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ARTICLE INFO ABSTRACT

Handling Editor: Jan Willem Van Groenigen Urban greenspace landscapes are becoming increasingly common as a result of rapid global urbanization.
However, the extent to which soil carbon (C) and nitrogen (N) dynamics differ between these urban greenspaces
remains poorly understood. This study reports on a field campaign conducted at the city level in Denmark.
During the campaign, we conducted year-round measurements of soil carbon dioxide (CO2) and nitrous oxide
(N20) fluxes, as well as soil nitrate (NO3) leaching in five types of urban greenspace: sports fields, roadside
patches, residential lawns, urban parks and urban forests. Our results show that the temporal variability in soil
N20 emissions was controlled by the synergistic changes in soil water content and temperature, though neither
factor had a strong individual effect. However, soil temperature overrode the effects of soil water content,
emerging as the primary factor triggering temporal variations in soil COy fluxes, with temperature sensitivity
(Q10) values varying from 2.88 to 3.65. We estimated cumulative annual N,O and CO, emissions for all urban
greenspaces to be 0.67-4.08 kg N ha™! yr~! and 12.0-21.2Mg C ha™! yr™}, respectively. Non-growing season
emissions contributed 8.4-48.1% for N2O and 12.8-21.0% for CO; to these annual budgets. Annual soil NO3
leaching rates for the studied greenspace ecosystems ranged from 1.2 to 11.8kg N ha™! yr™!. Of the five
greenspace landscapes, sports fields exhibited the highest annual losses of soil N2O and NO3 leaching, while
significantly lower values were observed in urban parks and forests. These differences in soil N losses between
greenspace types are driven by variations in soil water content and soil NO3 availability. Cumulative annual COy
emissions across all greenspace landscapes were positively correlated with annual N2O emissions. At the city
scale, the average annual N2O and CO; emissions and soil NO3 leaching, weighted by the areal extent of the
different urban greenspace types, were estimated at 1.35kg Nha~! yr™! (N;0), 17.2Mg C ha~! yr™! (CO,) and
2.44 kg Nha™! yr~! (NOj3 leaching), respectively. Overall, our findings offer valuable insights for better pre-
dicting the potential role of urban greenspace ecosystems in regional greenhouse gas and N loss budgets.
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1. Introduction

Urbanization is increasing rapidly in most regions of the world and is
expected to continue over the next few decades. By 2030, it is projected
that up to 60% of the global population will live in urban areas, and the
global urban land area will triple compared to the beginning of the 21st
century (Seto et al., 2012; United Nations, 2014). The urban sprawl and
increasing population densities are associated with development and
construction processes, as well as the extensive establishment of various
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greenspace landscapes such as public parks, residential lawns, urban
forests and sports fields (IPCC, 2006; van Delden et al., 2016). These
greenspace ecosystems are widely recognized for their benefits relating
to microclimate regulation, stormwater retention and biodiversity sup-
port (Connop et al., 2016; Feldman et al., 2019; Galagoda et al., 2018).
Nevertheless, anthropogenic activities can strongly impact the physi-
cochemical properties, biological communities and biogeochemical
processes of these greenspace ecosystems, making them vulnerable to
nutrient losses (e.g., nitrate (NO3) leaching) and potential greenhouse
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gas (GHG) emissions (Kaye et al., 2006). Studies focusing on GHG fluxes
from urban greenspaces have attracted increasing attention due to their
growing role in the global biogeochemical carbon (C) and nitrogen (N)
cycles. However, major questions about the magnitude, spatial controls,
and seasonality of fluxes remain uncertain and highly dependent on
specific regional conditions (Zhan et al., 2023).

Nitrous oxide (N30), carbon dioxide (CO;) and NO3 leaching are
important components of biogeochemical C and N cycling, potentially
affecting global warming and water eutrophication (IPCC, 2021). Over a
100-year timescale, NoO has a global warming potential 273 times
greater than CO», and it is also the primary substance responsible for
stratospheric ozone depletion (IPCC, 2021; Ravishankara et al., 2009).
Urban soils are significant sources of NoO and CO; emissions. Soil CO5
emissions are closely connected to microbial turnover and the physical
accessibility of organic matter to microbes and extracellular enzymes
(Paustian et al., 2000). NoO emissions, on the other hand, are connected
to the reduction—oxidation processes of N in the soil, i.e., the microbial
nitrification and denitrification processes (Davidson et al., 2000;
Butterbach-Bahl et al., 2026). Understanding the magnitude of these
emissions and the factors controlling them is essential to informing
policy and guiding management efforts to mitigate climate and envi-
ronmental changes. Soil water content and temperature directly impact
the production and consumption of these C- and N-trace gases by
affecting the metabolic activity in microorganisms and plants, as well as
soil aeration and substrate availability and redistribution (Davidson and
Janssens, 2006; Moyano et al., 2013; Butterbach-Bahl et al., 2013; Smith
et al., 2018). For example, studies of temperate forests and grasslands
have revealed significant temporal patterns in CO2 and N3O emissions
that closely correspond with seasonal changes in soil water content and
temperature. Typically, higher fluxes are associated with higher tem-
peratures and soil water content (Yao et al., 2010; Chen et al., 2013; Luo
et al., 2013). Additionally, soil NO3 leaching is strongly influenced by its
availability and soil moisture conditions, which together determine the
potential for NO3 transport through the soil profile (Wang et al., 2015).

Considerable work has been carried out on C and N cycling and their
associated components in managed agroecosystems, as well as in natural
grasslands and forests (Apostolakis et al., 2022; Li et al., 2024; Wood-
ward et al., 2022; Yao et al., 2024; Yu et al., 2022). However, studies
assessing seasonal variations in soil CO, and N3O fluxes from urban
greenspaces are scarce (Karim & Thomas, 2026; Kiinnemann et al.,
2023; Livesley et al., 2010). Due to the high aesthetic and recreational
standards required for greenspace landscapes, these areas are often
subject to intensive maintenance including fertilization, irrigation and
frequent mowing. These practices are likely to affect the availability of
soil N and soil water movement, which may result in increased envi-
ronmental N loss rates along gaseous and hydrologic pathways. A case
study in Fort Collins, Colorado, USA demonstrated that despite occu-
pying only 6.4% of the land area, fertilized and highly irrigated urban
lawns contributed as much as 30% to regional N>O emissions (Kaye
et al., 2004). Other studies on greenspace ecosystems have reported
total N2O emissions of up to 7.6 kg N ha~! yr!, comparable to or higher
than those of natural grasslands, forests and managed agricultural sys-
tems (Braun & Bremer, 2018; Groffman et al., 2009; Livesley et al.,
2010). Similarly, soil NO3 leaching rates from urban greenspace eco-
systems were estimated to be 0.5-160 kg N ha~! yr—!, comparable to or
higher than rates in natural and agricultural ecosystems (Barton &
Colmer, 2006; Telenko et al., 2015; Trenholm et al., 2012; Trolove et al.,
2019). However, urbanization is currently largely overlooked in IPCC
reporting and projections, primarily because of limited data on C and N
dynamics in urban ecosystems (IPCC, 2006, 2013).

