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Abstract
The rapid expansion of urban land across the globe presents new and numerous opportunities for invasive species to spread 
and flourish. Ecologists historically rejected urban ecosystems as important environments for ecology and evolution research 
but are beginning to recognize the importance of these systems in shaping the biology of invasion. Urbanization can aid the 
introduction, establishment, and spread of invaders, and these processes have substantial consequences on native species 
and ecosystems. Therefore, it is valuable to understand how urban areas influence populations at all stages in the invasion 
process. Population genetic tools are essential to explore the driving forces of invasive species dispersal, connectivity, and 
adaptation within cities. In this review, we synthesize current research about the influence of urban landscapes on invasion 
genetics dynamics. We conclude that urban areas are not only points of entry for many invasive species, they also facilitate 
population establishment, are pools for genetic diversity, and provide corridors for further spread both within and out of 
cities. We recommend the continued use of genetic studies to inform invasive species management and to understand the 
underlying ecological and evolutionary processes governing successful invasion.
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Introduction

Invasive species can cause dramatic alterations to biotic and 
abiotic components of the environment (Dukes and Mooney 
1999; Ehrenfeld 2003; Salo et al. 2007; Molnar et al. 2008; 
Vila et al. 2011). In urban landscapes, the effects of inva-
sion are compounded with habitat fragmentation, pollution, 
and disturbance, intensifying strain on ecosystems (Munns 
2006; Boone et al. 2007; Holmstrup et al. 2010). While 
biologists acknowledge the increased presence of invasive 
species within cities (Pyšek 1998; Bolger et al. 2000; Alberti 
2005; Lambdon et al. 2008; Cavin and Kull 2017), the influ-
ence of the urban environment on the ecology and evolution 
of invaders has been largely overlooked. It is important to 
understand this relationship given the threats of both urbani-
zation and invasive spread to biodiversity. These threats are 
ongoing and may also be expected to accelerate given the 

increasing extent of urban land cover and the synergistic 
relationship between urbanization and invasion (Seto et al. 
2012).

One consequence of urban expansion is an increase 
in invasive species presence, abundance, and diversity in 
cities (Gaertner et al. 2017). Urbanization is becoming a 
dominant global land cover and habitat type. There were 
28 megacities globally in 2014 with a projected 13 more by 
2030 (United Nations Statistics Division 2017). Megacities, 
defined as metropolitan areas with > 10 million population, 
are the result of cities expanding and fusing (Terando et al. 
2014). These may represent an emerging, novel biome where 
fundamental ecological and evolutionary processes may 
generate unique patterns of species response. To address 
threats posed by invasive species and urbanization, we must 
understand the fundamental ecological and evolutionary pro-
cesses at play and how they interact to produce patterns of 
species distribution and composition in cities. This can be 
assisted using genetic tools to understand the driving forces 
of invasive species dispersal, connectivity, and adaptation 
within cities.

Despite the immense body of literature on the genetics of 
invasives, the population genetic characteristics of invasive 
species in urban environments has remained unreviewed. We 
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discuss how urban landscapes exacerbate the risks posed by 
invasive species by facilitating introduction and establish-
ment while simultaneously providing a source for outward 
spread. We examine the influence of urban landscapes on 
invasion genetics in three parts that mirror the stages of 
invasion: (1) cities as hubs for invasion [arrival], (2) genetic 
diversity and structure within cities [establishment], and (3) 
movement within and out of cities [spread]. Throughout, 
we demonstrate the utility of population genetic studies to 
inform invasive species management. The invasion history 
of a species may be highly relevant to management if, for 
instance, certain genotypes are more damaging to ecosys-
tems or travel through the landscape in unique ways. In these 
cases, studies that look at gene flow or rapid evolution of 
invasive species in urban systems are valuable.

Discussion concerning invasion requires deliberate and 
precise language given the dubious and often political nature 
of the term (Pyšek 1995; Larson 2005, 2007). Here, we 
define invasive as non-native species whose introductions 
are linked to anthropogenic activity and which have nega-
tive effects on local ecosystems. We describe urban areas 
according to United Nations guidelines, which recognizes 
national differences in definitions of urban and rural that 
may not be reflected by purely quantitative measures such 
as population density (United Nations Statistics Division 
2017). Generally, urban areas are more densely populated 
and contain higher proportions of impervious surface and 
human infrastructure than rural or unsettled area. Socioeco-
nomic structure differs between urban and rural communi-
ties; specifically, urban economies are not as agriculturally-
focused and urban areas offer more human services and 
higher qualities of life (United Nations Statistics Division 
2017). Ecologically, urban areas have higher levels of pol-
lution, are more fragmented, and experience higher levels of 
anthropogenic disturbance (Miles et al. 2019). When we dis-
cuss spread of invasive species out of urban landscapes, we 
focus on spread into areas that are not already degraded and 
fragmented directly by urban features. We avoid the term 
“natural” because it connotes an area unaffected by anthro-
pogenic activity, an unrealistic suggestion in the face of 
pressure from human-induced climate and land use change 
(McIntyre et al. 2000).

