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Abstract 
The responses of topsoil organic carbon stocks in urban greenspaces to climate 
change and the urban heat island effect 

Charlie Goulbourne 

Urban greenspaces are increasingly recognised as important soil organic carbon 

(SOC) stores, yet their future dynamics remain uncertain due to unique interactions 
between climate change, management, and local urban drivers. The N14CP process-

based nutrient cycling model, extended to represent urban parkland management, was 

applied to simulate SOC trajectories in 12 temperate and boreal urban greenspace 

sites from 2023 to 2100 under four SSP-based temperature scenarios, three nitrogen 

deposition trajectories, and three levels of urban heat island (UHI) intensity (+0, +1, 

+2.5 °C). Across sites, the model projected that SOC stocks declined by 6.5% on 

average under SSP2-4.5 with medium nitrogen deposition, with losses amplified by an 

additional ~2.5% per +1 °C UHI increment. Nitrogen deposition partially offset declines, 

but gains were modest and occurred only under low-to-moderate warming in a minority 
of sites. Site trajectories were heterogeneous, with some sites continuing to 

accumulate SOC under moderate warming, while others exhibited consistent decline, 

however, no sites exhibited resilience to warming, and SOC stock sensitivity to 

warming was consistently negative. The findings of this study also highlight that UHI 

effects could be of comparable magnitude to differences between global climate 

scenarios, underscoring the importance of urban cooling strategies to limit SOC stock 

loss in urban greenspaces. While nitrogen inputs can buffer declines, limited 

sequestration potential under continued warming and falling nitrogen deposition 

suggests that urban greenspaces should not be regarded primarily as a mitigation lever 

but rather integrated into wider carbon budgets and adaptation planning with explicit 
attention to site history, management, and local thermal regimes. 
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Introduction 
Soil organic carbon (SOC) is a cornerstone of the global carbon cycle: it constitutes the 

largest terrestrial carbon pool, mediates exchanges of CO₂ with the atmosphere, and is 

sensitive to disturbance and environmental change (O'Rourke et al., 2015; Ramesh et 

al., 2019; Rocci et al., 2021; Wiesmeier et al., 2019). Even modest fractional shifts in 

SOC therefore have outsized implications for climate change and mitigation strategies. 

Contemporary assessments emphasise both the magnitude of the global SOC pool 

and the persistent uncertainty around its response to warming, moisture change and 

land use change (Beillouin et al., 2022; Friedlingstein et al., 2022; Rumpel et al., 2020; 

Smith et al., 2008). Against this backdrop, SOC stocks have become a central focus for 

their potential to either sequester or release large quantities of carbon, for example, 
underpinning initiatives such as the 4 per 1000 strategy, which argues that annual 

increases in global soil carbon stocks of 0.4% could offset a substantial fraction of 

anthropogenic greenhouse gas emissions (Minasny et al., 2017; Rumpel et al., 2018). 

Urban land area and populations continue to expand, with projections indicating that 

68% of the global population will reside in cities by 2050 and, despite regional 

differences in urbanisation, urban greenspace area is expanding across both more and 

less developed regions (UN, 2019; Wu et al., 2023). Within urban planning, 

greenspaces remain central not only for recreation and public health but also for 

biodiversity conservation, stormwater regulation, and mitigation of urban heat extremes 
(Lin & Li, 2025; Wang et al., 2024; Wang & Lan, 2019). The size and distribution of 

SOC stocks in urban greenspaces have only recently begun to be characterised. The 

first global estimate of urban greenspace SOC stocks (1.46 Gt C) suggests that while 

these soils represent only ~0.2% of the global topsoil pool, they constitute an 

increasingly consequential component of terrestrial carbon storage, particularly in the 

context of climate change and urbanisation (Edmondson et al., 2012; Guo et al., 

2024a).  

Current understanding of the drivers of urban SOC dynamics is limited, but evidence 

from both urban and non-urban systems highlights the influence of climate change, 
atmospheric nitrogen deposition, nutrient inputs, biomass removal, and legacies of 

historical land use (Bai et al., 2015; Livesley et al., 2016; Strohbach et al., 2012). Urban 

greenspace soils are strongly shaped by anthropogenic histories and management 

regimes that have no close analogue in many non-urban systems. Cultural layers 

defined by anthropogenic materials and black carbon from historic combustion can 
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contribute materially to stocks, while long-term nutrient additions and organic 
amendments leave persistent anthropogenic signals in soil profiles (Alexandrovskaya & 

Alexandrovskiy, 2000; Burke et al., 2024; Vasenev & Kuzyakov, 2018). 

Chronosequence, city and global-scale studies suggest that long-established parks in 

cities with earlier urbanisation dates often contain greater SOC stocks than recently 

created greenspaces, reflecting cumulative inputs and soil development under 

relatively stable conditions (Cambou et al., 2021; Delbecque et al., 2022; Guo et al., 

2024a; Suratt et al., 2024). Contemporary management practices including mowing, 

irrigation, fertilisation, and organic amendments as well as nutrient inputs from pet 

waste modify litter inputs, nutrient cycling and soil structure, often with positive effects 

on SOC stocks that vary across vegetation types and intensities of use (De Frenne et 
al., 2022; Edmondson et al., 2014a; Thompson & Kao-Kniffin, 2019; Townsend-Small & 

Czimczik, 2010). 

In non-urban ecosystems, moderate nitrogen enrichment can raise plant productivity 

and litter inputs, promoting organic matter formation, whereas high loads can alter 

microbial processes and constrain sequestration, yielding context-dependent net 

effects on SOC (Luo et al., 2019a; Yang et al., 2025). Cities often receive greater 

atmospheric nitrogen inputs than surrounding rural areas. This difference may be 

shrinking across European cities along with a general downward trend of atmospheric 

nitrogen deposition, however the effects this may have on urban greenspace carbon 
dynamics has not yet been investigated (Decina et al., 2020; Macdonald et al., 2021).  

In general, rising temperatures as a result of climate change also exert strong control 

on SOC stocks, accelerating microbial respiration and decomposition, reducing SOC 

residence times and increasing the likelihood of long-term carbon losses (Liang et al., 

2024; Poeplau & Dechow, 2023; Wang et al., 2022b). Large-scale syntheses and 

modelling studies also confirm a latitudinal gradient in SOC, with higher stocks in 

higher latitude, cooler climates, a pattern that is also evident in urban datasets 

(Georgiou et al., 2022; Guo et al., 2024a; Tian et al., 2015).  

Temperature dynamics that may affect carbon storage in urban greenspace soils are 

not just limited to climate change but also the urban heat island (UHI) effect, which 
arises because cities replace natural land surfaces with impervious materials such as 

asphalt and concrete that absorb and retain heat, while reducing vegetation cover and 

evapotranspiration (Mohajerani et al., 2017; Rizwan et al., 2008). As a result, urban 

areas often experience systematically higher near-surface temperatures than their rural 

surroundings, resulting in the warming of surface soils and accelerated litter 

decomposition rates (De Pauw et al., 2024; Vasenev et al., 2021).  
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Although urban soils are increasingly recognised as relevant to the terrestrial carbon 
cycle and understanding of the key drivers of their change is increasing, they remain 

largely invisible in regional and global projections. Most long-term scenario frameworks 

and carbon inventories, such as the UK greenhouse gas inventory, either exclude 

urban soils altogether or aggregate them into broader categories that do not consider 

their unique drivers (Brown et al., 2023). As a result, there is still little quantitative 

understanding of how urban greenspace SOC may respond to future warming, 

changing nitrogen deposition, or local microclimates such as the urban heat island.  

Process-based modelling provides a means to address this gap by integrating multiple 

biogeochemical drivers together with site histories and greenspace management 

practices within a consistent framework. For example, the N14CP model, which 
couples carbon, nitrogen, and phosphorus cycles across natural and managed 

ecosystems, has been widely applied to assess the impacts of land-use change, 

climate change, and nitrogen deposition on soil carbon at regional and national scales, 

in natural and agricultural environments (Janes-Bassett et al., 2021a; Janes-Bassett et 

al., 2021b; Toth et al., 2025; Yumashev et al., 2022).  

This study aims to address this gap by tackling two key questions: (1) How may urban 

greenspace SOC stocks respond to future climate warming and nitrogen deposition, 

and how sensitive are they to these factors? (2) How does the UHI effect combined 

with climate change influence urban greenspace SOC stocks? To answer these 

questions, the N14CP process-based nutrient cycling model is applied to parkland 

urban greenspaces across 12 temperate city greenspaces, simulating long-term SOC 

dynamics to 2100. The model is extended to include an urban parkland-specific land-

use type, reflecting contemporary greenspace management, and incorporates historical 

climate, nitrogen deposition, and land-use transition data. SOC dynamics are evaluated 

under four shared socioeconomic pathway (SSP) based temperature scenarios, three 

nitrogen deposition scenarios, and three UHI index levels. This study is the first 

application of a long-term biogeochemical model to urban greenspaces, providing new 

insights into their SOC dynamics and potential vulnerability under future environmental 

change. 
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Literature review  
The importance of urban soil organic carbon in the global 

carbon cycle 

Soil organic carbon (SOC) is increasingly recognised as amongst the most critical 

components of the global carbon cycle and therefore of great importance in climate 

regulation (O'Rourke et al., 2015; Wiesmeier et al., 2019). Although estimates of the 
global SOC pool vary based on the maximum depth and types of soils considered, the 

most exhaustive estimates reach a value of around 3000 Gt C, greater than the 

atmospheric (875Gt C) and vegetation (450 Gt C) pools combined (Friedlingstein et al., 

2022; Köchy et al., 2015b). Therefore, even small perturbations in the global SOC 

stock through carbon emission or sequestration have the potential to both accelerate or 

decelerate increasing atmospheric CO2 concentrations and the consequent climate 

change (Amelung et al., 2020; Rumpel et al., 2020). 