Denmark is particularly vulnerable to the effects of climate change,
such as sea-level rise and associated coastal flooding, due to its flat
terrain, extensive coastline and numerous islands. To address this issue,
the country plans to invest over EUR 5 billion to adapt its cities and
make them more livable over the next 15-20 years (https://stateofgree
n.com/en/focus-areas/water/climate-change-adaptation/). Currently,
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more than 70% of Denmark’s population lives in urban areas, and the
country provides more urban greenspaces per capita than the World
Health Organization's ideal recommendation (61.7 vs. 50 m? per capita)
(Statistics Denmark, 2025; WHO, 2010). However, the lack of data on
GHG fluxes from urban greenspaces in Denmark leads to significant
uncertainties in its regional and national GHG budgets. In coastal re-
gions, there is particular interest in soil NO3 leaching due to widespread
concerns about the eutrophication of estuarine ecosystems (Kemp et al.,
2005; Paerl et al., 2006). Moreover, available data on GHG fluxes from
urban soils often do not cover the non-growing season, even though a
growing body of studies show that significant NoO emissions can occur
during this period (Kjer et al., 2026; Pelster et al., 2022; Wagner-Riddle
et al., 2017; Wagner-Riddle et al., 2024; Wolf et al., 2010; Zhan et al.,
2021). These pulses of biogeochemical cycling are often attributed to
freeze-thaw effects, which increase the availability of substrates and
promote the rapid growth of microbes through processes such as the
dissolution, disruption of soil aggregates and the lysis of microbial cells
due to osmotic shocks (Yao et al., 2010; Gao et al., 2018). Therefore, it is
necessary to account for the full year dynamics of C and N associated
with diverse urban greenspaces, particularly in seasonal temperate
environments.

In this study, we conducted a year-round field campaign in Aarhus
city, Denmark’s second largest urban area. During the campaign, we
measured soil N2O and CO; fluxes, as well as soil NO3 leaching, at 40
sites within the central part of the city. These sites were representative of
five common urban greenspace types: sports fields, roadside patches,
residential lawns, urban parks, and urban forests. This study aimed to
characterize and quantify the variation in annual N2O and CO2 emis-
sions and soil NO3 leaching from different greenspace ecosystems, and to
understand the ecosystem properties and environmental factors that
control this variation. We hypothesized that soil N2O and CO; fluxes as
well as soil NO3 leaching rates would be higher in highly managed urban
greenspaces, such as sports fields, due to intensive maintenance prac-
tices (e.g., fertilization), which enhance the substrate availability for
microorganisms and plants (Riches et al., 2020). Additionally, we ex-
pected that fluxes during the non-growing season would contribute
significantly to annual emissions, since the microbial breakdown of
organic matter and the associated N cycling that occurs during freeze-
—thaw periods could result in significant fluxes (Wolf et al., 2010; Gao
et al., 2018).

2. Materials and methods
2.1. Study area and sites

During the period from August 2024 to October 2025, we conducted
an intensive field study in the central part of Aarhus city
(56.140-56.181°N,10.181-10.236°E), Denmark (Fig. 1). The study re-
gion covered the inner ring road area of Aarhus City and a directly
adjacent coastal urban forest area. In total, this area is about 256 ha. The
study region has a temperate oceanic climate (Cfb, Koppen classifica-
tion), which is characterized by warm humid summers and cold winters.
In this study, we defined the period from the beginning of November to
the end of March as the non-growing season (NGS) in line with the
approach commonly employed in urban ecosystem studies in Nordic
countries (Sieczko et al., 2023). Based on long-term meteorological data
(2015-2025) (Danish Meteorological Institute, https://www.dmi.dk),
the mean annual precipitation is 756 mm, and the mean annual air
temperature is 9.2 °C. Mean daily air temperatures range from a mini-
mum of —17.6 °C to a maximum of 32.3 °C, with frequent snow and frost
events occurring in winter.

A greenspace map was created for the study area in Aarhus using a
high-resolution 12.5 cm GeoDanmark orthophoto containing visible and
near-infrared imagery (Datafordeleren, 2025). The Normalized Differ-
ence Vegetation Index (NDVI) was calculated in ArcGIS Pro, and areas
with NDVI values greater than 0.1 were initially extracted as candidate
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Fig. 1. Distribution of different urban greenspace types and location of the sampling sites in the Aarhus city, Denmark.
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greenspace. This classification incorrectly identified some non-
vegetated features, particularly shadows. Therefore, the resulting poly-
gons were visually inspected against the original orthophoto and
manually edited in ArcGIS Pro to remove the incorrectly identified
areas. The final greenspace polygons were then classified into five
landscape types according to their location, function and management
objectives. The area of each greenspace landscape type was then
calculated. The five types were as follows:

Sports fields (SF); these cover about 12.0 ha (4.7%) and are usually
used for football and other field sports. They are the most common type
of sports field in the region, and their management practices include
routine fertilization, irrigation and mowing (Table S1). A compound
fertilizer (N:P205:Ko0 = 17%:2%:7%) is applied at a rate of 80-205 kg N
ha™! yr_1 to different sites. Of these sites, only two (SF6 and SF7) were
irrigated in the summer, receiving a total of about 500 mm of irrigation
water per year. The grass is mowed once a week from March to April and
from October to November, and twice a week from May to September.
The clippings are removed from the field. The dominant grass species are
Lolium perenne and Poa pratensis.

Roadside patches (RP); these cover about 24.3 ha (9.5%) and refer to
road verges or nature strips. According to local management practices,
the grass is occasionally mowed, and the clippings are left on the field
surface. These sites do not receive fertilization or irrigation. The domi-
nant plant species are Lolium perenne, Poa pratensis, and Festuca rubra.

Residential lawns (RL); these cover about 106.8 ha (41.8%) and
consist primarily of lawns located near residential areas. These green-
spaces are closely linked to residents' daily activities and social in-
teractions. These sites may experience relatively high levels of human
disturbance due to their frequent accessibility and use. This can result in
high levels of urine and excrement from domestic animals. According to
local management practices, the grass is frequently mowed in the
summer, and the clippings are left on the field surface. Neither fertil-
ization nor irrigation is applied at these sites. The dominant plant spe-
cies are Lolium perenne, Poa pratensis, Festuca rubra, and Trifolium repens.

