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1 Main

Residential segregation, defined as the uneven distribution of social groups in space,
has been consistently linked to disparate outcomes in education, employment, and
health for disadvantaged populations [1–5]. Understanding the mechanisms that pro-
duce and perpetuate this phenomenon is therefore crucial for addressing its societal
consequences. Research has long documented how residential segregation patterns
emerge alongside urban development [6]. In particular, scholars have found that res-
idential segregation often overlaps with urban fragmentation — i.e., the partition of
urban space through urban barriers such as railways, motorways, and waterways —
where urban barriers act as frontiers between social groups [5, 7].

The phenomenon that residential segregation aligns with urban fragmentation has
been extensively demonstrated in the United States and South Africa, where urban
barriers clearly separate social groups—epitomised by the common expression ”wrong

1



side of the tracks” [6, 8–12]. In these countries, alignment between residential seg-
regation and urban fragmentation was policy-driven, with urban barriers serving as
tools for enforcing social separation through explicit segregation policies like redlin-
ing in the US and apartheid in South Africa [13–16]. Theory suggests that alignment
between residential segregation and urban fragmentation could also occur naturally
from people’s residential choice patterns without explicit separation policies due to
homophily, i.e. the preference to be around people similar to oneself [17, 18]. In this
context, urban barriers would allow groups to separate from dissimilar others.

While alignment between residential segregation and urban fragmentation in
contexts with explicit segregation policies has been observed, and theory provides argu-
ments that such alignment could also emerge naturally, empirical evidence is lacking
regarding it happening in contexts without segregation-encouraging policies. Address-
ing this knowledge gap would yield significant theoretical and practical implications.
Theoretically, it would test whether such alignment can emerge solely from residen-
tial preferences without policy-driven segregation. From a policy perspective, it would
clarify whether removing urban barriers that fragment space would help in reducing
residential segregation.

We address this knowledge gap by quantifying how residential segregation pat-
terns overlap with the fragmentation of the urban space across Europe. Our study
encompasses 520 cities with populations exceeding 50,000 across eight Western Euro-
pean countries: Germany, France, Ireland, Italy, the Netherlands, Portugal, Spain, and
the United Kingdom. We use the high-resolution gridded dataset of migrant popula-
tions developed by the EU’s Joint Research Centre [19]. We focus specifically on the
residential segregation of non-EU migrants and analyze whether residential segrega-
tion aligns with urban fragmentation more than would be expected by chance.1 Our
methodological framework employs a Monte Carlo approach, in which we generate 200
synthetic fragmentation patterns for each city and compare the actual spatial overlap
against this null distribution. Figure 1 summarizes our analysis approach. We identify
demographically homogeneous regions using a regionalization method that aggregates
grid cells based on demographic data [20]. Urban fragments are defined as contiguous
groups of cells bounded by railways, motorways, or waterways. We test the statistical
significance of the overlap between the demographic partition and the fragmenta-
tion partition by comparing the observed value against 200 synthetic fragmentation
partitions.

Our results challenge the assumption that urban barriers function as social fron-
tiers in the absence of segregation-encouraging policies. Specifically, we do not observe
a systematic alignment between residential segregation patterns and urban fragmen-
tation across European cities. In fact, we detect a statistically significant pattern in
the opposite direction, with segregation patterns in many cities showing less alignment
than would have been expected by chance. Interestingly, we identify important regional
variations, with cities in Germany and the Netherlands exhibiting significantly stronger
alignment between barriers and segregation compared to other countries in our sam-
ple, even after controlling for city-specific characteristics. These findings suggest that

1The United Kingdom was part of the European Union in 2011, the time at which the data was produced.
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Fig. 1 Quantifying the statistical significance of the overlap between residential segregation and
urban fragmentation at the city level. (a) Fragmentation of urban space by urban barriers into
three fragments. (b) Spatial partitioning of space into demographically homogeneous regions. (c)
Quantifying the overlap between residential segregation and urban fragmentation, using the purity
score. (d) Generating 200 synthetic urban fragmentation partitions, using Voronoi polygons. (e)
Computing the overlap between residential segregation and each synthetic fragmentation partition,
generating the statistical distribution and evaluating the quantile rank of the actual overlap in the
distribution of the synthetic overlaps.

the relationship between urban barriers and social frontiers is neither universal nor
random, but rather influenced by country-specific urban development patterns.