All species are affected in some way by anthropogenic 
changes, but while some struggle and perish, others thrive. 
Urban-associated invaders, such as rats, pigeons, and mos-
quitoes, have adapted to be city specialists and are mainstays 
of urban areas globally (Luniak 2004; Francis and Chadwick 
2012; Hulme-Beaman et al. 2016; Johnson and Munshi-
South 2017). Other invasive species are adapted to specific 
plant or animal hosts that are commonly found in cities, such 
as the Asian long-horned beetle Anoplophora glabripennis, 
the birch leaf-mining weevil Orchestes fagi, and the Asian 
longhorned tick Haemaphysalis longicornis (Kirichenko 

et al. 2018; Javal et al. 2019; Tufts et al. 2019). These spe-
cies were introduced to cities unintentionally. However, most 
invasions in cities start as deliberate introductions (Paday-
achee et al. 2017). For example, ornamental plants like the 
glossy buckthorn Frangula alnus are imported to beautify 
cities and subsequently proliferate out of control (Lamb-
don et al. 2008; Milbau and Stout 2008; Hulme 2011; Dlu-
gosch et al. 2015). Some invasive animals, such as Burmese 
pythons Python bivittatus and monk parakeets Myiopsitta 
monachus, are intentionally released as unwanted pets (Rus-
sello et al. 2008; Willson et al. 2010). These pathways also 
apply to aquatic invaders, which are also impacted by urban-
ization (Box 1). One explanation for the apparent procliv-
ity for invasion success (invasiveness) is that many of these 
organisms have evolved in cities for centuries (Hulme-Bea-
man et al. 2016). However, this hypothesis does not account 
for why some species are able to survive and spread in both 
urban and undeveloped environments (e.g., black rats Rattus 
rattus, found in both cities and uninhabited islands), or why 
other species that have been exposed to urban settings for 
similar lengths of time did not also evolve to overcome the 
obstacles of city living.

Population genetics can help us understand why certain 
species thrive in urban systems while others do not. The 
genetic characteristics of invaders allow researchers to test 
hypotheses about invasion origins, spread, and adaptation. 
Genetic comparisons between native and introduced popula-
tions can identify the source of the invasive species (Quinn 
et al. 2012; Burford Reiskind et al. 2019). Landscape genet-
ics can reveal fine-scale patterns of invasive dispersal and 
spread (Balkenhol et al. 2015), and population and quanti-
tative genomics can identify putative regions of selection 
within the genome highlight how invasive species adapt to 
novel environments (Burford Reiskind et al. 2018, 2019).

Arrival: cities as hubs for invasion

Humans mediate spread of invasive species. Therefore, 
cities, as nexi of anthropogenic settlement and movement, 
are hotspots for invasion (Gaertner et al. 2017; Kühn et al. 
2017; Seebens et al. 2018). Historically, most unintentional 
introductions into cities occurred via water-based trade, 
where organisms were stowaways on ships or in ballast 
water (Box 1). Many invasive species, including rodents 
and shellfish, still arrive in this manner (Kühn et al. 2017; 
Tingley et al. 2018). Invasive species also enter urban envi-
ronments via land-based trade pathways, as escapees from 
botanical gardens, the aquarium and pet trades, or through 
intentional introductions (Hulme et al. 2015; Padayachee 
et al. 2017; Yanai et al. 2017). Multiple pathways of intro-
duction increase the likelihood of multiple invasions from 
novel source locations.
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Frequent introduction events, which are likely to occur 
in urban areas with trade and long-distance transporta-
tion, can increase a population’s propagule pressure and 
subsequently their probability of successful establishment 
(Table 1; Lockwood et al. 2005; Simberloff 2005; Signorile 
et al. 2014; Blackburn et al. 2015). Multiple introductions 
of the same non-native species to an area are more frequent 
in urban areas, and therefore there is a higher likelihood of 
two genetically distinct invasive populations meeting and 
interbreeding. Cities can therefore be hotspots for genetic 
admixture (e.g., Lindholm et al. 2005; Kolbe et al. 2008; 
Chapple et al. 2013; Vargo et al. 2014; Fischer et al. 2017; 
Qiao et al. 2019).

