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Abstract

Urbanization is restructuring ecosystems at an unprecedented pace, with

complex and profound consequences for life on Earth. One of the hypothe-

sized trajectories of urban ecosystems and species communities is biotic

homogenization, possibly leading to very similar species assemblages in cities

across the globe. Urbanization can, however, also have the opposite effect:

biotic diversification, with cities, at least at the local scale, becoming biologi-

cally more diverse, mainly as a consequence of high species introduction rates

and habitat diversification. Applying the hierarchy-of-hypotheses approach,

we systematically map and structure the comprehensive body of literature on

the urban biotic homogenization (UBH) hypothesis, comprising 225 individual

studies (i.e., tests of the hypothesis) retrieved from 145 publications. The UBH

hypothesis is studied at multiple levels with a multitude of approaches and

underlying assumptions. We show that UBH is generally used with two very

different connotations: about half of the studies investigated a potential

increase in community similarity across cities, whereas the other half investi-

gated biotic homogenization within cities, the latter being supported more

frequently. We also found strong research biases: (1) a taxonomic bias towards

birds and plants, (2) a bias towards small and medium distances (<5000 km)

in comparisons across cities, (3) a dominance of studies substituting space for

time versus true temporal studies, (4) a strong focus on terrestrial versus

aquatic systems, (5) more extraurban (including periurban) areas than natural

or rural ecosystems for comparison to urban systems, (6) a bias towards taxo-

nomic versus functional, phylogenetic, and temporal homogenization, and

(7) more studies undertaken in Europe and North America than in other

continents. The overall level of empirical support for the UBH hypothesis

was mixed, with 55% of the studies reporting supporting evidence. Results

significantly differed when a natural/nature reserve, an extraurban, or

rural/agricultural area served as reference to infer biotic homogenization, with

homogenization being detected least frequently when urban systems were

compared to agricultural, i.e., other anthropogenically influenced, study sites.
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We provide an evidence map and a bibliographic network and identify key

references on UBH with the goal to enhance accessibility and orientation for

future research on this topic.
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bibliographic network, evidence map, hierarchy-of-hypotheses (HoH) approach, research
biases, research synthesis, urban biotic homogenization (UBH)

INTRODUCTION

What we desire in evidence is not mere quan-
tity, but diversity. Different kinds of test, under
widely varying conditions, have a greater
power to confirm than do repetitions of the
same kind of test under the same conditions.
More generally, variety in evidence makes for
strength in confirmation.

Curd et al. (1998: 472) on Hempel’s
Diversity Principle of scientific reasoning.

Biotic homogenization is a globally studied phenome-
non and a highly active research topic in urban ecology.
The urban biotic homogenization (UBH) hypothesis posits
an increase in the compositional similarity of urban
biomes (Groffman et al., 2014; McKinney, 2002, 2006) and
is thus a specific formulation of the more general biotic
homogenization hypothesis, which is not limited to urban
areas and well known to, for example, researchers work-
ing on biological invasions and conservation biology
(Baiser et al., 2012; Olden, 2006). This more general
hypothesis posits that massive interference with the
original structure of ecosystems and the creation of global
dispersal pathways leads to a restructuring of the natural
ranges of organisms (Baiser et al., 2012; Olden, 2006; Smart
et al., 2006). While some species benefit from anthropo-
genic impacts and expand globally, others have been
decimated or disappeared (McKinney & Lockwood, 1999).
As a result, the composition of biomes is becoming more
similar worldwide, and may even eventually result in
the dissolution of faunal barriers as predicted by Charles
Elton (1958).

According to the UBH hypothesis, which is the focus
of this study, homogenization of species communities is
particularly pronounced in urban ecosystems: it could
become more likely to find the same bird, tree, or lichen
species in New York, Madrid, or Rome than in the origi-
nal landscapes in which the cities were built. This figura-
tive example represents the idea of homogenization
across cities worldwide. It is this aspect of UBH that is
highlighted in textbooks (e.g., Marzluff et al., 2008;

Seto et al., 2015; Ossola & Niemelä, 2018) and the focus of
most early studies on UBH (Figure 1) as well as the most
influential ones (Aronson et al., 2014; McKinney, 2006;
Figure 5). The underlying causes are apparent: “Cities
are habitats constructed almost exclusively to meet
the relatively narrow demands of just one species,
Homo sapiens. As a result, cities are physically very similar
throughout the world: roads, skyscrapers, and residential
housing in the suburbs are almost indistinguishable”
(McKinney, 2006). This similarity of physical habitats
in cities is a key reason for an increase in similarity of
urban species communities postulated by the hypothesis,
as similar habitats ask for similar species characteristics.
In addition, urban areas provide dispersal pathways like
trading of pets and ornamental plants, and a concen-
tration of traffic and trade routes, which are of lesser
importance in other areas, and many nonnative species
are being introduced in this way to cities (Padayachee
et al., 2017; Potgieter et al., 2022).

However, whether homogenization of biotic systems
occurs depends on the proportion of immigration and
extinction processes taking place. Depending on the mag-
nitude and direction of these processes, they may also
lead to more diverse species communities between urban
areas (Olden & Poff, 2003), a process referred to as biotic
differentiation. It is the opposite effect to biotic homoge-
nization and has in an urban context been predominantly
described in plants (e.g., Aronson et al., 2015; Brice
et al., 2017; Ricotta et al., 2014). Changes in composi-
tional similarity are usually measured as changes in beta
diversity, which is the extent of change or dissimilarity
between two or more communities. An increase in beta
diversity leads to biotic differentiation, while a decrease
leads to biotic homogenization.