Urban parks (UP); these cover about 37.0 ha (14.5%) and are located
further from residential communities than RL sites. These parks serve as
critical public spaces for recreation and civic engagement. Due to lower
levels of walking, resting and occasional public events, these green-
spaces experience less human disturbance than RL sites. As with RL sites,
the grass is frequently mowed in the summer, and the clippings are left
on the field surface. These sites are not fertilized or irrigated. The
dominant grass species are Lolium perenne, Poa pratensis, and Festuca
rubra. There are also scattered trees, with the dominant species being
Acer platanoides, Fagus sylvatica, Betula pendula, Betula utilis, Quercus
robur, and Ulmus glabra.

Urban forest (UF); this type consists entirely of woodland areas,
covering about 75.4 ha (29.5%). No fertilization or irrigation is applied
to these sites. The dominant tree species are Fagus sylvatica (European
beech), Quercus robur, Larix spp., Acer spp., Fraxinus excelsior, and Betula
spp, while the understory vegetation is dominated by Allium ursinum
(wild garlic).

For the sampling design, we used a stratified sampling technique
(Brus & de Gruijter, 1997; Nowak et al., 2003) to determine the number
of sites for each greenspace landscape type, based on the area of each
type and its within-type variance of urban greenspace structure.
Furthermore, we conducted a field survey of each sampling site to
ensure its accessibility and representativeness. Ultimately, a total of 40
sampling sites were investigated in our study: 9 SF sites, 4 RP sites, 13 RL
sites, 7 UP sites and 7 UF sites. Further information on site character-
istics such as coordinates and soil physico-chemical properties are pre-
sented in Table S2.

2.2. Measurements of soil N,O and CO; fluxes

Fluxes of N»O and CO, were measured simultaneously using the fast
closed chamber method, as described in detail by Bai et al., (2026).
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Briefly, one to five chamber plots (with a minimum distance of 50 m
between each plot) were randomly selected at each of the sampling sites
for the five greenspace landscape types. A total of 65 chamber plots were
established across the five types of greenspace landscape, i.e., 18 for SF,
4 for RP, 13 for RL, 23 for UR and 7 for UF. The opaque sampling
chamber was 20 cm high and 37.5cm in diameter. For flux measure-
ments, we carefully pushed the chamber, which had a sharpened and
polished bottom edge, directly into the ground by about 1-2 cm rather
than using pre-installed collars. We recognized the possibility of influ-
encing N2O and CO; fluxes due to disturbances related to chamber
insertion, such as soil compression and cutting roots. For instance,
Matson et al. (1990) suggest that temporarily installing a chamber may
increase gas fluxes in Amazonian ecosystems. However, experiments
conducted in a Costa Rican forest did not demonstrate a comparable
effect of chamber installation (Keller and Reiners, 1994). The chamber
had a 1 cm diameter hole in the top panel to allow pressure to equilibrate
during the insertion. During gas sampling, we kept this hole closed using
a pressure balance tube, as described by Hutchinson and Mosier (1981).
The N2O and CO; concentrations were analyzed using an Aeris MIRA
Ultra N,O/CO, portable gas analyzer (Aeris Technologies Inc., Hay-
ward, CA, USA). On each sampling day, we used a chamber closure time
of 5-7 min and monitored the change in headspace N2O and CO3 con-
centrations by circulating headspace air between the chamber and the
analyzer at a rate of approximately 200 mL min . To reduce the impact
of midday high temperatures on N>O and CO- fluxes, gas flux mea-
surements at each site were usually conducted either in the morning
(between 08:00-11:30 am) or in the afternoon (between 2:30-4:00 pm)
on each sampling day. Moreover, the sampling sites were monitored in a
random order on each sampling day to further minimize the potential
influence of sampling. It is noteworthy that such sampling regimes may
introduce a potential source of bias into the flux measurements by
assuming fixed diurnal emission patterns. In this study, the minimum
detection limits of gas fluxes were estimated to be 1.1 ug N m2h~! for
N0 and 4.1 mg C m>h~! for COs.

In general, gas flux measurements were conducted once per week
throughout the entire observation period, unless interrupted by opera-
tional issues like instrument malfunction (<1% of total potential flux
measurements). For the SF sites, two additional gas sampling campaigns
were conducted on September 13, 2024 and April 25, 2025 to capture
potentially elevated N,O fluxes following fertilization events.

2.3. Measurements of annual soil NO3 leaching

To estimate the annual soil NOj3 leaching rates, we installed
Amberlite ion-exchange resins (Sigma-Aldrich, Canada) in PVC tubes
(2 cm in height and 5 cm in diameter) covered with nylon mesh at the
beginning of October 2024, using the method described by Sousa et al.
(2016) and Wangari et al. (2024). Each tube contained 20 g of resin with
an ion exchange capacity > 0.6 mmol mL ™' was used for all greenspace
landscape types. The resin bags were installed at a soil depth of 20 cm at
all plots and remained in place for 12 months. After being retrieved in
October 2025, the resins were extracted with a 1 M potassium chloride
(KCl) solution at a resin-to-solution ratio of 1:5, and the mineral N in the
extracts was analyzed colorimetrically to quantify the NO3 concentra-
tions captured by the resins. Annual NOj3 leaching rates were calculated
from the measured concentrations using the following equation:

NO;~ (kg N ha™)

_ Extract concentration (mg N L") x Volume of extract (L) ©10-6
n Resin tube surface area (ha)
@

Although we used a GPS device to mark the locations of the plots where
we installed the resin bags, we could not find some of them after one
year. Out of the 65 plots, we only retrieved 33 samples: 6 from SF, 1 from
RP, 9 from RL, 12 from UP, and 5 from UF.
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2.4. Auxiliary data measurements

In addition to measuring gas fluxes and soil NO3 leaching rates, we
collected auxiliary data, including air temperature, precipitation, snow
depth, soil temperature (5cm), soil moisture (0-5cm), and topsoil
(0-20 cm) inorganic N (NHZ and NO3) concentrations over the obser-
vation period. Daily precipitation and air temperature data were ob-
tained from the Danish Meteorological Institute (https://www.dmi.dk).
During each gas flux measurement, soil temperature and volumetric
water content were recorded using a combined temperature and mois-
ture HOBO sensor (Onset Computer Corporation, Bourne, MA, USA). In
addition to volumetric water content, soil water content for all urban
greenspace types was also reported as water-filled pore space (WEPS),
which was calculated using the following the equation:

