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Non-native plants homogenize global urban flora
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Abstract: Urban areas serve as hubs for non-native plant introductions, but the extent to which
these introductions have homogenized city floras globally remains unexplored. We analyzed
species inventories from 553 cities across six continents and show that non-native plants
increase mean pairwise floristic similarity by ~50%, from a Jaccard index of 0.11 for native
species alone to 0.16 when non-natives are included. Non-natives increase intracontinental
similarity by 25%, but boost intercontinental similarity by 423%, due to intercontinental native
floras sharing few species. City connectivity (indexed by air-travel frequency) amplifies non-
native similarity more than native similarity, while geographic distance constrains native
similarity more strongly, consistent with dispersal limitation. Contrary to our original
hypothesis, climatic distance constrains non-native similarity as strongly as native similarity,
confirming that climate is a hard environmental filter regardless of species’ origin. Meanwhile,
urban socio-economic and physical features also affect native and non-native floristic similarity
comparably. Regional analyses reveal pronounced asymmetries, with non-native species
strongly homogenizing cities in Europe, North America, and Oceania, whereas Asian cities
show weak intercontinental convergence. Decomposing similarity into ecological components
reveals distinct mechanisms: homogenization between city pairs that involve European cities
is dominated by species transfers (taxa native in one region but naturalized in another),
reflecting colonial and trade legacies, whereas North American-Oceanian convergence is
driven by a shared pool of widespread non-native species. These findings demonstrate that
human-mediated plant movement has become a dominant force reshaping global urban flora,
with effects modulated by connectivity, environmental filtering, and region-specific historical

legacies.

Significance statement: As global trade and travel expand, non-native plants also increasingly

spread into cities worldwide. Analyzing plant species inventories from 553 cities, we show that
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non-native species increase average city-to-city plant similarity by 50%, with effects far
stronger across continents than within them. Cities with more flight connections share more
non-native species, while native plants are more constrained by geographic boundaries. History
also leaves clear signatures: European cities, shaped by centuries of colonial trade, have
exported species to cities across the Americas and Oceania, whereas Asian cities remain more
distinct. Global human movement is a major driver of urban floristic homogenization,

progressively eroding the unique botanical identities of cities worldwide.

Introduction:

Cities have been hotspots for non-native plant introductions, functioning as sites of initial
establishment and as source populations for onward spread (1, 2, 3). The same transport
networks that drive urban economic integration move plant propagules across biogeographic
boundaries. As a result, cities on dense trade and travel routes accumulate overlapping non-
native species pools and converge floristically. Regional studies in Europe and North America
confirm that non-native species drive cities toward compositional convergence, eroding the
floristic distinctiveness of individual cities (4-9). However, whether such homogenization
operates globally, whether its effect is stronger across than within continents, and the

underlying environmental, socio-economic, and historical mechanisms remain unquantified.

Compositional similarity drivers are expected to differ between native and non-native
assemblages. Native floras reflect dispersal limitation and environmental filtering over
evolutionary timescales, making geographic distance and climate the dominant drivers of inter-
city compositional similarity (4). For non-native species, human-mediated transport networks
drive introduction and spread, strongly determining which cities share similar non-native

assemblages while leaving native floras largely unaffected (2, 6, 10, 11). This intensive human-
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mediated dispersal effectively bypasses geographic barriers, while the broad environmental
tolerances of many introduced species (12) will reduce the constraint of urban climate and
physical features relative to native groups (13, 14). City connectivity is therefore expected to
amplify non-native floristic similarity more than native similarity (2, 6, 14). Socio-economic
conditions add a further layer: for example, wealthier cities usually support larger non-native
species pools (1, 15, 16), so pairs of wealthy cities are likely to share more similar non-native
flora. Whether this socio-economic effect on floristic similarity differs between native and non-

native floras globally remains untested.

Beyond assessing overall similarity changes, further decomposing floristic similarity
into ecologically distinct components reveals the underlying processes (9, 14). Specifically,
similarity between any two cities can be partitioned into contributions from shared native
species, shared non-native species (i.e., taxa naturalized in both), and species transfers (i.e.,
taxa native to one city but non-native in the other, not necessarily direct transfer). Shared non-
native species emerge when widespread invaders establish independently across cities (17);
species transfers arise through directional plant movements usually tied to trade and /or
colonialism (18). Regional variation in these components is expected. For example, similarity
between North and South American and Oceanian cities likely reflects a shared non-native pool
assembled during European colonization, whereas similarity involving European cities is
expected to be dominated by species transfers, reflecting the asymmetric export of European
natives to colonized regions and the reciprocal movement of colonial plants to Europe (17, 18).
Disentangling these components globally reveals whether urban homogenization reflects the
rise of a cosmopolitan weed flora or the legacy of historically contingent, directional plant

movements.
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Using plant species inventories from 553 cities worldwide (3), we provide the first global
quantification of the contribution of non-native species to contemporary inter-city similarity,
its environmental and socio-economic drivers, and its regional and mechanistic components
(Fig. 1). We tested four hypotheses: First, non-native species substantially increase pairwise
floristic similarity among cities, with the strongest effect for intercontinental city pairs, where
native floras share very few species while widespread non-native species would be highly
shared, and weaker within continents. Second, non-native floristic similarity is less constrained
by geographic and climate distance than native similarity, consistent with dispersal limitation
for native species and broader climatic tolerance for non-native species. Third, city connectivity
increases non-native floristic similarity more than native similarity, and socio-economic
similarity exerts a stronger positive effect on non-native than on native assemblage similarity.
Fourth, similarity components vary regionally: for example, shared non-native species
dominate similarity between North American and Oceanian cities — reflecting their shared
introduction history from European colonization and similar temperate climate — whereas
species transfers dominate intercontinental similarity involving European cities, reflecting

asymmetric directional plant movements through European colonial and trade networks.

