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Abstract

The globalization of trade and increased human mobility have facilitated the introduction and
spread of nonnative species, posing significant threats to biodiversity and human well-being. As
centers of global trade and human populations, cities are foci for the introduction, establishment,
and spread of nonnative species. We present a global synthesis of urban characteristics that drive
biological invasions within and across cities, focusing on four axes: (#) connectivity, (b) physical
properties, (¢) culture and socioeconomics, and (d) biogeography and climate. Urban characteris-
tics such as increased connectivity within and among cities, city size and age, and wealth emerged
as important drivers of nonnative species diversity and spread, while the relative importance of bio-
geographic and climate drivers varied considerably. Elaborating how these characteristics shape
biological invasions in cities is crucial for designing and implementing strategies to mitigate the
impacts of invasions on ecological systems and human well-being.

INTRODUCTION

A defining feature of the Anthropocene is the predominance of anthropogenic drivers of diver-
sity patterns over naturally occurring ecological and evolutionary processes (Aronson et al. 2014,
Helmus et al. 2014, McKinney 2006). Cities, as complex and dynamic environments, exert a pro-
found influence on biodiversity and ecosystems worldwide (Grimm et al. 2008), often acting as
centers for the introduction, establishment, and spread of nonnative species (Kiihn et al. 2017,
Pysek 1998). This phenomenon has garnered increasing attention from ecologists, conservation-
ists, and policymakers alike, as the consequences of urban-induced changes in species composition
extend far beyond city boundaries (Grimm et al. 2008, McKinney 2006).

The heightened human-mediated transportation of goods and organisms, coupled with the
modified environmental conditions within and around urban areas, has led to an unprecedented
acceleration in the rate of nonnative species introductions. As a result, urban areas harbor a larger
proportion of nonnative species than nonurban areas. The unique characteristics of urban ecosys-
tems, including altered species interactions, increased human-mediated disturbances, and global
connectivity, contribute to the creation of novel environmental conditions that facilitate the es-
tablishment of nonnative species (Potgieter & Cadotte 2020). Once introduced, those nonnative
species can spread to natural areas within and surrounding towns and cities (Cadotte et al. 2017,
McLean et al. 2017). The consequences are multifaceted, ranging from disruptions in ecosystem
functioning to economic and public health implications (Potgieter et al. 2017). As urbanization
continues to expand globally, the degree to which cities act as initial and/or ongoing sources of
widespread biological invasions will intensify (Perrings et al. 2010). Understanding the underlying
processes that govern invasion success is essential for devising effective strategies to mitigate the
ecological, economic, and social impacts associated with biological invasions in urban areas.

Socioeconomic and ecological characteristics of cities such as connections with other cities
(e.g., travel, shipping, geography), human population size and density, colonization history, cultural
background, economic differences, and environmental conditions likely filter nonnative species
based on their form and function (Celesti-Grapow et al. 2006, PySek 1998). These features can help
us understand nonnative species’ success in cities across the world. While ecologists have made
great strides in recent years toward understanding the patterns and processes of urban biological
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Figure 1

A conceptualization of urban characteristics across four axes that shape the diversity, abundance, and spread
of nonnative species: (#) connectivity (e.g., travel and trade, distance to urban centers), (¢) physical properties
(e.g., city size, urbanization intensity, and proportion of green space), (c) culture and socioeconomics (e.g.,
human population density, wealth, and age of inhabitants), and (d) biogeography and climate (e.g.,
precipitation, temperature, and latitude). These interact to drive nonnative species invasions in cities, and
their relative magnitudes can vary with differing historical and environmental contexts. Policy and
management aimed at preventing and mitigating the impacts of invasive species must consider these
facilitating mechanisms.

invasions, a global synthesis of the factors influencing nonnative species success within cities is
still lacking. For this article, we review the extent to which urban areas are sources of biological
invasions and evaluate which factors make urban areas vulnerable to biological invasions and shape
the diversity and spread of nonnative species.

We conceptualize urban characteristics that are potentially important for biological invasions
across four axes (Figure 1): (#) connectivity (e.g., geographic distance, trade and travel, corri-
dors), (b) physical properties (e.g., city area, urbanization intensity, proportion of green space),
(¢) culture and socioeconomics (e.g., age of the city, wealth and ethnicity of the inhabitants,
colonization history), and (d) biogeography and climate (e.g., regional pool species richness, pre-
cipitation, temperature). We ask a fundamental question across these four axes: To what degree do
the anthropogenic drivers associated with urbanization override the natural ecological and evolu-
tionary processes that underpin global diversity patterns? Specifically, we review how these four
axes are linked to biological invasions in urban areas. We also briefly review how policy and man-
agement can help control biological invasions within cities. To conclude, we summarize current
knowledge gaps and make recommendations for future research.
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CONNECTIVITY

Connectivity plays an important role in maintaining populations and communities in ecological
systems (Taylor etal. 1993). Geographic distance, barriers (e.g., mountains, oceans, lakes), and con-
duits (e.g., rivers, ocean currents) have implications for species dispersal and distributions across
scales from local metacommunities to global biogeographic patterns (Nekola & White 1999). In
invasion ecology, connectivity is important for both the transport and spread stages of invasion,
allowing species to overcome geographic dispersal barriers (PySek et al. 2020). In particular, cities
act as hubs for the transport of nonnative species across the globe during the transport phase
(PySek et al. 2010, 2020), and features of cities that connect them to suburban, agricultural, and
natural areas facilitate the spread of nonnatives from initial points of introduction (Von der Lippe
& Kowarik 2008).

Here, we consider connectivity in relation to urban biological invasions from three perspec-
tives. First, we explore the role of connectivity between and among multiple cities in the transport
stage of biological invasions. Second, we focus on connectivity in or out of a focal city where the
city acts as a hub for immigration and emigration during the spread stage of invasion. Finally,
we consider connectivity within a focal city. From these three perspectives, we review the most
common predictors of, response variables for, and biodiversity responses to the connectivity of
nonnative species.

Connectivity Among Cities

Linking metrics and attributes of connectivity to invasions among and within cities is done in
a variety of ways. For studies that compared biodiversity or species composition among multi-
ple cities, the most common connectivity metric used was geographic distance, as measured by
geodesic distance for global comparative studies (e.g., La Sorte et al. 2014, Yang et al. 2015) and
Euclidean or straight-line distance for regional and local studies (e.g., Sobrinho Soares etal. 2021).
Other forms of connectivity among cities include trade and travel connections (Banks et al. 2015,
Olden et al. 2021). When investigating the role of connectivity among cities in species invasions,
one of the most common approaches is to assess the compositional similarity of nonnative as-
semblages in relation to the connectivity between two or more cities. The most frequently used
diversity metric is beta diversity, including different aspects (e.g., dissimilarity in species composi-
tion, functional composition, and genetic composition) and different measurements (e.g., Simpson
multisite dissimilarity, Serensen dissimilarity, Bray—Curtis dissimilarity, and zeta diversity).

In general, the compositional similarity of urban nonnative assemblages increases with shorter
geographic distance and, therefore, increased connectivity among cities. For example, Sobrinho
Soares etal. (2021) found that floristic similarity among urban forests in Brazil was higher for those
that are geographically closer. Yang et al. (2015) found that urban forest composition similarity
among 38 cities across the world decreased with geodesic distance. As human-mediated transport
between cities (e.g., travel, trade) allows for nonnative species to overcome geographical barriers
(Banks et al. 2015) (Figure 2), the compositional similarity of nonnative species likely increases
more with shorter geographic distance than that of native species. For example, across 11 cities
in China’s Yangtze River region, assemblages of nonnative species were more similar than their
native counterparts (Jin et al. 2020), suggesting that transport of nonnative species was homog-
enizing these urban floras. Similarly, La Sorte et al. (2014) found that invasive species had lower
beta diversity among cities than native species, suggesting connectivity among cities had a world-
wide effect on the beta diversity of urban plant assemblages specifically through the exchange of
nonnative species.

At the species level, genetic differentiation among populations across cities is used to assess the
role of connectivity in connecting conspecific populations. For example, genetic differentiation of
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Figure 2

Whether nonnative species homogenize urban biota depends on species overcoming dispersal and
environmental barriers. Cities that are isolated (either through remoteness or economic isolation) or in
extreme environments are unlikely to experience the homogenizing effect of species introductions. The
effect of cities on homogenization should be greatest at intermediate levels of isolation and environmental
difference because cities can provide opportunities for introduction and establishment.

the German cockroach (Blattella germanica) was weakly positively correlated with distance across
nine cities in China (Tang etal. 2016). However, the relationships differed across spatial scales with
positive relationships at close geographic distances and negative relationships at greater distances.
At the global scale, there was little global genetic structure to German cockroach populations,
which is likely due to a centuries-long history of human transport genetically homogenizing urban
populations (Vargo et al. 2014). This is not the case for other nonnative species, though. For
example, the feral pigeon (Columba livia) has a significantly higher level of genetic differentiation
with larger geographic distances (Jacob et al. 2015). Across nine harbors on the Mediterranean
coast of the Iberian Peninsula, strong genetic differentiation among populations was found for the
introduced ascidian Styela plicata. Nonetheless, a weak correlation between geographic distance
and gene differentiation indicates that ship traffic is not a major driver of genetic structure (Pineda
etal. 2016).

Trade between cities can also give insight into how connectivity between cities drives the spread
of nonnative species. Olden et al. (2021) quantified the geographic routes of live aquatic organisms
over a 7-year period and found that buyer and seller locations ranged across 39 countries but were
mostly concentrated in major cities of the United States and several European and southeast Asian
countries. Lopez-Legentil et al. (2015) found that closely located harbors shared more ascidian
nonnative species among them than those that were further apart.