__ Soil volumetric water content

- 1— Soil bulk density
Soil particle density

WEPS(%) x 100 )

where the soil particle density was assumed to be 2.65g cm >, It is
important to note that using a fixed soil particle density for all five types
of greenspaces may introduce uncertainties into WFPS calculations,
since soil particle densities vary with soil organic matter content and soil
mineralogy (Ruehlmann, 2020). Soil NHZ and NO3 concentrations were
measured at monthly intervals by collecting three replicated soil sam-
ples from each site or plot using a soil auger. After extracting the fresh
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soil samples with a 1 M KCl solution in a soil:solution ratio of 1:4, the
NHj{ and NOj3 concentrations were analyzed using a microplate spec-
trophotometer (Epoch 2, Agilent BioTek, USA). The details of these
measurements are described in previous work (Hood-Nowotny et al.,
2010). Additionally, soil NO3 intensity was calculated as the inte-
grated sum of measured NO3 concentrations over the seasonal and
annual scales (Yao et al., 2020).

2.5. Data processing and statistical analysis

The fluxes of NoO and CO, were calculated based on the linear in-
crease in gas concentration over time. This was corrected for chamber
volume, sampled surface area, air temperature and atmospheric pres-
sure (Bai et al., 2026). The N,O and CO- fluxes for each site and sam-
pling date were calculated as the mean of the fluxes from the different
chamber plots. Cumulative soil NoO and CO, emissions for each site
were estimated by linear interpolation between sampling dates across
the given period (e.g., the growing season, non-growing season and
annual scale). Taking the site-level means as independent replicates for
each greenspace type, an analysis of variance (ANOVA) with Turkey’s
range test was used to assess possible differences in cumulative N»O and
CO4 emissions, annual NO3 leaching rates and environmental variables
(e.g., soil temperature, WFPS and inorganic N concentrations) depend-
ing on urban greenspace type. Linear, nonlinear or multiple regression
analysis was performed to explore the significant relationships between
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gas fluxes and environmental variables. The best regression model was B L]
selected based on the coefficient of determination (Rz). We calculated a é g ;%
temperature sensitivity coefficient (Q1¢) in terms of the Arrhenius "é f‘é’ z g -é -5 "5“ 5 %
equation by plotting soil NoO or CO; fluxes against soil temperature £ $|pScssss E
(Yao et al., 2010). All statistical analyses were performed using R soft- § 5 z LE g g ; g 2
ware (version 4.5.2). A significant level of P < 0.05 was considered for : S| B¥-c333 g
all statistical tests unless stated otherwise. § §
E @ Q o Q0 %
3. Results 8 ~EBS§58| =
e 2353533
3.1. Environmental variables § o Eog g fz g g %
& 2| ESddnng| 8
During the observation period of 2024-2025, soil temperatures for % E
all urban greenspace types exhibited a comparable seasonal pattern to 5 _ =
that of air temperature, i.e., relatively higher temperatures occurring in § T% EE-E ’:'(g 8 &E
the growing season compared to non-growing season (Fig. 2a, b). The g »33333| 3
annual mean soil temperatures for different greenspace types followed E Y R g
by the order RP (13.3°C)>SF (11.4°C) ~ RL (11.1°C) ~ UP S |g21Ef23d8| =
(11.1°C) > UF (10.4°C) (Table 1). Total precipitation over the year § g
2024-2025 was 561 mm. Snowfall and snow-covered soil were limited § . I*g
to a few days in the winter, with maximum snow depths reaching 8 s888g|%
10.3 cm. Soil water content for all greenspace types showed similar g andsey E
temporal variation, which was mainly regulated by precipitation events 2 le| #HHLH|E
(and irrigation events in the case of SF). The annual mean volumetric E L§ g cEodE E
water content was 27.6%, 22.1%, 29.5%, 26.7% and 27.5% for SF, RP, %’ [
RL, UP and UF, respectively. Observed WFPS across the study period Z - 3
ranged between 21.9% and 85.5%, with annual means of 61.2%, 48.7%, é § § § 5 éé‘ :-:~ _
59.2%, 52.6% and 51.7% for SF, RP, RL, UP and UF, respectively (Fig. 2c E 3 m m 3 i E E)
and Table 1). = 9l~o | gmn
Over the entire observation period, soil NH and NO3 concentrations =z E SRAASK| 383
p s 4 3 = - O
ranged from 1.98-11.9 mg N kg~ ds (dry soil) and from 0.36-5.2 mg N 91 :“ x
kg~ ds, respectively, for all urban greenspace types (Fig. 3). On average, & o 2 K
the UF site had the highest NHi concentrations with a mean value of = 2 o so oo E %
6.74 mg N kg~ ds, while the SF had the lowest mean NHJ concentration E g § § E § § g 8
(4.38mg N kg’1 ds). In contrast, the highest mean NO3 concentration & E) HHHHAH ’sg %
was observed at the SF site (3.64 mg N kg ! ds) and the lowest at the UF _E g 9 ; g 5 E ;_:: ar §
site (0.84 mg N kg’1 ds) (Table 1). ‘5“ 2. 2;
g £ 8
3.2. Soil CO fluxes g g fasdslz ;"
2% csSsccSo| g9
During the period 2024-2025, soil CO, fluxes showed a similar g §< Qi deam|D %
temporal variation for all urban greenspace types, characterized by ":% S|EIE3SRGS3 %';
relatively higher fluxes during the growing season (Fig. 4). The COy ; %')o = %
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analysis revealed a positive correlation between CO; emissions and soil E TI& ElZSNdcal® 2
temperature, as well as a negative correlation with soil volumetric water = £ ?‘1 8
content and WFPS for all greenspace types (Table S3). However, step- £ ‘E’ . 2 fg
wise multiple regression analysis showed that soil temperature may § k5 H% E . § § “‘; E
override the effects of soil water content and emerge as the primary 8 'i LI 2NN ’g g
factor controlling seasonal patterns of soil CO2 fluxes. A significant g9 o Lb?cﬂ sHoH :"Tg;
exponential relationship was observed between CO, emissions and soil §Z|S|EgsEng 2 9
temperature for all urban greenspace types, with up to 79-90% of CO4 6; é § <
variance explained by changes in soil temperature (Fig. 5 and Table S4). g =l o £
The estimated Qo values ranged from 2.88 for UF to 3.65 for RL 'O'étf 5 g g
(Table S4). SElf|~ ERS
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during the non-growing season (Fig. 6 and Table 2). The cumulative E é ‘—é = AU g E
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types, with SF ~ RL > RP ~ UP > UF in order of emissions (Fig. 6). g é’ g E
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3.3. Soil N;0 fluxes