The continued growth of urban land use globally will alter patterns of carbon storage 

and cycling, giving increasing importance to SOC contained within urban greenspaces 
(Edmondson et al., 2012). Global urban land area is projected to grow by a factor of 

approximately 2.7 by 2100 with a corresponding increase in the global urban 

population of 2.5 billion by 2050 (Gao & O'Neill, 2020; UN, 2019). However, this pattern 

is not uniform, and more developed regions show a much slower relative growth in 

urban populations than less developed regions (UNDESA, 2018). Despite these 

disparities, an increase in average urban greenspace coverage has been recorded 

across both Global North and Global South cities since 2011 (Wu et al., 2023). 

The size of urban soil organic carbon stocks 

Guo et al. (2024a) provides the only estimate to date for the size of the global topsoil 

SOC stock contained within urban greenspaces of 1.46 Gt C. Although this accounts 

for only approximately 0.2% of global topsoil SOC, the growing nature of urban soils 

globally raises the question – how do urban SOC stocks compare to their non-urban 

counterparts? The research on urban vs non-urban SOC stocks has reported 

conflicting trends at both global and local scales. For instance, Chien and Krumins 
(2022) found that globally, natural ecosystems stored significantly more SOC on 

average (98 Mg ha-1) than urban green spaces (55 Mg ha-1) whereas a similar global 
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meta-analysis by Vasenev and Kuzyakov (2018) found that urban SOC stocks to be 
around double their natural counterparts.   

Although this appears to present a contradiction in the literature, these findings cannot 

be directly compared as Chien and Krumins (2022) considered SOC at a depth of 

30cm in urban greenspaces, limited to land uses like parks and gardens, while 

Vasenev and Kuzyakov (2018) considered SOC at beyond 100cm in a broader 

selection of urban land uses. When comparing the findings for urban SOC stocks at a 

30cm depth, the result from Vasenev and Kuzyakov (2018) (60-70 Mg ha-1) is well 

within one standard deviation of the equivalent result from Chien and Krumins (2022) 

(54.61 ± 22.02 Mg ha−1). This is expected, given that both studies rely on an urban soil 

carbon dataset with large overlap. 

However, while Chien and Krumins (2022) sources its natural environment SOC data 

from direct measurements of many sites across many studies, Vasenev and Kuzyakov 

(2018) extracted natural environment SOC data from points nearby cities in global soil 

maps, resulting in lower estimation of the average SOC stocks in natural environments. 

Despite both studies explicitly aiming to address the question of the difference in urban 

and natural SOC stocks, neither produce a consistent methodology for their selection 

of soil carbon data in natural environments or attempt to ensure that this data is 

representative of the global distribution of natural land cover and climate types. They 

therefore provide little value in understanding how urban and natural soil carbon stocks 

differ on a global scale and demonstrate that depending on the selection criteria of soil 

carbon data, completely opposite results may be obtained.   

A selection of results from studies analysing the differences between urban and non-

urban soil carbon stocks is shown in Table 1. Although carbon stored in urban soils 

clearly often differs from non-urban soils, the direction and magnitude of this difference 

appears to be highly specific to the individual urban area. There is evidence that the 

carbon stocks in urban soils are relatively uniform compared to corresponding natural 

soils, indicating that the impacts of urbanisation may serve to enrich carbon poor soils 

and degrade carbon rich soils (Chien & Krumins, 2022; Pouyat et al., 2006).  
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Table 1: Urban vs non-urban soil organic carbon (SOC) stocks from global meta-
analyses and a selection of individual studies 

Study Location Land uses SOC stock 

findings 

(urban/no

n-urban) 

Vasenev and 

Kuzyakov 

(2018) 

Global 

meta-

analysis 

Urban soils vs natural soils nearby 

urban areas (0-100cm) 

~ 2 

Chien & 

Krumins (2022) 

Global 

meta-
analysis 

Urban greenspace soils vs natural 

soils (0-30cm) 

0.56 

Cambou et al. 

(2018) 

New York 

City 

Urban soils vs agricultural soils (0-

30cm) 

2.10 

Cambou et al. 

(2018) 

Paris Urban soils vs agricultural soils (0-

30cm) 

1.45 

Canedoli et al. 

(2020) 

Milan Urban parks vs arable land and non-

urban grassland (0-40cm) 

No 

significant 

difference 

Pouyat et al. 
(2006) 

Boston Urban soils vs pre-urban native soils 
(0-100cm) 

0.36 

Pouyat et al. 

(2006) 

Chicago Urban soils vs pre-urban native soils 

(0-100cm) 

1.06 

Raciti et al. 

(2011) 

Maryland Residential urban soils vs forested 

soils (0-100cm) 

1.28 
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Trends in urban greenspace soil organic carbon and their 

drivers  

Land-use  
A comprehensive understanding of the magnitude, trends, and underlying drivers of 

urban SOC necessitates a consistent definition of urban land use. Conflicting 

definitions of urban land use between studies limit comparisons and confidence in 

wider trends of urban SOC as they may lead to large variations in urban SOC stock 

estimates (Raciti et al., 2012). It is especially important that consistent definitions are 

used so that meta-analyses have directly comparable data, however, in the absence of 

such consistency, analyses must include robust, albeit arbitrary, definitions of urban 

land use for consistent inclusion criteria. Guo et al. (2024a), the most comprehensive 

meta-analysis and model of global urban greenspace SOC stocks, defines urban 

extents as areas with either a population density greater than 1500 inhabitants per 

square kilometre or greater than 50% artificial impervious surface area whereas other 

meta-analyses of global urban SOC stocks such as Chien and Krumins (2022) simply 

rely on keywords within a literature search. The latter methodology is especially 
unsuitable as the individual studies from which such data is drawn commonly have no 

definition of urban besides location within city or town boundaries (Bekier et al., 2023; 

Canedoli et al., 2020; Tresch et al., 2018). 

Although urban greenspace may fall under a single classification for the purposes of 

much research, there is wide variation in land-use and vegetation type within urban 

greenspaces, as in non-urban greenspaces, which may challenge the generic grouping 

of urban greenspace. This stresses the importance of specific urban land-uses as 

drivers of SOC trends, rather than urban land use itself. Guo et al. (2024b) completed a 

global analysis of carbon stocks contained within different urban greenspace types and 

found that urban wetlands have the greatest SOC stocks, followed by urban forest and 

then urban turfgrass.  

However, this pattern is a global average and when SOC stocks are compared 

between urban greenspace land-uses within the same urban area, the results are 

highly variable. While the results of some studies such as Bae and Ryu (2015), of an 

urban park in Seoul, Livesley et al. (2016), of golf courses in Melbourne, and Setälä et 

al. (2016), of parks in Finland, conform to the results of Guo et al. (2024b), finding the 

greatest SOC stocks in wetlands followed by forest and then grassland, others, such as 

Weissert et al. (2016) of urban greenspaces in Aukland, New Zealand, find urban parks 
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contain greater SOC stocks than urban forests and some such as Canedoli et al. 
(2020) of urban greenspaces in Milan, Italy, find no significant difference in SOC stocks 

between urban greenspace land-use types. This stresses the importance of 

considering other factors, such as climate, land-use history, and soil types, in 

determining the relationship between urban greenspace land-use and SOC stocks. 

Additionally, attempts to study urban land-use effects on SOC stocks may benefit from 

considering vegetation taxa and functional classes present as there is strong evidence 

that vegetation influence on urban SOC is highly dependent on vegetation type and 

function and is highly genus specific (Edmondson et al., 2014b; Kortleve et al., 2023; 

Setälä et al., 2016). The results of studies analysing SOC stock differences between 

urban land-uses are summarised in Table 2 along with some suggested mechanisms 
driving these differences. 
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Table 2: Soil organic carbon (SOC) stock differences between urban land-use types 
and suggested mechanisms from a selection of studies. 

Study Location SOC stock 

differences 

Suggested mechanisms 

Guo et al. 

(2024b) 

Global 

meta-

analysis  

Urban 

wetlands > 

urban forest 

> urban 

turfgrass 

Anoxic conditions in wetlands preventing 

organic matter decomposition. Cooler, 

wetter conditions in urban forests promote 

organic matter accumulation 

Bae & Ryu 

(2015) 

Seoul, 

South 
Korea 

Urban 

wetlands > 
urban forest 

> urban 

lawn 

Carbon rich anthropogenic cultural layer 

beneath urban wetlands. Soil carbon is 
more evenly distributed throughout soil 

horizons in forest compared to lawn soil 

Weissert et 

al. (2016) 

Auckland, 

New 

Zealand 

Parkland 

soils > 

urban forest 

soils 

Study assessed topsoil (0-10cm). Greater 

topsoil bulk density in urban parkland soils 

compared to forest soils 

Canedoli et 

al. (2020) 

Milan, Italy No 

significant 
differences 

Dominant anthropogenic factors including 

black carbon deposition and presence of 
construction and industrial waste in soil 

horizons have a greater influence on SOC 

stocks than land-use specific factors 

Setälä et al. 

(2016) 

Finland Evergreen 

forests > 

lawn 

Acidic conditions beneath evergreen trees 

slow organic matter decomposition 

Livesley et 

al. (2016) 

Melbourne, 

Australia 

Beneath 

tree canopy 

> grassland 

Greater organic matter inputs and reduced 

litter removal in forested areas compared to 

grassy areas 
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This demonstrates the importance of land-use type in classifying urban greenspaces, 
however, difficulties exist in accurately measuring the extent of urban greenspace land-

use types or total extent of urban greenspaces altogether. The high heterogeneity and 

fragmentation of urban greenspaces present a problem in quantifying citywide, 

nationwide, or global urban greenspace SOC stocks. While most studies, including 

Guo et al. (2024a), utilise medium resolution imagery (e.g. 30m LANDSAT TM), this 

has been shown to greatly underestimate urban greenspace extent and fail to capture 

temporal changes in urban greenspace dynamics (Qian et al., 2015). While low and 

medium resolution imagery may be generally suitable for estimating extents of natural 

land types on regional and global scales, urban greenspace research may particularly 

benefit from use of recent, high resolution (e.g. 2.5m) imagery. 

