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A central challenge for sustainable urban development is balancing the trade-offs of high urban

density. We examined whether biodiversity can be supported within dense or compact urban areas by
analyzing bird species richness and composition across 30 sites in Gothenburg, Sweden,
representing three urban form types (two compact and one dense) and reference areas with abundant
vegetation. Results showed that species richness was significantly lower in the three urban form types
than in the reference areas, and species composition differed significantly between the two groups.
However, there were no significant differences in species richness or composition between the
individual urban form types themselves. Across the three urban form types, nevertheless, sites with
larger local natural habitat area and/or better connectivity to surrounding natural habitats had higher
species richness, whereas variation in species composition was associated primarily with local habitat
area. This highlights that increasing habitat area remains the most effective strategy for supporting
avian diversity, even in dense or compact urban areas. Species that are less common in urban areas
were also recorded at sites within the three urban form types where suitable conditions existed. These
results not only suggest that biodiversity can exist within dense or compact urban areas but also that it

can be supported through both site-level interventions and broader-scale planning for habitat

connectivity.

To achieve global sustainability goals, urban planners and decision-makers
worldwide have adopted strategies that promote denser or more compact
urban areas. While higher densities and city compactness can have positive
effects, for example, on public infrastructure, transport, and the economy,
they also have several negative environmental, social, and health impacts'.
Among these negative impacts is the loss of biodiversity within cities,
reflected in significant changes in species abundance and community
composition™’. Urban biodiversity plays an important role in supporting
human health and well-being through multiple pathways, including:
reducing ill health and environmental harm (e.g., by providing access to
provisioning and regulating ecosystem services); restoring psychological
capacities (e.g., stress recovery); and building capacities (e.g., by encouraging
physical activity and promoting place attachment)". In some regions, urban
biodiversity conservation and restoration have now become a legally
binding and urgent priority with the enforcement of new policies and legal
frameworks, such as the EU Nature Restoration Law. The latter mandates
EU cities to restore biodiversity and degraded ecosystems and sets specific

targets for urban ecosystems, including no net loss of urban green space and
tree cover by 2030, and a steady increase in their total area thereafter’.
Therefore, a central challenge for sustainable urban development is to
identify ways to build dense or compact urban areas while minimizing
negative impacts on biodiversity.

In urban design and planning, understanding how dense or compact
urban development influences biodiversity and how its negative effects can
be mitigated remains limited for two main reasons. First, the large majority
of studies on urban biodiversity focus on studying variations along the
urban-rural gradient, with a lack of studies focusing on intra-urban varia-
tions in biotic conditions, especially in dense or compact urban areas®’.
Second, although several studies (e.g., refs. 8-11) have investigated the
relationship between urban density and biodiversity within cities, most rely
on one-dimensional measures of density such as population density (e.g.,
people/km?), housing density (e.g., dwellings/km®), built intensity (e.g.
Floor Space Index, FSI), or ground coverage (e.g., Ground Space Index, GSI).
One-dimensional measures of density offer limited insights for urban design
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(a) Compact low-rise

(c) Dense mid-rise

Fig. 1 | Representative examples of the three urban form types used in this study. Examples from Gothenburg, Sweden, showing the three urban form types developed by
Berghauser Pont et al. " and used in this study: (a) compact low-rise (Silverkillagatan), (b) compact mid-rise (Sveagatan), and (c) dense mid-rise (Torggatan).

and planning practice because they are poor indicators of urban form"". For

example, at the same population density, FSI, or GSI, one can still design
urban environments with very different morphological characteristics, also
creating different social, economic, and environmental conditions'*™".

Berghauser Pont and Haupt” have proposed the combination of
multiple density measures (e.g., GSI and FSI) in a multidimensional cate-
gorical classification to measure urban density in ways that better describe
urban form and performance. This approach has been shown to be effective
in numerically distinguishing between urban form types with distinct
morphological characteristics, such as high-rise buildings with little ground
coverage and mid-rise perimeter building blocks with relatively high ground
coverage, even when they have the same FSI".

In this study, we use this approach to advance understanding of how
high urban density influences biodiversity by examining the effects of three
urban form types—defined by different combinations of GSI and FSI—on
avian communities in Gothenburg, Sweden.

