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• Urban heat island increased mean
monthly soil temperature up to 2 °C.
• Soil temperature, moisture, C content
and pH explained 50% of variability in
microbial respiration.
• Additional emission induced by urban
heat island reached 0.2 Mg C ha−1
year−1.
• Soils of green spaces and residential
areas in the city center were hotspots
of microbial respiration.
• Half-life time of urban topsoil C stocks
affected by urban heat island was less
than 5 years.
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a b s t r a c t
Urbanization coincides with remarkable environmental changes including vegetation, soil and climate. An urban
heat island is a well-known urban mesoclimatic anomaly, however its effect on functions of urban soils considering their spatial-temporal variability remain overlooked. The research aimed to explain the urban heat island
effect on soil microbial respiration by linking meso-climatic CCLM and TERRA_URB models and the digital soil
mapping approach for the case of Moscow megalopolis. Moscow megalopolis is the biggest city in Russia,
which experiences on-going urbanization within the New Moscow project. As a result, a clear urbanization gradient was observed in land-use structure, climate and soil properties. For the study period (May–October 2019),
the increase in average monthly temperature of urban soils compared to rural reached 1.7 and 2.0 °C in June and
September with the maximal values obtained in the city center. The signiﬁcant effect of soil temperature, carbon
content and pH on soil microbial (basal) respiration was estimated based on the lab experiment with a representative sample of urban topsoils (n = 140). The resulting equation was integrated with the mesoclimatic data in
two ways: i) considering urban heat islands (based on the modelled 500 m grid soil temperature maps) and ii)
non-considering urban heat islands (based on the average monthly rural soil temperature). Comparison of the
results showed that urban heat island increased microbial respiration by 5–10% on average and up to 25% in
the most affected locations. The additional amount of CO2 which could be potentially emitted by soil microbes as
a result of the urban heat island in Moscow megapolis was on average 0.2 Mg C ha−1 (0–10 cm layer; 1.1 g cm−3
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bulk density). Small scale green zones in the city center (public gardens, residential court yards and green lawns
along the roads) where high soil C contents coincided with the maximal urban heat island effect were the hotspots
of microbial respiration. Although the estimated absolute values could be rather uncertain, the research highlights
the vulnerability of urban topsoil C stocks to mineralization intensiﬁed by mesoclimatic anomalies.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

collected from the few meteorological stations located inside the cities
and observing soil temperature on a regular basis is not enough for
the spatial-temporal projections at the city level. Numerical climatic
modeling based on adaptation of the nonhydrostatic atmospheric
models, parameterized to consider heterogeneity in urban surfaces
(e.g., built-up areas, green and blue infrastructures) is an alternative solution to capture spatial-temporal variability in urban soils temperature
and its effect on soil respiration. Soil respiration as a rule is not considered among the parameters monitored by the environmental protection
agencies in cities. For research groups, continuous on-site monitoring of
soil respiration at multiple locations within a city is hardly affordable
due to technical limitations of the autonomous respiration measurements and high costs. Soil microbial (basal) respiration measured in
lab conditions is a proxy to explore spatial patterns in potential CO2
emissions by soil microbes under changing climatic conditions
(Creamer et al., 2014b; Sushko et al., 2019). Microbial respiration is determined by soil chemical properties and is sensitive to hydrological and
thermal conditions and therefore its variability can be explored by the
digital soil mapping approaches which model soil properties based on
their spatial covariates (McBratney et al., 2003).
The research aimed to integrate mesoclimatic modeling and digital
soil mapping approaches to project the effect of urban heat island on
soil microbial respiration in Moscow megalopolis.

1. Introduction
Carbon sequestration is widely accepted as a principal soil function,
which contributes to such ecosystem services as climate mitigation, biomass production and biodiversity (Blum, 2005; Dominati et al., 2014;
Von Döhren and Haase, 2015). Carbon (C) stocks and ﬂuxes in natural
and agricultural soils were thoroughly investigated for different climates and biomes (Köchy et al., 2015; Lal, 2004; Minasny et al., 2017),
whereas urban soils remain overlooked (Bond-Lamberty and Thomson,
2010; Stockmann et al., 2013). Conventional urban ecological studies
considered C stocks in urban soils as negligibly small (Jobbágy and
Jackson, 2000; Schaldach and Alcamo, 2007; Schulp and Verburg,
2009) however most of the current studies consider a multiple and diverse urbanization effect on C stocks and ﬂuxes. Soil sealing results in
substantial depletion of C stocks (Romzaykina et al., 2020), whereas
soils of urban green spaces may have a considerable potential to accumulate C due to biomass growth and humiﬁcation processes intensiﬁed
by maintenance activities (e.g., pruning, cutting and fertilizing) (Zirkle
et al., 2011). Besides a considerable amount of C is imported with substances used to construct soils for greening and landscaping (e.g., peat,
composts, organic wastes etc.) (Brianskaia et al., 2020). However,
these substances are exposed to intensive biodegradation (Beesley,
2012; Shchepeleva et al., 2017) resulting in high soil respiration and
CO2 emission from urban soils (Sarzhanov et al., 2017; Decina et al.,
2016; Kaye et al., 2005). Soil respiration includes autotrophic (root)
component and heterotrophic component comprising respiration of
soil free-leaving and root-associated microbes (Chapin et al., 2006;
Gomez-Casanovas et al., 2012). The contribution of microbial respiration ranges from 40 to 90% for different biomes (Ananyeva et al.,
2020; Hanson et al., 2000) and therefore makes a substantial contribution to CO2 emissions from soils. Soil temperature is a key abiotic factor
driving microbial respiration, its temporal dynamics and spatial variability (Bae and Ryu, 2015; Kurganova et al., 2020). Although the relationship between temperature and microbial respiration is classic and
were analyzed in numerous studies (Creamer et al., 2014a; Kaye et al.,
2004; Lloyd and Taylor, 1994; Tomar and Baishya, 2020; Waksman
and Gerretsen, 1931), the evidence for urban soils is lacking. Microbial
respiration of urban soils is exposed to multiple factors (e.g., soil chemical properties, anthropogenic disturbance and climate) which are
highly variable in space and time. Although several studies attempted
exploring spatial patterns in soil microbial respiration within a city,
e.g., by comparing soils at different functional zones or under various
vegetation (Ghosh et al., 2016; Ivashchenko et al., 2019), lack of spatially explicit data on urban soils and urban climate remains the main
research gap, which constrains analyzing the climate effect on microbial
respiration at the city level.
Spatial structure and anthropogenic processes occurring in urban
areas (i.e. soil sealing, central heating, greenhouses gases' emission
from transport and industries) result in mesoclimatic anomalies, including urban heat island – an increase of air and soil temperatures in the
central and densely built-up areas in comparison to suburbs and natural
references (Oke et al., 2017; Rizwan et al., 2008). The effects of urban
heat island on human health and environment were studied for many
cities (Alqasemi et al., 2021; Imhoff et al., 2010; Li et al., 2011), however
we are not aware of its implementation for projecting soil microbial respiration. Both soil temperature and microbial respiration are highly variable in space and time and therefore the lack of spatially explicit data
on their dynamics is critical for heterogenous urban areas. Data