When multiple introductions do occur, admixture may 
occur that would be unlikely in the native range. This can 
lead to an increase in genetic diversity and novel allelic 
combinations between genes that may enhance evolution-
ary and adaptive potential (Verhoeven et al. 2011). When 
investigating the role of multiple introductions in urban 
invasions, we can use genetic tools to quickly identify 

signatures of multiple invasions and subsequent admix-
ture. Observed linkage disequilibrium in cities within the 
invasive range of the monk parakeet Myiopsitta mochacus, 
but not the native range, showed that high propagule pres-
sure from multiple introductions was important in their 
establishment in the United States (Da Silva et al. 2010). 
If researchers conduct robust sampling in the native range, 
then mitochondrial DNA (mtDNA) or genomic markers 
can be highly effective at detecting multiple introductions 
in an invasive area. In urban areas of Lord Howe Island, 
Australia, populations of the invasive delicate skink Lam-
propholis delicata contained mtDNA haplotypes from 
all five source locations examined, indicating extensive 
admixture. More rural populations of the skink on the 
same island did not show the same degree of hybridiza-
tion, demonstrating that multiple introductions occurred 
in cities (Chapple et al. 2013). We can better understand 
the consequences of increased propagule pressure in urban 
areas by measuring genetic structure and genetic diversity 
of invasive populations within a city.

Table 1  Processes and the expected genetic consequences for the stages of biological invasions and genetic tools researchers use to evaluate and 
test these hypotheses

Arrows indicate the directionality, when appropriate, of the process or impact

Stages of invasion Processes contributing to success Expected genetic consequences Genetic tools

Introduction ↑ Propagule pressure (# individuals and 
populations)

↑ Sources of introductions

↑ Initial genetic diversity
↓ Susceptibility to genetic drift
↑ Initial genetic diversity

mtDNA to identify sources
Calculations of Hardy–Weinberg equilibrium 

and linkage disequilibrium to identify 
signatures of multiple introductions

FIS, allelic diversity, and effective population 
size to measure genetic variation and drift

Establishment Preadaptation in native range
Rapid evolution in invasive range
↑ Population growth rate
↑ No. of introductions
↑ Degree of admixture

↑ Fitness
↑ Fitness
↑ or maintain genetic diversity
↑ Genetic diversity
↑ Genetic structure
↑ Genetic diversity
↓ Genetic structure

Quantitative genetic studies of traits to iden-
tify genes contributing to invasion success

Population genomics to identify signatures of 
adaptation using outlier loci

F-statistics and ordination methods to meas-
ure diversity and structure

Spread ↑ Dispersal ability,
↑ Frequency of facilitated dispersal
↑ Adaptive capacity to new environments
↑ Habitat connectivity

↑ Probability of establishing 
new propagules

↑ Probability of detecting sig-
natures of range expansion

↑ Gene flow
↓ Genetic structure
↑ Fitness
↑ Probability of establishing 

new propagules
↑ Probability of detecting sig-

natures of range expansion
↑ Genetic diversity
↓ Genetic structure
↑ Probability of establishing 

new propagules
↑ Gene flow
↓ Genetic structure

Quantitative genetic studies to identify genes 
contributing to increased dispersal and 
damaging genotypes

Population genomics to identify signatures 
of adaptation and leading edge of range 
expansion

Landscape genetics to identify features 
important to dispersal

Measures of gene flow frequency and direc-
tion and genetic connectivity to identify 
source populations for new propagules
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Establishment: evolution, genetic diversity, 
and structure of urban invaders

Overcoming the genetic paradox of invasion

Cities can be stressful environments for organisms to 
invade and establish. Urban areas are highly disturbed, 
stochastic, and have limited areas of suitable habitats for 
many species (Airoldi et al. 2015; Kühn et al. 2017). For 
example, urban centers have high proportions of impervi-
ous surfaces, fragmented green spaces, and elevated levels 
of pollution (Munns 2006; Boone et al. 2007; Holmstrup 
et al. 2010). Paired with founder effects, this should make 
establishment unlikely (see Table  1). However, many 
introduced populations successfully proliferate in cities 
despite genetic and ecosystem obstacles (Frankham 2005; 
Allendorf et al. 2014; Estoup et al. 2016). There are sev-
eral explanations for why cities may be nurseries for inva-
sions. There is less competition from native species, as 
biodiversity is lower in urban areas, and consequently cit-
ies may have unfilled ecological niches (Moles et al. 2008; 
Schrieber and Lachmuth 2017). Cities offer a variety of 
natural and anthropogenic resources and habitats for new 
populations to exploit and settle (McDonnell and Hahs 
2015; Kühn et al. 2017) and many routes for natural and 
human-mediated dispersal (discussed further in the next 
section; Padayachee et al. 2017). Cities also have unique 
climatological features (e.g., the urban heat island effect) 
that may be more suitable to the invading population than 
surrounding areas (Leniaud et al. 2009; Menke et al. 2011; 
Groeneveld et al. 2014). For instance, subterranean ter-
mites Reticulitermes have been found in urban dwellings in 
Hamburg, Germany, Paris, France, and Toronto, Canada, 
while the nearby forest habitats are too cool to support 
termites (Leniaud et al. 2009).

