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In this study the impacts of urbanity on physical soil properties were explored bymeasuring
water stable aggregates, combined particle size, infiltration rate and hydrophobicity across
an urban gradient. The use of a gradient allowed for the relative importance of different
environmental drivers to be assessed. We sampled 54 sites across Berlin and used a pre-
existing database of environmental variables to extract three main axes of variation relating
to urbanity, soil nutrient content, and heavy metal content. These axes, along with site age,
were used to explore the drivers of changes in physical properties across an urban
landscape. The percentage of water stable aggregates was found to decrease with
urbanity, whilst infiltration rate was found to increase. Hydrophobicity did not appear to be
influenced by urbanity but interacted with both infiltration rate andwater stable aggregates.
Combined particle sizes in the soil were found to increase with urbanity. Our findings
provide evidence for urbanity being an important driver of variation in physico-chemical soil
properties, which has implications for the provision of ecosystem services by these soils.
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1 INTRODUCTION

Since the middle of the 20th Century, the global urban population has been rapidly increasing, from
751million individuals in 1950 to an estimated 4.2 billion in 2018, which accounts for roughly 55% of
the total global population (United Nations, 2018). It has been estimated that whilst less than 0.5% of
total global land surface is covered in built-up urban developments, this small percentage represented
a total of 0.5 million km2 at the turn of the last century (Goldewijk et al., 2010), although estimates
vary (Potere and Schneider, 2007). These urban ecosystems not only provide services to their
inhabitants but are also often hotspots for global change factors such as increased temperature
(Arnfield, 2003), salinisation (Equiza et al., 2017), and the presence of pollutants such as heavymetals
(Plyaskina and Ladonin, 2009). Hence, urban soils can provide valuable information when it comes
to understanding the impacts of global change factors on soil ecosystems and their functioning,
which might impact human health (Brevik and Burgess, 2014). In these systems, anthropogenic
interference is commonplace; this can include the management of soils (e.g. mowing and irrigation in
urban parks), transportation of soils (e.g. due to construction; Hooke, 2000), soil sealing, and the
addition of waste and construction material, such as building sand (Bridges, 1991). Urban landscapes
have previously been associated with generally high levels of compaction (Lehmann and Stahr, 2007),
although this may only be true in localised areas of high intensity usage (Edmondson et al., 2011).
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Geochemical cycling, hydrosystems and biodiversity have been
demonstrated to change with rising urbanity (Grimm et al.,
2008), however, many of the underlying soil characteristics
which determine ecosystem processes have not been studied.
For example, whilst aggregate stability is known to be a vital
component of soil structure and functioning (Bronick and Lal,
2005), its response to urbanity has not previously been
investigated and it is not known whether responses are
universally similar (as could be expected according to the
“urban ecosystem convergence hypothesis” proposed by Pouyat
et al., 2003).

Urban soils provide a range of important ecosystem services
themselves, such as hydrological control through infiltration, and
as the substrate for plant growth (Morel et al., 2015). Via this
impact on local flora, they not only support food production but
also the parks and green spaces which have been demonstrated to
support the wellbeing of urban residents (Tzoulas et al., 2007;
Diaz et al., 2018). Inputs of fertilizers, elevated levels of N
deposition and altered irrigation, as well as the removal of
organic matter, cause altered nutrient cycling compared to
natural ecosystems (Lorenz and Lal, 2009), with the new
equilibrium varying across climatic regions, parent materials
and socioeconomic areas (Pickett et al., 2001). The functioning
of soil is closely related to its structure, which determines the
availability of air, water, nutrients and pollutants to the microbial
life which inhabits it. This relationship is of course not one sided,
with soil microbes playing an important role in shaping soils
through both their chemical and (in the case of filamentous fungi)
physical properties. In this study, four soil physico-chemical
parameters were measured across an urban gradient in Berlin.
These properties were selected for their importance for soil
functioning and their likelihood of showing a response to
urbanity, they are: the percentage of water stable aggregates
(WSA%), combined particle size (in this case referring to the
soil fractions separated by simple dry sieving, comprising separate
measures of mean weight diameter, coefficient of curvature, and
uniformity coefficient), water infiltration rate and
hydrophobicity.

