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Abstract  

Urban soils are increasingly being recognised for the ecosystem services they provide, 

including soil carbon storage. As urban populations grow, soil ecosystem services in 

urban areas will become increasingly important. At present, there is a lack of 

knowledge on the range of ecosystem services provided by urban soils compared to 

those provided by non-urban soils, and a broad understanding of their provision is 

lacking. There is increasing interest in the ecosystem service of soil carbon storage as 

studies have illustrated the ability of urban soils to store large amounts of carbon. In 

urban areas, soils are affected by urbanisation in numerous ways, including soil sealing 

with impervious surfaces and the addition of anthropogenic materials, such as 

construction rubble and waste. At present, our understanding of the effects of soil 

sealing and anthropogenic materials on soil carbon storage is limited. This thesis seeks 

to addresses these knowledge gaps by furthering our understanding of urban soil 

ecosystem services, with a focus on soil carbon storage in sealed soils. It presents a 

systematic review of urban soil ecosystem service literature followed by a survey of 

sealed and greenspace soils from across Manchester, UK, to investigate the effects of 

sealing on soil carbon. The systematic review found that supporting processes and 

regulating services were most commonly studied, though the multifunctionality of 

urban soil was being missed in research. The urban soil survey revealed that sealed 

soils were not always depleted of carbon and, in some cases, legacy carbon stores were 

present due to black carbon additions which led to carbon stocks that were comparable 

to, or greater than, greenspace soils. Analysis of functional soil organic matter pools 

suggested that the legacy carbon store did not contribute to microbially-derived 

mineral-associated organic matter, indicating that it did not contribute to the persistent 

organic carbon pool with long residence times. Analysis of deeper soils under sealed 

surfaces illustrated that soil history was a major controlling factor on soil carbon rather 

than depth, and it highlighted the importance of heterogeneity in urban soils. This 

thesis provides new insights into the small but growing body of work on urban and 

sealed soils. It contributes to our understanding of urban soil ecosystem services, 
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carbon storage in sealed soils, and the influence of anthropogenic additions and soil 

history on soil functions. The findings highlight the need to include urban and sealed 

soil information in soil mapping, planning and construction in urban areas, and to 

inform best practice when managing urban soils for soil functions and ecosystem 

services.  
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1. Introduction  

Soil research has primary developed in agricultural or natural or semi-natural contexts, 

and, therefore, our understanding of urban soils is relatively limited (De Kimpe and 

Morel, 2000). Interest in urban soil has increased in recent years in response to the 

growing awareness of its ability to provide crucial ecosystem services (ESs) in cities 

(Lehmann and Stahr, 2007; Pavao-Zuckerman, 2012; Morel et al., 2015; Yang and 

Zhang, 2015; Lal and Stewart, 2017; Vasenev et al., 2018; Calzolari et al., 2020). As over 

half the global population currently lives in cities, and this is projected to rise to almost 

70% by 2050 (United Nations, 2019) there is great importance in understanding urban 

soil functioning. The ESs underpinned by urban soils are of particular importance for 

supporting urban resilience and the wellbeing of the urban population (Gomez-

Baggethun et al., 2013; Haase et al., 2014; McPhearson et al., 2015). At the local scale, 

these urban soil ESs include flood mitigation, urban food growing, support for green 

infrastructure for physical and mental health, capturing air pollution and surface 

contamination, and physical support for infrastructure. At the local and global scale, 

urban soils provide nutrient cycling and carbon (C) storage which contribute to climate 

change mitigation. Many studies focus on only a small number of ESs and there 

remains a lack of broad understanding and clarity on which ESs have been studied and 

what we know about their provision in urban areas.  

There has been growing interest in the ES of soil C storage as numerous studies have 

illustrated large urban soil C stores which contribute to climate regulation (Pouyat et 

al., 2006; Raciti et al., 2011; Edmondson et al., 2014a; Lorenz and Lal, 2015; Vasenev and 

Kuzyakov, 2018). There has also been interest in nutrient cycling in urban soils as C 

and nitrogen (N) dynamics are tightly coupled and N plays a key role in soil C 

sequestration (Lorenz and Lal, 2009; Setala et al., 2016; Averill and Waring, 2018; 

Trammell et al., 2020; Rocci et al., 2021); while phosphorus (P) has been studied much 

less in urban soil despite its important role in water quality and plant productivity 

(Tong and Chen, 2002; Powers et al., 2016). However, most research into urban soil C 

and nutrients has focused on soil in greenspaces or residential lawns and there is little 
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knowledge on soils under sealed impervious surfaces such as roads and pavements. 

The extent of sealing varies across cities, but it is estimated that sealed surfaces occupy 

more than 50% of a city’s area (EEA, 2006; Fuller and Gaston, 2009). The rate of soil 

sealing in Europe was estimated at 1,000 km2 per year, which is 275 hectares per day or 

11 hectares an hour (Prokop et al., 2011). The effect of soil sealing is not extensively 

studied, though it is considered to prevent the soil from interacting with the wider 

ecosystem (Scalenghe and Marsan, 2009), impairing soil functions such as water 

infiltration and run-off regulation (Haase, 2009) and preventing gas exchange 

(Bardgett, 2016).  

We are still lacking a clear understanding of the impacts of sealing on soil C and what 

the mechanisms of C storage are under sealed surfaces. Studies of sealed soil find that 

sealing generally tends to deplete soil C and N stores (Raciti et al., 2012; Wei et al., 

2014a; Wei et al., 2014b; Piotrowska-Długosz and Charzyński, 2015; Vasenev and 

Kuzyakov, 2018; Pereira et al., 2021). Sealed soil C stocks have been found to be 

depleted by 62 – 68 % in Alabama and New York (USA), and Yixing (China) when 

compared to C stocks in greenspace soils (Raciti et al., 2012; Wei et al., 2014b; 

Majidzadeh et al., 2017); a loss that is attributed to the removal of topsoil during 

construction and the lack of organic matter (OM) inputs from plants. However, 

alternative studies have illustrated that soil C can be similar between sealed and 

unsealed soils at equivalent depths, suggesting that C losses are greater near the 

surface due to topsoil loss (Edmondson et al., 2012; Cambou et al., 2018). 

We also have limited knowledge on whether the soil C that remains under sealed 

surfaces is stabilised and will persist with long residence times. It has been suggested 

that sealing may isolate soil C and reduce loss through decomposition (Vasenev and 

Kuzyakov, 2018). However, few studies have investigated the stability of the soil C or 

the biogeochemical cycling in sealed soils, though it has been suggested that organic C 

(OC) in sealed soils has a lower turnover rate (Wei et al., 2014b), and that water-

extractable OM content is much lower in sealed soils (Wang et al., 2021). To date, the 

vulnerability of sealed soil C to decomposition is yet to be investigated. In addition, the 
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distribution of soil C down the soil profile is also poorly understood in urban soils. 

Studies of natural or agricultural soils indicate that deep soils play an important role in 

C storage and that large quantities of C are stored across the whole soil profile (Batjes, 

1996; Jobbágy and Jackson, 2000; Salomé et al., 2010; Rumpel and Kögel-Knabner, 

2011). In sealed soils, C storage over depth has rarely been considered, though a small 

number of studies have indicated that deep sealed soils may provide large C stores 

(Cambou et al., 2018; Bae and Ryu, 2020). As deep urban soils are so often dug up, 

altered and removed during construction projects, it is important that we understand 

the functions of deep urban soils and the impacts of urbanisation on them.  

In addition to sealing, the heterogeneity that arises in urban soils due to human activity 

must be considered. Urban soils often contain artefacts, human-made objects that are 

derived through human activities, such as brick, wood, concrete, metal and plastic 

(Bullock and Gregory, 1991; Lehmann and Stahr, 2007). The addition of these artefacts 

leads to the creation of Technosols, defined as either containing large amounts of 

artefacts, having an impermeable membrane, or a hard material at the soil surface such 

as stone, asphalt or concrete (FAO, 2015). The accumulation of materials and artefacts 

over many decades, or centuries, of human settlement can lead to the creation of 

‘cultural layers’ in urban soil, which are known for their high and variable C content 

(Alexandrovskaya and Alexandrovskiy, 2000; Vasenev et al., 2013; Mazurek et al., 

2016). As a result, urban soils are highly complex, and the influence of anthropogenic 

artefacts needs to be taken into account when understanding soil properties and 

functions.  

Therefore, there are gaps in our knowledge at both the broad scale of urban soil 

functioning and ES provision, and on a smaller scale in terms of the impacts of sealing, 

influence of artefacts, and the long-term effects on soil C stores. Addressing these gaps 

would benefit our understanding of urban soil C, contribute to soil mapping, planning 

and development for soils in urban areas, as well as informing best practice to enable 

urban soils to provide important functions and ESs in cities.    
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1.1 Thesis aims and objectives 

This thesis investigates the effect of urbanisation and soil sealing on soil ecosystem 

services and soil carbon. It explores several knowledge gaps at different scales, firstly, 

the broad understanding of urban soil-mediated ecosystem services, and secondly, the 

effects of soil sealing on soil C and nutrients. Thus, this thesis aims to (1) improve our 

understanding of urban soil’s role in providing ecosystem services; and (2) investigate 

the effects of soil sealing on the ecosystem services of soil C and nutrient storage.  

To meet these aims, the thesis addresses the following objectives:  

1. To review the literature on ESs provided by urban soils to build a picture of the 

current knowledge base and identify research gaps (chapter 2); 

2. To investigate the effects of soil sealing on soil C and nutrient storage by 

developing an urban soils dataset across sealed and greenspace soils (chapter 

3); 

3. To determine the effect of sealing and anthropogenic additions on soil C 

persistence using analysis of functional pools of soil organic matter (chapter 4);  

4. To investigate the influence of profile depth and soil history on the distribution 

of C and N in sealed soils with varied development histories (chapter 5).  

In doing this, the thesis contributes to the small but growing body of work on urban 

soil ESs and will help to build a greater understanding of the effects of sealing on soil C 

and nutrient storage and the influence of anthropogenic artefacts and human activities.  

1.2 Thesis structure  

The thesis consists of four chapters that are either already published or intended for 

submission and concludes with a general discussion chapter:  

Chapter 2 addresses objective 1 and provides a systematic review of the literature on 

urban soil ESs to create a broad picture of current research. It addresses the gaps in 

knowledge into which ESs have been studied and what we know about their provision. 
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It sets out a bibliometric analysis of the literature, a co-occurrence analysis of key terms 

to understand the research trends, a literature summary for each individual ES, and 

identifies knowledge gaps and directions for future research.  

Chapter 3 addresses objective 2 by investigating the effect of sealing on soil properties, 

soil C and nutrients. It tests the hypotheses that sealed soils have (i) lower soil C stocks, 

(ii) lower soil nutrient stocks, and (iii) altered nutrient dynamics compared to 

greenspace soils. It does this through a comparative survey of urban sealed and 

greenspace soils across Manchester, UK. The study also considers how artefacts within 

sealed soils can affect soil properties and functions, influencing soil C and nutrient 

stocks, and therefore a classification of the samples according to the extent of artefacts 

is also included. 

Chapter 4 addresses objective 3 by investigating the effect of sealing and 

anthropogenic additions on soil C persistence using a study of functional pools of soil 

organic matter. It tests the hypotheses that (i) sealed soils will have less mineral-

associated OC and therefore less persistent OC; and (ii) soils with anthropogenic 

additions will have more mineral-associated OC and therefore more persistent OC in 

both sealed and greenspace soils. Physical fractionation is used to enable the separation 

of particulate organic matter (POM) and mineral-associated organic matter (MAOM), 

and OC and N content are determined within each pool to gain insights into the 

persistence of soil C. The influence of anthropogenic artefacts is also considered in 

sealed and greenspace soils and their effect on long-term C persistence is assessed.  

Chapter 5 addresses objective 4 and explores the effects of depth and soil history on C 

storage in deep urban soils under sealed surfaces. It investigates the distribution of C 

and N down the soil profile and tests the hypothesis that soil C and N stocks will 

decrease with soil depth. It also explores the influence of soil history and development 

on soil C and N storage and the overall storage capabilities for a 1 m depth sealed soil 

profile. This is done for three sealed soil profiles in Manchester and Salford, UK with 

varied development history.    
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Chapter 6 provides a general discussion and presents wider findings from across the 

thesis and suggestions for future research.  
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2. The ecosystem services of urban soils: A review 

O’Riordan, R., Davies, J., Stevens, C., Quinton, J.N., and Boyko, C. 

This chapter has been published in Geoderma (O’Riordan et al., 2021b). 

Abstract 

The expansion of urban areas worldwide is increasing the anthropogenic impacts on 

soil and the role of urban areas in supporting a sustainable future. Thus, urban soils are 

becoming more important in the delivery of a broad range of ecosystem services (ESs), 

including carbon storage and climate regulation, biomass provision for food and water 

flow regulation, and recreational benefits. In this review, we aim to support the 

development of this emerging research area and, subsequently support the improved 

treatment and management of urban soil and ES delivery. We present a systematic 

review of which ESs have been studied and examine trends in research using a 

co-occurrence analysis of key terms. We then provide a summary review of current 

knowledge on ESs and identify the gaps in knowledge. Our review highlights that this 

is a young, but growing, field of research, with a marked increase in publications since 

2014. We found that supporting processes and regulating services were most 

commonly studied, with 88% and 71% of the papers relating to quantitative studies 

addressing these, respectively. Cultural, provisioning and water-related ESs were 

relatively understudied, suggesting key gaps for future research. However, this may be 

attributable to a disconnection between academic communities rather than a lack of 

knowledge. Fewer than 20% of quantitative studies addressed more than two ESs 

simultaneously, leading us to suggest that urban soil multifunctionality is a key area 

for future research, and highlighting the need to integrate understanding of urban soil 

ESs across disciplines and professions. In addition to this overarching suggestion, we 

propose six research gaps and opportunities: further research into biomass provision 

for food; water-related ESs; and cultural ESs; greater geographical representation; 

further interconnection between research and practitioner communities; and a focus on 

the future drivers of soil change in urban environments. 
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2.1 Introduction 

More than half of the world’s population currently live in urban areas, defined as areas 

with a population of 10,000 residents or more (DEFRA, 2017), and this is projected to 

reach almost 70% by 2050 (United Nations, 2019). As urban populations increase, the 

ability of the urban environment to provide liveable places and support resilient 

ecosystems becomes more important (Biggs et al., 2012). This, in addition to the risks to 

human health posed by climate change and air pollution (Jacob and Winner, 2009; 

Heaviside et al., 2017; O'Donnell and Thorne, 2020), means that it is ever more crucial 

that we consider how well urban environments are able to maintain the ecosystem 

services (ESs), namely the benefits people obtain from ecosystems (Millennium 

Ecosystem Assessment, 2005) that they currently deliver.  

Soils play a fundamental role in providing numerous, vital ESs (Dominati et al., 2010; 

Adhikari and Hartemink, 2016; Jónsson and Davíðsdóttir, 2016; Greiner et al., 2017), 

and the importance of soil in providing ESs in urban areas is becoming increasingly 

recognised within the soil science community (Lehmann and Stahr, 2007; Pavao-

Zuckerman, 2008; Lal and Stewart, 2017; Ziter and Turner, 2018; Bray and Wickings, 

2019). In this review, we consider urban soils to be all soils located within urban areas. 

Urban soils are included within SUITMA (Soils of Urban, Industrial, Traffic, Mining 

and Military Areas), defined as soils strongly modified by human activities with 

drastic changes in composition and function, though in urban areas, they can include 

both highly-transformed soils and pseudo-natural soils (Morel et al., 2015). In this 

review, we limit our focus to soils within urban areas to enable a focus on the provision 

of ESs in areas where the majority of people live. In urban areas, urban soil underpins 

many ESs that provide importance for human wellbeing and urban resilience (Gomez-

Baggethun et al., 2013; Haase et al., 2014; McPhearson et al., 2015). Locally, these 

services include flood mitigation, buffering the urban heat island effect, capturing air 

pollution, physical support for infrastructure, urban food growing and access to 

greenspace for mental and physical health; whilst at local and global scales, they 

contribute to nutrient cycling and carbon (C) storage. 
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Urban soils are able to provide many of the same ESs as non-urban soils (Pavao-

Zuckerman, 2012; Morel et al., 2015; Pouyat et al., 2020). At present, however, there is 

relatively limited knowledge on their quantification as compared to non-urban soil 

ESs. Much work since the development of The Economics of Ecosystems and 

Biodiversity (Kumar, 2010) and The Common International Classification of Ecosystem 

Services (Haines-Young and Potschin, 2018) has placed a focus on ecosystem goods 

and services that are directly beneficial to humans, allowing the economic valuation 

and accounting of ES. Whilst this valuation makes the concept useful to policy and 

decision makers, there remains a need to further understand specifically how urban 

soil supports ESs. Research into urban soil ESs is still in its infancy and much work is at 

the level of soil processes, functions or properties. As such, it is necessary to focus on, 

and distinguish between, supporting processes that drive soil functioning, and soil ESs 

that are directly beneficial to humans (Dominati et al., 2010; Baveye et al., 2016). 

The study of urban soil ESs is slowly gaining momentum, often with a theoretical focus 

on the potential ESs that can be provided (Morel et al., 2015; Vasenev et al., 2018), or 

through improving methods of quantification and integration into planning (Blanchart 

et al., 2018; da Silva et al., 2018). However, there remains a gap in bringing together 

what is currently known within the research community about urban soil ES provision. 

There is a need to gain a better understanding of which ESs are provided by urban 

soils; the extent to which individual ESs have been studied; how they will be altered by 

future drivers of change such as climate change; and how we can manage urban soils 

to deliver ES, now and in the future. This review serves to address these needs by 

bringing together the literature on urban soil ESs to provide an understanding of what 

we currently know, analysis of the trends in research and an identification of gaps in 

knowledge.   

We firstly present a bibliometric analysis of the urban soil ES literature, analysing 

which ESs have been most studied, where and at what soil depth; and explore the 

structure of the research community using a co-occurrence analysis of key terms. We 

then provide a summary review of knowledge on individual ESs delivered by urban 
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soils, reviewing what has been studied and where the gaps in knowledge are. Lastly, 

we make suggestions for the direction of future research to aid the understanding of 

urban soil ESs and optimise their provision.  

2.2 Material and methods 

2.2.1 Literature search 

We performed a literature search to gain an understanding of which urban soil ESs 

have been most studied and where. There was a focus on the use of ES terminology to 

identify studies that employed an ES framing. We also included terminology 

associated with soil processes and functions in addition to ES, as these terms are still 

used interchangeably within the soil science community (Schwilch et al., 2016), and the 

ideas of ESs and ecological functions are closely related (Vasenev et al., 2018). This 

interrelation is recognised by Baveye et al. (2016) who stressed that it is important to 

consider both soil functions and ecosystem services, so long as they are articulated in 

relation to soil properties and processes (Bünemann et al., 2018). 

A search of English language literature was performed in April 2020 on Web of Science 

for urban AND soil* in the title, combined with “ecosystem service*” in the topic (title, 

abstract and keywords). A second search was run for “urban soil*” AND “ecosystem 

service*” in the topic. A third search was run for (“soil process*” or “soil function*”) 

AND urban* in the topic. These three searches were then combined using the OR 

operator. The complete search had the following search string: 

(TI=(urban AND soil*) AND TS="ecosystem service*") OR (TS=("urban soil*" AND 

"ecosystem service*")) OR (TS=(("soil process*" OR "soil function*") AND urban*)) 

The same search was run on Scopus and documents were collated together. Book 

chapters, meeting abstracts and conference reviews were excluded. An initial review of 

the documents was undertaken and those without an urban focus were removed, 

which left 178 papers that were relevant to urban soil and ES.  
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2.2.2 Data analysis  

The literature was first separated into three categories: those that measured ESs 

through empirical data or modelling studies were referred to as ‘quantified’ papers; 

those that only discussed ESs in relation to urban soils were referred to as ‘discussion’ 

papers; and those that did not specifically quantify or discuss ESs were referred to as 

‘general urban soil’ papers. Where papers had collected data that provided information 

about the listed ESs, whether explicitly described as an ES or not, they were classed as 

‘quantified’ papers. Review papers were included in the ‘discussion’ or ‘general urban 

soil’ papers.  

We undertook the bibliometric analysis on all categories of literature. We then carried 

out more detailed analysis on the ‘quantified’ papers to investigate which ESs had been 

studied, which were commonly studied together, and which soil depths were most 

recorded. The findings in these ‘quantified’ papers were then used to present the 

summary review of urban soil ESs.    

To capture how urban soil supporting processes and ESs are being studied and at 

which level, the framework of soil ESs proposed by Dominati et al. (2010) was used 

(Table 2.1). The framework distinguishes between supporting processes that drive soil 

functioning (such as nutrient cycling, water cycling or soil biological activity), and ESs 

that are directly beneficial to humans, which include provisioning, regulating and 

cultural services. The definitions given by Dominati et al. (2010) were used to 

categorise the supporting processes and ESs identified in the ‘quantified’ papers, and 

are provided in the supplementary material (Appendix 1).  

Some studies measured both a supporting process (e.g. microbial activity) and a 

regulating service that is related to the supporting process (e.g. C storage); in these 

cases, the papers were classed as measuring both. While these processes and services 

are interlinked, they have been analysed in this way to build an understanding of 

which supporting processes and ESs have been studied in detail, and in addition, how 

researchers refer to them and approach studying them.  
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Table 2.1: The list of soil supporting processes and ecosystem services given in Dominati et 

al. (2010) used in this manuscript. 

Category Supporting Process or Ecosystem Service 

Supporting Processes Nutrient cycling; water cycling; soil biological 

activity 

Provisioning ESs Food, wood and fibre; physical support; raw 

materials 

Regulating ESs Flood mitigation; filtering of nutrients; 

Biological control of pests and diseases; 

Recycling of wastes and detoxification; Carbon 

storage and regulation of greenhouse gas 

(GHG) emissions 

Cultural ESs Spirituality; knowledge; sense of place; 

aesthetics 

 

2.2.3 Co-occurrence analysis of key terms 

The titles and abstracts of the 178 papers collected in the literature search were 

analysed using the VOSviewer software (Van Eck and Waltman, 2010) to identify the 

most common terms and co-occurrences between them. A threshold of 5 occurrences of 

each term was used to identify common terms in the literature (one count per 

title/abstract rather than all counts of each term). A thesaurus file was used to simplify 

terms for consistency (such as SOC to soil organic carbon, or soil C to soil carbon). A 

relevance score was applied by the software that filters out generic terms such as 

‘method’ or ‘result’, and which helps cluster together topic-specific terms (Van Eck and 

Waltman, 2011). The co-occurrence network is presented to show terms with the most 

occurrences, links between them and where clusters form between the terms. The 
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clusters were set to a minimum of 25 terms per cluster to enable themes to be 

visualised. 