2. Materials and methods
2.1. Moscow megalopolis
Moscow city (56N; 37E) is the capital of Russia and one of the largest
urban areas in Europe. Moscow has a temperate climate (Dfb in the
Köppen climate classiﬁcation) and belongs to the south taiga bioclimatic
subzone. Regional soils are comprised from zonal Retisols and intrazonal Fluvisols of Moscow river valley (Shishov and Voinovich, 2002;
IUSS Working Group WRB, 2014). In 2012, ofﬁcial boundaries of
Moscow expanded to more than 1500 km2 in result of the New
Moscow project, which aimed to address overpopulation and transport
congestion by decentralizing a metropolitan city to a mega-region
(Argenbright, 2013) In result, currently the total 2500 km2 area of
Moscow megalopolis comprises from two parts different in environmental conditions, population, land-use history and development strategy. Moscow (an urban area within the boundaries before 2012) has
been being intensively built-up and populated since 1920-s and currently natural soils remain mainly in the forested parks, whereas the
major territory is dominated by urban soils and soil constructions
(Prokofyeva et al., 2011). Annually more than 1 million m3 of organic
and mineral substrates are imported to Moscow to construct soils for
greening and landscaping purposes (Brianskaia et al., 2020). A concentric spatial structure and high density of the build-up areas result in a
clearly observed urban heat island (UHI) effect. Its annual-mean intensity reaches 2 °C in the city center and peaks to more than 10 °C under
favorable weather conditions (Lokoshchenko, 2014, 2017; Varentsov
et al., 2018, 2019). The city also experiences lower air humidity, i.e. a
so-called urban dry island (Lokoshchenko, 2017; Varentsov et al.,
2018). In contrast, New Moscow was never dominated by urban areas
with more than 80% of the territory covered by forests and croplands
till 2012. Although an intensive urbanization ongoing in New Moscow
coincides with land conversion into urban and soil sealing
(Romzaykina et al., 2020; Vasenev et al., 2019), urban soils are less
2
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comprehensive GIS-based approach based on Copernicus Global Land
Cover data, OpenStreetMap data and Sentinel-2 satellite imagery
(Samsonov and Varentsov, 2020). For more details on the used citydescriptive parameters and their maps, please refer to REF1a dataset
from Varentsov et al. (2020), that was only reﬁned from 1 km to 500
m grid spacing. The model settings were tuned to minimize the systematic model biases in several preliminary studies and are also described
by Varentsov et al. (2020). For both model domains, the simulations
were initialized by ICON analysis for the date of 20th April 2020, and
then continuous model runs were performed until the end of October
covering the typical vegetation period in Moscow.

disturbed and natural horizons are often inherited in subsoils (Demina
et al., 2018). New Moscow is less exposed to UHI effect and average
temperatures are close to the natural references (Varentsov et al., 2019).
Sustainable urban development is claimed among the priorities in
Moscow planning and management. High public awareness of the environmental conditions and their effect on the quality of life in Moscow
city is addressed by a well-developed network of environmental monitoring, including observations of climatic and soil parameters. Meteorological data is collected from more than 80 stations (including
meteorological stations operated by national weather service,
Roshydromet, and stations for the air quality control, operated by regional environmental agency, Mosecomonitoring). Soil data is collected
by annual soil surveys at 100–150 locations, mainly from top 0–20 cm.
So far, the density of observation point in New Moscow is less compared
to the Old Moscow, but the monitoring network continues growing.

2.3. Soil survey and estimating soil C stocks
Soil survey was organized in summer 2020 and covered an area of
Moscow and New Moscow. In total 140 locations were selected by random sampling including 66 locations in Moscow and 74 locations in
New Moscow. Locations differed in land cover (lawns, trees and
shrubs), positioning in relief, functional and historical zones, distance
from roads and railways and therefore represented the main factors of
soil heterogeneity in cities. Soil survey included only non-sealed areas,
however the areas occupied by impervious surfaces were identiﬁed
and considered for the further analysis (Fig. 1). At each location, soil
proﬁles were observed, georeferenced and described in ﬁeld (color, texture, structure and artifacts were identiﬁed for each horizon) and mixed
soils samples (center and corners) were collected from the depths 0–10,
10–30 and 30–50 cm for lab analysis. Additional topsoil samples were
collected by rings for bulk density analysis.
In lab, soil samples were subdivided in two groups. Fresh samples
from 0 to 10 cm depth were stored in a fridge with +4 °C temperature
for no longer than 2 weeks and after removal of the ﬁne roots were used
for the lab experiment on microbial (basal) respiration. Samples from
the other group were air dried and sieved through 1 mm mesh with removal of ﬁne roots. Total C content was measured by dry combustion at
CN Analyzer. Bulk density was analyzed by volumetric approach. The pH
of soil water extraction was measured by potentiometric method
(Vorobyova, 1998).
Soil C stocks were estimated following the Eq. (1)