Connectivity of a Focal City

While connectivity between cities is important in the transport stage of invasion, once a species
arrives, a city can act as a hub during the spread stage (Banks et al. 2015). Conduits into and out
of cities determine the effectiveness of a city as a hub for biological invasions. Therefore, studies
that focus on connectivity in or out of a focal city often link linear features to invasive species
movement. These linear features include road and railway length, direction, and density as well as
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river length and flow direction as proxies for travel and trade (Aronson et al. 2017). Roads, rivers,
and railways coming into a city and those connecting city centers to outlying suburbs, rural, and
natural areas can play a role in the spread of invasive species (Aronson et al. 2017, Kiihn et al.
2017, Von der Lippe & Kowarik 2008). Additionally, port size, distance to ports, and distance
to urban centers are important correlates of invasive species introductions (Kalwij et al. 2008,
Yemshanov et al. 2012). The most studied response variable for assessing the connectivity of a fo-
cal city is the alpha diversity of nonnative species, mostly in terms of species richness and to a lesser
degree genetic diversity. Other common response variables include the presence or detection
probability, the abundance of nonnative species, and the proportion of nonnative species within
communities.

Overall, cities that were larger and had more incoming connections tended to have greater
nonnative species richness. For cities in the US and Canada situated along the Great Lakes,
those with more commercial vessel trips and larger marinas had a greater richness of nonnative
aquatic species (O’Malia et al. 2018). Across 11 cities in Serbia, those with a higher urbaniza-
tion level, based on roads, rails, and population size, had the highest richness of neophytes (i.e.,
nonnative species introduced after 1500 AD) (Rat et al. 2017). In Germany, rivers, roads, and
railroads contributed to the increase in neophyte species diversity, but the effect was dispropor-
tionately lower in more urbanized areas, possibly due to the denser network of traffic routes
and the already higher number of neophytes in cities (Kithn et al. 2017). Across 54 central
European river-port cities, those that were larger harbored more nonnative plant species (Jehlik
etal. 2019). Further, aircraft were identified as the main pathway by which invading mosquitoes ar-
rive in New Zealand ports, with a temporal shift in recent times to increasing introduction through
ships. Auckland, the largest city in New Zealand, has experienced the largest number of nonnative
mosquito intercepts (Derraik 2004). Connectivity to hotspots of human activity or major vectors
had strong positive effects on the invasion of aquatic ecosystems (Chapman etal. 2020, Ulman et al.
2019).

The distance from city centers and the number of transport connections affect the spread of
nonnative species and the resultant communities. The Port of Savannah in Georgia served as
a conduit for ant invasions, with 13 nonnative species found adjacent to the port, including a
county record and the northernmost record of the invasive ant Nylanderia fulva (Gochnour et al.
2019). In this case, having a hub city facilitated range expansion. Vakhlamova et al. (2016) found a
higher richness and percentage of nonnative species along larger roads and at closer distances to
Pavlodar, Western Siberia, Kazakhstan. Similarly, Brunzel et al. (2009) found that neophytes were
more abundant closer to the city and that the species richness of neophytes was influenced by
connectivity. Spread of a nonnative bird, the Javan myna (Acridotheres javanicus) occurred along an
urban—suburban gradient in the cities of Kuala Lumpur and Johor in peninsular Malaysia through
the escape and release of captive individuals over a 40-year period (Arazmi et al. 2022). Further,
the spread of zebra mussels (Dreissena polymorpha) from their ports of origin in the eastern United
States was linked to trailered boats along main roads where they were found to have a higher
prevalence (Britton & McMahon 2005).

Spread from cities can also influence the genetic differentiation among populations of invasive
species. If populations are highly connected, they are likely to show little genetic differentiation,
while infrequent connections could promote it. Heavy boat traffic between the Peruvian port city
of Iquitos and six Amazonian River communities promoted population mixing of the invasive
mosquito Aedes aegypti and resulted in no correlation between population genetic structure and
geographic distance (Guagliardo et al. 2019). On the other hand, in Paris, France, 15 populations
of the invasive plant Senecio inaequidens showed a genetic gradient along a railway line from Paris
to the surrounding suburbs (Blanchet et al. 2015).
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Connectivity Within a Focal City

Compared with the above two categories, studies that examine connectivity within a focal city are
less frequent. Such studies often link invasion patterns within a city with the connectivity of roads,
rivers, or habitat patches such as green spaces (e.g., by measuring distance between green spaces
within a city). In general, within-city connectivity can facilitate the spread of nonnative species. For
example, although river corridors serve as important connections among habitat patches for na-
tive plants and animals, they also increase the spread of invasive plants within a city (Aronson et al.
2017). Similarly, in the Hungarian city of Debrecen, over 65% of the functional green space was
connected by corridors, facilitating the dispersal of both native and neophyte species (Hiise et al.
2016). The invasive Argentine ant (Linepithema humile) while colonizing green spaces in the city
of Madrid, Spain (L6pez-Collar & Cabrero-Saiiudo 2021), has established isolated and apparently
unrelated new colonies, indicating that it is dispersed mainly through human-mediated transport
of goods, plants, and gardening tools (L6pez-Collar & Cabrero-Safiudo 2021). However, the im-
portance of connectivity for biological invasions within cities might be context dependent. For
example, Caughlin et al. (2023) found a negative relationship between connectivity and the abun-
dance of puncturevine (Tibulus terrestris) an invasive plant species, in the city of Boise, Idaho. This
negative relationship occurred because more affluent, connected areas of the city had lower avail-
ability of bare ground cover, the microhabitat required for puncturevine to establish (Caughlin
etal. 2023).

Generally, higher connectivity among cities increases the compositional similarity of nonnative
assemblages and, to a lesser extent, the population genetic similarity of nonnative species. Higher
connectivity of a focal city also tends to increase the diversity of nonnative species. Importantly,
within-city connectivity can facilitate the spread of nonnative species.

PHYSICAL PROPERTIES

The physical properties of cities play crucial roles in shaping the diversity and spread of nonna-
tive species within urban environments. Biodiversity changes along major urbanization gradients
through features like city size and species—area relationships, the level of urbanization, and the
density and diversity of urban habitats, which have been frequently studied. Other variables, such
as urban geology, vegetation structure, and the effect of riverbanks, have also been addressed but
less frequently.

Area

City size has long been considered a predictor of the species richness of nonnative urban floras
(but much less so for taxa other than plants) because of the general species—area relationship. In
one of the first comprehensive studies, based on 54 cities in Czechia, Poland, and Germany, Pysek
(1998) showed that both the number of neophyte species and their proportion in the total urban
flora significantly increased as the size of a city increased. This relationship explained 26% and
59% of the variation in these variables, respectively. The patterns found for archaeophytes (i.e.,
nonnative species introduced before 1500 AD) differed; their species richness increased, but the
proportion decreased with city size, reflecting their affinity for rural rather than industrial settings
and that their species pool was more limited than that of neophytes (PySek 1998). Recently, an-
other study using 45 towns and cities of different sizes within a broader area of Central Europe
confirmed a significant increase in the richness of neophytes with area, while once again archaeo-
phytes, a homogeneous group of species with similar traits and a limited species pool, were equally
widespread through settlements of all sizes (Ceplovi et al. 2017). These patterns have also been
found globally, with higher nonnative richness found in larger cities (Aronson et al. 2014).
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The effect of area has also been documented at a smaller scale within cities. In Hanover,
Germany, patches of urban green space affected the diversity of nonnative plants, whose propor-
tion was driven by a combination of patch size, shape, and distance to the urban edge (Matthies
et al. 2015). A similar pattern was found by Crowe (1979), who demonstrated that vacant urban
lots have similar immigration and extinction rates to those of true islands. In a study that focused
on nonnative plant species richness on university campuses in over 130 Chinese cities, campus
area was a significant determinant of the number of nonnative species, alongside mean annual
temperature, precipitation seasonality, and campus age (Wang et al. 2021). This area effect is not
ubiquitous; for example, Figueroa et al. (2018) showed that urban park area and age affected native
plant richness in Santiago, Chile, while nonnative plant richness was determined only by park age
(see the section titled Culture and Socioeconomics).

Level of Urbanization

Many studies exploring the effects of physical properties on nonnative diversity use the level of
urbanization as an explanatory variable. The two major mechanisms that are highly relevant when
considering urbanization in the context of biological invasions are perturbations associated with
fluctuations in resource availability (Davis et al. 2000) and nonnative propagule pressure. Urban
habitats were shown to be exposed to high propagule pressure from nonnative plants, including
cultivated species spreading from gardens (Cubino et al. 2015). Different proxies are used to quan-
tify levels of urbanization, including the position on an urban-rural gradient (Kiihn et al. 2017),
the proportion of impervious areas or green spaces, the distance to the city center (Stajerovi et al.
2017), and the density of human population (Pysek 1998). Urban habitats are also compared and
quantified according to the frequency and severity of disturbances. Most of these proxies reflecting
urbanization are usually applied within a single city, probably due to difficulties associated with
collecting standardized data quantifying urban—rural gradients or distance to the city center for
multiple cities differing in their size, character, or structure of the surrounding landscapes.

Despite the different approaches to defining levels of urbanization, some kind of urban effect
on the diversity of nonnative species is consistent across different taxa and regions. Urbanization
generally increases the richness and abundance of nonnative species in cities, as documented for
plants and land snails, and is regarded among the main underlying factors of invasion processes
(e.g., Celesti-Grapow et al. 2006, Horsik et al. 2013). High levels of urbanization with frequent
and intense disturbances in cities with a high proportion of impervious or built-up areas support
mostly species-poor communities with high percentages of nonnative species (Horsék et al. 2013,
Lima et al. 2013, Lososovi et al. 2012a, Zerbe et al. 2003).