Cities present unique habitat features for invading 
organisms, but recent work suggests that it may also be 
important to consider the recent evolutionary trajectory 
of the invader. There are numerous cases of invasive spe-
cies establishing in urban areas after a single introduction. 
European starlings Sturnus vulgaris in New York, USA 
and black rats in the Mediterranean basin had low found-
ing population sizes and low genetic diversity, but nev-
ertheless successfully established and spread (Linz et al. 
2007; Colangelo et al. 2015). These populations may have 
had a particular advantage: anthropogenically-induced 
adaptation to invade (AIAI; Hufbauer et al. 2012). AIAI 
benefits synurbic species because they are pre-adapted to 
metropolitan conditions in their native ranges, and these 
adaptations contribute to invasion success (Hufbauer et al. 
2012; Duncan 2016; MacDougall et al. 2018). This the-
ory posits that urban habitats and the associated selection 

pressures are similar despite geographic distance. There-
fore, a city environment in Asia may be more similar to 
a city environment in North America than either of those 
cities are to their adjacent, less urban areas, both in terms 
of biotic communities and abiotic landscape and environ-
mental properties (McKinney 2006; Pauchard et al. 2006; 
Pickett et al. 2011; Polsky et al. 2014). Adaptations to cit-
ies include increased aggression and risk-taking behaviors, 
faster growth and reproductive rates, pesticide/insecticide 
resistance, and changes in thermal tolerances (Duckworth 
and Badyaev 2007; Romero et al. 2007; Dalla Bona et al. 
2012; Koch et al. 2016; Brans et al. 2017a, b; Diamond 
et al. 2017; Kamdem et al. 2017; Miranda 2017; Wang 
and Hung 2019; see Johnson and Munshi-South 2017 for 
a review on evolution in cities). The degree to which these 
adaptations may increase invasiveness is debated, and 
research on the evolutionary ecology of invasive popula-
tions in cities is still developing (Hufbauer et al. 2012). If 
adaptation to urban environments enhances invasiveness, 
we expect to see cities as major sources for invasive popu-
lations, new species becoming globally invasive following 
their adaptation to urban areas, and traits evolving multiple 
times in invasive urban populations.

Probability of successful establishment may also increase 
if populations undergo rapid evolution in the invaded area. 
Rapid evolution can be facilitated by increased genetic diver-
sity following multiple introductions. For example, green-
finch Carduelis chloris populations in New Zealand, house 
finch Carpodacus mexicanus populations in Eastern North 
America, and the brushtail possum Trichosurus vulpecula 
in New Zealand all experienced multiple introductions and 
exhibited comparable or elevated genetic diversity compared 
to populations within their native ranges (Triggs and Green 
1989; Merilä et al. 1996; Wang et al. 2003; Dlugosch and 
Parker 2008). Research on rapid evolution in urban inva-
sions is limited. However, laboratory experiments conducted 
by Li et al. (2018) showed that admixture from multiple 
populations increased establishment success via increased 
reproductive ability in the invasive ladybird Cryptolaemus 
montrouzieri.

Genetic diversity and structure in cities

Several patterns of genetic structure may emerge following 
establishment (Fig. 1). An introduced population with high 
genetic diversity but low genetic structure throughout a city 
suggests a recent, rapidly spreading invasion and/or high 
rates of movement and genetic exchange across the urban 
range. Patterns of high diversity and low structure are com-
mon in synurbic invasive invertebrate and rodent popula-
tions (Gardner-Santana et al. 2009; Mangombi et al. 2016; 
Rutkowski et al. 2017; Sherpa et al. 2018). However, the 
cause of this pattern varies between invasions. The harlequin 
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ladybird Harmonia axyridis invasion in Poland showed high 
genetic diversity and low genetic structure initially, which 
was attributed to a large founding population and rapid 
spread (Rutkowski et al. 2017). In contrast, longer estab-
lished urban populations of the Asian Tiger Mosquito Aedes 
albopictus in Reunion Island, France, had higher genetic 
diversity and were more genetically structured than newly-
introduced European populations, implying the accumula-
tion of genetic variation over time (Sherpa et al. 2018).

