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Greenspaces are important for sustaining healthy urban environments and their human populations.
Yet their capacity to support multiple ecosystem services simultaneously (multiservices) compared
with nearby natural ecosystems remains virtually unknown. We conducted a global field survey in 56
urban areas to investigate the influence of urban greenspaces on 23 soil and plant attributes and
compared them with nearby natural environments. We show that, in general, urban greenspaces and
nearby natural areas support similar levels of soil multiservices, with only six of 23 attributes (available
phosphorus, water holding capacity, water respiration, plant cover, arbuscular mycorrhizal fungi
(AMF), and arachnid richness) significantly greater in greenspaces, and one (available ammonium)
greater in natural areas. Further analyses showed that, although natural areas and urban greenspaces
delivered a similar number of services at low (>25% threshold) and moderate (>50%) levels of
functioning, natural systems supported significantly more functions at high (>75%) levels of
functioning. Management practices (mowing) played an important role in explaining urban ecosystem
services, but there were no effects of fertilisation or irrigation. Some services declined with increasing
site size, for both greenspaces and natural areas. Our work highlights the fact that urban greenspaces
are more similar to natural environments than previously reported and underscores the importance of
managing urban greenspaces not only for their social and recreational values, but for supporting
multiple ecosystem services on which soils and human well-being depends.

Marked changes have occurred in urban areas over the past century due to
the increasing concentration of people in large cities. Currently,more than
half of the world’s population lives in cities, placing increasing stress on
urban environments, their residents and infrastructure1. This urban
population is expected to increase to about 68% by 20502, increasing the
need to protect and improve the quality and accessibility of urban
greenspaces, which include city parks, residential gardens and roadside
verges. The health and social benefits of urban greenspaces are increas-
ingly important for promoting social and physical wellbeing, and for

alleviating the negative stresses associated with living in large urban
centres3–8. Globally, there is increasing recognition by state and city
planning bodies of the importance of ecosystem services both in urban
and semi-natural environments9. More recent work aims to improve the
extent to which land use decisions affect the provision of ecosystem ser-
vices and therefore human well-being10. Greenspace soils support a wide
range of ecosystem services such as plant productivity, habitat for soil
organisms, nutrient availability for plants and microbes, plant-soil sym-
biosis, pathogen control, and water regulation. All of these services are
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critical for providing habitat, ameliorating urban heat island effects, and
sustaining plant growth11–15.

Despite their importance, we have a relatively basic understanding of
the capacity of urban greenspaces to support multiple ecosystem services
comparedwith natural areas. Such a comparison is important because there
is a general perception that greenspaces are depauperate and degraded,
comparedwithnatural areas, despite the fact that theyoften support distinct
plant and animal communities16. Further, in order to urban planning as
urban areas expand, it is critical to understandwhether greenspaces provide
similar environmental quality and psychological well-being as natural
areas17. Our poor understanding of the relative effects of greenspaces
compared with natural and semi-natural area effects is likely due to three
reasons. First, most studies of urban greenspaces have tended to focus on
single services such as carbon sequestration18 or microbial diversity19, yet
studies of multiple ecosystem services (hereafter ‘multiservices’) have rarely
been considered. This is important in highly managed systems such as
urban greenspaces where existing levels of specific soil properties may be a
direct consequence of artificial fertilisation rather than a residual signature
of the original ecosystem. Second, most studies of urban greenspaces have
been conducted at the local scale, for example, within specific parks20 or
cities21–24, often without due recognition of the way in which they evolved
across continents. Similarly, urban greenspaces vary markedly in their size
and age, such that smaller sitesmay bemore heavily used ormanaged, have
larger edge effects, and therefore a lower capacity to support multiple ser-
vices than larger sites. Older greenspaces may also have lower levels of
services because theyhave been subjected to a longer periodofmanagement
e.g., fertilisation and irrigation13.Different styles of greenspacemanagement
(mowing, fertilising, irrigation) would also likely affect the extent of services
by affecting plant growth rates, litter removal and soil nutrient levels13,14.
Thus, considering the size and age of greenspaces is important if we are to
understand how their soils function. Finally, there are relatively few studies
that directly compare urban greenspaces and their nearby natural analo-
gues. Urban ecosystems are often regarded as highly disturbed environ-
ments that have been developed on artificial substrates. However, they
range from semi-natural (wild) areas that are less intensively managed, to
carefully manicured and extensively modified lawns and gardens25–27. City
parks, for example, have highly compacted and fertilised soils, are often
irrigated, frequentlymown, and dominated by exotic turf grasses28,29. Yet, in
many cases, urban greenspaces are on land that was formerly natural forest,
or soils that supported natural ecosystems. Consequently, urban green-
spaces may support levels of soil ecosystem services that more closely
resemble those from natural ecosystems than previously expected. Overall,
we know relatively little about the extent to which greenspaces support
similar levels of services provided by soils, including multiple services
(multiservices) that exist in natural ecosystem, andwhether any effects vary
among different global cities with different levels of management, age or
size. This knowledge is needed if we are tomanage greenspaces so that they
continue to provide a range of ecosystem services under the pressure of
increasing urban growth.