2.3 Results and discussion  

2.3.1 Analysis of urban soil ES literature  

2.3.1.1 Bibliometric analysis of literature 

The distribution of the literature with publishing year and geographical scope is 

illustrated in Figure 2.1. The number of publications on urban soil ESs is relatively 

small and recent compared to that of soil ESs, with the oldest paper found dating from 

1997. Papers studying urban soil ESs did not become more common until 2014, after 

which the number of publications generally increased, with the most published in 2018 

(Fig. 2.1 a).  

Much of the literature identified relates to studies in Europe (42%) as shown in 

Fig. 2.1 b. Following this, 22% of literature was based in the continent of North 

America. Very few studies were undertaken in Africa, Australia and Oceania or South 

America (2%, 2% and 1% respectively). Figure 2.1c provides this data at the country 

level, where it was given, and indicates that most English language research was 

undertaken in the USA which has nearly twice the number of papers than the next 

highest publishing countries, China, UK, France and Germany. Many papers do not 

undertake research at the individual country or continent scale but take a global 

perspective, these have been labelled as ‘World’ in Figures 2.1b and 2.1c, which 

provide examples of review or discussion papers.  

The majority of papers (125) were those that had ‘quantified’ ES, while 32 were classed 

as ‘discussion’ papers and 21 were ‘general urban soil’ papers. In the discussion papers 

there was a focus on soil biological activity and C storage, however, most discussion 

papers (47%) mentioned numerous ES categories. Biomass provision for food and 

cultural services were poorly represented, with food being mentioned in two 

discussion papers, and cultural services mentioned in only one.  
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Figure 2.1: (a) Number of papers published between 1997 and 2019 using the search string 

specified; (b) number of papers published by global region; (c) number of papers published 

with scopes at different geographical scales: country, continent or global. 
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2.3.1.2 Specific ES analysis 

To provide an understanding of which individual ESs had been studied, an analysis of 

specific ESs was undertaken on the 125 papers that had quantified data, as illustrated 

in Fig. 2.2. A majority (88%) of these quantified studies focused on supporting 

processes, with 42% of the studies measuring soil biological activity, 34% measuring 

nutrient cycling and 12% measuring water cycling. The predominance of studies 

focusing on these supporting processes, particularly nutrient cycling and soil biological 

activity, highlights their importance in understanding soil functioning and their 

support in providing ESs. However, there appears to be less of a focus on water cycling 

as a supporting process in urban soils. This may be because urban soil water dynamics 

are commonly studied in relation to water storage capacity or urban water 

management, and therefore, these papers will be captured within the regulating 

service of flood mitigation. 

Regulating ESs were also frequently studied in the quantitative literature (71% of 

studies), with 30% measuring C storage and regulation of greenhouse gases (GHG), 

and 21% measuring the recycling of wastes and detoxification. Flood mitigation 

appeared in only 9% of quantified papers, with only a small number measuring urban 

stormwater management as an ES. This does not reflect the extent of research and 

practical experience within professions working on urban water and sustainable urban 

drainage systems (SuDS) (Ciria, 2013; Davis and Naumann, 2017; Schifman and 

Shuster, 2019). It does, however, suggest that stormwater management is commonly 

seen as a problem to rectify rather than framed as the soil ES of flood mitigation; and as 

such the knowledge developed in engineering and water disciplines may not be 

reaching the wider ES community. There was also a lack of studies on the regulating 

service of biological control of pests and diseases in urban soils.  

Provisioning ESs were less often studied, with the service of food, wood and fibre 

provision making up only 3% of the quantified papers. This is in contrast to research in 

non-urban soils where food provision is often quantified as one of the most important 
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soil ESs (Adhikari and Hartemink, 2016; Holt et al., 2016). Urban agriculture is a well-

established practice across the world, represented by a broad range of literature (Orsini 

et al., 2013; Ackerman et al., 2014; Mok et al., 2014; Edmondson et al., 2020); however, 

our findings suggest it is rarely studied in the context of urban soil ESs, and may have 

been missed from the literature as it does not explicitly mention soil ESs. The later 

average publication date for food, wood and fibre provision studies (Fig. 2.2) may, 

however, suggest that it is a growing area for ES studies. Physical support for built 

infrastructure, such as roads or buildings, occupied only 2% of the quantified papers 

which does not reflect the communities of research and practice in urban soil 

geotechnics (Trombetta et al., 2014; Denies et al., 2015; Vardon, 2015; Price et al., 2018). 

This suggests that while well-established, engineering and geotechnical communities 

may not be considering urban soils within an ES framing. In addition, the literature 

search did not identify any studies on raw materials from urban soils, or on the concept 

of urban mining, the recovery and reuse of resources from waste materials (Arora et 

al., 2017).  

None of the studies undertook survey or analytical work on cultural services from 

urban soils. There is a large body of work on the cultural and archaeological 

significance of soils capturing historical and societal information, referred to by some 

as cultural layers within cities (Burghardt, 1994; Vasenev and Kuzyakov, 2018). 

However, this work does not appear to use the terminology of ESs, perhaps because ES 

research has largely been developed by ecologists and economists rather than by 

heritage researchers (Hølleland et al., 2017). In addition, there is a growing body of 

evidence for the importance of access to nature and urban greenspaces for both mental 

and physical health benefits (Pretty et al., 2011; Lovell et al., 2018; Chen et al., 2019); 

however, these benefits are often captured in relation to trees or urban forests rather 

than soils. The approach to studying cultural ESs remains an on-going debate (Fish et 

al., 2016), and as such, their study in both urban and non-urban soils is still relatively 

rare. 
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Across all individual ESs quantified, the greatest number of studies were undertaken 

in the USA, followed by China and European countries. After the USA, a relatively 

large proportion of the soil biological activity studies were undertaken in France; while 

for C storage, numerous studies were completed in the USA, UK and China. A small 

portion of the quantitative literature (6%) focused on Technosols, defined as soils 

dominated by technical human activity and evidenced by a substantial presence of 

artefacts or an impermeable constructed geomembrane (Rossiter, 2007). These papers 

focused mostly on constructed Technosols and their effects on soil biological activity, 

water infiltration and nutrient cycling, and were almost exclusively undertaken in 

France.  

2.3.1.3 Interrelation between ESs studied  

Most papers (57%) studied only one ES, while 26% studied two services, 15% studied 

three, 2% studied four and only 1% studied five. Where more than one service was 

studied, common pairings of services were quantified together which illustrated the 

interrelation between them. There was a predominance of supporting processes being 

studied together, for example, 48% of nutrient cycling papers also measured soil 

biological activity, two processes that are particularly intertwined (Bardgett, 2005); and 

47% of water cycling papers also measured nutrient cycling, highlighting these 

measures as important indicators for urban soil functioning.  

Instances of regulating services studied together were less common, for example, there 

were only four papers where flood mitigation was studied alongside C storage. Only 

two papers studied filtering of nutrients alongside recycling of waste and 

detoxification, suggesting the link is not being made between the pools of 

contaminants and the ability of soil to filter these or prevent their release into the 

environment. 

The interrelation between supporting processes and regulating or provisioning ESs 

varied. Of the papers that measured C storage, 39% also measured nutrient cycling; 

while only 21% measured soil biological activity, suggesting only a small number of 
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papers are undertaking work on the connection between soil biota and C storage in 

urban soils. Water cycling was not commonly measured with flood mitigation 

suggesting these services are thought of separately and by different groups of 

researchers. In addition, nutrient cycling was rarely measured alongside food 

provision, which again suggests different groups of researchers or practitioners each 

with their own terminology and data collection methods.  

The lack of interrelation across service types highlights that supporting processes and 

ESs are not commonly considered together; and that regulating services are not often 

studied together or with provisioning services. This lack of studies on multiple ESs 

illustrates that the opportunity to quantify the multifunctionality of soil is being 

missed. There is a need to measure supporting processes to understand the basis of ES 

provision, but there is also a need to quantify regulating and provisioning services 

together to allow the multifunctionality of soil to be included in urban planning and 

decision making.  

 

Figure 2.2: Number of papers measuring supporting processes and ESs. Papers included 

are those that quantified ESs (number=125). Yellow, blue and green columns represent 

supporting processes, provisioning and regulating ESs respectively. Circles indicate 

average (mean) publication year for each ES, shown on secondary axis. 
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2.3.1.4 Depth of urban soil studied 

Data on the maximum depth and number of measurements down the soil profile was 

gathered from the literature, where it was provided (Fig. 2.3). Of the 104 papers that 

gave depth information, the majority of papers studied soil between 0-20 cm (63%), 

while 14% studied down to 40 cm, and 12% studied down to 100 cm. Papers studying 

deeper than 100 cm (5%) were restricted to those that used deep cores to study subsoil 

drainage (Herrmann et al., 2017), lysimeters to observe leachate (Cannavo et al., 2018; 

Yilmaz et al., 2019), soil chemistry under sealed surfaces (Kida and Kawahigashi, 2015), 

and risks associated with soil swelling (Vallone et al., 2008). Most papers studied just 

one soil depth (70%) while a smaller number of papers investigated differences 

between two, three or more than three depths (10%, 15% and 5% respectively).      

 

Figure 2.3: Maximum depth (cm) at which papers studied urban soil ESs. 

2.3.1.5 Co-occurrence analysis of key terms 

An analysis of the co-occurrence of key terms in the literature led to a network 
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Figure 2.4: Co-occurrence analysis of key terms within the urban soil ecosystem service literature. Nodes represent terms that occur at least five times, 

with the size of node denoting the number of occurrences. Vertices and relative distance of nodes illustrate the co-occurrence of terms. Three clusters 

where the interconnections of terms are strongest are identified, denoted by colour: C and nutrients (blue); soil biodiversity (green); and the challenge 

of urban soils (purple).  
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Within the C and nutrients cluster (blue) there is a focus on stocks of C and nutrients 

and the impacts of urban land cover on their storage, such as soils under buildings or 

impervious surfaces, or different vegetation types such as urban forests or lawns. The 

soil biodiversity cluster (green) highlights a separate group that focuses on the 

abundance and diversity of species, their distribution across different green 

infrastructure types, their activities such as nutrient cycling, and the consequences of 

urbanisation and disturbance on them. Finally, there is a third cluster focused on the 

challenge of urban soils (purple), which includes the impacts of urbanisation, risks to 

soil such as soil sealing, excess runoff and contamination, opportunities to manage and 

plan to protect urban soil better, and strategies to highlight its importance in planning 

documents. 

The clusters of key terms reflect what is shown in the specific ESs analysis (section 

2.3.1.2), that research tends to focus on supporting processes with a predominance on 

soil biological activity, as well as soil C and nutrient stocks. There is an area of cross 

over between the blue and green clusters where terms represent a range of green 

infrastructure types that have been studied such as urban parks, lawns and different 

vegetation types. These terms co-occur together and are relevant for both the C and 

nutrient cluster and the soil biodiversity cluster. This aligns with patterns found in the 

ES literature analysis (Fig. 2.2), which showed that most studies focused on soil 

biological activity, nutrient cycling and C storage.  

There is a distinct lack of terms associated with water across the co-occurrence 

analysis, be that flooding, water holding or water cycling, and while the terms soil 

sealing and impervious surface are included, they are not connected to issues of 

flooding. However, the ESs literature analysis (section 2.3.2) illustrates a small but 

important number of studies that investigate water cycling, runoff and flood 

mitigation. These studies use a range of measurements of soil water such as 

percolation, infiltration, water holding, runoff, saturated / unsaturated hydraulic 

conductivity and field capacity, and therefore, it is possible that these terms do not 

appear frequently enough in the literature to be captured in the co-occurrence analysis. 
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Another notable gap in key terms are those that relate to food and urban growing 

which correlates with the lack of literature on food provision in the ES literature 

analysis, reiterating the lack of food provision terminology used in the urban soil ES 

community. Likewise, cultural services were also not represented within the co-

occurrence analysis, representing the lack of studies found in the ES literature.  

2.3.2 Summary review of urban soil ESs  

Having analysed which urban soil ESs have been quantified, where this was 

undertaken and the nature of the research community in 2.3.1, here we provide an 

overview of research reported in the ‘quantified’ literature identified by ES category. 

We prioritise primary research studies in order to provide some insight into what is 

known and where future research gaps may lie. 

2.3.2.1 Supporting processes 

Nutrient cycling 

Human activities and land use have the potential to alter nutrient cycling in urban soils 

due to direct and indirect additions and removals of nutrients, and modifications to 

factors affecting nutrient cycling.  

Several studies have found that soils under some urban land uses can have high 

nutrient contents. Schindelbeck et al. (2008) compared land use in New York state and 

Baltimore, finding that soils from a recreational park and brownfield plot had higher 

organic matter content and mineralizable nitrogen (N) content than soil from a non-

urban vegetable farm. In Lahti (Finland), soil in a managed garden site showed 

consistently higher nutrient content compared with human-made soil on a landfill site 

(Vauramo and Setala, 2010). In Leicester (UK), allotment soils had higher amounts of 

organic N than soils from surrounding intensive arable fields, which was attributed to 

additions of compost or manure (Edmondson et al., 2014a). The time period over 

which the soil has been under a particular land use is also an important determinant of 

nutrient status. Soil organic matter and nutrient contents have been found to correlate 
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with park age (Setala et al., 2016) and housing age (Cobley et al., 2018) in studies in 

Finland and the USA respectively.  

Conversely, some urban land uses and conditions led to a reduction in nutrient 

contents. For example, Herrmann et al. (2017) found that imported soil, used to fill 

excavations on previously developed land, showed less nutrient support for plant 

growth with lower N levels than pre-existing soils at the site. Nutrients have also been 

found to be depleted in areas where an accumulation of heavy metals was apparent 

(Zhao et al., 2013).    

Phosphorus has been studied significantly less compared to other macronutrients in 

urban soils; however, it is likely that it would be equally altered by urbanisation 

through physical modifications such as land use, vegetation types in greenspaces 

(Setala et al., 2017), human or industrial waste additions (Yang and Zhang, 2015), and 

altered soil biology such as earthworm activity (Amosse et al., 2015). Likewise, there 

were few studies that considered other physical modifications to the urban 

environment and their effects on nutrient cycling, for example, connections were not 

commonly made between altered urban hydrology, microclimate, aeration and soil 

structure and how these might affect urban soil nutrient cycling. 

Water cycling 

The primary factors influencing water cycling in urban areas are the extent of 

impermeable surfaces, soil infiltration capability and drainage, and evapotranspiration 

(McGrane, 2016). However, other factors also contribute to altered soil water cycling, 

including the heterogeneity of urban soil, greenspace management, altered horizons 

and compaction due to construction activities.  

A number of studies identified by the literature focused on infiltration, soil moisture 

dynamics and water holding. One of the earliest papers identified mapped infiltration 

rates for Hannover (Germany), including areas covered by roads and buildings as well 

as open soils and vegetation covered areas (Bartsch et al., 1997). In a modelling study 
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in Leipzig, Haase (2009) found that water cycling had accelerated due to increased 

sealing with impervious surfaces, leading to reduced water holding capacity in favour 

of increased runoff. Recent modelling studies have considered soil moisture dynamics 

across different world cities with varying levels of permeable surfaces (Revelli and 

Porporato, 2018), as well as the effects of developments on groundwater recharge and 

the sensitivity of this to future climate scenarios (Manna et al., 2017).  

The link between organic matter and soil water holding, as observed in traditional soil 

science (Rawls et al., 2003; Minasny and McBratney, 2018), has also been observed in 

the urban soil literature. A recreational park soil in New York state had higher 

available water capacity compared with farm or brownfield soils, attributed to the high 

organic matter content (Schindelbeck et al., 2008); while Oldfield et al. (2014) found 

that compost additions to soil led to increased water holding capacity in the New York 

City Afforestation project. In urban gardens in Zurich, Tresch et al. (2019a) found high 

correlations between C mineralisation and water holding capacity as part of a study on 

soil multifunctionality. They found that soil moisture and disturbance, driven by 

watering and tilling, were key drivers in structuring plant and soil fauna communities, 

which in turn influence multifunctionality, thus highlighting the importance of 

watering regimes in soil multifunctionality.  

While extensive methods are used to measure natural and agricultural soil physical 

and hydrological properties, measurements of infiltration in urban soil present unique 

challenges due to the presence of artefacts (Rhea et al., 2014). There are a limited 

number of studies into the properties of Technosols in relation to water cycling, and 

methods to investigate hydraulic properties of several Technosols were compared by 

Yilmaz et al. (2019); while soil water in Technosols made with waste were studied by 

Cannavo et al. (2018) who found that physical properties were not necessarily a 

limitation to tree growth.  
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Soil biological activity 

A recent review by Guilland et al. (2018) found that studies on the biology of urban 

soils made up around 2-3% of all studies of soil biology. Whilst this is in line with the 

extent of urban land cover globally, arguably a greater focus on urban soils is needed 

as there is a clear relationship between biodiversity, ecological processes and ES 

provision (Mace et al., 2012), and this is closely linked to the location of the majority of 

the population. Guilland et al. (2018) found that most studies were about 

microorganisms, nematodes and arthropods (33%, 28% and 21% respectively), and that 

most studies focused on ecotoxicology or bioaccumulation of contaminants rather than 

the ecological and functional aspects of soil biological communities.  

Contrary to assumptions, soils in urban areas do not always have compromised soil 

fauna. Based on a study of microarthropod biodiversity, urban soils may provide the 

same level of biological quality as forests (Joimel et al., 2017); and while not picked up 

in the ES literature, Ramirez et al. (2014) found that the breadth of microbial diversity 

in Central Park in New York was similar to microbial diversity across the world. Direct 

comparisons of urban to non-urban soils can, however, lead to varying conclusions, as 

urban land uses studies in China and Finland have found lower soil microbial biomass 

than in natural forests (Zhao et al., 2013; Francini et al., 2018); whereas microbial 

activities of urban soils in Stuttgart were comparable to agricultural or forests soils 

(Lorenz and Kandeler, 2006).  

A variety of factors have been found to influence soil fauna distribution within urban 

areas (Santorufo et al., 2014; Xie et al., 2018; Joimel et al., 2019; Tresch et al., 2019b). Soil 

parameters were found to exert a stronger influence on soil fauna than plant 

communities in vegetable gardens (Joimel et al., 2019); however, Tresch et al. (2019b) 

found that plant species richness affected soil fauna diversity and microbial activity in 

urban gardens. It has also been observed that the typical pattern of plant-microbe 

associations seen in non-urban soils has also been seen in urban soil, such that urban 

soil bacterial and fungal communities can respond to plant functional groups (Hui et 
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al., 2017). Nevertheless, there remains limited understanding of what influences 

microbes’ distribution in urban soils (Wang et al., 2018).  

Urban land use can also have an effect on soil fauna. Urban soils have been observed to 

exhibit greater functional diversity than other non-urban land uses, particularly in 

roadside tree soils in Beijing (Zhao et al., 2013); and greater species diversity in park 

and roadside soils compared to residential soils in Chicago (Wang et al., 2018). The 

history of disturbance also has an influence, as the relationship between soil biota and 

physicochemical variables can vary with soil age (Amosse et al., 2016); and park age 

can shape composition of microbial communities (Hui et al., 2017). 

Microbial activity can be affected by pollutants such as heavy metals and pesticides 

(Gan and Wickings, 2017). For example, Ivashchenko et al. (2019) found microbial C-

availability and organic matter decomposition were lower in industrial and residential 

zones of Moscow where there were higher levels of heavy metals, and metal 

contaminated soils have also been shown to have lower levels of nitrifying bacteria and 

a lack of fungi (Hartley et al., 2008).  

2.3.2.2 Regulating services 

Flood mitigation 

The ability of urban soils to provide flood mitigation is largely influenced by land use 

and land surface treatment (Haase, 2009; Wheater and Evans, 2009). Urban forest soils 

have been shown to have better drainage than soils on residential or commercial land 

(Dobbs et al., 2011), and have higher runoff regulation than other urban land uses 

(Ziter and Turner, 2018). The size of urban forest patch was not found to affect 

hydraulic conductivity in a study by Phillips et al. (2019), who conclude that the 

protection of urban forest patches, whether small or large, can potentially contribute to 

urban stormwater management. 

Sealed land surfaces, such as impervious roads and paving, notably increase surface 

runoff. Runoff values start to double when impervious surfaces cover >20% of land, 
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and a model for Leipzig has shown that runoff can reach over 75% of the annual 

precipitation level when areas are >80% impervious (Haase, 2009). A more recent study 

shows that runoff values could increase by >20% in highly sealed areas (Ungaro et al., 

2014). Where permeable soils remain, for example around the base of street trees, there 

is an increase in rainfall infiltration (Revelli and Porporato, 2018). One possible solution 

to increased runoff is the use of suspended pavement systems, such as those above tree 

pits, which in a study in Knoxville (USA) reduced 99% of measured runoff volumes, 

and captured runoff from 79% of storms (Tirpak et al., 2019). Inclusion of soil sealing 

management in planning strategies and policies has also been considered to reduce the 

growth of sealed areas (Artmann, 2015; Artmann, 2016). 

The extent of human disturbance, compaction and addition of anthropogenic material 

to the soil itself also influences the capacity for flood mitigation. Imported fill soils 

used in construction are variable, depending on the material used, but some have been 

shown to have greater infiltration and drainage than pre-existing soils (Herrmann et 

al., 2017). Soils with compost mixed into the subsoil and tilled had twice the saturated 

hydraulic conductivity of undisturbed soils, and 6-11 times that of soils subjected to 

topsoil removal and subsoil compaction (Chen et al., 2014). This suggests that some 

treatments may have potential in aiding stormwater mitigation.  

Filtering of nutrients 

Soils can filter and retain numerous organic or inorganic compounds and solutes and 

prevent them from reaching water courses (Dominati et al., 2010). The ability of soil to 

act as a filter can be influenced by vegetation cover; however, only a small pool of 

studies has considered the link between vegetation and urban soil as a filter. Urban 

soils under tree canopies have been found to have higher C to N ratios than soils under 

grass due to the higher C to N ratio in tree litter, and thus, are more able to buffer 

localised N fertilisers or atmospheric N deposition (Livesley et al., 2016). In a study by 

Ziter and Turner (2018), urban soils in grasslands and open spaces were found to have 
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the lowest available phosphorus (considered as a proxy for potential P runoff) 

compared with urban forests and developed land in Madison (USA).  

In addition to plant influences, other forms of C in urban soil may contribute to water 

filtration. Black C accumulation in urban soils may act as a sorbent of contaminants, 

and in combination with sufficient infiltration rates, may lead to improved water 

filtration and improved water quality in urban greenspaces (Schifman et al., 2018). A 

possible practice to improve soil filtration is the use of suspended pavement systems, 

as mentioned in section 2.3.2.2, on which a study has shown the concentration of 

influent suspended solids to be significantly reduced, demonstrating the bioretention 

potential of these systems to remove pollutants from urban runoff (Tirpak et al., 2019).  

Urban soils can, however, act as a source of nutrients or pollutants when the soil’s 

ability to filter them is compromised, and thus, the retention of pollutants can become 

an ecosystem disservice. Road salt can leach from urban soils into water courses, with 

riverine Cl- loading downstream of Calgary (Canada) attributed to increasing inputs of 

road salt (Kerr, 2017). Remediation of degraded urban soils often involves additions of 

compost that can lead to excess nutrient leaching and impacts on urban water quality. 