Biotic homogenization is typically considered to occur
at three different levels: phylogenetic, taxonomic, and
functional (Olden & Rooney, 2006). A common approach
to test UBH has been to use taxonomic diversity indices,
but an increasing number of studies also examine func-
tional (e.g., Devictor et al., 2007; Padullés Cubino
et al., 2020; Sonnier et al., 2014) or phylogenetic diversity
(Ceplova et al., 2015; Ibanez-Alamo et al., 2017; Padullés
Cubino et al., 2020). Adding to the complexity of studies
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on UBH, patterns of beta diversity are highly scale-
dependent, with different processes shaping those pat-
terns, ranging from storms and fires at the local scale
to plate tectonics at the global scale (Crawley &
Harral, 2001; Willis & Whittaker, 2002). While beta diver-
sity is generally increasing with geographic distance
(Antão et al., 2019; Mac Nally et al., 2004), cities are
highly novel and heterogeneous ecosystems that might
stir up this perceived generality. Marina Alberti (2016)
carved out the importance of scale in urban ecology: “At
the scale of metres or smaller, urbanization might reduce
the heterogeneity of land cover, but at patch level,
[urbanization] might introduce highly heterogeneous […]
conditions […]. As the scale increases, a further reduction
in heterogeneity could occur, […] so that habitats across

urban sites are more similar to one another than to their
respective adjacent natural environment” (Alberti,
2016: 147).

To the UBH hypothesis thus applies what is also true
for many other ecological hypotheses: it is so generally
formulated that it cannot be empirically tested in its
entire scope in a single study. Instead, it has been defined
and tested in multiple ways (Olden et al., 2018). General
hypotheses are typically (and often unconsciously)
broken down into sub-hypotheses, which are tested
in experiments or observational studies (Heger &
Jeschke, 2018). Conclusions are then drawn about the
general hypothesis based on the evidence for a narrower,
or operational hypothesis (i.e., the specific hypothesis
actually tested by an experimental or observational
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F I GURE 1 Number of publications on urban biotic homogenization over time (upper bars in gray). Bars below show the proportion of

studies assessing six different types of sub-hypotheses: Aa, urbanization leads to an increase in community similarity across cities; Ab,

urbanization leads to a decrease of specialist and endemic species and/or an increase in generalist, cosmopolitan, or urban tolerant species

as an indication of biotic homogenization; Ac, other; Ba, urbanization leads to an increase in community similarity among communities

within a city; Bb, urbanization leads to a decrease of specialist and endemic species and/or an increase in generalist, cosmopolitan, or urban

tolerant species as an indication of biotic homogenization within a city, thus leading to biotic homogenization of more urban communities

compared to less urban communities; Bc, other.
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study). The general hypothesis may be accepted as
generally valid, whereas in reality it is only true under
certain conditions and assumptions and might not even
have been investigated in its full scope at all (Heger &
Jeschke, 2018).

Philosophers of science have pointed out that study-
ing a broad hypothesis with a diversity of approaches
strengthens the scientific process (Curd et al., 1998).
This advantage also comes with challenges, though,
particularly that it is even hard for experts to keep an
overview of the relevant studies. Focusing on UBH, we
therefore aim to provide a systematic and structured
overview of the comprehensive body of literature on this
hypothesis. To do so, we implemented the method pro-
posed by Nakagawa et al. (2019) to assess both evidence
and influence (specifically systematic mapping and
bibliometrics), an approach therein termed “research
weaving.” To analyze the available evidence, we system-
atically reviewed the available studies on the UBH
hypothesis and applied the hierarchy-of-hypotheses
(HoH) approach to structure these studies according to
the various sub-hypotheses of the broader concept that
they address. These sub-hypotheses were thus not con-
ceived a priori but were identified through the literature
analysis. The HoH approach is a method to facilitate
the synthesis of available studies for research questions,
concepts and hypotheses that have been addressed in
multiple ways by researchers (Heger et al., 2021; Heger &
Jeschke, 2014, 2018; Jeschke et al., 2012). We combine
this approach with evidence mapping and bibliometrics
to offer an overview of evidence and influence, and thus
a specific application of research weaving, focusing on a
key hypothesis in urban ecology. Questions that we
address are: Which approaches have been applied to
study UBH, which systems and which taxonomic groups?
Which elements, or sub-hypotheses, of the broad overall
hypothesis are empirically supported, and which lack
support? Does support for UBH depend on the methodol-
ogy and type of sub-hypothesis assessed? Which are the
most influential papers on UBH? Based on our findings
we discuss critical biases and knowledge gaps in the
investigation of UBH.

METHODS

Systematic literature search

We compiled a comprehensive collection of empirical
studies addressing the urban biotic homogenization
(UBH) hypothesis following the PRISMA protocol
(Moher et al., 2009), see Appendix S1: Figure S3 for
PRISMA flowchart. A search within the ISI Web of

Science was performed on 9 June 2020 using the following
terms: “(urban* OR city OR cities) AND (biotic homo-
genization OR ((biodivers* OR taxonomic diversity
OR functional diversity OR genetic diversity OR evolu-
tionary diversity OR species diversity OR trait diversity
OR species composition OR habitat diversity) AND
homogenization)).”