Here, we examined differences in eight soil ecosystem services, and
their average value, and 23 separate attributes at 56 greenspace-natural
paired sites, and sought to explore the major factors associated with the
differences between greenspaces and adjacent natural areas. Such a study
gives us the opportunity to assess the value of greenspaces as functional soil
islandswithin amatrix of urbandevelopment andprovides valuable insights
into the extent towhichmanagement actionsmight be required tomaintain
their ability to provide services at a level similar to natural systems from
which they were derived.

Results
Greenspaces and natural areas support similar levels of eco-
systemmultiservices
We found no difference in average ecosystem multiservices between
greenspaces and nearby natural areas assessed using either unweighted
(average) or weighted approaches (Fig. 1b). Values of unweighted and

weighted approaches were highly correlated (Supplementary Fig. 1).
We also investigated the capacity of natural systems and urban greenspaces
to deliver multiple ecosystem services over a functional threshold. The
multi-threshold approach indicated that natural areas and greenspaces
delivered a similar number of services at low (25% threshold) andmoderate
(50%) levels of functioning, but natural systems delivered about 53% more
services when operating at higher levels of functioning (75%, Fig. 2). Ana-
lyses at the individual soil service level further revealed that nutrient avail-
ability and plant-soil symbiosis were significantly greater in greenspaces.
Pest control was greater in natural areas, but therewere no differences in the
other services between land uses (Fig. 1b). When we examined individual
attributes, we found that values of available phosphorus, water holding
capacity, water respiration, plant cover, arbuscular mycorrhizal fungi
(AMF), and arachnid (spider) richness were significantly greater in green-
spaces, while available ammoniumwas significantly greater in natural areas.
The remaining attributes did not vary between land uses (Fig. 3). We did
however find some effects of site size, with declining glucose, lignin, water
and xyline respiration, and available phosphorus with increasing size of
vegetation patch, irrespective of land use (natural cf. greenspace). Spider
(arachnid) richness increased with increasing size, but only in natural areas
(Supplementary Fig. 2).

Fig. 1 | Location of sites, images of selected sites, and comparison of ecosystem
services. a Locations of the 56 paired natural and urban greenspaces included in this
study and b mean (±SE) ecosystem multiservices for mean (unweighted) and
weighted ecosystem management services (EMS) and the eight ecosystem services
for greenspaces and natural systems. Asterisks indicate significant differences in
ecosystem services between greenspace and natural areas at P < 0.05.
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Fig. 2 | Threshold levels of ecosystem multi-
services. Mean ecosystem multiservices (±SE) for
greenspaces and natural systems at >25% threshold,
>50% threshold, and >75% threshold. The number
of functions at >75% threshold is greater (P < 0.05)
in natural than greenspaces.