For the SF sites, higher N2O emissions (27-943 ug N m>h™1) were
observed following N fertilization events during the growing season
(Fig. 7). Although no N fertilization was applied at the RP, RL, and UF
sites, the pronounced N,O pulse emissions (20-206 ug N m2h™!) also
occurred episodically during the growing season. Furthermore, signifi-
cant N,O pulse emissions (33-62 pg N m2h~!) occurred during the non-

growing season at the SF and RL sites and were associated with freeze-
—thaw events (Fig. S1), but no such high emissions occurred at the RP
and UF sites. For the UP site, soil NoO fluxes were relatively low and
stable over the entire observation period, with the magnitudes < 20 uyg N
m2h~L. Across the entire observation period, linear regression analysis
showed a positive correlation between N5O fluxes and soil temperature
for some greenspace types. However, the correlation between N2O
fluxes and soil volumetric water content or WFPS was insignificant
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Fig. 4. Seasonal dynamics of soil carbon dioxide (CO,) fluxes (a-e) for different urban greenspace types during the study period from August 2024 to October 2025.
Grey shaded areas indicate the non-growing season. The vertical bars in each panel indicate standard errors. Boxplots on the right show the data distribution. The
diamonds and solid lines inside the box represent the mean and median value, respectively. The box borders represent the 75th and 25th percentiles, and the whisker
caps represent the 95th and 5th percentiles. The circle points inside each box represent the observation data. SF, sports field; RP, roadside patch; RL, residential lawn;

UP, urban park; UF, urban forest.

(Table S3). We also revealed a weak but statistically significant expo-
nential relationship between N5O fluxes and soil temperature for the
greenspace sites (i.e., RP, UF and UP) with no significant emissions
during the non-growing season (Fig. 5 and Table S5). The resulting Q1o
values for these sites ranged from 1.55 to 3.18. While the correlation
with soil water content alone was not statistically significant, combining
this factor with soil temperature significantly improved the estimation
accuracy of N5O variance. That is, multiple linear regression analysis
showed that the temporal variation in N2,O emissions for all greenspace
types was significantly regulated by the combined effects of soil tem-
perature and WFPS across the growing season or the annual scale
(Table 3).

Over the observation period, cumulative annual N»O emissions for
all urban greenspace types ranged from 0.67 to 4.08 kg N ha™! yr~!
(Fig. 6 and Table 1). Cumulative fluxes for the growing season (from
April to October) varied in the range of 0.45-3.43 kg N ha~! and for the
non-growing season (from November to the following March) in the
range of 0.11-0.79kg N ha™!, respectively (Table 2). Depending on
urban greenspace type, the contribution of the non-growing season to
annual NO budgets was approximately 8.4-48.1%, with highest shares
found for RL. Highest annual N,O emissions were found for SF, followed
by RL, RP and UF, with UP having the lowest emissions. Across all the

greenspace types, the cumulative annual N2O emissions were positively
and exponentially correlated to the annual mean WFPS and soil NO3
intensity (Fig. 8 and Table 1), whereas they only showed a tendency
with increasing soil volumetric water content (Fig. S2). Moreover, the
cumulative annual N,O emissions were positively correlated with
annual CO4 emissions (Fig. 8c).

3.4. Soil NO3 leaching

Over the observation period, annual NO3 leaching rates varied be-
tween 1.2 and 11.8kg N ha! yr! for all urban greenspace types
(Fig. 9a). Highest mean annual NO3 leaching rates were found for SF,
while at all other urban greenspace types soil NO3 leaching rates were
lower than 2.8 kg N ha™! yr!, with no significant differences between
them. Note that the annual NO3 leaching for RP is shown descriptively
due to the insufficient number of samples obtained. Annual NO3
leaching rates were positively correlated with soil NO3 intensity, annual
mean soil NO3 concentrations and annual mean WFPS (Fig. 9). In
contrast, soil NO3 leaching rates tended to increase with increasing
volumetric water content, but this trend was not statistically significant
(Fig. S2). Across all the greenspace types, there was a positive correla-
tion between annual NO3 leaching rates and cumulative annual N3O
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emissions (Fig. 8d).
4. Discussion

Rapid global urbanization has substantially increased the area of
urban and suburban greenspaces in Europe and other countries, altering
urban biogeochemical cycles and associated C and N dynamics (Kaye
et al., 2006; Trémeau et al., 2024; Zhan et al., 2023; Zhu et al., 2005).
However, few studies have examined soil C- and N-trace gas fluxes from
urban greenspace ecosystems in Europe (Bai et al., 2026; Clayton et al.,
1997; Kiinnemann et al., 2023; Lu et al., 2022; Trémeau et al., 2024).
Our present study offers new insights into the dynamics and magnitude
of soil NoO and CO; fluxes as well as soil NO3 leaching for different
urban greenspace types in Aarhus, the second largest city in Denmark. In
general, soil N2O and CO; fluxes were higher during the growing season
than during the non-growing season. This seasonal variation was
significantly related to changes in soil temperature over time, particu-
larly with regard to CO5 emissions. That is, soil NoO and CO; fluxes were
positively correlated with soil temperature for some or all of the
greenspace types (Fig. 5 and Table S4 and S5). This observation aligns

with the findings of numerous studies conducted in various terrestrial
ecosystems that have consistently identified soil temperature as a sig-
nificant driver of the temporal dynamics of NoO and CO; emissions
(Chen et al., 2013; Walkiewicz et al., 2025; Wu et al., 2010; Yao et al.,
2010; Butterbach-Bahl and Kiese, 2005). It is well recognized that
increased soil temperature promotes microbial processes involved in
N20 and CO; production (Butterbach-Bahl et al., 2013; Luo et al., 2013;
Smith et al., 2018). For the SF sites, higher N,O emissions during the
growing season were also the result of fertilization events that increased
soil N availability for microbial nitrification and denitrification pro-
cesses and associated NoO production (Cheng et al., 2004; Li et al.,
2022). Regarding soil CO2 fluxes, higher root respiration during the
growing season surely contributed significantly to the total flux, though
this study did not quantify the contributions of heterotrophic and
autotrophic respiration. The temperature sensitivity (Q1o) of N2O and
CO, emissions was calculated at 1.55-3.18 for N,O and 2.88-3.65 for
CO,. Reports of Q¢ values for NO fluxes in urban greenspace ecosys-
tems are scarce. However, our estimated Qo values for NyO are com-
parable to or higher than those reported for natural grasslands and
forests (1.79-2.11) (Phillips et al., 2014; Yu et al., 2023; Zhang et al.,