2.2. Climate monitoring and modeling
Although regular and reliable measurements of basic meteorological
parameters in Moscow city and its surroundings are carried out at more
than 80 sites, it is still not sufﬁcient for the detailed climatic mapping in
the city due to the high spatial inhomogeneity of the urban areas. Besides, the existing network does not provide sufﬁcient information on
the spatial patterns of soil temperature and soil moisture since these parameters are regularly observed only on a few Roshydromet sites. To
compensate the scarcity of observational network, a mesoscale modeling approach was used to obtain the detailed maps of the climatic parameters for the study. We used a limited-area nonhydrostatic
atmospheric model COSMO, which is developed by international consortium (Consortium for Small-Scale modeling, http://www.cosmomodel.org/) headed by German weather service and used for numerical
weather prediction in many countries including Russia (Rivin et al.,
2020, 2015). The model version COSMO-CLM or CCLM (Rockel et al.,
2008), developed by the CLM (Climate Limited-area Modeling,
https://www.clm-community.eu/) community is adapted for longterm simulations and is widely used in regional climate studies. The
model simulates not only atmospheric dynamics, but also heat and
moisture balance of the soil active layer, which is parameterized by
TERRA model coupled to COSMO (Schulz and Vogel, 2020). The bulk
urban canopy parameterization TERRA_URB in COSMO allows
representing urban climate features taking into account surface imperviousness, anthropogenic heat ﬂux and effects from 3D urban geometry,
parameterized in a simple and efﬁcient way by Semi-empirical Urban
canopy dependency algorithm (Wouters et al., 2016, 2015). In order
to account for the alteration of pervious and impervious surfaces within
the city, TERRA_URB implements a so-called poor-mans tiled approach,
i.e. each model grid cell is divided into two parts, where the ﬁrst is considered as built-up and completely paved, and second is considered as
pervious and covered by natural vegetation. We used the recent
model version with TERRA_URB, namely 5.05urb (Garbero et al., 2021).
The COSMO model in our study was used to reﬁne the coarse meteorological data with global coverage for the Moscow region within a
framework of dynamic downscaling technique. We used two nested domains centered around Moscow, with sizes of 720 × 720 km and 200 ×
200 km and with grid spacing of 3 and 0.5 km respectively. The global
ICON analysis with a grid spacing of 13 km, provided by German
Weather Service, was used as a model forcing, i.e. to provide initial
and boundary conditions for the outed domain of the limited-area
model, that in turn forced simulations for the inner domain. For both domains, we used 50 vertical levels of the atmosphere and 8 vertical levels
of soil active layer model with thickness of 0.005, 0.015, 0.04, 0.12, 0.36,
1.08, 3.24 and 9.72 m. TERRA_URB scheme was used for the ﬁnest model
domain.
The city-descriptive parameters, that are required for TERRA_URB,
including the impervious area fraction, anthropogenic heat ﬂux and
morphological urban canopy parameters, were deﬁned according to

C ¼ Ccont  BD  H  ð1−RFÞ,

ð1Þ

where C – C stock (kg m−2), Ccont – soil C content (%), BD – soil bulk density (g cm−3), H – soil layer depth (cm), RF – rock fragment fraction.
Soil C stocks were estimated for the 0–10, 10–30 and 30–50 cm
layers and the estimates were used as the ﬁeld data for digital soil mapping of C stocks in Moscow megapolis.
2.4. Mapping soil C contents and C stocks in Moscow
A digital soil mapping approach (McBratney et al., 2003) projecting
C contents and C stocks as a function of auxiliary data was used considering both conventional environmental factors and the speciﬁc driving
factors typical for urban environment (Vasenev et al., 2018, 2014). Conventional factors included elevation and slope derived from the SRTM
digital elevation model (Jarvis et al., 2016) and land cover. Land cover
classes were identiﬁed based on the mosaic of cloud free Sentinel-2A
MSI (level 2A) optical satellite images taken on June 6, 2019 available
at ESA Copernicus Scientiﬁc Data Hub. The image pre-processing included resampling to 10-m spatial resolution of 10 bands with initial
10 and 20 m spatial resolution and mosaicking. The stepwise subpixel and per-pixel classiﬁcation was performed to classify the surface
into the following land cover classes: water, sealed areas, wastelands,
lawns, trees and shrubs based on spectral signatures of these classes.
Some small portion of clouds and building shadows accounting <0.5%
of all pixels were masked out. The pre-processing and classiﬁcation
were performed within Google Earth Engine cloud computing platform
3
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Fig. 1. Soil sampling locations in Moscow city.

1918 and 1953 (master plan of Moscow development and reconstruction after the second world war); iv) between 1954 and 1965 (expansion of the residential building construction); v) between 1966 and
1989 (collapse of Soviet Union); vi) between 1990 and 2000 (development of market economy); vii) between 2001 and 2012 (economic
growth) and vii) after 2012 (New Moscow Project setup). In result,
the auxiliary data was organized in 9 raster layers with 10 m resolution.
Normality of the distribution of C contents in soil samples collected
in ﬁeld was checked by Shapiro Wilk's W test and homogeneous of variances was checked by Levene's test. Relationships between ﬁeld data
and explanatory variables were analyzed by general linear models
(GLM). Historical zoning was included in GLM as a categorical predictor
and was introduced as a dummy variable (equal 1 if a location was
within a particular zone and 0 otherwise). All the other variables were