Fig. 3 | Attribute values in greenspaces and natural environments. Mean (±SE)
values of individual attributes in greenspaces and natural systems. Asterisks indicate
a significant difference between greenspace and natural systems at P < 0.05. Units:
Potential infiltration (ml water s−1), plant cover (%), water holding capacity (%),
available P, available nitrate, available ammonium (mg kg−1 soil), AM fungal

biomass (nmol g−1 soil), glucose, water and lignin respiration (μg CO2-C g−1 soil
h−1), beta glucosidase, NAG, xylanase, phosphatase nmol activity g−1soil hr−1, NDVI
(unitless), pest control (% x-1), and invertebrate and biocrust richness (number
of ASVs).
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Environmental factors associated with multiple ecosystem
services
We found similar effects of different factors on weighted multiservices in
both greenspaces and natural systems, and most of these effects were direct
(Fig. 4a, b).Therewas also a strong locational effect for bothgreenspaces and
natural systems, though the mechanisms were different. For example, in
greenspaces, increasing latitude (distance from the equator) was associated
with lower ecosystem multiservices, whereas in natural systems there were
no strong effects (Fig. 4a−c). Total nitrogen and MAT were the most
important factors associated with multiservices in natural areas, and sites
with coarser soils were associated with lower multiservices, but only in
natural sites (Fig. 4a−c). Reductions in MAT were associated with greater
levels of multiservices in both systems. In greenspaces, greater levels of
multiservices were associated with sites that were mown, but there were no
effects of fertilisation or irrigation. The major factors associated with eco-
system multiservices and individual services remained relatively consistent
when we considered unweighted (mean) multiservices (Supplementary
Fig. 3), but there were some differences. For example, total N was positively
associated with mean multiservices in both greenspaces and natural
ecosystems.

Finally, we found mostly positive correlations among the 23 attributes
and the environmental factors for both natural areas and greenspaces
(Fig. 5). For example, the activity of most enzymes was positively correlated
with soil total nitrogen and total phosphorus, and total phosphorus was
positively associated with soil respiration and measures of available nitro-
gen. Further detailed analyses, however, suggest that there were also some
clear differences betweennatural areas and greenspaces. For example, sandy
soils were associated with lower available nitrate and ammonium, but only
in natural systems. For greenspaces, we also found some management
effects, with mown and fertilised sites associated with more plant cover and
available phosphorus, as well as greater nematode richness.

Discussion
Our current understanding of urban greenspaces is that their biotic and
abiotic signatures differ from that of natural systems, largely because
greenspace soils are highly altered and intensively managed26. However,
such a claim is not well supported by the prevailing literature, likely due to
the large range in environmental conditions experienced globally across
different cities and their associated greenspaces26,30,31. The overwhelming
result of our global study was that urban greenspaces not only delivered
multiple ecosystem services, but the levels were of a similar magnitude to
those found in nearby natural ecosystems. Our analyses suggest that the
capacity of both systems to deliver multiservices is controlled primarily by
climate, and to a lesser extent, soil total nitrogen and organic matter.
Our results also show thatmanagement of urban greenspaces (mowing) can
have positive effects on how they function and provide multiple ecosystem
services. In general, urban and natural greenspaces were notably similar in
areas with low levels of management. Our global assessment therefore adds
to a growing recognition that greenspaces are far from being biologically or
ecologically depauperate systems. Rather, they are crucial for supporting the
flow of multiple services in urban systems.

Our global survey provides empirical evidence that, in general, urban
greenspaces can deliver important services such as soil stability, water reg-
ulation, nutrient availability, plant and soil symbiosis, organic matter
decomposition, net primary productivity, pest control, and soil biodiversity,
which have been largely undervalued in previous urban studies when
compared with natural ecosystems32. These services are not only critical for
the maintenance and long-term sustainability of greenspaces for recreation
and social well-being4,5, but also themaintenance of a diverse community of
organisms that inhabit urban soils19. Even so, we also found that urban
greenspaces may still have capacity to improve their levels of functioning
when compared with natural ecosystems. For example, our analyses
revealed that while urban greenspaces have a similar capacity to support
multiple services (multiservices) at medium/low levels of functioning than
natural ecosystems, natural ecosystems still have a significantly larger