The key building blocks of soils are aggregates, the stability
and structure of which determine many of the ecosystem services
provided by soil (Six et al., 2004; Baer and Birge, 2018).
Aggregates provide a variety of niches for microbial life due to
the oxygen gradients within them (Wilpiszeski et al., 2019; Cui
et al., 2020) and impact soil hydrology through influencing
infiltration and water holding capacity (Baer and Birge, 2018).
Aggregates also provide surfaces for the adsorption of nutrients
(e.g. Thao et al., 2008) and heavy metals (Huang et al.,2020), thus
determining their availability. The ability of aggregates to
maintain their structural integrity in the face of drying,
wetting (Caron et al., 1996), freezing, thawing (Layton et al.,
1993), and rain drop impact (Ramos and Nacci, 2003) is a key
factor in the prevention of slaking and maintaining soil porosity.
The increased levels of disturbance associated with urban systems
have also been hypothesised to disrupt aggregate formation, with
one notable experimental study by Chen et al. (2014).
Observational studies by Jim (1998a, 1998b) reported a wide
variety of levels of aggregation in urban soils in Hong Kong,

however, in the absence of a non-urban comparison or an
urbanity gradient, the impact of urbanity remains unclear. In
general, observational studies of urban aggregate presence are
lacking. Here, we used mean weight diameter andWSA% to test if
soil aggregation properties change in relation to urbanity.

Infiltration is a macroscopic event, but it is largely determined
by microscopic factors. Soil pores and crevices provide avenues
for water infiltration, whilst hydrophobic compounds coating
surfaces prevent flow. The infiltration of water carries both
nutrients and pollutants through the soil matrix; the impacts
of infiltration rate are therefore manifold, ranging from flood
management to influencing plant growth (Assouline, 2013). If the
rate of infiltration is low, water supply can easily exceed it,
resulting in ponding on the surface and consequently run-off
or even flooding (Morbidelli et al., 2018). These macro-scale
services of infiltration rate have caused urban infiltration studies
to generally focus on a large geographic scale where
anthropogenic soil sealing (i.e. paving) is the determining
factor of infiltration rate (e.g. Haase and Nuissl, 2007; Perry
and Nawaz, 2008), however, it is not clear whether non-sealed
areas within the urban landscape also express altered infiltration
rates. These areas are likely to receive run-off from sealed areas,
the implications of which are uncertain. Hypothetically these run-
off events could lead to the destruction of aggregates and the loss
of finer soil fractions, resulting in an increased infiltration rate. If
this were to be the case, un-sealed soils may buffer the loss of
infiltration potential in proximal sealed areas. Some studies
suggest that urban soils express low infiltration rates due to
soil compaction (Yang and Zhang, 2011), with construction
and its associated heavy machinery having a particularly
pronounced impact (Gregory et al., 2006). However, increased
compaction in urban systems is unlikely to be universal
(Edmondson et al., 2011) and a wide variety of other factors
are thought to play a role (e.g. crust formation according to
Assouline, 2004), therefore, it is difficult to predict the impacts of
urbanity upon infiltration.

Soil hydrophobicity, which causes soil water repellency, is an
important factor determining the infiltration rate of water into
soil, thereby controlling whether precipitation can contribute to
the groundwater recharge or is repelled as surface run-off. Having
been largely ignored until the 1960s, this factor has gone from
being considered an obscurity to being considered a ubiquitous
factor in many ecosystems around the globe (DeBano, 2000; Mao
et al., 2019). Despite this, it is only in the past few years that the
practicalities of exploring the underlying causes of
hydrophobicity have been surmounted. The consensus is now
that long-chain carbon molecules coat the outer layers of soil
particles, creating a thin hydrophobic layer (Doerr et al., 2000;
Mao et al., 2019). Consequently, many studies report sandy,
large-particle soils as expressing the greatest levels of
hydrophobicity (Savage et al., 1969; McGhie and Posner, 1981;
York and Canaway, 2000). However, this is not universal; in some
cases, clay-rich soils also present high levels of hydrophobicity. In
these situations, hydrophilic particles aggregate together,
surrounded by hydrophobic particles, thus producing one
large aggregate with a low surface area and a water-repellent
surface (Bisdom et al., 1993; Doerr et al., 2000). Other research
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has pointed to hydrophobicity occurring in even the finest
fractions of soils (de Jong et al., 1999), suggesting that fine
particles of organic matter may themselves exhibit
hydrophobicity. The source of hydrophobic compounds in
soils appears to vary significantly, some of those identified
include fires, plant roots, leaf detritus, soil microbes, and
untreated wastewater (Mao et al., 2019). The impacts of soil
hydrophobicity are also varied, with some reporting an increase
in erosion due to increased water run-off (Miyata et al., 2007) and
others suggesting that hydrophobicity increases aggregate
resilience (Giovannini and Lucchesi, 1983; Korenkova and
Matus, 2015). Hydrophobicity is known to be temporary,
normally appearing after drought and lasting until a minimum
wetting level has been reached (DeBano, 1971; Doerr et al., 2000;
Dekker et al., 2001). The spatial layout of hydrophobicity also
often varies in soils, with a hydrophobic surface layer concealing a
hydrophilic layer beneath (Doerr et al., 2000; Mao et al., 2019).
Hydrophobicity is a key component determining the infiltration
of water and may well be influenced by urbanity; however, the
total infiltration rate is also influenced by a variety of other
factors, including soil structure and climatic conditions. As such,
separate measures of hydrophobicity and infiltration rate were
carried out in this study.