This search yielded 560 hits, which were screened for
relevance (abstract and title) and from these, 385 articles
were assessed (full text) and included in our database if
(1) the publication addressed the UBH hypothesis or
biotic homogenization in cities or in response to urbani-
zation and (2) biotic homogenization was studied empiri-
cally by either direct testing, or inferential reasoning
from qualitative evidence. We thus included a wider
range of publications than for a formal meta-analysis.
We excluded publications if (1) neither quantitative nor
qualitative evidence was provided on the UBH hypothesis
or (2) two entries described the same study or presented
the same analyses (e.g., doctoral dissertation and subse-
quent publication of results). For preprints and theses,
we checked in Google Scholar and personal profiles of
first authors, e.g., on ResearchGate, whether a more recent
publication of the results in an English journal was avail-
able and included it instead if available. We also searched
manually whether non-English and non-German publica-
tions that were retained after the first screening had since
been published in English, or else excluded them from the
analysis. A total of 145 articles fulfilled these criteria and
were thus included in our data set.

Hierarchy of hypotheses

Following the hierarchy-of-hypotheses (HoH) approach
(references cited above), we divided the UBH hypothesis
into sub- and sub-sub-hypotheses following an iterative
bottom-up process (cf. Heger et al., 2021): For each study,
we identified how the authors assessed and/or described
biotic homogenization in cities and formulated a hypo-
thesis that described the assumptions of the study.
For example, the actually tested (sub-)hypothesis of a
given study could be “an increase in the percentage of
built-up area leads to an increase in Jaccard similarity
coefficient among 25 communities of woodland arthro-
pods in a Mediterranean city.” We revised that to
“urbanization leads to an increase in community
similarity/decrease in beta diversity among
communities.” The formulation of a hypothesis in the
main text of a study did not necessarily match the actual
(sub-)hypothesis that was tested based on the definition
of the UBH and its sub-hypotheses applied here. Since it
is important to be consistent across all studies, we
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critically reflected for each study what aspect of UBH
was assessed, and if the definition used by its authors was
in congruence with other studies. If not, we adapted it, so
that a consistent classification was achieved.

If a publication reported evidence for several (sub-)
hypotheses or approaches (type of biotic homogenization,
taxonomic focus, realm, temporal approach versus space-
for-time substitution), we assessed each of these analyses
separately: these are referred to as “studies,” as opposed
to “publications,” which can thus contain several studies.
For all studies, we gathered information on taxonomic
focus; realm; scale; comparison to urban system; type
of community data; and type of homogenization (see
Lokatis & Jeschke, 2022).

The sub-hypotheses we identified with the described
iterative bottom-up approach are the following:

A. Urbanization leads to biotic homogenization across
cities (as opposed to patterns of homogenization within
cities, see sub-hypothesis B below). Studies addressing
this sub-hypothesis are based on comparisons across two
or more cities, independent of distance: they include
comparisons from a regional to global scale.

A.a. Urbanization leads to an increase in community
similarity across cities (n = 87 studies from 63 publica-
tions). This sub-hypothesis can, for example, be assessed
by calculating measurement pairs for beta diversity of dif-
ferent cities and their respective surrounding/natural
areas in comparison with beta diversity between the
studied cities, or by analyzing whether beta diversity
between pairs of cities show no or less decrease in simi-
larity with increasing distance between study sites, com-
pared to beta diversity between pairs of non-urban sites.

A.b. Urbanization leads to an increase in generalist,
cosmopolitan, or nonnative species across cities, or to a
decrease of rare, endemic, or specialist species (n = 25
studies from 21 publications). This sub-hypothesis is, for
example, addressed by studying a consistent increase in
cosmopolitan species across multiple cities in comparison
with pristine sites or historical baselines.

A.c. Other approaches across cities (n = 5 studies
from four publications), comprising studies on functional or
phylogenetic homogenization with alternative approaches
to assess homogenization.

B. Urbanization leads to biotic homogenization within
cities.

B.a. Urbanization leads to an increase in community
similarity among communities within cities (n = 83 studies
from 48 publications). Urbanization is, in this connota-
tion of the UBH hypothesis, assumed to lead to biotic
homogenization on the scale of cities, meaning that the
highly urbanized parts of a city are more similar in their
species composition than less urban areas in or around
the same city.

B.b. Urbanization leads to an increase in generalist,
cosmopolitan or nonnative species within cities, or to a
decrease of rare, endemic, or specialist species (n = 21
studies from 19 publications). Can be assessed by study-
ing species communities along an urbanization gradient
within a city, for example by investigating the proportion
of nonnative or endangered species.

B.c. Other approaches within cities (n = 4 studies from
four publications), comprising alternative taxonomic and
functional assessments, as well as one taxonomic study
that used alpha diversity as indicator.

Scoring empirical evidence for urban biotic
homogenization

The studies collected for our analysis are very hetero-
geneous in their approaches and the presented evidence
for UBH. Depending on the sub-hypothesis that was
addressed and the type of study system, this evidence was
either provided by a (1) visual and/or (2) statistical analy-
sis of several measures of beta diversity, (3) a numerical
or (4) qualitative estimate of the proportion of nonnative/
generalist/urban-tolerant and/or specialist/rare/endemic
species. Each study or part of a study that provided such
evidence for a sub-hypothesis was classified as either
supporting (i.e., evidence is in line with the addressed
hypothesis), mixed/undecided (i.e., provided inconclusive
evidence or evidence both for and against the hypothesis)
or questioning it (i.e., provided evidence opposing the
hypothesis). In a few cases, we changed the authors’
original interpretation of the results in order to be consis-
tent in how each approach was used to infer support or
refusal of a hypothesis.