These urban form types were identified by Berghauser Pont et al."”
based on a statistical clustering of GSI and FSI values across five Eur-
opean cities, including Gothenburg, which resulted in a total of seven
urban form types. Here, we use three of the denser and more compact
types—typical of many European urban cores and consistent with UN-
Habitat’s advocacy for compact, high-density development'®*—namely:
(1) compact low-rise, (2) compact mid-rise, and (3) dense mid-rise
buildings. These three types (Fig. 1) are distinct in terms of ground
coverage (i.e., GSI), reflecting different relationships between built and
non-built space (dense vs. compact), and building height (low- vs. mid-
rise). The compact low-rise type is dominated by row- and townhouses
with spacious courtyards. The compact mid-rise type has the same GSI
as the compact low-rise type, but the buildings are generally taller,
resulting in a higher FSI. The dense mid-rise type has the highest GST and
FSI of the three types. It has the same building height as the compact
mid-rise type, but a larger share of the courtyards is occupied by
buildings, resulting in a higher GSI, and, therefore, this type has a higher
FSI. A detailed description of these types can be found in ref. 17.

In this study, we focus on avian communities because birds are con-
sidered good surrogates of overall biodiversity in regions where they are
speciose'’. Furthermore, birds provide key ecosystem services (e.g.

pollination, seed dispersal, pest control, and cultural ecosystem services) and
are sensitive to changes in the ecosystem, making them excellent study
subjects in many areas of ecology”’. Birds are also widely distributed, highly
diverse, and relatively easy to detect and identify".

More specifically, we formulated two hypotheses to investigate how the
three aforementioned urban form types influence two complementary
aspects of avian diversity”: alpha diversity (i.e., the number of species or
species richness within a site) and beta diversity (i.e., variation in species
composition among sites).

Our first hypothesis (H1) was that, within the same urban form type,
there would be variation in species richness and composition among sites,
but that the three urban form types would differ significantly in species
richness and composition.

Our second hypothesis (H2) was that site-to-site variation in species
richness and composition across the three urban form types would be
associated with local- and/or larger-scale environmental characteristics. Key
environmental variables that are well documented to influence bird species
richness and composition include local habitat area, habitat diversity, and
landscape connectivity to surrounding suitable habitats*****. This hypoth-
esis is particularly relevant for planning more biodiversity-friendly cities
because these variables can be directly influenced through urban design and
planning.

To test the aforementioned hypotheses, we analyzed bird species
occurrence data collected during spring 2024 across 30 urban sites in
Gothenburg, Sweden, representing the three urban form types described
above (19 sites) and reference areas (11 sites)*. The reference areas included
sites where bird diversity was expected to be higher, such as large urban
parks, woodlands, and sites representing more spacious, sparsely built urban
form types with low GSI and FSI and abundant vegetation. These areas were
included to provide a reference baseline against which avian diversity pat-
terns in the three urban form types could be compared and interpreted, and
to assess whether the observed patterns were consistent with those reported
in previous studies on the effects of high urban density on biodiversity>”’.

Results
Across the 30 urban sites monitored during spring 2024 (from April 21 to
June 16), a total of 61 bird species, representing 25 families, were observed™.
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Fig. 2 | Overview of the study sites. Map showing the spatial distribution of the 30 monitoring sites across the study area in Gothenburg, Sweden. Readapted from ref. 26.
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Table Sl lists all observed bird species, and Fig. 2 shows the spatial dis-
tribution of the 30 monitoring sites representing the three urban form types
(19 sites) and the reference areas (11 sites). More details about how these
sites were selected and sampled are provided in the Bird observations sec-
tion. In the following sections, we first present the results comparing bird
species richness and composition between the three urban form types and
the reference areas, followed by the results of the analyses testing H1 and H2.

Differences in bird species richness and composition between
the three urban form types and the reference areas
To compare species richness and composition between the three urban form
types and the reference areas, we used the Mann-Whitney U-test and
permutational multivariate analysis of variance (PERMANOVA),
respectively.

Figure 3 shows that species richness was significantly lower in the three
urban form types than in the reference areas (median = 24 vs. 33 species;