capacity to support multiple services that function at higher levels than
urban greenspaces. Disturbance associated with urban greenspace man-
agement may constrain such high levels of functioning, those these dis-
turbances were not identified in our study. These could include site-specific
differences in the intensity of human use, or forms of irrigation or mowing
that we could not account for in our study. Similarly, although we found
generally similar results for greenspaces and natural areas when analysing
both individual services and multiservices using the multi-threshold
approach, both approaches detected small, but apparent, differences
between greenspaces and natural systems. For example, nutrient availability
and plant and soil symbiosis were significantly greater in greenspaces but
pest control was greater in natural areas. Greenspaces are typically fertilised
and irrigated, often with recycled water or effluent33,34, which would be
expected to increase the availability of nutrients, particularly nitrogen.
Together, we found that urban greenspaces are more similar to natural
ecosystems than previously reported, and identified those services which
could be improved when compared with natural ecosystems.

We also found similarities in the factors associated with greenspaces
and natural systems. For example, total nitrogen was highly correlated with
decomposition in both systems. Nitrogen availability drives decomposition,
largely via its effects on soil microbial activity35, and to a lesser extent,
arthropod abundance, through predation on bacteria and fungi36. Soil pH is
an important statistical predictor of belowground biodiversity during
pedogenesis37. However, we found that pHwas poorly associated withmost
functions and services in greenspaces, potentially because pHconditions are
controlled by management. In natural systems, however, soil pH was
positively associated with lignin and glucose respiration (Fig. 4). The loca-
tional effect was also a shared predictor between urban and natural envir-
onments. These results suggest that similar environmental constraints
control ecosystem services in both environments, explaining their overall
similar level of functioning. Further, regions of the globe with finer soil
textures supported lower levels of function.We also found declines in some
services with increasing site size, irrespective of greenspace or natural area.
Interestingly, we identified only one age-related effect, an increase in spider
richness with increasing age of natural areas, despite the fact that overall
spider richness was greater in greenspaces. Increasing spider richness with
site age is likely due to greater habitat structure and complexity at older,
natural sites38.

This study advances our understanding of the multiple ecosystem
services supported by urban greenspaces. Despite their importance, these
areas remain largely unstudied compared with natural ecosystems, parti-
cularly at the global scale. Only when multiple ecosystem services are
considered at a high level of functioning do natural areas surpass green-
spaces in the support of multiple services. Taken together, our results
demonstrate that urban greenspaces aremore similar to natural ecosystems
than previously reported, and have a previously underestimated capacity to
support multiple ecosystem services contributing to the stability and func-
tioning of terrestrial ecosystems.

Methods
Study sites
We conducted a global standardised field survey of 56 paired urban
greenspaces and natural ecosystems across 17 countries and six continents
(Fig. 1a). Our survey targeted well-established urban parks and large resi-
dential gardens (greenspaces), and systems that represented the most
common ecosystem type in each location in the absence of urbanisation
(natural or semi-natural). Natural ecosystems were, on average, ~25 km
distant from urban greenspaces. In each location, we established a
30m× 30m plot comprising three parallel transects of 30m, spaced 15m
apart. Natural ecosystems were subject to variable but lower levels of
management than urban environments (Supplementary Table 1). For
example, while all greenspaces were sprayed for weeds, spraying was only
carried out in three of the natural areas. Similarly, small amounts of debris
were removed from eight of the 56 natural areas to assist with managing
wildfires. Urban environments were exposed to a range of management
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practices such as mowing (n = 34 sites), fertilising (18 sites) and watering
(30 sites; Supplementary Table 1).

Soil sampling
Across the sites, we collected three composite soil samples (0–5 cm) from
five soil cores to account for locational heterogeneity. All samples were
collected from the dominant site-specific microsite, i.e., beneath vascular

plants, open areas (between plant canopies, either bare soil or supporting
non-vascular plants). Each composite soil sample was divided into two
subsamples. One was immediately frozen (−20 °C) for molecular analyses
and the second was air-dried for physicochemical analyses. We analysed a
total of 336 composite soil samples, based on three composite samples from
each of the 56 pairs of plots in urban greenspaces and natural ecosystems. In
all analyses, we report data based on the three plot-level composite samples.