Results

Global contribution of non-native plants to urban floristic similarity

We quantified the overall contribution of non-native species to pairwise floristic similarity
among 553 cities using the Jaccard similarity index. Across all city pairs, non-native plants
substantially increased city-to-city floristic similarity (Fig. 2): Jaccard similarity based on
native species alone averaged 0.109 + 0.136 (mean £+ SD) (Fig. 2B), whereas total similarity
including both native and non-native species increased to 0.163 £+ 0.145 (Fig. 2A; Fig. S1,

Supporting information) — a mean increase of 49.5% attributable to non-native introductions
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(paired Wilcoxon test at city level, P < 0.001, supporting Hypothesis 1). When considering
non-native species alone, mean similarity was 0.120 £ 0.101 (Fig. 2C, note that Jaccard index

is not simply additive).

Intra- and intercontinental comparisons revealed a striking spatial asymmetry. Within
continents, native similarity averaged 0.220 &+ 0.130 and increased to 0.275 £+ 0.136 when non-
native species were included - an average of 25% increase (paired Wilcoxon test at city level,
P < 0.001). In contrast, among intercontinental city pairs, baseline native similarity was
extremely low (0.013 +0.013) but rose to 0.068 + 0.060 when non-native species were included,
representing more than five-fold escalation (paired Wilcoxon test at city level, P <0.001). Non-
native species thus contribute significantly to urban floristic similarity globally, with a
disproportionately strong homogenizing effect across continents where native floras share few

species.

Drivers of pairwise floristic similarity between cities

We applied generalized linear mixed models to assess the effects of city connectivity
(quantified by air-travel frequency), socio-economic distance (e.g., human population size,
gross domestic product), climatic distance, physical property distance (e.g., built-up density,
greenness), and geographic distance on the pairwise similarity of native, non-native, and total
floras. Prior to modelling, we applied principal component analysis (PCA) to reduce the
dimensionality of each multi-variable category (socio-economic, climatic, and physical
variables): the first three PCA axes of each category were retained, and pairwise distances were

then computed as Euclidean distances in these reduced PCA spaces.

Across all assemblages, socio-economic, physical, climatic, and geographic distances all
exerted consistently negative effects on city-pair similarity (Fig. 3A), indicating strong

environmental filtering and dispersal limitation in urban flora. Geographic distance had the
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strongest negative effect overall, and its influence was markedly greater for native than non-
native species (Fig. 3B), confirming that native floras are more strongly constrained by
dispersal barriers (supporting Hypothesis 2). Contrary to our expectations (Hypotheses 2 and
3), city physical property and socio-economic distances reduced similarity with broadly
comparable effects for native and non-native species, while climatic distance exhibited a
slightly stronger negative effect on non-native floras. City connectivity increased similarity,
with a more pronounced positive effect for non-native species (supporting Hypothesis 3),
highlighting human-mediated transport's disproportionate role in shaping non-native urban

floras.

Regional differences in the homogenization effects attributed to non-native species

Given strong spatial variation in environmental conditions, urban development, and
connectivity, we expected regional differences in non-native homogenization effects. We thus
analyzed six continents separately - Africa (AF), Europe (EU), Asia (AS), North America (NA),
South America (SA), and Oceania (OC) - and quantified how non-native species altered both
intra- and intercontinental city-pair similarity. For intracontinental city pairs, the largest
increase attributable to non-native species occurred in Oceania, where total similarity rose by
59.2% compared to native-only similarity, whereas Asia showed the smallest increase (10.5%)
(Fig. 4A). In contrast, the homogenizing effects of non-native species on mean intercontinental
similarity were substantially stronger (Fig. 4B). With non-natives included, the increase in

intercontinental similarity was also highest in Oceania (894%), but lowest in Asia (169%).

Examining individual continent pairs revealed that the strongest increases occurred
among EU-NA, EU-OC, and NA-OC city pairs (Fig. 4C). In contrast, intercontinental city
pairs involving Asia (EU-AS, SA-AS, AF-AS, and OC-AS, except AS-NA) showed markedly

smaller increases. Non-native species thus disproportionately homogenize urban floras in
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Europe, North America, and Oceania, while contributing far less to the similarity involving

Asian cities.

Decomposition of floristic similarity

When decomposing similarity (across all intercontinental and intracontinental city pairs) into
its specific component contributions (Fig. 5), we found that shared native species accounted for
35.6% + 23.5% (mean + SD; Fig. 5A) of city-to-city similarity, species transfers (taxa native
to one region but naturalized in another) accounted for 35.4% =+ 18.5% (Fig. 5B), and shared
non-native species accounted for 29.0% + 15.2% (Fig. 5C). This indicates that all three
components play substantial and distinct roles in shaping overall city-wise similarity (Fig. 5D).
When examining intercontinental similarity for each continental pair and focusing on the
contributions of species transfers and shared non-natives (shared natives contributed negligibly
across continents), some clear regional patterns emerged (Fig. SE). Species transfers play more
important roles in the similarity between Europe and other continents (Fig. 5B and E). In
contrast, shared non-native species contributed most strongly to similarity between Oceania
and North America (Fig. 5C and E), highlighting widespread, jointly shared non-native floras

between these two regions, confirming Hypothesis 4.

Discussion:

Urban floras support key ecosystem functions but are strongly influenced by human activities,
including land-use change, management, and species introductions. Analyzing 553 cities
worldwide, we demonstrate that non-native plants markedly increase floristic similarity among
cities, driving substantial intercontinental homogenization. This pattern reflects the joint
influences of human-mediated connectivity, environmental filtering, and regional

biogeographic history. Long-distance connectivity increased similarity among non-native
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floras, and geographic distance constrained native floristic similarity far more strongly than
non-native similarity. Unexpectedly, city climatic, socio-economic and physical factors exerted
comparable effects on both groups. Moreover, similarity between Oceania and North America
is driven largely by shared widespread non-native species, suggesting convergence toward a
common pool of introduced plants. In contrast, similarity between Europe and other continents
is more strongly shaped by species transfers, reflecting historical pathways of plant movement

linked to colonial expansion and long-standing trade networks.