High genetic diversity and gene flow could facilitate 
rapid evolution and the spread of adaptations beneficial to 
the population, respectively, which is worrisome because 
pesticide resistance and diseases may proliferate rapidly 
under these conditions (Caprio and Tabashnik 1992; Miller 
and Sappington 2017; Collins and Schlipalius 2018). Con-
versely, high gene flow may be a benefit for management 
when using genetic control techniques (Webber et al. 2015; 

National Academies of Sciences and Medicine 2016). High 
migration will allow the altered gene to propagate across 
populations, so fewer releases of modified individuals are 
required for effective control (Prowse et al. 2017). Popu-
lation and landscape genetic research can inform strategic 
management regimes by enhancing demography data for the 
invasive population and identifying areas of elevated gene 
flow to optimize control strategies.

Some invasive populations show both high genetic diver-
sity and genetic structure within cities. In such cases, the 
invasive population is predicted to exhibit metapopulation 
dynamics because there are discrete, fragmented patches 
connected by limited migration (Table 1; Fig. 1; Facon and 
David 2006).This pattern is frequently observed in synurbic 
arthropod species with limited natural dispersal distances, 
such as termites, bedbugs, and cockroaches (Crissman et al. 
2010; Vargo et al. 2014; Akhoundi et al. 2015; Baudouin 

Fig. 1  Introduction history and modern gene flow affect genetic 
characteristics of invasive populations within an urban environment. 
Studying the level of genetic diversity and degree of genetic structure 
provides evidence for different introduction and establishment path-
ways in invasive populations, such as the number of introductions 
and realized dispersal and connectivity between subpopulations. For 
example, a a single introduction during timepoint 1 (T1) results in 
limited genetic diversity during subsequent establishment and spread 

within an urban environment (T2). Alternatively, b if there are multi-
ple introductions, either from a single source over multiple events or 
from discrete sources, overall genetic diversity will be higher during 
timepoint 1. If gene flow is limited between individuals from intro-
duction events, then after subsequent establishment (T2) we expect to 
observe little within-population diversity and high genetic structure 
(lower left). Conversely, if populations are well connected and gene 
flow is high, we expect to observe the scenario in the lower right
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et al. 2018). Baudouin et al. (2018) identified four differ-
entiated subpopulations composed of multiple colonies of 
termites Reticulitermes flavipes in Paris using microsatellite 
loci. In a study of bedbug populations in a single suburb of 
Paris, France, Akhoundi et al. (2015) found that populations 
were highly differentiated from one another and within-
population genetic diversity was low, potentially established 
from a single fertilized female. Similarly, German cockroach 
Blattella germanica populations showed signals of panmixia 
within, but not between, infested buildings in two separate 
studies (Crissman et al. 2010; Vargo et al. 2014). This sce-
nario with high genetic diversity across the metapopulation 
paired with isolation between subpopulations suggests a 
need for spatiotemporally comprehensive sampling, includ-
ing investigation of genetic structure when conducting popu-
lation genetics studies on urban invasions.

In a genetically-differentiated metapopulation scenario, a 
beneficial mutation in a single population is not as likely to 
spread unless that mutation increases an individual’s ability 
to disperse or reproduce. However, management of inva-
sive species in one location is unlikely to have large-scale 
effects on overall population size, requiring separate local 
applications. The exception may be if populations exhibit a 
core-satellite pattern, in which subpopulations arise from 
a single source within the city (Hanski 1982). In this case, 
management would be most effective when targeting the 
source population, and high-resolution genetic sampling 
would assist in locating said source and identifying avenues 
of spread (Table 1).

Spread: urban areas and spread of invasive 
species

Measuring genetic diversity and structure of invasive species 
is necessary, but not sufficient, to understand the ecological 
and evolutionary feedbacks between populations and urban 
environments. It is also essential to understand the mecha-
nisms of persistence and dispersal of the invading popula-
tion and how these mechanisms are impacted by the urban 
environment. Studying these features allow researchers to 
address one of the most pressing questions following an 
urban invasion event: whether the species will spread within 
the city and outward into rural areas less affected by human 
settlement. The ability for an invasive species to spread 
within the city has economic, ecologic, and public health 
consequences. Spread into rural areas may threaten rare and 
vulnerable ecosystems and native species, risk spreading dis-
eases and parasites to other locations, and make invasion 
management more difficult as the invasive species becomes 
regionally distributed. Again, we can use genetic tools to 
investigate the influence of landscape on species dispersal 
and gene flow within the system, especially in urban areas 

where human activity and infrastructure have pervasive yet 
disparate effects on different species (Table 1).