Geoderma 475 (2026) 118113

ab

.

b
L
1y

X. Bai et al.
20

) (a)
s
w — 15
0
e > |

w104 T
o &
N
z 2 ab
329 >
: =
c D
< 0 =
0 (b)
S 30 a
8 1
e
© T 20 - ? ab
o < — =
o O
[ 210
C N
C
<

0 |

T
SF RP

RL

T
UP UF

Fig. 6. Cumulative annual emissions of soil nitrous oxide (N,O) (a) and carbon dioxide (CO,) (b) for different urban greenspace types. In panels (a) and (b), the
diamonds and solid lines inside the box represent the mean and median value, respectively. The box borders represent the 75th and 25th percentiles, and the whisker
caps represent the 95th and 5th percentiles. The circle points inside each box represent the data of each plot in urban greenspace types. Different letters above the
boxplots indicate significant differences among greenspace types at the P < 0.05 level.

Table 2

Cumulative emissions of soil nitrous oxide (N»O) and carbon dioxide (CO») across the growing season (GS) and non-growing season (NGS) as well as the NGS

contribution to annual budgets for different urban greenspace types.

Type Cumulative N,O emissions (kg N ha™!) Cumulative CO, emissions (Mg C ha™")
GS NGS NGS contribution to annual budget (%) GS NGS NGS contribution to annual budget (%)
SF 3.43+1.44a 0.64 +0.18a 15.7 18.1 +£1.04a 3.12+0.16a 14.8
RP 1.15 + 0.80ab 0.11 £0.01b 8.40 14.6 +0.67bc 2.38 £0.15b 14.0
RL 0.85+0.10b 0.79 £ 0.34a 48.1 18.3+2.42a 2.68 +0.38ab 12.8
UP 0.45 4+ 0.07b 0.23 +0.05b 335 12.9+1.38¢c 2.65 =+ 0.25ab 17.0
UF 0.69 + 0.24b 0.19+0.03b 22.0 9.50 + 0.64d 2.51+0.12b 21.0

Given data are means + standard errors. SF, sports field; RP, roadside patch; RL, residential lawn; UP, urban park; UF, urban forest. Different letters within the same
column indicate significant differences between greenspace types at the P < 0.05 level.

2020). Our estimated Qo values for COy fell within the range
(1.76-3.76) reported for urban greenspace landscapes (Kiinnemann
et al., 2023; Lin et al., 2025), but are relatively higher than those re-
ported for natural ecosystems (1.51-2.1) (Bagherzadeh et al., 2008;
Zhang et al., 2016). The trend of higher Q;¢ values for urban soils
compared to other ecosystem types may indicate that these soils are
presumably more temperature-sensitive. This suggests that climate
warming may lead to disproportionately higher emissions of N,O and
CO; from urban greenspaces compared to other ecosystems. However,
caution should be exercised when extrapolating these Qo values to
predict future warming responses. Since the opaque chamber suppresses
photosynthesis but not respiration, the measured CO; flux in this study
represents the total ecosystem respiration, combining autotrophic and
heterotrophic components. The two processes are controlled by different
factors: autotrophic respiration is primarily driven by photosynthate
supply and gross primary production (GPP), with temperature being a
secondary factor. In contrast, heterotrophic respiration depends on
substrate quality and microbial dynamics. The seasonal coincidence of
these factors with temperature can inflate an apparent Q¢ value, which
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does not reflect the true intrinsic temperature sensitivity (Subke & Bahn,
2010). Moreover, as our flux measurements were only ever taken either
in the morning or in the afternoon, and no correction was applied to
account for the influence of diurnal temperature variations on gas fluxes,
some of the flux variance may be due to the time of day rather than to
seasonal or between-type differences. However, despite the fact that
sites were sampled in different sequences throughout the observation
period, no significant effect of daytime on soil N3O and CO; fluxes was
detected.

In addition to the effects of soil temperature, changes in soil water
content also modified the seasonality of NyO fluxes in this study
(Table 3). Soil moisture is known to play a crucial role in NyO flux
variations by regulating the availability of electron donors (NH4 and
dissolved organic C (DOC)) and acceptors (NO3 and oxygen) to soil
microbes (Butterbach-Bahl et al., 2013; Yao et al., 2010). Generally,
higher WFPS can restrict oxygen diffusion in soils and promote the
formation of anaerobic microsites that favor denitrification, thereby
increasing NoO production (Pan et al., 2022). Therefore, as shown in our
study and others (Luo et al., 2013; Schindlbacher et al., 2004; Zhan
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Fig. 7. Seasonal dynamics of soil nitrous oxide (N,O) fluxes (a-e) for different urban greenspace types during the study period from August 2024 to October 2025.
Grey shaded areas indicate the non-growing season. The vertical bars in each panel indicate standard errors. Boxplots on the right show the data distribution. The
diamonds and solid lines inside the box represent the mean and median value, respectively. The box borders represent the 75th and 25th percentiles, and the whisker
caps represent the 95th and 5th percentiles. The circle points inside each box represent the observation data. The black dotted horizontal line in each panel indicates
the break point at a scale of 50 pg N m>2h ! In panel (a), black arrows represent the time of fertilization activities. SF, sports field; RP, roadside patch; RL, residential

lawn; UP, urban park; UF, urban forest.

Table 3

Results of multiple linear regression analysis regarding combined effects of soil
temperature (ST, in °C) and soil volumetric water content (VWC, in %) or water
filled-pore space (WFPS, in %) on soil nitrous oxide (N,O) fluxes (f, in pg N
m~2h™') across the given period (i.e., growing season and annual scale) for
different urban greenspace types.

