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Abstract. Urban soil plays a fundamental role in supporting a range of ecosystem services important for both
human health and urban resilience. While many ecosystem services rely on soil microbial communities, studies
on urban soil microbes have remained scarce. A major complexity in understanding urban soil bacteria is the
heterogeneity of soil throughout the city. In this study, we investigated the urban soil bacterial communities
of street tree areas in relation to soil characteristics. We sampled soils under London plane trees at 20 street
sites throughout the city of Antwerp (Belgium) and looked into the horizontal and vertical spatial variation
in soil bacterial communities. Using 16S rRNA gene amplicon sequencing, we found great bacterial diversity
(over 1800 bacterial genera) and heterogeneity in the urban soil of a single city. Our findings suggest that,
first and foremost, urban soil community variation is determined by the sampling site, indicating that samples
grouped together in space are more similar. Additionally, but to a smaller extent, the bacterial communities are
affected by soil characteristics as is the case for non-urban soils. Significant relationships were observed between
composition and soil pH, moisture, density, depth, air pollution, and land use class (all p values <0.01). We
found that soils, especially those with relatively low moisture content in the city under study, showed a decline
in soil bacterial biodiversity with decreasing moisture content (p value = 0.047), indicating that soil moisture
content may be an important aspect of sustainable urban soil management. Furthermore, soils under trees with
a smaller circumference varied greatly in bacterial community composition relative to soils under trees with
a bigger circumference, which were significantly more alike in bacterial composition. This indicates that, to
better predict urban resilience, factors such as soil and vegetation development should be taken into account. In
conclusion, we recommend including microbial soil diversity in urban sustainable soil management and focusing
future urban soil research on understanding what the desired microbial functions and compositions for urban soils
are.

1 Introduction

Urban soil plays a fundamental role in supporting a range
of ecosystem services important for both human health and
urban resilience. These include countering the urban heat is-
land effect, mitigating floods, capturing and degrading pollu-
tants, providing essential support for infrastructure, facilitat-
ing urban agriculture, and offering access to green spaces for
mental and physical health (O’riordan et al., 2021). Addition-
ally, at the global level, soil contributes to processes such as
nutrient cycling and carbon storage (Wang and Goll, 2021).

Many ecosystem services depend on soil microbial commu-
nities, which play a crucial role in nutrient cycling, organic
matter decomposition, plant health, and overall soil ecosys-
tem functioning (Nugent and Allison, 2022). Moreover, there
is a growing body of evidence suggesting that the interaction
with natural microbial biodiversity can have positive effects
on human health, primarily by influencing the microbiome
and immune system (Haahtela, 2019; Mills et al., 2017). The
importance of healthy soils, defined as soils in good chemi-
cal, physical, and biological condition, is corroborated by the

Published by Copernicus Publications on behalf of the European Ecological Federation (EEF).




36

European Union Soil Strategy for 2030 (European Commis-
sion, 2021) to help us address the biggest global challenges.

The soil microbiome of natural environments and agricul-
tural lands has been extensively studied, while studies on ur-
ban soil microbes have remained scarce (Nugent and Allison,
2022). Nevertheless, many soil characteristics that change
with urbanization can be expected to impact soil microbial
communities (Nugent and Allison, 2022). The process of ur-
banization involves construction, sealing, and other human
activities, which significantly alters the physical, chemical,
and biological characteristics of soils (Lehmann and Stahr,
2007). Urban development often leads to soil compaction
due to heavy construction machinery and increased traffic.
Compaction reduces pore spaces in the soil, limiting water
infiltration and aeration, which affects soil microorganisms
and plant growth. Furthermore, soil moisture content pro-
foundly influences microbial activity and diversity (Brockett
et al., 2012). Moist soils provide a favourable environment
for microbial growth and metabolic processes. Conversely,
waterlogged or excessively dry conditions can limit micro-
bial activity, affecting soil functions like organic matter de-
composition. Construction activities also include moving soil
and leaving behind construction debris, making urban soils
very heterogeneous (Lehmann and Stahr, 2007). Moreover,
urban areas are associated with increased pollution from ve-
hicular emissions, industrial activities, and improper waste
disposal, leading to soil contamination with heavy metals,
organic pollutants, and other harmful substances (Yu et al.,
2019; Bezberdaya et al., 2022; Yuan et al., 2021). Pollutants
associated with traffic on motorways may also greatly af-
fect soil chemistry and its microbial communities (Yan et al.,
2016; Lovett et al., 2000). Soil pH has previously been ar-
gued to be the main explanatory variable for the composition
of bacterial communities of urban and non-urban soils (Yan
et al., 2016; Fierer and Jackson, 2006). Changes in pH can al-
ter microbial community structure, affecting nutrient cycling
and soil health (Malik et al., 2018). Hence, the impact of ur-
banization on microbial soil communities is expected to be
multifaceted.