Urbanity is not a binary factor; urban systems are normally
heterogenous landscapes expressing a wide variety of biotopes
impacted by a variety of urban related and non-urban related
variables. Urbanity itself is a qualitative measure, for which there
is no universal method of quantification (Moll et al., 2019). By
limiting this study to grasslands and comparing their key physical
soil properties to the wide array of data already gathered on the
study sites, an insight into the ways in which urbanity influences
Berlin’s soil can be gained. A selection of these variables can also
be identified which are associated with urbanity, and thus used to
create a post-hoc scale of urbanity amongst sites. Thereby, the
impact of urbanity on important components of soil functioning
can be understood in more detail.

2 METHODS

2.1 Study Site
Berlin, Germany’s capital and largest city has triggered a long-
lasting history of urban ecological research (Kowarik, 2020).
Based on this tradition, the establishment of the CityScapeLab
experimental research platform (von der Lippe et al., 2020) allows
for the investigation of urban effects on biodiversity and
ecological functioning independently from the vast
heterogeneity of urban habitats. The grassland branch of the
CityScapeLab consists of 56 plots (16 m2 each) situated in patches
of dry grasslands across Berlin and its surrounding federal state,
Brandenburg. These sites represent a spectrum of urbanity,
ranging from grasslands in forested or agricultural contexts, to
historical parks, to novel sites with artificial or heavily modified
soils, such as road verges and vacant land (e.g. abandoned rail
yards and airfields). A database of environmental parameters for
these study sites was established in the summer of 2017 and
consists of soil chemical data as well as habitat connectivity, site

age, plant cover, and a variety of measures of urban factors,
including population density, soil sealing, road density and floor
area ratio (see database information below). For this study, two
sites were discounted due to missing data, leaving a total of 54
sites (Figure 1).

The 54 study sites encompassed dry grasslands which ranged
in pH from 4.1 to 7.5. Moreover, the sites represented a range of
urban impact from locations where the population density was as
high as 97 people per hectare within a 100 m buffer and sites
where 70% of the soil within a 100 m buffer was sealed, to rural
sites where both these values were 0 (see database information
below). The climate in Berlin is temperate with an average
precipitation of 576 mm per year and an average annual
temperature of 9.9°C, although recent years have witnessed
hotter, drier periods (von der Lippe et al., 2020). All of
Berlin’s soil has a high sand content, with textures limited to
sand, medium loamy sand and medium silty sand (Gerstenberg,
2017). During the latter half of the 19th century Berlin expanded
rapidly due to industrialisation and its selection as the new capital
of Germany. In the 20th century, Berlin experienced the
destruction of one third of its housing during the second
world war, followed by the creation of the Berlin wall in 1961,
which cut a swathe through the city. The destruction of the Berlin
wall and German reunification in 1989 and 1990 led to the
creation of many brownfield sites (meaning; sites previously
built on and/or possibly polluted) and parks, as well as the
abandonment of many buildings (Arandjelovic and
Bogunovich, 2014). Many of the sites in this study will have
been directly impacted by this tumultuous history and have either
been left as brownfield sites or been turned into urban parks (e.g.
Park am Nordbahnhof, a former location of the Berlin Wall).

2.2 In-Situ Measurement of Infiltration
Infiltration was measured in-situ using a Mini-Disk Infiltrometer
(METER Group, Inc., Pullman, WA, United States). Three
distinct flat areas were located within each field site and
surface detritus was removed. Sampling locales were evenly
spread across the study site and were selected for their ability
to represent visible within-plot variation. At each of the three flat
areas the infiltration rate was measured for 5 min with the Mini-
Disk Infiltrometer set to a suction rate of 2 cm. Infiltration rates
were then calculated using a tool provided by theMeter Group for
use with the infiltrometer. The mean infiltration value was then
calculated for each site, as well as standard error, which was used
as a measure of within-site variation. This method was selected
due to the ease with which field measurement can be taken with
the Mini-Disk Infiltrometer, requiring only small amounts of
water (<100 ml) and time for each replicate (Bát’ková et al., 2020).
All infiltration measurements and sampling were performed
between June and August 2020.