(Gorelick et al., 2017). Sealed areas and water were excluded from the
digital soil mapping and the percentage covered by each of the three remaining classes was estimated per each grid. The percentage of each
class was considered as a separate predictor. Urban-speciﬁc predictors
included the historical zoning and proximity to roads and railways.
The feature classes of roads and railways were derived from the Open
Street Map (OSM) open data source (Open Street Map Project, 2020)
and the proximity was mapped by Euclidian distance tool in ESRI
ArcMap 10.6.1. Historical zones were estimated based on the dates of
construction, obtained for each building from the cadaster passports
(pkk.rosreestr.ru). Seven zones were identiﬁed following the principal
historical periods of building construction in Moscow: i) before 1820-s
(reconstruction after the ﬁre during occupation by Napoleon army in
1812); ii) between 1821 and 1917 (socialistic revolution); iii) between
4
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model outcomes and generated soil maps to project microbial respiration in Moscow megapolis.

included as continuous predictors. The correlation between explanatory
variables was analyzed in advance to prevent multicollinearity. The separate GLMs were developed for soil C contents and for soil C stocks in
0–10, 10–30 and 30–50 cm layers. The regression models were obtained
by a backward stepwise linear regression, when non-signiﬁcant variables (p > 0.05) were deleted and changes in adjusted determination
coefﬁcients (R2adj) were observed until the maximal R2adj for the minimal
number of factors was achieved. Statistical analysis was performed in
STATISTICA 8.0.
The primary maps (non-considering the soil sealing effect) were developed based on the regression equations obtained for each layer.
These maps were overlapped with the map of the sealed areas. Based
on the available studies (e.g., Richter et al., 2020; Szatmári et al., 2019;
Vasenev and Kuzyakov, 2018), two categories of the sealed areas were
considered for C estimates: 1) build-up areas and main roads; and
2) secondary roads and walking paths. Soil C contents and stocks
under build-up areas and main roads were considered zero. Subsoil
under secondary roads and walking paths has a capacity for C storage
and microbial activity as it was reported by the previous studies
(Alexandrovskaya and Alexandrovskiy, 2000; Cambou et al., 2018;
Huot et al., 2017; Mazurek et al., 2016; Piotrowska-Długosz and
Charzyński, 2014). Based on these studies, we estimated C contents
and stocks under secondary roads and walking paths as 50% from
those of the non-sealed soils with the similar properties. In result, the
maps of C contents and C stocks in 0–10, 10–30 and 30–50 cm were developed. The map of total C stocks in 0–50 cm was developed as the sum
of the maps for individual layers. All mapping exercises were performed
in ESRI ArcMap 10.6 software.

2.6. Integrating mesoclimatic modeling and digital soil mapping to project
urban heat island effect on microbial respiration of urban soils
Microbial respiration of urban soils in Moscow megapolis was
mapped based on the mesoclimatic model outcomes integrated to the
digital soil maps. Maps of monthly soil temperature and soil moisture
were modelled for the period May–October 2019 with 500 m spatial
resolution. These maps were used as the incoming climatic data. Soil
pH map was obtained based on the dataset (n = 270) collected by
Moscow environmental monitoring agency in 2019. Together with the
generated map of soil C contents in 0–10 cm layer, the pH map was
used as the incoming soil data. Climate and soil data were related
based on the equations obtained from the laboratory experiment of
MR and the resulting maps of urban soils' MR were generated based
on the Map Algebra tool in ESRI ArcMap 10 software. These maps
reﬂected spatial and temporal (monthly) variability of microbial respiration in the Moscow city.
Relationships between C content and microbial respiration were further analyzed to assess the resistance of soil C stocks to biodegradation,
based on the coefﬁcient k and half-life time T0.5. The half-life time is the
time period (in years) needed for microbial mineralization of half of the
soil C stocks (Andrén and Kätterer, 1997). We estimated the half-life
time of the C stocks in 0–10 cm of urban soils following the formulas
(2) and (3) (Smagin et al., 2018)
T0:5 ¼ ln2=k




k ¼ Tb  ln 100− ln 100−24  10−2  MR=C , where

2.5. Analyzing microbial respiration of urban soils in different temperature
and moisture conditions

ð2Þ
ð3Þ

Tb - the period of biological activity (days); MR – microbial respiration
(mg C kg−1 h−1); C – soil C content (%).
To quantify the effect of UHI on MR, an additional set of maps nonconsidering the urban temperature and humidity anomalies were generated following a so-called annihilation approach (Baklanov et al.,
2016), i.e., assuming that the city did not affect climate properties.
These maps were based on the same equations described above, however soil temperature and moisture parameters were set to the monthly
mean values for the rural areas in Moscow region. The averaging was
performed over all model grid cells with zero sealed fraction outside
Moscow city boundaries. Therefore, the resulting MR maps considered
spatial variability in soil properties (SOC and pH) but did not consider
the spatial variability in soil temperature and moisture. The difference
between the MR maps considering and non-considering the UHI effect
computed on the grid-to-grid basis (raster calculator tool in ArcMap
10.3) revealed the areas with increased or decreased MR resulted
from the UHI effect. These MR values (μg C-CO2 g−1 h−1) were
recalculated to soil CO2 emissions (g C m−2) for the top 0–10 cm layers
considering and average bulk density 1.1 g cm−3 (based on the previous
soil surveys in Moscow by Vasenev et al., 2018, 2014). The resulting
total soil CO2 emission from the research area and their spatial patterns
(e.g., comparison between Moscow and New Moscow) were used to illustrate the potential effect of UHI on soil respiration.