In a degraded urban soil experiment, N and P losses were considerable prior to 

vegetation establishment; however, once vegetation was established, N and P losses 

reduced to background levels (Basta et al., 2016). To reduce leaching risks, Heyman et 

al. (2019) identified a range of acceptable compost characteristics that would be 

beneficial for soil remediation without causing nutrient leaching. As with other land 

covers, plant type as well as litter inputs and the ratio of soil bacteria to fungi can also 

influence nutrient leaching. For example, urban soils with labile litter inputs and 

greater associated soil bacteria have been shown to leach more inorganic N than soils 

under recalcitrant, less readily decomposable litter, which have greater associated soil 

fungi (Vauramo and Setala, 2010). 
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Recycling of wastes and toxins 

Soil has the ability to degrade and decompose some waste and chemical contaminants; 

however, if levels are high and the soil holds onto large amounts, it can represent a 

source of contamination to people living in cities. Thus, contamination, in particular 

that of heavy metals, has driven much traditional research on urban soils due to the 

risks posed to human health (Bullock and Gregory, 1991; Li et al., 2018).  

Li et al. (2018) reviewed the range of organic and inorganic pollutants in urban soils 

and linked these to risks to human health. Studies highlighted by the literature search 

include those focused on heavy metals (Trammell et al., 2011; McClintock, 2015; Bretzel 

et al., 2016; Setala et al., 2017); polycyclic aromatic hydrocarbons (PAHs) (Lorenz et al., 

2006; Monserie et al., 2009); salts used for road de-icing (Bouraoui et al., 2019); and 

anthropogenic residues, including traces of actinolite and chrysotile, types of asbestos 

(Kopel et al., 2016), which further contribute to human health risks.  

These studies highlight contaminants present in urban soils, and that reducing public 

exposure to contamination is crucial. However, they do not typically frame the 

recycling, degradation and storage of contaminants as an ES provided by urban soil. 

Thus, while we know the levels at which substances become dangerous to human 

health, we do not necessarily study the soil’s ability to recycle them, store them, and 

prevent them from being available for human exposure. A small number of studies 

addressed this, for example, Wang et al. (2015) showed that soil’s natural attenuation 

capacity has strong potential to retain contaminants in urban areas and prevent public 

exposure; however, attenuation capacity is impacted by urban land use and the extent 

of soil sealing. More broadly, there is a need to highlight where urban soils are 

providing this service, protecting humans from exposure, or conversely where the 

service is compromised, provides a disservice, and urban soils pose a risk. 
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Carbon storage and GHG regulation 

A recent review by Vasenev and Kuzyakov (2018) found that urban soil C content may 

be higher than in natural soils, and combined with C accumulation through the soil 

profile to 100 cm, resulted in total C stocks 3-5 times greater in urban soils than natural 

soils. Across all climates and city sizes, residential areas showed the highest soil 

organic carbon (SOC) stocks while industrial zones and roadsides showed the highest 

inorganic C and black C stocks (Vasenev and Kuzyakov, 2018).  

Studies identified by the literature search illustrate a comparison between urban and 

non-urban soils for C storage. Urban park soils in Milan were found to have higher 

SOC stocks (0-40 cm) compared with croplands in the region, and comparable SOC 

stocks to other non-urban soils of the region (Canedoli et al., 2020). An analysis of 

Leicester (UK), including both vegetation and soils, found that urban SOC storage was 

significantly greater than in surrounding agricultural soils, and that 82% of the city’s 

overall organic C budget was stored in urban soils (Edmondson et al., 2012). However, 

in Harbin city (China), urban SOC stocks (0-20 cm) were lower than local natural 

forests (Lv et al., 2016). 

Within cities, urban land cover and vegetation type can influence urban soil C. 

Residential gardens and open spaces were found to have the highest total C stock (0-25 

cm) in Madison (USA) by Ziter and Turner (2018) who note the legacy effects of 

historical land uses on urban soils. In Leicester (UK), residential garden soil had higher 

SOC concentration than soil in public greenspaces (Edmondson et al., 2014b). Urban 

soil under trees has been shown to have higher soil C stock (0-30 cm) than soil under 

grass (Livesley et al., 2016); while Edmondson et al. (2014c) found that SOC 

enhancement was related to tree species, with SOC being lower under mixed 

woodland. Urban soil C storage may also be affected by the type of plant litter inputs, 

for example, greater soil C retention has been suggested as a result of slower 

decomposition under plants producing recalcitrant litter, such as Picea abies and 

Calluna vulgaris, compared to labile litter (Vauramo and Setala, 2011; Setala et al., 2016).  
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A consistent pattern between urbanisation and soil C has not been found. In Singapore 

roadsides, SOC was inversely related to urbanisation (Ghosh et al., 2016); while in 

gardens in Zurich it was found to be positively correlated with urbanisation density 

(Tresch et al., 2018). A notable impact of urbanisation is soil sealing, and while studies 

into sealed soil are limited, some illustrate that soil sealing reduces SOC (Wei et al., 

2013; Wei et al., 2014a). However, Edmondson et al. (2012) found no difference in SOC 

storage between greenspace soils and sealed soils at equivalent depths; and Vasenev 

and Kuzyakov (2018) note that cultural layers and buried horizons can contribute to 

sealed soil C stores being isolated but not depleted. 

Anthropogenic additions and imported fill materials can contribute varying levels of C 

to soils. For example, Herrmann et al. (2017) found imported fill soils had lower total C 

content than pre-existing soils, with large variability in the data. Engineering of urban 

soils has been considered to capture and store soil C using demolition materials. These 

can be rich in calcium and magnesium which capture atmospheric C through 

weathering and secondary carbonate mineral precipitation (Washbourne et al., 2012). 

In addition, black C, arising from incomplete combustion of fossil fuels, can 

accumulate in urban soil and is considered highly stable, and thus represents an 

important pool of soil C with long residence times (Canedoli et al., 2020). 

Only two of the 125 'quantified' papers measured GHG emissions. The New York City 

Afforestation Project recorded higher N2O emissions where shrubs and compost were 

not incorporated prior to tree planting, highlighting that plant and microbial uptake of 

inorganic N is important in regulating N2O losses from urban soils (Pierre et al., 2016). 

In urban lawns in Melbourne it was found that reducing irrigation and fertiliser helped 

mitigate GHG emissions in garden systems, however, this needs testing in other soil 

types and environmental conditions (Livesley et al., 2010). 

2.3.2.3 Provisioning services 

There was a notable lack of studies on provisioning services, particularly on food 

production, which is in contrast with most non-urban soil ES literature. As discussed in 
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section 2.3.1, urban food is a developed research area but was not studied specifically 

as an urban soil ES. This may be related to the common practice of importing materials 

used for urban food growing, such as compost or topsoil, thus giving the native soil 

less importance and consideration. Observations of food production were linked more 

to other services such as wellbeing or biodiversity, rather than solely quantifying the 

food itself. For example, in a study where radish Raphanus sativus were grown, the size 

of the food growing areas was shown to lack a correlation with the abundance and 

diversity of invertebrates, suggesting that even small food production sites can still 

provide ESs related to invertebrates (Biffi et al., 2019). Soil contamination can present a 

health risk from exposure, either from eating food grown in contaminated soil or from 

gardening and skin exposure to the soil. Issues around this can be low levels of concern 

and inconsistent knowledge of gardeners, barriers to conducting soil tests, and limited 

knowledge of best practice to reduce exposure (Kim et al., 2014).  

Only two papers in the literature search considered the physical support of urban soils 

as an ES, highlighting the hazards of urban soils with poor mechanical properties 

(Vallone et al., 2008) and risks associated with swelling soils and damage caused to 

infrastructure, urging the inclusion of soil functionality in urban development (Stell et 

al., 2019).  

2.3.3 Directions for future urban soil ES research  

The preceding literature analysis and summary highlight several gaps in knowledge 

and needs for future research. Here, we summarise a number of research gaps 

identified and discuss opportunities for future work and collaboration to enhance 

urban soil ES. 

2.3.3.1 Urban soil multifunctionality and trade-offs 

Urban areas exhibit high heterogeneity, and potential ES providing areas are required 

to provide for many and diverse users (Gomez-Baggethun et al., 2013). Enhancing 

urban soil ES provision is dependent upon the requirements of beneficiaries of those 



48 

 

services, as well as the management and treatment of the soil. Nonetheless, given the 

high density of people living in urban areas and wide range of urban soil ESs it is clear 

that multifunctionality is key; yet this analysis highlights that within the literature 

researched (section 2.3.1), only two papers studied four urban soil ESs together 

(Montgomery et al., 2016; Tresch et al., 2018) and one studied five (Míguez et al., 2020).  

To deliver multifunctionality and management win-wins it is necessary to deepen and 

integrate our understanding of urban soil ESs across disciplines and professions. 

Opportunities for this could arise though increased study of multiple functions and the 

inclusion of soil multifunctionality in planning and green infrastructure policy (Scott et 

al., 2018). These policies could strengthen the protection of existing, and provision of 

new, urban greenspaces that take account of multiple soil ESs. They could also 

encourage the protection of existing, and creation of new, urban woodland that aids 

runoff and stormwater regulation (Ziter and Turner, 2018; Phillips et al., 2019) and soil 

C storage (Edmondson et al., 2014b; Edmondson et al., 2014c; Setala et al., 2016). 

Integration of soil ESs into masterplanning and infrastructure projects is necessary to 

enhance ESs and reduce disturbance to soil functions. Landscape design that enables 

multiple functions would incorporate diverse vegetation across greenspaces, 

encouraging a range of microbial and fungal communities and the soil processes they 

provide (Hui et al., 2017; Tresch et al., 2019b). Management of urban greenspaces also 

plays a key role, through maintenance schedules and increasing organic matter to 

enable soil to perform numerous functions (Lorenz and Lal, 2015; Setala et al., 2017). 

Win-wins may arise through practices such as SuDs to enable water storage, reduce 

runoff and capture and filter pollutants; or the use of suspended pavement systems 

and new developments in tree pit design to enable greater water flow whilst also 

providing bioretention (Tirpak et al., 2019). 

However, as urban environments present such complexity, there will be decisions 

about trade-offs that need to be made. In contaminated soils there may be a choice 

between the mobility and leaching of contaminants or excess nutrients and improving 

drainage and infiltration. Choices of vegetation type can influence soil properties and, 
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therefore, urban greenspace planting can influence outcomes for soil functions and 

service delivery. While these choices have been considered in studies in specific 

contexts, there remains a gap in clarity over best practice for urban greenspace 

management and landscape design for the provision of multiple ESs and consideration 

of trade-offs according to ES requirements for different contexts.  

2.3.3.2 Gaps and Opportunities  

Beyond multifunctionality, which we identify as an overarching gap, the systematic 

review allows us to identify six further areas which we believe are key gaps and 

opportunities for future research. 

1. Water – whilst much work exists on SuDs and stormwater dynamics, it does 

not appear to be connected with the ES community. It is vital that urban soil 

water dynamics are recognised within ES assessments and in considering the 

benefits of urban green infrastructure. Connections between soil water 

researchers, SuDs practitioners and the ES community need to be strengthened 

to enable this important work to be shared. It is also necessary to consider the 

impacts of soil sealing, compaction and climate change on urban water 

dynamics for the future.   

2. Food – interest is increasing in urban agriculture and it is essential that it is 

connected with the urban soil ES community to ensure the wider benefits of 

urban soil are known. This will allow consideration of the environmental and 

social benefits of urban agriculture, as well as risks associated with 

contamination. It will also enable food growing to be quantified and captured 

more holistically, and key messages to reach urban planners and policy makers. 

3. Cultural – in securing these services for the future, it is vital that we capture the 

importance of urban soils for the range of cultural services it provides, whether 

through supporting provision of greenspaces for improved mental and physical 

heath, well-being through food growing, providing aesthetic or spiritual 

inspiration and sense of place, or through interpreting the layers of history that 
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soil stores through archaeology. It is especially necessary to take a holistic view 

of the variety of cultural and wellbeing services that urban soils provide, 

particularly as urban populations continue to grow, and to take them into 

account when considering benefits to people.  

4. Global research – much of the current work is focused on the USA, China or 

Western European countries. There is a need for research to expand into other 

global regions, such as Africa, South America and Australia and Oceania, to 

consider the impacts of urbanisation on soils in a range of climates and in 

different urban contexts. This is particularly important with increasing 

pressures on land as cities grow rapidly across the world.  

5. Interconnection between researchers and policy – there is a need to share 

quantification methods and findings across research disciplines and 

communities to enable the vast complexity of ES research to be shared and 

taken up by practitioners and policy makers. It is important that researchers 

work together and consider the impact of language and terminology on the 

uptake of research methods and findings, particularly in relation to planning 

and policy. This will also aid the study of multiple services and enable the 

uptake of methods by wider groups, NGOs, businesses and organisations.  

6. Drivers of change – future drivers such as soil sealing, climate change, and the 

use of Technosols need to be considered to allow us to gain insight into how 

urban ecosystems will function as these drivers exert increasing influence. 

There is also a need to take into account how ESs may be affected by the 

combined effects of these drivers of change.   

2.4 Conclusions 

Research into urban soil ESs is a new but growing body of work and is providing much 

needed information on how urban soils function within the complex, heterogeneous 

contexts of cities. Most of the research focuses on supporting processes and selected 

regulating services, such as C storage and recycling of wastes. While the emphasis on 

supporting processes provides us with data to understand urban soil processes, it does 
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not provide information that is easily used by those outside the soil science community 

and, thus, taken into urban planning and management. To address this, it is necessary 

for both supporting processes and ESs to be studied; and research into 

multifunctionality was highlighted as a key direction for the future. This would also 

address other gaps found in the literature, such as urban food growing, water 

dynamics and cultural services rarely being identified as services provided by urban 

soils. We hope that addressing these gaps will enable urban soils to be better 

understood and accounted for in the planning, design and management of urban areas 

in order to support future human wellbeing and urban ecosystem health.  
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3. The effects of sealing on urban soil carbon and nutrients 

O’Riordan, R., Davies, J., Stevens, C., and Quinton, J.N.  

This chapter has been published in SOIL (O’Riordan et al., 2021a). 

Abstract 

Urban soils are of increasing interest for their potential to provide ecosystem services 

such as carbon storage and nutrient cycling. Despite this, there is limited knowledge on 

how soil sealing with impervious surfaces, a common disturbance in urban 

environments, affects these important ecosystem services. In this paper, we investigate 

the effect of soil sealing on soil properties, soil carbon and soil nutrient stocks. We 

undertook a comparative survey of sealed and unsealed greenspace soils across the UK 

city of Manchester. Our results reveal that the context of urban soil and the 

anthropogenic artefacts added to soil have a great influence on soil properties and 

functions. In general, sealing reduced soil carbon and nutrient stocks compared to 

greenspace soil, however, where there were anthropogenic additions of organic and 

mineral artefacts this led to increases in soil carbon and nitrate content. Anthropogenic 

additions led to carbon stocks equivalent to or larger than those in greenspaces; this 

was likely a result of charcoal additions, leading to carbon stores with long residence 

times. This suggests that in areas with an industrial past, anthropogenic additions can 

lead to a legacy carbon store in urban soil and make important contributions to urban 

soil carbon budgets. These findings shed light on the heterogeneity of urban sealed soil 

and the influence of anthropogenic artefacts on soil functions. Our research highlights 

the need to gain further understanding into urban soil processes, in both sealed and 

unsealed soils, and the influence and legacy of anthropogenic additions on soil 

functions and important ecosystem services. 

3.1 Introduction 

To date, little attention has been given to urban soil and its functions, however, the 

importance of urban soil is increasingly being recognised due to its role supporting 
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sustainable urban development and the provision of soil ecosystem services in cities 

(Pavao-Zuckerman, 2012; Morel et al., 2015; Yang and Zhang, 2015; Vasenev et al., 

2018; Pouyat et al., 2020). In particular, interest has increased in the ability of urban 

soils to store carbon (C) and contribute to climate regulation, as well as cycling 

nutrients and supporting urban plant growth (Pouyat et al., 2006; Edmondson et al., 

2014a; Herrmann et al., 2017; Setala et al., 2017). The number of people living in urban 

areas is projected to grow, with almost 70% of the world’s population expected to live 

in urban areas by 2050 (United Nations, 2019). This expansion of urban areas will have 

consequences for soil and the ecosystem services it’s able to provide in urban areas.  

Urbanisation leads to highly heterogeneous soils that exhibit a wide range of soil 

properties (Lehmann and Stahr, 2007) and changes in soil structure such as alterations 

to soil horizons (Herrmann et al., 2018). It also leads to additions of anthropogenic 

materials known as artefacts, which include brick, concrete, metals and plastics 

(Bullock and Gregory, 1991; Lehmann and Stahr, 2007), as well as contamination with 

heavy metals which can alter nutrient cycles (Zhao et al., 2013), and organic and 

inorganic pollutants (Li et al., 2018). Increasing urbanisation will lead to increased soil 

disturbance, contamination and soil sealing with impermeable surfaces, such as roads 

and pavements (Scalenghe and Marsan, 2009; EU, 2012; Artmann, 2014). Soil sealing 

commonly involves the removal of topsoil, also known as scalping, where the upper 

part of the soil is removed down to the subsoil, thus creating a new soil surface 

(Lehmann, 2006). Sealing also leads to additions of anthropogenic materials to sealed 

soils, such as road foundation aggregates and other human-made artefacts, before it is 

then sealed with tarmac, concrete or paving slabs. As a result, sealing is likely to have 

large effects on soil functioning and the soil-mediated ecosystem services of C storage, 

water regulation and nutrient cycling.  

Recent studies have revealed the notable C storage potential of urban soils (Pouyat et 

al., 2006; Raciti et al., 2011; Lorenz and Lal, 2015; Vasenev and Kuzyakov, 2018), though 

less is known on the C storage of sealed soils. Early studies assumed low to zero 

storage of C beneath sealed surfaces (Bradley et al., 2005). However, more recent 
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research has illustrated that sealed soil C makes an important contribution to wider 

urban soil C stores (Edmondson et al., 2012; Cambou et al., 2018). Studies indicate that, 

in general, soil sealing leads to a reduction in soil organic carbon (SOC) (Raciti et al., 

2012; Wei et al., 2014a; Wei et al., 2014b; Piotrowska-Długosz and Charzyński, 2015; 

Vasenev and Kuzyakov, 2018). However, some studies have found similar SOC storage 

between sealed and non-sealed soils at equivalent depths, indicating that reductions in 

SOC stocks near the surface were a result of topsoil removal, while stocks in subsoils 

were no different (Edmondson et al., 2012; Cambou et al., 2018). Inorganic C (IC) also 

provides an important contribution to C storage in urban soils (Vasenev and 

Kuzyakov, 2018; Pouyat et al., 2020) however, IC is much less commonly studied in 

sealed soils. Therefore, the knowledge on soil C storage in sealed soils remains limited 

and there is a need to further understand the storage potential of sealed soil, the SOC 

and IC dynamics beneath sealed surfaces and how this contributes to wider urban soil 

C storage.  

Knowledge is also limited on the effects of soil sealing on nutrient stores; how 

anthropogenic activities may influence these and the subsequent consequences for 

urban soil nutrient cycling. A number of studies have revealed that sealing generally 

leads to a reduction in nitrogen (N) storage (Raciti et al., 2012; Wei et al., 2014a; Wei et 

al., 2014b; Piotrowska-Długosz and Charzyński, 2015; Majidzadeh et al., 2017), and it 

has been suggested that there is a decoupling of C and N in sealed soils (Raciti et al., 

2012; Wei et al., 2014b). The processes involved in nutrient cycling have, however, been 

less studied. Observations of N mineralisation and nitrification suggest that these 

processes are reduced by sealing (Zhao et al., 2012; Wei et al., 2014a), while 

observations of ammonium and nitrate levels have varied (Zhao et al., 2012; Martinová 

et al., 2016; Majidzadeh et al., 2018). We are yet to have a clear understanding of both 

the impacts of sealing on N cycling processes or the mechanisms behind these 

alterations. In addition, there is very limited research on phosphorus (P) in sealed soils, 

despite this being an important nutrient for plant productivity and water quality. 

Studies have observed higher Olsen P and extractable P in sealed soils (Wei et al., 
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2014a; Martinová et al., 2016; Majidzadeh et al., 2017; Majidzadeh et al., 2018); while 

one study found no difference in available P between sealed and unsealed soil 

(Piotrowska-Długosz and Charzyński, 2015). Therefore, the effects of urban soil sealing 

on soil P remain largely unclear. The availability of N and P has implications for SOM 

mineralisation and C storage, as well as soil nutrient status and leaching, and at 

present, knowledge on the dynamics between C, N and P in sealed soil is lacking. 

There is a need to further our understanding of C and nutrient stocks in sealed soils, to 

gain a clearer picture of how they contribute to C and nutrient stocks across the wider 

urban landscape, and what the implications are for urban soil ecosystem services. In 

this paper, we aim to investigate the effects of soil sealing on urban soils, their 

properties, and important soil functions including carbon storage and nutrient cycling. 

We hypothesise that sealed soils will have (i) lower soil C stocks, (ii) lower soil nutrient 

stocks, and (iii) altered nutrient dynamics compared to greenspace soils. To test these 

hypotheses, we undertook a comparative survey of soil C and nutrients in sealed and 

unsealed soils across the UK city of Manchester, constituting one of the largest studies 

of sealed soil to date. We measured soil pH, bulk density and moisture content to 

provide insights into soil properties; soil C stocks and extractable organic and 

inorganic C (hypothesis i); soil N and P stocks (hypothesis ii); and ammonium and 

nitrate content (hypothesis iii).  

3.2 Materials and Methods 

3.2.1 Study area  

Soils were sampled from Greater Manchester, a metropolitan region in the North West 

of the UK with a population of 2.8 million (ONS, 2021). The study focused on the wider 

city area within the M60 motorway and the town of Rochdale within the Greater 

Manchester Region (Fig. 3.1). The National Soil Map for England and Wales, via the 

Soilscapes Viewer online (Soilscapes, 2020), shows that the area east of the M60 has 

slowly permeable, seasonally wet, acid loamy and clayey soils. The south-west has 

naturally wet and very acid sandy and loamy soils; while the north-west and Rochdale 
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are a combination of slowly permeable, wet acid loamy and clayey soils with areas of 

floodplain soil with high groundwater, and areas of freely draining slightly acid sandy 

or loamy soils. 

 

Figure 3.1: Map showing sampling locations across the Greater Manchester Region. 