Fig. 4 | Structural equation models for greenspaces and natural environments.
Direct and indirect relationships between spatial (latitude, longitude), climate
(MAP,MAT), size, age, management factors (irrigation, fertilisation, mowing), soils
organic matter [OM], soil total nitrogen [TN] and total phosphorus [P], soil pH, soil
texture [sand content] and the weighted ecosystem multiservices (EMS) for
a greenspaces and b natural areas. Red, blue and grey vectors represent negative,
positive and mixed relationships, respectively, and values on the vectors represent

the path coefficients. c Standardised total effects (STE), i.e., the sum of direct and
indirect effects of each of the attributes on ecosystem multiservices. Note that the
model for natural areas does not contain information on management factors
(mowing, fertilising, irrigating). The variance explained by the model (R2) of each
parameter is given. Non-significant relationships are not shown. Model fit: Green-
space: χ2 = 0.28, df = 1, P = 0.594, NFI = 0.99; Natural area: χ2 = 0.423, df = 1,
P = 0.516, NFI = 0.99.

Fig. 5 | Environment–function correlations.
Heatmap of Spearman’s rho correlations among
individual ecosystem functions and environmental
variables for greenspaces and natural areas. Only
significance (P < 0.05) relationships are shown.
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Ecosystem and management attributes
Information on the age of sites was obtained from local management
authorities such as reginal councils and government officials. Some of
this information, particularly for large popular greenspaces and natural
areas, was obtained from publicly available reports. Other information was
sourced by contacting the relevant park management authorities. We
defined park age as the time since major refurbishment (e.g., re-turfing,
planting of new gardens) rather than establishment. For example, the Real
Jardin Botanico inMadrid, Spain was constructed in 1755 but was assigned
an age of 42 years because of extensive and significant refurbishment and
soil removal in the late 1970s, whichwould have influenced ourmeasures of
soil ecosystem services. It was difficult to assign age to many of the natural
areas as these could potentially have been unchanged for millennia. In the
absence of other information on age, we assigned a nominal and con-
servative age of 3000 years to natural sites in order not to overinflate the
explanatory power of some of our models. The size of sites was determined
by digitising the area of each park using Google Maps. This was relatively
straight forward for discrete greenspaces but more nuanced for natural
areas, particularly extensive natural areas that were part of extensive natural
systems (e.g., in Minas Gerais State, Brazil). In these cases, we used the
boundary of the specific state or national park, but recognise that this is part
of a larger area of natural area. Although we did not examine the potential
effects of primary use (e.g., sports field cf. road verge) due to low number of
observations, we acknowledge that these differences could affect different
soil ecosystem services across our global dataset.

The extent of different actions such as mowing, irrigation, and fertili-
sation was gathered from the relevant local management authorities
described above. Although these management practices were coded as
binary data (0,1), we acknowledge that this is somewhat simplistic. Sites
mown or irrigated more than six times per year were regarded as mown/
irrigated.Data on fertiliser usagewere obtained fromparkworkers, and sites
coded as ‘fertilised’ had to have received two or more applications per year.
Not all urban sites would have received fertiliser at consistent rates or
frequencies over time, but there were insufficient data to characterise
temporal use of fertilisers or irrigation. We realise that the assignment of
binary values is somewhat arbitrary, and because it does not account for
historic use, it is a potential weakness of our study. However, our binary
assignment in relation to moving, irrigation and fertilisation reflect an
average practice across different greenspaces.

Ecosystem services
We measured 23 ecosystem attributes, combinations of which can be
combined to provide surrogates or proxies of eight soil ecosystem services
(soil stability, water regulation, nutrient availability, plant and soilmutualist
relationships, organicmatter decomposition, net primary productivity, pest
control, and soil biodiversity).