This ordinal scoring approach follows earlier applica-
tions of the HoH approach. It needs to be distinguished
from vote counting, which is simply based on the statisti-
cal significance of studies and can yield misleading results
(Borenstein et al. 2009; Heger & Jeschke, 2018; Koricheva
et al. 2013). The ordinal scoring approach applied here is
certainly less powerful than a formal meta-analytic
approach, which was, however, not feasible given the het-
erogeneous hypotheses and approaches used by the studies
in our data set. Evidence mapping can also be used as a
tool to identify subfields of a broader research field that
are “ripe” for meta-analysis, and a formal meta-analysis
can be applied for a subset of the data in the future.

Statistical analyses

All statistical tests were carried out in R version 4.0.3
(R Core Team, 2013). We calculated a multinomial
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regression (R Package nnet version 7.3-15, Ripley et al.,
2016) to test for whether the identified sub-hypotheses
Aa–c and Ba–c are studied by different approaches/
operational hypotheses. Specific attributes of the studies
were grouped into tangible categories as follows: taxo-
nomic focus (birds, plants, or else); type of study system
(land, freshwater, marine); scale (local [within the same
city or town], small [<500 km distance], medium [500–
5000 km], large [>5000 km distance]); comparison to
urban system (natural, agricultural/rural, urban, and
extraurban [comprising all habitats that are neither
(near-)natural nor urban, including, e.g., periurban
areas, but excluding agricultural/rural areas]); type of
community data (presence/absence based, abundance
based); type of homogenization (taxonomic, functional,
phylogenetic).

Studies in our data set alternately use attributes
such as agricultural, extraurban, forest, high-vegetation
cover, low urbanization, low disturbance, minimally
disturbed, natural, natural greening, nature reserve,
near-natural, non-urban, periurban, regional, rural, semi-
natural, suburban, or wild to describe their non-urban
baseline. To detect methodological choices that could
influence the outcome of a study, we grouped these terms
into natural, extraurban, rural, and urban (the latter for
those studies that did not use a non-urban baseline).

We applied Mann-Whitney (Wilcoxon rank-sum test
with unpaired data) and Kruskal-Wallis tests for calculat-
ing differences in support, based on the ordinal scores.

Bibliographic network

To further visualize the scientific field and identify
influential publications on UBH, we constructed a bib-
liographic network based on bibliographic coupling of
143 out of the 145 articles identified in the systematic
literature search. For the two remaining articles, no
bibliometric meta-information was available. The net-
work was compiled in VOSviewer (version 1.6.16) based
on bibliographic data from the Web of Science, retrieved
on 29 January 2021. Connectivity between publications
was based on bibliographic coupling, i.e., two or more
publications are linked together if they cite the same ref-
erence. While co-citation networks link publications
when they have been cited in the same context and are a
tool to reconstruct the history of a publication network,
bibliographic coupling allows us to link publications that
have not been cited and thus incorporates also recent and
little-cited studies. Links to a publication were weighted
based on fractional counting to account for the number
of co-authors per publication.

RESULTS

With which approaches has urban biotic
homogenization been studied?

From the 145 publications included in our data set,
225 studies of urban biotic homogenization (UBH) were
identified. Research intensity on the UBH hypothesis has
increased through time: early publications are from the
turn of the millennium when only few articles appeared
per year, whereas now about 20 new publications can
be found in the literature each year (Figure 1). In total,
studies assessing a change in similarity based on an
estimate of beta diversity comprise the wide majority of
our data set (n = 170 studies, 108 publications), com-
pared to 46 studies that look at a decrease of specialist
and endemic species and/or an increase in generalist,
cosmopolitan or urban tolerant species as an indication
of biotic homogenization (112 vs. 40 publications).

One of the most prominent differences in application
of the UBH hypothesis is the interpretation of scope:
Urban biotic homogenization is assumed to occur across
different cities as a result of urbanization. About half of all
studies in our data set (52%, 117 studies, 79 publications)
assessed homogenization in this way, and thus compared
different cities in their analyses. The other half
(48%, 108 studies, 69 publications) assessed if urbanization
(mostly along an urbanization gradient) leads to biotic
homogenization within cities, thus comparing taxonomic
composition and other units of biotic homogenization
(e.g., phylogenetic or functional) of several sites within a
city. This leads to two distinct UBH sub-hypotheses that
form the first branch of a hierarchy of hypotheses (HoH):
(A) urbanization leads to biotic homogenization across
cities and (B) urbanization leads to biotic homogenization
within cities.

In most cases, UBH studies across cities (sub-
hypothesis A) have been performed at small (<500 km,
41 studies from 28 publications) or intermediate distances
(500–5000 km, n = 53 studies from 37 publications).
Only 21 studies (15 publications) included comparisons
of urban areas with distances larger than 5000 km. As
expected, biotic homogenization within cities (sub-
hypothesis B) has been almost exclusively studied at local
scales (i.e., city scale; 96 studies from 61 publications).
However, few studies also looked at homogenization
within several cities distributed at small and medium
scales (11 studies from seven publications) by,
e.g., pooling data from different urbanization level or
habitat use, or for phylogenetic studies by comparing the
evolutionary distinctiveness of these cities compared
non-urban areas.
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Each of these sub-hypotheses can be divided further
into multiple branches. From the empirical data collected
for this analysis, we identified two predominating
approaches to study urban homogenization: (a) quantifying
changes in beta diversity (170 studies from 108 publications
in total, i.e., combining Aa and Ba) and (b) assessing
the occurrence of species or traits that indicate or are
associated with biotic homogenization (46 studies from
40 publications). The majority of articles quantified changes
in beta diversity with indices based on presence–absence
data (n = 88) like Jaccard (27 studies from 22 publications),
Sørensen (24 studies from 20 publications), and Simpson,
including ßsim (1 � Simpson) (21 studies from 12 publica-
tions). Abundance-based data (64 studies) was most often
analyzed with the Bray-Curtis dissimilarity index (52 studies
from 38 publications). Other approaches predominantly
relate to (c) a decreased phylogenetic or functional diversity
as measures for homogenization. These are not shown in
our figures due to small sample size (nine studies from
eight publications). We observed a temporal change in
focus on these different sub-hypotheses of UBH, with
studies addressing biotic homogenization by quantifying
changes in beta diversity within and across cities domi-
nating the research field since 2013 (Figure 1). Biotic
homogenization has been commonly assessed at taxonomic
(172 studies from 124 publications), functional (31 studies
from 26 publications), and genetic or phylogenetic level
(14 studies from 11 publications), with recent studies also
addressing temporal homogenization, for both taxonomic
and functional diversity (eight studies from six publications).