Across 553 cities, non-native plants increased mean city-to-city floristic similarity by
nearly 50%, rising from an average Jaccard index of 0.11 for native species alone to 0.16 when
non-natives were included. This increase was driven primarily by intercontinental city pairs,
which share few native species but substantially more non-native species (Figs. 2, 4), a pattern
consistent with recent findings for global urban tree species (19). This trend reflects the
breaking down of strong biogeographic isolation that historically separated native floras,
replaced by widespread human-mediated plant introductions through global trade and transport
networks (14, 20, 21). Urban areas concentrate these introduction pathways, including the
ornamental plant trade, botanical garden collections, private garden planting, and also
international transport that facilitates accidental introductions (22—-24). Consequently, non-
native species frequently bypass biogeographical dispersal barriers, fostering long-distance
convergence among cities. Our findings thus extend previous regional insights into urban

homogenization (5-8) to a global scale.

Explicitly modelling multiple drivers of city-to-city similarity reveals that connectivity,
environmental filtering, and dispersal limitation shape native and non-native floras in partially
different ways. City connectivity accelerated similarity more strongly for non-native than for

native species, underscoring the disproportionate role of human mobility and infrastructure in
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facilitating the exchange of non-native plants among cities (2, 6, 10). Moreover, current air
travel also partly reflects historic patterns of colonization (25). Because our connectivity metric
relied solely on air-travel frequency and did not account for terrestrial or maritime transport
networks, our estimates likely provide a conservative assessment of the full impact of human
connectivity on urban floras. Consistently, non-native floras were less constrained by
geographic distance than native floras, reflecting weakened dispersal limitation. This is
attributable to human-facilitated long-distance transport as well as the inherently high dispersal

and reproductive capacities of many successful non-native invaders (12).

In contrast, environmental filtering limited similarity across both native and non-native
urban floras globally. Contrary to our initial hypothesis, climatic distance imposed an equally
strong—or even slightly stronger—constraint on non-native than on native assemblages. This
indicates that climate remains a strict ecological filter for urban plant establishment regardless
of species origin (26). Interestingly, both city socio-economic and physical property distances
affected native and non-native similarities to a comparable degree. Variations in city size,
infrastructure, and urban configuration shape local habitat availability (e.g., the urban heat
island effect, green space configuration) and management regimes, acting as shared
environmental filters (e.g., convergence of microclimate, refs. 27-29). Consequently, structural
and economic convergence in urban forms appears to reinforce global biological

homogenization (30).

A process not explicitly captured by our similarity analyses is temporal changes in native
species (extirpation and additions) driven by urbanization (31). Especially, urban expansion,
habitat fragmentation, pollution, and intensive management disproportionately eliminate
disturbance-sensitive or habitat-specialist native species, further eroding the local

distinctiveness of urban floras (4, 9; but see refs. 32, 33). Utilizing historical species inventories
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(e.g., ref. 34) or regional proxies for pre-urban baselines (e.g., adjacent natural or peri-urban
floras) to quantify native species losses represents a vital direction for future research into the

dynamics of urban floristic homogenization.

Our continental analyses revealed pronounced spatial asymmetries in the homogenizing
effects of non-native plants. Cities in Europe, North America, and Oceania exhibited far
stronger intercontinental homogenization than cities in Asia, Africa, or South America, with
the most pronounced increases observed in Oceania but much less in Asia. These patterns likely
reflect a combination of historical, biogeographic, climate, and economic factors (35).
Centuries of European colonization, global trade networks, and long-standing plant exchanges
have driven extensive, reciprocal plant introductions among European, North American, and
Oceanian urban centers (18, 23, 36). Colonial-era data at the city level remains unavailable and
warrants deeper exploration in future research. In contrast, many Asian cities have historically
experienced fewer naturalized non-native introductions and retain highly diverse native species
pools—particularly in subtropical and tropical zones—resulting in lower contemporary floristic
convergence with other continents. However, ongoing globalization and rapid urban
development are expected to alter these patterns, as expanding trade and horticultural demands

accelerate non-native introductions into Asian cities (11).

Unlike Asia, Oceanian cities stand out as exceptionally susceptible to non-native-driven
homogenization. This vulnerability is likely due to Oceania's evolutionarily distinct native flora,
which shares very few species with other continents, combined with high susceptibility to
biological invasions (37). These findings echo broader macroecological evidence that regions
characterized by high endemism and long-term evolutionary isolation are uniquely sensitive to
the impacts of non-native species (38). It should be noted that Oceania, Africa, and South

America are underrepresented in our dataset (less than 20 cities), which could introduce

1"
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regional bias in the results. Greater sampling effort in these regions is needed to better

characterize both regional and global patterns of urban biotic homogenization.

By decomposing floristic similarity into shared native species, shared non-native species,
and species transfers, we uncovered the distinct mechanisms underlying global urban
homogenization (Fig. 5). Globally, species transfers and shared native species contributed
comparably to overall similarity, whereas shared non-natives accounted for a smaller
proportion on average. This lower average contribution likely arises because widespread,
highly successful invaders constitute only a small fraction of the total naturalized non-native
flora (17). However, this balance shifted markedly in intercontinental comparisons. Floristic
similarity between European cities and those in North America, Asia, or Oceania was heavily
dominated by species transfers, capturing the enduring legacy of directional plant movements
via colonial expansion, botanical exploration, and historical trade (18). In contrast, similarity
between North American and Oceanian cities was driven primarily by shared non-native
species, reflecting the establishment of a common global pool of introduced weeds and
ornamental species originating largely from Europe and Asia (17, 36). These contrasting
patterns demonstrate that urban homogenization is not a monolithic phenomenon, but rather a

reflection of region-specific histories of plant introduction, exchange, and establishment (4, 9).