Type Period Formular R? P n

RP Annual scale f=2.33ST+ 0.27VWC-23.1 0.16 <0.05 55
UP Annual scale f=0.49ST + 0.24VWC-3.70 0.25 <0.01 55
UF Annual scale f=1.12ST + 1.01VWC-29.9 0.25 <0.01 55
SF Growing season  f=4.84ST + 6.10VWC-184 0.06 0.31 38
RL Growing season  f=2.01ST + 0.29VWC-19.8 0.21 <0.05 36
RP Annual scale f=2.34ST + 0.13WFPS-23.5 0.16 <0.05 55
UP Annual scale f=0.50ST + 0.12WFPS-3.74 0.25 <0.01 55
UF Annual scale f=1.11ST + 0.55WFPS-30.6 0.26 <0.01 55
SF Growing season  f=1.48ST + 0.71WFPS-40.1 0.17 <0.05 38
RL Growing season  f=2.01ST + 0.14WFPS-19.5 0.16 <0.05 36

RP, roadside patch; UP, urban park; UF, urban forest; SF, sports field; RL, resi-
dential lawn. n indicates the number of observations.
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et al., 2021), the temporal variability of N2O fluxes could be well
described by the combined effects of changes in soil temperature and
WEFPS. Notably, while lower soil temperatures during the non-growing
season could have slowed down microbial processes and associated
N-0 and CO; emissions, higher WFPS during this period particularly for
SF (mean: 72% WFPS) and RL (mean: 71% WEFPS) sites may have driven
the creation of local anaerobic soil environments conducive to denitri-
fication. These two types of greenspaces (SF and RL) had relatively high
SOC content (Table 1), which has a positive effect on soil available
water-holding capacity (King et al., 2026). These conditions can trigger
‘hot moments’ of N2O emissions during winter freeze-thaw periods
(Fig. 7a, c and Fig. S1). Previous studies have also observed such pro-
nounced N5O emissions in conjunction with freeze-thaw events in
boreal and temperate ecosystems (Gao et al., 2018; Wagner-Riddle et al.,
2017; Wolf et al., 2010; Yao et al., 2025). Freeze-thaw processes can
enhance N2O emissions through mechanisms such as the release of labile
substrates from microbial cell lysis, increased microbial activity during
soil thawing, and temporary shifts in soil aeration conditions (de Bruijn
etal., 2009; Risk et al., 2013). In this study, the non-growing season N2O
and CO, emissions accounted for a significant proportion of the annual
budgets in all urban greenspaces, ranging from 8.4 to 48.1% (N20) and
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12.8-21.0% (CO3). Our results confirm the importance of the non-
growing season for annual NoO emissions, as previously reported for
arable systems by Shang et al. (2024), and highlight the importance of
year-round measurements in reducing uncertainties associated with
GHG budgets in urban greenspace landscapes.

In our study, the cumulative annual N,O and CO, emissions for all
urban greenspace landscapes were 0.67-4.08 kg N ha™! yr! and
12.0-21.2Mg C ha™! yr™!, respectively. Our estimated N,O emissions
were within the range (0.14-4.3kg N ha™! yr™!) reported for other
urban greenspace ecosystems (Braun & Bremer, 2018; Davis et al., 2014;
Stefaner et al., 2021; Townsend-Small et al., 2011), but were compa-
rable to or higher than those reported for natural grasslands
(0.15-0.62kg N ha! yr’l) and forests (0.04-2.53kg N ha™! yr’l)
(Chen et al., 2024; Czdbel et al., 2010; Guo et al., 2022; Wang et al.,
2025). Our estimated CO, emissions also fell within the range
(12.2-40.5Mg C ha™! yr™1) reported for other urban greenspace eco-
systems (Bezyk et al., 2023; Bogunovic et al., 2025; Kiinnemann et al.,
2023; Livesley et al., 2010; Zhang et al., 2020), but were higher than
those of natural grasslands and forests (0.44-11.3Mg C ha™! yr7l,
Bagherzadeh et al., 2008; Bardule et al., 2025; Wang et al., 2026; Wang
et al., 2021; Yan et al., 2021; Zhang et al., 2017). These differences
between greenspaces and natural ecosystems are likely due to the direct
and indirect effects of urbanization-related anthropogenic drivers on
N2O and COy emissions. Direct effects include physical disturbances,
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burial or coverage of soil by filling material and impervious surfaces,
and land management practices such as irrigation, fertilization, and
frequent mowing. Indirect impacts include the urban heat island effect
and the atmospheric deposition of various pollutants such as N deposi-
tion and heavy metal pollution (Pouyat et al., 2002; Xie et al., 2025).
Among the five urban greenspace landscapes, SF exhibited signifi-
cantly higher cumulative annual N2O and CO, emissions compared to
UP and UF (Fig. 6). Intensive maintenance activities, such as fertilization
and frequent irrigation are common at many SF sites. These practices are
known to stimulate N,O emissions in urban greenspaces by increasing
soil N availability and the likelihood of anaerobic microsites for nitri-
fication and/or denitrification (Gillette et al., 2016; Riches et al., 2020).
This explanation was supported by the observation that cumulative
annual N,O emissions were positively correlated with soil NO3 intensity
and soil water content across all urban greenspaces (Fig. 8 and Table 1).
It should be noted that high spatial variability in N3O fluxes was
observed at the SF sites over the measurement period due to manage-
ment heterogeneity. Due to topdressing, which involves applying a layer
of compost to the soil surface, these sites were identified as emission
hotspots, with cumulative annual N2O emissions ranging from 5.53 to
13.5kg N ha! yr*1 (Table S2). Across all SF sites, cumulative annual
N,O emissions tended to increase with higher N application rates
(Fig. S3). Moreover, frequent maintenance activities at SF sites enhance
plant productivity and root biomass, thereby increasing soil autotrophic
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Fig. 9. Annual nitrate (NO3) leaching for different urban greenspace types (a), and the relationships between annual NOj3 leaching and soil nitrate (NO3) intensity
(b), annual mean soil NO3 concentrations (c), or annual mean water-filled pore space (d) across different urban greenspace types. The data in brackets of panel (a)
indicate the number of observations in each greenspace type. Due to the insufficient number of observations, the annual NOj3 leaching for roadside patch (RP) is
shown descriptively. The vertical and/or horizontal bars indicated standard errors. Different letters above the columns indicate significant differences among
greenspace types at the P < 0.05 level. SF, sports field; RP, roadside patch; RL, residential lawn; UP, urban park; UF, urban forest; ds, dry soil. The dotted lines
represent the 95% confidence bands. Both panels share the same y-axis representing annual NOj3 leaching.