Instead of further dividing the HoH into operational
hypotheses, we decided, due to the large number of
combinations, to visualize the variety of methodological
approaches for these sub-hypotheses (Figure 2). Studies
looking at different sub-hypotheses significantly differ in
scale (analysis of variance for multinomial regression
model, p < 0.001), but not in other aspects like taxonomic
focus (see Appendix S1: Table S1 for full results). Across
all sub-hypotheses, birds and plants have been the
predominantly studied taxonomic groups, with more
than one-third (34%) of the publications in our data set
focusing on plants and 29% on birds. Other taxonomic
groups have only been studied sparsely (one to nine
studies from one to five publications for each group):
mollusks, annelids, reptiles and amphibians, fish, algae,
lichens and fungi, and bacteria. Mammals only appeared
in two studies as part of cross-taxonomic data sets. The
majority of publications have assessed UBH at local
scales (42%; mainly those addressing homogenization
within cities), followed by assessments at medium (26%),
small (21%), and large (11%) scales. Space-for-time substi-
tution (scope = spatial) has been applied in the vast
majority of publications (84%), with true temporal

assessments being more frequent in publications add-
ressing homogenization within cities. Taxonomic diver-
sity has been assessed in 74% of all publications, and
terrestrial study sites dominate in all sub-hypotheses
(86%). The type of comparison, i.e., whether homogeni-
zation was inferred by using extraurban, natural, rural or
other urban sites as reference, differed among sub-
hypotheses, with extraurban being most frequent (41%),
and rural not being represented in sub-hypothesis Bb.

Does support for urban biotic
homogenization depend on the applied
approach?

Overall support for the UBH hypothesis was mixed, with
80 publications (55%) supporting, 33 publications (23%)
questioning, and 32 publications (22%) providing mixed
evidence (Figure 3). Support for biotic homogenization
within cities (B) was higher than across cities (A), but this
difference was not statistically significant (Mann-Whitney,
W = 2314, p = 0.06). Further, publications using different
measures of beta diversity (a) significantly less frequently
supported UBH than studies assessing species or traits
associated with UBH (b; Mann-Whitney, W = 1592.5,
p = 0.00721). Publications using other approaches did not
significantly differ from those based on either a or b.

We visualize the disparity in the distribution of
studies assessing different sub-hypotheses with diffe-
rent methodological approaches in an evidence map
(Figure 4; equivalent to splitting the studies at the level of
operational hypotheses, compare Figure 2). There are a
number of clear differences. For example, plants are
the most frequently studied taxonomic group for sub-
hypothesis Ba, whereas other groups are more frequently
studied for sub-hypothesis Aa. Within each cell shown in
Figure 4, we also compared the level of empirical sup-
port, with the caveat of low sample sizes for several cells.
In this analysis, only two factors of methodological
approach had a significant effect on how strong UBH
was supported: type of biological diversity analyzed
(i.e., taxonomic, functional, or phylogenetic and for each
of these also seasonal [subsumed here into one category,
due to small sample size]; analysis of variance for
multinomial regression model, p = 0.0334), and “type of
comparison”, i.e., whether a natural/nature reserve, an
extraurban area, a rural area or other urban habitats
served as reference to infer biotic homogenization in the
urban study system (analysis of variance for multinomial
regression model, p = 0.00815, see Appendix S1: Table S2
for full results). Post hoc Wilcoxon tests yielded no signifi-
cant differences between natural and extraurban
(W = 2242, p = 0.0885), but significant differences between
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urban and extraurban areas (W = 1478, p = 0.0458), and
between rural and natural areas (W = 898.5, p = 0.00966).

Are publications on urban biotic
homogenization geographically biased?

We found a strong geographic bias in publications on
the UBH hypothesis, with the vast majority of studies
coming from Europe and North America, compared to
only few in Africa, Central Asia, the Middle East and
island states in the western Pacific (see Appendix S1:
Figure S1). More specifically, 41% of the publications
are from Europe (60 publications and 98 studies), 40%
from North America (59 publications and 84 studies),
with a third coming from the United States (47 publica-
tions, 73 studies), the country with by far the highest

number of studies. The following continents were South
America (29 publications, 41 studies), Asia (16 publica-
tions, 31 studies), Australia/Oceania (12 publications,
21 studies), and Africa (12 publications, 20 studies).