WhMann-whitney = 27, p < 0.001). However, some sites within the three urban
form types exhibited higher species richness than some reference sites.
Similarly, PERMANOV A results showed that there were statistically
significant differences in bird species composition between the three
urban form types and reference areas (F=4.04, R*=0.13, p<0.001).
However, permutational multivariate analysis of dispersion (PERMDISP)
showed that there was also a borderline significant difference between the
two groups in terms of their within-group multivariate dispersion
(p =0.046). This means—given the unbalanced design (19 sites repre-
senting the three urban form types vs. 11 reference sites)—that the sig-
nificant PERMANOV A result may be driven by differences in dispersion,
differences in centroid position, or a combination of both. The non-metric
multidimensional scaling (NMDS) ordination (Fig. 4), which visualizes
relative dissimilarities among sites as distances in a 2D space, supports
both effects: the two groups show a shift in centroid position (a location
effect), while the group representing the three urban form types shows a
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more dispersed cloud of points (a dispersion effect). PERMANOVA
results from 1000 random subsamples—used to obtain test statistics from
balanced designs, where PERMANOVA is relatively robust to hetero-
geneity of dispersion—remained consistently significant (p values had a
median of 0.002, an IQR of 0.003, and ranged from <0.001 to 0.044). This
further suggests that the three urban form types and the reference areas
differ in their overall bird species composition. Figure S1 shows a species-
per-site presence-absence matrix, in which, as expected, several species
were observed only in the reference areas or only in the three urban form
types. For example, the Lesser Black-backed Gull (Larus fuscus) was only
observed in the three urban form types and not in any of the reference
areas, which is expected as the species commonly uses building rooftops
for nesting. Similarly, several bird species observed only in reference areas,
such as the Common Reed Warbler (Acrocephalus scirpaceus) and the
European Nightjar (Caprimulgus europaeus), are not expected to be found
in dense or compact urban environments.

Overall, these results, together with the significant differences found in
species richness, align with previous studies showing that high urban density
is associated with shifts in bird species richness and composition.

Bird species richness and composition within and between the
three urban form types (H1)

We next examined variation in species richness and composition within
each of the three urban form types and tested for significant differences
between them (H1). As shown in Fig. 5, species richness varied within each
urban form type, as indicated by differences in the interquartile range (IQR)
and overall range. Among the three types, the compact mid-rise (middle
plot) exhibited the widest within-group variation as measured by the IQR
(IQR=6; range=13), followed by the compact low-rise (IQR=4.5;
range=19) and dense mid-rise (IQR=4; range=14). However, a
Kruskal-Wallis test revealed no significant differences in species richness
between the three urban form types ()(2 =1.12,df =2, p=0.570).
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As for species composition, the NMDS ordination (Fig. 6) shows that
sites within each urban form type occupy different locations on the plot. In
NMDS, these relative positions reflect differences in species composition.
However, the three urban form types also exhibited strong overlap in
ordination space, with no clear separation between them.

The PERMANOV A test confirmed no significant differences in species
composition between the three urban form types (F=1.51, R*=0.16,
p =0.100). Although the species-by-site presence-absence matrix (Fig. S1)
shows that several species were observed only within particular urban form
types, these species were observed at single sites within those types, sug-
gesting that their occurrence is more likely related to site-specific char-
acteristics (e.g., proximity to water) than to the urban form type itself. For
example, the Common Tern (Sterna hirundo), a water-dependent species,
was observed only at a site within the dense mid-rise urban form type
(Kronhusparken), located near the Gota dlv River (see Fig. 2). Similarly, the
Stock Dove (Columba oenas), which is rarely recorded in urban environ-
ments, was observed only in a green space (Chalmerska Vasaparken) within
the compact mid-rise urban form type. This green space contains a couple of
valuable old beech trees (Fagus sylvatica) that provide highly suitable nesting
cavities for the species but also foraging opportunities.

Overall, these findings suggest that, similar to species richness, species
composition varied within each of the urban form types but did not differ
significantly between them; hence, H1 was not supported.

Relationship between environmental variables and site-to-site
variation in bird species richness and composition across the
three urban form types (H2)

To assess whether site-to-site variation in bird species richness and com-
position across the three urban form types (19 sites) was associated with
local- and/or larger-scale environmental variables (H2), we fitted two sets of
models. Specifically, we ran 75 Conway-Maxwell Poisson generalized linear
models (GLMs) for species richness and 75 PERMANOVA models for
species composition, using all possible combinations of three environmental
variables. Briefly, local-scale variables included the area and diversity (based
on the Shannon diversity index) of suitable natural habitat types within a

70 m buffer around each site. The larger-scale variable was structural con-
nectivity, measured as the inverse of the average Euclidean distance to
surrounding suitable natural habitats within multiple buffer distances
(200-4000 m) to assess sensitivity to spatial scale. These variables and their
calculations are described in detail in the Environmental variables section.

Among the fitted GLM models, the model combining local habitat area
and structural connectivity measured at 1800 m yielded the lowest AICc
(Akaike information criterion corrected for small sample size), indicating
the most parsimonious model. The model combining local habitat area and
structural connectivity measured at 1600 m also had strong support
(AAICc =1.26). These two models exhibited a strong fit relative to the null
model (Nagelkerke’s pseudo-R* = 0.81-0.82), and diagnostic checks for the
most parsimonious model indicated that the model assumptions were met
and supported its adequacy (Fig. S2). More specifically, residuals showed no
systematic patterns and closely followed the expected distribution, and there
was no evidence of residual spatial autocorrelation (Moran’s
1=0.04, p=0.152).