Urbanization-induced soil changes have indeed been ob-
served to alter microbial diversity and composition. It has
been shown that the amount and diversity of fungi, includ-
ing fungi that are beneficial to plants, decrease drastically
with urbanization (Abrego et al., 2020; Bainard et al., 2011).
A study covering 56 cities around the world found that the
functions of urban soil microbes tend to lean towards more
greenhouse gas emissions, faster nutrient cycling, and more
human and plant pathogenicity compared to nearby natural
soils (Delgado-Baquerizo et al., 2021). However, soils exclu-
sively from urban green spaces were included in this study.

One of the greatest challenges of research on the urban
soil microbiome is the heterogeneous nature of urban soils
(Lehmann and Stahr, 2007). We therefore set up an ex-
ploratory soil microbiome study in a single city, examining
established drivers of microbiomes of street tree soils to-
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gether with the microbiome variation across various spatial
distance levels (2 m to several kilometres), reflecting soil het-
erogeneity. For soil characteristics, we focused on soil pH;
soil moisture content; soil density; and indicators of pollu-
tion, such as soil remanent magnetization (for metals) and
atmospheric coarse particulate matter (PMjo) and nitrogen
oxide (NO, ) concentrations (indicating vehicular emissions).
To ensure consistency of the vegetation effect on soils, we
selected sampling sites associated with a single tree species,
the London plane (Platanus x acerifolia), which is abun-
dantly found in the city. Tree circumference was measured as
a proxy for tree age. We sampled soils in unsealed soil vol-
umes next to paved streets. With this exploratory study, we
aimed to better understand how soil heterogeneity caused by
human activity and classic soil characteristics relate in driv-
ing the urban soil microbiome structure.

2 Materials and methods

2.1 Study area and design

This study was conducted in the city of Antwerp, the second-
largest city of Belgium (51°13'16.5” N, 4°23'58.4” E), which
houses 545000 inhabitants (2024) on 205 km?. Antwerp is
located in the sandy Campine region: the upper mineral soils
are dominated by sand or sandy loams, although clay soils
are sporadic due to the city’s location on the river banks of
the river Scheldt (City of Antwerp, 2023). More background
information on the city can be found in Muyshondt et al.
(2022).

Throughout the city, we chose 20 sites where solitary Lon-
don plane street trees (Platanus X acerifolia) were present in
paved streets and where the soil in which the tree was rooted
was unsealed and thus accessible for sampling. These sites
represent the largest spatial distance level in this study and
were between 100 m and 7 km apart. At each site, soil sam-
ples were collected under two different trees (Fig. 1). Trees
of the same site were between 3 and 20 m apart, represent-
ing the second-largest spatial distance level in this study. At
each tree, two orientations (north and south) were sampled,
which were between 1 and 3 m apart, representing the small-
est spatial distance level in this study. Since these samples
were taken close to the same tree, we can assume that they
have a similar history of soil manipulation. Finally, at each
orientation under each tree at each site, the upper mineral soil
was sampled at two soil depths: from 0 to 5 cm and from 10 to
15 cm. In total, 160 soils were sampled between 13 February
and 31 March 2023.

2.2 Sample collection and measurements

Samples for bacterial analysis were taken with a steel soil
auger (Eijkelkamp Soil and Water, diameter 2.5cm) and
spatula. The soil borer samples were transferred into small
plastic bags and stored in a freezer (—18 °C) immediately
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Figure 1. Soil sampling setup in this study. The figure shows how
eight soil samples were taken per site.

upon arrival at the lab (within 10h). After each sampling,
the tools were first cleaned of soil residues, then disinfected
with a 70 % ethanol-impregnated paper towel. Samples for
physical, chemical, and magnetic analyses were taken with
Kopecky rings (height 5cm, diameter 5cm). Soil from the
Kopecky rings was transferred into a plastic jar for trans-
port. These soil samples were weighed and dried upon ar-
rival in the lab as described below. Tree height (m) was
measured using the Vertex IV altimeter and Transponder T3
(Haglof, Sweden). Trunk circumference (cm) was deter-
mined at breast height with a tape measure as an indication
of tree age (Van Mensel et al., 2023).