2.3 Ex-Situ Measurements
From within each of the 4 m × 4 m CityScapeLab plots three
replicates of 30–40 g of topsoil were taken and placed in falcon
tubes. The sampling locales within the plot were decided upon
due to their ability to represent within-plot variation. The impacts
of urbanity were expected to be concentrated at the soil surface;
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therefore, samples were taken from the top 2–3 cm of soil using a
flat-bladed wide-headed spatula. Care was taken to not compress
samples during extraction. Samples were air dried in the opened
falcon tubes before being stored at 4°C until use.

To achieve a measure of the percentage of water stable
aggregates (WSA%), 4.0 g of soil was wet sieved using a wet
sieving apparatus (Eijkelkamp, Netherlands) fitted with 0.25 mm
sieves and the WSA% was calculated in accordance with Kemper
and Rosenau (1986). There were three technical replicates per
site, from which an average WSA% was calculated.

Combined particle size was measured through dry sieving:
8.0 g of soil were passed through a 4 mm sieve to remove excess
debris before being passed through 2 mm, 1 mm, 500 μm, 100
and 50 µm sieves. The fractions held by each sieve were used to
calculate the mean weight diameter (MWD), coefficient of
curvature and uniformity coefficient (Samtani, 2006) for each
replicate. A mean value for each measurement was then
calculated for each site. MWD is often used in addition to wet
sieving to measure the size of soil aggregates (van Bavel, 1950),
however, here it was used to measure the size of all soil particles
including sand. The coefficient of curvature is a measure of how
well a soil is graded (i.e. contains a continuous range of particle
sizes) and the uniformity coefficient is a measure of how similar
in size the particles in the soil are. Together, these parameters can
indicate if additional material has been imported to the site (e.g.
larger diameter gravel for construction).

Hydrophobicity was measured using the Molarity of Ethanol
Drop (MED) test, based on the protocol of Doerr (1998). Soil
samples were placed into a pipetting reservoir with sloped sides to
maximise available surface area for testing. Organic detritus and
solid substrate particles larger than ⌀4 mm were removed and the

surface was gently smoothed. ∼⌀5 mm droplets of ethanol in
concentrations of 0, 4, 8, 12, 16, 20, 24, 28, and 32 percent were
pipetted onto the soil surface and the lowest concentration
whereby the drop infiltrated within 3 s was recorded. This was
repeated for three technical replicates per site, from which an
average ethanol concentration was calculated.

Due to all soils being dried before analysis, the levels of
hydrophobicity measured may not exactly represent the levels
found in-situ. However, given that sampling took place over a
period of weeks pre-drying was appropriate. Hydrophobicity is
generally most pronounced in surface soils, with localised areas of
hydrophilic soil beneath them creating “finger flow” during
wetting events, it was therefore decided to focus
only on surface soil in order to sample comparable soils from
each site.

2.4 Database of Other Variables
A database of variables (von der Lippe et al., 2021) measured
mostly in 2017 was used to provide information about the study
sites. This database comprised of soil chemical measurements
such as pH, concentrations of heavy metals (Zn, Cd, Pb, Ni, Cu),
soil nutrients (N, P, K, S, organic C), water content, cation
exchange capacity, electrical conductivity, as well as variables
such as climate and weather measures, site connectivity, density
of roads and railways, distance to roads and railways, soil sealing,
population density, floor area ratio (FAR; a measure of building
density) and an index of urbanity, combining FAR, soil sealing
and population density. The sites were also categorised as either
“old” or “new” depending on whether they existed as a grassland
prior to 1940. For further information on all these parameters,
please see: von der Lippe et al. (2020). Additionally, the distance

FIGURE 1 | (A) A map of Berlin and the surrounding state, Brandenburg, showing the locations of the 54 CityScapeLab sites used in this investigation and their
PCA axis 1 scores (see results), representing a gradient of urbanity. Grey areas denote built-on and traffic areas. Photographs are examples of grassland patches at (B)
low (PCA axis 1 score: −4.71) (C) intermediate (PCA axis 1 score: 0.08) and (D) high (PCA axis 1 score: 7.4) urbanity levels.
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from each site to the city centre point (Flächenschwerpunkt
stone, Berlin) was calculated and included.

We decided that the inclusion of the soil chemical data, which
could be considered to some extent transitory, was appropriate
for this study. The reason for this decision was that the main
causes of change for these values would be land-use or climate
change. As land use could be expected to remain relatively
constant in the intervening years between sampling and
change in climate should have impacted all sites relatively
evenly, it was decided that the benefits of including these data
outweighed any possible limitations.