2 Results

Our analysis of 520 cities across eight European countries reveals two key find-
ings regarding the spatial relationship between residential segregation patterns and
urban fragmentation. First, contrary to expectations based on findings reported for
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North American cities, we do not observe a systematic alignment between residential
segregation and urban fragmentation across European cities (subsection 2.1). Sec-
ond, the cities that do exhibit significant alignment are predominantly concentrated
in the Netherlands and Germany, suggesting important regional variations in this
relationship (subsection 2.2).

2.1 No alignment between residential segregation and urban
fragmentation in European cities

To assess the extent to which residential segregation aligns with urban fragmenta-
tion in the European context, we investigate the statistical distribution of quantile
ranks for all 520 urban areas in our sample (Figure 2 a). Here, urban barriers refer
to railways, motorways, and waterways that fragment urban space, while social fron-
tiers denote the boundaries between demographically distinct regions. If residential
segregation aligns with urban fragmentation across European cities, we would expect
an over-representation of cities in the right portion of the histogram, particularly in
the highest quantile rank bin (0.95-1.00), indicating that urban barriers align with
social frontiers to a degree unlikely to occur by chance. Conversely, if no association
exists, we would anticipate a uniform distribution of quantile ranks across all bins.
The observed distribution reveals a pattern that is predominantly uniform with a
slight L-shape, characterized by higher counts in the first (0.00-0.05) bin compared to
the rest (Figure 2 a). Importantly, in the vast majority of the cities that we investi-
gate (N=486, 93.5%), residential segregation patterns show no significant alignment
to urban fragmentation, with their quantile rank falling outside the top 5% of the
synthetic distribution.

To assess whether the observed distribution pattern deviates significantly from
what would be expected under random chance, we use a formal statistical testing
framework that accounts for multiple comparisons using Benjamini-Yekutieli adjusted
p-values (Figure 2 a) [21]. Our statistical test reveals that only the lowest quantile
rank bin (0.00-0.05) shows a statistically significant deviation from expected counts,
with cities being overrepresented in this category. This finding suggests a pattern that
is opposite to the expected alignment between urban barriers and social frontiers, with
a small subset of European cities exhibiting less alignment between urban barriers and
social frontiers than what would be expected by chance. This result is contrary to the
expectation that urban barriers delineate segregation patterns across European urban
contexts, highlighting a fundamental di!erence in patterns observed in their North
American counterparts.

To shed more light on this result, we showcase the results from two cities that
exhibit clear disagreement between residential segregation and urban fragmentation:
Lyon (France) and Birmingham (United Kingdom), shown in figure 3. In both cities, we
observe distinct spatial patterns in the demographic distribution. While Birmingham
exhibits a center-periphery pattern with migrant populations being overrepresented
in the center (figure 3 a), Lyon displays a pronounced East-West division (figure 3
b), with migrants predominantly residing in eastern districts. Despite the presence
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Fig. 2 Statistical and geographical patterns of alignment between residential segregation and urban
fragmentation across European cities. (a) Distribution of quantile ranks across all cities in the dataset.
Each bar shows the number of cities falling within a specific quantile rank bin, while the dashes
horizontal line indicates the expected count per bin under a null scenario where the alignment between
residential segregation patterns and urban fragmentation is not substantially di!erent from what
would be expected by chance (no systematic relationship exists between residential segregation and
urban fragmentation). The dotted horizontal lines indicate significance thresholds without applying
the Benjamini-Yekutieli correction. This correction accounts for the inherent dependence structure of
the data. (b) Geographic distribution of quantile ranks across cities in the dataset. Cities mentionned
in the paper are (c) Distribution of quantile ranks across countries.

of clear social frontiers, our analysis reveals minimal alignment with urban barriers
in both contexts. In Lyon, the boulevard périphérique (D383) follows a similar East-
West orientation as the social frontier; nevertheless, rather than marking the frontier
between demographic regions, it runs through the core of the area over-representing
migrants, functioning more as a ”spine” for this region rather than as a dividing
barrier. Similarly, Birmingham’s center contains dense infrastructure forming a central
node in a radial network, yet these physical elements do not delineate social frontiers
between areas over-representing migrants and the rest of the city. These two cities are
illustrations of the statistical pattern observed across our sample, demonstrating that
even in cities with pronounced segregation patterns, urban barriers do not necessarily
systematically define social frontiers in the European context.
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Fig. 3 Spatial layout of social frontiers and urban barriers in Birmingham, United Kingdom (a) and
in Lyon, France (b). Selected highways, rivers and railways are displayed to enhance readability.