Microbial (basal) respiration (MR) reﬂects soil microbial production
of CO2 in standard conditions. Based on the literature sources (Creamer
et al., 2014a; Insam and Domsch, 1988) and previous studies (Ananyeva
et al., 2020; Brianskaia et al., 2020), MR is sensitive to soil chemical
properties (C contents and pH), temperature and moisture. Carbon contents are usually directly positively correlated to the microbial respiration since soil organic matter is the main substrate for microbial
decomposition. The effect of pH is indirect and can be explained by
the different fungi/bacteria ratio in acid and alkaline soils (Rousk et al.,
2009). The response of microbial respiration in collected samples (4 replicas for each sample) to different temperature (10, 22, 30 and 40 °C)
and moisture (0.3 and 0.7 from water holding capacity) was measured
in laboratory conditions. The experiment included pre-incubation and
incubation stages. At the pre-incubation stage, soil samples (25 g, 4
replicas per sample) were placed in the plastic cups and moistened by
distill water (2 g). The open cups were exposed at 22.5 °C in a climatic
chamber for 7 days. At the incubation stage, the soil samples in the
cups were moistened by distilled water until the moisture corresponding to 0.3 or 0.7 of the water holding capacity was achieved. Then the
subsamples (2 g) were taken from the cups and placed in the 15 ml
vials. The vials were tightly closed (time recorded) and incubated in a
climate chamber at the ﬁxed temperature (10, 22, 30 or 40 °C) for 24
h. After incubation, air samples from the vials were taken by syringe
and injected into a gas chromatograph (KrystaL 2000 M, ‘Meta-Chrom’
manufacturer, Yoshkar-Ola, Russia) equipped with a thermal conductivity detector for measuring CO2 concentration. The MR reﬂected the
CO2 produced by microbes in each subsample during the exposition period and was expressed in μg C g−1 soil h−1. After the analysis, soil samples were dried in oven at 105 °C for 8 h to calculate the actual soil
moisture. Relationships between the calculated soil moisture and soil
temperature (experimental condition) as well as soil C content and pH
(measured in lab) were approximated by multiple linear regression.
The regression equations were used to integrate the mesoclimatic

3. Results
3.1. Observed and simulated meteorological conditions
Daily and seasonal dynamics in air temperature corresponded well
to the patterns conventionally reported for May–November period in
the Moscow region. Based on the observation from the nine principal
rural meteorological stations around Moscow, average daily air temperature ranged from −4.0 °C at the end of October to +25.0 °C at the mid
of June, whereas the average diurnal variation was 8 °C. The UHI effect
5
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were also signiﬁcantly correlated (r = 0.89, p < 0.05) and the absolute
values for soil were in average 0.5 °C lower compared to the air. Spatial
patterns of soil temperatures were similar to the ones obtained for the
air with the hotspots in the most built-up central and eastern parts
and lower temperatures in green zones and suburbs. In general, the spatial patterns of soil moisture followed the same trends: soils in the
Moscow center, eastern and southern parts were drier compared the
suburbs. The difference between Moscow and New Moscow was also
considerable and achieved 15–20% in August–October. However, the
resulting maps were more patchy, that could be explained by temporal
dynamics of soil moisture, intensive and spatially-inhomogeneous convective precipitation events, high diversity in soil texture as well as by
the model uncertainty (Fig. 3).

measured by comparison between the rural meteorological stations
around Moscow and Balchug station in the center of Moscow achieved
2.2 °C as mean over the whole period, with daily-mean values peaking
to 5.5 °C in several days in June and September. Therefore, maximal
UHI effect in June coincided with the maximal background temperatures resulting in average daily temperatures above +25 °C in the city.
UHI only slightly modiﬁed daily maximum temperature but increased
daily minimum temperatures by up to 10 °C in the hottest days,
followed up by calm and clear nights. The model in general nicely captured the temporal variations of air temperature in the Moscow region
as well as urban/rural temperature difference (Fig. 2). The spatial patterns in UHI intensity generally followed the percentage of sealed
areas and housing density. Maximal values were observed in the most
sealed central and eastern parts, whereas minimal values coincided
with urban forests in the north-eastern and south-western suburbs.
Based on comparison with temperature observations at 81 weather stations and stations for the air quality control, the model explained more
than 80% of the total spatial variance in the observed daily mean air
temperatures and UHI intensity. For the ﬁrst time urban climate modeling with so high spatial resolution was performed for Moscow on a seasonal scale.
Based on the modeling results, monthly-mean values of air temperature, soil temperature and soil moisture were prepared for further
analysis as raster ﬁelds. For air temperature, just a grid-cell-average
values were used. For soil temperature and moisture, we used the
mean values within top 18 cm of soil for natural (pervious) tile of
each grid cell. Signiﬁcant positive correlation was observed between
monthly mean air and soil temperatures (r = 0.99, p < 0.05). In May–
August, the mean monthly air temperature was 0.6 to 1.8 °C higher
compared to the soil temperature, whereas the opposite pattern was
obtained in September–October. The temperature ranges which can
be considered as an indicator of UHI effect on air and soils temperature

3.2. Urban soils' C stocks for different land cover categories in Moscow
megapolis
Based on the remote sensing data analysis, trees and shrubs was the
dominating land cover class in Moscow city, covering 55% of the total
area. Lawns and wastelands covered 16 and 6% respectively, whereas
21% was sealed. Water bodies, including Moscow river with conﬂuents,
ponds and water reservoirs covered in total less than 2% of the area.
Therefore, greenery occupies more that 76% of the current area of the
Moscow megapolis. However, spatial land cover structure in Moscow
and New Moscow were different. The percentage of sealed areas in
Moscow was four times higher and the percentage of green zones –
35% lower compared to New Moscow. Average soil C stocks in the observed 0–50 cm layers in New Moscow were 14.6 ± 1.4 kg m−2 that
was 20% higher than in Moscow. Proﬁle distribution of C stocks differed
between the districts as well as between land cover classes. In Moscow,
a cumulative proﬁle distribution with maximal stocks in 0–10 cm was
observed for all the three land cover classes. In New Moscow, topsoil