Geographical trends  
Estimating the size of global and regional urban greenspace SOC stocks and therefore 

global geographical trends has only recently become viable due to increased data 

available on urban greenspace soils. This development is especially significant as 

accounting and modelling of current urban greenspace SOC stocks presents the first 

barrier to inclusion within wider climate research. Guo et al. (2024a) attempts the most 

comprehensive analysis of the patterns and distributions of global urban greenspace 

SOC stocks through collection of a large observational dataset and random forest 

analysis. This research provides a useful baseline for global-scale urban greenspace 

SOC modelling and identifies several important trends in the global urban greenspace 

SOC distribution. In particular, higher urban greenspace SOC densities appear to be 

associated with higher latitudes, lower mean annual temperatures and weaker 

temperature and precipitation seasonality. These findings mirror those of other urban 

soil meta-analyses and wider non-urban SOC stock models, which also generally show 

peaks in high latitude regions and negative relationships between SOC and mean 

annual temperature (Chien & Krumins, 2022; Georgiou et al., 2022; Tian et al., 2015; 

Vasenev & Kuzyakov, 2018). This strongly suggests that the mechanisms which result 

in high levels of SOC accumulation in non-urban soils in high-latitude regions, namely 

positive feedbacks between cool soil temperatures, higher water tables, slowed 

microbial decomposition, and SOC accumulation, also persist in urban areas (Grosse 

et al., 2011; Mori et al., 2012). 

Urban greenspace age  
The trend of urban greenspaces of greater age, in older areas within cities, or within 

older cities themselves tending to contain greater SOC stocks is perhaps the most well-
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replicated finding in the urban SOC literature across diverse geographical regions in 
local, regional, and global studies (Cambou et al., 2021; Guo et al., 2024a; Lindén et 

al., 2020; Livesley et al., 2016; Luo et al., 2014; Raciti et al., 2011; Setälä et al., 2016; 

Trammell et al., 2020; Vasenev & Kuzyakov, 2018). 

Although sufficient research has not been completed to explain the mechanisms that 

cause this pattern, it is likely that historical black carbon deposition from industrial and 

domestic coal burning and combustion engines in the centres of older cities within 

developed countries has resulted in significantly greater levels of topsoil SOC 

accumulation. Global meta-analysis reveals that around a quarter of organic carbon in 

urban soils is composed of black carbon and that this figure reaches as high as 39% in 

the historic industrial areas of North-East England (Burke et al., 2024; Edmondson et 
al., 2015). 

There is also strong evidence that SOC stocks in urban soils, particularly in older cities, 

are dominated by deep cultural layers of anthropogenic origin consisting of manures, 

ashes and biochars, wooden remains, human and animal remains, and agricultural 

waste (Alexandrovskaya & Alexandrovskiy, 2000; Bae & Ryu, 2020; Mazurek et al., 

2016). Vasenev and Kuzyakov (2018) presented the most detailed analysis of carbon 

stocks present in the cultural layers of urban soils and found that around half of urban 

soil carbon stocks are contained within cultural layers below 100cm and that carbon 

accumulation in cultural layers is positively associated with the age of the city.  

Research on chronosequences of urban soils has demonstrated that newly created 

urban soils tend to show low soil carbon and organic matter content as a result of the 

clearance of prior vegetation but that the accumulation of soil carbon and development 

of more mature vegetation results in consistent increases in soil carbon content with 

time (Delbecque et al., 2022; Howard & Olszewska, 2011; Suratt et al., 2024). 

Together with positive global urbanisation trends, this may be expected to cause 

steady increases in global SOC stocks contained in urban ecosystems, further 

increasing the importance of urban greenspace SOC to the global carbon cycle. 

Understanding the dynamics of SOC stocks and cycles in urban soils will become an 

important part of our wider understanding of the global carbon cycle and its climate 
change responses and feedbacks. A summary of direct anthropogenic drivers of urban 

SOC stocks is presented in Table 3. 
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Table 3: Anthropogenic drivers and their effects on urban soil organic carbon (SOC) 

stocks (adapted from Vasenev and Kuzyakov (2018)). Positive and negative effects are 

represented by + and – respectively, with a greater number of signs indicating a 

stronger effect. 

Drivers of SOC stock change Direction of change 

Soil sealing -- 

Removal of topsoil --- 

Imported topsoil +++ 

Pruning and cutting ++ 

Fertilisation and irrigation ++ 

Combustion of wood and fossil fuels + 

Waste management +++ 

Overcompaction ++ 

Accumulation of cultural layers +++ 

 

Climate change  
Due to the increasingly recognised importance of urban soils in the global carbon cycle, 

urban soils research has not only academic importance but forms an essential aspect 

of national climate strategies and greenhouse gas accounting.  

Understanding the impact of climate change on the global SOC pool is of great 

importance due to its large size relative to other carbon pools and the large 

uncertainties associated with its response to climate change (Bradford et al., 2016). 

Although uncertainties remain large, studies have found that net soil carbon losses are 

likely to occur with increasing temperatures due to accelerated soil carbon turnover, 

while the effects of changing precipitation patterns depend strongly on existing regional 

climatic conditions (Chen et al., 2023; Varney et al., 2020; Wang et al., 2021). 
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However, these patterns strongly depend on future land-use changes. For example, 
modelling suggests that under low-emission scenarios, with restoration of grasslands 

and afforestation, soil carbon stocks in the UK may be maintained but that high 

emission scenarios result in soil carbon losses regardless of land management 

strategies (Yumashev et al., 2022). 

Urban areas are uniquely impacted by climate change due to the urban heat island 

(UHI) effect. The UHI effect is known to result in significant warming of surface soils in 

urban areas compared rural areas, with magnitudes of around 2°C soil warming 

measured in both Moscow, Russia and Nanjing, China (Shi et al., 2012; Vasenev et al., 

2021). Not only does the UHI effect result in increases of peak temperatures during the 

day but studies modelling the impact of climate change on the UHI effect suggest that 
the greatest increases will be seen in nighttime temperatures, resulting in less diurnal 

temperature variation (Andrade et al., 2023; Mccarthy et al., 2010). Although this effect 

may stimulate increase vegetation growth, it has also been shown to act to increase 

the rate of litter decomposition accelerate soil microbial respiration by up to 25%, 

increasing the turnover rates of the topsoil C stock (De Pauw et al., 2024; Vasenev et 

al., 2021). 

Nitrogen deposition  
Urban areas across the globe also average nitrogen deposition rates of twice nearby 

rural areas (Conrad-Rooney et al., 2023; Decina et al., 2020). The impacts of elevated 

rates of nitrogen deposition on SOC in urban greenspaces are also uncertain are 

unstudied. There is strong evidence that increased levels of nitrogen deposition may 

stimulate growth of plant biomass, increasing rates of carbon fixation and growing the 

size of SOC stocks, particularly in forests, however this relationship appears to reverse 

at high levels of nitrogen deposition after which SOC stocks fall (Fang et al., 2014; Lu 
et al., 2021; Thomas et al., 2010). Further study is necessary to understand the specific 

impacts of high levels of urban nitrogen deposition on carbon cycling in urban soils, but 

it is likely that the impacts strongly depend on the vegetation types present, as they do 

in non-urban environments (Hu et al., 2024). 

Exclusion of urban soils from models and inventories 

Despite improvements in the availability of urban SOC data and numerous studies 

producing estimates of the impact of climate change on SOC stocks and terrestrial 

carbon sequestration at both regional and global scales, urban greenspace soils and 

changes associated with urbanisation have been consistently unaccounted for due to 
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exclusion in the land use classifications of models or effective exclusion due to lack of 
SOC data availability in urban greenspaces (Beillouin et al., 2023; Rojas et al., 2018; 

Wang et al., 2022a; Yigini & Panagos, 2016; Yumashev et al., 2022). The relatively 

new state of urban greenspace SOC research and the many difficulties associated with 

estimating existing urban greenspace SOC stocks mean that inclusion within global or 

regional climate-SOC predictions is not yet attainable.  

Without improved data on urban greenspace soils and better understanding of their 

carbon stocks, integration into models may produce inaccurate results. For example, 

the UK Greenhouse Gas Inventory (UKGGI) considers changes in soil carbon stocks 

the dominant emissions factor of the settlement land-use and claims to have produced 

estimates of these changes using a tier 3 dynamic soil model (Brown et al., 2023). 
However, closer inspection of the dynamic soil model used, described in Annex 3.4.6, 

reveals that the model input data is sourced from Milne and Brown (1997) and Bradley 

et al. (2005), both which assume SOC values of 0 for all urban areas. Under current 

IPCC greenhouse gas inventory guidelines described in IPCC (2006), a tier 3 approach 

for estimating changes in the carbon stock of inorganic soils requires a careful isolation 

and analysis of the specific land-uses. The most recent UKGGI has evidently not met 

this requirement for urban soils and, due to the assumption that urban soils contain no 

organic carbon, may inaccurately estimate carbon emissions associated with urban 

land-use change.  

Conclusion 

This review has provided an overview of the significance of urban SOC in the global 

carbon cycle, how urban SOC stocks compare to natural SOC stocks, the drivers and 

associated mechanisms that control urban greenspace SOC stocks, and the drivers 

that are likely to influence urban greenspace SOC stocks in the future.  

It has highlighted critical gaps in the understanding of how urban SOC stocks will 

change in response to climate change and nitrogen deposition. While studies have 

explored urban SOC stocks in present-day conditions and how SOC stocks in general 

may change under climate scenarios, none have yet attempted to quantify future 

trajectories of urban greenspace SOC stocks using predictive modelling approaches. 

Given that urban greenspaces undergo continuous management interventions, high 

levels of nitrogen deposition, and unique climate shifts, their SOC stocks may be 

expected to react differently to SOC stocks in non-urban environments. However, the 

timescales and magnitudes of these changes remain unknown.  
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This research project will address these gaps by using a process-based modelling 
approach to analyse how SOC stocks in a selection of city sites may change under 

future temperature and nitrogen deposition scenarios. The following key research 

questions will be explored: 

• How will urban greenspace SOC stocks change under projected climate 

warming, UHI levels, and nitrogen deposition scenarios? 

• How sensitive are urban greenspace SOC stocks to these factors? 

• How do SOC stock trajectories differ across urban greenspaces with varying 

land-use histories and climates? 

• What are the dominant mechanisms driving SOC accumulation or loss in urban 
greenspaces under future environmental conditions? 