2.5 Statistical Analyses
Due to many of the database variables being highly collinear, a
PCA of variables was carried out using the ade4 package
(Thioulouse et al., 2018) to resolve the main axes of
variation (as discussed in: du Toit and Cilliers, 2011;
McDonnell et al., 2012; Moll et al., 2019). Axes to keep for
further inclusion in analyses were selected qualitatively,
depending on whether they summarised a discernible
syndrome that could be expected to influence soil properties.
Kendall correlations (using R package Corrr; Kuhn et al., 2020)
were used to correlate the physical soil properties measured
with the axis scores of the PCA. Wilcoxon rank sum tests were
used to test for differences in the physical properties between
age groups of sites. Physical properties were correlated with
each other using Kendall correlations. Non-parametric tests
were used due to infiltration rate, standard error of infiltration
rate, hydrophobicity and PCA axis 1 scores being non-
normally distributed. Due to the sample size, correlations
were more appropriate than nonparametric alternatives to
regression models. All statistics were carried out in R (R Core

Team, 2020). All plots were created using the ggplot2 package
(Wickham, 2016), and aggregated using the ggpubr package
(Kassambara, 2020). Figure 1 was created using the sf
(Pebesma, 2018) and ggspatial (Dunnington, 2021)
packages, with colours provided by the viridis package
(Garnier et al., 2021).

3 RESULTS

Raw soil physico-chemical data and PCA axis scores are available
via the Figshare online repository (Whitehead et al., 2021).

3.1 PCA of Variables
A summary of all PCA variable loadings can be found in
Supplementary Table S1.

The first three PCA axes of variation were selected for the
further analysis in this study due to the relatively clear syndromes
they represented: Axis 1 comprised of mainly urban-related
variables, relating to roads, railways, soil sealing, population,
and distance from the city centre, and explained 24.3% of the
variation seen in the data. Axis 2 explained 9.4% of the variation
in the data and comprised of the soil nutrients N, S and organic C,
as well as water content. Axis 3 explained only 6.9% of the
variation in the data and comprised of heavy metals,
particularly Ni and Cd, and site connectivity. pH was found to
be a contributor to axis 3, but to a lesser extent than the heavy
metals (Figure 2 and Supplementary Figure S1). Further PCA
axes were excluded due to their failure to represent interpretable
environmental syndromes.

It was found that axis 1 scores were significantly higher for
new sites than old sites (Wilcoxon rank sum W � 623,

FIGURE 2 | Significant variables in each of the three PCA axes; only variables with a loading of >0.175 or < −0.175 are plotted. The total amount of variation in the
dataset that the axis accounts for is stated alongside the axis name. For variables which were calculated within multiple different distance buffers surrounding the study
sites, the size of the distance buffer is presented on the bar. For biplots of axes see Supplementary Figure S1.
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FIGURE 3 | Relationships between soil parameters versus PCA axes and site age (N � New, O � Old). (A)WSA% vs. PCA axes (B)WSA% vs. Age (C) MWD vs.
PCA axes (D)MWD vs. Age (E) Infiltration Rate vs. PCA axes (F) Infiltration Rate vs. Age. Lines shown are simple linear regression lines and grey areas represent standard
error, values of Kendall’s Tau and P are presented in each plot. Boxplots showmedian, first and third quantiles, with whiskers showing range, Wilcoxon Rank SumWand
p values are presented in each plot.
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p < 0.001), whilst axes 2 and 3 did not appear to be related to
site age (Supplementary Figure S2).

3.2 Effects of Environmental Axes on Soil
Physico-chemical Properties
A summary of results for all response variables is presented in
Supplementary Table S2.

WSA% showed a negative correlation with axis 1 (Kendall’s
Tau � −0.20, p � 0.03) and a positive trend with axis 2 (Kendall’s
Tau � −0.17, p � 0.07) (Figure 3A). Old sites had a higher WSA%
than new sites (Wilcoxon rank sum W value � 234, p � 0.04)
(Figure 3B).

Mean weight diameter showed a positive correlation with axis
1 (Kendall’s Tau � 0.23, p � 0.01) and a negative trend with axis 3
(Kendall’s Tau � −0.17, p � 0.07) (Figure 3C). There was also a
significant difference in MWD between old and new sites, with
newer sites having a higher MWD (Wilcoxon rank sumW � 497,
p � 0.01) (Figure 3D). Both the coefficient of
uniformity and coefficient of curvature did not relate to any of
the PCA axes.

Infiltration rate had a positive correlation with axis 1
(Kendall’s Tau � 0.25, p � 0.009) and a negative correlation
with axis 2 (Kendall’s Tau � −0.20, p � 0.03) (Figure 3E). The
standard error of infiltration rate also showed a negative
correlation with axis 2 (Kendall’s Tau � −0.20, p � 0.03). No
significant difference in infiltration rate between old and new sites
was observed (Figure 3F).

Hydrophobicity did not show clear trends with any of the PCA
axes or site age.