Fig. 2. Comparison of the modelled and observed seasonal dynamic in daily mean air temperature averaged over 9 stations around Moscow (A) and urban heat island effect (B). Right
sublots show the mean diurnal variation during the study period.
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Fig. 3. Spatial patterns in monthly mean soil temperature (°C, on top) and soil moisture (%, at the bottom) in Moscow modelled for the period May–October 2019 represented by circles and squares respectively.
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Table 1
Explanatory variables (+: included, −: excluded) and determination coefﬁcients of the general linear models describing C stocks and contents in Moscow.
Variable of interest/depth (cm)

C stock/0–10
C stock/10–30
C stock/30–50
C content/0–10
C content/10–30
C content/30–50

Explanatory variables
Ele

Slo

W

T&H

L

ED_MCAR

ED_PR

ED_RW

HZ

+
+
+
+
+
+

−
+
+
−
+
−

+
+
+
+
+
+

+
+
+
+
+
+

+
−
+
+
−
+

−
+
−
−
−
−

+
+
+
+
+
+

+
−
+
+
+
−

+
+
−
+
+
+

R2

R2adj

0.23
0.15
0.15
0.21
0.19
0.24

0.13
0.04
0.09
0.11
0.09
0.15

Ele – elevation, Slo – slope, W - % of wastelands per grid, T&H - % of trees and shrubs per grid, L - % of lawns per grid; ED_MCAR - Euclidian distance to Moscow Circle Automobile Road,
ED_PR - Euclidian distance to principal roads, ED_RW - ED_RW to roads, HZ – historical zoning.

part (e.g., “Elk Island” natural reserve) and along the Moscow river valley (e.g., “Moskvoretsky” natural reserve) were the other hotspots of
soil C stocks in Moscow. The central district of the Moscow city with
the highest density of buildings and infrastructures had the lowest soil
C stocks, however some locations with higher C stocks were shown in
public gardens or old residential areas. The map of C contents in 0–10
cm was in good coherence with the map of C stocks. Spatial patterns
in C stocks and contents were similar for all the depths, however the
0–10 cm maps were more patchy, whereas the maps for subsoils were
more homogeneous (Fig. 4).

gave less than one third from the total stocks. The highest C stocks in
Moscow soils were obtained for wastelands, where a considerable
amount of C was accumulated in top 30 cm. In New Moscow, soil C
stocks did not differ between land-use classes signiﬁcantly.
3.3. Soil C stocks maps
The relationships between soil C contents and stocks in 0–10, 10–30
and 30–50 cm layers and spatial predictors were approximated by the
six separate linear models. From the six models, ﬁve (all except the
model for C stocks in 10–30 cm) were statistically signiﬁcant (F-test, p
< 0.05). The explained variance varied from 10 to 23% depending on
the model. The models included 6 to 7 explanatory variables (Table 1).
The distance to the principal roads and elevation were the most frequent signiﬁcant predictors (t-test, p < 0.05). Positive regression coefﬁcient with the distance to roads and negative regression coefﬁcient with
elevation indicated higher C stocks at lower positions in relief and far
from trafﬁc zones, that is in good coherence with previous studies
(Vasenev et al., 2018). The historical zoning had a signiﬁcant effect on
C contents and stocks in the 10–30 cm with higher C stocks in older
areas compared to the more recent ones.
Total soil C stocks in 0–50 cm were 25.6 Tg, including 6.1 Tg stored in
0–10 cm layer. In total, 18Tg of C were stored in New Moscow soils,
which was almost 3 times higher compared to Moscow. The contribution of topsoil (0–10 cm layer) was 27%, which was 5% higher compared
to Moscow. C stocks in all layers were highly variable in space with the
highest coefﬁcients of variance (CV%) for the 0–10 cm and the lowest for the 30–50 cm. Judging by the CV% values, C stocks in New Moscow
were more homogeneous compared to Moscow, where CV% reached
100% and higher. The highest total C stocks were reported for the
south-western part of Moscow and especially for the Odintsovo city district, where large areas occupied by green zones and wastelands coincided with ﬂat lowlands in relief. Green areas in the north-eastern

3.4. Factors driving soil microbial respiration in Moscow
Microbial respiration measured in topsoil (0–10 cm) samples under
different temperature and moisture conditions ranged from 0.12 to 5.10
μg C g−1 soil h−1 (95% conﬁdence interval of the mean) with the mean
1.99 μg C g−1 soil h−1. The large variance illustrates the sensitivity of soil
MR to the hydrological and thermal conditions as well as the variability
in content of organic matter available for microbial decomposition. The
temperature effect on MR was well approximated by the exponential
model. Microbial respiration was also positively correlated with C content and negatively correlated with pH. The highest respiration was reported for neutral soils (6.5 < pH < 7.5) with C content above 8%,
whereas slightly alkaline (pH > 7.5) soil with C content below 4% had
the lowest microbial respiration (Fig. 5). Soil moisture also had a positive impact on MR however the contribution of this factor was less signiﬁcant compared to the others. The investigated effects were
aggregated into the regression model linking microbial respiration to
soil temperature, moisture, topsoil C content and pH. Several models
were tested and the following one with the highest determination coefﬁcient (R2adj = 0.5; p < 0.05) was selected: lnMR = 1.39 + 0.04 × ST −
0.34 × pH + 0.09 × C + 0.002 × SM (where ST – soil temperature, SM –
soil moisture and C – soil C content).

