B. Kahnt, M. Husemann, C. Bleidorn, J. Settele, O. Schweiger, 
I. Grosse, T. Wubet, T.E. Murray, R.J. Paxton. 2020. Urban areas as hotspots for bees and pollination but 
not a panacea for all insects. Nature Communications 11:576.

Tucker, C.M., M.W. Cadotte, S.B. Carvalho, T.J. Davies, S. Ferrier, S.A. Fritz, R. Grenyer, M.R. Helmus, 
L.S. Jin, A.O. Mooers, S. Pavoine, O. Purschke, D.W. Redding, D.F. Rosauer, M. Winter, F. Mazel. 2017. 
A guide to phylogenetic metrics for conservation, community ecology and macroecology. Biological Re-
views 92:698–715.

Vanden Broeck, A., K. Cox, I. Melosik, B. Maes, K. Smets. 2018. Genetic diversity loss and homogenization 
in urban trees: The case of Tilia × europaea in Belgium and the Netherlands. Biodiversity and Conserva-
tion 27:3777–3792.



Sonja Knapp and Wayne Zipperer

218

Van Mechelen, C., T. Dutoit, M. Hermy. 2015. Vegetation development on different extensive green roof 
types in a Mediterranean and temperate maritime climate. Ecological Engineering 82:571–582.

Van Rossum, F. 2008. Conservation of long-lived perennial forest herbs in an urban context: Primula elatior 
as study case. Conservation Genetics 9(1):119–128.

Van Rossum, F. 2009. Conservation of wet meadow species in an urban context: Lychnis Flos-Cuculi as study 
case. Belgian Journal of Botany 142(2):98–110.

Villéger, S., N.W.H. Mason, D. Mouillot. 2008. New multidimensional functional diversity indices for a mul-
tifaceted framework in functional ecology. Ecology 89:2290–2301.

Vogt-Schilb, H., P.A. Moreau, J.C. Malaval, B. Schatz, F. Richard. 2018. Effects of long-term landscape 
dynamics and city growth on biodiversity in the Mediterranean: The case study of Montpellier, France. 
Urban Ecosystems 21(5):921–932.

von der Lippe, M., I. Kowarik. 2007. Long-distance dispersal of plants by vehicles as a driver of plant inva-
sions. Conservation Biology 21:986–996.

Whelan, R.J., D.G. Roberts, P.R. England, D.J. Ayre. 2006. The potential for genetic contamination vs. aug-
mentation by native plants in urban gardens. Biological Conservation 128(4):493–500.

Williams, N.S.G., A.K. Hahs, P.A. Vesk. 2015. Urbanisation, plant traits and the composition of urban floras. 
Perspectives in Plant Ecology, Evolution and Systematics 17:78–86.

Winter, M., O. Schweiger, S. Klotz, W. Nentwig, P. Andriopoulos, M. Arianoutsou, C. Basnou, P. Delipetrou, 
V. Didžiulis, M. Hejda, P.E. Hulme, P.W. Lambdon, J. Pergl, P. Pyšek, D.B. Roy, I. Kühn. 2009. Plant 
extinctions and introductions lead to phylogenetic and taxonomic homogenization of the European flora. 
Proceedings of the National Academy of Sciences of the United States of America 106:21721–21725.

Yakub, M., P. Tiffin. 2017. Living in the city: Urban environments shape the evolution of a native annual 
plant. Global Change Biology 23:2082–2089.

Yang, J., F.A. La Sorte, P. Pyšek, P. Yan, D. Nowak, J. McBride. 2015. The compositional similarity of urban 
forests among the world’s cities is scale dependent. Global Ecology and Biogeography 24(12):1413–1423.

Zepeda-Gómez, C., P. Ávila-Pérez, U.S. Díaz-García, Y. Alanís-Martínez, G. Zarazúa-Ortega, A. Amaya-
Chávez. 2014. Diversidad de musgos epifitos de la zona metropolitana del valle de Toluca, México. Re-
vista Mexicana de Biodiversidad 85:108–124.

Zohner, C.M. 2019. Phenology and the city. Nature Ecology & Evolution 3:1618–1619.