At local (city) scales, the highest proportion of nonnative species is usually found in the middle
of the urbanization gradient, whereas less urbanized areas harbor greater richness and diversity
of native species. A study on plant species richness in vacant lots in Montreal and Quebec City,
Canada, found that nonnative species richness was highest at moderate urbanization intensities
(Blouin et al. 2019). This is likely because the wealth of the population is greater along the inter-
mediate urbanization gradient, leading to a higher proportion of green spaces and more resources
dedicated to gardening and the importation of nonnative species (which enhances propagule pres-
sure). For plants, examples supporting the positive effect of urbanization on nonnative species
richness include detection of a significantly higher number of nonnatives in urban areas than in
near-natural ecosystems in Berlin (Kowarik et al. 2013) and the highest proportion of nonnatives
in high-density developments within the same city (Zerbe et al. 2003). An analysis of 69 sites in
Bengaluru, India, found that nonnative species richness was higher in intermediate density hous-
ing quarters, which also had the highest socioeconomic status (Gopal et al. 2019). This pattern is
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consistent for plants, birds, land snails, and fish in different parts of the world. In a study of cities
in Central Europe, both the number of neophyte species and their proportion of the total urban
flora significantly increased with the density of the human population, which can also be regarded
as a proxy for the intensity of anthropogenic pressure and level of urbanization (Pysek 1998).
Still, there are indications that the factors driving species richness in cities are not fundamentally
different from those outside cities but differ in their magnitude (Kiihn et al. 2017).

Similar effects of urbanization have been observed for other taxa as well. Using community
science data from the United States, Callaghan et al. (2019) found that the richness and diver-
sity of nonnative bird species was positively related to the level of urbanization; it was distinctly
higher in urban green areas compared to natural green areas due to an increase in habitat hetero-
geneity in cities. Studies focused on ants (Vonshak & Gordon 2015), bees (Gruver & CaraDonna
2021), beetles (Grez et al. 2019), and fruit flies (Gottschalk et al. 2007) have all demonstrated that
urbanization, with accompanying land-use change and high propagule pressure, increases the pro-
portion of nonnative species. An opposite effect of urbanization was reported in Beijing, China,
where the relative abundance of nonnative fish in lotic waters increased linearly with the dis-
tance from the city center because urban pollution reduced nonnative fish diversity (Zhang et al.
2022).

Habitats

Urban habitats, such as vacant lots, road verges, and city parks, are unique components of physical
urban properties, shaped by most of the features mentioned above. As such, they are important de-
terminants of the presence of nonnative species, as documented for plants (Pysek & Chytry 2014).
In the city of Rome, Italy, habitat type explained the greatest variation (12%) in the proportion of
neophytes among all species recorded; this proportion was highest in the habitats of urban parks,
residential areas, and the historical center, and at the scale of the city, it decreased as the area
available to vegetation increased (Celesti-Grapow et al. 2006). The differences in richness and
proportion of nonnative plant species among urban habitats of 32 Central European cities were
associated with increasing similarity of species composition in urban floras (see the section titled
Connectivity) (Lososovd et al. 2012b). These authors found that archaeophytes contributed to ho-
mogenization and neophytes to the differentiation of floras among cities. This reflects the main
mechanisms by which nonnative species cause differentiation. Low differentiation was observed
in highly disturbed urban habitats, such as city squares, boulevards, and early successional sites. In
contrast, the highest differentiation was evident in moderately disturbed habitats, including city
parks and residential areas characterized by an open building pattern.

Vegetation and Substrate

Vegetation structure such as shrub or tree cover in gardens was shown to be an important driver
of bird diversity in a study in Dunedin, New Zealand. Increasing vegetation cover and reduced
garden complexity, together with housing density, reduced the densities of native and, to a lesser
extent, nonnative birds, except for the house sparrow, which responded positively to increased
housing density (van Heezik & Adams 2016). In Germany, geology affected the richness of urban
nonnative plant species indirectly, as this factor was associated with the position of the city, i.e.,
where the cities were developed (Kiihn et al. 2004). Overall, city size and degree of urbanization
(with associated land-use change and propagule pressure) increase the richness and diversity of
nonnative species. Moreover, the network of roads, railways, and water streams is an important
driver of propagules of nonnative species, contributing to the richness and diversity of nonnative
species in cities.
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Culture and Socioeconomics

The most common socioeconomic drivers of biological invasions in urban areas explored in the
literature are wealth of the owners and neighborhood (household income); age of the buildings,
neighborhood, and city; cultivation; age of the inhabitants; and ethnicity of the inhabitants (al-
though this was often associated with wealth). Socioeconomic factors affecting nonnative species
richness and abundance are frequently studied, yet none evaluated how socioeconomic factors af-
fect or mediate the impacts or spread of nonnative species. Many studies highlighted factors that
influence the richness of all species, including both natives and nonnatives. Although socioeco-
nomic drivers are deeply intertwined, in the absence of systematic comparative analyses assessing
them, they are individually described below.

Wealth and Household Income

Wealth and household income was the most frequently reported socioeconomic driver of biolog-
ical invasions in urban areas, often with a positive correlation (Hope et al. 2003, Yiicedag & Asik
2023). Larger, wealthier houses and neighborhoods; higher incomes (both individually and nation-
ally); and higher educational levels were positively associated with the richness and abundance of
nonnative species. This is probably because greater wealth is associated with more green spaces
and more resources allocated to gardening (Nguyen et al. 2021). For instance, a study across 23
urban areas in Spain analyzed 46 urban parks and found that the proportion of nonnative species
increased in towns with older human populations and larger homes (Bay6n et al. 2021). One liter-
ature review explored the luxury effect [a positive relationship between biodiversity measures and
socioeconomic status (Hope et al. 2003)] in urban areas globally and found that the luxury effect
was stronger for nonnative than native plant species, as many nonnative plant species are ornamen-
tal, and wealthier households were more likely to buy, grow, and manage them (Chamberlain et al.
2020). These empirical results were also confirmed by theoretical study. Using a simulated refer-
ence species, Hui et al. (2017) investigated the correlation between invasive plant species’ spread
in green areas and socioeconomic indicators in the 100 most populous cities globally. They found
that smaller urban populations and higher gross domestic product per capita were key predictors
of greater invasive spread potential, indicating that wealthier, less densely populated cities might
face higher invasion risks. The luxury effect, however, was not always observed for animal taxa. A
study of three nonnative birds across 120 sampling sites in Santiago, Chile, located in residential
areas with different socioeconomic status found that the nonnatives domestic pigeon (Columba
livia forma domestica) and house sparrow (Passer domesticus), were more abundant in low-income
neighborhoods, whereas monk parakeet (Myiopsitta monachus) was most abundant in high-income
ones (Silva-Ortega et al. 2023). This difference could be explained by the pathways of introduc-
tion of these species, as C. /ivia and P. domesticus are synanthropic species often classified as urban
pests and M. monachus is a pet bird commonly sold in pet shops. Reported bird escapes occur more
frequently in areas with higher incomes (Vall-Llosera & Cassey 2017).

Cultivation of Plant Species and Animals in Captivity

Cultivation of plant species and animals in captivity can increase nonnative species richness and
the abundances and homogenization of local floras and faunas. Cultivation in urban areas often re-
sults in a shift from predominantly native to predominantly nonnative species. Besides residential
gardens, urban parks can also be important sources of nonnative species. Nonnative taxa classified
as established or invasive in the Czech Republic were recorded as escaping from cultivation in 69%
of the parks sampled, showing that parks play a similar role in invasions to other sites in urbanized
landscapes (Vojik et al. 2020). Like residential gardens and urban parks, cultural heritage sites can
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also provide opportunities for the spread of invasive plants, whose impact on monuments (biode-
terioration) could threaten their conservation (Celesti-Grapow & Ricotta 2021). Cultivation
increases propagule pressure and lowers the environmental barriers for the survival and repro-
duction of nonnative species, hence facilitating biological invasions (Cadotte et al. 2017, Potgieter
& Cadotte 2020). The role of botanical gardens as sources of plant invasion has long been rec-
ognized (Hulme 2011), yet we have not found specific quantitative studies on this topic in urban
settings.

Age of Buildings, Neighborhoods, and Cities

Buildings, neighborhoods, and cities accumulate nonnative floras and faunas over time and in-
crease the colonization pressure of invasive species. In Canada, for instance, the presence of
older buildings near urban forests was positively correlated with nonnative species richness
(Duchesneau et al. 2021). The same effect was observed in China where the richness of nonnative
flora (cultivated and established) on 253 university campuses across 130 cities was positively cor-
related with campus age (Wang et al. 2021). In a study on plant species diversity in urban parks
along an urban-rural gradient in Santiago, Chile, the age of the parks emerged as the main deter-
minant of nonnative plant species richness, with older parks containing more nonnative species
than newer ones (Figueroa et al. 2018).

This age effect could be the legacy of colonialist practices where human settlers commonly
introduced species to their new settlements. In South Africa, for instance, past policies led to a
predominance of nonnative species in older, wealthier neighborhoods, and colonial introductions
and inequalities in the distribution of green spaces left a burdensome legacy of species that have
become invasive (Shackleton & Gwedla 2021).

Age and Ethnicity of the Inhabitants

Age of the inhabitants was found to positively affect nonnative species richness in urban areas
but not always. In Dunedin, New Zealand, older people with smaller, lower-value properties
tended to have greater diversity of nonnative plants in their gardens (van Heezik et al. 2013).
A similar pattern was observed in five urban areas in the region of Costa Brava, Spain, where the
proportion of retired residents was related to nonnative and invasive plant composition in sub-
urban gardens (Cubino et al. 2015). However, few studies have evaluated age of inhabitants as a
driver of biological invasions in urban areas, and no general conclusions can be drawn on the topic
yet.

Ethnicity of inhabitants was also identified as a social driver of nonnative species richness,
although ethnicity was often associated with wealth. In 58 urban residential neighborhood blocks
in and around Chicago, nonnative species richness was correlated with the percentage of residents
identifying as Hispanic (Lowenstein & Minor 2016). Similarly, in Phoenix, Arizona, invasive bird
species were more abundant in neighborhoods with a higher percent of Hispanic residents, but
these neighborhoods had higher human population densities and lower income levels (Warren
et al. 2019). In South Africa, where ethnicity and socioeconomic class are strongly correlated,
much of the nonnative species’ diversity in urban areas was concentrated in white-dominated
suburbs (Lubbe et al. 2010).