In both models, local habitat area and structural connectivity showed
statistically significant positive associations with species richness (p < 0.001),
with habitat area showing a stronger association (Table 1). Specifically,
based on the most parsimonious model (Fig. 7), a one-standard-deviation
increase in local habitat area was associated with a 16% (12-21%) increase in
expected species richness (IRR = 1.16, 95% CI [1.12, 1.21]) after accounting
for structural connectivity, whereas a one-standard-deviation increase in
structural connectivity was associated with a 10% (5-15%) increase
(IRR = 1.10, 95% CI [1.05, 1.15]).

Across all fitted models, only structural connectivity measured at
1400-2400 m showed statistically significant associations with species
richness when combined with habitat area (p values ranged from <0.001 to
0.024). The Shannon diversity index was significantly associated with spe-
cies richness (p < 0.05) only in models incorporating connectivity measured
at 1600, 1800, or 2000 m (Table S2). However, those models had AAICc >10,
indicating essentially no support™.

As for species composition, PERMANOVA results (Table S3), asses-
sing the marginal association between each of the three environmental
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Table 1 | Best-performing candidate models (AAICc <2)

Model ID Variables IRR 95% ClI for IRR p value Pseudo- R2 AlCc
27 Intercept 24.32 [23.33, 25.35] <2e-16 0.81 95.13
Habitat area 1.16 [1.11,1.21] 3.28e-12
Connectivity (1600 m) 1.09 [1.05,1.14] 6.60e-05
28 Intercept 24.31 [23.35, 25.30] <2e-16 0.82 93.87
Habitat area 1.16 [1.12,1.21] 5.36e-13
Connectivity (1800 m) 1.10 [1.05,1.15] 2.05e-05
A detailed description of all fitted models, including standardized estimates, standard errors, z-statistics, pseudo-R2, and AlCc values, is provided in Table S2.
IRR incidence rate ratio (exponentiated estimate), C/ confidence interval.
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Fig. 7 | Relationships between bird species richness and local habitat area and
structural connectivity. Marginal relationships between bird species richness and
(a) local habitat area (within a 70 m buffer) and (b) structural connectivity (within an
1800 m buffer). Points represent observed values; the solid line shows the model-

predicted mean from the most parsimonious model, and the shaded ribbon indicates
the 95% confidence interval. Habitat area and structural connectivity were stan-
dardized using z-scores before modeling.

variables and species dissimilarity, showed that local habitat area was the
only variable significantly associated with species dissimilarity across all
models (marginal R* = 0.11-0.21, p values ranged from <0.001 to 0.033). In
contrast, connectivity was not significant in any of the models that included
habitat area (p > 0.05), suggesting that habitat area is the primary variable
associated with variation in species composition. The Shannon diversity
index showed no significant marginal association with species composition
in any model (p > 0.05).

Overall, these results support H2 that site-to-site variation in bird
species richness and composition across the three urban form types is
associated with local- and/or larger-scale environmental variables.

Discussion

A central challenge in sustainable urban development is balancing the
benefits and costs of high urban density. In this study, we examined whether
there is a potential to support biodiversity within dense or compact cities.
We argued that understanding how high urban density influences biodi-
versity has been limited in the scientific agenda for several reasons, most

importantly because research has largely focused on urban-rural gradients
and because urban density is often measured in one-dimensional ways that
do not reflect aspects of urban form and performance.

To take a step towards a more nuanced understanding of the rela-
tionship between high urban density and biodiversity, we analyzed data on
bird species occurrence across 30 sites in Gothenburg, Sweden. These sites
represented three urban form types (two compact and one dense)—defined
by different combinations of GSI and FSI—as well as sparsely built urban
form types and semi-natural urban areas (referred to as reference areas).

Consistent with previous studies, our findings showed that species
richness was significantly lower in the three urban form types than in the
reference areas, and species composition differed significantly between the
two groups. However, some sites within the three urban form types
exhibited higher species richness than some reference sites, suggesting that,
under certain conditions, relatively high levels of biodiversity can exist
within dense or compact urban areas. Further, there was no significant
difference in species richness or composition between the three urban form
types themselves (H1). Andersson and Colding™ found similar results when
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they investigated the influence of three suburban urban form types on
breeding bird diversity in Stockholm, Sweden.