2.3 Physical, chemical, and magnetic analyses

After determination of the soil wet weight with an electronic
balance (Kern and Sohn; accuracy 0.2 g), the samples taken
with the Kopecky rings (Eijkelkamp) were dried for 1 week
in a drying oven (Memmert) at 50 °C, and the soil dry weight
was determined. The gravimetric soil moisture content (%)
was determined as the difference between the wet and dry
weight divided by the dry weight of the Kopecky samples.
The density (kgm™>) was determined from the dimensions
of the Kopecky ring (volume 9.8 x 1073 m?) and the dry
weight. The pH was measured by mixing 10g of dry soil
in 25 mL of 1 M KCIl (Wuyts et al., 2013).

The soil saturation isothermal remanent magnetization
(SIRM) was measured as a proxy for exposure to traffic-
derived pollution (Lu et al., 2011). For this magnetic anal-
ysis, the dried samples were sieved with a stainless steel
sieve with a mesh size of 2 mm. A sub-sample of about 3 g
was weighted and tightly wrapped in plastic film to prevent
movement of the soil particles and placed in a 6.7 cm? plas-
tic sample container. The SIRM of this container was deter-
mined from the remanent magnetization (Am~!) measured
with a JR-6 dual-speed spinner magnetometer (AGICO; sen-
sitivity 2.4 x 107® Am~!; accuracy 3 %) after magnetization
with a pulse magnetizer (Molspin) at 0.8 Tesla. Blanks were
taken from the plastic sample container along with the same
amount of plastic film used for wrapping the soil samples.
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For normalization of the SIRM (Am?kg~!), the average
blank was subtracted from the measured value, then divided
by the dry weight of the sample, and finally multiplied by the
volume of the sample container (6.7 cm?).

2.4 Molecular analysis

Soil samples for bacterial analysis were thawed and sieved
with a stainless steel sieve with a mesh size of 2 mm right
before DNA extractions were performed using the DNeasy
PowerSoil Pro Kit (QIAGEN, Germany) according to the
manufacturer’s instructions. A PCR was then set up accord-
ing to Wuyts et al. (2020). Blanks for DNA extraction and
PCR were included. Amplified samples were purified with
the Agencourt AMPure XP (Beckman Coulter, USA) accord-
ing to the manufacturer’s instructions. Finally, all samples
were pooled at equimolar concentrations into a library. For
this, the concentration of the individual samples was deter-
mined using the Qubit 3.0 fluorometer (ThermoFisher Scien-
tific, USA). The library was sequenced at the Centre for Med-
ical Genetics (Edegem, Belgium) using Illumina MiSeq. In
total, 158 bacterial community samples were sequenced with
an additional nine blanks, representing both DNA extraction
kit blanks and PCR-negative controls.

2.5 Land use and air quality

Modelled atmospheric concentrations (ugm™>) of particu-
late matter with an aerodynamic diameter smaller than 10 um
(PMj0) and nitrogen oxides (NO, ) were used as indicators of
air pollution. These were extracted for the different sites from
air quality maps generated with the ATMO-Street model
2021 (http://ftp.irceline.be/atmostreet/, last access: 27 Jan-
uary 2026). Although previous research has shown that air
pollution spatial variation can be large in urban settings and
not fully accounted for in modelled values (Hofman et al.,
2016), these model values provide the best available indica-
tion of air quality at the sites.

The predominant land use class within a 200 m radius
around the sites was extracted using Urban Atlas 2018 (Eu-
ropean Union’s Copernicus Land Monitoring Service In-
formation, 2020). All spatial analyses were performed via
QGIS version 3.22.16 (http://qgis.org, last access: 27 Jan-
uary 2026). To reduce the number of underrepresented land
use classes, the classes “industrial, commercial, public, mil-
itary, and private units”, “fast transit roads and associated
land”, and “other roads and associated land” were merged
into one category, namely “roads and associated land”. The
classes “discontinuous dense urban fabric” and “discontinu-
ous medium-density urban fabric” were merged into the cat-
egory “discontinuous urban fabric”.
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2.6 Bioinformatics and statistical analyses