3.2.2 Soil Sampling  

Sampling was undertaken to allow a comparison of sealed and unsealed greenspace 

soils. Sampling was undertaken between July and September 2018. Sealed soils were 

sampled from roadworks or construction sites where work had recently opened up the 

sealed surface of roads and pavements. As such, the sampling strategy was 

opportunistic due to the constraints of accessing sealed soils during roadworks 

activity. Unsealed soils were sampled from the nearest greenspace, park or roadside to 

the sealed site, and samples were taken from within a grassed lawn area. The distance 

between sealed and greenspace sites varied with each sample (between 0.25 m – 330 m) 

and, therefore, they are not considered paired samples. All soils were sampled to a 

depth of 10 cm of available soil. In greenspaces, soils were sampled from open grassed 
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areas where litter consisted of roots and dead grass leaves. The turf and root mat were 

removed and the soil was sampled down to 10 cm. In sealed soils, imported 

construction materials consisted of limestone gravel or chips, construction rubble 

including brick or concrete, sharp sand, charcoal and ash. Profiles and horizons were 

not consistent across the sites due to the heterogeneous nature of soil sealing. In 

general, profiles consisted of a sealed surface, various layers of road or pavement 

foundation materials, and a clay rich subsoil underneath (see Fig. 10.1, Appendix 3). 

The depth of construction materials varied from 30-110 cm depth; most samples were 

collected between 60-80 cm depth, sampling the top 10 cm of available soil under the 

construction materials. This sampling method allowed a comparison between the top 

available soil in each profile to understand the properties and functions of each soil. At 

all sites two samples were collected, one using a metal bulk density core (6 cm 

diameter), and a second sample using a trowel for additional analyses using fresh soil. 

Samples were collected in plastic bags, kept in a cool box while transported, and 

refrigerated until fresh soil analyses were undertaken within one week. A total of 68 

sites were sampled, with 36 sealed samples and 32 greenspace samples.  

3.2.3 Soil Analysis 

3.2.3.1 Urban soil categorisation 

Urban soil often contains large amounts anthropogenic additions, or artefacts, which 

are human-made or derived materials and can include bricks, pottery, glass, crushed 

stone, charcoal cinders, wood or waste materials. Technosols are defined in the WRB as 

either containing large amounts of artefacts, having an impermeable geomembrane or 

having a technic hard material at the soil surface, such as concrete, asphalt or worked 

stone (FAO, 2015). All the sealed soil samples collected are considered Technosols as a 

result of the continuous hard sealed surface. However, we observed that some sealed 

samples contained numerous artefacts while others did not and, apart from being 

sealed, appeared relatively undisturbed by human activity. These artefacts appeared to 

be fragments of the materials used in road or pavement construction (see section 3.2.2) 

which had disintegrated and been mixed into the soil. The addition of artefacts can 
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considerably alter the properties and functions of soil, such as water holding, C storage 

or nutrient status. Therefore, the sealed samples were categorised into two types: those 

relatively undisturbed other than by sealing, herein referred to as sealed undisturbed 

soils (SU); and those with notable additions of anthropogenic artefacts, herein referred 

to as sealed anthropogenic soil (SA) (Fig. 3.2). 

Wet sieving was undertaken on subsamples of the sealed soils to distinguish between 

SU and SA soils. We used the proportion of material in the >200 μm fraction to 

determine the level of anthropogenic additions and serve as a proxy for the proportion 

of artefacts. Soils with visible artefacts exhibited more than 40 % of subsample mass in 

the >200 μm fraction; thus, subsamples with more than 40 % mass in the >200 μm 

fraction were classed as SA soils, and those with less than 40 % in the >200 μm fraction 

were classed as SU soils. The fragmentation of artefacts into smaller fractions made it 

impractical and inaccurate to use a measure the mass of artefacts alone. Using material 

>200 μm served to describe the samples well and enabled a consistent comparison 

between anthropogenic and undisturbed soils. 

 

Figure 3.2: Diagram showing soil profiles and sampling depths of the three soil categories. 
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3.2.3.2 Soil preparation and properties  

As urban soil commonly contains imported anthropogenic materials the in-situ 

volume, density and structural properties of the soil are related to these materials, and 

in some cases, they make up a large proportion of the soil. As such, we deemed it 

appropriate not to remove the coarse fraction above 2 mm prior to bulk density 

calculation to provide a representation of the in-situ soil. It is important to note, 

however, that using these bulk density measurements with coarse fractions may lead 

to an overestimation of carbon stock values if the soil contains many gravel sized 

artefacts. Bulk density cores were weighed, dried at 105 °C for 48 hours (due to high 

clay content) then re-weighed to enable calculations of bulk density and gravimetric 

soil moisture. They were then used to measure the proportion of material >200 μm by 

sieving to determine soils with anthropogenic additions. 

The second set of samples were used for the fresh soil analyses of pH, nitrate and 

ammonium extraction. For pH analysis, 10 g fresh soil was mixed with 25 ml distilled 

water, shaken on an orbital shaker for 30 minutes at 180 rpm and left to settle for 30 

minutes. The pH was then measured with a pH probe (Mettler Toledo, SevenCompact 

S220) at the soil-water interface. The remaining fresh sample was dried at 70 °C for 48 

hours. It was then homogenised using a pestle and mortar, passed through a 2 mm 

sieve, and subsamples were taken for analyses of total P, extractable OC and inorganic 

C. Further subsamples were then dried to 105 °C prior to CN analysis and loss on 

ignition. Many samples of sealed soil were high in clay and for this reason the method 

deviates from the traditional approach to sieving the samples prior to drying. 

3.2.3.3 Carbon and Nutrient Analysis  

To determine total C and N concentrations samples were dried at 105 °C for 24 hours, 

ball-milled to a powder and analysed for total C and total N concentration and CN 

ratio using a dry combustion CN analyser (El Vario analyser, Elementar, Hanau, 

Germany). Soil organic matter (SOM) was estimated using the loss on ignition (LOI) 

method described by Heiri et al. (2001). Samples were dried at 105 °C for 24 hours prior 
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to weighing, heating at 550 °C for 6 hours and re-weighing to determine the loss of 

SOM by weight as a percentage. 

Organic C (OC) and inorganic C rendered extractable to 0.5M K2SO4 were measured, as 

described by Vance et al. (1987) without fumigation with CHCl3 so as to measure non-

microbial biomass C. Briefly, the acidity of the K2SO4 was checked and adjusted to 

between pH 6.8–7 using NaOH. For the extraction, 5 g of dry soil was mixed with 20 

ml of K2SO4 (0.5M) and shaken on an orbital shaker for 1 hour at 180 rpm. It was left to 

settle for 10 minutes then filtered through a Whatman no. 42 filter. Filtrate was diluted 

1 part to 8 parts MQ water and analysed for extractable total and inorganic C in a TOC 

analyser (Shimadzu TOC-LCPN TN). Extractable OC is determined as total extractable C 

minus extractable inorganic C. 

Ammonium and nitrate pools were measured with the aim of understanding mineral 

N content and dynamics. The extraction was undertaken using 1M KCl as an extraction 

matrix (Kachurina et al., 2000; Saha et al., 2018). For extractions, 5 g of fresh soil was 

mixed with 25 ml KCl (1M) and shaken on an orbital shaker for 1 hour at 180 rpm. It 

was filtered through a Whatman no. 6 filter and filtrate was analysed for nitrate and 

ammonium using a colorimetric segmented flow analyser (AA3, Seal Analytical, 

Southampton, UK). Total phosphorus (P) content was analysed using a sulphuric acid / 

hydrogen peroxide digestion method by Rowland and Grimshaw (1985). For the 

digest, 0.2 g of dry ground soil was mixed with 4.4 ml digest reagent and heated gently 

until the vigorous reaction had subsided. Heat was increased to 400 °C and boiled for 2 

hours until the digest had cleared. Once cool samples were diluted to 50 ml with MQ 

water and filtered using a Whatman no. 6 filter. Filtrate was diluted a further five times 

and analysed for total P on a colorimetric segmented flow analyser (AA3, Seal 

Analytical, Southampton, UK). Soil total C, N and P stocks were calculated using bulk 

density values to a depth of 10 cm and C, N and P contents, as per the guidance from 

the FAO (2018). 
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3.2.4 Statistical Analysis  

Analysis was undertaken to determine the difference between sealed and greenspace 

soils, and also to determine whether there was a difference between the two categories 

of sealed soil, SU and SA soils. Data for the majority of variables did not exhibit a 

normal distribution according to the Shapiro-Wilks test. Therefore, all datasets were 

analysed using the non-parametric Kruskal Wallace test to identify significant 

differences between the three categories of soil, and the Dunn-Bonferroni post hoc test 

to determine where the significant difference was between soil categories. All analyses 

were undertaken in SPSS 26, and figures were produced using R version 4.1.0.   

3.3 Results  

Sealed samples were categorised into two groups, those that were relatively 

undisturbed other than by sealing, referred to as sealed undisturbed (SU) soils, and 

those with notable additions of anthropogenic material, referred to as sealed 

anthropogenic (SA) soils. Of the 36 sealed samples, 22 were classed as SU soils and 14 

were classed as SA soils. The results of the analyses are summarised in Table 9.1 in 

Appendix 2. Results are presented for soil properties, soil C and SOM analyses, 

nutrient contents and stoichiometry respectively.  
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3.3.1 Soil Properties 

Figure 3.3 summarises the soil properties across the sealed and greenspace categories. 

Both categories of sealed soil had significantly higher pH than the greenspace soil 

(p <0.001); while both had lower soil moisture, though only SA soil was significantly 

lower than greenspace soil (p = 0.006). Both pH and soil moisture data showed no 

significant difference between the two sealed soils, however, all three soils exhibited 

significantly different bulk densities (p <0.001) with SU soils having the highest bulk 

density and SA soil the next highest (Fig. 3.3 a, b). 

 

 

Figure 3.3: Soil properties: (a) pH, (b) bulk density (g/cm3) and (c) soil moisture content (%) 

for sealed undisturbed (SU; n=22), sealed anthropogenic (SA; n=14), and greenspace (GS; 

n=32) soils. Boxplots show upper and lower quartiles, whiskers show upper and lower 

most values, and horizontal line shows the median. Circled data points show outliers at 1.5 

times the IQR. Different letters indicate a statistically significant difference between soil 

categories at the 0.05 level. 
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3.3.2 Carbon  

Total C data indicated that SU soil had significantly lower total C concentration than 

both other soils (p <0.001), while SA soil was statistically no different to greenspace soil. 

Total C stock for the top 10 cm of soil exhibited a significant difference across all three 

soil categories (p <0.001) (Fig. 3.4 b), with SA soil having significantly greater total C 

stock than greenspace soil (8.06 kg m-2 ± 4.65 and 4.92 kg m-2 ± 1.11 respectively), and 

greenspace soil having significantly greater stock than SU soil (3.10 kg m-2 ± 1.45). SU 

soil had 37 % less total C stock than greenspace soil, while SA soil showed an increase 

of 64 % total C stock on that of greenspace soil.  

By contrast, SOM data indicated that both sealed soils had significantly lower SOM 

concentration than greenspace soil (p <0.001), and while SA did have greater SOM 

concentration than SU soil (7.06 % ± 3.20 compared to 5.00 % ± 1.29), there was no 

statistically significant difference between them (Fig. 3.4 c). SU soil had 55 % less, and 

SA soil 37 % less, SOM than greenspace soil. SA soils exhibited more variability in 

Total C stock data than in SOM values, with S.D. 4.65 for total C stock, and S.D. 3.20 for 

SOM concentration.  

Extractable C (K2SO4) was analysed to investigate the amount of extractable organic 

and inorganic C in the samples. In the sealed soils, 76-79 % of the extractable C was 

organic C, and 21-24 % was inorganic C. In the greenspace soils, 98 % of extractable C 

was organic C while only 2 % was inorganic C (Fig. 3.4 f). Both sealed soils exhibited 

significantly lower extractable organic C than greenspace soils (p <0.001), with no 

significant difference between the two sealed soils (Fig. 3.4 d). Extractable inorganic C 

was significantly higher in both sealed soils compared to greenspace soil (p <0.001), 

with, again, no significant difference between the two sealed soils. 
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Figure 3.4: Carbon measurements: (a) total C concentration; (b) total C stock; (c) organic 

matter concentration; (d) K2SO4 extractable organic C content; (e) K2SO4 extractable 

inorganic C content; and (f) mean K2SO4 extractable total C content; for sealed undisturbed 

(SU; n=22), sealed anthropogenic (SA; n=14), and greenspace (GS; n=32) soils. Stocks are 

calculated for the top 10 cm of available soil. Different letters indicate a statistically 

significant difference between soil categories at the 0.05 level. 
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3.3.3 Nutrients  

Both sealed soils exhibited significantly lower total N stock than greenspace soils 

(p <0.001), while the two sealed soils showed no significant difference between them 

(Fig. 3.5 a, b). SU soil had the lowest total N stock (81.20 g m-2 ± 22.47) followed by SA 

soil (90.11 g m-2 ± 28.38), with greenspace soil having the greatest total N stock 

(115.44 g m-2 ± 26.49). Total P stock showed a similar pattern, with both sealed soils 

exhibiting significantly lower total P stock than greenspace soil (p = 0.003) (Fig. 3.5 e, f). 

SU soil had the lowest total P stock (39.62 g m-2 ± 20.91), followed by SA soil 

(39.42 g m-2 ± 23.68), and then greenspace soil with the greatest total P stock (62.62 g m-2 

± 36.67).  

Analysis of ammonium and nitrate pools (NH4+ and NO3-) illustrated that SU soil 

contained greater ammonium content than SA or greenspace soils (Fig. 3.5 c), with a 

mean of 11.06 mg kg-1 (±15.52) compared to 2.53 mg kg-1 (±4.88) and 6.10 mg kg-1 

(±11.74) respectively; however, there was no statistically significant difference in 

ammonium between the three soils (p = 0.100). Conversely, SU soil exhibited 

significantly lower nitrate content compared to greenspace soil (p <0.001), while there 

was no significant difference in nitrate between the SA and greenspace soil (Fig. 3.5 d). 
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Figure 3.5: Soil nutrients: (a) total N concentration; (b) total N stock; (c) ammonium content; 

(d) nitrate content; (e) total P content; and (f) total P stock; for sealed undisturbed 

(SU; n=22), sealed anthropogenic (SA; n=14), and greenspace (GS; n=32) soils. Stocks are 

calculated for the top 10 cm of available soil. Different letters indicate a statistically 

significant difference between soil categories at the 0.05 level. 
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3.3.4 Stoichiometry  

The C:N ratio was significantly higher in SA soil than SU or greenspace soil (p <0.001), 

and C:N ratio data for SA soil exhibited much greater variability than that of SU or 

greenspace soil (SD = 40.45; 12.44 and 6.99 respectively). There was no significant 

difference between the C:N ratios of SU and greenspace soils (Fig. 3.6 a). The C:P ratio 

showed a similar pattern, with SA soil having a much higher C:P ratio than SU or 

greenspace soil (p <0.001); while there was no significant difference between the SU 

and greenspace soils (Fig. 3.6 b). There was no significant difference in N:P ratio 

between the three soil categories (Fig. 3.6 c).  

Correlation analysis highlighted how SA soil differed from SU and greenspace soil in 

the relationship between total C and total N, and total C and total P. In SA soil, the C:N 

and C:P ratios were both significantly greater than those in SU and greenspace soil 

(Fig. 3.6 a, b); while the N:P ratio showed no significant difference across all three soils 

(Fig. 3.6 c). There were significant positive correlations between total C and N for all 

three soils (p <0.001). Figure 3.6 d shows the difference in correlations, illustrating that 

in SA soil, total C increased markedly though total N did not; while in greenspace soil, 

both total C and N increased in concordance. SU soil exhibited a positive relationship 

between total C and N to a lesser degree. A similar pattern was seen in total C and total 

P correlation (Fig. 3.6 e), however SU soil exhibited a similarly positive relationship 

between total C and P to that seen in greenspace soil (p <0.001 and p = 0.019 

respectively). SA soil did not show a significant correlation between total C and P. 

Correlation between total N and total P (Fig. 3.6 f) illustrated relatively strong positive 

correlations in both SU and SA soils (p <0.001 and p = 0.007 respectively), though no 

significant correlation was seen in greenspace soil. 
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Figure 3.6: Stoichiometry: (a) C:N ratio; (b) C:P ratio; (c) N:P ratio; correlations of (d) C and 

N, (e) C and P, and (f) N and P; for sealed undisturbed (SU; n=22), sealed anthropogenic 

(SA; n=14), and greenspace (GS; n=32) soils. Different letters indicate a statistically 

significant difference between soil categories at the 0.05 level. 

 

3.4 Discussion  

3.4.1 Sealed soil C stocks  

We set out to test hypothesis i, that sealed soils will have lower C stocks than 

greenspace soils. The sealed soils (SU) exhibited significantly lower C stocks than 

greenspace soils (section 3.4.1.2). However, in sealed soils with anthropogenic 

additions (SA), C stocks were greater than in greenspace soils (section 3.4.1.1). 

Therefore, the hypothesis was rejected given that not all sealed soils exhibited lower 

soil C stocks. However, the context and treatment of the soil was important as sealed 

soils without anthropogenic additions had significantly lower C stocks.  
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3.4.1.1 SA soil and anthropogenic additions 

We found that where there are additions of anthropogenic material to sealed soils, they 

can provide notably large soil C stores. Our results indicate that SA soil had much 

greater total C stocks than greenspace soil, and also greater SOM contents than SU soil, 

though this was not statistically significantly. SA soil had total C stock of 8.06 kg C m-2 

between 0 and 10 cm depth which is markedly greater than published data for sealed 

soils to date, while SU soil stored 3.10 kg C m-2, which is comparable, while still larger, 

than most existing sealed soil C observations. Previous studies have observed stocks of 

2.35 kg OC m-2 between 0-20 cm in Nanjing City, China (Wei et al., 2014a); 

2.29 kg OC m-2 between 0-15 cm in New York (Raciti et al., 2012); and 1.25 kg C m-2 

between 0-10 cm in Alabama, USA (Majidzadeh et al., 2017). In Leicester, UK, 

Edmondson et al. (2012) found stores of 6.7 kg OC m-2 between 40-100 cm under roads, 

which at equivalent depths to this study would also represent smaller C stocks than SA 

soil. It is likely that the large discrepancy between SA stocks and previous observations 

is due to the anthropogenic additions of C to the SA soil. This suggests that materials 

used in road construction and artefacts added to the soil can contribute significant 

amounts of C to sealed soil. This flow of materials into soil is commonly cited as a key 

characteristic of urban soils, in particular Technosols, and leads to the mixing of these 

materials into soil horizons (Bullock and Gregory, 1991; Weil and Brady, 2017; 

Herrmann et al., 2018). This highlights the need to consider history, land use and 

archaeology alongside soil science when studying urban soils (Lehmann and Stahr, 

2007; Ziter and Turner, 2018). The influence of human activity on urban soil has been 

termed a ‘cultural layer’ which can contribute to urban soil C stores (Vasenev et al., 

2013), and, as illustrated by our results, can create a legacy of C storage.  

In contrast to the high total C values, SA soil had lower SOM and extractable OC 

content than greenspace soil. This suggests that some of the total C measured was not 

detected in the SOM or extractable OC analyses and, thus, was a more stable form of 

OC or inorganic C. During the sealed soil categorisation (section 3.2.3.1) anthropogenic 

artefacts were found which would contribute to stable OC or inorganic C in the soil, 
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such as charcoal, concrete and limestone rubble. Charcoal cinders were historically a 

plentiful waste product from industry and coal power stations in the UK through the 

nineteenth and twentieth centuries, and were commonly used as a base layer on top of 

subsoil in road construction in the UK and US (MacBride, 2013). This stable OC would 

not have been detected in extractable OC analysis; and it may also not have been 

completely combusted at the temperatures used in LOI as recalcitrant OC, such as 

black C, can burn to approximately 600 °C (Edmondson et al., 2015). These charcoal 

cinder additions provide similar recalcitrant OC storage to that of black C, which is 

ubiquitous in unsealed urban soils as a result of traffic and fossil fuel burning 

(Hamilton and Hartnett, 2013). Black C plays an important role in soil C storage due to 

its long residence time and its protection from rapid decomposition (Kuzyakov et al., 

2014; Lehmann et al., 2015), allowing it to contribute to stable long-term urban C stores. 

The contribution of black C to urban soil is a small but important area of study 

(Rawlins et al., 2008; Edmondson et al., 2015; Schifman et al., 2018), however, at present 

little is known about black C or charcoal within sealed soils. Our results illustrate that 

historical human activity may have contributed notable amounts of stable OC to sealed 

soils in the UK and possibly the US, and that these likely make a significant 

contribution to urban soil stable C stores in these areas. This has also been observed in 

New York, where Technosols formed from coal ash exhibited much higher OC stocks 

than other soils, illustrating that human transported materials can be a source of high 

OC stocks (Cambou et al., 2018). However, further work on the stability of sealed soil 

OC is needed to fully understand the C dynamics and long-term impacts on C storage.  

Some of this additional stable C may also have come from recalcitrant IC sources. IC, 

such as carbonate, does not thermally decompose until reaching temperatures of 

approximately 700-800 °C (Washbourne et al., 2012; Edmondson et al., 2015) and thus 

would also not be captured in LOI analysis. In addition, K2SO4 extraction of IC may not 

have extracted all recalcitrant IC in the sample. We found high IC content in our sealed 

samples, consistent with other observations of urban soils, which is due to the 

weathering of calcium minerals from concrete (Washbourne et al., 2015; Weil and 



71 

 

Brady, 2017) and the use of calcareous materials such as cement-based rubble and 

limestone in road subbase layers, which add calcium and carbonates to urban soil 

(Shaw and Reeve, 2008; Kida and Kawahigashi, 2015; Asabere et al., 2018). Soil IC 

stocks make an important contribution to sealed soils and subsoils in cities, 

highlighting their importance as hidden stocks in C assessments (Vasenev and 

Kuzyakov, 2018). The importance of calcium rich minerals and dissolved carbonates in 

urban soil have been highlighted for the removal of CO2 to form calcium carbonate 

(Washbourne et al., 2015; Jorat et al., 2020); a process that is also being promoted for 

agricultural soils as a carbon capture mechanism (Beerling et al., 2020). While little is 

known about water or air flow under sealed surfaces, this process has been observed in 

sealed soil where cracks in paving have allowed water to infiltrate, and dissolved 

calcium reacted to form calcium carbonate which then moved into deeper soil horizons 

(Kida and Kawahigashi, 2015). At present, the extent to which this process is occurring 

in sealed soils is unknown.  