However, we found that across the three urban form types, sites with
larger local natural habitat areas (within 70 m) and/or better connectivity to
surrounding natural habitats (within 1.4-2.4 km) had higher bird species
richness (with the strongest association at 1.8 km), whereas variation in
species composition among sites was associated primarily with local habitat
area (H2). The broader connectivity range (i.e., 1.4-2.4 km) is ecologically
plausible, as it falls well within empirically reported movement distances for
many bird species”. The strongest association observed at 1.8 km may
reflect the specific landscape structure of Gothenburg, where differences
among study sites in their proximity to surrounding natural habitats were
greatest at this spatial scale. At larger spatial scales, sites may have included
many of the same natural habitats within their buffers, making proximity to
surrounding natural habitats more similar among sites. Unlike previous
studies (e.g., refs. 8,23), the Shannon diversity index was not significantly
associated with species richness or composition. This suggests that, in dense
or compact urban areas, habitat diversity may play a less important role in
supporting avian diversity than local habitat area and landscape con-
nectivity. However, this finding requires further investigation across a wider
range of urban environments and taxa.

In addition, we found that bird species rarely recorded in urban
environments (e.g., Columba oenas) were observed at certain sites within the
three urban form types where suitable habitat conditions (e.g., foraging and
nesting opportunities) were present.

These findings have several important implications for urban design
and planning. First, they highlight that expanding the area of natural
habitats remains the most effective strategy for supporting species richness
and shaping species composition, also within dense or compact urban areas.
As McDonald et al. ' demonstrated, creating dense or compact urban areas
that share space with nature is possible through a set of interventions that
account for urban form as well as the political (e.g., zoning and building
rules), social (e.g., community engagement), and economic (e.g., availability
of funding) context.

Second, when such interventions are constrained, for example by
limited space and competing land-use demands, there remains an oppor-
tunity to support more species through broader-scale planning interven-
tions that improve habitat connectivity. In dense or compact cities, such
connectivity can be realized, for example, by repurposing existing linear
elements in the city (e.g., riverbanks and railway embankments) as well as
smaller public and semi-private spaces (e.g., parks, yards, green roofs, and
vacant lands), which can collectively function as ecological stepping stones
across the city’".

Third, the results suggest that ecologically important species that
contribute to maintaining biodiversity or species of conservation interest
can still be supported in dense or compact urban areas through targeted
interventions that create favorable conditions for them to thrive, such as
suitable microhabitats, foraging opportunities, or nesting sites. Such species-
focused interventions can serve different objectives, for example: (1) pro-
moting local (site-level) biodiversity by creating ecological conditions that
support multiple species; (2) supporting targeted species or species groups of
conservation interest by creating the specific ecological conditions they
require; and (3) enhancing overall biodiversity across the dense or compact
urban area by achieving complementarity among sites, whereby different
sites support species not accommodated elsewhere. In urban design and
planning practice, achieving these objectives can be operationalized, for
example, by placing reproduction or foraging habitats at strategic locations
(e.g., areas that facilitate species movement), as suggested Kindvall et al. 2
When doing so, it is important to prioritize habitats that support native
species rather than non-native ones that may have negative impacts on
biodiversity” or pose health risks to humans™.

The findings presented in this paper also contribute to the broader
“land sharing vs. land sparing” debate in urban ecology’’. Several previous
studies have suggested that land sparing—characterized by dense or com-
pact development that enables the preservation of larger contiguous areas of

natural habitat—reduces biodiversity within the dense or compact urban
area but helps maintain higher overall biodiversity at urban fringes**. Our
results support this general pattern but provide a more nuanced under-
standing by showing that, under a land sparing approach, biodiversity in the
dense or compact urban area can still be promoted through a careful multi-
scale approach that considers both site-specific (e.g., local habitat quality
and the provision of nesting and breeding opportunities) and broader
landscape characteristics (e.g., connectivity to surrounding natural habitats
that provide complementary resources and foraging opportunities). From
an urban design and planning perspective, these results highlight, for
example, the importance of retaining high-quality green and/or blue spaces
within and between dense or compact urban developments. This is
important not only for biodiversity conservation but also for sustaining key
ecosystem services that benefit urban residents (e.g., health and well-being).

However, it should be noted that the extent to which biodiversity can be
promoted within dense or compact urban areas will depend on the species
(or higher taxon), as different taxa respond differently to varying levels of
urbanization™. The latter highlights that understanding how different taxa
respond to urbanization is an essential aspect to support biodiversity in
cities. This is because biodiversity is a multifaceted concept that encom-
passes several aspects, including, for example, the number of species
(richness), the identity of species present, patterns of dominance and rarity,
and the functional roles species play within ecosystems™.

In this study, although we focused on a couple of important aspects of
biodiversity, namely species richness and composition, we examined only
one taxonomic gro