In summary, the socioeconomic drivers most positively associated with urban nonnative species
richness and abundance include wealth and household income, cultivation of plant and animal
taxa in captivity, age of buildings, human and housing densities, and ethnicity of the inhabitants
(Table 1). However, these drivers cannot be considered independent as there are deep cultural,
economic, and historical connections among them.
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Table 1 A summary of the effects of urban characteristics across four axes that shape the diversity, abundance, and

spread of nonnative species

Axis Main findings
Connectivity Higher connectivity among cities generally increases the compositional similarity of nonnative
assemblages and, to a lesser extent, the population genetic similarity of nonnative species.
Higher connectivity of a focal city tends to increase the diversity of nonnative species.
In general, within-city connectivity can facilitate the spread of nonnative species.
Physical properties City size is the main predictor of increasing richness of nonnative species.

Urbanization, with associated land-use change and propagule pressure, generally increases the
richness and diversity of nonnative species.

The network of roads, railways, and water streams is an important driver of propagules of nonnative
species, thereby contributing to the richness and diversity of nonnative species.

Culture and socioeconomics | Wealth and household income are the main socioeconomic drivers of biological invasions in cities

and are positively correlated with an increase in green spaces and the richness of nonnative
species.

The age and ethnicity of inhabitants and housing density are also related to nonnative species
richness, although they are often also associated with wealth.

The age of the cities and the cultivation of plants and animals in captivity increase the available
propagules over time and the nonnative species richness.

Biogeography and climate Generally, the distribution of urban nonnative species is governed by biogeographical and climatic

drivers, such as tropical and warmer cities having higher nonnative diversity.

There is evidence that cities can expand nonnative species distribution, as some species are
restricted to cities in climatically unfavorable regions.

How urbanization affects the importance of biogeographical drivers governing urban nonnative
species strongly varied between studies, with some studies findings that biogeographical drivers
showed the highest importance and others showing other drivers, such as socioeconomic
variables, were more important.

168

Biogeography and Climate

Biogeography and climate are primary determinants of the abundance and distribution of species
over large spatial scales (Whittaker 1956). Species range limits reflect large-scale environmental
gradients (Sexton et al. 2009) and respond to shifts in climate, sometimes quite rapidly (Clark
1998). Biogeography and climate do not only provide important insights into large-scale diver-
sity patterns, but they are also important for investigations into the factors influencing nonnative
species spread and ecosystem invasibility (Hulme 2017). Due to the value of environmental vari-
ables for explaining species distributions, the use of niche modeling has become widespread for
understanding and predicting nonnative species distributions (Thuiller et al. 2005) and for de-
termining potential invasion hotspots (O’Donnell et al. 2012). Further, on biogeographic spatial
scales, the environmental conditions that support a higher diversity of native species also appear
to sustain greater numbers of nonnative species (Fridley et al. 2007). While we might have a ro-
bust understanding and set of tools for elucidating and predicting invasions across regions based
on environmental conditions, cities, as pointed out earlier in this review, are novel habitats with
novel environments that could provide opportunities for species establishment and spread. In this
section, we discuss the influence of biogeographical and climatic conditions on whether nonna-
tive species expand their range, increase diversity, or increase compositional similarity in cities and
whether there is evidence that cities weaken the influence of environmental milieus (for details on
the specific drivers assessed, see Supplemental Appendix 1).
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Range Size

Cities include unique environmental and ecological spaces where some limiting climatic condi-
tions might be relaxed (e.g., in dry or cold systems) or where negative trophic or competitive
interactions are reduced (Pickett et al. 2001). Thus, cities might provide new beachheads for
species to establish outside of both their climatic and geographical ranges, and where they are
unlikely to establish in intact habitats (Borden & Flory 2021, Cadotte et al. 2017, Pysek et al.
2010, Sukopp & Wurzel 2003). We found mixed support for the role of cities in expanding non-
native species ranges. In an examination of landscaping plants used in 36 cities across China, Jin
etal. (2021) found that species of tropical origin were largely restricted to tropical and subtropical
cities, while species that originated from cold regions were largely restricted to colder cities. Only
temperate species were found in temperate and tropical cities, revealing that there was limited
evidence that cities were expanding species ranges beyond what the climatic conditions would
permit. Indeed, variation in occurrence probability or abundance of nonnative species along sev-
eral biogeographic gradients often followed similar trends in cities as in natural habitats, including
decreasing colonization probability as the elevation of cities increased (e.g., Kulfan et al. 2020) and
more successful colonization of island cities compared to mainland cities [e.g., for nonnative urban
birds in the Iberian peninsula (Palomino & Carrascal 2005)], calling into question whether cities
expand the biogeographic ranges of species (Lososovd et al. 2012a).

Conversely, in a study of the spread of the invasive ant Tetramorium immigrans, Cordonnier et al.
(2020) show that it can maintain populations in harsh climates only in heavily urbanized habitats.
Similarly, Polidori et al. (2021) concluded that urbanization favors the spread of the nonnative
mud-dauber wasp (Sceliphron curvatum) into climatically nonoptimal latitudes in Europe, as the
tendency of the wasp to occupy preferentially urban areas increases toward the north. The notion
that cities can expand the ranges of nonnative species (Sukopp & Waurzel 2003) is also supported
by Géron et al. (2021), who demonstrated that nonnative plant species originating from warm or
dry climates are more restricted to urban areas in Oceanic Europe. Physiology-based models also
predicted that overwintering emerald ash borer (Agrilus planipennis) can experience more severe
and frequent mortality due to cold stress in northern Canadian cities compared with other cities
in North America (Cuddington et al. 2018).

While cities might provide establishment opportunities for range-expanding species, subse-
quent spread is still likely to be under the control of climate (Abelldn et al. 2017), though such
species could emerge as future threats as climate changes continue (Borden & Flory 2021). Al-
ternatively, climate changes could also reduce the success of nonnative species, especially those
established in cities located in warm regions (Seebens et al. 2015). Overall, this could result in a
zero-sum game for invasive species in some regions, as suggested by Stephens et al. (2016) for fruit
flies in Australia and New Zealand, where southern and cooler cities are predicted to become more
prone to invasion due to increasing temperatures, while the suitability for fruit-fly invasion is ex-
pected to largely decrease in northern cities. The above literature indicates that there is a complex
interaction between climate and urbanization, and urbanization can provide range-expanding op-
portunities if environmental aspects that limit species spread are ameliorated in cities, but globally,
this is not the case.

Diversity

Urbanization is well known to cause declines in native species’ abundances and diversity (Aronson
et al. 2014) while at the same time increasing the relative abundance and diversity of nonna-
tive species (Cadotte et al. 2017). There are conflicting findings for biome comparisons; studies
found that cities harbored a high diversity of nonnative species regardless of the floristic zone in
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which the cities were found (Panitsa et al. 2020), while another study found that cities in Mediter-
ranean ecoregions maintained lower nonnative diversity compared to cities in other regions in
Italy (Celesti-Grapow & Blasi 1998). Some ecoregions might just be more susceptible to invasion
or better connected than others (see the section titled Connectivity), and this is reflected in the
urban biota (Celesti-Grapow & Blasi 1998). For example, a study of urban nonnative diversity in
Yunnan Province in China showed that cities in subtropical ecoregions harbored more nonnative
species than cities in other ecoregions (Gao et al. 2023).

Other biogeographic drivers often significantly affected the diversity of nonnative species in
cities, despite the effect of urbanization. For example, PySek (1998) showed that European cities
at higher elevations and at higher latitudes tend to harbor fewer nonnative plant species, which is
in line with general latitudinal and elevational gradients of biodiversity. Similarly, Reyes-Lépez &
Carpintero (2014) showed that urban green areas in inland Spanish cities tend to harbor dispro-
portionately fewer nonnative ant species compared to cities on the coast and on islands, both of
which are typically highly prone to invasion even outside of cities.

Studies have also reported that nonnative plant richness is higher in warmer cities across Eu-
rope (Pysek 1998) and China (Wang et al. 2021), although other studies have reported weak
relationships between nonnative richness and temperature in urban snail and plant communities
(Horsik et al. 2013, Zhu et al. 2019). Another frequently tested driver is precipitation, with results
ranging from significantly higher nonnative species richness in wetter cities (Wheeler et al. 2017)
to weak relationships (PySek 1998, Zhu et al. 2019). Compared with temperature and precipita-
tion, other climatic drivers (Table 1), such as wind speed and the variability of temperature and
precipitation, are rarely tested. While these results demonstrate how nonnative species richness
varies along climatic gradients, a stronger test of how climate and urbanization interact would
require controlling for introduction efforts, which have been shown to strongly vary for nonna-
tive birds across regions (Dyer et al. 2017) and possibly obscure or even confound the effects of
climatic gradients (Blackburn et al. 2020). Controlling for the number of birds introduced to dif-
ferent regions globally, Tsang et al. (2019) found no interaction between climatic conditions and
urbanization extent in regulating the number of nonnative urban bird species.

Compositional Similarity

Globally, nonnative species have been observed to replace native species in urban habitats, which
can be one of the mechanisms driving increased compositional similarity across cities (i.e., biotic
homogenization) (McKinney 2006).

The effect of urbanization on compositional dissimilarity among cities appears to be influenced
by both environmental dissimilarity and geographical distance (Figure 2; see also the section titled
Connectivity). There is evidence that urban habitats such as roadsides and recreation areas in dif-
ferent ecoregions are more similar in their nonnative biota than are other environments including
forests and agricultural fields (Ahrens et al. 2011). However, several studies found that nonnative
dissimilarity was lower across cities within ecoregions than between ecoregions (Garcilldn et al.
2014, Ramage et al. 2013), though other studies found that geographical distance was more im-
portant than ecoregion (see the section titled Connectivity). Generally, studies found that climatic
conditions can shape species composition in cities (Horsdk et al. 2013, Ramage et al. 2013, Yang
etal. 2015), although their importance can strongly vary across studies. For example, the indepen-
dent effects of climatic conditions are less important than spatial processes in shaping nonnative
plant composition in Europe, although both processes have a shared effect (Lososovd et al. 2012a).
Detailed analyses showed that the importance of climatic conditions relative to geographical dis-
tances in shaping compositional similarity strongly varied across plants with different life forms,
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regions, and spatial scales (Wang etal. 2021, Yang etal. 2015). Interestingly, studies showed that cli-
mate was a stronger predictor of compositional similarity between urban communities than other
drivers such as socioeconomic variables (Ramage et al. 2013), campus areas (Wang et al. 2021),
and geographic distance (La Sorte et al. 2014), although the opposite results have been reported
when comparing their importance with predictors such as land uses (Lososovi et al. 2012a).