The raw sequencing data were processed using the DADA?2
package (Callahan et al., 2016) in the R environment (R Core
Development Team, 2006). In short, sequence reads with
at least one ambiguous base, reads containing the lowest
possible quality score of 2, and reads with more than two
“expected errors” were discarded. Next, sample inference
(DADAZ2’s core algorithm) was performed, followed by read
merging. A sequence table containing all amplicon sequence
variants (ASVs) was constructed, chimeras were removed,
and taxonomy was assigned using a custom Genome Tax-
onomy Database (GTDB; release 207) 16S rRNA sequence
database, complemented with mitochondrial and chloroplast
sequences from SILVA v138. Non-bacterial reads were re-
moved before analyses. Inspection of the blanks indicated
that the ASV Moraxella_ A was a consistent contaminant,
and after establishing its very low abundance in the samples,
we removed it from our dataset. Furthermore, all six extrac-
tion kit blanks and three PCR blanks had very low to no read
numbers (fewer than 32), indicating very low to no contam-
ination, and were removed from the dataset before analyses.
Finally, samples with fewer than 1000 reads were discarded.

Statistical analyses were done in the R environment
(R Core Development Team, 2006). Graphs were gener-
ated using the ggplot2 package (Wickham, 2016) and gg-
biplot (Vu et al., 2011). Whenever the p value was un-
der 0.05, the result was considered significant. The natural
logarithm of the SIRM value was used in further analyses
because of the right-skewed distribution. Means are reported
as mean = standard deviation. For soil pH, medians were
reported. For correlations between soil characteristics, the
Pearson correlation was calculated. For correlations with fac-
tors that were determined per site (e.g. atmospheric PMyg),
the mean values per site were used. Four mixed-effect models
were assessed using the ImerTest package (Kuznetsova et al.,
2017) to test if variation in continuous soil properties (soil
pH, soil moisture content, soil In(SIRM), and soil density)
can be explained by depth (two levels), orientation (two lev-
els), and land use (three levels). Site was added to the model
as arandom effect. Additionally, a principal component anal-
ysis was done to visualize the correlations of all variables
and cluster the sites in a two-dimensional space based on the
soil variables (pH, moisture, and In(SIRM)) and the environ-
mental variables (i.e. atmospheric PM g concentration, atmo-
spheric NO, concentration, tree height, and stem circumfer-
ence).

For bacterial community analyses, the tidytacos package
(Wittouck et al., 2025) in R was used. Bray—Curtis dissim-
ilarities of bacterial communities were calculated to per-
form permutational multivariate analysis of variance (PER-
MANOVA) using the adonis2 function (Oksanen et al.,
2022). We tested two PERMANOVA models with the com-
plete community dataset: once using soil characteristics to
explain community variation and once using factors related
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to spatial distance level to explain community variation. For
the latter, the largest spatial distance level, site, was put first
in the model. The next spatial distance level was tree ID,
which was nested in site, and the following factors, depth
and orientation, were nested within tree ID. In addition to
PERMANOVA, we used PERMDISP2 of the vegan package
(Oksanen et al., 2022) to test for multivariate homogeneity of
groups using the distance from each data point to its group
centroid and then testing whether those distances differed
among the groups defined by the variables. To further study
the interaction effects in the PERMANOVA model with soil
characteristics, we made four subsets of our dataset. At each
depth, we merged the bacterial samples of each tree and de-
termined median pH and In(SIRM) values per tree. To study
the interaction effect with tree circumference, we then ran
PERMANOVA models on four subsets to assess how the im-
pact of pH and SIRM changes between low (< 100 cm) and
high (> 100 cm) trunk circumference at the two different soil
depths.

We also tried to detect ecological succession and commu-
nity convergence of the bacterial communities over time as
described by Shade et al. (2013) and Smets et al. (2022).
We furthermore determined alpha diversity of the bacte-
rial communities. Therefore, the dataset was first rarefied to
1140 reads, and the observed ASV richness and ASV inverse
Simpson index were then calculated. Correlations between
these two diversity metrics and the soil variables were deter-
mined using generalized linear models which included the to-
tal read counts per sample. For pH we also tested a quadratic
regression model, as it was expected to show an optimum.