2.2 Greater association between residential segregation and
urban fragmentation in Germany and the Netherlands
than in other countries

We identify geographical di!erences in the extent to which social frontiers align with
urban barriers throughout Europe (Figure 2). While we do not observe a consis-
tent alignment between residential segregation patterns and the urban fragmentation
phenomenon in our sample, urban areas exhibiting such alignment are predomi-
nantly concentrated in Germany and the Netherlands. There exists stronger alignment
between residential segregation patterns and urban fragmentation in a subset of cities
in Germany (15 % of cities) and the Netherlands (17 % of cities). This pattern
suggests that the relationship between urban barriers and social frontiers may be influ-
enced by country-specific urban development strategies. Yet, even in Germany and the
Netherlands, cases exhibiting significant correspondence between urban barriers and
demographic frontiers constitute a minority of cities in these countries. Interestingly,
the French region of Alsace, where cities like Strasbourg and Mulhouse were adminis-
tered by Germany between 1870 and 1918, also shows significant alignment between
urban fragments and demographic regions.

To formally assess the potential significance of these country-specific e!ects, we
conduct a beta regression analysis controlling for two city-level variables that might
explain these geographical di!erences [22]. We control for segregation intensity using
the dissimilarity index (subsection 4.3.2), as the alignment between segregation pat-
terns and urban fragmentation might be less observable in cities where segregation
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is less pronounced. We also control for decentralization, as multicentric urban struc-
tures may be more likely to exhibit barrier-frontier alignment because physical barriers
can serve as natural separators between distinct development centers, whereas mono-
centric cities with radial growth patterns tend to extend across barriers rather than
being bounded by them. We use a normalized average distance from city center for
measuring decentralization (see subsection 4.3.2). Figure 4 displays the distribution
of segregation intensity and decentralization across the countries in our sample. Spain
and Italy exhibit the highest levels of segregation intensity, while Portugal and France
show the lowest, consistent with findings from [23] using the same data and dissimi-
larity indicator. Germany and the Netherlands exhibit moderate levels of segregation
intensity relative to other countries in the sample. The decentralization indicator, on
the contrary, does show a similar geographic pattern to that of the alignment between
physical barriers and social frontiers, with Germany and the Netherlands showing the
highest levels of spatial decentralization, while Spain and Portugal display the most
centralized urban structures.

Fig. 4 Cross-country variation in residential segregation intensity and urban spatial structure. (a)
Distribution of residential segregation across urban areas per country, measured using the dissimilarity
index. (b) Distribution of the decentralization indicator across urban areas per country. The countries
are arranged from left to right by ascending median.

The regression model estimation results show that Dutch cities have a significant
positive association (average quantile rank of 0.61 p=0.008), even after controlling for
decentralization, while Germany’s association approaches but does not reach the 5%
significance threshold (average quantile rank of 0.56 p=0.064). In contrast, we observe
significant negative association in Spain (average quantile rank of 0.34 p<0.001), the
United Kingdom (average quantile rank of 0.41 p=0.001), and Italy (average quantile
rank of 0.43 p=0.03), reinforcing our earlier findings. These geographic disparities
suggest systematic country-level di!erences besides decentralization in how residential
segregation patterns relate to urban barriers.