Given the high level of inconsistency in the compositional similarity patterns of urban bio-
tas across studies, we propose a theoretical framework addressing potential interactions between
environmental dissimilarity and geographical distance, with high nonnative dissimilarity when
cities are environmentally dissimilar or far apart (Figure 2). However, cities increase the non-
native compositional similarity not only by ameliorating environmental conditions but also by
serving as nodes in transportation networks, allowing species to overcome geographical barriers
(see the section titled Connectivity). This increased nonnative compositional similarity should be
strongest at intermediate environmental and geographical distances or when only one is a factor,
but compositional dissimilarity should still be high for environmentally very dissimilar cities that
are very far apart (Figure 2).

Overall, while there are reasons to expect the roles of cities in driving invasion across geo-
graphical and climatic gradients to vary, their exact roles could also be complicated by introduction
histories, which can affect observed patterns of nonnative richness, among other factors. There is
some evidence of an interaction between biogeographic drivers and urbanization affecting nonna-
tive diversity. The evidence is inconclusive as to whether the influence of large-scale biogeographic
drivers on nonnative species diversity is weaker than its effect on native species diversity.

POLICY AND MANAGEMENT

Effective management of urban biological invasions is crucial for mitigating their negative impacts
on biodiversity, ecosystem services, and human well-being. This is remarkably challenging due to
the complex interactions of multiple ecological, economic, and social factors. Urban conserva-
tion managers must balance the imperative to conserve biodiversity, the demands of economic
development, and the diverse needs and preferences of urban inhabitants.

Urban Biodiversity

Although most urban ecosystems still support many native species, nonnative species have been
introduced to provide diverse ecosystem services. This necessitates careful consideration of the
native versus nonnative dichotomy and the inherent trade-offs between native biodiversity con-
servation and the services provided by nonnative (and invasive) species. Several studies promote
the introduction of nonnative species to enhance native biodiversity and ecosystem services. For
example, de Andrade (2022) recommends planting more Terminalia catappa (a nonnative tree) to
improve the long-term persistence of native marmosets in Joio Pessoa, Brazil.

Practical Management Recommendations

While most publications concerning urban biological invasions lack explicit management and
policy recommendations (Potgieter et al. 2022a), several studies do offer precise management
guidance. For example, Grimalt et al. (2011) shows that azadirachtins (secondary metabolites
present in Azadirachta indica seeds) are an environmentally acceptable systemic insecticide for the
control of the emerald ash borer (4. planipennis) in Canada. Buczkowski (2017) demonstrates that
prey baiting using live, fipronil-treated termites is effective against Asian needle ants (Brachyponera
chinensis) near Liberty, Washington. Some studies also provide useful management frameworks
such as decision support tools (e.g., Gaertner etal. 2016); site-, species-, or pathway/vector-specific
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prioritization frameworks (e.g., Padayachee et al. 2017, Potgieter & Cadotte 2020, Potgieter et al.
2022b); or novel modeling approaches for invasive species surveillance (e.g., Epanchin-Niell et al.
2014).

Stakeholder Perceptions

Invasive species that are both beneficial (e.g., providing aesthetic value) and detrimental (e.g.,
displacing native biodiversity) usually generate conflicts around their use and management
(Woodford et al. 2017). Such conflicts often arise due to differences in value systems and less often
due to divergent perceptions of risk among stakeholders (Estévez et al. 2015). These differences
can be pronounced in urban areas, which typically have a greater number and diversity of stake-
holders than rural and natural areas (Potgieter et al. 2019). Value-based conflicts are inherently
difficult to resolve, and the management of urban biological invasions is increasingly viewed as a
wicked problem (sensu Rittel & Webber 1973), as straightforward win-win solutions seldom exist.

Management decisions should explicitly and transparently consider divergent stakeholder per-
spectives (Shackleton et al. 2019). Few studies with policy and management implications for
urban biological invasions include stakeholder views in their assessments. Active engagement with
stakeholders from the onset of any decision-making process is essential for understanding the
factors that inform their perceptions, integrating valuable local knowledge and practices, promot-
ing awareness, fostering collaboration and trust, reaching consensus, and facilitating cooperative
management programs (Sharp etal. 2011). For example, Mumaw & Bekessy (2017) discussed how
collaborative wildlife gardening programs can engage with urban residents to garner support for
conservation efforts. Potgieter et al. (2022a) combined published evidence and local stakeholder
knowledge in developing an objective and systematic invasive species prioritization tool that can
assist urban conservation practitioners.

Policy

The earliest and most sustained policy and governance initiatives for regulating invasive species
were primarily developed at the state or national level, with an initial emphasis on safeguarding
agriculture but recently extending to biodiversity (protected areas), ecosystem services, and human
well-being (e.g., the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services).

Few studies either directly assessed policies relevant to urban biological invasions or explicitly
mentioned the policy implications of their work. Most of these studies originated from Australia,
Canada, South Africa, and the United States, all of which have robust legislative and policy frame-
works guiding invasive-species management. Several studies provide evidence linking biodiversity
loss to urbanization and outline detailed policy recommendations to mitigate further impact. For
example, Drayton & Primack (1996) showed that native biodiversity loss in a conservation area in
Metropolitan Boston coincided with an increase in human activity (e.g., increased fire frequency,
thinning of the forest, and trampling of the vegetation). They recommended policies such as pre-
venting new trails from being developed, excluding people from sensitive areas, and reintroducing
some of the native species lost. Other studies highlight the failings of existing policies and propose
ways to resolve challenges. For example, Maceda-Veiga et al. (2019) lament a lack of enforcement
of new legislation to curb the release of nonnative pets in Spain. They propose a four-tier ap-
proach to deal more effectively with pet-abandonment issues. Addressing policy development and
implementation challenges often requires a combination of public awareness, scientific research,
collaboration, and political will. Advocacy efforts; education; and highlighting the ecological, eco-
nomic, and social benefits of addressing biological invasions can contribute to the development
and implementation of effective policies.
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As cities grapple with the complex interplay of ecological, economic, and social factors, de-
cisions regarding the control of invasive species necessitate a nuanced understanding of the
trade-offs inherent in these management strategies. Decisions to manage urban biological in-
vasions are often prompted by immediate external factors such as funding availability, public
pressure, and emergencies (Potgieter et al. 2022a). These decisions are seldom informed by objec-
tive and transparent criteria and rarely involve consideration of local perspectives. Invasive species
management, governance, and policy development in urban areas need to be evidence based and
facilitated by comprehensive stakeholder engagement. Despite growing concerns about invasive
species, given the many perceived and realized benefits they provide, we might have to accept
them as permanent features of some urban landscapes.

KNOWLEDGE GAPS AND RECOMMENDATIONS
FOR FUTURE RESEARCH

While substantial progress has been made in understanding the factors driving urban biological
invasions, several critical knowledge gaps persist. Below we briefly highlight these and propose
recommendations for future research.

One major obstacle involves the geographic and taxonomic biases in invasion ecology (Pysek
etal.2020), which limit the inferences we can draw and preclude a global picture of the role of cities
in biological invasions. Historically, most studies were conducted in Western European and North
American countries, with China, Australia, and South Africa appearing as recent hotspots of stud-
ies on urban biological invasions. Also, most studies focus largely on plants and birds (e.g., Aronson
et al. 2014, Callaghan et al. 2019), with other animal groups, such as fish (Zhang et al. 2022),
insects (Gottschalk et al. 2007, Grez et al. 2019, Gruver & CaraDonna 2021, Vonshak & Gordon
2015), and snails (Horsdk et al. 2013), being less represented (see Supplemental Appendix 2).

Compounding this issue are the scarcity and inconsistency of measurements of drivers of urban
nonnative species abundance and diversity, as various methods are employed and systematic sam-
pling is often overlooked. For example, the most common measure of connectivity, geographic
distance, can serve as a proxy for many aspects of connectivity and is easy to measure, but specific
anthropogenic measures of connectivity such as air traffic, shipping, and economic networks are
likely to provide additional information about the role of cities in the spread of biological inva-
sions. An important question worth pursuing is whether selected habitats, systematically sampled
in a standardized manner, can serve as representative samples across other cities. The predominant
focus on individual cities in research exacerbates the lack of systematic analyses of socioeconomic
drivers of biological invasions across multiple urban areas. There is also a lack of clarity in ter-
minology (specifically regarding the classification of species as native, naturalized, nonnative, or
invasive) and, as a result, in defining what is being measured.

What is also not well understood is how biogeographical differences limit urban biological in-
vasions or alternatively are overridden by the potentially homogenizing influence of urbanization
on biota (McKinney 2006). The main reason for this knowledge gap is the dearth of global anal-
yses that replicate sampling of cities within and among biomes or ecoregions, while accounting
for the influences of spatial distances, environmental covariates, and the socioeconomic history
of cities. Furthermore, the interactions between cities and their surrounding habitats need to be
investigated systematically to understand the role of cities in the invasion of nonurban habitats.
This research requires the use of meta-population and meta-community concepts to examine the
dynamics between cities and their surrounding habitats.