3 Results

3.1 Soil environmental properties

Several soil, air, and tree properties were recorded for each
sample in this study and are summarized in Table 1. Corre-
lation analyses (Table 2, Fig. 2) showed a negative correla-
tion between soil moisture content and soil pH, while mois-
ture content was positively correlated with soil In(SIRM)
value. In addition, there was a significant positive correlation
between atmospheric PM g concentrations and atmospheric
NO, concentrations.

A mixed-effect model showed that variation in soil
moisture content was significantly explained by depth
(p <0.001), orientation (p=0.024), and land use
(p=0.025). The average moisture content at a depth
of 0-5cm (17 % £ 8 %) was higher than at a depth of 10—
15cm (12% £4 %) and higher at the northern orientation
(16 % £ 7 %) than at the southern orientation (14 % =47 %).
Furthermore, the average moisture content was higher in the
“discontinuous urban fabric” land use class (18 % £ 7 %)
compared to the “continuous urban fabric” (sealing > 80 %)
land use class (13 % £ 5 %).
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Table 1. The mean, standard deviation, and range of the soil, atmospheric, and tree properties recorded in this study.

Property Average +sd Median Minimum Maximum
Soil pH 6.4 3 8.6
Soil moisture content (%) 15+7 3 39
Soil SIRM (Am?kg~—1) 747 0.4 44
Soil density (kg m_3) 1470 +220 920 2050
Air PMj( (ugm™3) 21.8+0.9 20.3 24.3
AirNO, (ugm—3) 2745 18 43
Tree height (m) 17+4 11 26
Trunk circumference (cm) 160 + 60 60 290

Another mixed-effect model showed that there was a sig-
nificant difference in soil pH at the different orientations
(p=0.033) and land uses (p =0.048). The median pH at
the southern orientation was 6.54, while it was 6.24 at the
northern orientation. The median pH for land use classes
“roads and associated land”, “discontinuous urban fabric”,
and “continuous urban fabric” (sealing > 80 %) was 5.72,
5.95, and 6.75, respectively. The variation in soil SIRM and
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soil density were not significantly explained by depth, orien-
tation, or land use.

The principal component analysis (PCA) does not show
particularly obvious clustering of the sampling sites (Fig. 2),
but most of the variation between soil samples can be found
in atmospheric concentrations together with soil SIRM on
the one hand (principal component 1, PC1) and in soil pH
together with soil density in a negative relationship with soil
moisture on the other hand (principal component 2, PC2).
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Table 2. Correlations between environmental variables, including soil properties and air quality.

Soil moisture content ~ Soil density  Soil pH  Soil In(SIRM)  Air PMjg
Soil density —0.742
Soil pH —0.332 0.26°
Soil In(SIRM) 0.26° -0.48  —0.03
Air PM g 0.42 —0.34 —0.14 0.39
Air NOy 0.39 —0.27 —0.05 0.34 0.942

2 p value < 0.001, ° p value < 0.01.

PC1 and PC2 explain 59 % of the total variation in soil, at-
mospheric, and tree characteristics.

3.2 Relationships between soil characteristics and
bacterial communities

After quality filtering of the DNA sequencing data as de-
scribed in the methods, the resulting dataset contained ap-
proximately 1.3 million reads of 122 soil samples with
11093 amplicon sequence variants (ASVs), representing
1835 genera. The overall most abundant ASVs belonged to
the genera Renibacterium (2.8 %), Bradyrhizobium (1.5 %),
Nitrosocosmicus (1.1 %), and Hyphomicrobium (1.1 %). The
most abundant phyla in our dataset were Proteobacteria
(24 %), Acidobacteriota (20 %), Actinobacteriota (19 %),
Firmicutes (7 %), and Verrucomicrobiota (6 %). The raw se-
quencing data are publicly available on the European Nu-
cleotide Archive under accession number PRJEB105109.

Because of the strong correlations between atmo-
spheric PM¢ and atmospheric NO, and between tree cir-
cumference and tree height (Fig. 2), NO, and tree height
were not included in the following analysis to avoid
collinearity. A PERMANOVA indicated that all recorded
properties (i.e. soil and environmental properties) con-
tributed significantly to the bacterial community variation
(Table 3). Principal coordinate analyses are visualized in
Figs. S1-S4 in the Supplement. Soil pH was found to be the
most influential factor for bacterial community composition
among soil characteristics.