In summary, our study demonstrates that human-mediated introductions of non-native
plants have become a dominant force shaping global patterns of urban floristic composition,
particularly by homogenizing city floras across distinct continents. This process is jointly
driven by human transport networks, environmental filtering, and historical legacies, operating
through distinct mechanisms across different world regions. Our results highlight that tracking
urban homogenization requires looking beyond simple changes in similarity metrics to uncover

how that similarity arises—whether through the spread of a shared cosmopolitan weed flora or

12
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through asymmetric exchanges between native and naturalized pools. As urban areas expand
and global trade networks intensify, understanding the drivers and consequences of urban
floristic homogenization will be essential for conserving urban biodiversity and guiding

sustainable urban planning.

Materials and methods:

Species data: We used species occurrence data from Li et al. (3), who delineated urban centers
using the Global Human Settlement Layer (39). Urban centers were defined as contiguous 1
km? grid cells with >1,500 inhabitants per km? or >50% built-up cover, forming clusters of at
least 50,000 inhabitants with smoothed boundaries. For the 11,621 global urban centers
identified, Li et al. (3) assembled plant records from three primary sources: (1) the Global
Urban Biological Invasions Consortium (GUBIC), including contributed datasets, Dryad
archives, and published literature; (2) the Urban Biodiversity Research Coordination Network
(UrBioNet; ref. 27); and (3) the Global Biodiversity Information Facility. After data cleaning
and quality control, our dataset comprised 66,362 plant species across 553 urban centers.
Species names were standardized using the World Checklist of Vascular Plants via rtWwCVP
package (40). We used GloNAF (Global Naturalized Alien Flora; ref. 41) to classify each
species as native or non-native within the region of the urban center in which it was recorded.

City-to-city similarity and the role of non-native species: To quantify the contribution of
non-native species to floristic homogenization, we calculated pairwise taxonomic similarity

between cities i and j using the Jaccard index based on species occurrence:

ISP;N SP)
|SP;U SP{

Si=

where SP; and SP; represent species composition in city i and j, respectively, SP;NSP; represents
the number of shared species, and SP,USP; represents the total number of species present in

either city. For each pair of cities, we computed S;; for three assemblages: (1) native species
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only, (2) non-native species only, and (3) the total species (natives + non-natives). Comparing
similarity matrices obtained from (1) and (3) provides a direct assessment of how non-native

species alter city-to-city floristic similarity.

For each city, we calculated its mean pairwise similarity to all other cities separately for
the native-only and total species assemblages, yielding one city-level mean similarity value per
city for each assemblage. Aggregating to the city level, rather than treating each pairwise
comparison as an independent data point, avoids pseudoreplication, since similarity values
involving the same city are not statistically independent. We then compared native-only versus
total city-level mean similarity using a paired Wilcoxon signed-rank test. This procedure was
repeated separately for three subsets of city pairs: (1) all pairs, (2) intracontinental pairs only,

and (3) intercontinental pairs only.

Although Li et al. (3) filtered out cities with estimated richness completeness below 90%,
variations in sampling effort across the remaining urban areas could still bias pairwise similarity
metrics. To ensure robustness against unequal sampling intensity, we conducted a sensitivity
resampling analysis. Specifically, we randomly selected 5,000 city pairs and standardized
sampling effort within each pair by rarefying the occurrence records of the more heavily
sampled city to match the less-sampled city (100 repetitions). We then recalculated pairwise
floristic similarity based on these rarefied datasets. The resampled similarity values were highly
correlated with those obtained from the full dataset (Pearson’s r = 0.98), indicating that unequal
sampling intensity had negligible effects on our global estimates of urban floristic similarity

(Appendix S1).

Drivers of floristic similarity: We used regression models to identify drivers of city-pairwise

floristic similarity. Following Potgieter et al. (1), we quantified city-pairwise distance across
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four variable groups (biogeography and climate, physical properties, socio-economic

conditions, and city connectivity) to identify drivers of urban floristic similarity.

Biogeography and climate: We calculated geographic distance (GD) as the Great-
Circle distance (km) between city centers (geometric centroids) for each city pair. For climate,
we extracted five variables for each city from WorldClim (42) and Copernicus Digital Elevation
Model (DEM) (43): mean annual temperature, temperature seasonality, mean annual
precipitation, precipitation seasonality, and mean elevation. To reduce dimensionality and
collinearity, we standardized all variables (mean = 0, SD = 1) and performed a principal
component analysis (PCA) and retained the first three axes, which explained 83% of the total
variance. Climate distance (CD) was then calculated as the Euclidean distance within this

reduced climate PCA space.

City physical properties: We quantified a series of urban physical environment
variables extracted from the GHS Urban Center Database (43, 44): city total area (km?), road
length (m), road density (m/m2), built-up surface area (m?), built-up volume (m?), built-up area
per capita (m?/person), built-up mean height (m), greenness, and proportion of built-up area
(%), proportion of vegetation (%, including forests, shrubland and grassland). We also
performed a PCA on these physical attributes and retained the first three axes, which explained
73% of the total variance. Physical property distance (PD) was calculated as the Euclidean

distance in this reduced PCA space.

Socio-economic distance (SD): We compiled six socio-economic attributes for each city:
total gross domestic product (GDP, purchasing power parity), GDP per capita, human
development index (HDI), human population size, population compound growth rate, and

population growth rate (43). To reduce collinearity, we performed a PCA and retained the first
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three axes, which explained 68% of the total variance. Socio-economic distance between city

pairs was then quantified as the Euclidean distance in this reduced socio-economic PCA space.