Addressing these challenges and fostering greater standardization in research methods are
imperative steps toward a more comprehensive and globally applicable understanding of urban
biological invasions.
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GENERAL CONCLUSIONS

The myriad anthropogenic effects on species distributions and biodiversity that are hallmarks of
the Anthropocene are undoubtedly accentuated in cities. Urbanization results in the breakdown of
geographical and environmental barriers to the introduction, establishment, and spread of species,
and local physical and ecological modifications that are influenced by city history, growth, and
socioeconomic realities can provide ecological opportunities that further facilitate species estab-
lishment and spread. Evidence has emerged showing that anthropogenic activities override natural
processes (e.g., Helmus et al. 2014), and urbanization embodies many of these anthropogenic
drivers. Our review shows how the connectivity, physical, and environmental changes associ-
ated with urbanization are restructuring species distributions and biodiversity patterns globally.
Some of the natural processes that limit species distributions, like extreme environmental condi-
tions (Figure 2), appear to remain strong despite urbanization, while others are easily overridden
(Table 1). Yet, despite the knowledge outlined in this review, it is clear that our understanding of
the role of cities in reshaping biodiversity is still limited.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

This article is a joint effort of the Synthesizing Global Urban Biological Invasion Knowledge
working group, kindly supported by sDiv, the Synthesis Centre of the German Centre for Inte-
grative Biodiversity Research (iDiv) Halle-Jena-Leipzig, which is funded by the German Research
Foundation (grants FZT 118,202548816). L.J.P. and D.M.R. acknowledge support from the Cen-
tre for Invasion Biology. D.L. was supported by the US National Science Foundation (grant
DEB-2213567). T.PN.T. was supported by the University of Toronto Scarborough Postdoctoral
Fellowship. M.W.C. was supported by the Natural Sciences and Engineering Research Council
of Canada (grant 386151). P.P. was supported by the Czech Science Foundation (EXPRO grant
no. 19-28807X) and Czech Academy of Sciences (long-term research development project RVO
67985939). Z.L. was supported by the Czech Science Foundation (EXPRO grant 19-28491X).
M.C. acknowledges the support of the National Biodiversity Future Center, funded by the Italian
Ministry of University and Research through the National Recovery and Resilience Plan (Mis-
sione 4 Componente 2, Dalla ricerca all’impresa, Investimento 1.4, Project CN00000033). R.D.Z.
acknowledges the support of the Brazilian National Council for Scientific and Technological
Development (CNPq) (grant 302643/2022-2).

LITERATURE CITED

Abellin P, Tella JL, Carrete M, Cardador L, Anadén JD. 2017. Climate matching drives spread rate but not
establishment success in recent unintentional bird introductions. PNAS 114(35):9385-90

Ahrens C, Ecker G, Auer C. 2011. The intersection of ecological risk assessment and plant communities: an
analysis of Agrostis and Panicum species in the northeastern US. Plant Ecol. 212:1629-42

Arazmi FN, Ismail NA, Daud UNS, Abidin KZ, Nor SM, Mansor MS. 2022. Spread of the invasive Javan
Myna along an urban-suburban gradient in peninsular Malaysia. Urban Ecosyst. 25(3):1007-14

Aronson MF, La Sorte FA, Nilon CH, Kattd M, Goddard MA, et al. 2014. A global analysis of the im-
pacts of urbanization on bird and plant diversity reveals key anthropogenic drivers. Proc. R. Soc. B

281(1780):20133330

Potgieter et al.



ES55_Art08_Potgieter ~ ARjats.cls  July 25,2024 11:20

Aronson MF, Patel MV, O’Neill KM, Ehrenfeld JG. 2017. Urban riparian systems function as corridors for
both native and invasive plant species. Biol. Invasions 19:3645-57

Banks NC, Paini DR, Bayliss KL., Hodda M. 2015. The role of global trade and transport network topology
in the human-mediated dispersal of alien species. Ecol. Lett. 18(2):188-99

Bayén A, Godoy O, Maurel N, van Kleunen M, Vila M. 2021. Proportion of non-native plants in urban parks
correlates with climate, socioeconomic factors and plant traits. Urban For: Urban Green. 63:127215

Blackburn TM, Cassey P, Duncan RP. 2020. Colonization pressure: a second null model for invasion biology.
Biol. Invasions 22:1221-33

Blanchet E, Penone C, Maurel N, Billot C, Rivallan R, et al. 2015. Multivariate analysis of polyploid data
reveals the role of railways in the spread of the invasive South African ragwort (Senecio inaequidens).
Conserv. Genet. 16:523-33

Blouin D, Pellerin S, Poulin M. 2019. Increase in non-native species richness leads to biotic homogenization
in vacant lots of a highly urbanized landscape. Urban Ecosyst. 22:879-92

Borden JB, Flory SL. 2021. Urban evolution of invasive species. Front. Ecol. Environ. 19(3):184-91

Britton DK, McMahon RF. 2005. Analysis of trailered boat traffic and the potential westward spread of zebra
mussels across the 100th meridian. Am. Malacological Bull. 20(1/2):147-60

Brunzel S, Fischer SF, Schneider ], Jetzkowitz J, Brandl R. 2009. Neo- and archaeophytes respond more
strongly than natives to socio-economic mobility and disturbance patterns along an urban-rural gradient.
J- Biogeogr: 36(5):835-44

Buczkowski G. 2017. Prey-baiting as a conservation tool: selective control of invasive ants with minimal non-
target effects. Insect Conserv. Diversity 10(4):302-9

Cadotte MW, Yasui SLE, Livingstone S, Maclvor JS. 2017. Are urban systems beneficial, detrimental, or
indifferent for biological invasion? Biol. Invasions 19:3489-503

Callaghan CT, Bino G, Major RE, Martin JM, Lyons MB, Kingsford RT. 2019. Heterogeneous urban
green areas are bird diversity hotspots: insights using continental-scale citizen science data. Landsc. Ecol.
34:1231-46

Caughlin TT, Clark M, Jochems LW, Kolarik N, Zaiats A, et al. 2023. Socio-ecological interactions promote
outbreaks of a harmful invasive plant in an urban landscape. Ecol. Solut. Evidence 4(2):¢12247

Celesti-Grapow L, Blasi C. 1998. A comparison of the urban flora of different phytoclimatic regions in Italy.
Global Ecol. Biogeogr: Lett. 7(5):367-78

Celesti-Grapow L, Pysek P, Jarosik V, Blasi C. 2006. Determinants of native and alien species richness in the
urban flora of Rome. Divers. Distrib. 12(5):490-501

Celesti-Grapow L, Ricotta C. 2021. Plant invasion as an emerging challenge for the conservation of heritage
sites: the spread of ornamental trees on ancient monuments in Rome, Italy. Biol. Invasions 23(4):1191-206

éeplové N, Kalusové V, Lososovd Z. 2017. Effects of settlement size, urban heat island and habitat type on
urban plant biodiversity. Landsc. Urban Plann. 159:15-22

Chamberlain D, Reynolds C, Amar A, Henry D, Caprio E, Batiry P. 2020. Wealth, water and wildlife:
Landscape aridity intensifies the urban luxury effect. Global Ecol. Biogeogr: 29(9):1595-605

Chapman DS, Gunn ID, Pringle HE, Siriwardena GM, Taylor P, et al. 2020. Invasion of freshwater ecosystems
is promoted by network connectivity to hotspots of human activity. Global Ecol. Biogeogr: 29(4):645-55

Clark JS. 1998. Why trees migrate so fast: confronting theory with dispersal biology and the paleorecord. Am.
Nat. 152(2):204-24

Cordonnier M, Bellec A, Escarguel G, Kaufmann B. 2020. Effects of urbanization—climate interactions on
range expansion in the invasive European pavement ant. Basic Appl. Ecol. 44:46-54

Crowe TM. 1979. Lots of weeds: insular phytogeography of vacant urban lots. 7. Biogeogr: 1:169-81

Cubino JP, Subirés JV, Lozano CB. 2015. Propagule pressure from invasive plant species in gardens in low-
density suburban areas of the Costa Brava (Spain). Urban For: Urban Green. 14(4):941-51

Cuddington K, Sobek-Swant S, Crosthwaite JC, Lyons DB, Sinclair B]. 2018. Probability of emerald ash borer
impact for Canadian cities and North America: a mechanistic model. Biol. Invasions 20:2661-77

Davis MA, Grime JP, Thompson K. 2000. Fluctuating resources in plant communities: a general theory of
invasibility. 7. Ecol. 88(3):528-34

de Andrade AC. 2022. Density of marmosets in highly urbanised areas and the positive effect of arboreous
vegetation. Urban Ecosyst. 25(1):101-9

www.annualreviews.org o Cities Shape Nonnative Species

175



ES55_Art08_Potgieter

ARjats.cls  July 25,2024 11:20

Derraik JG. 2004. Exotic mosquitoes in New Zealand: a review of species intercepted, their pathways and
ports of entry. Aust. New Zealand J. Public Health 28(5):433-44

Drayton B, Primack RB. 1996. Plant species lost in an isolated conservation area in metropolitan Boston from
1894 to 1993. Conserv. Biol. 10:30-39

Duchesneau K, Derickx L, Antunes PM. 2021. Assessing the relative importance of human and spatial
pressures on non-native plant establishment in urban forests using citizen science. NeoBiota 65:1-21

Dyer EE, Cassey P, Redding DW, Collen B, Franks V, et al. 2017. The global distribution and drivers of alien
bird species richness. PLOS Biol. 15(1):¢2000942

Epanchin-Niell RS, Brockerhoff EG, Kean JM, Turner JA. 2014. Designing cost-efficient surveillance for early
detection and control of multiple biological invaders. Ecol. Appl. 24(6):1258-74

Estévez RA, Anderson CB, Pizarro JC, Burgman MA. 2015. Clarifying values, risk perceptions, and attitudes
to resolve or avoid social conflicts in invasive species management. Conserv. Biol. 29(1):19-30

Figueroa JA, Castro SA, Reyes M, Teillier S. 2018. Urban park area and age determine the richness of native
and exotic plants in parks of a Latin American city: Santiago as a case study. Urban Ecosyst. 21:645-55

Fridley JD, Stachowicz JJ, Naeem S, Sax D, Seabloom E, et al. 2007. The invasion paradox: reconciling pattern
and process in species invasions. Ecology 88(1):3-17

Gaertner M, Larson BM, Irlich UM, Holmes PM, Stafford L, et al. 2016. Managing invasive species in cities:
a framework from Cape Town, South Africa. Landsc. Urban Plann. 151:1-9

Gao Z, Pan Y, Van Bodegom PM, Cieraad E, Xing D, et al. 2023. Beta diversity of urban spontaneous plants
and its drivers in 9 major cities of Yunnan Province, China. Landsc. Urban Plann. 234:104741