Examining our control variables, we find that segregation intensity is not statisti-
cally significant, indicating that we cannot attribute the lack of observed alignment
to an insu”cient level of segregation. Conversely, decentralization shows a significant
positive e!ect (p=0.023), suggesting that the spatial organization of cities plays an
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coef (logit scale) p-value Predicted average
Segregation -0.1042 0.869 -
Decentralization 0.5759 0.022 -
Portugal -0.9711 0.093 0.27
Spain -0.6844 0.000 0.34
Ireland -0.5049 0.399 0.38
the United Kingdom -0.3605 0.001 0.41
Italy -0.2979 0.03 0.43
France -0.0645 0.687 0.48
Germany 0.2393 0.064 0.56
the Netherlands 0.4567 0.008 0.61

Table 1 Regression model estimation results. The model includes country-specific
fixed e!ects, allowing us to identify countries where the alignment is significantly
di!erent from the null distribution. A positive coe”cient implies a positive impact of
the variable on the quantile rank. The variables for segregation and decentralization
are centered before the regression, subtracting their respective mean. The average
predicted quantile rank per country is measured using the transformation
logit→1(ωc) and provided in the last column of the table.

important role in the alignment between urban barriers and social frontiers. This find-
ing aligns with the distinction between monocentric cities prevalent in countries like
Spain and France versus the more multicentric urban agglomeration structures char-
acteristic of Germany and the Netherlands (figure 4). The latter configuration may
facilitate a more systematic division of space compared to the predominantly radial
development patterns of monocentric cities.

To illustrate our statistical findings with concrete examples, we conduct a qual-
itative analysis of Amsterdam (Figure 5). Amsterdam is one of the cities exhibiting
the highest quantile rank values (quantile rank =1) in our dataset, indicating excep-
tional alignment between residential segregation patterns and urban fragmentation. In
Amsterdam, five main regions have an over-representation of migrants: Nieuw-West,
Noord, Oost, along the Beneluxbaan, and Zuidoost. Crucially, these regions are delin-
eated with remarkable correspondence to the city’s waterways. In the western part
of the city, a succession of canals (from Westlandgracht to Westelijk Marktkanaal)
clearly separates a region over-representing migrants in the West from an area under-
representing migrants in the East of the canals (figure 5 b). Similarly, in Amsterdam
Noord (figure 5 c), the major canal of Ringsloot creates an almost perfect boundary
between the northern area over-representing migrants and the southern area under-
representing migrants. Similar striking overlap (quantile rank > 0.95) occurs in several
Dutch and German cities, including Leiden (quantile rank = 0.97), Freiburg (quantile
rank = 0.97), and Kiel (quantile rank > 0.995) (figure 2).

3 Discussion

Our analysis of 520 European cities challenges the assumption that residential segre-
gation patterns align with urban fragmentation. This finding represents a significant
departure from previous research, which has largely focused on contexts where explicit
segregation policies were historically implemented, such as cities a!ected by redlining
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Fig. 5 Spatial layout of social frontiers and urban barriers in Amsterdam, the Netherlands. (a)
Entire map of Amsterdam. (b) Zoom over Amsterdam West. (c) Zoom over Ringsloot in Amsterdam
Noord. Selected highways, rivers and railways are displayed to enhance readability.

in the United States and the apartheid in South Africa [8, 15, 16, 24, 25]. Our findings
demonstrate that the same pattern does not emerge when such explicit policies are
absent. While households may indeed seek separation and sort themselves into homo-
geneous neighborhoods, this sorting does not appear to systematically occur along
urban barriers in the European urban context.

In fact, we observe the opposite in a significant number of cities where residen-
tial segregation aligns less with urban fragmentation than expected under the null
hypothesis. This suggests that when groups sort residentially near urban barriers, other
factors may outweigh homophilic preferences for separation from dissimilar groups.
Urban barriers may generate e!ects that either attract or repel certain population
groups. For instance, areas adjacent to motorways experience higher noise and air
pollution on both sides, making these locations less desirable regardless of which side
of the barrier they occupy, thus potentially concentrating disadvantaged populations
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throughout the corridor rather than separating di!erent groups. Conversely, rivers
with scenic waterfront views may attract advantaged populations to both banks, cre-
ating concentrations of similar groups on either side of the barrier. In both cases,
urban barriers create similar conditions on both sides, and these attraction or repul-
sion e!ects may have a stronger influence on residential choice than any preference to
use barriers as a way to separate from dissimilar groups.