• How can process-based modelling improve the inclusion of urban greenspaces 

in global carbon cycle predictions? 
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Methods  
Model description 

The N14CP model is a process-based biogeochemical model that simulates cycling of 

carbon (C), nitrogen (N), and phosphorus (P) in terrestrial ecosystems at a quarterly 

time step. (Davies et al., 2016; Janes-Bassett et al., 2020). The model tracks the flow 

of C, N, and P between vegetation, litter, and soil organic matter pools separated 

between the topsoil layer (0-15cm) and the subsoil layer (>15cm). The major 

processes represented include primary production, litterfall, decomposition, 

mineralisation, immobilisation, denitrification, leaching, and phosphorus weathering. 

Vegetation growth is determined by climate conditions and nutrient availability, with 

realised productivity constrained by Liebig’s law of the minimum across temperature, 
precipitation, and the supply of N and P (Davies et al., 2016). Soil organic matter is 

represented by three pools in the topsoil (fast, slow, and passive), which span turnover 

times from years to millennia. Decomposition is modelled with pool-specific rate 

constants and a temperature sensitivity governed by a Q10 formulation. 

The N14CP model has been applied to temperate and boreal forest, grassland, and 

agricultural ecosystems, where it has been used to quantify long-term trajectories of 

soil carbon and nutrient dynamics under historical and contemporary variation in 

climate and atmospheric nitrogen deposition (Ndep) (Davies et al., 2016; Janes-

Bassett et al., 2021a; Janes-Bassett et al., 2021b; Janes-Bassett et al., 2020; Tipping 
et al., 2017). It has further been employed in scenario analysis extending to 2100, 

integrating projected changes in climate, nitrogen deposition, and land use to assess 

potential future trajectories of soil carbon stocks (Yumashev et al., 2022). These 

applications demonstrate the model’s capacity to evaluate carbon-climate-nutrient 

interactions across ecosystems and time, providing the basis for its novel application 

here to urban greenspaces. 

The N14CP model was extended to incorporate an urban greenspace land-use type, 

representing typical biomass removal and nutrient inputs. For urban grassland spaces, 

an above ground biomass of 80 gm-2 is maintained by a cut on each quarter where the 

above ground biomass exceeds this value, with cuttings returned to the litter pool. This 
value is typical of urban turfgrasses with contemporary management practices 

(Golubiewski, 2006; Jo & Mcpherson, 1995; Ng et al., 2015; Raciti et al., 2008). 

Nutrient inputs of 1.1 g N m⁻² yr⁻¹ and 0.5 g P m⁻² yr⁻¹ were applied to urban 

greenspace land-use based on field measurements of annual nutrient inputs to urban 
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greenspaces from dog excreta in European peri-urban reserves (De Frenne et al., 
2022).  

Site data  

Site selection was undertaken to identify representative urban greenspaces suitable for 

modelling long-term soil carbon dynamics. Urban greenspace sites were selected from 

a global database compiled by Guo et al. (2024a) consisting of 420 individual 

observations of urban greenspace soil organic carbon (SOC) stocks from 257 cities. 

Inclusion criteria for selection included temperate or boreal climate, sample depths of 

between 10 and 20 cm inclusive, parkland land use, and lawn/turfgrass vegetation. 

This produced a list of 24 observations, of which 12 were excluded due to lack of data 

availability, incorrect land use classification, unsuitable climate, or clear evidence of 

recent fertiliser or herbicide application. The final set comprised of 12 study sites 

distributed across Europe and North America. The locations of the 12 sites are shown 

in Figure 1, and their mean annual temperature (MAT) and rates of atmospheric 

nitrogen deposition are shown in Table 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Location of urban greenspace sites. 
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City MAT 
(°C) 

Nitrogen 
Deposition 

(g m-2 yr-1) 

References 

Baltimore 13.24 1.18* Pouyat et al. 

(2015) 

Brno 9.72 2.37     Pizl and 

Schlaghamersky 

(2007) 

Budapest 11.67 2.02 Pouyat et al. 

(2015) 

Chelyabinsk 3.45 1.16 Stoma et al. 

(2020) 

Geneva 10.50 1.76 Tobias et al. 

(2023) 

Helsinki 6.23 1.04 Pouyat et al. 

(2015) 

Lahti 5.18 0.92 Pouyat et al. 

(2015) 

Liverpool 10.41 1.93 Beesley (2012) 

Santiago de 
Compostela 

14.28 1.63 Gómez-Brandón 
et al. (2022) 

Sochi 14.63 1.74 Stoma et al. 

(2020) 

Warsaw 9.05 2.04 Oktaba et al. 

(2014) 

Wroclaw 9.00 1.72 Bekier et al. 

(2023) 

Table 4. Mean annual temperature (MAT) and nitrogen deposition (Ndep) in 

1990 for urban greenspace sites. Ndep for Baltimore is given for 2000 as data 

were not available for 1990. 
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Where SOC stock values were reported at depths other than 15 cm, they were 

converted to a common 0–15 cm depth to allow direct comparability with the topsoil 

SOC fraction represented in the N14CP model. Depth conversions were calculated 

according to the following equations (Jobbágy & Jackson, 2000): 

𝑌 = 1 − 𝛽𝑑 (1) 

 

 

where 𝑌 is the proportion of total SOC contained above a given depth, 𝑑 (𝑐𝑚), and β is 

a unitless parameter describing the rate of SOC decline with depth. Reported values 

for an original sampling depth, 𝑑0, were converted to a standard 0–15 cm equivalent 

using 

𝑋15 =
1 − 𝛽15

1 − 𝛽𝑑0
× 𝑋𝑑0 (2) 

 

Where 𝑋𝑑0  (𝑔𝑚−2) is the SOC stock at depth 𝑑0 (𝑐𝑚) and 𝑋15 (𝑔𝑚−2)  is the SOC 

stock at depth 15cm. The global average soil C depth distribution (β = 0.976) was 

adopted, consistent with previous urban greenspace research, and in line with its 

application in global and regional SOC syntheses as a framework for harmonising 
stocks derived from heterogeneous sampling protocols (Chien & Krumins, 2022; Guo 

et al., 2024a; Li et al., 2012).   

Historical nitrogen deposition inputs for each site were derived from modelled datasets 

to provide continuous coverage across the historical simulation period. For each 

European site, annual total nitrogen deposition was estimated from the EMEP MSC-W 

model for the period 1990-2022 and for North American sites was estimated from 

NADP-NTN data for the period 2000-2022 (MET-Norway, 2024; NADP, 2023). A 

temporal anomaly based on Schöpp et al. (2003) was applied to provide continuous 

nitrogen deposition estimates, prior to modelled data, for all European sites from 1800 

to 1989 and from 1800 to 1999 in North American sites, similarly to Davies et al. 
(2016). 

Mean quarterly temperature and mean quarterly precipitation data for each site 

between 1901 and 2022 were derived from Berkeley Earth high-resolution city level 
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data and CRU TS4.08 data respectively (Harris et al., 2020; Rohde & Hausfather, 
2020). A temporal anomaly based on Davis et al. (2003) was applied to the long-term 

average (1901-1930) mean quarterly temperature to estimate mean quarterly 

temperatures prior to 1901. Mean quarterly precipitation prior to 1901 was fixed at the 

long-term average (1901-1930).  

Forest‐cover estimates on usable land were taken from Kaplan et al. (2009) at eight 

benchmark dates between 1000 BCE and 1850 CE. A fixed threshold of 75% 

forestation was used to mark substantial clearance: for regions initially above the 

threshold, the first year below it was identified by linear interpolation between the 

nearest bracketed dates; for regions already below the threshold at 1000 BCE, linear 

extrapolation to earlier centuries was applied. Regions that never dropped below the 

threshold by 1850 CE were noted as having no transition until the urban greenspace 

land use applied at the urban land-use transition date. Grassland land-use was applied 

post-deforestation for each site until the urban land-use transition. 

Urban land-use transition years were determined from the Land-Use Harmonization 2 
dataset, which provides annual gridded land-use fractions from 850 CE at 0.25° 

resolution (Hurtt et al., 2020). For each site, the grid cell which contains the site 

coordinates was extracted, and the urban land-use fraction was used as the indicator 

of urban expansion. The transition year was defined as the first year in which either (i) 

the urban fraction reached at least 10% of the grid cell area or (ii) the urban fraction 

reached at least 25 % of its 2015 value. This dual-threshold method preserved 

comparability across sites while accounting for variation in local urbanisation 

trajectories.  

Model calibration 

The N14CP model is designed to be non-site-specific, employing a generalisable 

parameter set and running with readily available input data. However, previous 

applications have demonstrated that model outputs are particularly sensitive to the size 

of the initial weatherable P pool (Pweath0), a site-specific parameter that remains poorly 

constrained by empirical measurements (Davies et al., 2016). Consistent with earlier 
site-scale studies (Janes-Bassett et al., 2020; Toth et al., 2025), Pweath0  was calibrated 

on a site-by-site basis, permitting it to vary within the plausible range established by 

(Goll et al., 2012). Calibration was performed by comparing observed SOC stocks at 

each site with simulated values for the corresponding observation years. The Pweath0 

parameter was adjusted within the range 50–1000 g m⁻² until the simulated SOC was 
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within 1% of the observed value. Where observed SOC fell outside the achievable 
range, Pweath0 was fixed at the respective upper or lower bound. 

Model-observation agreement was quantified using the coefficient of determination (R²) 

and the root mean squared error (RMSE). RMSE was calculated following: 

𝑅𝑀𝑆𝐸 =  √
1
𝑛 ∑(𝑋𝑚𝑜𝑑,𝑖 − 𝑋𝑜𝑏𝑠,𝑖)2 

𝑛

𝑖=1

(3) 

 

where 𝑛 is the number of sites, 𝑋mod,𝑖 is the modelled SOC stock for site 𝑖, and 𝑋obs,𝑖 is 

the corresponding observed SOC stock. RMSE is expressed in the same units as SOC 

stock (g C m⁻²). 