3.3 Relationships Between Soil Properties
Average infiltration rate demonstrated a strong negative
correlation with WSA% (Kendall’s Tau � −0.33, p � <0.001)
(Figure 4A) and a negative correlation with hydrophobicity
(Kendall’s Tau � −0.22, p � 0.02), although this relationship
appeared to be more complicated than a simple linear

relationship (Figure 4B). There was a strong positive
correlation between the WSA% and hydrophobicity (Kendall’s
Tau � 0.34, p < 0.001) (Figure 4C). It should also be noted that
as the infiltration rate increased, so too did the within-site
variation, as measured by the standard-error of the infiltration
rate (Kendall’s Tau � 0.55, p < 0.001).

We found no significant relation between the coefficient of
curvature and coefficient of uniformity, meaning that there was
no notable connection between the grading of the soil particles
and the variety of sizes of soil particles. However, the coefficient of
uniformity did show a strong positive correlation with MWD
(Kendall’s Tau � 0.49, p < 0.001), meaning that as average particle
size got larger so too did the variety of particle sizes.

4 DISCUSSION

The PCA of variables led to the identification of three
distinguishable main groups of explanatory variables. Axis 1
clearly related to urbanity, axis 2 related to soil nutrient content
(specifically N, S and organic C) and water content, and axis 3 is
related to heavy metals and site connectivity. Soil pH, often a key
parameter in soil science, contributed to axis 3 but to a relatively
minor extent. Electrical conductivity, a proxy for salinity, did not
contribute significantly to any of the environmental axes. In urban
research salinity is often a significant variable, however, in Berlin
the use of salt as a de-icing agent has been banned since 2013
(Berliner Naturschutzgesetz, 2013), explaining its lack of
contribution to the variance within our environmental dataset.

WSA% showed a significant trend for lower values in newer,
more urban sites. Observations of urban impacts on soil structure
have generally related to compaction, a reduction of WSA in
relation to urbanity does not appear to have previously been
reported. Due to the interest in compaction, bulk density is
often the main parameter measured in studies of urban soil
properties (Scharenbroch et al., 2005; Hagan et al., 2012; da Silva
et al., 2017, Nero and Anning, 2018). Despite aggregate stability
being discussed in association with urban soil bulk densitymeasures

FIGURE 4 | Relationships between soil properties. (A) Infiltration rate vs. WSA% (B) Infiltration rate vs. hydrophobicity (C) Hydrophobicity vs. WSA%. Lines shown
are simple linear regression lines and grey areas represent standard error. Kendall’s Tau and p values are presented in each plot.
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(Matziris et al., 2016), direct observations of aggregate stability in
relation to urbanity are lacking. Low to medium levels of aggregate
stability have been recorded in an urban context before (Jim, 1998a;
Jim, 1998b), but the findings were in relation to tree growth and no
gradient in urbanity was reported. The use of bulk density is often
chosen for its relation to abiotic ecosystem services such as
infiltration, however, our findings about aggregate stability
provide evidence for important biological and nutrient cycling
ramifications of urbanity. A reduction in WSA% with increasing
urbanity has implications for urban soil biodiversity due to the
important role that bacteria and fungi (Lehmann et al., 2017), in
particular arbuscular mycorrhizal fungi (Lehman et al., 2020), play
in aggregate formation, thus a reduction in WSA% in urban soils
may be a result of reduced microbial activity. However, this
relationship is not unidirectional and may not tell the full story.
If WSA are lost in an urban setting due to external mechanical
stresses (e.g. trampling), then a reduction in WSA%may be a cause
of, rather than a symptom of, a reduction in microbial activity. The
chemical concentration gradients within WSA provide niches for
organisms, in particular nitrifying bacteria, which are protected
within their core (Wilpiszeski et al., 2019). A loss of WSA therefore
heralds a loss of microbial functional diversity. Either way, their loss
in an urban environment is deeply troubling and signals a
disruption of nutrient cycling. WSA are also important due to
their ability to prevent erosion and absorb nutrients, in a polluted
environment they may also absorb heavy metals (Fan et al., 2013;
Xu et al., 2017). The nutrient cycling function of WSA may be
demonstrated by examining the relationship between WSA% and
axis 2; both axes 2 and 3 appear to show a positive relationship with
WSA%. This positive relationship to both axes is likely due to the
increased sorption capacity of soil with a highWSA%, however, the
weaker relationship with axis 3 is probably due to the compounding
impact of axis 1, wherebymore urban areas (which also tend to have
higher heavy metal content) had lower WSA%. It seems unlikely
that site connectivity, another component of axis 3, could directly
impact WSA%. The increased WSA% in old sites may also be
explained by an increased colonization of these soils by roots and
microorganisms sensitive to disturbance; arbuscular mycorrhizal
fungi, which are known to be sensitive to disturbance and land use
change (Trejo et al., 2016) could explain this trend through the
important role they play in aggregate formation (Rillig et al., 2010).
Microbial life may also explain the link between high WSA% and
high hydrophobicity due to the hydrophobins bacteria and fungi
have been demonstrated to excrete to expediate the process of
aggregation (Lehmann et al., 2017; Lehmann et al., 2020). Former
studies have demonstrated a close link between hydrophobicity and
aggregate stability (Zheng et al., 2016), with research demonstrating
that hydrophobicity improves aggregate stability during wetting
(Vogelmann et al., 2013). As such, a positive feedback loop between
aggregate presence and hydrophobicity may be present.
Hydrophobicity is often associated with sandy soils, where
smaller surface areas are more easily coated by hydrophobic
carbon-chain compounds. However, it appears that in this case
hydrophobicity showed no relationship to MWD.