City connectivity (CC): We quantified connectivity between cities using global air-
transport data obtained from FlightConnections (45), which reports the number of scheduled
flights between airports. We used flight frequency because air travel is the only transport mode
providing consistent, worldwide coverage, whereas road, railway, and shipping networks lack
comparable global resolution. We created a 100 km buffer around each city centroid and
assigned any airports whose location falls within that buffer, so that a city's flight pairs were
based on all nearby airports. Then we built a city-level flight network by summing the number
of flights across all airport pairs connecting the same pair of cities. In this network, cities
represent nodes and flight connections represent links. To account for both direct flights and
routes involving transfers, we calculated the shortest travel path between all pairs of cities.
Shortest-path calculations require a measure of travel “cost”, where smaller values indicate

easier movement. Specifically, for each city pair i and j, we defined travel cost as

_r
log(1+fy)

Costj;j=
where f;; 1s the number of flights per month between cities i and j. This formulation assigns
lower costs to city pairs connected by more frequent flights, while the log transformation
reduces the influence of extremely high-traffic routes. The shortest-path distance (d;;) between
two cities thus represents the minimum cumulative travel cost required to move between them
through the global flight network, accounting for both direct flights and routes involving
transfers (using the distance function in the igraph R package; ref. 46). We then converted this

distance into a measure of city connectivity by taking its inverse: CC; = 1/d;; (Appendix S2,

Supporting information).
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All variables for city physical and socio-economic attributes were extracted from the
GHS Urban Center Database 2024 A (43). Physical property distance, socio-economic distance,
and climate distance were all quantified as Euclidean distances in the reduced PCA space (the
first three axes kept for each group). After matching across datasets, 537 cities with complete
data remained for the regression analyses. All continuous predictors were standardized to a

mean of 0 and a standard deviation of 1 to ensure the comparability of effect sizes.

Statistical analysis: We modelled city-to-city floristic similarity using generalized linear
mixed models with a beta distribution (since Jaccard similarity ranges from 0 to 1). As beta
distribution does not allow zero values, we added 0.001 to all similarity values to accommodate
exact zeros. For each similarity group — native species (Snative), non-native species (Snon-native),
and total species (Swtl), we fitted separate models including geographical distance (GD),
physical property distance (PD), socio-economic distance (SD), climate distance (CD), and city
connectivity (CC) as fixed effects. The predictors show low inter-correlation (Pearson's r <0.5),
minimizing concerns about multicollinearity. To account for non-independence arising from
the repeated use of the same cities across multiple city pairs, we included random intercepts for

both cities involved in each pair:

Sy~ Beta (wj ¢)
logit(ui) = Bo + B1GDs+ B2PDji+ B3SDs+ B4CDsy+ BsCCyi+ ui+ vy
ui~ N (0, 0%), vi~ N (0,02)
where S;; is the Jaccard similarity between cities i and j; u;; is the expected similarity; ¢
is the precision parameter of the beta distribution; fo is the intercept; u; and v; are random
intercepts for city i and city j, respectively. By including «; and v;, we control for the non-
independence among city pairs that share a common city. Models were fitted by the ‘glmmTMB'

package in R (47).
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Continental asymmetry: To characterize spatial variations in urban floristic homogenization,
we examined how similarity varied across six continents: Europe (EU; 360 cities in our
analyses), North America (NA; 84), Asia (AS; 57), Oceania (OC; 19), South America (SA; 18)
and Africa (AF; 15). For each continent, we quantified intra-continental similarity, defined as
the pairwise Jaccard similarity between all city pairs within the same continent. We then
calculated inter-continental similarity, defined as the similarity between city pairs belonging to
different continents, considering all pairwise combinations of the six continents. For each intra-
and inter-continental combination, we computed similarity for both native species (Snative) and
total species (Siotal). Comparing these two metrics revealed how much of the observed
continental pattern was driven by non-native species establishment versus shared native
biogeographic history.

Disentangling the different components of similarity: To better understand the mechanisms
driving pairwise floristic similarity, we decomposed the Jaccard similarity index into distinct

ecological components. Let:

e Aj: the number of shared non-native species between the two cities (“shared non-
natives”);

e E;: the number of species that are non-native to one city but native to the other (“species
transfer”);

e Nj;: the number of shared native species (“shared natives™);

e U; and U;: the number of unique species (native or non-native) occurring exclusively in

city i or j, respectively.
Thus, the overall Jaccard similarity can be expressed as:

YA+ E;j+ N+ U + U
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This formulation quantifies each component's relative contribution to the shared-species pool.
For the shared species of any city pair (i, j), we calculated (1) the contribution (%) of shared
non-natives (A;/ Aj + Ej + Nj), (2) the contribution (%) of species transfers (E;;/ A + Ei +
Nj), and (3) the contribution (%) of shared native species (N;; / 4;; + Eij + Nyj). These partitions
quantify each component's contribution to overall floristic similarity for each city pair.
Because inter-continental floristic similarity is driven primarily by non-native species,
we further examined the relative contributions of shared non-natives and species transfers to
inter-continental similarity for each continental pair. For each inter-continental pair, we
calculated the mean contributions of A;; (shared non-natives) and E;; (species transfers) across
all city pairs. This determines whether inter-continental homogenization is driven by widely

shared non-native species or by asymmetric species transfers between cities.

Acknowledgments and funding sources: 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 Integrative Biodiversity Research (iDiv) Halle-
Jena-Leipzig, which is funded by the German Research Foundation (grants FZT 118,
202548816). This is also a joint effort of a second working group supported by ESIIL
(Environmental Data Science Innovation & Impact Lab) at the University of Colorado
Boulder. D.L. was supported by the Office of the Vice Chancellor for Research at the
University of Wisconsin-Madison with funding from the Wisconsin Alumni Research
Foundation. P.P. and Z.L. were supported by the Czech Science Foundation (grant no. 25-
15190S). R.D.Z. was supported by CNPq (grant no. 302643/2022-2) and FAPEMIG (grant
no. APQ-01078-23).

References:

1. L. J. Potgieter, D. Li, B. Baiser, 1. Kiihn, M. F. J. Aronson, M. Carboni, L. Celesti-Grapow, A. C.
Lacerda de Matos, Z. Lososova, F. A. Montafo-Centellas, et al., Cities shape the diversity and spread
of nonnative species. Annu Rev Ecol Evol Syst 55, 157-180 (2024).