Temperature scenarios 

Future temperature projections were incorporated to represent a range of plausible 

climate warming conditions for the study sites. These were obtained from the 

UKESM1-0-LL global climate model, part of the Coupled Model Intercomparison 

Project Phase 6 (CMIP6) (Sellar et al., 2019). Four Shared Socioeconomic Pathways 
(SSPs) were selected to span low to high radiative forcing and emissions emission 

trajectories. SSP1-2.6, a low-end radiative forcing scenario representing significant 

emissions reduction, SSP2-4.5, a medium radiative forcing scenario representing a 

middle of the road scenario, SSP3-7.0, a medium-high radiative forcing scenario with 

little mitigation and SSP5-8.5, a high-end radiative forcing scenario representing 

unmitigated emissions (O'Neill et al., 2016). Only the first ensemble member was used 

for each scenario. Bias correction was performed using the delta change method, with 

the reference period defined as 1990–2022 to align with the Berkely Earth historical 

temperature data used in the historical simulations (Hay et al., 2000). 

For temperature, an additive correction was applied: 

 

𝑇𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑇𝑠𝑖𝑚 + (𝑇𝑜𝑏𝑠̅̅ ̅̅ ̅ − 𝑇𝑠𝑖𝑚̅̅ ̅̅ ̅̅ ) (4) 

 

where 𝑇𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑  is the bias-adjusted temperature, 𝑇𝑠𝑖𝑚 is the scenario temperature, and 

𝑇𝑜𝑏𝑠̅̅ ̅̅ ̅ and 𝑇𝑠𝑖𝑚̅̅ ̅̅ ̅̅  are the mean observed and simulated temperatures over the reference 

period, respectively. The calculated correction factors were applied to all mean 



31 
 

quarterly temperature values from 2023–2100, producing bias-adjusted climate inputs 
for each SSP scenario. 

Mean quarterly precipitation for 2023–2100 was fixed at the 1990–2022 average for 

each site. This approach was adopted to isolate the effects of temperature and nitrogen 

deposition, which exhibit more directionally consistent trajectories, from the effects of 

projected precipitation changes, which show high inter-model spread, lack a monotonic 

relationship with emissions scenarios, and often display disagreement even in the 

direction of change at regional and local scales (Holtanová et al., 2022; Palmer et al., 

2021; Ritzhaupt & Maraun, 2023; Szabó & Szépszó, 2016; Zhang & Chen, 2021). 

Projected temperature change under SSP scenarios 

Average warming across the 12 sites (2091–2100 relative to the 2023–2032 baseline) 

reached 1.6 °C under SSP1-2.6, 3.8 °C under SSP2-4.5, 5.5 °C under SSP3-7.0, and 

7.3 °C under SSP5-8.5. Warming for all sites under the SSP2-4.5, the most plausible, 

middle of the road scenario, is shown in Figure 2. Variation among sites was 

substantial, with end-century warming ranging from 0.7–2.4 °C in SSP1-2.6 up to 5.1–

9.0 °C in SSP5-8.5. A clear latitudinal-temperature gradient was evident (R² = 0.40, p = 
0.027). Higher-latitude cities such as Helsinki, Lahti, and Chelyabinsk experienced the 

strongest warming, while lower-latitude locations including Santiago de Compostela, 

Geneva, and Sochi exhibited comparatively smaller temperature increases under the 

same SSPs.  

Figure 2. End-century temperature change (2091–2100 relative to 2023–2032) 

across 12 sites under SSP2-4.5.  
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Nitrogen deposition scenarios 

Future nitrogen deposition scenarios were developed to represent a plausible range of 

trajectories consistent with varying levels of emission mitigation and were generated 

using the 2022 site-specific annual total nitrogen deposition value as the baseline. 

Three scenarios were defined for 2023–2100: 

1. High deposition – constant at the 2022 baseline value. 

2. Medium deposition – linear decline to 50% of the 2022 value by 2100. 

3. Low deposition – linear decline to 20% of the 2022 value by 2100. 

Annual values for each scenario were calculated by linear interpolation between the 

2022 baseline and the 2100 target, preserving site-specific differences in absolute 

deposition while imposing uniform relative changes across sites. 

Urban heat island index levels  

The potential influence of the urban hear island (UHI) effect on future soil carbon 

dynamics was incorporated by applying constant temperature offsets to the future 

temperature scenarios from 2023 to 2100. Two increments were used (+1 °C and 

+2.5 °C) to bracket a plausible range of long‐term mean UHI intensities across all sites. 

Multi‐city European analyses based on high‐resolution modelling report mean UHI 

intensities of around 1.5 °C, with summer means spanning 0.5–3.0 °C (Iungman et al., 

2023; Lauwaet et al., 2024). These values place the selected increments within 

empirically observed bounds. City‐specific observations for Helsinki indicate average 

UHI intensities around 1.2 °C, supporting the lower offset, while larger and denser cities 

often exhibit higher mean or nocturnal intensities consistent with the upper offset 

(Lauwaet et al., 2024; Taylor et al., 2025; Zhou et al., 2017). The offsets were applied 

uniformly across locations to explore a realistic UHI envelope while avoiding 

site‐specific assumptions about future urban form or adaptation. Each of the four SSP 

temperature scenarios were run without UHI offsets, and again with each of the two 

increments, producing outputs for all combinations of temperature scenario, nitrogen 

deposition pathway, and UHI intensity. 

In total, the simulations comprised 36 unique scenario combinations for each site, 
representing the factorial combination of four climate trajectories (SSP1-2.6, SSP2-4.5, 

SSP3-7.0, SSP5-8.5), three nitrogen deposition pathways (high, medium, low), and 

three UHI conditions (no offset, +1 °C, +2.5 °C). 
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Sensitivity analysis 

To quantify the sensitivity of SOC stocks to temperature and nitrogen deposition, site-

level regressions across all 12 scenario combinations were performed (4 temperature × 

3 Ndep). For each site, the relative change in SOC stocks between 2023 and 2100 was 

regressed against the corresponding changes in mean annual temperature (2091–

2100 relative to the 2023–2032 baseline) (ΔTemp) and nitrogen deposition (ΔNdep): 

Δ𝑆𝑂𝐶% = 𝛽𝑇 ∙ Δ𝑇𝑒𝑚𝑝 + 𝛽𝑁 ∙ Δ𝑁𝑑𝑒𝑝 + 𝜖 (5) 

where Δ𝑆𝑂𝐶%is the percentage change in SOC stocks relative to 2023, and 𝛽𝑇 and 𝛽𝑁 

represent sensitivities to temperature change (% per °C) and nitrogen deposition 

change (% per g N m⁻² yr⁻¹), respectively. Regressions were performed separately for 

each site using ordinary least squares (OLS). The resulting coefficients provide direct 

estimates of SOC sensitivity to each driver, independent of scenario. 
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Results 
Model performance 

Model performance was evaluated by comparing observed and modelled soil organic 

carbon (SOC) stocks across the 12 study sites (Figure 3). The calibrated model 

reproduced the general magnitude of observed SOC stocks, with a mean observed 

value of 5841 gC m⁻² compared to a mean modelled value of 5210 gC m⁻², indicating a 

small (~11%) underestimation. The agreement between observed and modelled values 

was modest (R² = 0.37). Despite variation from observed values among sites, the 1:1 

comparison demonstrates that the model captures site-level variation sufficiently to 

provide a reasonable basis for scenario projections. SOC stocks in Sochi were 

significantly underestimated at only 42.4% of the observed value. 

 

 

Figure 3. Model performance for simulated versus observed SOC stocks across the 

12 study sites. Statistics are presented including the mean observed and modelled 

SOC stocks for each site, R2, RMSE, and the 1:1 line.  

 

Mean observed = 5841 gCm-2 
Mean modelled = 5210 gCm-2 

R2 = 0.37 
RMSE = 1260 gCm-2 
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Soil organic carbon stock trends  

Across all 12 study sites, simulated SOC stock change to 2100 depended strongly on 

the combination of temperature and nitrogen deposition scenarios. All sites showed 

SOC decline across all nitrogen deposition scenarios under SSP3-7.0 and SSP5-8.5 

and SOC stock gains were observed only in Budapest, Chelyabinsk, Lahti, and Sochi 

under SSP1-2.6 and SSP2-4.5 (Figure 4). Higher warming consistently led to more 
negative SOC stock change, with the largest declines occurring under SSP5-8.5. In 

contrast, greater nitrogen deposition reduced SOC stock losses in all cases, with 

higher nitrogen deposition scenarios producing less negative, or more positive, SOC 

stock change.  

Under the reference scenario (SSP2-4.5, medium Ndep), SOC stocks declined by an 

average of 6.5% across the 12 sites between 2023 and 2100. Most sites showed 

moderate reductions of 7–10%, including Brno (−10.5%), Budapest (−9.4%), Warsaw 

(−9.0%), and Wroclaw (−9.3%). Smaller losses were projected in Lahti (−3.7%) and 

Sochi (−2.6%), while Chelyabinsk diverged from the overall pattern with a net increase 

of 3.5%. For comparison, under the best-case scenario (SSP1-2.6, high Ndep), SOC 
stocks were essentially stable overall (site-averaged mean of 0.0%), with several cities 

showing modest gains, most notably Chelyabinsk (+10.2%) and Sochi (+7.6%). In 

contrast, the worst-case scenario (SSP5-8.5, low Ndep) resulted in an average decline 

of 14.4%, with severe losses in Baltimore (−20.5%), Budapest (−19.0%), and Warsaw 

(−18.0%).  
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Figure 4. Projected change in soil organic carbon (SOC) stock (%) from 2023 to 

2100 across 12 urban greenspace sites, under four SSP-based temperature 

scenarios and three nitrogen deposition (Ndep) scenarios. Bars represent the 
percent change in SOC stock relative to 2023 values (positive values indicate SOC 

stock gain, negative values indicate SOC stock loss). Each subplot corresponds to 

one city. Climate scenarios are shown on the x-axis (SSP1-2.6 to SSP5-8.5), and 

bars are coloured according to Ndep scenario (Low, Medium, High). 
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The spatial distribution of SOC change revealed clear regional contrasts (Figure 5). 
Central European cities (Brno, Budapest, Warsaw, Wroclaw) displayed the largest 

proportional losses, whereas northern cities such as Helsinki and Lahti experienced 

more moderate declines. Western sites including Liverpool and Geneva also exhibited 

relatively high losses, while southern locations such as Sochi and Santiago de 

Compostela showed smaller reductions. Chelyabinsk diverged from the broader 

European pattern, with SOC stock gains under SSP2-4.5, medium Ndep. Across all 

sites, the magnitude of SOC stock loss showed a significant relationship with nitrogen 

deposition, with higher-deposition cities exhibiting greater declines (R² = 0.38, p = 

0.03), while no consistent trends were observed with MAT or latitude. 