Plant cover was used as a surrogate of soil stability because it is strongly
and negatively related to soil erosion39. Plant cover was measured using the
line-intercept method using data from the three 30m transects. The water
regulation service was assessed using the laboratory-based infiltrability
technique of ref. 40, as well as water holding capacity (WHC), which mea-
sures the capacity of the soil to retain moisture and support plant growth.
The water regulation service is critical for regulating important processes
such as flooding, which causes substantial damage in cities worldwide15,41,42.
Nutrient availability was assessed using measures of available phosphorus,
nitrate, and ammonium, whichwere extracted from soils with ion exchange
membranes (IEMs) (i.e., root simulators) in 1:15 soil:water solutions over
24 h. Resin-adsorbed N and P was extracted with 0.7M NaCl for 1 h and
determined using colorimetric analyses43. Nutrient availability assesses
nutrients that are directly available to plants andmicrobes, and differs from
measurements of total nutrients, which are more likely to be controlled by
fertilisation practices. The plant-soil mutualism service was assessed using
the biomass of arbuscular mycorrhizal fungi (AMF). The biomass of AMF
was measured using microbial phospholipid fatty acids (PLFAs) (16:1w5c)
according to ref. 44 using an Agilent 6890 gas chromatograph (Agilent

Technologies, PaloAlto, CA,USA). This service is ameasure of the capacity
of terrestrial ecosystems to support key symbiotic process associated with
the provision of nutrients from soil organisms to support plant growth. Our
measure of the organic matter decomposition service was assessed by mea-
suring soil (water-induced) respiration, glucose-induced respiration, lignin-
induced respiration, and the activity of four enzymes associated with sugar
(β-glucosidase), chiton (N-acetyl glucosaminidase; NAG), hemicellulose
(xylanase) and phosphorus (phosphatase) degradation. These extracellular
soil enzyme activities were measured with fluorometry on 1 g of soil45. The
decomposition service is critical fordecomposingorganicmatter in soils and
making it available for plants through mineralisation processes. For Plant
productivityweusedNDVIvaluesas aproxy forplant productivitybecause it
is a measure of photosynthetic activity and large-scale vegetation
distribution46. TheNDVI data were average data from three remote sensing
satellites: Sentinel-2, Landsat 8 and MODIS Terra MOD13Q1. Plant pro-
ductivity is related to factors such as habitat for invertebrates, but also
suppression of raindrops which can lead to water erosion.

The difference between the inverse of the relative abundance of soil-
borne pathogenic nematodes (abundance x – 1) was used as a proxy of
pathogen control or pathogenic nematode control. Many nematodes are
known to be important plant pathogens that cause extensive damage to
plant roots through herbivory. Nematodes were determined using the
sequencing approach described below. The proportion of nematode
sequences associated with pathogenic lifestyles was determined using the
NEMAGUILD pipeline (https://rdrr.io/github/brendanf/FUNGuildR/
man/get_funguild_db.html). Finally, the richness of tardigrades and bio-
crusts (estimated in the field quadrats) was used as ameasure of soil faunal/
biocrust diversity. A diverse community of soil invertebrates is important for
decomposing litter and making it available to plants. Biocrust taxa also
provide surface protection against erosion. This service was determined by
calculating the richness of soil invertebrates (annelids, nematodes, ara-
chnids, collembola, rotifers and tardigrades) using the Illumina MiSeq
platform (Illumina Inc., CA,USA), and soil biocrusts (generally bryophytes,
but sometimes lichens). DNA from 336 composite soil samples was
extracted using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany)
according to themanufacturer’s instructions. Invertebrate richness was also
measured via amplicon sequencing. Bioinformatic processing was per-
formed using the DADA2 pipeline47. Phylotypes [i.e., amplicon sequence
variants (ASVs)] were identified at the 100% identity level. The ASV
abundance tables were rarefied at 250 (18S rRNA gene for invertebrates)
sequences per sample. Biocrust richness (mosses and lichens) determined in
the field using data from the three 30m transects. The cover of different
biocrust types was assessed along the 30m transects using the line-intercept
method. Specimens (mosses and liverworts) were photographed and col-
lected for identification by bryophyte experts48.