3.4.1.2 SU soil compared to greenspace soil 

The SU soil had been sealed and remained largely undisturbed and altered by human 

activity following sealing. In comparison with greenspace soil, SU soil exhibited 

reduced C stocks, a pattern that has been seen in most other studies of sealed soil 

(Raciti et al., 2012; Wei et al., 2014a; Wei et al., 2014b; Majidzadeh et al., 2017; 

Majidzadeh et al., 2018). Our results showed a reduction of 37 % of C stock in SU soil 

compared to greenspace soil, a notably smaller reduction than that seen in other 

studies, where reductions were 66 % in New York (Raciti et al., 2012); 68 % in China 

(Wei et al., 2014b); and 61.86 % (Majidzadeh et al., 2017). However, a review by 

Vasenev and Kuzyakov (2018) found that on average, at 50-100 cm depth, sealed soil 

OC stocks were 25 % lower than under lawns, but 10 % higher than under trees and 

shrubs. This suggests that C losses may be smaller further down the soil profile, and 

additionally, that the context of the unsealed greenspace soil is important when 

making comparisons. Indeed, many greenspace soils are also influenced by urban land 

use and anthropogenic additions, whether directly or indirectly, and may also exhibit 
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altered C stocks as a result (Ziter and Turner, 2018; Canedoli et al., 2020). Despite our 

results showing smaller soil C stocks in SU soil than greenspace soil (3.10 kg C m-2 and 

4.92 kg C m-2 at 0-10 cm), our SU soil C stocks were still greater than other published 

sealed C stocks (reported in section 3.4.1.1); and were comparable to those reported for 

greenspaces in Alabama, at 3.38 kg C m-2 at 0-10 cm (Majidzadeh et al., 2017), and 

Nanjing City, at 4.52 kg C m-2 at 0-20 cm (Wei et al., 2014a).  

Due to the excavation of topsoil for road construction, the sealed soil studied is 

typically from deep in the soil profile. Deep urban soils beyond 50 cm depth are rarely 

studied, particularly so for sealed soils, however they form a very large proportion of 

the urban soil profile and play an important role in urban soil C storage (Cambou et al., 

2018; Vasenev and Kuzyakov, 2018). Our larger sealed soil C stocks may be a result of 

various factors. It has been suggested that sealing prevents decomposition due to 

sealed soil being isolated from the atmosphere and creating unfavourable conditions 

for microbes (Raciti et al., 2012; Piotrowska-Długosz and Charzyński, 2015) and thus, 

while sealing may isolate subsoil C stocks from litter inputs and decomposition, it does 

not necessarily deplete them (Vasenev and Kuzyakov, 2018). It is likely that the SU soil 

C stocks are a result of the high clay content of the sealed soil, as clay soils can provide 

high C stabilisation due to organo-mineral complexes which protect C from 

decomposition (Hassink, 1997; Six et al., 2002; Lorenz et al., 2008). However, the 

addition of anthropogenic C to road subbases, as previously discussed for SA soil, may 

also have contributed to the SU soil C stocks through transport of C. Little is known 

about the movement of water and dissolved nutrients through sealed soil, though it 

has been suggested that dissolved C may travel into sealed soils from more C rich 

unsealed areas (Majidzadeh et al., 2017; Pereira et al., 2021); and dissolved charcoal is 

known to be mobilised in soils where there is water flow (Jaffé et al., 2013). Overall, the 

findings for SU soil C stocks support the argument that sealed subsoil C plays an 

important role in urban soil C storage and should be included in urban soil C 

assessments. 
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3.4.2 Nutrient stocks are lower in sealed soils   

Stocks of total N and total P were significantly smaller in both sealed soils compared to 

greenspace soil. Therefore, we can accept hypothesis ii, that sealed soils have lower soil 

nutrient stocks than greenspace soils. The findings for N stocks corroborate those of 

other sealed studies, where N content and stocks have been consistency lower than in 

unsealed soils (Raciti et al., 2012; Wei et al., 2014a; Wei et al., 2014b; Piotrowska-

Długosz and Charzyński, 2015; Majidzadeh et al., 2017). This is potentially due to the 

loss of N as a result of topsoil removal during the sealing construction process and the 

consequent lack of litter inputs following sealing. The reduction in plant growth and 

organic matter inputs will lead to low levels of substrate and low rates of 

mineralisation and nitrification, impacting nutrient stocks. It has also been suggested 

that N content may be reduced in sealed soils due to aqueous losses of dissolved N, or 

gaseous losses as a result of denitrification (Raciti et al., 2012). 

The C:N ratio was notably higher in SA soil than both other soils, likely as a result of 

additions of anthropogenic C, and correlation analysis showed there were significant 

positive relationships between C and N in both sealed soils and greenspace soil. This is 

in contrast to previous studies that found no relationship between C and N in sealed 

soil (Raciti et al., 2012; Majidzadeh et al., 2017); while one study found sealing led to a 

lower C:N ratio, with lower C explained by a lack of organic matter inputs, and a 

disruption in the relationship between C and N (Wei et al., 2014b). It has been 

suggested that sealing decouples C and N (Raciti et al., 2012; Wei et al., 2014b), an 

assertion which is supported by the C:N ratio seen here in SA soil, however, the strong 

positive correlation between C and N in both SU and SA soil suggest this decoupling 

may not always occur in sealed soils.  

Studies of total P stocks are rare in sealed soils. We found that sealing significantly 

reduced total P stocks in both sealed soils compared to greenspace soil. These findings 

are contrary to other observations of P, where Olsen P concentration was greater in 

sealed soils (Wei et al., 2014a; Martinová et al., 2016); and P extracted using the 
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Mehlich-1 method was greater in soils of crawl spaces beneath houses than in adjacent 

lawns (Majidzadeh et al., 2017; Majidzadeh et al., 2018). These observed increases have 

been explained by the absence of P uptake by plants, and reduced loss of P by leaching 

or runoff (Wei et al., 2014a; Majidzadeh et al., 2018). In addition, P may be higher in 

some studies where sealing has occurred more recently, as urban greenspace soils can 

have high P contents (Qin et al., 2019), however, the length of time sealed was not 

included in this study. In a study in Poland, no difference in available P content was 

observed between sealed and unsealed soil, though semi-pervious soil did have a 

slightly lower P content (Piotrowska-Długosz and Charzyński, 2015). Our results may 

differ from other studies due to the difference in analysis method and the form of P 

analysed. In addition, some of the differences may be attributable to notable climatic 

differences between the study locations.  

3.4.3 Sealed soil nutrient dynamics  

We set out to test hypothesis iii, that sealed soils will exhibit altered nutrient dynamics 

compared to greenspace soils. In sealed undisturbed soils (SU) mineral N dynamics 

were altered, with significantly lower nitrate content and higher ammonium content, 

though this was not significant. However, in SA soils with additions, the nitrate and 

ammonium contents were comparable to greenspace soils and the effect of sealing 

appeared to be mediated. Therefore, hypothesis iii was rejected given that nutrient 

dynamics did not appear to be altered in all sealed soils. However, the context of the 

soil was important as nutrient dynamics did appear to be altered in SU soils.   

The presence of ammonium in SU soil suggests that mineralisation had occurred in this 

soil to some degree, however, it is unknown whether this had occurred previously, 

utilising SOM leftover prior to sealing, or whether the process was ongoing. Potential 

N mineralisation has been observed to be significantly lower in sealed soil (Zhao et al., 

2012), though some have found no significant difference in N mineralisation or 

inorganic N levels between sealed and unsealed soil (Wei et al., 2014a). It has been 

suggested that nutrient deficiency in sealed soils may stimulate microbes to decompose 
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any available N into ammonium for their survival, and that anaerobic conditions may 

promote the conversion of nitrate to ammonium by nitrate reductase or to N2O gas 

through denitrification (Norton and Stark, 2011; Raciti et al., 2012; Zhao et al., 2012). 

Ammonium can also accumulate in soil as a result of sorption to clay minerals 

(Sahrawat, 2008; Nieder et al., 2011; Weil and Brady, 2017); and exchangeable 

ammonium has been seen to increase following vegetation removal, perhaps due to 

reduced plant uptake, death of root material and decreased transpiration leading to 

more water movement in soil (Page, 2004), processes which may also occur in sealed 

soil. 

Average nitrate content for greenspace and SA soils were similar to previous urban soil 

nitrate observations, which range from 3.3 mg kg-1 for bare soil in Beijing (Zhao et al., 

2012), to 8.7 mg kg-1 for park soil in Leuven, Belgium (Martinová et al., 2016). There 

was variation between the two sealed soils, with SU soil having significantly lower 

nitrate content than greenspace soil and SA soil showing no significant difference to 

greenspace soil. In the SU soil, it is possible that sealing conditions restricted the 

growth of the microbial community (Lorenz and Lal, 2009), thus preventing 

nitrification. SU soils exhibited high bulk density suggesting the soil is compacted and 

may be limited in oxygen. The presence of oxygen is a key control in nitrate production 

(Sahrawat, 2008; Weil and Brady, 2017), and compacted soils typically have lower 

aeration, soil moisture and reduced rates of nitrification (De Neve and Hofman, 2000). 

Our data for SU soil supports findings from previous sealing studies, where 

nitrification and other microbial activities were notably reduced by sealing (Zhao et al., 

2012; Wei et al., 2014a; Pereira et al., 2021). There is also the possibility that our low 

nitrate content was a result of losses due to denitrification or leaching of dissolved 

mineral N, as suggested by Raciti et al. (2012). The high pH of the SU soil and the 

presence of redoximorphic features exhibited by these samples both suggest reduction 

conditions and anoxic patches, within which denitrification could occur. As such, the 

low nitrate content in SU soil may have been due to reduced nitrification or increased 
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denitrification, both of which can occur at low oxygen concentrations (Norton and 

Stark, 2011).  

Conversely, the SA soil exhibited slightly higher nitrate content than SU soil and 

showed no difference to greenspace soil. This may be a result of numerous factors. 

Bulk density was lower in SA soil suggesting improved aeration and greater oxygen 

levels than in the SU soil. This could lead to conditions sufficient for nitrification in SA 

soil leading to the slightly higher nitrate levels, or alternatively, the reduction of 

denitrification conditions which would lead to reduced nitrate losses as N2O gas. In 

addition, charcoal added to soil has been found to alleviate factors that inhibit 

nitrification (Abdelrahman et al., 2018), suggesting there may be benefits for nitrate 

levels from the anthropogenic additions of charcoal to the SA soil. As seen in our 

findings, soil nutrient dynamics within sealed soils remain largely unknown, 

highlighting the importance of further research into sealed soil processes and the 

potential effects of anthropogenic materials on these important soil functions.  

3.5 Conclusions 

This study has found a number of widespread effects of sealing on soil properties, 

carbon storage and nutrient dynamics. We set out to test the hypotheses that sealed 

soils would have (i) lower soil C stocks, (ii) lower soil nutrient stocks, and (iii) altered 

nutrient dynamics compared to greenspace soils. Soil properties were significantly 

affected by soil sealing, leading to higher pH, lower soil moisture and higher bulk 

density than in greenspace soils. Sealed undisturbed soils had lower carbon stocks than 

greenspace soils. However, this study has highlighted for the first time, the potential 

importance of anthropogenic additions to sealed soil carbon stocks. We found that 

anthropogenic additions of C-rich materials to sealed soils can lead to notably large soil 

C stocks, in some cases larger than greenspace soils, forming a legacy C store under 

sealed surfaces. As such, hypothesis i was rejected given that not all sealed soils 

exhibited lower soil C stocks. This highlights that land development history is 

potentially an important control on urban soil C storage and its heterogeneity within, 
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and between, cities. Our findings also indicate that this legacy C storage in sealed soils 

may include stable OC with long residence times as a result of historic OC additions in 

areas with an industrial past. However, further work into anthropogenic additions and 

the long-term OC stability and storage capabilities of sealed soil is needed to provide 

more detailed information. Further research into the effect of anthropogenic additions 

on OC stability and storage across the wider urban landscape, including greenspace 

and sealed soils, would provide a more complete picture of urban soil OC storage. 

Inorganic C also contributes to the legacy C store in sealed soils due to the weathering 

of minerals from concrete and calcareous materials; and the potential for atmospheric 

CO2 removal due to calcium carbonate production in sealed soils is another area in 

need of further investigation. Sealed undisturbed soils had altered mineral N 

dynamics, exhibiting lower nitrate and higher ammonium content than greenspace 

soils. However, sealed soils with anthropogenic additions had similar nitrate and 

ammonium contents to greenspace soils. As such, hypothesis iii was rejected given that 

nutrient dynamics were not altered in all sealed soils, and the additions appeared to 

mediate the effect of sealing. This may have been a result of improved soil structure 

and conditions for nitrification, or a lack of conditions leading to denitrification 

compared to relatively undisturbed sealed soils. Where sealed soils remained relatively 

undisturbed and altered by human additions, carbon, N and P stocks were all lower, 

and as such, hypothesis ii was accepted. Overall, this study points to a need to 

understand how land development history influences sealed soil functioning, and for 

further studies that advance our understanding of carbon stocks, carbon stability and 

nutrient dynamics in sealed soils of different contexts. 
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4. The persistence of soil carbon across urban greenspaces and sealed 

surfaces 

O’Riordan, R., Davies, J., Stevens, C., and Quinton, J.N. 

Abstract 

Urban soils are of increasing interest for their ability to store large amounts of organic 

carbon. In urban areas, soils are affected by urbanisation in numerous ways, including 

the sealing of soil with impervious surfaces and the addition of anthropogenic 

materials such as construction rubble and waste materials. These anthropogenic 

influences alter the soil’s ability to store carbon. However, despite the recent interest in 

urban soils, little is known about the impact of urbanisation on the long-term 

persistence of soil carbon, and in particular the stability of carbon in sealed soils. In this 

study, we investigate the functional pools of soil organic matter (SOM) in soils from 

urban greenspaces and under sealed surfaces. We separated particulate organic matter 

(POM) and mineral-associated organic matter (MAOM) pools to provide insights into 

soil carbon persistence and stability. We found that sealing negatively affected soil 

organic carbon storage across both functional SOM pools, illustrating the depletion of 

the persistent MAOM pool of organic carbon. In some instances, anthropogenic 

additions to sealed soils added legacy black carbon which increased the POM pool but 

did not contribute to increased organic carbon in the MAOM pool. Functional SOM 

patterns in urban greenspace soils highlighted the importance of these soils for 

persistent soil organic carbon storage with long residence times. However, 

anthropogenic additions to greenspace soils reduced N stocks, N in the MAOM pool, 

and dissolved organic carbon, highlighting the potential long-term negative impacts of 

urbanisation on ecological processes, nutrients and OC stores. Our findings highlight 

the consequences of both sealing and anthropogenic additions on long-term soil carbon 

persistence and the ecological processes occurring in sealed and urban greenspace 

soils.   
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4.1 Introduction 

Soil organic matter (SOM) is an important soil property due to its contribution to soil 

carbon (C) storage and climate regulation, as well as supporting numerous other soil 

ecosystem services (Lorenz and Lal, 2015; Milne et al., 2015; Masciandaro et al., 2018). 

Urban soils have been increasingly studied for their potential to store large amounts of 

organic carbon (OC) and provide other ecosystem services associated with SOM 

(Pouyat et al., 2006; Qian and Follett, 2012; Edmondson et al., 2014a; Lorenz and Lal, 

2015; Vasenev and Kuzyakov, 2018; Pouyat et al., 2020; O'Riordan et al., 2021a - chapter 

3).  

To date, few studies have considered urban soil OC across both urban greenspaces and 

under sealed surfaces such as roads and built surfaces (Edmondson et al., 2012; 

Cambou et al., 2018). Soil nitrogen (N) plays a key role in soil OC sequestration in 

many ecosystems due to its limitation on both primary productivity and microbial 

decomposition, therefore, it is necessary to consider N when investigating OC storage 

(Groenigen et al., 2006; Tipping et al., 2017; Averill and Waring, 2018; Davies et al., 

2021; Rocci et al., 2021), as well as the influence of the urban environment on this 

relationship (Lorenz and Lal, 2009). Sealed surfaces often cover more than 50% of a city 

(Fuller and Gaston, 2009) and as urban areas are set to keep expanding, it is expected 

that sealing will become one of the key threats to soil sustainability (Seto et al., 2011; 

EU, 2012). When sealed surfaces are constructed, topsoil is removed before subsoil is 

compacted, road foundations are built and it is sealed with impermeable surfaces 

(Scalenghe and Marsan, 2009). In general, soil sealing reduces soil C and N storage 

(Raciti et al., 2012; Wei et al., 2014a; Wei et al., 2014b; Majidzadeh et al., 2017; 

Majidzadeh et al., 2018), with studies finding that sealing reduces soil C by between 

37 - 68 % (Wei et al., 2014b; O'Riordan et al., 2021a - chapter 3). Sealing has also been 

shown to reduce microbial biomass and activity in sealed soils (Zhao et al., 2012; Wei et 

al., 2014a; Piotrowska-Długosz and Charzyński, 2015; Pereira et al., 2021). However, a 

small number of studies have challenged the assumption that sealing always leads to 

lower C stores. While soil C is lost during sealing as a result of topsoil removal, C 
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stocks in the remaining soil are not always lower than greenspace soils (Edmondson et 

al., 2012; Cambou et al., 2018). When subsoil is taken into consideration, sealed soils 

can contribute notable soil C stores, and it has been suggested that sealing may isolate 

these from decomposition (Vasenev and Kuzyakov, 2018). 

In urban areas, both greenspace and sealed soils are highly altered by human activities 

and their properties can be dominated by the addition of anthropogenic materials 

(Lehmann and Stahr, 2007; Pavao-Zuckerman, 2012). As a result of human activity and 

construction work, urban soils can also experience the mixing or burial of soil horizons 

(Weil and Brady, 2017; Herrmann et al., 2018) and the addition of anthropogenic 

materials into native soils (Vasenev et al., 2013; O'Riordan et al., 2021a). The effect of 

these additions to urban soils has been well studied in relation to human health and 

the increase in heavy metals and persistent organic pollutants (Li et al., 2018; Li et al., 

2019; Brevik et al., 2020). However, additions can also contribute and alter C or N 

cycles and this has been less well-studied. Carbon and N can be added to urban soils 

from current or historical sources, such as atmospheric deposition (Tipping et al., 

2017), brake ware (Grigoratos and Martini, 2015) or black C (pyrogenic C) which is a 

product of incomplete combustion of fossil fuels and biomass (Bird et al., 2015). Black 

C is ubiquitous in urban soils as result of historical soot emissions from heavy industry 

and power generation and can contribute more than 25% of the total urban soil OC 

pool (Novakov and Hansen, 2004; Edmondson et al., 2015; Schifman et al., 2018). Black 

C can contribute stable, recalcitrant forms of C to the soil which persist in soils despite 

not being associated with soil minerals (Marschner et al., 2008). Black C (in the form of 

biochar) has also been found to increase microbial biomass and activity due to its 

ability to alter soil pH, structure and nutrients (Zhang et al., 2018) and provide a labile 

C source for microbes (Cross and Sohi, 2011). Therefore, there is a need to consider the 

historical and cultural influence on urban soil carbon and the impacts of anthropogenic 

additions on soil functions (Vasenev et al., 2013; Ziter and Turner, 2018; Cambou et al., 

2021). At present, we have little knowledge of the impacts of these additions on urban 

soil C and N storage and OC stability.  
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The persistence of organic matter (OM) in soil occurs due to chemical association with 

clay minerals, physical protection through aggregation, or biochemical stabilisation 

due to the recalcitrance of SOM compounds (Six et al., 2002). Current understanding is 

that SOM stability is determined by the accessibility of SOM to microbial 

decomposition and the soil environment, while the inherent recalcitrance of 

compounds is of less importance in controlling stabilisation (Elliott and Cambardella, 

1991; Lützow et al., 2006; Marschner et al., 2008; Schmidt et al., 2011; Dungait et al., 

2012; Hoffland et al., 2020; Lehmann et al., 2020). Recent frameworks have sought to 

separate SOM into functional pools to gain insights into SOM dynamics. These 

functional pools of particulate organic matter (POM) and mineral-associated organic 

matter (MAOM) can inform our understanding of SOM in the context of OC storage, 

OC persistence and soil functions (Janzen, 2006; Lopez-Sangil and Rovira, 2013; 

Trigalet et al., 2017; Cotrufo et al., 2019; Lavallee et al., 2020; Rocci et al., 2021). In the 

MAOM pool, protection by association with clay minerals arises due to the formation 

of organo-mineral complexes and is considered to be the most important mechanism 

for stabilising OC with long residence times (Mikutta et al., 2006; von Lützow et al., 

2007; Kögel-Knabner et al., 2008; Poeplau et al., 2018). MAOM is largely made up of 

microbially-derived products and, as such, is a result of microbial activity (Kleber et al., 

2015; Cotrufo et al., 2019). Alternatively, POM, made up largely of plant-derived 

material, can be free or occluded within macro-aggregates and while it may have some 

protection by aggregation, it is considered more accessible to microbes (Baldock and 

Skjemstad, 2000; Christensen, 2001; Six et al., 2001; von Lützow et al., 2007; Averill and 

Waring, 2018). However, its presence plays an important role in supporting SOM 

functions such as water holding, nutrient cycling and erosion resistance (Schmidt et al., 

2011; Milne et al., 2015; Baveye et al., 2020).  

Very few papers have considered the stability of OC in sealed soils (Wei et al., 2014b) 

and to our knowledge, no studies have yet considered the functional pools of SOM 

across both greenspace and sealed soils to understand OC persistence. In this study, 

we investigate the effects of sealing and anthropogenic additions on soil C stability, 
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and use SOM functional pools to gain insights into OC persistence. Our research 

questions are: 1) What are the effects of sealing on urban soil OC and N persistence; 

and 2) what do anthropogenic additions to urban soils mean for soil C, N and OC 

persistence across sealed and greenspace soils? We hypothesise that (i) sealed soils will 

have less OC in the MAOM than greenspace soils and therefore less persistent OC; and 

(ii) soils with anthropogenic additions will have more OC in the MAOM and therefore 

more persistent OC in both sealed and greenspace soils. We analysed soils from 

greenspaces and from under sealed surfaces across the historic city of Manchester, UK, 

and determined whether the soils were relatively undisturbed or contained 

anthropogenic additions as a result of human activity. We used SOM functional pools 

to understand soil C and N storage and gain insights into OC persistence. We 

separated functional pools of SOM into POM and MAOM using physical fractionation: 

POM (2000-50 µm fraction) and MAOM (<50 µm fraction), and measured C and N 

content and dissolved carbon in the supernatant.   

This study addresses a gap in our understanding of the complexity of soil C stability 

across the urban landscape. It has implications for the long-term storage dynamics of 

sealed soils and the consequences of construction activities, as well as the implications 

of anthropogenic additions to greenspace and sealed soils in the context of C storage 

and persistence.  

4.2 Methods 

4.2.1 Soil Sampling and Categorisation 

Soils were sampled from Manchester, UK, as described by O'Riordan et al. (2021a - 

chapter 3). Briefly, sealed soils were collected from roadworks where work had 

recently exposed the sealed soil, and greenspace soils were collected from the nearest 

greenspace, park or roadside to the sealed sample and within grassed lawn areas. Both 

soils were sampled to 10 cm depth, in sealed soil this was the top 10 cm of soil 

underneath the construction material; in greenspace soil this was the top 10 cm under 

the turf and litter layer. In sealed soils, the profile and depth of available soil under 
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construction materials varied across sites, though most samples were collected 

between 60-80 cm depth. In total, 68 sites were sampled with 36 of these sealed sites 

and 32 greenspace sites. These were then categorised according to the presence of 

anthropogenic materials (as described below in 4.2.1.1) with the following sample 

numbers: greenspace anthropogenic (GSA; n=11), greenspace undisturbed (GSU; n=21), 

sealed anthropogenic (SA; n=14), and sealed undisturbed (SU; n=22) soils (figure 4.1).  