Spread within the city

Anthropogenic features (e.g., roads, buildings) and resources 
(e.g., food waste, artificial water supplies) can facilitate gene 
flow and connectivity in invasive populations as they spread 
within cities. Just as the distribution of humans and their 
refuse influence the presence and abundance of invasive spe-
cies, human density directly mediates genetic connectivity 
between some invasive populations. For example, Combs 
et al. (2018) showed that gene flow in New York City brown 
rats (Rattus rattus) decreased in midtown Manhattan, which 
is less residential than neighboring up- and downtown. Close 
associations between invasive species and human density 
can lead to more opportunities for invasive dispersal via 
human-mediated transport within a city. Landscape genetics 
studies provide evidence that transportation networks facili-
tate gene flow for metropolitan populations of many invasive 
species (Rosenfeld et al. 2016; Baudouin et al. 2018; Combs 
et al. 2018). For instance, Baudouin et al. (2018) compared 
termite colonies along railroads in Paris, France to colonies 
located away from railroads. They found that proximity to 
a railway led to more genetically similar populations, even 
when separated by greater geographic (Euclidean) distance. 
Rosenfeld et al. (2016) found a similar pattern with bed bug 
populations and distance to the subway system in New York 
City, USA. This pattern also arises for species that are not 
typically human associated. Railways facilitated gene flow in 
wall lizard Podarcis muralis individuals that were admixed 
from invasive and native populations, but not in native popu-
lations without admixture (Beninde et al. 2018).

In addition to anthropogenic structures and transportation 
networks, invasive species exploit urban green spaces. This 
is an important consideration given the growing emphasis 
on “greening” cities to improve biodiversity and offer eco-
system services to residents (Li et al. 2005; Goddard et al. 
2010; Kong et al. 2010; Francis and Lorimer 2011; Lovell 
and Taylor 2013). Numerous studies have found that urban 
green spaces harbor a plethora of invasive species (Pauchard 
et al. 2006; Ishii et al. 2016; Mayer et al. 2017; Moricca et al. 
2018; Riley et al. 2018; Sasaki et al. 2018; Useni Sikuzani 
et al. 2018; Zefferman et al. 2018). This poses a dilemma 
for urban conservation; it remains a complex question as to 
how to increase diversity and abundance of desirable native 
species and simultaneously stop the propagation and spread 
of invasive species.

Genetic tools can aid in understanding and managing 
invasive species without hindering efforts to promote native 
species conservation in cities (Table 1). Investigation into 
gene flow and genetic connectivity of invasive species in cit-
ies may allow researchers to identify variation in how native 
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and invasive species utilize urban green spaces, which can 
subsequently inform adaptive city planning to reflect these 
differences. For example, Ishii et al. (2016) found that after 
complete removal of the invasive warm-temperate palm Tra-
chycarpus fortunei in an urban forest, new colonization of 
invasive species was concentrated around edges, while the 
native species thrived on the interior of the urban forest. 
Similarly, Kong et al. (2010), using a least-cost path method, 
found that adding narrow green strips along roads only mar-
ginally improved green space connectivity for native spe-
cies, but other studies show that these same green spaces are 
frequently exploited by invasive species (Jodoin et al. 2008; 
Christen and Matlack 2009; Gippet et al. 2016).

Anthropogenic corridors for dispersal are highly con-
text dependent. For example, road networks can both 
enhance and inhibit gene flow in the same invasive species. 
In instances of human-mediated dispersal, road networks 
increase gene flow. Adult Aedes albopictus can hitchhike 
in vehicles, traveling much further than their natural flight 
distance (Eritja et al. 2017). Similarly, invasive snails show 
increased levels of gene flow between populations located 
close to roads (Medley et al. 2015; Balbi et al. 2018; Schmidt 
et al. 2018). However, traveling across roads (rather than 
along roads) may impede gene flow of these same species 
(Schmidt et al. 2018), revealing a complex pattern of disper-
sal driven by human travel. Landscape genetic approaches 
allow researchers to compare hypotheses about how features 
influence connectivity and can assess how the same feature 
may affect gene flow differently depending on context. 
Paired with the knowledge of invasion history gleaned from 
population genetics, these tools permit researchers to evalu-
ate invasion scenarios and gain a more accurate picture of 
the nuances involved in fine-scale invasion spread across a 
complex urban landscape.