Fig. 4. Spatial distribution of soil C contents in 0–10 cm (A) and soil C stocks in 0–10 cm (B) and 0–50 cm (C).
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Fig. 5. The temperature effect on microbial (basal) respiration (example for the soil sample # 311) (A). Microbial respiration (mean and SE) for different pH and C contents (B).

was also more heterogeneous compared to New Moscow – the CVs
were on average 70% and 33% respectively. In general, the spatial patterns in soil microbial respiration correlated with soil C contents - the
highest values were obtained in suburban forests and green zones and
the lowest average values were shown for the central part. However,
the recreational and residential areas in the historical city center
where high C contents coincided with the highest temperature anomalies were also the hotspots of soil microbial respiration (Fig. 6).
In comparison to rural areas, the increase of the monthly average soil
temperature induced by the UHI ranged from 0.3 °C in May to 0.6 °C in
September. In New Moscow, the UHI effect was negligible, whereas in
Moscow the increase of monthly average soil temperature reached 2
°C in September. In result, the MR of urban soils also increased and
spatial-temporal patterns in the additional CO2 emissions had a clear relationship with UHI. The highest UHI-induced emissions were 2.6 and
2.3 g C m−2 month−1 in June and September in average and peaked to
18.2C m−2 month−1 in the green zones of the city center in June,
which was 25% from the average monthly CO2 emission in Moscow
megalopolis. The highest additional emission was shown for Moscow

3.5. Projecting urban heat island effect on microbial respiration of urban
soils
The regression model obtained from the experimental results was
used to integrate the map of C content in 0–10 cm layers to the climate
model outcomes. The model yielded the maps of monthly average soil
microbial respiration for the period May–October 2019 and therefore
revealed its spatial and temporal variability. The highest respiration obtained in June was 0.94 ± 0.48 μg C g−1, which was 40% higher compared to October, when the microbial respiration was the lowest. This
temporal pattern generally follows seasonal dynamics in air and soil
temperature, which correspond to the previous monitoring studies of
seasonal dynamics in soil respiration in the Moscow region
(Kurganova et al., 2003; Goncharova et al., 2019, 2020). Spatially, soil
microbial respiration was even more variable. Microbial respiration in
New Moscow soils was on average 60 to 100% higher compared to
Moscow, however the opposite was shown for the maximal monthly
values, which reached 2.45 μg C g−1 in Moscow, but never exceeded
2.0 μg C g−1 in New Moscow. Soil microbial respiration in Moscow

Fig. 6. Soil microbial respiration in June (left) and October (right) in Moscow megapolis. The ×10 zoomed plots shows the soil microbial respiration map in the historical city center (50%
transparency) with Google Earth Image in the background.
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Fig. 7. UHI-induced additional monthly soil CO2 emission (the difference of the model outcomes considering and non-considering the UHI effect) in June (left) and September (right).

with hotspots in the recreational and residential areas in the city center.
Additional CO2 emissions were also reported for the suburb areas within
20 km from Moscow, but it was within 1–3C m−2 month−1, whereas a

negative difference (higher emission modelled non-considering UHI
compared to the model outcomes when UHI was considered) was
shown in New Moscow areas at the distances more than 20 km from

Fig. 8. Half-life time (T0.5) of soil C stocks in Moscow megapolis. The ×5 zoomed plots shows the T0.5 in the city center (50% transparency) with Google Earth Image in the background.
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conditions (Ananyeva et al., 2008; Creamer et al., 2014a; Stone et al.,
2016). In our study, we managed to consider both spatial and temporal
variation using microbial (basal) respiration as a proxy. Approximating
soil respiration by MR has some limitations: 1) the autotrophic part is
excluded; 2) heterotrophic part is affected by sample preparation procedures and is likely overestimated, considering that it is measured in
optimal lab conditions; 3) seasonal factors (e.g., C inputs and nutrient
cycling limitations) are not considered. At the same time, MR is mainly
determined by soil chemical properties and its sensitivity to climate
conditions can be easily estimated based on the lab experiment. It characterizes such soil functions as habitat for microorganisms and contribution to C and nutrients' cycle (Pulleman et al., 2012; Stone et al.,
2016). In result, MR is a widely used indicator to assess soil quality
(e.g., in Cornell soil health test (Moebius-Clune et al., 2016)) and to estimate soil microbial response on changing climatic conditions (Moyano
et al., 2007; Tucker et al., 2013), that was especially relevant for the research purpose. The resulting average MR values are comparable to the
previous studies in Moscow (Ivashchenko et al., 2019) and other cities
with temperate climate, including Saint Petersburg (Abakumov et al.,
2019), Aberdeen (Yuangen et al., 2001) and Changchun (Zhai et al.,
2017). For all these cities, MR values in natural and recreational areas
were higher compared to the more disturbed residential and industrial
sites. At the same time, mapping MR with a monthly step during the
vegetation season revealed the spatial patters which were not shown
by the previous studies. The relatively small green spaces in the central
part of Moscow turned to be hotspots of microbial respiration due to
high C stocks and the effect of UHI. These outcomes were the most
vivid for the summertime, but they remained noticeable even in October.
Even though the area of these green spaces is considerably small
compared to urban forest in the suburbs and in New Moscow, they are
the most actively managed and new organic materials are often added
here for the greening and landscaping purposes. High microbial
respiration observed in these areas indicates low resistance of organic C
in these materials.