4.2.1.1 Soil categorisation  

The World Reference Base for Soil Resources (WRB) defines Technosols as either 

containing a large volume of artefacts, having an impermeable geomembrane or 

having a ‘technic hard material’ such as concrete, asphalt or stone at the soil surface 

(FAO, 2015). The sealed soils sampled in this study are therefore considered 

Technosols due to the continuous hard surface. In addition, we identified human-made 

artefacts in both the greenspace and sealed soils, such as concrete, bricks, charcoal, 

glass and plastic; however not all soils contained these artefacts and some were 

relatively undisturbed with few additions of human-made materials. These additions 

have the potential to greatly influence the mineral, carbon and nutrient status of the 

soil, and therefore, the samples were categorised into four types. Soils that were 

relatively undisturbed (other than by sealing) were classed as either sealed 

undisturbed (SU) or greenspace undisturbed (GSU); and soils with notable additions of 

anthropogenic materials were classed as sealed anthropogenic (SA) or greenspace 

anthropogenic (GSA). To distinguish between these types we used the proportion of 

coarse material in the soil as a proxy for anthropogenic additions, as described by 

O'Riordan et al. (2021a - chapter 3). Briefly, wet sieving was undertaken on subsamples 

of all samples and the proportion of material in the >200 μm fraction was used to 

determine the amount of anthropogenic additions. Soils with visible additions 

exhibited 40 % or greater subsample mass in the >200 μm fraction; thus subsamples 

that exhibited this pattern were classed as anthropogenic soils, and those with less than 

40 % mass were classed as undisturbed, across both sealed and greenspace soils. The 

fragmentation of materials into smaller fractions made it inaccurate to measure artefact 
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mass alone; while this method served to describe the samples well and allow a 

comparison between anthropogenic and undisturbed soils.  

 

Figure 4.1: Map showing the sampling locations across the Greater Manchester region. Soil 

categories are greenspace anthropogenic (GSA; n=11), greenspace undisturbed (GSU; n=21), 

sealed anthropogenic (SA; n=14), and sealed undisturbed (SU; n=22). Sealed soils are 

represented by squares and greenspace soils are represented by circles; depth of colour 

indicates whether soils were undisturbed or anthropogenic. 

4.2.2 Soil Analyses   

4.2.2.1 Physical fractionation 

Physical fractionation to separate size fractions was undertaken following the method 

by Lopez-Sangil and Rovira (2013). Duplicate dried subsamples (15 g each) were 

weighed into 50 ml corning tubes with two glass marbles and 30 ml MQ water in each. 

Tubes were placed in an end-over shaker (18 rmp) for 1 hour. The glass marbles were 

removed, the soil-water mixture was transferred to an extraction bottle and was made 

up to 150 ml with MQ water.  
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Sonication was undertaken to disperse large secondary aggregates from primary 

aggregates and particles (Roscoe et al., 2000) using a Sonics 130 Watt ultrasonic 

processor with 13 mm probe. The soil-water mixture was kept in an ice bath to prevent 

heating, and the probe was inserted 15 mm into the mixture. The amount of energy 

delivered to the mixture was determined using the equation proposed by Christensen 

(1985) (equation 1), where Ea is the applied energy (J ml-1), Pc is the power (W), ts is the 

time (seconds) and V is volume of suspension (ml).  

Equation 1 Ea = Pc ts / V 

The sonicator was used at 70% amplitude which corresponds to an output of 

approximately 39 W. Using the equation above, the mixture was sonicated for 1,000 

seconds to reach an energy of 260 J ml-1, a threshold identified to disperse 

macroaggregates but prevent redistribution of C into smaller fractions (Roscoe et al., 

2000).   

Immediately after sonication, the mixture was separated by wet sieving into size 

fractions of >2000, 2000-200, 200-50, 50-20 and <20 µm (coarse fraction, coarse sand, fine 

sand, coarse silt and clay, respectively). The <20 µm fraction in the receiving sieve was 

made up to 1 litre volume with MQ water in a Buchner flask, mixed with 8.7 g of K2SO4 

as a flocculent and left for 24 hours. After sedimentation, the supernatant was 

siphoned off and the remaining portion was centrifuged for 15 mins at 2500 rpm. The 

liquid was siphoned off and the pellet retained to form the <20 µm fraction. All 

fractions were dried at 60 °C for 24 hours then weighed. The supernatant was used for 

dissolved OC and inorganic carbon (IC) analysis.  

4.2.2.2 Inorganic carbon removal  

Inorganic carbon (carbonate) was removed from the fractions using HCl gas 

fumigation, as described by Harris et al. (2001) and amended by Ramnarine et al. 

(2011). The acid fumigation method was chosen to prevent the loss of water-soluble C 

that can arise due to the use of liquid acid (Harris et al., 2001). Glass beakers were used 
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rather than silver boats to prevent the loss or spillage or samples during the procedure, 

as suggested by Ramnarine et al. (2011).  

The oven dried fractions were ground using a ball-mill. Subsamples of 300 mg were 

placed in 5 ml glass beakers and moistened with 150 μl MQ water. The beakers were 

placed in a glass desiccator together with a beaker of 100ml of 12 M HCl acid; this was 

vacuum sealed and left to fumigate for 72 hours. After this, the HCl beaker was 

removed and vacuum evacuation was repeated 10 times to remove HCl vapour. The 

fractions were dried at 105 °C for 24 hours. 

During HCl fumigation, carbonate is converted to CO2 and -Cl2 ions. The -Cl2 ions 

weigh more than the carbonate removed so the final sample has a heavier mass after 

fumigation and, thus, the remaining organic C is diluted within the new heavier 

sample mass. To account for this, the change in mass from before and after fumigation 

was recorded to obtain a correction factor for each fraction. This correction factor was 

used to calculate the actual mass of soil used for CN analysis for each fraction.  

4.2.2.3 CN and functional SOM pool analysis   

Size fractions were analysed for OC and total N concentration by combustion oxidation 

(Vario EL Cube CHNS Elemental Analyser, Elementar, Germany). Organic C and total 

N content in each fraction were corrected for fraction mass within the bulk soil. Overall 

soil OC and total N content were determined as the sum of OC and total N measured 

across all size fractions. Overall soil OC and N stocks were calculated using bulk 

density values to 10 cm depth (see chapter 3) and OC and N contents, as per the 

guidance from FAO (2018). Dissolved OC and IC analysis was undertaken on the 

supernatant removed during fractionation using a Total Organic Carbon (TOC) 

analyser (Shimadzu TOC-L CPN TN). Dissolved OC is determined as total dissolved C 

minus dissolved IC. 

Functional pools of SOM were separated into particulate organic matter (POM) and 

mineral-associated organic matter (MAOM) pools, as per recommendations by 
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Lavallee et al. (2020) and Cotrufo et al. (2019). POM was determined as particles in the 

2000-50 µm size fractions; and MAOM as particles in the <50 µm size fractions.  

4.2.3 Statistical analysis  

The distance between sealed and greenspace samples varied and as a result they were 

not treated as paired samples. Data distribution was checked for normality using the 

Shapiro-Wilk test. Where data was not normally distributed it was transformed using 

either log10 or square root transformation. Sealing and the addition of anthropogenic 

materials were treated as two factors, and therefore, a two-way ANOVA was 

performed to test for the effects of sealing, additions, and the interaction between these 

two factors. A Tukey post hoc test was then used to understand the interaction further 

and identify where the differences lay between soil categories. Where transformation 

did not result in data with normal distribution, ANOVA results were checked for 

consistency against results from the non-parametric test equivalent, the Scheirer-Ray-

Hare test and Dunn post hoc test, performed using the original data. Where results 

from the ANOVA and Scheirer-Ray-Hare tests differed, the Scheirer-Ray-Hare results 

were reported. This applied only to the overall OC stock variable. All statistical 

analyses were undertaken in R version 4.1.0. 
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4.3 Results 

4.3.1 Overall soil OC and N storage 

In comparing undisturbed sealed and greenspace soils (SU and GSU) we found that 

sealed soils had significantly lower OC content (p < 0.0001) and OC stock (p < 0.0001) in 

comparison to greenspace soils (figure 4.2 a, b). Sealed soils also had lower total N 

content (p < 0.0001) and total N stock (p < 0.0001) compared to greenspace soils 

(figure 4.2 c, d).  

Anthropogenic additions appeared to affect soil OC differently depending on whether 

soils were sealed or not. There was a significant interaction between sealing and 

anthropogenic additions on OC content (F 1,64 = 16.648, p < 0.001), OC stock (H 1,64 = 

8.441, p < 0.01), and total N content (F 1,64 = 4.842, p < 0.05), indicating that the effect of 

additions varied according to sealing status. Soil OC was greater in sealed soils with 

additions (SA) to the extent that OC content and OC stocks were of a similar order to 

those found in greenspace (GSA) soils (p = 0.252 and p = 0.645 respectively). However, 

the opposite was found in greenspace soils with additions (GSA) which had lower OC 

content and OC stock than undisturbed greenspace soils (GSU), though this effect was 

not significant.  

Soil N appeared be consistently lower in soils with additions, across both sealed and 

greenspace soils. Sealed soils with additions (SA) exhibited significantly lower N stock 

than SU soils (p < 0.01); while greenspace soils with additions (GSA) had significantly 

lower N content (p < 0.01) and N stock (p < 0.01) than GSU soils (figure 4.2 c, d).  
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Figure 4.2: Overall soil data, showing (a) organic carbon content (mg g-1), (b) organic 

carbon stock (kg m-2), (c) total nitrogen content (mg g-1), (d) total nitrogen stock (g m-2). Soil 

categories are greenspace anthropogenic (GSA), greenspace undisturbed (GSU), sealed 

anthropogenic (SA), and sealed undisturbed (SU). Stocks are calculated for 0-10cm at the 

depth sampled for each soil type. Different letters indicate a significant difference at p = 

0.05. The box represents the upper and lower quartiles, whiskers show upper and lower 

most values, and horizontal lines show the median. Circled data points show outliers at 1.5 

times the interquartile range. 

(c) (d) 

(a) (b) 
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4.3.2 OC and N in size fractions and functional SOM pools 

Across all size fractions, the clay fraction (<20 µm) generally exhibited the highest OC 

and N contents (figure 4.3 a, b). In sealed undisturbed soil (SU), there was notably 

lower OC and N content in the larger size fractions compared to greenspace (GSU) soil, 

while the clay fraction (<20 µm) remained the largest store of OC and N content. The 

pattern of OC and N storage across fraction sizes was similar in both SU and GSU soils, 

only on a much smaller scale in the SU soil.  

Anthropogenic additions changed the distribution of OC and N content within the size 

fractions. In sealed anthropogenic (SA) soils, there was greater storage of OC and N in 

the larger size fractions. This was most prominently seen in OC content which was 

highest in the coarse sand fraction (2000-200 µm), while N content in this fraction was 

second highest after the clay fraction (<20 µm). Conversely, in greenspace 

anthropogenic (GSA) soils, there was notably less OC and N content in the fine sand 

fraction (200-50 µm), as well as less OC and N in the coarse silt (50-20 µm) and clay 

(<20 µm) fractions.  

 

Figure 4.3: Size fractions showing (a) organic carbon content (mean + SE in mg g-1); (b) total 

nitrogen content (mean + SE in mg g-1). Soil categories are greenspace anthropogenic (GSA), 

greenspace undisturbed (GSU), sealed anthropogenic (SA), and sealed undisturbed (SU). 

(a) (b) 
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To consider the functional pools of SOM, we studied OC and N stored in particulate 

organic matter (POM) and mineral-associated organic matter (MAOM). In comparing 

undisturbed sealed and greenspace soils (SU and GSU), we found that sealed soils had 

significantly lower OC and N contents in the POM pool (both p < 0.0001) and the 

MOAM pool (both p < 0.0001) compared to greenspace soils (figure 4.4 a, c). The 

proportion of OC and N in POM was significantly lower in SU soils than GSU soils; 

thus, the proportion of OC and N in MAOM was significantly higher in SU soils than 

GSU soils (figure 4.4 b, d). 

Anthropogenic additions affected the POM and MAOM pools differently. In the POM 

pool, anthropogenic sealed (SA) soils had significantly greater POM OC and N content 

than SU soils (p < 0.001 and p = 0.039 for OC and N respectively). This POM OC content 

was as high as that found in greenspace (GSU and GSA) soils (p = 0.202 and p = 0.890). 

This led to a larger proportion of OC and N to be stored in POM than in MAOM for SA 

soils (figure 4.4 b, d). Additions to greenspace soils appeared to have the opposite 

effect on POM, with POM OC and N contents in GSA soils slightly lower than in GSU 

soils, although this was not statistically significant (figure 4.4 a, c). 

In the MAOM pool, additions did not have any significant effect on MAOM OC 

content in the sealed or greenspace soils (figure 4.4 a). However, MAOM N content 

was significantly lower in both sealed (SA) and greenspace (GSA) anthropogenic soils 

compared to undisturbed (SU and GSU) soils (p = 0.001 in sealed soils; p < 0.001 in 

greenspace soils) (figure 4.4 c). Greenspace soils had a larger proportion of OC and N 

stored in the MAOM pool compared to the POM pool, whether there were additions or 

not.  
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Figure 4.4: Differences in POM and MAOM showing (a) organic carbon content (mg g-1); 

(b) proportion of organic carbon (%); (c) total nitrogen content (mg g-1); (d) proportion of 

total nitrogen (%). Soil categories are greenspace anthropogenic (GSA), greenspace 

undisturbed (GSU), sealed anthropogenic (SA), and sealed undisturbed (SU). The box 

represents the upper and lower quartiles, whiskers show upper and lower most values, 

and horizontal lines show the median. Circled data points show outliers at 1.5 times the 

interquartile range. 

 

 

 

(b) 

(c) (d) 
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Dissolved OC and inorganic C (IC) were also measured in the supernatant recovered 

during physical fractionation. The dissolved OC data indicated a significant interaction 

between sealing and additions, suggesting that additions affected dissolved OC 

differently in sealed and greenspace soils (F 1,64 = 9.726, p < 0.01; figure 4.5 a). In 

comparing undisturbed soils, sealed soils (SU) had significantly lower dissolved OC 

content than greenspace (GSU) soils (p < 0.0001). Additions to sealed soils did not affect 

dissolved OC content. However, in greenspace anthropogenic (GSA) soils, dissolved 

OC content was significantly lower than in undisturbed GSU soils (p < 0.01).  

Dissolved inorganic carbon (IC) data illustrated that both sealing and additions could 

lead to greater dissolved IC content (figure 4.5 b). In comparing undisturbed soils, 

sealed soils (SU) had significantly greater dissolved IC than greenspace (GSU) soils (p < 

0.05). In sealed soils, additions did not affect dissolved IC content and both SU and SA 

soils had similar high dissolved IC content. In greenspace anthropogenic (GSA) soils 

there was significantly greater dissolved IC content than in GSU soils (p < 0.05). 

Greenspace soils appeared to be more affected by the additions in terms of dissolved 

OC and IC content. 

Soil pH was significantly higher in sealed (SU) soil than in GSU soil (p < 0.0001; 

figure 4.5 c). In sealed soils, the additions did not alter the pH and both SU and SA 

soils had high soil pH. In greenspace anthropogenic (GSA) soils the pH was 

significantly higher than in GSU soils (p < 0.001).   
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Figure 4.5: Dissolved carbon recovered from supernatant and pH, showing (a) dissolved 

organic carbon (mg kg-1); (b) dissolved inorganic carbon (mg kg-1); and (c) soil pH. Soil 

categories are greenspace anthropogenic (GSA), greenspace undisturbed (GSU), sealed 

anthropogenic (SA), and sealed undisturbed (SU). The box represents the upper and lower 

quartiles, whiskers show upper and lower most values, and horizontal lines show the 

median. Circled data points show outliers at 1.5 times the interquartile range.   
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4.3.3 CN Ratio 

In comparing undisturbed sealed and greenspace soils (SU and GSU), we found no 

significant difference in the CN ratio of the POM pool, though there was much greater 

variation in CN ratio. In the MAOM pool, however, the CN ratio was significantly 

lower in sealed soils (figure 4.6 a). In addition, there was much greater variation in the 

POM CN ratio in the sealed soil.  

There was a significant interaction between sealing and additions on POM CN ratio 

(F 1,64 = 4.071, p < 0.05), and MAOM CN ratio (F 1,64 = 34.488, p < 0.0001), indicating 

that additions affected sealed and greenspace soils differently. In sealed anthropogenic 

(SA) soils, the CN ratio was much greater than in SU soils for the POM pool and 

MAOM pool (figure 4.6 a). In particular, the MAOM pool CN ratio was much wider in 

range than the narrow CN ratio seen in the SU soil. In greenspace soils, additions did 

not significantly alter the CN ratio in either the POM pool or MAOM pool.  

These patterns were also observed in correlations between overall soil CN ratio and 

POM and MAOM CN ratios (Figure 4.6 b, c). As the overall CN ratio increases, the 

POM CN ratio increases most in the SA soil followed by the SU soil, while both 

greenspace soils exhibit less variation in CN ratio (figure 4.6 b). When correlating 

overall CN ratio with the MAOM CN ratio, SU soil exhibits a similar pattern to the two 

greenspace soils, with lower and a much narrower range of MAOM CN ratios than the 

SA soil (figure 4.6 c).  

 

 

 

 

 



97 

 

 

 

 

Figure 4.6: a-c show overall soil CN ratio plotted against (a) proportion of OC in the 

MAOM pool (%); (b) POM CN ratio; (c) MAOM CN ratio; (d) shows CN ratio in POM and 

MAOM pools. Soil categories are greenspace anthropogenic (GSA), greenspace 

undisturbed (GSU), sealed anthropogenic (SA), and sealed undisturbed (SU). The box 

represents the upper and lower quartiles, whiskers show upper and lower most values, 

and horizontal lines show the median. Circled data points show outliers at 1.5 times the 

interquartile range.   

 

(a) (b) (c) 

(d) 
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4.4 Discussion 

4.4.1 Sealed soils have lower accessible and stable SOM   

Sealed soils (SU) that were relatively undisturbed by additions of anthropogenic 

material had significantly less OC and N stock compared to greenspace (GSU) soils. 

These results are to be expected and follow the pattern seen in the majority of previous 

studies into sealed soils, where soil OC content is typically reduced as a result of soil 

sealing (Raciti et al., 2012; Wei et al., 2014a; Wei et al., 2014b; Piotrowska-Długosz and 

Charzyński, 2015; Yan et al., 2015; Majidzadeh et al., 2017; O'Riordan et al., 2021a; 

Pereira et al., 2021).  

With respect to the persistence of OC, which is the novel focus of this work, we 

hypothesised (i) that sealed soils would have less mineral-associated OC than 

greenspace soils and therefore less persistent OC. We found that SU soils had 

significantly lower OC and N content than GSU soils in both the POM and MOAM 

pools (figure 4.4 a, c). Our results illustrate that sealing depletes both the accessible 

POM OC store, as well as the long-term persistent MAOM OC store. Therefore, we 

accept hypothesis i, as the results illustrate that there is less persistent OC in sealed 

soils than in greenspace soils.  

The reduction in POM OC may be due to a number of reasons, including the removal 

of topsoil during sealing, a lack of OM inputs, and the continued loss of SOM through 

decomposition. The removal of topsoil during sealing would lead to the loss of POM 

and, as a result, the soil studied may be more similar to a subsoil in terms of POM 

content. The fractionation data illustrated that SU and GSU soils had a similar pattern 

of OC and N content across size fractions, though on a smaller scale for SU soils 

(figure 4.3), suggesting that similar processes of OC and N storage may be occurring on 

a smaller scale in SU soil. In addition, the lack of plant growth would lead to a lack of 

OM inputs from roots and litter. As POM is primarily made up of plant-derived 

organic matter (Six et al., 2001), the lack of plant growth would prevent replenishment 

of the POM pool in sealed soils. It is also possible that POM has been lost through 
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decomposition following sealing such that the POM pool has been largely diminished. 

Soils with sufficient POM would be expected to exhibit measurable dissolved OC, 

present as a result of being easily dissolved in soil water (Kalbitz et al., 2000). We 

found that SU soils had nearly ten times less dissolved OC than GSU soils, indicating 

that labile OC was depleted in these sealed soils. This was also observed by Wei et al. 

(2014b) who found that sealed soils were depleted of readily decomposable OC. 

Both POM and dissolved OC are easily accessible to soil fauna and provide an energy 

source to facilitate decomposition (Wu et al., 2018; Lavallee et al., 2020). With this no 

longer readily available it is likely that decomposition is prevented, or at least severely 

reduced, in sealed soils. It is also likely that as microbial activity is reduced, microbial 

biomass and necromass will not accumulate. Previous studies have illustrated that 

sealing reduces soil microbial biomass C and N, microbial functional diversity, soil 

respiration, N transformation and enzyme activity, as well as altering the 

bacterial:fungal ratio, all of which indicate that microbial activity is lower in sealed 

soils (Zhao et al., 2012; Wei et al., 2013; Wei et al., 2014a; Wei et al., 2014b; Piotrowska-

Długosz and Charzyński, 2015; Pereira et al., 2021). It has been suggested that OC in 

sealed soils has weaker decomposability and a lower turnover rate (Wei et al., 2014b). 

However, it would appear from the studies of microbial activity that the OC is not 

simply more stable, but that microbial biomass, activity and mineralisation are all 

significantly reduced. Therefore, there is the possibility that once POM is depleted, 

microbial biomass and activity declines in sealed soils.  

The MAOM pool is largely made up of microbially-derived products which bind to 

soil minerals, giving them greater protection from microbial attack and allowing OC 

and N within MAOM to persist with long residence times (Kögel-Knabner et al., 2008). 

In sealed soils, it is likely that lower microbial activity leads to a lack of microbially-

derived products to build up the MAOM pool. In addition, the lower MAOM OC and 

N contents in sealed soils suggest that some of the original MAOM, present prior to 

sealing, may have been lost since sealing occurred. Despite being thought of as stable, 

MAOM is not completely permanent and can be lost due to decomposition in some 
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situations (Dynarski et al., 2020). Therefore, the low MAOM OC and N levels may be a 

result of losses of original MOAM after sealing occurred, a lack of replenishment due 

to low microbial activity, or both of these processes. Further studies into the processes 

occurring in sealed soils would build greater understanding of the losses of both POM 

and MAOM, and would potentially enable better management of urban soils for OC 

storage in construction.  

4.4.2 Anthropogenic additions to sealed soils add black OC but not microbial 

OC 

We set out to test hypothesis ii in sealed soils: that soils with anthropogenic additions 

will have more mineral-associated OC and therefore more persistent OC. In sealed 

anthropogenic (SA) soils, overall soil OC was much greater than in sealed undisturbed 

(SU) soils. However, much of this OC was in the POM pool, while OC in the MAOM 

pool was no greater than in SU soils. Therefore, we reject hypothesis ii for SA soils, as 

despite the higher OC in the POM pool, there is still less OC in the MAOM pool and 

less persistent OC than in greenspace soils. 