2. N. C. Banks, D. R. Paini, K. L. Bayliss, M. Hodda, The role of global trade and transport network
topology in the human-mediated dispersal of alien species. Ecol Lett 18, 188—199 (2015).

3. D. Li, L. J. Potgieter, M. F. J. Aronson, I. Axmanova, B. Baiser, M. Carboni, L. Celesti-Grapow, S.
Knapp, L. Kiihn, A. C. Lacerda de Matos, et al., GUBIC: the global urban biological invasions
compendium for plants. Ecol Solut Evid 6, €70020 (2025).

4. M. L. McKinney, Urbanization as a major cause of biotic homogenization. Biol Conserv 127, 247—
260 (2006).

19



482
483
484

485
486
487

488
489
490

491
492

493
494
495

496
497

498
499
500

501
502

503
504

505
506

507
508
509

510
511

512
513
514

515
516
517

518
519

520
521
522

523
524
525

526
527

5. F. A. La Sorte, M. L. McKinney, P. PySek, Compositional similarity among urban floras within and
across continents: biogeographical consequences of human-mediated biotic interchange. Glob Change
Biol 13, 913-921 (2007).

6. F. A. La Sorte, M. F. J. Aronson, N. S. G. Williams, L. Celesti-Grapow, S. Cilliers, B. D. Clarkson,
R. W. Dolan, A. Hipp, S. Klotz, I. Kiihn, et al., Beta diversity of urban floras among European and
non-European cities. Glob Ecol Biogeogr 23, 769-779 (2014).

7. Z. Lososova, M. Chytry, L. Tichy, J. Danihelka, K. Fajmon, O. Hjjek, K. Kintrova, D. Lanikova, Z.
Otypkova, V. Rehotek, Biotic homogenization of Central European urban floras depends on residence
time of alien species and habitat types. Biol Conserv 145, 179-184 (2012).

8. Z. Lososova, M. Chytry, J. Danihelka, L. Tichy, C. Ricotta, Biotic homogenization of urban floras
by alien species: the role of species turnover and richness differences. J Veg Sci 27, 452-459 (2016).

9. M. Winter, O. Schweiger, S. Klotz, W. Nentwig, P. Andriopoulos, M. Arianoutsou, C. Basnou, P.
Delipetrou, V. Didziulis, M. Hejda, et al., Plant extinctions and introductions lead to phylogenetic and
taxonomic homogenization of the European flora. Proc Natl Acad Sci USA 106, 21721-21725 (2009).

10. P. E. Hulme, Trade, transport and trouble: managing invasive species pathways in an era of
globalization. J Appl Ecol 46, 10-18 (2009).

11. H. Seebens, T. M. Blackburn, E. E. Dyer, P. Genovesi, P. E. Hulme, J. M. Jeschke, S. Pagad, P.
Pysek, M. van Kleunen, M. Winter, et al., Global rise in emerging alien species results from increased
accessibility of new source pools. Proc Natl Acad Sci USA 115, E2264-E2273 (2018).

12. D. M. Richardson, P. Pysek, Naturalization of introduced plants: ecological drivers of
biogeographical patterns. New Phytol 196, 383—-396 (2012).

13. M. Ni, D. C. Deane, S. Li, Y. Wu, X. Sui, H. Xu, et al., Invasion success and impacts depend on
different characteristics in non-native plants. Divers Distrib 27, 11941207 (2021).

14. Q. Yang, P. Weigelt, T. S. Fristoe, Z. Zhang, H. Kreft, A. Stein, et al., The global loss of floristic
uniqueness. Nat Commun 12, 7290 (2021).

15. J. Muvengwi, H. G. Ndagurwa, E. T. Witkowski, M. Mbiba, Woody species composition,
diversity, and ecosystem services of yards along an urban socioeconomic gradient. Sci Total Environ
912, 168976 (2024).

16. M. Leong, R. R. Dunn, M. D. Trautwein, Biodiversity and socioeconomics in the city: a review of
the luxury effect. Biol Lett 14, 20180082 (2018).

17. D. M. Richardson, L. B. Trotta, M. F. J. Aronson, B. Baiser, M. W. Cadotte, M. Carboni, L.
Celesti-Grapow, S. Knapp, 1. Kiihn, A. C. Lacerda de Matos, et al., Here, there and everywhere:
widespread non-native plants in the world's urban ecosystems. Glob Ecol Biogeogr 34, €70159 (2025).

18. B. Lenzner, G. Latombe, A. Schertler, H. Seebens, Q. Yang, M. Winter, P. Weigelt, M. van
Kleunen, P. Pysek, J. Pergl, et al., Naturalized alien floras still carry the legacy of European
colonialism. Nat Ecol Evol 6, 1723-1732 (2022).

19. X. Yang, J. Jin, X. Liu, F. A. La Sorte, P. Yan, M. F. Aronson, J. Yang, Homogenization and
differentiation of urban tree assemblages globally. Nat Cities, 1-10 (2026).

20. M. Winter, I. Kiihn, F. A. La Sorte, O. Schweiger, W. Nentwig, S. Klotz, The role of non-native
plants and vertebrates in defining patterns of compositional dissimilarity within and across continents.
Glob Ecol Biogeogr 19, 332-342 (2010).

21. L. Cai, P. Weigelt, H. Kreft, H. Bruelheide, A. J. S. Davis, W. Dawson, F. Essl, M. van Kleunen,
I. Kiihn, B. Lenzner, et al., Global disruption of plant biogeography by non-native species. bioRxiv
[Preprint] (2025). https://doi.org/10.1101/2025.10.29.685360.

22. M. Ni, P. E. Hulme, Botanic gardens play key roles in the regional distribution of first records of
alien plants in China. Glob Ecol Biogeogr 30, 15721582 (2021).