Bibliometric analysis: Mapping research on
urban biotic homogenization

The network based on bibliographic coupling of the
scientific literature highlights the two most influential
research articles on UBH (Figure 5): McKinney (2006,
1611 citations until 29 January 2021 in the Web of
Science) and Aronson et al. (2014, 494 citations); for
the 25 most cited articles, see Appendix S1: Table S3.
We provide three visualizations of the network, one
showing the year of publication for each article and thus

F I GURE 2 Variation in methodological approaches used in four of the six urban biotic homogenization (UBH) sub-hypotheses. Here,

n is the number of times an approach was applied across all publications, meaning that, for example, a publication assessing birds and plants

in a terrestrial system will appear twice in the plot depicting taxonomic focus (birds and plants), but only once in the plot depicting realm

(terrestrial); this leads to diverging sample sizes. Sub-hypotheses Ac and Bc are not included here because of low sample sizes for these two

sub-hypotheses.
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a rough temporal development from the top to the
bottom of the network; the second one illustrating
the distribution of the two main sub-hypotheses A
(urbanization leads to biotic homogenization across cities)
and B (urbanization leads to biotic homogenization within
cities); and the third one showing the focal study taxon of
each publication. This latter network illustrates that arti-
cles segregate according to taxonomic group and roughly
match the innate clustering calculated by VosViewer
based on connectivity of the publications, not attributes of
studies (see Appendix S1: Figure S2). The two most influen-
tial studies, McKinney (2006) and Aronson et al. (2014),
assessed both birds and plants as taxonomic groups
(i.e., they were cross-taxonomic), whereas most other studies
focused on a single taxonomic group. The two influential
studies also focused on sub-hypothesis A, similarly to most
other early publications on UBH (cf. Figure 1).

DISCUSSION

Different connotations and sub-hypotheses
of urban biotic homogenization

We showed that two very different connotations of
UBH are frequently used by urban ecologists: an increase
in biotic homogenization across cities, including an
increased likelihood of meeting the same species in cities
worldwide, and an increase in biotic homogenization
within a particular city. Looking more closely at studies
on UBH, this is not the only aspect in which they differ:
similar to other major ecological hypotheses, existing

studies addressing UBH do in fact address different vari-
ants, i.e., sub-hypotheses, of the overarching hypothesis
(cf. Heger & Jeschke, 2014 for the enemy release
hypothesis, a major hypothesis about biological inva-
sions). Accordingly, the hierarchy-of-hypotheses (HoH)
approach (Heger et al., 2021 and further references cited
above) has proven useful for structuring and assessing
publications on UBH.

A key aspect we aimed to capture in our HoH is scale,
hence we discriminated sub-hypothesis A (urbanization
leads to biotic homogenization across cities) from sub-
hypothesis B (urbanization leads to biotic homogenization
within cities). Overall, sub-hypothesis B received more
empirical support than sub-hypothesis A, although this
difference was only marginally significant. Interestingly,
sub-hypothesis B opposes the idea that urbanization leads
to heterogeneous habitats, and that this heterogeneity
leads to an increase in beta diversity within a city, thus
benefiting a city’s total biodiversity (e.g., Pyšek, 1989,
Sattler et al., 2010). Note that, even if sub-hypothesis B
relates to comparisons within cities, their results may
also be relevant for larger scales. This is especially true
for studies looking at the distribution of widespread indi-
cator species (i.e., generalist, cosmopolitan species); if
such species are particularly abundant in urbanized areas
within cities, that also leads to UBH across cities.

Olden and Rooney (2006) presented two notable
definitions of biotic homogenization, one focusing on the
process of nonnative species replacing resident species
(based on McKinney & Lockwood, 1999), the other one
focusing on the pattern of “increased similarity of biotas
over time” (quoted from Rahel 2002). We paraphrased
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F I GURE 3 Support for urban biotic homogenization for all publications (left bar), and publications using different connotations of the

main hypothesis A across versus B within cities (center bars), and different homogenization/diversity measures, based on (a) beta diversity,

(b) certain species (e.g., generalist, nonnative, cosmopolitan species) and (c) other approaches. **p < 0.01, Mann-Whitney test.

ECOLOGICAL APPLICATIONS 9 of 17



these definitions and incorporated them as lower-level
sub-hypotheses in our hierarchy of hypotheses, the
latter as urbanization leads to an increase in community
similarity (sub-hypothesis a), and the former as urbani-
zation leads to an increase in generalist, cosmopolitan, or
nonnative species in cities, or to a decrease of rare, endemic,
or specialist species (sub-hypothesis b). Remaining studies
that did not fit into either a or b were grouped into c (other

approaches). We found that publications addressing
sub-hypothesis b reported supporting evidence for UBH
significantly more frequently than studies addressing
sub-hypothesis a. It is possible that this approach is more
susceptible to certain biases (discussed in the next section,
What has been studied and how?) and thus overestimates
total biotic homogenization. On the other hand, it might be
more sensitive to processes of ongoing homogenization,

F I GURE 4 Evidence map for the different UBH sub-hypotheses Aa–Bc showing the distribution of available evidence for different

approaches. Symbols and colors in the top row indicating different approaches match those in Figure 2.
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e.g., identifying the presence of known indicator taxa, that
are not (yet) apparent in comparative analyses of beta diver-
sity and can only be detected with a delay. The difference
we observed in empirical support between sub-hypotheses
a and b might thus reflect real differences.

Studies that quantify UBH using estimates for changes
in beta diversity (sub-hypothesis a) make up more than
two-thirds of all studies. Anderson et al. (2011) identified
a series of “mission statements” that studies assessing beta
diversity adhere to and that would constitute excellent
sub-hypotheses if one wants to extent our HoH further.
These mission statements cluster into two groups: varia-
tion and turnover, i.e., non-directional and directional dif-
ferentiation, with variation being the exception in our data
set (represented by Piano et al., 2020; Uchida et al., 2018).
The wide majority of publications applied common
measures of directional beta diversity, like Bray-Curtis
dissimilarity index, Jaccard similarity index, Sørensen-Dice
coefficient, or Simpson dissimilarity index.