Fractionation showed that the high OC in SA soil was most prominent in the largest 

coarse sand fraction (2000-200 µm), illustrating that the additions remained mostly in 

this fraction and contributed to its high OC. This resulted in the SA soil POM pool 

having significantly greater OC than in SU soils, such that OC was equivalent to POM 

OC in greenspaces. The high OC was likely due to black C present in the additions 

rather than plant-based POM. Black C (pyrogenic C) was commonly used in road 

foundations during the 18-19th century in the UK (and other countries such as the USA) 

as charcoal was a waste product from industry at that time (MacBride, 2013). Coal fly 

ash has also been used extensively in UK road construction as fill or converted into 

aggregate  (Wainwright and Cresswell, 2001). The high OC in SA soils was not 

accompanied by equally high N content, and overall N was no greater in SA soil than 

in SU soil. Though there was greater POM N in the SA soil, it was not on the same 
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scale as the increase in POM OC. This indicates further that in SA soils the high OC 

was a result of black C additions, which do not elevate soil N.  

Black C is an important pool of soil OC due to its assumed long residence time within 

the soil (Bird et al., 2015; Abney and Berhe, 2018), though our understanding of its 

contribution to urban soils is limited (Edmondson et al., 2015). Black C is promoted, as 

biochar, as a means to increase agricultural soil OC content (Smith, 2016; Gelardi and 

Parikh, 2021); however, research into its effectiveness for OC sequestration is mixed 

(Wardle et al., 2008; Liang et al., 2010; Major et al., 2010; Liu et al., 2018; Crispo et al., 

2021). It is thought that black C can be stabilised through soil burial as this reduces 

exposure to microbes and oxygen, reducing decomposition (Abney and Berhe, 2018). 

In the context of sealed soils, the burial of black C may serve as a mechanism for its 

stabilisation. Large stores of black C under sealed surfaces have been observed as a 

legacy carbon store in Manchester, UK, an area with a heavily industrial past 

(O'Riordan et al., 2021a). However, recent studies have illustrated that black C can be 

decomposed more quickly than previously thought, on the scale of months to years 

(Hilscher et al., 2009; Nguyen et al., 2010; Zimmerman, 2010; Bird et al., 2015). 

Therefore, it is thought that the persistence of black C in soil is a property of the 

ecosystem and soil conditions (Schmidt et al., 2011). This has implications for the 

redevelopment of cities and roads. Whilst roads remain intact it’s likely this black C 

will remain stable and persist in the soil; however, during urban redevelopment or 

road and utility repairs there is the risk of exposing legacy black C stores, leading to its 

loss either through removal or decomposition. 

By contrast, the OC in the MAOM pool in SA soils was no greater than in SU soils. In 

addition, there was very little dissolved OC content in SA soils. We suggest that black 

C did not contribute to microbial activity in these soils as microbes would have 

preferentially decomposed any labile OC (Nykvist, 1963) and contributed to a larger 

microbially-derived MAOM OC pool. Black C (or biochar) can provide a surface for 

adsorption of dissolved OC (Pietikäinen et al., 2000; Ukalska-Jaruga et al., 2019), and 

has been found to increase microbial biomass and activity due to its nutrients, 
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structural properties and ability to alter the soil pH (Zhang et al., 2018). However, in 

this study, black C made no difference to MAOM OC storage in sealed soils. As the 

MAOM pool is usually microbially-derived, it is likely that the resource-limited 

environment of sealed soils prevented microbial activity, despite the presence of black 

C. The CN ratio of the MAOM pool was higher and wider in range in SA soils. This 

reflects the lower N in these soils, which indicates that biological activity was not 

occurring and did not lead to the N-rich OM microbial products usually found in the 

MAOM pool. This suggests that black C did not contribute to microbial activity and 

microbial OM storage. In addition, microbes have a constrained CN ratio within which 

they can function, with bacteria preferring a CN ratio of 3 to 5 and fungi preferring 4.5 

to 15 (Paul, 2014; Cotrufo et al., 2019). The high CN ratio of the SA soil MAOM pool 

exceeds these preferred ratios, further indicating that the MAOM OC was likely not 

microbially-derived. Biochar is increasingly being used in urban soils to improve soil 

quality (Scharenbroch et al., 2013; Somerville et al., 2020). Therefore, this study has 

implications for the use of biochar in urban soils, as while it may contribute to OC 

storage as POM, if used in sealed soils it may not contribute to microbial activity or 

long-term microbial OC storage. It also highlights its vulnerability to loss should it be 

removed during roadworks and redevelopment. As interest in urban soil C storage 

increases, further research into the effects of biochar in urban soils, in both sealed and 

greenspace soils, would be beneficial.  

4.4.3 Anthropogenic additions to greenspace soils reduce N stores and labile 

OC  

We set out to test hypothesis ii in greenspace soils: that soils with anthropogenic 

additions will have more mineral-associated OC and therefore more persistent OC. In 

greenspace anthropogenic (GSA) soils, the overall soil OC content was lower than in 

undisturbed greenspace (GSU) soils, though this was not statistically significant. In 

addition, there was significantly less overall soil N content and N stock in GSA soil. 

Fractionation revealed no difference in MAOM OC between GSA and GSU soils, while 

there was significantly less MAOM N and less dissolved OC in the GSA soils. 
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Therefore, we reject hypothesis ii for GSA soils as, despite the additions, there is no 

increase in persistent OC. 

The lower soil N and OC content in GSA soils were seen most clearly in the fine sand 

fraction (200-50 µm), as well as in the coarse silt (50-20 µm) and clay (<20 µm) fractions. 

This resulted in significantly lower N in the MAOM pool in GSA soils. We also found 

lower OC in the MAOM pool, and lower OC and N in the POM pool, though these 

were not significantly lower than in GSU soils. Typically, the MOAM pool is a large N 

store because MAOM is composed primarily of microbial products which are rich in N 

(Cotrufo et al., 2019). This suggests that the addition of anthropogenic materials 

influenced microbial activity and nutrient cycling, significantly reducing N storage in 

the MAOM pool, and possibly also altering the POM N and OC stores.  

Anthropogenic additions to urban soils include a range of materials such as 

construction rubble, concrete, brick, glass, plastic and metal; though the GSA soils 

studied lacked the quantities of black C that was observed in SA soils. Urban soils 

often have high pH values, a result of additions of concrete and carbonate materials 

(Washbourne et al., 2015; Pouyat et al., 2020; O'Riordan et al., 2021a). Dissolved IC was 

significantly higher in GSA soils than GSU soils and the soil pH was also significantly 

higher. Decomposition and N mineralisation is determined by physico-chemical 

properties, litter inputs, microbial demand, pH and the climate (Risch et al., 2019). It is 

possible that the additions altered soil properties, including pH, making the soil less 

preferable for microbes, reducing decomposition and reducing replenishment of 

nutrients to the soil. Reduced decomposition would prevent OM losses initially, 

though over time, reduced release of nutrients would lead to less plant and root 

growth, less OM inputs to soil and lower OC and N content, as seen in our results. We 

also found significantly less dissolved OC in GSA soils, indicative of low available OM 

(Smreczak and Ukalska-Jaruga, 2021), further supporting the theory that 

decomposition was reduced in the greenspace soils due to the additions. It would be 

beneficial to investigate this further in future studies and determine whether there is an 

impact on primary production in greenspace soils with anthropogenic additions.  
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Alternative causes for the low MAOM N content could be altered leaching, 

denitrification or immobilisation. Studies on urban turfgrass have found lower than 

expected nitrate leaching and N2O emissions from turfgrass ecosystems (Qian and 

Follett, 2012) and lawns can even be a sink for atmospheric N deposition (Raciti et al., 

2008). However, the GSA soils had a coarser texture than undisturbed greenspace soils 

as a result of the additions. Coarser soils are more likely to experience mineral N 

leaching during rainfall (Gaines and Gaines, 1994) and this may have led to some N 

loss. It is unlikely that these soils experienced significant waterlogging or 

denitrification due to the coarser texture. 

In both greenspace soils (GSU and GSA), the SOM patterns were typical of grassland 

soils where MAOM OC and N pools are larger than POM OC and N pools (Cotrufo et 

al., 2019). This shows the importance of urban greenspaces in providing stable soil OC 

stores that persist with long residence times, while also highlighting that 

anthropogenic additions to greenspace soils appear to reduce OC and N storage. It also 

illustrates that the additions to greenspaces were different to those in sealed soils and 

therefore had different outcomes for OC and N storage. In the USA alone, 1.9% of land 

(16 million ha) is turfgrass (Qian and Follett, 2012), illustrating the opportunity of 

urban greenspaces to contribute to stable long-term urban soil OC storage, and the 

importance of studying the impacts of anthropogenic additions on this.   

4.4.4 Inorganic C in sealed and greenspace soils  

Dissolved IC was particularly high in the sealed soils, likely a result of the carbonate 

containing materials used in roading building and sealing surfaces, such as concrete 

and limestone. In soils with low precipitation, carbonates and cations released by 

weathering can accumulate due to the lack of leaching and can cause soil to become 

alkaline (Zamanian et al., 2016; Kim et al., 2020). In sealed soils with limited 

precipitation and high levels of carbonate materials, it is likely these minerals are 

accumulating. Anthropogenic additions to sealed soils did not lead to higher dissolved 

IC content, indicating that all sealed soils were exposed to carbonate materials due to 
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the proximity to construction materials, whether there were direct additions to soil or 

not. It has been suggested that dissolved CO2 in soil water may precipitate as carbonate 

on biochar surfaces that have a high pH and abundant metals ions (Lehmann et al., 

2011). However, the presence of black C in SA soils did not lead to greater dissolved 

IC, and the lack of regular water input to sealed soils suggests that this process was not 

occurring in SA soils.  

The patterns of dissolved OC and IC were much more affected in greenspace soils than 

in sealed soils. In greenspace soils with additions (GSA), there was significantly more 

dissolved IC than in GSU soils. It is possible that this is a result of enhanced 

weathering in the presence of carbonate forming minerals (Renforth and Manning, 

2011; Washbourne et al., 2015; Beerling et al., 2020). It is likely that additions to the 

GSA soils contributed Ca and Mg minerals which derive from broken down concrete, 

limestone and dolomite (Washbourne et al., 2012). The greenspace soils are likely to 

have more dissolved CO2 due to the higher SOM content and occurrence of 

decomposition in these soils. Dissolved CO2 in the soil can bind with the Ca and Mg 

minerals to form carbonates, effectively trapping the CO2 as a precipitate and storing C 

in inorganic form (Berner and Lasaga, 1989; Renforth and Manning, 2011). The GSA 

soils also exhibited low dissolved OC content which suggests it may have been 

depleted due to carbonate precipitation, leading to the high IC content observed. While 

it is thought additions to greenspace soils may negatively affect decomposition and 

microbial activity (and OC storage) it may be beneficial for absorption of CO2 and 

storage as carbonate.  

4.5 Conclusion  

This study suggests that there are numerous effects of urbanisation on soil C 

persistence in urban sealed and greenspace soils. We set out to test the hypotheses that, 

(i) sealed soils will have less OC in MAOM than greenspace soils and therefore less 

persistent OC; and (ii) soils with anthropogenic additions will have more OC in the 

MAOM and therefore more persistent OC in both sealed and greenspace soils.  We 
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found that anthropogenic additions had differing effects depending on whether soil 

was from urban greenspaces or from under sealed surfaces. In sealed soils without 

additions, sealing negatively affected soil OC storage across both the accessible POM 

pool and the more stable MAOM pool. These results illustrate the depletion of the 

long-term persistent MAOM OC store in sealed soils, and therefore, hypothesis i was 

accepted. In soils with additions, the effect of sealing was somewhat compensated for 

by the addition of legacy black C during road construction which led to high OC in the 

POM pool. Despite this, OC in the MAOM pool remained low. Therefore, hypothesis ii 

was rejected for sealed soils as the results illustrated depleted stores of persistent OC 

despite additions. This black C is vulnerable to loss by removal during construction 

work or decomposition. In addition, it is likely that the black C did not contribute to 

microbial activity in sealed soils and therefore did not contribute to the long-term 

microbially-derived MAOM OC store. This has implications for the use of biochar in 

urban soils, and future studies into its effect on OC storage in sealed soils would be 

beneficial. In general, further studies into the ecological processes occurring in sealed 

soils would build a greater understanding of OC storage and persistence and enable 

better long-term management of soil OC during urban construction and development.  

In greenspace soils, the balance between POM and MOAM OC and N storage showed 

the typical pattern for grassland soils which illustrates the importance of urban 

greenspaces in providing persistent soil OC with long residence times. The effect of 

anthropogenic additions in greenspace soils did not lead to greater OC in the MAOM 

pool, and conversely led to lower N stock, lower N in the MAOM pool, and lower 

dissolved OC. Therefore, we rejected hypothesis ii for greenspace soils as additions did 

not lead to greater persistent OC. This is likely a result of the additions causing a 

reduction in decomposition, leading to lower stores of N-rich microbial OM in the 

MAOM pool, and lower OC across the POM and MAOM pools. This suggests that the 

additions could pose a threat to ecological processes such as decomposition and long-

term N and OC storage in greenspace soils. Future studies should investigate this 

further by studying the effect on primary productivity in greenspace soils with 
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additions. Finally, it is possible that the presence of Ca minerals in anthropogenic 

additions to greenspace soils leads to enhanced weathering and storage of C as 

inorganic carbonate, illustrating that the effect of additions to greenspace soils may 

lead to mixed outcomes.  
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5. The influence of depth and soil history on soil carbon under sealed 

surfaces 

O’Riordan, R., Davies, J., Stevens, C., and Quinton, J.N. 

Abstract 

In urban soils sealed with impervious surfaces, soil carbon is widely considered to be 

depleted, though recent studies have suggested this is not always the case. Deep soils 

in urban areas have rarely been studied, and less still is known about deep soils under 

sealed surfaces, though subsoils are increasingly of interest for their carbon storage 

capacity. In addition, urban soils are highly altered by the history and development of 

cities, and this context needs to be taken into account when considering urban soil 

carbon. Despite this, there is limited knowledge on how the history of urban soils 

influences their carbon storage over depth. In this study, we present an investigation 

into three sealed soil profiles of 1 m depth in Manchester and Salford, UK. We study 

the distribution of carbon and nitrogen over depth and the effect of soil history. Our 

results illustrate that in sealed soils, the history and development of the area is a key 

controlling factor in determining carbon stores. We found that soil history had a 

greater influence over soil carbon and nitrogen stocks than depth. The pattern 

traditionally seen of a carbon decline over soil depth was not seen in these urban soils. 

Cultural layers built up through successive development histories led to consistent and 

higher than expected carbon and nitrogen stocks in deeper sealed soils. In soils without 

cultural layers, carbon stocks also stayed consistent over depth without a decline. 

However, in some circumstances, development led to the removal of soil and 

subsequent loss of carbon stocks. This study illustrates the importance of considering 

the soil and development history of sealed soils over depth when assessing urban soil 

carbon. The approach taken in construction has implications for long-term carbon 

storage in sealed soils and should be taken into consideration in urban construction 

projects.  
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5.1 Introduction 

Urban soils are increasingly being studied for their potential to provide important 

ecosystem services, such as storing large amounts of soil carbon (C) (Vasenev and 

Kuzyakov, 2018; Pouyat et al., 2020). Soil sealing with impervious materials in urban 

areas, such as tarmac and paving, has been shown to significantly limit soils ability to 

function. In particular, sealing has been found to reduce soil C and nitrogen (N) stores 

compared to greenspace soils due to a removal of topsoil (Raciti et al., 2012; Yan et al., 

2015; Majidzadeh et al., 2017; Lu et al., 2020), as well as negatively affecting the soil 

microbial community and activity (Piotrowska-Długosz and Charzyński, 2015; Pereira 

et al., 2021). However, some sealed soils have been shown to have higher amounts of C 

than previously assumed (Edmondson et al., 2012; Cambou et al., 2018; Bae and Ryu, 

2020; O'Riordan et al., 2021a - chapter 3).  

Studies of soil C have mostly focused on topsoil as this is where C content is usually 

highest. However, there is increasing interest in the importance of deeper soils for C 

storage as considerable amounts of C can be stored across the whole soil profile, and 

depth plays an important role in determining C stores (Jobbágy and Jackson, 2000; 

Salomé et al., 2010; Rumpel and Kögel-Knabner, 2011; Li et al., 2016; Herrmann et al., 

2018; Simo et al., 2019). In urban settings, there is limited knowledge on soil C in 

deeper soils, though they have been identified as playing an important role in urban 

soil C storage (Lorenz and Lal, 2005; Mazurek et al., 2016; Scharenbroch et al., 2017; 

Vasenev and Kuzyakov, 2018; O'Riordan et al., 2021b - chapter 2). Urban soils are 

highly influenced by human activities and often experience the addition of artefacts 

and anthropogenic materials over time as cities develop, leading to the formation of 

Technosols (Rossiter, 2007; FAO, 2015). Technosols have very variable properties and C 

content, though they have been shown to exhibit some of the highest C stocks when 

compared to WRB soil groups as a result of the artefacts found in the soil (Allory et al., 

2022). The process of settlement history adding materials into soil also creates what are 

known as cultural layers (Alexandrovskaya and Alexandrovskiy, 2000; Vasenev et al., 

2013; Vasenev and Kuzyakov, 2018; Bae and Ryu, 2020). These cultural layers are 
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known to lead to both high and spatially heterogeneous soil C measurements in urban 

areas (Vasenev et al., 2013; Mazurek et al., 2016). In addition, soil N in deeper urban 

soils has received little attention. Soil N is important for C storage as a result of N 

limitation controlling microbial decomposition of soil organic matter (SOM) 

(Groenigen et al., 2006; Averill and Waring, 2018; Rocci et al., 2021), and therefore it is 

also necessary to consider soil N in both topsoil and deeper urban soils to understand 

urban soil C storage. 

While our knowledge on urban deep soil C storage is limited, less still is known about 

C storage in sealed soils. Sealed subsoils have been shown to exhibit a different vertical 

SOC distribution to adjacent greenspace soils (Yan et al., 2015) and have been 

suggested as a significant urban soil C store (Edmondson et al., 2012; Cambou et al., 

2018; Vasenev and Kuzyakov, 2018; Bae and Ryu, 2020; O'Riordan et al., 2021a). Sealed 

soils have a complex formation and development history and are very heterogenous in 

character. They are highly altered by human activities such as topsoil removal, horizon 

mixing, and imports of non-native soil and other materials (Herrmann et al., 2017; 

Herrmann et al., 2018). They can also exhibit cultural layers due to historical 

anthropogenic additions which can influence sealed soil C content and lead to legacy C 

stores (Bae and Ryu, 2020; O'Riordan et al., 2021a). Sealed soils can be dug open and 

re-developed during road building and utility pipe repairs, while some remain 

untouched for decades or even centuries. This varied development history and soil 

disturbance has implications for the soil oxygen, moisture and decomposition status, 

and this can lead to the disruption of soil C stores under sealed surfaces. Therefore, it is 

important to consider the development and soil history when studying urban and 

sealed soils (Ziter and Turner, 2018; Herrmann et al., 2020).  

In this study, we investigate the effects of soil depth and soil history on sealed soil 

properties, including soil C and N stocks, pH, and extractable organic C (OC) and 

inorganic C (IC). We ask the following research questions: 1) what is the depth 

distribution of C and N down sealed soil profiles; and 2) what effect does soil history 

have on soil properties and C storage? We hypothesise that soil C and N will decrease 
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with soil depth. We test this hypothesis by studying three 1 m deep soil profiles in the 

centre of Manchester and Salford, UK, under sealed surfaces. We also explore the 

influence of soil history and development on soil C and N storage and the overall 

storage capabilities for a 1 m depth sealed soil profile. We study profiles with long and 

varied development histories so as to understand the influence of soil history on soil C.  

This research contributes to the growing body of knowledge on sealed soils and deeper 

subsoils, and in particular, the influence of soil history on soil C storage. It has 

implications for construction activities and urban re-development and their effects on 

C stores in sealed soils.  

5.2 Methods 

5.2.1 Profile sampling 

Sites were identified with archaeologists at Salford Archaeology, and profile locations 

were chosen where there were 1 m deep soil profiles exposed due to archaeological 

excavations. The archaeologists also provided information on the history and 

development of the sites, the likely dates of soil sealing, and the artefacts identified in 

the soil to provide an age for profiles and the horizons.  

Profiles were identified in inner city locations in Manchester and Salford, UK. Profile 1 

was located at the Globe and Simpson site, part of the St John’s redevelopment at the 

former Granada Studios site in central Manchester (figure 5.1). The profile was on the 

site of a former Art Deco building built in the 1930s. Prior to this, the location was a 

timber yard where the ground covering was unknown, but may have been a pervious 

material such as gravel or organic material such as straw. Profile 1 was sampled in 

November 2018. Profiles 2 and 3 were from the Valette Square development in Salford, 

to the east of Adelphi Street (figure 5.1). These profiles were on the site of a former 

house built in 1824. Profile 2 was underneath the courtyard at the back of the house 

and was sealed under stone flagstones. It was likely that the courtyard was re-

developed in the early 1900s to install plumbing, indicated by the style of drainage 
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pipes running through the soil pit, which likely led to this profile being most recently 

sealed in the early 1900s. Profile 3 was located underneath the main house and was 

sealed with brick flooring, suggesting it had been sealed and undisturbed since 1824. 

Both profiles 2 and 3 were sampled in June 2019.   

Samples were collected from open soil pits or exposed soil faces of 1m depth. Profiles 

were sampled every 10 cm down to 100 cm, providing 10 depth intervals per profile. 

At every depth interval, a small sample was collected and a bulk density core was 

taken. Profiles were replicated at a distance of 1 metre apart; for profile 1, three 

replicate profiles were sampled (profiles 1a-1c); for profiles 2 and 3, two replicate 

profiles were sampled (2a-2b, 3a-3b) which were a result of constraints to site access 

preventing a third replicate.  

 

Figure 5.1: Map showing locations of profile 1 (Manchester) and profiles 2 and 3 (Salford). 
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5.2.2 Profile Information  

Details about each profile and the soil history and horizons observed are set out in 

Table 5.1.   

Table 5.1: Profile information 

   

Profile 1  Profile 2 Profile 3 

Profile overview 

Visible cultural layers 

through the depth of the 

profile due to successions 

of past use, human 

alteration and additions 

to the soil. 

Cultural layers were 

visible in the upper 

profile though horizon 

mixing was apparent. In 

the lower profile, 

imported sand 

dominated.  

The profile was less 

disturbed and cultural 

layers were not visible, 

other than some artefacts 

in the top 20 cm. Soil was 

a clay rich subsoil.   

Duration of sealing  

Sealed 1930s – sealed for 

approximately 90 years  

Sealed 1900s – sealed for 

approximately 120 years  

Sealed 1824 – sealed for 

approximately 190 years 

Soil history and description 

• Underneath an Art 

Deco building built in 

the 1930s.  