Our methodological approach to generating synthetic urban partitions represents
a deliberate trade-o! between realism and statistical rigor that directly impacts our
results. The way synthetic partitions are defined fundamentally a!ects the distribu-
tion of synthetic overlap scores against which we compare observed patterns. Creating
more realistic or plausible synthetic partitions would require incorporating additional
spatial rules and assumptions, which could also introduce potential bias through cir-
cular reasoning. Assumptions about plausible urban layouts could artificially produce
the alignment (or misalignment) patterns we seek to detect. Therefore, we chose a
plain approach that controls only for the statistical properties directly a!ecting our
overlap metric—specifically, the number of urban fragments and their size distribution,
since more evenly distributed fragment sizes naturally yield better overlap scores. By
avoiding additional spatial assumptions, we essentially treat each city as a blank can-
vas and redraw urban frontiers randomly while preserving only the size characteristics
of the actual fragmentation pattern.

Several limitations of our study should be acknowledged. First, our analysis focuses
specifically on residential segregation of non-EU migrants, while income disparities
may be more important for spatial sorting in many European contexts [26]. Second,
despite e!orts to build standardized data across countries, notable methodological
di!erences remain that could influence our results [19]. These di!erences include vari-
ations in spatial resolution, where some countries like the Netherlands provide data
natively at 100×100m resolution, while others, such as France, require upscaling from
coarser administrative zones (approximately 300×300m) that were subsequently dis-
aggregated into smaller grid cells. From a statistical perspective, larger original zones
tend to have migrant shares closer to the city average due to their larger sample sizes,
which reduces the extreme values that drive segregation patterns. Additionally, the
operational definition of migration background varies significantly across countries:
for instance, a person born in the Netherlands to parents from outside the EU who
acquires Dutch citizenship retains their migration background classification, whereas
in France, the same individual would no longer be classified as having a migration back-
ground upon acquiring French nationality as an adult. These di!erences in definition
and resolution directly impact measurements of segregation intensity. Our alignment
analysis is less sensitive to these variations since we focus on spatial layout patterns
rather than absolute migrant shares, and the demographic regions we identify are
typically orders of magnitude larger than even the coarsest spatial resolution in our
dataset. Third, our data is from 2011, and segregation patterns may have changed
in the subsequent years, particularly given the significant migration flows to Europe
since the mid-2010s.
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The underlying mechanisms driving the country-specific patterns we observe
remain unclear and warrant further investigation in future research. In particular,
understanding why Dutch and German cities exhibit stronger alignment between
urban barriers and social frontiers compared to other European countries could provide
valuable insights into how urban planning traditions and infrastructure develop-
ment influence residential segregation patterns. To uncover these mechanisms, future
research could investigate other spatial features that might overlap with segregation
patterns in European cities. For instance, urban barriers might delineate housing devel-
opment patterns, where plots of land bounded by railways, motorways, or waterways
were developed with distinct housing types or at di!erent time periods, potentially
creating areas with varying a!ordability and accessibility that indirectly influence
residential sorting patterns. The methodological framework developed in this study
— comparing observed spatial overlap against synthetic null distributions — could
be readily adapted to assess alignment between demographic patterns and partitions
based on housing quality, concentration of social housing, building age, or access to
amenities. Such approaches might reveal more consistent patterns that explain the
spatial distribution of social groups in European cities, where segregation clearly exists
but follows a di!erent spatial logic than the barrier-bounded patterns observed in
North American contexts.

4 Methods

Our study investigates whether residential segregation patterns align with urban frag-
mentation across European cities. We employ a Monte Carlo approach to test the
statistical significance of the observed spatial overlap between demographic regions
and urban fragments defined by urban barriers. For each of the 520 cities in our sam-
ple, we generate 200 synthetic fragmentation patterns and compare the actual spatial
alignment against this null distribution. This methodology allows us to determine
whether urban barriers act as social frontiers more than would be expected by chance.

4.1 Data Sources and Preparation

Our analysis requires two datasets: demographic data to identify patterns of residential
segregation and geographic data to define urban barriers. The following subsections
detail our data sources and the preparation steps we undertook to create standard-
ized, comparable spatial partitions of residential segregation and urban fragmentation
across all 520 cities in our sample.