and heterotrophic respiration (Thompson & Kao-Kniffin, 2019). The
positive relationship between cumulative annual NoO and CO; emis-
sions also suggests a strong coupling between C and N cycling processes
in urban greenspace ecosystems. This relationship was previously
observed by Xu et al. (2008) in other terrestrial ecosystems. Higher soil
CO, emissions likely reflect enhanced microbial respiration and organic
matter decomposition, which may stimulate nitrification and denitrifi-
cation processes responsible for NyO production (Xu et al., 2008).
Additionally, despite having similar management practices, RL had
relatively higher soil NoO and CO» fluxes than UP. This difference was
likely linked to the varying frequency and intensity of human distur-
bances at the two sites. RL was subject to higher levels of input from
domestic animal urine and excrement, which are direct sources of labile
C and N for microbial processes, thereby increasing soil N3O and CO,
emissions (Braun et al., 2023). Compared to other greenspace types (e.
g., SF, RP and RL), UF showed relatively lower N,O and CO; emissions.
This is likely linked to compounding factors specific to UF. Specifically,
the microclimatic shading effect of the tree canopy would keep soil
temperatures lower than in other open lawn systems, thereby reducing
microbial activity and associated N2O and CO» production (Kiinnemann
et al., 2023). Moreover, litter inputs at UF are dominated by more
recalcitrant woody or leaf litter (e.g., beech and oak) rather than the
fast-cycling, easily decomposable grass biomass and clippings charac-
teristic of lawn systems. This may also lower biogeochemical cycling and
associated N2O and CO, emissions. Notably, our study includes the RP, a
greenspace type that is comparatively rarely studied. The RP sites had
the highest annual mean soil temperature of the five types. This is likely
due to a localized urban heat effect, as adjacent impervious road and
pavement surfaces can absorb and store solar radiation, thereby
increasing soil temperatures at RP (Pouyat et al., 2002; Cheela et al.,
2021). However, despite having the highest annual mean soil temper-
ature, the RP did not exhibit the highest NoO and CO, emissions. This
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pattern is consistent with a moisture limitation effect, since the RP had
the lowest annual mean WFPS among all types. While higher soil tem-
peratures could stimulate microbial activity, the effect of temperature
was offset by concurrent soil drying, limiting microbial C and N trans-
formations and associated N2O and CO5 emissions (Huang et al., 2025).
Given the limited data on RP in this study, future research is needed that
integrates multiple sites and years of monitoring with process-oriented
or spatially distributed hydrological-biogeochemical models. This will
allow for a more rigorous quantification of the hydrothermal effects on
N0 and CO; emissions from urban greenspace ecosystems.

At the city level, the average annual N»O and CO; emissions,
weighed by the areal extent of the different urban greenspace types,
were estimated at 1.35kg Nha! yr! and 17.2Mg C ha ! yr %,
respectively. Given that reliable estimates of the total land area covered
by urban greenspace landscapes in Denmark and worldwide are not
available, the upscaling exercise was restricted to Aarhus. Multiplying
the total area of urban greenspaces in Aarhus (256 ha) by our observed
area-weighted annual N»O and CO, emissions yields total N3O and CO4
emissions of 346kg N yr~! and 4403 Mg C yr™?, respectively. Consid-
ering that NoO and CO» emissions from fuel combustion and industrial
processes may decline in the future due to various control measures
(Nielsen et al., 2023) and that greenspace areas are expected to increase
to meet the demands of rapid global urbanization, the importance of
urban greenspace emissions to national GHG inventory may signifi-
cantly increase in future.

Annual NOj leaching rates for all urban greenspace landscapes
ranged from 1.2 to 11.8 kg N ha™! yr™! (Fig. 9). These rates were within
the range reported for other urban greenspace ecosystems in USA
(0.5-25.2kg N ha! yr’l, Groffman et al., 2009) and for natural forests
(1-40kgN ha! yr’l, Borken & Matzner, 2004; MacDonald et al., 2002;
Wangari et al., 2024). Of the five urban greenspace types, SF exhibited
the highest annual NO3 leaching rates. We also found a strong positive
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relationship between annual NO3 leaching and N5O emissions across all
urban greenspaces. This indicates that intensive practices like fertiliza-
tion at SF sites can result in significant N losses, including gaseous fluxes
and hydrologic losses (Cameron et al., 2013). Similar relationships be-
tween NO emissions and NO3 leaching have been reported in other
managed ecosystems, where increased N inputs stimulate both loss
pathways (Maharjan et al., 2014; Qasim et al., 2021). However, Zhou
et al. (2013) reported significant trade-offs between NO3 leaching and
N2O emissions under certain N management practices. Moreover, our
study corroborates the findings of other studies showing that soil NO3
leaching is often controlled by soil water volume and topsoil NO3con-
centrations (Fu et al., 2017). Higher soil water and NO3 availability
resulted in soil NO3 leaching rates being higher at SF than at other
greenspaces (Fig. 9). At the city scale, the area-weighted annual NO3
leaching rates for urban greenspaces were calculated at 2.44 kg N ha™!
yr~!. Using the same scaling-up approach applied to soil N,O and CO,
emissions, we estimated the total annual soil NO3 leaching from Aarhus
urban greenspaces to be approximately 625kg N yr—!. Although this
figure is considerably lower than the total annual NO3 leaching from
Danish agricultural systems (160 Gg N yr ) (Danish Environmental
Protection Agency, 2009), it can still induce ‘off-site’ indirect N,O
emissions. Further research is necessary to investigate the dynamics of
soil NO3 leaching from urban greenspace landscapes using a long-
established, classical method like lysimeters in order to address the
key limitations of the resin-based method (Wyland & Jackson, 1993).

5. Conclusions

This work presents the first year-round dataset of soil NoO and CO,
fluxes as well as soil NO3 leaching for various urban greenspace types in
Denmark. Our study suggests that the temporal variability of soil NoO
fluxes is regulated by the synergistic changes in soil water content and
temperature, though neither factor exhibited a strong individual effect.
The variance of soil CO5 fluxes is triggered by changes in soil water
content and temperature, but the effect of soil temperature overrides
that of soil water content. As expected, the non-growing season makes
an indispensable contribution to annual N»O and CO» emissions, high-
lighting the importance of year-round measurements to accurately es-
timate annual C- and N-trace gas budgets. Among the five greenspace
landscape types, sports fields exhibited the highest annual losses of soil
N2O and NOs3 leaching, while significantly lower values were observed
in urban parks and forests. The differences in soil N losses among
greenspace types are likely driven by variations in soil water content and
soil NO3 availability. Annual CO, emissions across all urban greenspace
types showed a similar pattern to N2O, with both exhibiting a positive
correlation. At the city level, the average annual N,O and CO, emissions
and soil NO3 leaching, weighted by the areal extent of the different
urban greenspace types, were estimated at 1.35kg Nha™! yr~! (N,0),
17.2Mg C ha™! yr™! (CO,) and 2.44 kg Nha™! yr~! (NO3 leaching),
respectively. Considering the relatively high soil N losses particularly
N0 emissions, from urban greenspace ecosystems and the increasing
area of these ecosystems due to rapid global urbanization, further
studies are required to quantify the contribution of greenspace GHG
emissions at the regional or national level and to investigate mitigation
efforts.
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