 

 

 

 

 

Figure 5. Spatial variation in simulated soil organic carbon (SOC) stock change 

(2023–2100) across the 12 study cities under the reference scenario (SSP2-4.5, 

medium nitrogen deposition). Marker size indicates initial SOC stock in 2023, 

while colour denotes the percentage change by 2100. Blue shading indicates 

SOC stock decline whereas red shading indicates SOC stock gain. 

5000 gC m⁻² initial SOC stock 
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The time series reveal contrasting site-level trajectories under different scenario 
combinations (Figure 6). In Liverpool, SOC stocks declined steadily throughout the 

century across all SSPs, with the steepest declines under SSP5-8.5 and the most 

gradual under SSP1-2.6. Higher nitrogen deposition consistently reduced the rate of 

decline but did not prevent long-term losses. In Chelyabinsk, by contrast, SOC stocks 

increased under lower warming pathways, with gains most pronounced under SSP1-

2.6 and high nitrogen deposition. Stocks remained stable or slightly positive under 

SSP2-4.5, but declined under stronger warming with decline beginning around 2070 

under SSP3-7.0 and around 2050 under SSP5-8.5.  

Across sites showing general decline across scenarios, the relationship between SSP 

temperature scenario and SOC stock trajectory was remarkably consistent. Under 
SSP1-2.6, the fastest SOC stock change generally occurred before 2050 and stabilised 

by 2100, under SSP 2-4.5, SOC stock changed at a fairly consistent rate throughout 

the entire simulation period and under SSPs 3-7.0 and 5-8.5 SOC stock change tended 

to accelerate towards the end of the century. These patterns illustrate how scenario 

combinations drive persistent declines at some sites while enabling long-term 

increases at others. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Time series of soil organic carbon (SOC) stock from 2023 to 2100 for Liverpool 

and Chelyabinsk under four temperature scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, 

SSP5-8.5) and three nitrogen deposition (Ndep) scenarios (Low, Medium, High). Each 
subplot corresponds to a single Ndep scenario, with lines representing the SOC stock 

trajectory under each climate scenario.   
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Sensitivity of soil organic carbon stocks to temperature and 

nitrogen deposition 

SOC stock responses were consistently negative in relation to warming but positive in 

relation to atmospheric nitrogen deposition change (Figure 7). Across all 12 sites, 

regression analyses showed SOC stock sensitivity to temperature change ranging from 

−2.5% to −1.4% per °C of warming by 2100, with a mean of −1.8% per °C across all 

sites. The strongest temperature senstivity occurred in Baltimore, followed by Sochi 

and Budapest, while Liverpool exhibited the weakest sensitivity. This indicates that 

although warming uniformly drives SOC losses, the magnitude of the relationship 

between warming and SOC stock loss is strongly site-dependent. 

By contrast, nitrogen deposition acted as a mitigating influence on SOC stock decline. 
Across all 12 sites, regression analyses indicated positive SOC stock sensitivities to 

nitrogen deposition change by 2100, ranging from +2.0% to +6.7% per g N m⁻² yr⁻¹ 

with a mean of +3.9% per g N m⁻² yr⁻¹. In practice, because all scenarios involved 

steady or declining nitrogen deposition, greater declines resulted in greater SOC stock 

losses, equivalent, on average, to a 3.9% SOC stock loss per g m⁻² yr⁻¹ of nitrogen 

deposition decline from 2023-2100. The strongest nitrogen deposition sensitivities were 

found in Sochi, while the weakest were in Helsinki. Model fits were uniformly strong (R² 

> 0.90 for all cities), indicating that variations in SOC stock change across scenario 

combinations within the same site were well explained by the combined influence of 

temperature and nitrogen deposition change. 
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Figure 7. Spatial distribution of soil organic carbon (SOC) stock sensitivity to 

environmental drivers across 12 urban study sites. 

(a) Sensitivity to temperature change, expressed as the relative change in 

SOC stocks per °C warming by 2100 (2091–2100 relative to the 2023–2032 

baseline) (% per °C). 

(b) Sensitivity to nitrogen deposition (Ndep) change, expressed as the relative 

change in SOC stocks per unit deposition change by 2100 (% per g N m⁻² 

yr⁻¹). 

Marker size for the temperature sensitivity map represents the end century 

temperature gain under SSP2-4.5 for each site and marker size for the Ndep 

sensitivity map represents the end century Ndep decline under the medium 

Ndep scenario for each site. Marker colour for both represents the strength of 

the sensitivity of SOC stocks to each factor. 

 

(a) 

(b) 
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Urban heat island effects on soil organic carbon stocks 

Under SSP-2.45 with medium nitrogen deposition, UHI warming led to mean additional 

SOC stock change by 2100 of −2.5% at +1 °C and −6.2% at +2.5 °C, relative to the no-

UHI baseline. Across cities, the incremental effect ranged from −2.1% to −3.4% at +1 

°C and −5.1% to −8.1% at +2.5 °C (Figure 8). The largest additional declines occurred 

in Sochi, Warsaw, and Budapest, while the smallest were observed in Geneva, 
Liverpool, and Wroclaw. 

Under SSP-1.26 with high nitrogen deposition, Budapest and Lahti shifted from positive 

or stable SOC trajectories at UHI 0°C to net declines under +1°C, while Sochi shifted to 

a net decline under +2.5 °C. Under SSP2-4.5, Chelyabinsk shifted to net SOC losses 

at +2.5 °C across all nitrogen deposition levels. Across all sites, climate and nitrogen 

deposition pathways, the per-degree effect of UHI warming was highly consistent, with 

sensitivities in all sites but Sochi constrained between 2% and 3% SOC stock loss by 

2100 per °C, demonstrating that the incremental response was robust across scenarios 

and sites. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Percentage change in soil organic carbon (SOC) stocks from 

2023 to 2100 under three urban heat island (UHI) levels for each study 

city, shown for SSP-2.45 with medium nitrogen deposition. Results are 

presented for no UHI (0 °C), +1 °C UHI, and +2.5 °C UHI increments. 
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Discussion 
Model performance  

The underestimation of soil organic carbon (SOC) stocks in six of the 12 sites is likely 

attributable to the absence of site-specific information on land-use history and 

management practices, which could not be incorporated into the model simulations. 

Several urban-specific processes are known to influence soil carbon accumulation but 

cannot be represented here because their presence and magnitude are unknown at 

individual sites. These include historical black carbon deposition (Burke et al., 2024), 

the development of nutrient-rich cultural layers derived from anthropogenic materials 

associated with past agriculture or urban construction (Alexandrovskaya & 

Alexandrovskiy, 2000; Bae & Ryu, 2020; Mazurek et al., 2016), fertiliser inputs linked to 
historical land use or contemporary greenspace management, and altered hydrological 

regimes arising from increased surface runoff in urban landscapes (Kaye et al., 2006; 

Lorenz & Lal, 2009). 

SOC stocks in Sochi were the least accurately reproduced by the model at 42.4% of 

the observed value. This discrepancy likely reflects the combination of high mean 

annual temperature (14.6 °C) and recent forest clearance, conditions that lie outside 

the calibration ranges of the model (Davies et al., 2016; Janes-Bassett et al., 2020). 

Similar limitations may also apply to Santiago de Compostela and Baltimore, where 

mean annual temperatures likewise exceed the ranges represented in previous 
calibration studies.  

These findings highlight both the strengths and limitations of the N14CP framework 

when applied to urban greenspaces. On one hand, the model was able to reproduce 

relative variation in SOC across sites, supporting its use for comparative scenario 

analysis. On the other, reliance on calibration of a poorly constrained parameter 

(Pweath0) and the paucity of urban greenspace data introduce uncertainties that 

propagate into long-term projections. Expanding empirical datasets on urban soil C 

stocks and nutrient cycling processes will therefore be critical for refining model 

applications in this context. 

Overall stock change findings  

The results strongly suggest that climate change-induced warming may result in 

significant SOC stock declines across grassland urban greenspaces in temperate and 
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boreal cities. Across the 12 study sites, mean SOC stocks declined by 6.5% under 
SSP2-4.5 with medium Ndep, relative to 2023 baselines. Although this decline may 

appear modest, this represents a rapid shift relative to equilibrium SOC dynamics, in 

which soil carbon turnover times, particularly in the more stable fractions, are generally 

characterised in centuries to millennia (Luo et al., 2019b; Shi et al., 2020; Tan et al., 

2024). Losses on the order of 0.1% yr⁻¹ observed in urban greenspace sites therefore 

represent a pace of change that is unusually fast compared with baseline dynamics 

and imply a significant disequilibrium between carbon inputs and decomposition under 

warming that is unsustainable on a centuries-long timescale. This decline, integrated 

with the country-level estimations of urban greenspace topsoil SOC stocks per Guo et 

al. (2024), produces estimated urban greenspace SOC stock losses of 21.5TgC in 

Europe and 27.2TgC in North America by 2100. Together, these losses represent 

approximately 40% of the UK’s terrestrial carbon sequestration potential up to 2100, 

even under the most optimistic climate and land-use scenarios (Yumashev et al., 

2022). 