4.1.1 Demographic dataset

This study used a dataset mapping the spatial distribution of migrants across urban
areas in eight European countries (France, Germany, Ireland, Italy, the Netherlands,
Portugal, Spain, and the UK) derived from harmonized 2011 Census data [19]. The
dataset was created by processing ad hoc extractions from National Statistical Insti-
tutes, organizing population data by citizenship and/or country of birth into a uniform
spatial grid with cells of 100×100 meters. The population was classified into two cat-
egories: migrants from outside the EU and the rest (including non-migrants and EU
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migrants). The definition of migrants varied across countries, based on citizenship cri-
teria in Italy and France, and on country of birth in the remaining countries (Germany,
Ireland, the Netherlands, Portugal, Spain, and the UK).

4.1.2 Study area

We define the spatial extent of urban areas through population density analysis. First,
we calculate the average population density within a 400-meter radius of each cell,
applying a smoothing function that weighs nearby populations inversely to the square
of the distance. The 400-meter radius was selected based on a qualitative assessment of
di!erent smoothing parameters to create cohesive urban areas while preserving mean-
ingful local variation in density. Cells exceeding a density threshold of 1,000 people
per km² are classified as high-density areas. This conservative threshold accounts for
edge e!ects, which cause the moving average calculation to yield densities approxi-
mately half those of central areas in peripheral cells. Adjacent high-density cells are
then aggregated into contiguous urban areas, and only areas with a total population
exceeding 50,000 inhabitants are retained, consistent with the established definition of
urban cores in the literature [27]. We define the study area using a convex hull around
each urban area to ensure we capture any urban barriers that might exist at the
periphery of settlements. This methodological approach ensures our analysis focuses
on densely populated urban environments while maintaining consistency across the
520 cities in our sample.

4.1.3 Regionalization method for constructing demographic regions

We identify homogeneous demographic regions using the regionalization method devel-
oped in [20]. This method applies a spatial moving average to migrant proportion data
to filter out small-scale variations. It then uses spatially-constrained agglomerative
clustering, which ensures only adjacent cells merge into regions, maintaining spatial
contiguity throughout. The result is a set of contiguous demographic regions for each
city, with each region representing an area of relatively homogeneous migrant pop-
ulation characteristics, enabling direct comparison with urban fragments defined by
urban barriers.

4.1.4 Identification of urban barriers and creation of urban
fragments

We extract urban barriers from the OpenStreetMap database, which include railways,
motorways, and waterways [28]. We then systematically partition the demographic
grid: each contiguous group of cells that is fully separated from other groups by one
or more urban barriers constitutes an urban fragment. This fragmentation process
creates a spatial partition that we then compare against the independently derived
demographic regions to assess potential alignment between urban barriers and social
frontiers.
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4.2 Quantifying alignment between social frontiers and urban
barriers

To assess whether residential segregation patterns align with urban fragmentation
beyond what would be expected by chance, we employ a two-step approach. First,
we develop a purity score metric to quantify the spatial overlap between demographic
regions and urban fragments within each city. Second, we establish statistical signif-
icance by comparing observed alignment scores against a null distribution generated
through Monte Carlo simulations using synthetic urban partitions.

4.2.1 Measuring the alignment between two spatial partitions
using the purity score

We measure the alignment between residential segregation patterns and urban frag-
mentation using a purity score metric ω (equation 1). For each urban fragment m
(constructed in subsection 4.1.4) in the set M of all urban fragments, we identify
the demographic region l (constructed in subsection 4.1.3) in the set of all demo-
graphic regions L that contains the largest share of the fragment’s population. The
overall purity score sums these maximum population overlaps across all fragments M ,
normalized by the total population popcity.

ωm =
1

popcity

∑

m→M

max
l→L

(pop(m → l)) (1)

The purity score can be interpreted as a measure indicating how well one can
reconstruct demographic regions using urban fragments as building blocks. It ranges
from 0 to 1, with 1 implying that demographic regions can be perfectly reconstructed
from urban fragments. This metric is calculated for each city as well as for each of the
synthetic partitions.