Regarding richness indicators, we found that bacterial
community diversity reached an optimum at a pH between 6
and 7 (Fig. 3a and b). Additionally, we found that soil mois-
ture content was significantly correlated with ASV richness
(p value =0.047). Visualizing this trend indicated that di-
versity started to decrease more drastically as soil moisture
content decreased (Fig. 3c and d). Site was also a significant
factor for alpha diversity, but other soil characteristics and
trunk circumference were not significantly correlated with
soil ASV richness or the inverse Simpson index.

To study the effect of tree circumference as a proxy for tree
age, we used several approaches. We did not detect trends
for co-occurring taxa clusters in trees with a similar tree cir-
cumference, which would have indicated ecological succes-
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Table 3. The explanatory power of different soil properties for the
soil bacterial community variation according to a PERMANOVA
(9999 permutations). SIRM served as a proxy for heavy metal pol-
lution, trunk circumference served as a proxy for tree age, and air
PM served as a proxy of traffic-related pollution.

R? P value
Soil pH 0.05 <0.001°
Soil moisture content 0.03 <0.001°
Soil density 0.02 <0.001°
Soil In(SIRM) 0.02 <0.001°
Trunk circumference 0.03 <0.001°
Soil depth 0.04 <0.001°
Air PM; 0.02  0.0022
Land use class 0.03 <0.001°
Soil pH : soil depth 0.02 0.005%
Soil pH : trunk circumference 0.02 <0.001°
Soil In(SIRM) : trunk circumference  0.02 0.006%

a p value <0.01,,% p value <0.001.

sion (Fig. S5). The soil communities at different sites, how-
ever, became less dissimilar as trunk circumference increased
(p =0.03, Kendall tau = —0.46), which indicates that bac-
terial communities converge as their associated vegetation
becomes more established (Fig. S6). We also observed sig-
nificant interaction effects between trunk circumference and
other soil characteristics (Table 3). To further assess these
interactions, we ran PERMANOVAs of four subsets of the
data — small and large trunk circumference at two different
soil depths. The results of these models confirmed that the
potential impact of pH and SIRM on bacterial communities
changed with trunk circumference: within soils of trees with
larger trunk circumference (older trees) compared to those
of trees with smaller trunk circumference (younger trees),
we observed a clear decrease in the correlations with pH
(R? dropping from 0.19 in top soil and 0.23 at 10-15cm
depth to 0.09 and 0.11, respectively) and SIRM (R? drop-
ping from 0.14 in top soil and 0.14 at 10—15 cm depth to 0.05
and 0.04, respectively).
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3.3 Bacterial communities at different spatial distance
levels

A PERMANOVA to assess the effect of different spatial dis-
tance levels on the variation in the bacterial soil communi-
ties indicated that all levels contribute significantly to soil
bacterial community variation (Table 4). Site, representing
the largest spatial distances within this study, had the biggest
impact on the community variation (R? =0.40). Two trees
were selected per location, and we observed that tree ID addi-
tionally contributes to the community variation (R? = 0.13).
Variability of bacterial communities is further affected by the
depth of the soil sample (within tree) and the sampling loca-
tion at the surface as indicated by the orientation per tree
(Fig. 2).

When adding the spatial distance level factors “site” and
“tree ID” to the PERMANOVA of the soil characteristics
(Table 3), we observed that some of the site variation is ex-
plained by soil characteristics (site goes from R? =0.40 to
R? =0.30), but the effect of tree variation remains the same
and is not further explained by soil characteristics.

4 Discussion

In this exploratory study, 160 urban soil samples were col-
lected between 13 February and 31 March 2023. As ex-
pected for urban soil, we found great heterogeneity of soil
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Table 4. The PERMANOVA results (9999 permutations) for the
effect of different spatial distance levels on the bacterial community.
The factors are ordered from the largest to the smallest distance
levels and align with the order in which they were added to the
model.

R? P value
Site 040 <0.001
Tree ID 0.13  <0.001
Depth (per tree) 0.25 <0.001

Orientation (per tree) 0.17 < 0.001

characteristics (Table 1) and bacterial communities (Table 4)
in a single city. We could nevertheless identify some corre-
lating factors for bacterial community variation, despite our
single-time-point sampling approach. Within urban bacterial
soil communities of this study, horizontal spatial distribution
was found to be the most important driver of community
variation. The importance of spatial distance became clear
through the significantly large impact of site and tree ID as
predictors of community variation, even when soil charac-
teristics were considered covariables. This result suggests a
strong effect by dispersal limitation on bacterial soil com-
munities, in accordance with other soil studies (Bissett et al.,
2010; Eisenlord et al., 2012; Richter-Heitmann et al., 2020).
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Additionally, as expected, we found that soil characteristics,
land use, tree circumference (as a proxy for tree age), and
pollution indicators also all significantly contributed to the
bacterial community variation (Table 3).