When considered in the context of other projections of SOC stock change, the mean 

change simulated is broadly comparable. Multi-decadal modelling on local, regional, 

and national scales generally projects end-century soil carbon stock reductions of 5–

20% under moderate climate change scenarios across both grassland, cropland, and 

natural ecosystems with changes dependant on land-use, management, nutrient 

inputs, and precipitation patterns (Gonçalves et al., 2021; Grace et al., 2006; 

Meersmans et al., 2016; Mondini et al., 2012; Wiesmeier et al., 2016; Zhong & Xu, 

2014). The stability of SOC stocks under low emission, SSP1-2.6 scenarios projected 

in this study show similar patterns of limited SOC stock change to national scale 

analysis in Australia, China, and the United States  (Gonçalves et al., 2021; Grace et 

al., 2006; Zhang et al., 2023). On the other hand, the losses produced by high 

emission, SSP5-8.5 scenarios, reaching as high as 20.5%, reflect extreme SOC stock 

loss that approach and, in some cases, surpass, those observed as a result of 

grassland to cropland land-use conversions (Cai et al., 2025; Liang et al., 2023; 

Yellajosula et al., 2020). 

In most sites displaying SOC stock decline, such as Liverpool (Figure. 6), SOC stock 

trajectories only approached a new equilibrium by the end of the 21st century under 

SSP1-2.6, with most change occurring before 2050 and relative stability thereafter. In 

all other scenarios, particularly SSP3-7.0 and SSP5-8.5, no such stabilisation was 

evident, with losses continuing or even accelerating towards 2100. This suggests that 

under stronger warming pathways, SOC stock decline in urban greenspaces is unlikely 
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to plateau within the 21st century and instead is likely to intensify beyond it. Under 
SSP2-4.5, medium Ndep, end-century stable SOC stocks are only projected in 

Chelyabinsk, with all other sites projected to continue declines beyond 2100. 

Spatial patterns 

A strong divergence in SOC stock change was evident between sites (Figure. 5), 

spanning from +3.5% to −10.5% under SSP2-4.5 with medium Ndep. In particular, 

central and western European sites and Baltimore tended to show the largest 

proportional SOC stock losses, northern and southern European sites showed 

intermediate losses while Chelyabinsk showed slight gains. These regional outcomes 

can be understood as the product of interactions between climate change, site 

histories, and the biogeochemical balance of inputs and losses in urban greenspaces. 

In N14CP, temperature effects are represented both through temperature controls on 

potential net primary productivity (NPP), increasing maximum NPP where temperature 

was the limiting factor, and, more critically, through Q10-type responses of soil organic 

matter turnover. While increased rates of soil organic matter turnover increase the size 

of the available N pool and therefore have the potential to increase NPP and 
associated litter inputs, these gains are typically outweighed by the faster cycling of 

organic matter itself, so the net effect of rising temperature without additional 

deposition is a tendency for SOC to decline. The strong losses observed in central and 

western European sites are consistent with this mechanism. Their urban greenspaces 

are long-established, meaning they are unlikely to still be accruing the SOC typically 

associated with newly established turfgrasses. This legacy places them on a downward 

trajectory: NPP is no longer strongly enhanced due to historical nitrogen deposition that 

peaked around 1990 and is unlikely to be temperature limited and therefore respond 

strongly to climate change-driven temperature increases, instead facing compounding 

losses as warming accelerates decomposition. Together, these conditions explain why 

central and western European sites emerged as the most vulnerable to proportional 

SOC declines under future warming. Sites displaying intermediate losses: Helsinki, 

Lahti, Santiago, and Sochi, despite varying climatic conditions, showed smaller 

declines. These sites consistently underwent more recent deforestation than central 

European sites and remained on an upward adjustment toward a higher grassland 

SOC equilibria, typically produced in European sites simulated by N14CP (Davies et 

al., 2016; Tipping et al., 2017), which likely offset part of the warming-driven losses. 

By contrast, Chelyabinsk diverged most strongly from this pattern of SOC stock 
decline, showing net SOC gains under moderate warming and medium nitrogen 
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deposition. This outcome reflects its relatively low initial SOC stocks in the process of 
accumulation, consistent with young urban greenspaces, as suggested by previous 

observations that SOC in urban greenspaces accumulates over decades to centuries 

following establishment (Cambou et al., 2021; Lindén et al., 2020; Phillips et al., 2023; 

Qian & Follett, 2002). Chelyabinsk has historically received comparatively low levels of 

nitrogen deposition and therefore is not likely to have already experienced strong SOC 

stock declines associated with declines in nitrogen deposition since 1990 and 

exogenous nutrient inputs are proportionally more influential than in Central European 

sites. Together, these conditions position Chelyabinsk at an earlier point in the SOC 

accumulation trajectory, allowing SOC stock gains resulting from historical land-use 

transitions to counteract the negative effects of warming on SOC stocks.  

Sensitivity to nitrogen deposition and temperature  

Across all sites, both changes in temperature and nitrogen deposition displayed 

consistent directional effects on SOC stock. Higher levels of warming consistently 

resulted in more negative SOC stock change, on average across sites, each 1 °C of 

warming by 2100 was associated with an additional 1.8% SOC stock loss. This implies 
that across all sites, additional warming-driven acceleration of decomposition and SOM 

turnover outweighs the effects of increased litter inputs due to enhanced NPP and 

fertilisation effects of greater N availability. The negative response of SOC stocks in 

temperate grasslands to warming is confirmed by both experimental warming and 

modelling studies (Garcia-Franco et al., 2024; Phillips et al., 2016; Wang et al., 2022b). 

Even sites that simulated net SOC stock gains, such as Chelyabinsk, exhibited 

sensitivities to temperature change that were comparable to or exceeded those of 

declining sites. The divergent SOC stock trajectories observed between cities therefore 

do not reflect intrinsic resilience to warming in some locations, but predominantly 

differences in their historical trajectories in response to historical climate and nitrogen 

deposition change and varying land-use histories. For example, Chelyabinsk remains 

on a strong accumulation trajectory due to its relatively young greenspaces and low 

initial SOC stocks, which enables continued net gains under moderate warming, yet the 

rate of accumulation is nevertheless reduced as temperatures rise, at a similar rate to 

sites already displaying decline. The broader implication is that no sites demonstrate 

genuine resilience to warming, across all urban greenspace sites, higher temperature 

scenarios consistently amplify SOC losses regardless of site-specific differences, and 

the continuation of warming beyond 2100 would be expected to drive further negative 

SOC stock changes irrespective of present trajectories. 
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On average across sites, each 1 g N m⁻² yr⁻¹ decline in deposition was associated with 

an additional 3.8% SOC stock loss by 2100, indicating that higher nitrogen inputs 

consistently mitigated warming-driven SOC losses. Higher nitrogen deposition 

pathways reliably reduced the magnitude of decline and, under low levels of warming, 

occasionally stabilised SOC trajectories. This conforms with observational evidence 

that low levels of nitrogen additions increase grassland SOC stocks as well as 
modelled responses of SOC stocks to both historic and future nitrogen deposition 

(Fang et al., 2014; Liu et al., 2023; Tipping et al., 2017; Yumashev et al., 2022). This 

effect arises as with greater levels of nitrogen deposition, there is a greater quantity of 

N available to plants, alleviating a key growth constraint. This stimulation of plant 

productivity raises litter inputs, which in turn expand the flux of organic carbon entering 

the soil. As these inputs accumulate, topsoil SOC pools are enlarged, producing the 

simulated net gains in SOC under higher deposition scenarios. Although the modelled 

sensitivity to changes in nitrogen deposition is large, the absolute magnitude of this 

effect was modest compared to the influence of temperature. This asymmetry likely 
reflects the historical trajectory of deposition: atmospheric nitrogen inputs have already 

fallen substantially from their late twentieth-century peak, with an average decline of 

43% across the sites between 1990 (1.63 g N m⁻² yr⁻¹) and 2022 (0.93 g N m⁻² yr⁻¹), 

limiting the magnitude of SOC declines associated with further reductions in nitrogen 

deposition. 

Urban heat island effect 

The simulations of the UHI effect across the sites indicate that UHI warming exerts a 

strong additional pressure on urban SOC stocks, with mean incremental losses of 

−2.5% at +1 °C and −6.2% at +2.5 °C under SSP2-4.5 with medium nitrogen 

deposition. Across all sites in this reference scenario, the lower-bound UHI increment 
(+1 °C) produced additional SOC losses greater than those associated with a shift to 

the low nitrogen deposition pathway under the same SSP. The upper-bound increment 

(+2.5 °C) exceeded the effect of moving from SSP2-4.5 to SSP3-7.0 under the same 

nitrogen deposition scenario. This highlights that localised urban warming can rival and 

even outweigh the influence of global climate trajectories. UHI sensitivity was relatively 

consistent across sites with all sites but Sochi displaying between 2% and 3% 

additional SOC loss for each 1 °C of UHI increment. This per-degree response is also 

consistently larger than the sensitivity of SOC stocks to SSP warming scenarios across 

sites, reflecting the fact that UHI increments are imposed as fixed, stepwise offsets 

sustained throughout the century rather than as gradual trajectories. Even modest 
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deviations in long-term UHI intensity therefore have the potential to produce substantial 
additional soil carbon losses. 

Mitigation of UHI warming through urban design interventions has been shown to 

deliver measurable reductions in local temperatures. Large-scale deployment of cool 

roofs in London reduced near-surface air temperatures by 1.2 °C in mesoscale 

simulations (Brousse et al., 2024), while modelling of UK heatwaves indicates average 

reductions of 0.5 °C and maxima approaching 3 °C (Macintyre & Heaviside, 2019). 

Urban tree planting provides additional potential, with meta-analyses reporting mean 

cooling of around 0.8 °C beneath tree canopies and more than 1 °C in urban forests 

along with strong evidence that increasing urban vegetation cover in general reduces 

the UHI effect (Aminipouri & Knudby, 2014; Bowler et al., 2010; Knight et al., 2021). 
Although effect sizes vary across cities and climate, these studies demonstrate that 

relatively modest reductions in UHI magnitude are achievable and that urban 

greenspaces themselves may play a key role in mitigating the UHI effect and therefore 

protecting their SOC stocks from even steeper declines under global warming. In the 

context of the simulations carried out in this study, reducing long-term UHI intensity by 

even 1°C would be expected to avoid ~2.5% SOC stock loss by 2100, highlighting the 

potential of UHI mitigation to moderate soil carbon decline in urban greenspaces. 