The findings of this study suggest that an increase in urbanity is
associated with a loss in soil structure through reduced aggregate
stability. It is, however, interesting to note that individual sites did

not abide by this trend. Indeed, the highest levels of WSA% were
seen at a surprising mix of sites; the highest was in a small grass
patch between a new road development and a forest in
Brandenburg, the second highest levels were observed in an
abandoned underpass development in Schöneberg, a district in
Southwest Berlin, and the third highest was in a grassland patch in
Spandauer forest, near the Brandenburg-Berlin border. In
accordance with the relationship between WSA% and axis 1,
two of these sites were in comparatively rural locations,
however, when the urban underpass development was sampled
it was noted that moss and lichens were forming a crust and the
previously cleared ground appeared to be experiencing secondary
succession. Unsurprisingly all the sites with lowest WSA% were
newer sites, with two of the lowest on central verges between roads.
However, the very lowest WSA% was observed on parkland. This
site was formerly the runway for Flugplatz Johannisthal, the second
oldest airfield in the world. It seems that the remediation work that
transformed this site into a non-industrial site had not yet resulted
in substantial soil aggregate formation.

The positive trend between combined particle size and axis 1 is
unlikely to be the result of the size of aggregates that withstood
sieving, due to the negative relationship between WSA% and axis
1. The relationship between MWD and axis 1 is therefore likely
due to sand and gravel particles. The cause for such a relationship
could either be the removal of the finer fraction by erosion, or the
addition of a larger fraction. It is possible that in urban grasslands,
which experience heightened water flow because of proximal soil
sealing, the finer fraction would be eroded over time.
Alternatively, the importation of gravel for construction and
the addition of fragments of building waste from
anthropogenic activity may have supplied larger soil particles.
The positive relationship between the uniformity coefficient and
MWD suggests that the addition of new, larger particle size
fractions is the cause of the aforementioned increase in MWD,
rather than the removal of smaller soil fractions. All three of the
sites with highest MWD were found near railway lines, with the
highest MWD being in Natur-Park Schöneberger Südgelände,
which was previously a rail yard and is proximal to a railway still
in active use. Of the other two sites, one was on the embankment
of a railway and the other was in a field around 140 m away from a
railway. The site with the smallest MWDwas a grassland formerly
under the Berlin wall, previously mentioned due to its high
infiltration rate. The other two sites with the lowest MWD
were both grassland patches located in the Spandauer forest.
The high MWD in railway-related sites is a clear indication that
the urban-related increase in MWD observed in the study may be
due to the use of gravel in the construction of railways.

Infiltration rate appears to be positively linked with urbanity
(axis 1) and negatively with soil nutrient content (axis 2). Urban
environments are often thought to exhibit low infiltration across a
large geographic area due to the creation of impervious surfaces
sealing the soil, but the findings of our study suggest that there is
not a simple trade-off when it comes to soil sealing and
infiltration rate; a loss in infiltration through soil sealing may
be buffered by an increase in infiltration rate in proximal non-
sealed soils. Infiltration rate has previously been explored in
urban ecosystems in relation to soil compaction (Gregory
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et al., 2006; Yang and Zhang, 2011), which resulted in reduced
infiltration. However, the findings of our study suggest that this is
not the case in Berlin’s grasslands. Increased infiltration in sites
adjacent to sealed areas is discussed in Scalenghe and Ajmone-
Marsan (2009), however, this situation does not appear to have
been comprehensively studied elsewhere.