Spread through the urban–rural gradient

Many of the same landscape features and dispersal processes 
that govern the movement of invasive species within a city 
apply to their outward spread into rural areas. For exam-
ple, researchers reported dispersal into more rural areas via 
human-transportation along roads for several invasive mos-
quito species, including Aedes japonicus and Aedes albop-
ictus (Medley et al. 2015; Egizi et al. 2016). Medley et al. 
(2015) showed that highways are important corridors con-
necting Aedes albopictus populations between the core and 
edges of their range. Roadside ditches provide both habitat 
and dispersal corridors for invasive plants, and aquatic plants 
have invaded nearby wetlands via these ditches (Jodoin et al. 
2008; Christen and Matlack 2009).

Natural corridors can also facilitate the spread of invasive 
species outward from cities. Multiple studies have shown 
that invasive plants spread via urban river networks into 

uncolonized areas (Säumel and Kowarik 2010; Arredondo 
et al. 2018). Arredondo et al. (2018) implicated streams 
as dispersal corridors for an invasive grass Brachypodium 
sylvaticum by investigating genomic signatures of unidirec-
tional gene flow. In addition to natural features, fauna can 
also facilitate invasion along the urban–rural gradient. Both 
native and invasive species can be vectors of spread for inva-
sive plants and parasites (Gosper et al. 2005; Buckley et al. 
2006; Rollinson et al. 2015; Thibault et al. 2018). The native 
Wahlberg’s epaulette fruit bat Epomophorus wahlbergi feeds 
primarily on the invasive syringa fruit Melia azedarach in 
urban areas during the winter when other foraging options 
are limited and then disperses the seeds to nearby areas 
(Rollinson et al. 2015). Comparably, the invasion of the 
red-vented bulbul bird Pycnonotus cafer in New Caledonia 
increases the risk of spreading invasive fruit species from 
the city to nearby, rural islands in the archipelago due to an 
apparent feeding preference on invasive rather than native 
species (Thibault et al. 2018).

Considerations for spread out of urban areas

When discussing invasive species connectivity and disper-
sal, several considerations that are important for movement 
into rural areas. Spread out of cities into adjacent rural 
landscapes exposes invading populations to novel land-
scapes, habitats, and species that may prevent or enhance 
their further spread. For instance, food sources may change 
or decrease, competition from non-urban populations may 
increase, and there may be a release from anthropogenic 
causes of mortality. Further, abiotic properties differ. Rural 
habitats may be cooler due to distance from urban heat 
islands, and soil and moisture conditions can vary consid-
erably along the urban–rural gradient (Ariori et al. 2017). 
How an urban invasive species can spread into other habitats 
depends on its ability to adapt to these different conditions. 
If an invader is pre-adapted to be an urban specialist, the 
likelihood of outward spread may be low (Hufbauer et al. 
2012). Instead, we might see a pattern of range expansion 
via city-hopping and human-mediated dispersal between 
urban areas. Other invasive populations could be general-
ists, in which case outward spread into rural landscapes may 
occur through both natural and assisted dispersal.

Several studies suggest that urban-adapted populations 
disperse less than their rural conspecifics, implying an 
anthropogenic adaptation against invasion into rural areas 
(Cheptou et al. 2008; Ożgo and Bogucki 2011; Vangestel 
et al. 2011). Cheptou et al. (2008) found that urban envi-
ronments rapidly selected against the production of dis-
persing seeds in the weed Crepis sancta. However, there is 
also evidence that evolution in invasive species increases 
dispersal ability, including in species that are urban invad-
ers (Williams et al. 2016, 2019; Wagner et al. 2017). This 
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rapid evolution may be fueled by multiple introductions and 
admixture likely to be found among invasive populations in 
cities and may result in advantageous traits beyond disper-
sal ability. Wagner et al. (2017) experimentally found that 
bean beetles Callosobruchus genetic diversity and admixture 
increased the speed of the invasion. For invasive species 
that do spread outward into rural environments, the initial 
urban populations could be sources for continual genetic 
enrichment. The invasive glossy buckthorn Fragula alnus 
was introduced multiple times to American cities, and urban 
populations show high levels of allelic richness and hete-
rozygosity. Consequently, these urban populations have been 
identified as a source for continuous migrations and genetic 
enrichment to rural populations (De Kort et al. 2016). Prop-
agules derived from a genetically diverse source, such as 
an established urban population, may be more successful 
when spreading outward to novel environments (Wagner 
et al. 2017), demonstrating the mechanisms by which mul-
tiple introductions can increase invasion success.

The selection pressures on interior, urban populations 
compared to rural populations may result in signals of differ-
ential evolution. Johnson et al. (2018) found that the ability 
of the invasive white clover Trifolium repens to produce an 
antiherbivore chemical increased with distance from cities 
along twenty urban–rural gradients, but also found extensive 
gene flow between populations along the same gradients. 
This illustrates the disparate selection pressures on rural and 
urban populations, which can lead to unique evolutionary 
responses even when there is continuous genetic exchange 
(Johnson et al. 2018). These results also emphasize the 
importance of quantifying the effects of landscape and envi-
ronment on genetic connectivity and traits (Table 1).