20



528
529
530

531
532
533

534
535

536
537

538
539
540
541

542
543
544

545
546
547

548
549

550
551
552

553
554

555
556
557

558
559

560
561
562

563
564
565

566
567
568

569
570
571

572
573
574

23. H. Seebens, F. Essl, P. E. Hulme, M. van Kleunen, Development of pathways of global plant
invasions in space and time, in Global Plant Invasions (Springer International Publishing, Cham,
2022), pp. 53—69.

24. M. van Kleunen, F. Essl, J. Pergl, G. Brundu, M. Carboni, S. Dullinger, R. Early, P. Gonzélez-
Moreno, Q. J. Groom, P. E. Hulme, et al., The changing role of ornamental horticulture in alien plant
invasions. Biol Rev 93, 1421-1437 (2018).

25. R. Shamir, Passages and rebates: colonial officers and the shift from sea to air travel in the 1940s.
J Transp Hist 45, 561-581 (2024).

26.J. J. Wiens, C. H. Graham, Niche conservatism: integrating evolution, ecology, and conservation
biology. Annu Rev Ecol Evol Syst 36, 519-539 (2005).

27. M. F.J. Aronson, F. A. La Sorte, C. H. Nilon, M. Katti, M. A. Goddard, C. A. Lepczyk, P. S.
Warren, N. S. G. Williams, S. Cilliers, B. Clarkson, et al., A global analysis of the impacts of
urbanization on bird and plant diversity reveals key anthropogenic drivers. Proc Biol Sci 281,
20133330 (2014).

28. F. Essl, S. Dullinger, W. Rabitsch, P. E. Hulme, K. Hiilber, V. Jarosik, I. Kleinbauer, F.
Krausmann, I. Kiithn, W. Nentwig, et al., Socioeconomic legacy yields an invasion debt. Proc Natl
Acad Sci USA 108, 203-207 (2011).

29. S.J. Hall, J. Learned, B. Ruddell, K. L. Larson, J. Cavender-Bares, N. Bettez, P. M. Groffman, J.
M. Grove, J. B. Heffernan, S. E. Hobbie, et al., Convergence of microclimate in residential landscapes
across diverse cities in the United States. Landsc Ecol 31, 101-117 (2016).

30. R. Lemoine-Rodriguez, L. Inostroza, H. Zepp, The global homogenization of urban form: an
assessment of 194 cities across time. Landsc Urban Plan 204, 103949 (2020).

31. M. F. J. Aronson, C. H. Nilon, C. A. Lepczyk, T. S. Parker, P. S. Warren, S. S. Cilliers, M. A.
Goddard, A. K. Hahs, C. Herzog, M. Katti, et al., Hierarchical filters determine community assembly
of urban species pools. Ecology 97, 2952-2963 (2016).

32. I. Kiihn, R. Brandl, S. Klotz, The flora of German cities is naturally species rich. Evol Ecol Res 6,
749-764 (2004).

33. C. D. Ives, P. E. Lentini, C. G. Threlfall, K. Ikin, D. F. Shanahan, G. E. Garrard, S. A. Bekessy, R.
A. Fuller, L. Mumaw, L. Rayner, et al., Cities are hotspots for threatened species. Glob Ecol Biogeogr
25, 117-126 (2016).

34. S. Knapp, I. Kiihn, J. Stolle, S. Klotz, Changes in the functional composition of a Central
European urban flora over three centuries. Perspect Plant Ecol Evol Syst 12, 235-244 (2010).

35. H. Seebens, L. A. Meyerson, D. M. Richardson, B. Lenzner, E. Tricarico, F. Courchamp, A.
Aleksanyan, E. Keskin, H. Saeedi, P. Akite, et al., Biological invasions: a global assessment of
geographic distributions, long-term trends, and data gaps. Biol Rev 100, 2542-2583 (2025).

36. M. van Kleunen, W. Dawson, F. Essl, J. Pergl, M. Winter, E. Weber, H. Kreft, P. Weigelt, J.
Kartesz, M. Nishino, et al., Global exchange and accumulation of non-native plants. Nature 525, 100—
103 (2015).

37.N. A. Strandberg, M. J. Steinbauer, A. Walentowitz, W. D. Gosling, P. L. Fall, M. Prebble, J.
Stevenson, J. M. Wilmshurst, D. A. Sear, P. G. Langdon, et al., Floristic homogenization of South
Pacific islands commenced with human arrival. Nat Ecol Evol 8, 511-518 (2024).

38. D. Moser, B. Lenzner, P. Weigelt, W. Dawson, H. Kreft, J. Pergl, P. PySek, M. van Kleunen, M.
Winter, C. Capinha, et al., Remoteness promotes biological invasions on islands worldwide. Proc Natl
Acad Sci USA 115, 9270-9275 (2018).

39. A. J. Florczyk, M. Melchiorri, C. Corbane, M. Schiavina, L. Maffenini, M. Pesaresi, P. Politis, F.
Sabo, S. M. Carneiro Freire, D. Ehrlich, et al., Description of the GHS Urban Centre Database 2015,
Public Release 2019, Version 1.0 (Publications Office of the European Union, Luxembourg, 2019).

21



575
576
577

578
579
580

581
582

583
584
585
586

587
588

589
590

591
592
593
594

40. M. J. Brown, B. E. Walker, N. Black, R. H. Govaerts, I. Ondo, R. Turner, E. Nic Lughadha,
rWCVP: a companion R package for the World Checklist of Vascular Plants. New Phytol 240, 1355—
1365 (2023).

41. M. van Kleunen, P. PySek, W. Dawson, F. Essl, H. Kreft, J. Pergl, P. Weigelt, A. Stein, S.
Dullinger, C. Konig, et al., The Global Naturalized Alien Flora (GloNAF) database. Ecology 100,
€02542 (2019).

42. S. E. Fick, R. J. Hijmans, WorldClim 2: new 1-km spatial resolution climate surfaces for global
land areas. Int J Climatol 37, 4302—4315 (2017).