There is an ongoing debate around the concept
of beta diversity and its application. The choice of
(dis)similarity metrics and “mission statement” (using
the term from Anderson et al., 2011) has been shown

to influence the results when quantifying changes in dis-
similarity and are thus highly relevant to the study of biotic
homogenization: compositional turnover versus variation,
calculating average pairwise dissimilarities versus multiple
site dissimilarity (see, e.g., Baselga, 2013 or La Sorte
et al., 2014), using presence/absence versus abundance
based indices (see, e.g., McKinney & Lockwood, 2005),
differentiating between turnover and nestedness compo-
nents of beta diversity (Baselga, 2010) or even reflecting on
the question whether what is measured is in fact true beta
diversity (Tuomisto, 2010). These questions go beyond the
scope of this literature assessment and we highly recom-
mend the respective literature.

Sub-hypothesis b focuses on the presence/absence,
proportion or abundance of “indicator species” for UBH.
Methods and reasoning of studies belonging to this group
are diverse. One approach is to use (dis)similarity indices
to quantify patterns of homogenization as described
above, but instead of measuring total community (dis)
similarity, the focus here is on the change in indicator
species, e.g., rare species (Schwartz et al., 2006),
urban exploiters (Starry et al., 2018), nonnative species
(Horsak et al., 2013; Lososova et al., 2012; Padullés

F I GURE 5 A map of publications on urban biotic homogenization, based on bibliographic coupling. (a) A gradient from blue to yellow

indicates the time of publication from 2006 to 2020; (b) the two main hypotheses highlighted in red and blue; (c) the taxonomic focus of a

study is highlighted in yellow (plants), blue (birds), green (plants and birds), or red (all other groups, e.g., insects, reptiles, and microbes).

References attributed to the nodes are available in Appendix S1.
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Cubino et al., 2019) or a combination of these (e.g., Paz
Silva et al., 2016). The advantage of this selective assess-
ment might be that it is more sensitive to detect processes
of biotic homogenization that can be covered by parallel
processes of community change and that it allows us
to identify underlying causes of UBH, particularly
when used in combination with overall quantification of
homogenization, as in Lososova et al. (2012). Other
approaches use, for example, the proportional change or
relative abundance of these indicator species (Abilhoa &
Amorin, 2017; Bigirimana et al., 2011).

Biotic homogenization can be associated with a
decrease in species richness, but not inferred from it,
and Olden and Poff (2003) argue that treating homogeni-
zation “erroneously as a synonym for species diversity
loss” may be a major problem in studies on biotic
homogenization. We rarely found this type of reasoning,
however, and grouped them into sub-hypothesis c,
together with publications on phylogenetic and func-
tional homogenization that assess functional diversity
loss or loss in phylogenetic or functional distinctiveness
as indicators for homogenization.

What has been studied and how?

General ecological hypotheses are empirically tested at
the level of operational hypotheses, which differ in study
design and research approach. Studies on UBH differ in
the type of biotic homogenization assessed (taxonomic,
phylogenetic, functional), taxonomic focus (here mostly
simplified to birds, plants, and other groups, but see
Figure 2 and the openly provided data set for a more
detailed distinction), geographic location, realm (land,
freshwater, marine), scale (local, small, medium, and
large), baseline comparison (urban, extraurban, rural,
and natural), whether they are performed as field studies
or analyses of data compilations, size of the data set, and
(statistical or inferential) method.

Of particular interest, and potentially problematic, is
the quantification of temporal change. Olden and Rooney
(2006) emphasized that, following McKinney and
Lockwood (1999), biotic homogenization has been seen
as “the process by which species similarity across space
increases over time due to species invasions and extinc-
tions, as opposed to the pattern resulting from this pro-
cess.” Yet, <15% of all publications include true temporal
data in their analysis, most of them covering time periods
of up to 30 years. Only a handful of studies used
longer-term data, particularly Knapp et al. (2017),
DeCandido et al. (2007), and Dolan et al. (2017): they all
compared recent data on plant communities with histori-
cal inventories. Studies that simultaneously study

temporal homogenization at multiple sites and spanning
various degrees of urbanization, an approach highly
recommended by Olden and Rooney (2006), are particu-
larly rare (Rogers et al., 2009). The most common way to
quantify the intrinsically temporal process of UBH is
space-for-time substitution, which “infer[s] a temporal
trend from a study of different aged sites” (Pickett, 1989),
with the modification that the degree of urbanization, or
urban areas when compared to non-urban sites, is assumed
to allow inferring an underlying process to the observed
pattern. Space-for-time substitution has been criticized to
have less explanatory power than true temporal studies
(Damgaard, 2019), and Olden and Rooney (2006) urged
researchers to include the temporal dimension in their ana-
lyses of biotic homogenization, or else risk losing explana-
tory power. Studies on UBH that use space-for-time
substitution need to be aware of confounding factors, espe-
cially in a world where almost every type of ecosystem is
anthropogenically affected: pristine natural areas that
could serve as comparative baseline for changes in urban
systems are rare and they are especially hard to find in
regions where cities are located because these are by defini-
tion densely populated by humans (Riggio et al., 2020).

Space-for-time substitution: What is the
non-urban baseline?