Limitations and further work 

This study is subject to several limitations that should be considered when interpreting 

the results. Firstly, while the N14CP model was extended to represent urban 

greenspaces, it remains a generalised biogeochemical framework with simplified 

assumptions. Vegetation management was represented as a fixed above-ground 

biomass threshold with quarterly cuts, according to the time resolution of the model, 

and assumed constant additional nutrient inputs. In reality, urban greenspaces are 
subject to a wide range of management practices, including variable mowing 

frequencies, fertilisation, irrigation, and organic amendments, which have strong 

impacts on soil carbon cycling and storage and can often increase rates of SOC 

sequestration (Gu et al., 2015; Thompson & Kao-Kniffin, 2019; Zirkle et al., 2011). 

Although sites with clear evidence of fertilisation, chemical amendments, or irrigation 

were excluded, unreported usage is likely. Such practices would introduce mismatches 

between the simplified nutrient cycling represented in the model and the actual 

processes operating at individual sites, which is consistent with the fact that more than 

half of the sites fell outside the calibration range. This underscores the need for more 
systematic and standardised data collection on urban greenspace soils, including 
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detailed records of management regimes and site histories. Expanding such datasets 
would provide a stronger empirical foundation for calibrating and testing models, 

enabling more representative and robust projections of SOC dynamics in urban 

greenspaces. Larger and more comprehensive datasets spanning diverse 

management practices, land-use histories, and climatic contexts would also enable 

more powerful analyses of patterns and trends, helping to identify the key drivers of 

urban greenspace resilience or vulnerability to climate change. 

SOC stocks used in the calibration of site-specific weatherable P pool values mean that 

the model-observation comparison reflects in-sample calibration performance rather 

than an independent validation. As all available observations contributed to the 

calibration process, the statistics primarily quantify the model’s ability to reproduce 
measured SOC under calibrated parameter conditions rather than its predictive skill 

against a separate validation dataset. 

The climate scenarios were represented only according to temperature increases from 

a single ensemble member of a single model. This inevitably limits confidence in the 

absolute magnitude of the projections, since inter-model spread can be substantial, 

particularly for regional climate responses (Palmer et al., 2023; Zhang & Chen, 2021). 

However, the approach was sufficient to capture the direction and strength of a range 

of climate change induced temperature effects on SOC stocks, and to resolve 

consistent differences between SSP scenarios, which was the primary focus of the 

scenario analysis. Future studies should build on this by employing multi-model SSP 

scenarios to quantify uncertainty ranges and evaluate the robustness of site-level SOC 

projections.  

Additionally, UHI scenarios were implemented as simple uniform offsets across all 

sites, which was sufficient to bracket lower and upper bounds of potential effects. 

However, this approach does not capture inter-city differences in UHI intensity, 

seasonal and diurnal variability, interactions with broader climate warming, or the 

influence of mitigation by urban greenspaces, all of which can alter UHI magnitude 

depending on climate and city-specific factors (Demchenko & Ginzburg, 2018; Zhou et 

al., 2017). Future studies that use city-specific UHI estimates from urban climate 
models such as UrbClim, incorporating morphology and land cover, would be able to 

capture seasonal and diurnal variability, interactions with extreme events, and 

differences in UHI intensity among cities more accurately (De Ridder et al., 2015; 

Lauwaet et al., 2024). Coupling such models with observational data would allow more 

realistic quantification of UHI impacts on SOC stocks and enable scenario analysis of 
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how urban planning and cooling strategies might mitigate future SOC losses under 
climate change. 

Precipitation was held constant at historical means for all scenarios, excluding possible 

interactions between rainfall variability, soil moisture, and SOC dynamics. Because 

precipitation was held constant in the scenarios, the model omits potentially important 

effects of rainfall variability on SOC dynamics. Although model spread is high - drier 

summers, increased rainfall variability, more extreme rainfall events, and more 

frequent, longer droughts, are projected across most of Europe, including under CMIP6 

projections (Coppola et al., 2021; Grillakis, 2019; Palmer et al., 2021). Increased 

rainfall variability has been shown to reduce soil CO₂ flux and NPP even where annual 

totals remain unchanged, weakening carbon cycling and storage (Forouzangohar et al., 

2016; Knapp et al., 2002; Wang et al., 2023). Experimental droughts in temperate 

grasslands likewise reduce SOC inputs from litter decomposition, while long-term 

studies highlight that precipitation shifts interact with land-use and vegetation to alter 

SOC pools in complex ways (Joos et al., 2010; Rocci et al., 2023; Seeber et al., 2022). 
There is evidence from meta-analysis of temperate field experiments that, particularly 

in grasslands, the effects of altered precipitations regimes on SOC can even dominate 

the effects of temperature (Wei et al., 2023), stressing the importance of integration of 

precipitation changes into future modelling of urban greenspace soils.  

A limitation of the N14CP simulations is that they did not include the effects of rising 

atmospheric CO₂. Evidence from grassland studies in Europe indicates that while 

warming alone generally drives SOC losses, elevated CO₂ can partly offset these 

declines by increasing NPP and soil carbon inputs (Chang et al., 2016). This 

fertilisation effect, however, weakens under stronger warming and may even disappear 
under conditions of nutrient limitation to NPP, which likely applies to low-input urban 

greenspaces (Chang et al., 2017; Köchy et al., 2015a; Puche et al., 2023). Although 

the effects of CO₂ fertilisation on SOC stocks are still highly uncertain, particularly in 

urban greenspaces, excluding CO₂ fertilisation may bias projections toward greater 

SOC loss than might occur under future conditions.  

Nitrogen deposition scenarios in this study were linear pathways based on regional 

modelled data, which lack the spatial resolution to capture city-specific deposition 

patterns. This is a critical limitation, as multiple studies have shown that urban areas 

are consistently exposed to higher nitrogen inputs than surrounding rural environments, 

primarily due to traffic and fossil fuel combustion (Bettez & Groffman, 2013; Decina et 

al., 2020; Joyce et al., 2020). This likely resulted in underestimation of nitrogen 

deposition during historical urban periods, as well as an underestimation of the 
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magnitude of present and future nitrogen deposition declines. Future work should aim 
to resolve deposition at urban scales, either through expanded monitoring networks or 

by extending urban downscaling approaches, such as urban EMEP (uEMEP) (Denby 

et al., 2020), beyond primary pollutant concentrations to include deposition, thereby 

providing a more accurate representation of nutrient inputs to urban greenspaces. 
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Conclusions 
This study suggests that temperate and boreal urban greenspaces may respond to 

climate change in much the same way as other land-use types, with warming driving 

soil organic carbon (SOC) stock losses and nitrogen deposition exerting a 

countervailing effect. What sets them apart is the degree to which recent land-use 

histories and urbanisation trajectories shape their outcomes. Divergent pasts have 

placed urban greenspace soils on very different SOC stock trajectories, with some sites 

still accumulating carbon following recent conversion, while others are trending 

downwards with previously stable SOC pools already beginning to decline as a result 

of historically warming temperatures and falling nitrogen deposition. These contrasting 

legacies interact with future changes in temperature and nitrogen deposition, producing 

outcomes that may either buffer against, or amplify, climate-driven losses. 

Urban greenspaces constitute a highly heterogeneous land-use category that cannot 

be characterised by a single directional response. Their SOC stock trajectories are 

predictably forced by global drivers, principally warming and atmospheric nitrogen 
deposition, yet are unevenly modulated by local legacies of land use, management, 

and urban heat island effects. As such, they should be analysed and reported with 

explicit attention to site history, current and historical management regimes, and city-

specific local thermal regimes. Under moderate warming, most sites are likely to 

experience significant SOC stock declines over the 21st century and beyond, with 

stability or modest gains emerging chiefly under low-warming pathways in sites that are 

already experiencing rapid enough SOC accumulation to offset the increased 

decomposition rates associated with warming. 

A notable finding is that the additional impact of the urban heat island effect, 

particularly in larger cities with more intense local warming, may outsize global 
warming effects under moderate climate scenarios. This effect was large enough to 

exceed the impacts between climate scenarios, underscoring that, for urban 

greenspace soils, local management and urban cooling measures may prove the most 

effective and feasible in the protection of SOC stocks.  

Progress in urban greenspace soils research will depend on more systematic and 

standardised data collection for urban greenspace soils and their environments, 

including detailed management records, historical land-use information, and city-scale 

estimates of nitrogen deposition and urban heat island intensity. Methodologically, 

future modelling studies may then integrate these improved datasets with multi-model 
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climate scenarios, dynamic precipitation, and CO₂ fertilisation effects to generate more 

robust predictions of urban greenspace SOC stock change. 

In summary, urban greenspaces represent both a fragile and complex component of 

the terrestrial carbon cycle, with their capacity to act as either a carbon source or sink 

hinging on the interaction between inherited legacies, ongoing management, and the 

scale of future environmental change.  
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Appendices  
Appendix A -Full site soil organic carbon stock trajectories 
 

 

 

 

 
 

 

 

 

 

Figure A1. Time series of soil organic carbon (SOC) stock from 2023 to 2100 

for sites Baltimore to Helsinki under four climate scenarios (SSP1-2.6, SSP2-

4.5, SSP3-7.0, SSP5-8.5) and three nitrogen deposition (Ndep) scenarios 
(Low, Medium, High). Each subplot corresponds to a single Ndep scenario, 

with lines representing the SOC stock trajectory under each climate scenario.   
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Figure A2. Time series of soil organic carbon (SOC) stock from 2023 to 2100 

for sites Lahti to Wroclaw under four climate scenarios (SSP1-2.6, SSP2-4.5, 

SSP3-7.0, SSP5-8.5) and three nitrogen deposition (Ndep) scenarios (Low, 

Medium, High). Each subplot corresponds to a single Ndep scenario, with 

lines representing the SOC stock trajectory under each climate scenario.   
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Abbreviations 
• C – Carbon  
• IPCC – Intergovernmental Panel on Climate Change 
• MAT – Mean annual temperature  
• N – Nitrogen 
• Ndep – Nitrogen deposition  
• NPP – Net primary productivity 
• P – Phosphorus 
• SOC – Soil organic carbon 
• SSP - Shared socioeconomic pathway  
• UHI – Urban heat island 
• UKGGI – United Kingdom greenhouse gas inventory  
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