43. 1. Mari Rivero, M. Melchiorri, P. Florio, M. Schiavina, K. Goch, P. Politis, J. H. Uhl, M. Pesaresi,
L. Maffenini, P. Sulis, et al., GHS-UCDB R2024A — GHS Urban Centre Database 2025 (European
Commission, Joint Research Centre, 2024) [Dataset]. https://doi.org/10.2905/1a338be6-7eaf-480c-
9664-3a8ade88cbcd.

44, M. Buchhorn, M. Lesiv, N. E. Tsendbazar, M. Herold, L. Bertels, B. Smets, Copernicus global
land cover layers—collection 2. Remote Sens 12, 1044 (2020).

45. FlightConnections, Flight frequency data [Dataset] (2024). https://www.flightconnections.com.
46. G. Csardi, T. Nepusz, The igraph software. Complex Syst 1695, 1-9 (2006).

47. M. E. Brooks, K. Kristensen, K. J. van Benthem, A. Magnusson, C. W. Berg, A. Nielsen, H. J.
Skaug, M. Maechler, B. M. Bolker, glmmTMB balances speed and flexibility among packages for
zero-inflated generalized linear mixed modeling. R J 9, 378—400 (2017).

22



595
596

597
598
599
600
601
602
603
604
605
606
607
608
609
610

2

London

B .
M Ower si’"f’arir
L S 4
by Lower similarity — e

New York LS

Chongging

Physical properties: built-up density, greenness,
land uses ...

;e,:-,c\, Biogeography and climate: geographical
(@@ distance, temperature -

@,@9 Socio-economic features: population, . City connectivity: airplane flights, marine
888 GDP - trade --

Figure 1. Conceptual illustration of the factors influencing similarity among urban floras
contributed by non-native species. London (UK) and New York (USA) are expected to show
higher floristic similarity through both species transfers and shared non-native species
because they overlap across multiple drivers: similar economic status that promotes
comparable species introductions, strong global connectivity (frequent air and trade routes),
broadly similar temperate climates, comparable built-up structure (city physical feature)
providing similar habitat patches, and a historical colonial connection. In contrast, Chongqing
(China) shares few of these features, lacks colonial ties, possesses a different socio-economic
status and built-up structure, has received fewer non-native introductions, and experiences a
distinct subtropical climate. As a result, the floristic similarity of Chongqing with London or
New York is expected to be substantially lower. That said, city climate, connectivity, socio-
economic status, physical features, geographical distance and colonial history all could
influence floristic similarity.
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Figure 2. Pairwise Jaccard similarity among global cities for total species (natives and non-
natives combined, A), native species only (B) and, non-native species only (C). In the maps,
link color indicates the strength of floristic similarity; for visual clarity, only links exceeding
the 70th percentile of total-species similarity (> 0.22) are shown. Color is binned into five
quantile classes (20th, 40th, 60th and 80th percentiles of similarity), pooled across all three
panels.
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Figure 3. Effect sizes (slope + 95% confidence intervals, small intervals because of the large
sample size) from generalized linear mixed models examining predictors of floristic similarity
among global cities (A). Models were fitted separately for total similarity, native-only
similarity, and non-native-only similarity. Panel (B) presents the corresponding response
curves illustrating the relationships between geographic distance (scaled) and predicted
floristic similarity (distance decay).
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Figure 4. Changes in city—city floristic similarity attributable to non-native plants. Panels
(A) and (B) show mean intra-continental and inter-continental pairwise (city-city) similarity,
while panel (C) presents similarity for specific continent pairs. “Native” refers to similarity
based solely on native species, “non-native” refers to similarity based solely on non-native
species, and “total” refers to similarity including both native and non-native species. Error
bars represent standard errors. Continent abbreviations: AF = Africa, AS = Asia, EU =
Europe, NA = North America, OC = Oceania, SA = South America.
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Figure 5. City-level decomposition of floristic similarity into (A) shared native species, (B)
species transfers (species native in one city but non-native in another), and (C) shared non-
native species. (D) Frequency distributions of the percentage contribution of each component
to total similarity. (E) The contributions of species transfers and shared non-natives to inter-
continental similarity. For visual clarity in the similarity networks, we applied a threshold
corresponding to the 70th percentile of all similarity values (0.062) and retained only links
above this value. Color is binned into five quantile classes (20th, 40th, 60th and 80th
percentiles of similarity), pooled across all three panels. Error bars indicate standard errors.
Continent abbreviations: AS = Asia, AF = Africa, EU = Europe, NA = North America, OC =
Oceania, SA = South America.
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Appendix S1 Sampling effects on measuring pairwise urban similarity

To assess whether unequal sampling intensity among cities biased estimates of floristic
similarity, we conducted a rarefaction-based resampling analysis. We randomly selected 5,000
city pairs and standardized sampling effort within each pair by rarefying the city with more
occurrence records to the same number of records as the less-sampled city. For each pair,
species records were randomly resampled 100 times without replacement, converted to
presence—absence data, and Jaccard similarity was recalculated. We then compared these
rarefied similarity estimates with the original values calculated from the full dataset. The
rarefied and original similarities were highly consistent and strongly correlated (Pearson’s
Correlation = 0.98; Figure S2), indicating that unequal sampling intensity among cities had
little influence on our estimates of floristic similarity.
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Figure S2. Comparison between original Jaccard similarity values and rarefied Jaccard
similarity values from the resampling analysis. For 5,000 randomly selected city pairs,
sampling effort was standardized by rarefying the city with more occurrence records to match
the number of records in the less-sampled city. Rarefied similarity values represent the mean
of 100 resampling iterations per city pair.
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678  Appendix S2 City pairwise connectivity quantified by flight frequency
679

680
connectivity
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681

682  Figure S3. Global connectivity among cities inferred from the air-transport network. Lines
683  represent the strength of city-to-city connectivity derived from weighted shortest-path

684  analyses of the global flight network. Only the strongest connectivity (top 20%) is shown for
685  visualization clarity.
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