4.2.2 Generation of synthetic partitions

We generate synthetic urban partitions by randomly placing seed points within the
city area, matching the number of fragments observed in the actual urban structure.
We then apply Voronoi tessellation, assigning each population grid cell to its nearest
seed to form distinct urban fragments. We use transformed Gaussian random fields to
draw these random points, providing flexible control over spatial patterns. A Gaus-
sian random field Z(x, y) assigns random values to spatial locations (x, y), where any
finite collection of field values follows a multivariate normal distribution. The field is
characterized by its covariance function:

Cov[Z(xk, yk), Z(xk↑ , yk↑)] = ε2 exp

(
↑h2

ϑ2

)
(2)

P (x) =
[Z(x, y) + |min(Z)|]ω∑
k[Z(xk, yk) + |min(Z)|]ω (3)
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where h is the distance between points, ϑ is the length scale parameter controlling
spatial correlation, and ϖ is the power exponent. Equation 2 defines how field values
Z(x, y) at di!erent locations covary—larger ϑ values produce smoother, more clus-
tered patterns while smaller ϑ values create more dispersed arrangements. The power
transformation in equation 3 converts the field into probabilities for seed placement,
where higher ϖ values increase clustering around field maxima.

To ensure that synthetic structures accurately match the size distribution of actual
urban fragments, we implement a two-stage process as follows.

First, we generate 500 fields with varying ϑ and ϖ and construct corresponding
synthetic partitions, optimizing the length scale controlling spatial autocorrelation
(equation 2) and the power exponent regulating point concentration (equation 3).
Their optimal values are determined by minimizing the Wasserstein distance between
synthetic and observed fragment size distributions (equation 4). We measure the
Wasserstein distance W1 by ranking fragments by descending size, constructing the
cumulative distribution function of fragment size in the actual case A and the synthetic
case S, and summing the di!erence between the two over every rank r.

W1(A,S) =
∑

r→R

|CDFA(r)↑ CDFS(r)| (4)

Second, once optimal parameters are identified, we generate 500 synthetic par-
titions using these optimized parameters and select the top 200 partitions with the
smallest Wasserstein distances to the actual fragmentation partition. This approach
creates multiple statistically equivalent alternatives that preserve the size distribution
of the actual urban fragmentation partition.

4.2.3 Statistical significance of alignment between residential
segregation and urban fragmentation

We test the statistical significance of the alignment between the demographic parti-
tion and the fragmentation partition by comparing the observed purity score against
the distribution of scores from 200 synthetic fragmentation partitions. For each city,
we calculate the quantile rank of the actual purity score within the distribution of syn-
thetic purity scores, which provides a standardized measure of statistical significance
at the city level.

The quantile rank q for city j is computed as:

qj =
|s ↓ Sj : ωs < ωobserved,j |

|Sj |
(5)

where ϱobserved,c represents the observed purity score for city j, Sj denotes the set
of 200 synthetic purity scores for that city, and | · | indicates set cardinality. This quan-
tile rank ranges from 0 to 1, with values approaching 1 indicating that the observed
alignment is exceptionally high compared to what would be expected under random
spatial arrangements of urban fragments.
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A quantile rank above 0.95 suggests that the observed alignment between residen-
tial segregation and urban fragmentation occurs in fewer than 5 % of random scenarios,
indicating statistically significant alignment at the ς = 0.05 level. Conversely, quan-
tile ranks below 0.05 indicate significantly less alignment than expected by chance,
suggesting that urban barriers actively disagree with social frontiers.

This quantile-based approach provides several methodological advantages: it natu-
rally accounts for the varying number and size distribution of urban fragments across
cities, it makes no distributional assumptions about the purity scores, and it provides
an intuitive interpretation where the quantile rank directly corresponds to the prob-
ability that a randomly generated urban fragmentation would yield lower alignment
than the observed pattern.

4.3 Post-hoc statistical testing

After conducting our Monte Carlo analysis to assess alignment between residential
segregation and urban fragmentation in individual cities, we perform two additional
statistical procedures to analyze patterns across our entire sample. First, we test
whether the distribution of quantile ranks across all cities deviates significantly from
what would be expected under the null hypothesis of no systematic relationship
(subsection 4.3.1). Second, we examine country-specific e!ects on alignment patterns
while controlling for city-level characteristics that might influence this relationship
(subsection 4.3.2).