Statistical modelling
Multiservices. To address our research questions, we used a range of
multiple ecosystem service (multiservice) indices: (i) average, (ii)
weighted and (iii) multi-threshold multiservices. These indices provide
complementary insights into how simultaneous ecosystem services
might differ between greenspaces and natural systems. We determined
the average multiservice as the average value of variables after standar-
disation (z-transformed, 0–1). To determine the weighted multiservice,
we first calculated the standardised (0–1) average of the eight individual
services then averaged these values. These two indices provide basic
information on the average levels of multiple ecosystem services. The
multiple-threshold method calculates the number of functions (services)
that simultaneously exceed multiple critical thresholds49. To do this, the
maximumobserved value of eachmeasured function is calculated and the
number of functions that exceed a pre-established threshold are enum-
erated. In our study, we used three thresholds (25, 50 and 75%) that cover
the whole spectrum. These thresholds provide information on the
functional level in which more functions are maximised under natural
and urban conditions.
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Statistical approaches. We used linearmodels, with the ‘lmer’ function
in the R statistical package50, to test for potential differences in individual
attributes between greenspaces and natural environments. In these
analyses a blocked designwas included to account for the paired nature of
greenspaces and natural environments at each of the 56 locations. Our
models included information on the size and age of each greenspace and
natural environment at each of the 56 locations and tested the effects of
landuse (natural cf. greenspace), age, size and interactions between age
and size. In the modelling we used sites as a random effect and allowed
slopes to vary.

Structural equation modelling51 was used to explore potential direct
and indirect effects of aridity, and soil attributes (soil organic matter, sand
content, pH, total nitrogen, total phosphorus) on the weighted multi-
service values for both natural areas and greenspaces separately, while
accounting for the effects of geographical location (latitude, sine longitude,
cosine longitude). Aridity was identified as precipitation/potential eva-
potranspiration andwas derived fromConsortium for Spatial Information
(CGIAR-CSI) for the 1950–2000 period52 (https://cgiarcsi.community/
2019/01/24/global-aridity-index-and- potential-evapotranspiration-cli-
mate-database-v2/). Mean annual temperature (MAT) and mean annual
precipitation (MAP) data were obtained from the Worldclim database
v253.We assessed soil pH in a 1:2.5mass: volume soil andwater suspension
and total nitrogen (N) with an Elemental Analyser (C/N Flash EA 112
Series-Leco Truspec). Total soil P was determined using an ICP-OES
spectrometer (ICAP 6500 DUO; Thermo-Scientific,Waltham,MA, USA)
following digestion with nitric-perchloric acid and an ICP-OES spectro-
meter (ICAP 6500 DUO; Thermo-Scientific, Waltham, MA, USA).
Additionally, we included management effects in the analyses for green-
spaces, i.e., whether theywere irrigated, fertilised and/ormown (coded as 0
or 1). Structural equation modelling allowed us to test hypothesised rela-
tionships among our various predictors and the weighted multiservices
index based onan a priorimodel of expected effects given prior knowledge.
Ourmodels for natural environments demonstrated an adequate goodness
of fit, as measured using χ2 (χ2 = 0.423; df = 1, P = 0.516, Root Mean Error
of Approximation (RMSEA = 0.00; P = 0.91) and Bollen-Stine Bootstrap
(P = 0.94). For greenspaces, these were χ2 = 0.28; df = 1, P = 0.594,
RMSEA = 0.00; P = 0.87, Bollen-Stine Bootstrap P = 0.93). We also cal-
culated the standardised total effects of each explanatory variable to
demonstrate its total effect. Analyses were performed using AMOS 22
(IBM, Chicago, IL, USA) software. Fertilisation, mowing and irrigation
were considered only in urban environments as natural ecosystems were
not subjected to these management actions (Supplementary Table 1).
Finally, we used Spearman’s correlations to investigate the relative influ-
ence of different environmental (aridity, organic matter, total N, soil pH,
texture, sand content), management practice (mowing, fertilising, irri-
gating), size and age attributes on unweighted values of the 23 individual
attributes.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability
All the materials, raw data, and protocols used in the article are available
upon request and without restriction, and all data will be made publicly
available in a public repository (Figshare https://doi.org/10.6084/m9.
figshare.24873135.v1) upon publication.
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