Garcillin PP, Dana ED, Rebman JP, Pefias J. 2014. Effects of alien species on homogenization of urban flo-
ras across continents: a tale of two Mediterranean cities on two different continents. Plant Ecol. Evol.
147(1):3-9

Géron C, Lembrechts JJ, Borgelt J, Lenoir J, Hamdi R, et al. 2021. Urban alien plants in temperate oceanic
regions of Europe originate from warmer native ranges. Biol. Invasions 23(6):1765-79

Gochnour BM, Suiter DR, Booher D. 2019. Ant (Hymenoptera: Formicidae) fauna of the marine port of
savannah, Garden City, Georgia (USA). 7. Entomol. Sci. 54(4):417-29

Gopal D, von der Lippe M, Kowarik I. 2019. Sacred sites, biodiversity and urbanization in an Indian megacity.
Urban Ecosyst. 22:161-72

Gottschalk MS, De Toni DC, Valente VL, Hofmann PR. 2007. Changes in Brazilian Drosophilidae (Diptera)
assemblages across an urbanisation gradient. Neotropical Entomol. 36:848-62

Grez AA, Zaviezo T, Gardiner MM, Alaniz AJ. 2019. Urbanization filters coccinellids composition and func-
tional trait distributions in greenspaces across greater Santiago, Chile. Urban For. Urban Green. 38:337—
45

Grimalt S, Thompson D, Chartrand D, McFarlane J, Helson B, et al. 2011. Foliar residue dynamics of
azadirachtins following direct stem injection into white and green ash trees for control of emerald ash
borer. Pest Manag. Sci. 67(10):1277-84

Grimm NB, Faeth SH, Golubiewski NE, Redman CL, Wu J, et al. 2008. Global change and the ecology of
cities. Science 319(5864):756-60

Gruver A, CaraDonna P. 2021. Chicago bees: Urban areas support diverse bee communities but with more
non-native bee species compared to suburban areas. Environ. Entomol. 50(4):982-94

Guagliardo SA]J, Lee Y, Pierce AA, Wong J, Chu YY, et al. 2019. The genetic structure of Aedes aegypti
populations is driven by boat traffic in the Peruvian Amazon. PLOS Negl. Trop. Dis. 13(9):¢0007552

Helmus MR, Mahler DL, Losos JB. 2014. Island biogeography of the Anthropocene. Nazure 513(7519):543-46

Hope D, Gries C, Zhu W, Fagan WF, Redman CL, et al. 2003. Socioeconomics drive urban plant diversity.
PNAS 100(15):8788-92

Horsik M, Lososové Z, Cejka T, Jufickovd L, Chytry M. 2013. Diversity and biotic homogenization of urban
land-snail faunas in relation to habitat types and macroclimate in 32 Central European cities. PLOS ONE
8(8):€71783

Hui C, Richardson DM, Visser V. 2017. Ranking of invasive spread through urban green areas in the world’s
100 most populous cities. Biol. Invasions 19(12):3527-39

Hulme PE. 2011. Addressing the threat to biodiversity from botanic gardens. Tiends Ecol. Evol. 26(4):168-74

Potgieter et al.



ES55_Art08_Potgieter ~ ARjats.cls  July 25,2024 11:20

Hulme PE. 2017. Climate change and biological invasions: evidence, expectations, and response options.
Biol. Rev. 92(3):1297-313

Hiise B, Szabé S, Dedk B, Téthmérész B. 2016. Mapping an ecological network of green habitat patches
and their role in maintaining urban biodiversity in and around Debrecen city (eastern Hungary).
Land Use Policy 57:574-81

Jacob G, Prévot-Julliard A-C, Baudry E. 2015. The geographic scale of genetic differentiation in the feral
pigeon (Columba livia): implications for management. Biol. Invasions 17:23-29

Jehlik V, Dostilek J, Frantik T. 2019. Alien plants in central European river ports. NeoBiota 45:93-115

Jin C,Hu S, Huang L, Huang J, Jim CY, et al. 2021. Landscape plants in major Chinese cities: diverse origins
and climatic congruence vis-a-vis climate change resilience. Urban For: Urban Green. 64:127292

Jin C, Zheng M, Huang L, Qian S, Jim CY, et al. 2020. Co-existence between humans and nature: heritage
trees in China’s Yangtze River region. Urban For. Urban Green. 54:126748

Kalwij JM, Milton SJ, McGeoch MA. 2008. Road verges as invasion corridors? A spatial hierarchical test in
an arid ecosystem. Landsc. Ecol. 23:439-51

Kowarik I, Lippe M, Cierjacks A, et al. 2013. Prevalence of alien versus native species of woody plants in Berlin
differs between habitats and at different scales. Prestia 85(2):113-32

Kiihn I, Brandl R, Klotz S. 2004. The flora of German cities is naturally species rich. Evol. Ecol. Res. 6(5):749—-64

Kiihn I, Wolf J, Schneider A. 2017. Is there an urban effect in alien plant invasions? Biol. Invasions 19:3505-13

Kulfan J, Zach P, Holec J, Brown PM, Sarvasovi L, et al. 2020. The invasive box tree moth five years after
introduction in Slovakia: damage risk to box trees in urban habitats. Forests 11(9):999

La Sorte FA, Aronson MF, Williams NS, Celesti-Grapow L, Cilliers S, et al. 2014. Beta diversity of urban
floras among European and non-European cities. Global Ecol. Biogeogr. 23(7):769-79

Lima JMT, Staudhammer CL, Brandeis TJ, Escobedo FJ, Zipperer W. 2013. Temporal dynamics of a
subtropical urban forest in San Juan, Puerto Rico, 2001-2010. Landsc. Urban Plann. 120:96-106

Lépez-Collar D, Cabrero-Safiudo FJ. 2021. Update on the invasion status of the Argentine ant, Linepithema
bumile (Mayr, 1868), in Madrid, a large city in the interior of the Iberian Peninsula. 7. Hymenoptera Res.
85:161-77

Lépez-Legentil S, Legentil ML, Erwin PM, Turon X. 2015. Harbor networks as introduction gateways:
contrasting distribution patterns of native and introduced ascidians. Biol. Invasions 17:1623-38

Lososovi Z, Chytry M, Tichy L, Danihelka J, Fajmon K, et al. 2012a. Native and alien floras in urban habitats:
a comparison across 32 cities of central Europe. Global Ecol. Biogeogr: 21(5):545-55

Lososovi Z, Chytry M, Tichy L, Danihelka J, Fajmon K, et al. 2012b. Biotic homogenization of central Euro-
pean urban floras depends on residence time of alien species and habitat types. Biol. Conserv. 145(1):179—
84

Lowenstein DM, Minor ES. 2016. Diversity in flowering plants and their characteristics: integrating humans
as a driver of urban floral resources. Urban Ecosyst. 19:1735-48

Lubbe CS, Siebert SJ, Cilliers SS, et al. 2010. Political legacy of South Africa affects the plant diversity patterns
of urban domestic gardens along a socio-economic gradient. Sci. Res. Essays 5(19):2900-10

Maceda-Veiga A, Escribano-Alacid J, Martinez-Silvestre A, Verdaguer I, Mac Nally R. 2019. What’s next?
The release of exotic pets continues virtually unabated 7 years after enforcement of new legislation for
managing invasive species. Biol. Invasions 21:2933-47

Matthies SA, Riiter S, Prasse R, Schaarschmidt F. 2015. Factors driving the vascular plant species richness in
urban green spaces: using a multivariable approach. Landsc. Urban Plann. 134:177-87

McKinney ML. 2006. Urbanization as a major cause of biotic homogenization. Biol. Conserv. 127(3):247-60

McLean P, Gallien L, Wilson JR, Gaertner M, Richardson DM. 2017. Small urban centres as launching sites
for plant invasions in natural areas: insights from South Africa. Biol. Invasions 19(12):3541-55

Mumaw L, Bekessy S. 2017. Wildlife gardening for collaborative public—private biodiversity conservation.
Australas. §. Environ. Manag. 24(3):242-60

Nekola JC, White PS. 1999. The distance decay of similarity in biogeography and ecology. 7. Biogeogr:
26(4):867-78

Nguyen N-A, Eskelson BN, Gergel SE, Murray T. 2021. The occurrence of invasive plant species differed
significantly across three urban greenspace types of metro Vancouver, Canada. Urban For: Urban Green.
59:126999

www.annualreviews.org o Cities Shape Nonnative Species

177



ES55_Art08_Potgieter

ARjats.cls  July 25,2024 11:20

O’Donnell ], Gallagher RV, Wilson PD, Downey PO, Hughes L, Leishman MR. 2012. Invasion hotspots for
non-native plants in Australia under current and future climates. Glob. Change Biol. 18(2):617-29

O’Malia EM, Johnson LB, Hoffman JC. 2018. Pathways and places associated with nonindigenous aquatic
species introductions in the Laurentian Great Lakes. Hydrobiologia 817:23-40

Olden JD, Whattam E, Wood SA. 2021. Online auction marketplaces as a global pathway for aquatic invasive
species. Hydrobiologia 848:1967-79

Padayachee AL, Irlich UM, Faulkner KT, Gaertner M, Proches §, et al. 2017. How do invasive species travel
to and through urban environments? Biol. Invasions 19:3557-70

Palomino D, Carrascal LM. 2005. Birds on novel island environments. A case study with the urban avifauna
of Tenerife (Canary Islands). Ecol. Res. 20:611-17

Panitsa M, Iliadou E, Kokkoris I, Kallimanis A, Patelodimou C, et al. 2020. Distribution patterns of ruderal
plant diversity in Greece. Biodivers. Conserv. 29:869-91

Perrings C, Fenichel E, Kinzig A. 2010. Globalization and Invasive Alien Species: Trade, Pests, and Pathogens.
New York: Oxford Univ. Press