Soil pH was identified as the most important explanatory
variable of bacterial community composition among all soil
characteristics (R =0.05), which aligns with the results of
Lauber et al. (2009) and Yan et al. (2016). In accordance with
previous studies of natural soils by Fierer and Jackson (2006)
and Lauber et al. (2009), we found the highest values of
bacterial soil diversity at near-neutral pH (measured in KCI)
(Fig. 3), suggesting an optimal pH for diverse communities.
However, it is important to note that some low-diversity soils
showed near-neutral pH too, highlighting the role of other
factors shaping bacterial diversity alongside pH. Generally,
bacterial communities in neutral soils have been observed to
be more diverse and active than in acidic soils (Nugent and
Allison, 2022). However, a more acidic soil pH may promote
some desirable microbial functions such as increased carbon
storage (Malik et al., 2018). While natural soils range in pH
from acidic to neutral, urban soils are often alkalized (Nu-
gent and Allison, 2022). In our study, the median pH was 6.4
(KCl1), and we found that 93 % of the sampled soils had a
higher pH than the median pH (KCI) of 4.6 of forest soils of
a similar composition in the same region (De Keersmaeker
et al., 2004). We also observed that soils in the “continuous
urban fabric” land use type (> 80 % sealing) had a higher
pH than those in the other land use types with less dense ur-
ban structures (Fig. 2c). Urban soil alkalinity is usually the
consequence of leaching of calcareous substances from con-
crete, and an increased pH in soil has been associated with
decreased microbial function (Nugent and Allison, 2022).

The gravimetric soil moisture content measured in this
study was 15% £ 7 %; however, these were single-time-
point measurements which may have varied strongly with
the weather conditions in the 47d sampling period. Addi-
tionally, soil moisture content is known to correlate with or-
ganic matter content (Park et al., 1982), which we did not
analyse in this study. This makes it difficult to compare to
measurements of other studies, but we found that the litera-
ture reported on 21 % =+ 2 % soil moisture content in a nearby
region of agricultural, non-irrigated soil (Ryken et al., 2018).
Previous studies reported typically drier soils in urban en-
vironments (Scalenghe and Marsan, 2009). Lower soil mois-
ture content may have a great impact on urban soil ecology as
anticipated by Nugent and Allison (2022). In this study, we
observed a remarkable decrease in bacterial diversity in soils
of lower moisture content (Fig. 3c and d). We hypothesize
that soils in cities with a similar climate to the one addressed
in this study (Antwerp, Belgium) may benefit from imple-
menting measures to increase soil moisture content. Mea-
sures to increase soil moisture content include nature-based
solutions, which decrease soil density and increase organic
content, and technical solutions, such as removing soil seal-
ing and draining, using permeable tiles, and improving water
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traps and storage (Scalenghe and Marsan, 2009; Zhang et al.,
2021).

Trunk circumference of the tree under which the soil was
sampled also had a minor but significant relationship with the
bacterial soil community variation (R2 =0.03). As the trees
in our study were from the same species and grew as solitary
trees in similar light conditions, it can be argued that tree cir-
cumference can be used as a proxy for the age of the tree
and the extent of its root system (Van Mensel et al., 2023).
However, tree growth rates in urban areas can vary because
they depend on factors such as air pollution and soil com-
paction, which vary from site to site (Locosselli et al., 2019;
Monteiro et al., 2017; Ruark et al., 1983). We could indeed
not identify clear successional dynamics of the bacterial soil
communities in this study using tree circumference as a time
reference (Fig. S5) without actually sampling over time. Nev-
ertheless, for bacterial community variation, we observed an
interaction effect between the trunk circumference and soil
pH and between the trunk circumference and the soil SIRM
(Table 3). Soil SIRM is a proxy for heavy metal pollution in
soil and is associated with concentrations of metals such as
Fe, Pb, Cu, Zn, and Cd in urban roadside soils exposed to
traffic pollution (Lu et al., 2011; Crosby et al., 2014). The
effects of pH and heavy metal pollution on the community
decrease as tree circumference increases, which suggests that
over time, as root systems and soil bacterial communities de-
velop, they stabilize and become less related to pH and heavy
metal pollutants. Combined with the decrease in community
dissimilarity over time, indicating a converging community
composition (Fig. S6), this result implies that with tree devel-
opment and/or time, bacterial communities in soils become
more developed and, theoretically, more resilient. This is in
line with the smaller potential impact of soil pH and metal
pollution on the microbial community as the tree and likely
its root system and associated soil microbiome develop. As it
is not unusual for microbial soil communities to need several
decades to develop after a disturbance (Zhou et al., 2017),
more research is required to assess to what extent (repeated)
disturbance of urban soils affects ecosystem service delivery
and how we can better conserve older soils or speed up devel-
opment of younger soils in the context of urban construction.