Conclusion

Population genetic research has incredible potential for aid-
ing adaptive management of invasive species. The most 
cost-effective strategy for controlling invasive species is 
preventing propagules from arriving and establishing in 
urban environments in the first place (McGeoch et al. 2016; 
Faulkner et al. 2017). Identifying source locations and routes 
of spread using genetic tools will allow managers to develop 
prevention strategies and policies (Cristescu 2015; Garnas 
et al. 2016). Further, genetic tools can be used to detect cryp-
tic invasions, for example when populations are small, or 
the invaders are morphologically similar to native species 
(Morais and Reichard 2018).

For invasive species that are already established, an 
understanding of their genetic characteristics within and 
beyond cities will aid management decisions. Richardson 
et al. (2017) and Combs et al. (2018) used the results of their 
respective cityscape genetics studies to target eradication 

units for invasive Norway rats in Salvador, Brazil, and brown 
rats in New York City, USA, to reduce the risks of rein-
vasion. Landscape genetics can also identify features that 
facilitate gene flow of invasive species; these features can be 
monitored, removed, or altered to limit dispersal (Beninde 
et al. 2016; Baudouin et al. 2018).

In this review, we have outlined evidence that urban 
areas facilitate the introduction, establishment, and spread 
of invasive species and identified ways that genetic tools 
can enhance our understanding of the urban invasion pro-
cess. We have highlighted opportunities where the results 
of landscape and population genetics studies can be trans-
lated into actionable items for management and briefly high-
lighted how urban areas impact aquatic invasions (Box 1). 
Cities are complex landscapes that catalyze adaptation and 
drive rapid evolution. Studying the population genetics of 
invasive species can illuminate the inner workings of the 
invasion process and is critical for targeted, adaptive, and 
proactive management interventions in multifaceted urban 
environments.

Urban areas present an inimitable biome for applying 
population and landscape genetic approaches to understand-
ing invasion. The threat of invasive species to global bio-
diversity gives immediacy to our need to understand how 
urban systems affect their ability to spread and adapt.

Box 1. Aquatic invasions and urbanization in brief

Cities are also hubs for invasions and subsequent spread in 
marine and freshwater habitats. The extent of anthropogenic 
disturbance and hard structure in aquatic environments has 
increased with global urbanization; this applies to both and 
freshwater habitats (e.g., “ocean sprawl,” Firth et al. 2016) 
damming, channelization, water transfers, and geochemical 
shifts from urban and agricultural pollutants; (Beaumont 
1978; Anastacio et al. 2018). The arrival of aquatic invaders 
is often linked to pathways that mirror terrestrial invasions. 
Foremost are trade routes (e.g., Cook et al. 2007; Drake and 
Lodge 2007; Ojaveer et al. 2018). For example, the United 
States invasion of the zebra mussel Dreissena ploymorpha 
was likely introduced via Eurasion ballast water (Johnson 
and Padilla 1996). Intentional or accidental introductions 
from the aquarium trade (Chang et al. 2009) and purpose-
ful introduction of recreationally or economically important 
species also represent important vectors for introduction and 
spread (Gozlan et al. 2010).

Like terrestrial invasions, a pattern of disturbance-facil-
itated spread may hold true in aquatic systems. Anthro-
pogenic structures such as canals can serve to increase 
connectivity between marine systems (Ruiz et al. 1997; 
Katsanevakis et al. 2013), and some aquatic invaders associ-
ate with anthropogenically-modified habitats (e.g., invasive 
ascidians, a group associated with benthic fouling; Airoldi 
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et al. 2015). Population genetic tools will be crucial to our 
understanding of marine invasion dynamics and manage-
ment (see Darling et al. 2017 for a summary). In brief, 
advancements in genetic technology, such as environmental 
DNA and bulk DNA methods, are particularly well-suited 
for the study and control of aquatic invasions. These tools 
allow us to overcome many of the obstacles to marine inva-
sion research, including detection, surveillance, and assess-
ment of evolutionary potential.

Further reading rapid‑fire

Leprieur et al. (2008) found that human activity predicted 
the number of invasive fishes in river basins across the globe, 
and that this effect was compounded with increased GDP for 
the basin. Johnson et al. (2008) found that invasive species 
were more likely to occur and had higher species richness 
in artificial lakes created by dams than natural lakes. Kwik 
et al. (2013) found that artificial stormwater retention ponds 
in Singapore harbored exclusively invasive fish.
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