Pickett ST, Cadenasso ML, Grove JM, Nilon CH, Pouyat RV, et al. 2001. Urban ecological systems: linking
terrestrial ecological, physical, and socioeconomic components of metropolitan areas. Annu. Rev. Ecol.
Syst. 32:127-57

Pineda M-C, Lorente B, Lopez-Legentil S, Palacin C, Turon X. 2016. Stochasticity in space, persistence in
time: genetic heterogeneity in harbour populations of the introduced ascidian Styelu plicata. Peer.4:¢2158

Polidori C, Garcia-Gila J, Blasco-Aréstegui J, Gil-Tapetado D. 2021. Urban areas are favouring the spread of
an alien mud-dauber wasp into climatically non-optimal latitudes. Acta Oecologica. 110:103678

Potgieter L], Aronson M, Brandt AJ, Cook CN, Gaertner M, et al. 2022a. Prioritization and thresholds for
managing biological invasions in urban ecosystems. Urban Ecosyst. 25(1):253-71

Potgieter L], Cadotte MW. 2020. The application of selected invasion frameworks to urban ecosystems.
NeoBiota 62:365-86

Potgieter L], Gaertner M, Kueffer C, Larson BM, Livingstone SW, et al. 2017. Alien plants as mediators of
ecosystem services and disservices in urban systems: a global review. Biol. Invasions 19:3571-88

Potgieter L], Gaertner M, O’Farrell PJ, Richardson DM. 2019. Perceptions of impact: invasive alien plants in
the urban environment. 7. Environ. Manag. 229:76-87

Potgieter L], Shrestha N, Cadotte MW. 2022b. Prioritizing terrestrial invasive alien plant species for
management in urban ecosystems. 7. Appl. Ecol. 59(3):872-83

Pysek P. 1998. Alien and native species in central European urban floras: a quantitative comparison. 7. Biogeogr:
25(1):155-63

Pysek P, Bacher S, Kiithn I, Novoa A, Catford JA, et al. 2020. Macroecological framework for invasive aliens
(MAFTA): disentangling large-scale context dependence in biological invasions. NeoBiota 62:407-61

Pysek P, Chytry M. 2014. Habitat invasion research: where vegetation science and invasion ecology meet.
7 Veg. Sci. 25(5):1181-87

Pysek P, Jarosik V, Hulme PE, Kiihn I, Wild J, et al. 2010. Disentangling the role of environmental and human
pressures on biological invasions across Europe. PNAS 107(27):12157-62

Ramage BS, Roman LA, Dukes JS. 2013. Relationships between urban tree communities and the biomes in
which they reside. Appl. Veg. Sci. 16(1):8-20

Rat MM, Gavrilovi¢ MT, Radak B, Boki¢ BS, Jovanovi¢ SD, et al. 2017. Urban flora in the southeast Europe
and its correlation with urbanization. Urban Ecosyst. 20:811-22

Reyes-Lépez J, Carpintero S. 2014. Comparison of the exotic and native ant communities (Hymenoptera:
Formicidae) in urban green areas at inland, coastal and insular sites in Spain. Eur: 7. Entomol. 111(3):421-
28

Rittel HW, Webber MM. 1973. Dilemmas in a general theory of planning. Policy Sci. 4(2):155-69

Seebens H, Essl F, Dawson W, Fuentes N, Moser D, et al. 2015. Global trade will accelerate plant invasions
in emerging economies under climate change. Global Change Biol. 21(11):4128-40

Sexton JP, McIntyre PJ, Angert AL, Rice KJ. 2009. Evolution and ecology of species range limits. Annu. Rev.
Ecol. Evol. Syst. 40:415-36

Shackleton CM, Gwedla N. 2021. The legacy effects of colonial and apartheid imprints on urban greening in
South Africa: spaces, species, and suitability. Front. Ecol. Evol. 8:579813

Potgieter et al.



ES55_Art08_Potgieter ~ ARjats.cls  July 25,2024 11:20

Shackleton RT, Richardson DM, Shackleton CM, Bennett B, Crowley SL, et al. 2019. Explaining people’s
perceptions of invasive alien species: a conceptual framework. 7. Environ. Manag. 229:10-26

Sharp RL, Larson LR, Green GT. 2011. Factors influencing public preferences for invasive alien species
management. Biol. Conserv. 144(8):2097-104

Silva-Ortega M, Mufioz-Pacheco CB, Villasefior NR. 2023. Abundance of non-native birds in the city: spatial
variation and relationship with socioeconomics in a South American city. Animals 13(11):1737

Sobrinho Soares AC, dos Santos RO, Soares RN, Cantuaria PC, de Lima RB, da Silva e Silva BM. 2021.
Paradox of afforestation in cities in the Brazilian Amazon: an understanding of the composition and
floristic similarity of these urban green spaces. Urban For. Urban Green. 66:127374

Stajerové K, Smilauer P, Brna J, Pyek P.2017. Distribution of invasive plants in urban environment is strongly
spatially structured. Landsc. Ecol. 32:681-92

Stephens AE, Stringer LD, Suckling DM. 2016. Advance, retreat, resettle? Climate change could produce a
zero-sum game for invasive species. Austral Entomol. 55(2):177-84

Sukopp H, Wurzel A. 2003. The effects of climate change on the vegetation of central European cities.
Urban Habitats 1:66-86

Tang Q, Jiang H, Li Y, Bourguignon T, Evans TA. 2016. Population structure of the German cockroach,
Blattella germanica, shows two expansions across China. Biol. Invasions 18:2391-402

Taylor PD, Fahrig L, Henein K, Merriam G. 1993. Connectivity is a vital element of landscape structure.
Oikos 68(3):571-73

Thuiller W, Richardson DM, Pysek P, Midgley GF, Hughes GO, Rouget M. 2005. Niche-based modelling as
a tool for predicting the risk of alien plant invasions at a global scale. Global Change Biol. 11(12):2234-50

Tsang TP, Dyer EE, Bonebrake T'C. 2019. Alien species richness is currently unbounded in all but the most
urbanized bird communities. Ecography 42(8):1426-35

Ulman A, Ferrario J, Forcada A, Arvanitidis C, Occhipinti-Ambrogi A, Marchini A. 2019. A hitchhiker’s guide
to Mediterranean marina travel for alien species. 7. Environ. Manag. 241:328-39

Vakhlamova T, Rusterholz H-P, Kanibolotskaya Y, Baur B. 2016. Effects of road type and urbanization on the
diversity and abundance of alien species in roadside verges in western Siberia. Plant Ecol. 217:241-52

Vall-Llosera M, Cassey P. 2017. Leaky doors: private captivity as a prominent source of bird introductions in
Australia. PLOS ONE 12(2):¢0172851

van Heezik Y, Adams AL. 2016. Vulnerability of native and exotic urban birds to housing densification and
changing gardening and landscaping trends. Urban Ecosyst. 19:1551-63

van Heezik Y, Freeman C, Porter S, Dickinson KJ. 2013. Garden size, householder knowledge, and socio-
economic status influence plant and bird diversity at the scale of individual gardens. Ecosysterns 16:1442-54

Vargo EL, Crissman JR, Booth W, Santangelo RG, Mukha DV, Schal C. 2014. Hierarchical genetic analysis
of German cockroach (Blattella germanica) populations from within buildings to across continents. PLOS
ONE 9(7):¢102321

Vojik M, Sédlo J, Petiik P, PySek P, Man M, Pergl J. 2020. Two faces of parks: sources of invasion and habitat
for threatened native plants. Preslia 92(4):353-73

Von der Lippe M, Kowarik I. 2008. Do cities export biodiversity? Traffic as a dispersal vector across urban—
rural gradients. Divers. Distributions 14(1):18-25

Vonshak M, Gordon DM. 2015. Intermediate disturbance promotes invasive ant abundance. Biol. Conserv.
186:359-67

Wang X, Svenning J-C, Liu J, Zhao Z, Zhang Z, et al. 2021. Regional effects of plant diversity and biotic
homogenization in urban greenspace — the case of university campuses across China. Urban For. Urban
Green. 62:127170

Warren PS, Lerman SB, Andrade R, Larson KL, Bateman HL. 2019. The more things change: species losses
detected in phoenix despite stability in bird—socioeconomic relationships. Ecosphere 10(3):¢02624

Wheeler MM, Neill C, Groffman PM, Avolio M, Bettez N, et al. 2017. Continental-scale homogenization of
residential lawn plant communities. Landsc. Urban Plann. 165:54-63

Whittaker RH. 1956. Vegetation of the Great Smoky Mountains. Ecol. Monogr: 26(1):2-80

Woodford DJ, Ivey P, Novoa A, Shackleton R, Richardson D, et al. 2017. Managing conflict-generating
invasive species in South Africa: challenges and trade-offs. Bothalia Afi. Biodivers. Conserv. 47(2):1-11

www.annualreviews.org o Cities Shape Nonnative Species

179



ES55_Art08_Potgieter

ARjats.cls  July 25,2024 11:20

180

Yang ], La Sorte FA, PySek P, Yan P, Nowak D, McBride J. 2015. The compositional similarity of urban forests
among the world’s cities is scale dependent. Global Ecol. Biogeogr: 24(12):1413-23

Yemshanov D, Koch FH, Ducey M, Koehler K. 2012. Trade-associated pathways of alien forest insect entries
in Canada. Biol. Invasions 14:797-812

Yiicedag C, Asik Y. 2023. Association between socioeconomic status and woody plant diversity in
neighborhood parks. Urban Ecosyst. 26:1071-80

Zerbe S, Maurer U, Schmitz S, Sukopp H. 2003. Biodiversity in Berlin and its potential for nature conservation.
Landsc. Urban Plann. 62(3):139-48

Zhang S, Zheng Y, Zhan A, Dong C, Zhao J, Yao M. 2022. Environmental DNA captures native and non-native
fish community variations across the lentic and lotic systems of a megacity. Sci. Adv. 8(6):eabk0097

Zhu Z-X, Roeder M, Xie J, Nizamani MM, Friedman CR, Wang H-F. 2019. Plant taxonomic richness and
phylogenetic diversity across different cities in China. Urban For. Urban Green. 39:55-66

Potgieter et al.