Other factors affecting urban soil communities included
the soil density, soil sampling depth, modelled atmospheric
pollution indicators (PMjg), and land use class. The correla-
tion between urban soil composition and air pollution could
also reflect an association with nearby traffic intensity. Even
artificial light at night has previously been shown to affect ur-
ban soil functioning (Li et al., 2023), but current research on
these associations is very limited. Soil depth and density have
previously been shown to be important drivers of soil micro-
bial composition (Dick et al., 1988; Naylor et al., 2022). The
bacterial community variation between different urban land
use categories, however, has received less attention (Christel
et al., 2023). Our study shows that the urban land use type,
“roads and associated land”, “discontinuous urban fabric”,
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and “continuous urban fabric” (sealing > 80 %), around the
sampled open soil also accounts for significant community
variation, even after correcting for the correlations with pH,
soil density, and pollution. This result indicates that future re-
search is required to better understand the impacts of differ-
ent urban land uses on urban soil functioning and its related
ecosystem services.

Comparing R? values of Tables 3 and 4, we find that spa-
tial distance has a much greater impact on soil bacterial com-
munity variation than soil characteristics. Our results there-
fore indicate that the bacterial urban soil heterogeneity is not
only caused by heterogeneity in soil characteristics (like pH
and density), but also by other factors affecting site vari-
ability. This implies a strong effect by dispersal limitation
on bacterial soil communities in accordance with other soil
studies (Bissett et al., 2010; Eisenlord et al., 2012; Richter-
Heitmann et al., 2020). We speculate that bacterial commu-
nity variability is, in large part, caused by historic move-
ment of soil and that the microbial inhabitants of the orig-
inal source soil or exogenous replacing soil still affect the
community composition of urban soils years later. Soil char-
acteristics and potentially vegetation type and age put signif-
icant further selection pressure on the communities, but, in
this study, the impact on community variation by soil pH is
an order of magnitude smaller than the effect of site.

Finally, we believe it is noteworthy that, in this study, only
the bacterial fraction of the soil microbiome was studied. For
future research in urban soil ecosystem services, it is impor-
tant to understand the composition and functions of fungi,
archaea, protists, and eukaryotes, as well as those of bacte-
ria, in urban soils.

5 Conclusions

To conclude, we observed that urban soil bacterial communi-
ties are indeed heterogeneous, which is likely a consequence
of variation in the level and type of soil disturbance, e.g.
by construction, other soil movement, and sealing practices.
Nevertheless, just like in natural soils, soil characteristics
such as moisture content and pH are correlated with soil bac-
terial diversity and composition. Our results support previous
observations of more alkalized and drier urban soils. The fact
that (i) bacterial urban soil communities are correlated with
soil abiotic factors and (ii) bacterial community development
is associated with the age of the vegetation and/or time since
soil disturbance offers opportunities to contribute to soil di-
versity and ecosystem services through good soil manage-
ment practices. This study therefore supports the importance
of taking into account soil microbiome information when
designing and implementing urban plans and implementing
restoration strategies discussed by Schroder et al. (2024).
However, without further knowledge on bacterial functioning
and a proper definition of the characteristics of optimal bac-
terial communities in urban soils, our soil management sug-
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gestions remain hypothetical. Our study therefore highlights
the need for future research to focus on understanding the
required bacterial functions and compositions of “healthy”
urban soils. As cities continue to expand, research on urban
soil microbial communities is essential to develop sustain-
able urban planning and construction strategies that promote
healthy soil ecosystems and overall urban wellbeing.
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