It is possible that the increase in infiltration rate we observed may
be due to the loss of WSA in urban areas, a hypothesis which is
supported by the negative relationship between infiltration rate and
WSA%, and betweenWSA% and axis 1. The soils in Berlin contain a
large sand fraction, and so a lack ofWSAmay indicate the presence of
very sandy soil which (not considering hydrophobicity) offers little
resistance to infiltration. Infiltration rate showed its most significant
response to axis 2, which was dominated by N, S, organic C, and
water content. This negative relationship may simply be due to the
aforementioned lack of WSA in sites with high infiltration, however,
there could also be a direct effect of high levels of water flowing
through the soil matrix upon nutrient content; both N and S are
susceptible to leaching, and although C loss from soil is more often
related to microbial activity, leaching of organic C has been
demonstrated to have a detectable impact on C levels in
grasslands (Kindler et al., 2011).

The negative relationship between infiltration and
hydrophobicity is unsurprising, as it could be expected that a
major limiting factor for infiltration would be hydrophobicity.
However, the absence of a relationship between hydrophobicity
and axis 1 means it is unlikely that hydrophobicity explains the
urban-related change in infiltration. The trend for decreasing
infiltration rate with increasing hydrophobicity did, however,
have some notable exceptions; three sites with both high
infiltration rates and high levels of hydrophobicity were
recorded. It is possible these sites were experiencing “finger
flow,” allowing replicates with very high rates of infiltration to
compensate for those with slow rates due to spatially variable
hydrophobicity, a hypothesis supported by the increase in
standard error of infiltration at sites with high average
infiltration rates.

The highest levels of infiltration were observed in Park am
Nordbahnhof, an urban park built on land previously covered by
the Berlin wall. Tiergarten (the iconic park in the centre of Berlin)
and a very sandy grassland patch on the edge of Bieselheide
national forest (formerly covered by the Berlin wall) also
demonstrated high infiltration rates. It is interesting that these
sites all expressed high infiltration rates but clearly had different
management practices and site histories. One possible unifying
feature of these sites could be a high level of human visitation; the
former two are in popular urban parks whilst the third is
sandwiched between two poorly defined pathways on the
border between a suburban neighbourhood and a forest.
Previous research has reported a loss of soil aggregate structure
and a reduction in water infiltration rate because of cattle
trampling, however, the reduction in infiltration was apparently
less notable in sandy loam than in soil with a high clay content
(Pietola et al., 2005). Our findings suggest that sandy soils exposed
to trampling in urban parks may exhibit an increase in infiltration,
perhaps due to a loss of soil structure without the substantial
increase in bulk density associated with trampling by cattle. The

two lowest infiltration rates were observed in grassland patches in
forests surrounding Berlin, whilst the third lowest was on a patch of
grassland next to Berlin’s International Congress Center (the site
with the highest axis 1 score), shunning the general trend of
infiltration rate increasing with urbanity. In contrast to the sites
expressing high levels of infiltration, these sites are all secluded;
either in a rural forest or bordered by a conference centre and
several busy roads. Our findings suggest that while axis 1 comprised
of many urban related factors which drive infiltration rate, human
visitation may also be an important driver. It seems likely that in a
soil with higher clay content, this pattern could easily be reversed
due to compaction at highly visited sites.

In the wider context of urban research, these findings show a
mixed result in terms of supporting the “urban ecosystem
convergence hypothesis” (Pouyat et al., 2003). Our results
imply a loss of soil structure with urbanity, as hypothesised
previously by Chen et al. (2014). A reduction in infiltration
rate is not observed, conversely to what has previously been
demonstrated with compacted urban soils (Yang and Zhang,
2011) and in fact demonstrated an increase. It seems likely that
the sandy nature of Berlin’s soil greatly influences the impacts of
urban soil degradation, resulting in increased infiltration rather
than a reduction. The measurement of combined particle sizes
provides additional evidence for the importance of anthropogenic
artifacts in determining the structure of urban soils (Bridges et al.,
1991; Lehmann and Stahr, 2007; Pouyat et al., 2010). Our findings
demonstrate that urban soils do not necessarily converge in their
structure and function, with important implications for the
cycling of nutrients within them, and the ecosystem services
they provide.

5 CONCLUSION

Our findings signal the important role urbanity has in
determining soil structure and function. The loss in stable
aggregates with urbanity will likely be associated with a
reduction in microbial functional diversity and consequently a
loss in nutrient cycling capacity. An increased risk of soil erosion
is also likely to be present. Our observation of increased
infiltration rate with urbanity suggests that urban soils have a
capacity to buffer local soil sealing in terms of infiltration
capacity, this may however, be because of a loss of soil
structure and aggregates. Those managing urban soils should
be aware that, at least in the case of sandy soils, high infiltration
rates may come at the cost of a loss of the biotic functioning of
soils. Therefore, a careful balancing of management activities
fostering physical or biotic soil functions is required.
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