Studies that analyze biotic homogenization usually need
a non-urban baseline to infer patterns of homogenization
in urban areas. Exceptions are temporal studies of urban
focal areas, assessing the presence of “indicator species”
for homogenization or the quantification of distance
decay, e.g., comparing the similarity of communities
within one city to communities in remote cities.

Using (near-) natural reference sites as non-urban
baseline leads to a significant increase in the probability
to detect UBH, while rural sites decrease this probability.
Agricultural sites in particular might lead to a possible
underestimation or even covering of UBH when used as
non-urban baseline, probably because of similar pro-
cesses of homogenization in this habitat: agricultural
areas are far from being natural, and patterns of biotic
homogenization have been reported there repeatedly
(Ekroos et al., 2010; Karp et al., 2012; Solar et al., 2015).

The very heterogeneous use of non-urban baseline is
partly founded in regional characteristics of study sites
(the non-urban surrounding is highly heterogeneous and
truly natural sites are hardly found anymore), but also
linked to the question of how to quantify and define
urbanization (and non-urbanization, conversely), an
aspect that we cannot expand on in this article, but see
the openly provided data set for an attempt to list
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definitions and approaches on this; see, e.g., Alberti et al.
(2001) and Schwarz (2010) for further discussion on this
topic.

Where are biases and knowledge gaps?

We found a strong geographic bias in the investigation
of UBH, with Europe and North America comprising
more than two-thirds of all publications, and a few other
“hot spots” of urban biodiversity research, e.g., China,
Australia, and parts of South America, whereas other
regions remain highly understudied. There is also the
matter of climate regions that is highly relevant for
studies on biotic homogenization, with a strong bias
towards northern temperate climate, and few studies
crossing climatic regions. Geographic biases have been
reported in biodiversity research in general (e.g., Martin
et al., 2012; Tydecks et al., 2018) and urban ecology in
particular (e.g., Magle et al., 2012; Shwartz et al., 2014).
They are a major concern in this field, as urbanization
pressure is often high in regions that are poorly moni-
tored for changes in biodiversity (Elmqvist et al., 2013);
and contextual differences of cities in the Global
South cannot be accounted for due to insufficient data
(Shackleton et al., 2021).

Our data set also shows a strong bias towards terres-
trial versus aquatic habitats, the latter comprising both
marine and freshwater habitats: only about every 10th
publication focused on aquatic systems. This bias is even
more pronounced than the 20% aquatic studies reported in
a recent comprehensive literature review on the impact of
urbanization on biodiversity (McDonald et al., 2020).

Similarly, plants and birds have been studied much
more frequently than other taxonomic groups. Mammals
were highly underrepresented in our assessment, which
is surprising, as Magle et al. (2012) report them to be in
second place, after birds, in a cross-taxonomic review on
urban wildlife research. However, while many studies
focusing on mammals in cities focus on wildlife manage-
ment and animal behavior, studies on UBH are currently
rare. Our analysis also points to a serious knowledge
gap about some species-rich taxonomic groups, such as
insects, fungi, and bacteria (Hochkirch et al., 2021).

The largest fraction of UBH publications looks at
taxonomic diversity, only comparatively few on func-
tional, or phylogenetic and evolutionary homogenization,
which have thus remained largely unexplored. An
extension is the study of seasonal homogenization, for
both taxonomic (La Sorte et al., 2014) and functional
diversity (Leveau et al., 2018).

Not all studies explicitly stated a hypothesis in the way
we defined it here. We included such studies if we found

them with our literature search, but we expect that there
are a number of further studies reporting and analyzing
suitable data sets that we did not find because they did not
refer to biotic homogenization or a related keyword
included in our query. The danger here is a reporting bias
for the UBH hypothesis that emerges when the connection
to UBH was only made when it was observed, a phenome-
non called HARKing (Hypothesizing After the Results are
Known, see, e.g., Lokatis & Jeschke, 2018). This phenome-
non leads to a higher empirical support as reported in
the literature (of studies being explicit about testing a
hypothesis) compared to the actual support of all relevant
studies (including those that do not explicitly refer to the
hypothesis and those that never got published, see also
Neuroskeptic, 2012).

CONCLUSIONS

By providing an overview of the conceptual structure of
research on urban biotic homogenization, we highlight
and aim to raise awareness of the fact that the concept is
being used to describe patterns and processes from differ-
ent perspectives, not only on the matter of comparing
diversity within and across cities, but also due to different
approaches and study systems. Inferring from any study
that one will encounter the same birds or trees in cities
around the world and that this is an ongoing process fol-
lowing urbanization will be difficult—unless that study
actually compared the temporal development of species
communities in multiple cities across the globe. The reality
is that long-term studies as well as comparable research
sites across the globe, especially in the southern hemi-
sphere, are rare (Fidino & Magle, 2017; Wohner
et al., 2021). While researchers draw on diverse approaches
to partly overcome practical limitations (e.g., applying
space-for-time substitution), and global research collabora-
tions in urban ecology have been built in the past years
(e.g., Magle et al., 2019; Pouyat et al., 2017), a strong need
for more evenly distributed, long-term urban research sites
remains.
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Pyšek, P. 1989. “On the Richness of Central European Urban
Flora.” Preslia 61(4): 329.

R Core Team. 2013. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical
Computing.

Rahel, F. J. 2002. “Homogenization of Freshwater Faunas.” Annual
Review of Ecology and Systematics 33(1): 291–315.

Ricotta, C., L. Celesti-Grapow, I. Kühn, G. Rapson, P. Pyšek,
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