4.3.1 Benjamini-Yekutieli test

In section 2.1, we examine which bins deviate from what we would expect under
the null hypothesis of uniformity. A key challenge in this analysis is the dependence
between bins: if one bin has significantly more observations than expected, other bins
have, by construction, fewer observations. The Benjamini-Yekutieli procedure handles
such dependencies between tests [21]. This procedure controls the false discovery rate
(FDR) — the expected proportion of false positives among all rejected null hypotheses
— when performing multiple hypothesis tests, which we set to FDR =0.05 in this
study. This approach provides a statistical framework that accounts for the inherent
dependency in our quantile rank distribution analysis. The implementation involves
five steps:

1. Conducting Chi-Square tests comparing observed versus expected counts for each
bin b, and computing the p-values per bin pb.

2. Ordering the resulting p-values from smallest to largest: p(1) ↔ p(2) ↔ . . . ↔ p(20),
where φ denotes the rank

3. Calculating Benjamini-Yekutieli critical values ↼ε (see equation 6)
4. Finding the largest φ̂ where p(ε̂) ↔ ↼ε̂
5. Rejecting the null hypothesis for all bins with p-values ↔ p(ε̂)

↼ε =
φ

20
↗ FDR

c
where c =

20∑

ε↑=1

1

φ↑ (6)
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4.3.2 Beta regression

To measure the absolute e!ect of each country on the alignment between urban barriers
and social frontiers, we employ beta regression analysis while controlling for city-level
characteristics that might influence this relationship. Beta regression is particularly
appropriate for our analysis because it is specifically designed for continuous response
variables bounded between 0 and 1, exactly matching the properties of our quantile
ranks [22]. This regression framework allows us to test whether country-specific e!ects
remain statistically significant after accounting for segregation levels and decentraliza-
tion patterns. Equation 8 provides the regression specifications, where Yjc represents
the response variable (quantile rank) for city j in country c. The variable follows a beta
distribution with mean µj and precision parameter ↽. We use logit as the link func-
tion g(·) connecting the linear predictor xT

j ω to the mean µj , which ensures predicted
values remain within the (0,1) interval while maintaining linearity on the transformed
scale.

yjc ↘ Beta(µjc,↽) (7)

logit(µjc) = ςc + ⇀D ·Djc + ⇀ϑ · ⇁jc + εjc (8)

We control for segregation intensity and decentralization, denoted respectively
by D and ⇁ in equation 8. Both control variables are centered around their respec-
tive means to enable meaningful coe”cient interpretation, since baseline scenarios
with zero decentralization or segregation are neither realistic nor meaningful in urban
contexts.

We measure the intensity of residential segregation in an urban area using the dis-
similarity index [29]. This index notedD is measured using equation 9 where uk and vk
represent respectively the migrant and the non-migrant population in unit k, while the
total migrant and non-migrant population in the urban area are noted U and V respec-
tively. This index ranges from 0 (no segregation) to 1 (complete segregation), providing
a standardized measure of spatial separation. We use this established measure to
maintain consistency with prior studies employing the same dataset [23, 30, 31].

D =
1

2

∑

k

∣∣∣
uk

U
↑ vk

V

∣∣∣ (9)

We also control for decentralization, which captures the fundamental spatial
organization of urban development. Cities can be organized along a spectrum from
monocentric structures—where development radiates outward from a single dominant
center—to multicentric structures—where development is distributed across multiple
distinct centers or nodes. The decentralization is computed using the average distance
from any cell k located at position (xk, yk) to the city’s center of gravity (xg, yg)
weighted by the cell’s population popk (see equation 10). The city’s center of gravity
is also population-weighted. This indicator is linearly correlated to the city size. To
enable cross-city comparisons, we normalize this measure by dividing it by the theo-
retical average distance from the city center ADCcircle of a perfectly circular city with
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the same area S (equation 11). The normalization in equation 12 yields the decentral-
ization indicator ⇁, a dimensionless metric that allows for meaningful comparison of
decentralization patterns across urban areas of di!erent sizes and shapes.

ADC =

∑
k

√
(xk ↑ xg)2 + (yk ↑ yg)2 · popk∑

k popk
(10)

ADCcircle =
2

3
·
√

S

ϱ
(11)

⇁ =
ADC

ADCcircle
(12)

The country fixed e!ects are denoted by ςc. Our specification excludes an inter-
cept term and retains all country fixed e!ects, allowing us to assess whether each
country exhibits positive or negative e!ects on the alignment phenomenon rather than
comparing countries against a single reference.
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