the city (Fig. 7). For the period May–November 2019, in total 0.016 Tg of
C was emitted in result of the UHI effect and 80% of this amount was
emitted from the Moscow area.
The relationship of microbial respiration and soil C stocks (commonly referred as ‘turnover time’) were used to determine their resistance to biodegradation. Based on the mesoclimatic model outcomes,
the average daily soil temperature was above 10° during 151 days
within the study period. This number was considered as the period of
biological activity (Tb) to estimate the biodegradation constants and
half-life time of soil C stocks following formulas (2) and (3). The average
half-life time was 5.7 ± 2.1 years. The highest values in urban forest and
green zones in the North-East of Moscow and in the seminatural areas
of New Moscow indicate the most stable C contest (T0.5 above 15
years), which is likely explained by low anthropogenic disturbance
and minimal UHI effect. The minimal resistance of soil C stocks was
shown for the small-scale green zones in the central part. Urban topsoil
layers here were mainly constructed from peat and peat-based mixtures, which can be easily mineralized by microbes, especially under
the warmer soil temperatures resulted from UHI. The T0.5 in these locations was less than 1 year, which indicated high risks of soil degradation
and greenhouse gases emissions (Fig. 8).
4. Discussion
4.1. C stocks and microbial respiration in Moscow soils
The capacity of urban soils to accumulate and store C attracts increasing attention in the context of sustainable urban development
strategies. Global reviews (e.g. Lorenz and Lal, 2015, 2009; Vasenev
and Kuzyakov, 2018) show high variability of urban soils' C stocks depending on climate, history and land use structure with a global average
3 ± 1 kg C m−2 in top 0–10 cm. Recent estimates of C stocks in the world
megalopolises give similar estimates: 3.3 kg C m−2 in Paris, 3.8 kg C m−2
in New York (Cambou et al., 2018) and 5.5 kg C m−2 in Berlin (Richter
et al., 2020). Therefore, the average 0–10 cm C stocks of 2.4 ± 1.6 kg C
m−2 obtained for the urban soils in Moscow are in good coherence
with the other studies. Our study corresponds with the previous estimates of the average urban soil's C stocks in the Moscow region
(Vasenev et al., 2014, 2013) but it also explains the spatial variability
in C stocks, which is a typical source of uncertainties in soil C assessments. Urban-speciﬁc factors, including soil sealing, urban history and
management were the main factors which distinguished spatial variability in soil C stocks. Higher C stocks in green zones and residential
areas compared to the industrial areas and roadsides were also reported
by the previous studies (Ghosh et al., 2016), whereas the effect of historical zoning is less known. High C stocks obtained in the historical city
center may be related to C accumulation in the cultural layers – deep
subsoil horizons, originated from long-term residential activities
(Dolgikh and Aleksandrovskii, 2010; Vasenev et al., 2017). Comparison
between Moscow and New Moscow clearly shows the effect on land use
history and the level of urbanization. Although the mean 0–50 cm C
stocks in New Moscow were 30% higher than in Moscow due to lower
percentage of the sealed areas, C stocks in Moscow soils were much
more heterogeneous, since low stocks in highly degraded trafﬁc and industrial areas coincided with the very high stocks in court yards and
community gardens.
Compared to C stocks' assessment, studies on urban soils' microbial
respiration are rare and the maps of microbial respiration and its seasonal dynamics are hardly available at the city level. Most of existing
data on urban soils' microbial respiration are based on in situ measurements at the limited number of points which are not enough for spatial
analysis and mapping (Goncharova et al., 2020, 2019; Kaye et al., 2005;
Sushko et al., 2019). Alternatively, studies based on basal respiration
measured at multiple locations give a better insight into the spatial
structure but do not account for the seasonal dynamic which is highly
important considering the sensitivity of microbial respiration to climatic

4.2. The effect of urban heat island on the sustainability of soil C stocks
Interpretation of the MR results into the CO2 emissions is rather uncertain, especially for the urban areas, where soil microbial community
is exposed to complex effects from multiple factors (e.g., pollution, management and soil sealing). For example, the CO2 estimates considered
the contribution of subsoils under secondary roads and pavements. Although, the microbial activity of paved subsoils is conﬁrmed by the
other studies (Cambou et al., 2018; Huot et al., 2017), its recalculation
into the CO2 emissions is an overestimation since the direct efﬂux
from the paved soils is negligible. Some studies show that the CO2 produced under the sealed areas can be emitted through cracks or by lateral
transfer to the open areas nearby (Viswanathan et al., 2011), but estimating these ﬂuxes at the city level is almost impossible.
Although the absolute values of the estimated CO2 emissions were
rather uncertain, the relative changes induced by UHI were clearly
shown. The UHI effect in Moscow and especially in the central part increased CO2 emissions on 5–10% on average for the city and up to 25%
in locations with maximal emissions. A comparable stimulating effect
on soil CO2 emissions was reported before in lab experiments and in
situ monitoring (e.g. Lv et al., 2016; Shen et al., 2013), but not at the
city scale. The additional 0.016 Tg of C emitted from Moscow soils during May–October 2019 (0.2 Mg ha−1 year−1) in result of the UHI effect
is comparable in magnitude with C sequestration capacity of managed
golf courses (Selhorst and Lal, 2011) and natural grasslands (Qian
et al., 2010) and clearly shall not be excluded from C estimates and
budgeting at the city scale.
The ratio between C stocks and MR is a widely used indicator of soil C
resistance to biodegradation, which illustrates the vulnerability of C
stocks to mineralization intensiﬁed by the UHI effect. The average 5.7
years half-life time reported for Moscow soils is low compared to the
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global estimates ranging from 10 years in tropics to over 500 years in
tundra (Raich and Schlesinger, 1992; Bridges and Batjes, 1996). One of
the reasons for such a low half-life time could be processing and incubation of soil samples for microbiological analysis, resulting to
overestimated microbial respiration compared to the ﬁeld measurement. Another reason is the domination of the valley peat is urban soil
constructions. Indirectly, this is conﬁrmed by existing practices in
urban greening, when green lawns along the roadsides are regularly reconstructed and renewed each 5–10 years (Smagin et al., 2018; Vasenev
et al., 2017). These practices further increase demand in valley peat and
other C-rich materials, which are imported to the city not only from the
suburbs, but also from the other regions, sometimes from the distances
of more than 100 km (Brianskaia et al., 2020). In addition to the direct C
emissions from intensive mineralization the existing system of peat
supply results in indirect emissions from e.g., establishing new peat
mining areas and fuel combustion for transporting peat for long distances. The corresponding economic and ecological risks are high and
will further increase with climate change and continuous urbanization.
Changing urban soils' management policy, by e.g. reducing the role of
organic materials in soil constructions and monitoring soil microbial
respiration to indicate sustainability of urban soil's C under UHI effect
can be an appropriate solution to mitigate the risks.
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