• Prior to the 1930s it 

was a timber yard – 

successive layers and 

compaction may have 

• Underneath a 

courtyard sealed with 

stone flagstones.  

• Courtyard attached to 

a house built in 1824.  

• Courtyard built in 

1824 but re-developed 

• Underneath a house 

built in 1824, sealed 

with brick flooring.  

• House demolished in 

approx. 2000s, ground 

level sealed over and 

used as a car park. 
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occurred between 1800 

-1930s.  

• Prior to this, soil was 

likely cultivated in a 

garden or for food 

growing. 

• Horizons show 

cultural layers through 

the profile. 

• Possible organic 

matter inputs from 

wood storage while 

used as a timber yard. 

in 1900s, likely to 

install plumbing in 

Victorian era. 

• House demolished in 

approx. 2000s, 

courtyard sealed over 

and used as a car park.  

• Upper soils contained 

artefacts - 20th C 

pottery, and 19th 

century clay pipe and 

thin glass fragments, 

and clumps of both 

clay rich and more 

coarse soils.  

• Deeper soils are sand 

or areas of soil mixed 

with sand, likely 

imported.  

• Undecomposed plant 

roots visible between 

0-70 cm.  

 

• Artefacts found within 

upper layers (0-20 cm) 

suggesting waste 

materials used to level 

the soil before laying 

brick flooring.  

• Deeper soil appears 

undisturbed by 

human activities and 

is clay rich.  

Soil horizons  

• 0-40 cm – soil 

containing artefacts 

(bricks, coal char, 

ceramics), distinctive 

layer of coal char at 35 

cm.  

• 40-60 cm – clay rich 

soil 

• 60-80 cm – lighter 

colour, likely 17th 

century garden soil  

• 80-100 cm – dense clay 

rich subsoil  

• 0-60 cm – soil 

containing artefacts 

(bricks, ceramics, coal 

char, glass) 

• 60-100 cm – sand 

dominated soil, likely 

imported  

• 0-20 cm – soil 

containing artefacts 

(coal char, ash, brick).  

• 20-100 cm – dense 

clay rich undisturbed 

subsoil. 
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5.2.3 Soil analyses  

All samples were passed through a 2 mm sieve and homogenised. For pH analysis, 10 

g of fresh soil was mixed with 25 ml distilled water and shaken for 30 minutes at 180 

rpm on an orbital shaker. It was left to settle for 30 minutes, and the pH was measured 

at the soil-water interface using a pH probe (Mettler Toledo, SevenCompact S220). The 

remaining soil was dried at 70 °C for 48 hours. Separately, the bulk density cores were 

weighed and dried for 48 hours at 105 °C. They were then re-weighed to determine the 

dry weight which was used for bulk density calculations.  

To measure extractable organic C (OC) and inorganic C (IC), the 70 °C dried samples 

were mixed with K2SO4, as described by Vance et al. (1987). For this, the pH of the 

K2SO4 was checked and adjusted to between 6.8-7 using NaOH. Subsamples of 5 g dry 

soil were mixed with 20 ml 0.5 M K2SO4, and this was shaken on an orbital shaker for 1 

hour at 180 rpm. This was filtered through a Whatman no. 42 filter and filtrate was 

diluted 1 part to 8 parts Milli-Q water. This was then analysed for extracted total C and 

inorganic C, using a Total Organic Carbon (TOC) analyser (Shimadzu TOC-L CPN 

TN). Extractable OC is calculated as the extractable total C minus the extractable IC.       

For analysis of total C and N, subsamples were re-dried at 105 °C for 24 hours and then 

ball-milled. Subsamples were then analysed for total C and N concentration using the 

dry combustion method using a CN analyser (El Vario analyser, Elementar, Hanau, 

Germany). The C:N ratio is determined by the C/N content. Total C and N stocks were 

calculated using the total C and N concentrations and the bulk density values for a 

depth of 10 cm, using the method given by the (FAO, 2018). For profile 3, bulk density 

values were only available for replicate 3a and so these were used for calculations of C 

and N stock for both replicates 3a and 3b.  

5.2.4 Data analysis  

The three profiles enable a comparison of characteristics over depth and the influence 

of soil history. While each profile had been sealed for a different length of time, we did 
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not consider the duration of sealing as a controlling factor because the influence of soil 

history appeared to dominate the profile characteristics. Therefore, we firstly consider 

the pattern of C and N over depth for each profile, then secondly consider the 

differences between the profiles in relation to their history and the impact of that on C 

and N stocks.  

For the study of depth, replicates of each profile are presented individually as profiles 

2 and 3 had only 2 replicates each, preventing the use of the mean. Presenting the 

results in this way allowed consideration of the variation between replicates and 

served as a useful observation of the heterogeneity of sealed soils. For the study of soil 

history, values were summed to get an overall value across 0-100 cm for each profile 

replicate. This was undertaken for the variables of C and N stock and extractable OC 

and IC content. For pH and C:N ratio, the median and upper and lower quartiles for 

each replicate are presented in boxplots. 
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5.3 Results 

5.3.1 Depth distribution across profiles 

The three profiles exhibited different patterns of C and N across depth, with only 

profile 2 exhibiting a clear decline of C and N stock over the 1 m profile (figure 5.2). In 

profile 1, the C and N content showed high variability between replicate profiles, 

though each replicate followed very similar C and N patterns over depth, including in 

extreme values. Within replicates, there was a lot of variability in values between 

0-40 cm, with peaks in C and N also occurring at 60 and 70 cm. Other than these 

extreme values, C and N content stayed fairly consistent until 80 cm where they 

declined (figure 5.2 a, c). The C and N stocks followed very closely the pattern of C and 

N content within each profile and also declined at 80 cm (figure 5.2 b, d). The profile 

had a mean C stock of 2.54 ± 1.79 kg m-2 per 10 cm depth interval; while the mean N 

stock was 136.83 ± 46.56 g N m-2 per depth interval. The C:N ratio declined slightly 

over depth, illustrating that there was more N in relation to C lower down the profile 

(figure 5.3 c). Extractable OC content in profile 1 also followed a very similar pattern to 

C and N for each replicate, with peaks identified at 40 cm, 60 cm and 70 cm that 

correlate with high values in C and N content, and a similar decline at 80 cm. In 

contrast, none of the replicates of profile 1 exhibited any extractable IC other than the 

top 10 cm of profile 1c (figure 5.3 b). The pH of profile 1 was acidic with values 

consistently below 6 for replicates 1a and 1b, and often below 6 for 1c.  

In profile 2, the C and N content showed some variability between 0-60 cm and a peak 

at 40 cm in replicate 2b, though below 60 cm both C and N content exhibited a clear 

decline which persisted until 100 cm (figure 5.2 a, c). The C and N stocks followed a 

similar pattern with the same variability between 0-60 cm and a marked drop off at 

60 cm, exhibited clearly by both profile replicates. This led to a mean C stock of 1.74 ± 

1.33 kg C m-2, and a mean N stock of 57.21 ± 41.49 g N m-2 per 10 cm depth interval. The 

C:N ratio slightly decreased over the profile depth, though there was variation 

between the two replicates. Despite this, both exhibited an increase in C:N ratio at 80 
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cm (figure 5.3 c). Extractable OC followed the same pattern as C and N stocks and also 

exhibited a notable decrease at 60 cm (figure 5.3 a). Extractable IC in profile 2 followed 

a similar pattern to the C and N stocks with similar variability through the upper 

profile. However, lower down the profile at 80 cm the replicates differed, with 2a 

decreasing and 2b increasing in IC. The pH of profile 2 did not appear to be altered by 

depth and was quite alkaline through the whole profile, staying consistently between 

pH 8 and 9 across depth (figure 5.3 d). 

In profile 3, the C and N content were highest in the top 20 cm of the profile and then 

decreased to a consistent level between 20-100 cm. The C and N stocks also followed 

this pattern, exhibiting relatively stable stocks across the profile after a decrease below 

20 cm, though the C stock was more varied across depth in profile 3b (figure 5.2 b, d). 

The mean C stock was 2.75 ± 0.75 kg C m-2, and the mean N stock was 113.19 ± 29.79 g 

N m-2 per 10 cm depth interval. Extractable OC followed a very similar pattern to C 

and N content, reducing below 20 cm and staying at a consistent level across the 

remaining profile (figure 5.3 a). In contrast, the extractable IC initially decreased after 

10 cm, then increased at 30 cm and remained at a relatively high level through the 

remaining profile (figure 5.3 b). The pH in profile 3 remained consistently alkaline, 

staying between 8 and 9 across depth other than a brief drop below pH 8 at 20-30 cm 

(figure 5.3 d). 
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Figure 5.2: Depth plots showing (a) total carbon content (mg g-1); (b) total carbon stock 

(kg m-2); (c) total nitrogen content (mg g-1); and (d) total nitrogen stock (g m-2) across profile 

depth. Profiles shown are profiles 1a-1c, 2a-2b and 3a-3b. Note the different scale used for 

profiles 1a and 1c to allow for extreme values.   
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Figure 5.3: Depth plots showing (a) extractable organic carbon (mg kg-1); (b) extractable 

inorganic carbon (mg kg-1); (c) C:N ratio; and (d) pH across profile depth. Profiles shown 

are profiles 1a-1c, 2a-2b and 3a-3b. 
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5.3.2 The influence of soil history 

Over the whole profile depth (0-100 cm) profiles 1 and 3 had similar C stocks, with 

profile 1 exhibiting 25 ± 4 kg C m-2 overall, and profile 3 replicates ranging between 27 

and 28 kg C m-2. Profile 2 had the lowest overall C stock, with replicates ranging 

between 16 and 18 kg C m-2 (figure 5.4 a). In profile 3 approximately half (49-53%) of 

the overall C stock in 0-100 cm was found below 50 cm depth. In profile 1, 38% of the 

overall C stock was below 50 cm, while in profile 2, between 8-27% was below 50 cm.  

N stocks followed a similar pattern to C stock though profile 1 exhibited greater N than 

profile 3, with 1,368 ± 219 g N m-2 overall in profile 1, and replicates ranging between 

1,098 and 1,166 g N m-2 in profile 3 (figure 5.4 b). Profile 2 exhibited the lowest N stock 

overall, with replicates ranging between 545 and 599 g N m-2. This was reflected in the 

C:N ratio which showed that profile 1 had consistently lower C:N ratios than profiles 2 

and 3, indicative of the higher N content in profile 1 (figure 5.4 c).  

Across the whole profile, extractable OC was greatest in profile 1, though there was 

some variability across the profile replicates. Despite this, profile 1 had at least twice 

the amount of extractable OC as the other profiles, with a mean of 2,554 ± 791 mg kg-1 

OC over 0-100 cm, compared to profile 2 (between 1,067 and 1,102 mg kg-1), and profile 

3 (1,157 and 1,251 mg kg-1) (figure 5.4 d). Though there was variability in extractable IC 

content across the profile replicates, the greatest IC was found in profile 3, while profile 

1 exhibited very little, with 2 of the 3 replicates having none (figure 5.4 e). This is 

reflected in the notably lower pH values across profile 1, while profiles 2 and 3 had 

similar higher pH values of between 8 and 9 (figure 5.4 f). 
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5.4 Discussion  

In this study we hypothesised that soil C and N would decrease with soil depth. The 

results illustrate that C and N did not decrease over depth as is typically seen in non-

sealed soil profiles (section 5.4.1), and therefore, the hypothesis was rejected. We also 

explored the influence of soil history and development on C and N stocks, and how the 

soil histories, former land uses and soil treatments could result in cultural layers and 

losses of soil, with varying impacts on C and N storage (sections 5.4.2, 5.4.3, 5.4.4).     

5.4.1 Soil history controls C and N storage rather than depth  

We found that C and N stocks did not necessarily decrease with depth in these sealed 

soil profiles. In profiles 1 and 3, C and N stocks were fairly consistent throughout most 

Figure 5.4: Figures a, b, d and e show the sum of C and N across the whole profile (0-100 cm), 

showing (a) carbon stock (kg m-2); (b) nitrogen stock (g m-2); (d) extractable organic carbon (mg kg-

1); and (e) extractable inorganic carbon (mg kg-1). Boxplots show (c) C:N ratio; and (f) pH value, 

where the box represents the upper and lower quartiles, whiskers show upper and lower most 

values, and horizontal lines show the median. Circled data points show outliers at 1.5 times the 

interquartile range. Profiles shown are profiles 1a-1c, 2a-2b and 3a-3b. 
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of the profile depth, with profile 1 exhibiting some very high values across depth. 

Profile 2 displayed a decline in C and N stocks after 60 cm which correlated with a 

removal of the soil and replacement with sand dominated material. These observations 

are in contrast with most studies on deeper soils which typically show a decrease in 

soil C and N stocks with increasing depth (Fang and Moncrieff, 2005; Lorenz and Lal, 

2005; Rumpel and Kögel-Knabner, 2011; Bai et al., 2016; Li et al., 2016). The decrease in 

C and N that is typically seen in non-sealed soils is a result of lower C content in 

subsoils in comparison to topsoils, where the organic matter and C and N 

concentrations are much higher (Rumpel and Kögel-Knabner, 2011). In this study, the 

profiles are located in the inner city centres of Manchester and Salford and have been 

influenced by human development for hundreds of years. These sealed soils have been 

so altered by development history that this appears to be the key controlling factor 

determining C and N stocks within the soil profile rather than depth. This is a pattern 

that has also been observed in other studies of urban soils, where C stock did not 

decline over depth due to the result of human alterations and additions to the soil 

(Scharenbroch et al., 2017; Bae and Ryu, 2020; Allory et al., 2022).  

5.4.2 Cultural layers can lead to high C and N stores 

Profiles 1 and 2 have been altered by successions of development that have added 

materials and artefacts into the soil and have led to the formation of cultural layers. In 

profile 1, cultural layers were visible across the whole profile down to 80 cm depth. 

The C stocks between 40-100 cm were 12 ± 3 kg C m-2, nearly twice that observed in 

sealed soils at the same depth in Leicester, UK, where soils beneath roads had 6.7 kg C 

m-2 (Edmondson et al., 2012). In profile 2, artefacts between 0-60 cm helped to identify 

the cultural layers as a mixture of 19th and 20th century in age. In these layers there were 

both high and variable C and N contents, and overall C stocks for the 0-60 cm layers 

were between 15 and 16 kg C m-2. It is likely that the artefacts and cultural layers 

observed contributed to the C stocks in these profiles as it known that these features 

lead to increases in soil C stores as well as high variability (Vasenev et al., 2013; 

Vasenev and Kuzyakov, 2018; Bae and Ryu, 2020; Allory et al., 2022).   
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In profile 1, artefacts identified between 0-30 cm included rubble, brick, coal char, and 

ceramics. Below this was a distinctive layer of coal char at 40 cm which led to very high 

C content at this depth (figure 5.2 a). Profile 2 also exhibited coal char distributed 

through the cultural layers between 0-60 cm. Coal char, or black C, results from the 

incomplete combustion of fossil fuels and is common in urban soil, sometimes 

accounting for up to 70% of the SOC in urban soils (Lorenz et al., 2006; Edmondson et 

al., 2015; Schifman et al., 2018). Along with other rubble and brick waste materials, coal 

char has often been used to level soils prior to constructing roads and buildings or as a 

fill material (MacBride, 2013; Mazurek et al., 2016), and therefore, likely contributed to 

the soil C stocks in these cultural layers.  

Older cultural soils were observed lower down the profile in profile 1. Between 40-60 

cm there was a layer of clay rich soil, and below that at 60-80 cm, there was likely 

former garden or cultivated soil, both of which had similar C and N stocks to those 

higher up the profile. Although artefacts were less visible in these layers, the soil still 

maintained consistent C and N stocks. This is typical of urban cultural layers which 

exhibit fewer artefacts lower down the profile, though C can remain higher due to 

black C content which has moved through the layers and is enriched at depth (Glaser 

et al., 2000; Mazurek et al., 2016). In profile 1, however, black C would not explain the 

high N and extractable OC contents, which indicate that the C and N stocks relate to 

other historical additions or ecological contributions of C. Prior to sealing in the 1930s, 

the site for profile 1 was a timber yard which may have led to organic matter being 

added into the soil. Wood from construction is a common artefact found in cultural 

layers (Alexandrovskaya and Alexandrovskiy, 2000; Lorenz and Lal, 2005; Mažeika et 

al., 2009; Alexandrovskiy et al., 2012) and may have led to higher N and extractable OC 

contents.  

The N contents in profile 1 were particularly high for a sealed soil, exhibiting a mean of 

1.62 ± 1.15 mg g-1 per depth interval. This was notably larger than previous studies of 

urban soil in Manchester, where mean N content was 0.62 ± 0.23 mg g-1 in sealed soil, 

and 1.41 ± 0.50 mg g-1 in greenspace soil (O'Riordan et al., 2021a). Extractable OC was 
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also fairly high for a sealed soil in profile 1, exhibiting a mean of 255.42 ± 121.32 mg kg-1 

per depth interval. This is higher than in previous studies where sealed soil exhibited 

119.98 ± 67.81 mg kg-1 in Manchester, UK (O'Riordan et al., 2021a), and less than 80 mg 

kg-1 in Alabama, USA, in soil sealed for 114 years (Wang et al., 2021). In contrast to 

topsoil DOM, which is mostly plant-derived, subsoil DOM is largely microbial in 

origin (Guggenberger and Zech, 1994; Kaiser et al., 2004), and is often dominated by 

N-rich compounds (Kaiser and Kalbitz, 2012). As microbial products tend to be higher 

in N (Cotrufo et al., 2019), the higher extractable OC and N contents suggest there has 

been, and may still be, microbial activity in this profile, likely enabled by nutrients 

deposited in the cultural layers. Though microbial activity tends to decrease with 

depth, subsoils do remain metabolically active and can contain substantial numbers of 

microorganisms (Taylor et al., 2002; Rumpel and Kögel-Knabner, 2011). In addition, 

profile 1 was found to be acidic, with pH levels generally below pH 6. Dissolved CO2 

from decomposition of organic matter forms a weak acid (Weil and Brady, 2017) which 

supports the prospect of decomposition having occurred in this profile. This would 

also explain lack of extractable IC found in profile 1, as carbonates become dissolved in 

acidic conditions (Guo et al., 2016).  

In profile 2, the high C and N stocks seen in the cultural layers are not accompanied by 

the high extractable OC content as seen in profile 1. The higher C:N ratio and alkaline 

soil conditions found in profile 2 also suggest that the same C and N dynamics and soil 

processes may not be occurring as suggested in profile 1. There were also 

undecomposed plant roots visible in the cultural layers indicating that plants growing 

in the courtyard at the profile site may have contributed to C stocks through their 

roots, though their presence suggests that decomposition has not been occurring 

recently in profile 2. In addition, profile 2 exhibited extractable IC that followed the 

general pattern of the C and N stocks, a trend not seen in either profile 1 or 3. This 

highlights the heterogeneity found in urban soils, and in particular the variation 

brought about by cultural layers and artefacts. It is possible that this profile contained 

more Ca+ bearing materials, such as plaster from construction rubble, concrete or 
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limestone, all of which can lead to high CaCO3 in cultural layers (Mazurek et al., 2016; 

Vasenev and Kuzyakov, 2018). 

5.4.3 Soil removal causes C and N losses     

Below the cultural layers in profile 2, the C and N stocks notably decreased below 

60 cm where the soil appeared to have been amended or replaced with sandy material. 

The profile sits underneath what was a courtyard behind a house, and the removal of 

soil may have been during redevelopment of the courtyard or installation of plumbing 

for the house in the early 1900s. It is likely this redevelopment led to the loss of native 

soil below 60 cm, and the re-use of some of the excavated soil, or other soil, above 

60 cm which led to the horizon mixing that can be seen in the cultural layers 

(Table 5.1).  

In this profile, the replacement of soil with sand led to the lowest overall C stocks of all 

the profiles, with replicates ranging from 16 to 18 kg C m-2 over 0-100 cm. Sandy soils 

tend to have lower C, while silt and clay soils are able to retain more C by binding with 

soil minerals (Tiessen and Stewart, 1983; Yost and Hartemink, 2019). Therefore, this 

replacement illustrates the impact of the removal of soils, and particularly cultural 

layers, in urban areas. The removal of soil is an issue that continues in contemporary 

construction and often leads to large quantities of soil being sent to landfill (Green 

Construction Board, 2020). As cultural layers are known to contribute high C stores, 

the loss of these urban soils compounds the loss of soil C due to redevelopment.  

The widespread loss of urban soil horizons, in particular intermediate B horizons 

between 50-100 cm, has been observed across multiple cities in the USA and has been 

linked to soil removal, horizon mixing, and imported fill additions (Herrmann et al., 

2018). These intermediate horizons are usually accumulation zones from the A layer 

above and are important for soil functions such as adsorbing nutrients and dissolved 

OM (Kalbitz et al., 2000), water regulation (Caldwell et al., 1998) and C storage (Salomé 

et al., 2010). While the study by Herrmann et al. (2018) considers both greenspace and 

fill soils on brownfield sites, the loss of soil may be even more common in sealed soils 
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and indicate a wider problem for urban soil functioning. Future research should 

consider the impacts of soil removal and loss due to development, and the wider 

impacts of this on urban soil functions such as carbon storage. The loss of soil C stores 

due to construction is not widely considered by either the research or practice 

communities, and therefore, inclusion of this in planning requirements such as 

environmental impact assessment or C budgeting would be beneficial. 

5.4.4 Sealed subsoils are not necessarily depleted of C 

Profile 3 exhibited little disturbance and had been sealed for the longest duration of 

time, since approximately 1824. While it had some artefacts and coal char in the top 

20 cm, it did not display obvious cultural layers below this. It may be expected that this 

soil would have low soil C and N stocks due to the long duration of sealing, however it 

exhibited low, yet consistent, C and N stocks and as a result had similar stocks to 

profile 1. The overall C stocks (0-100 cm) ranged from 27 to 28 kg C m-2, which were 

only slightly less than the mean C stocks in greenspaces in the Chicago region at 

equivalent depths, at 36.4 ± 1.4 kg C m-2 (Scharenbroch et al., 2017). While subsoils 

under sealed surfaces have rarely been considered, one recent study found that deep 

sealed soils can have high C stocks which can increase below 1 m, with C stocks being 

between 7 and 14 kg C m-2 at 1-2 m depth (Bae and Ryu, 2020). We also expected the C 

stocks to decline over depth as this is the commonly observed pattern over depth 

(Lorenz and Lal, 2005). However, as with profiles 1 and 2, we did not observe this 

pattern in profile 3, despite its lack of visible cultural layers.   

Profile 3 displayed properties that are characteristic of a subsoil, with high clay content 

and bulk density and high extractable IC. Clay soils typically store most C as mineral-

associated OM which has long residence times and is protected from microbial 

decomposition in organo-mineral complexes (Paul, 1984; Hassink, 1997; Six et al., 

2002). Subsoils also typically have greater IC which contributes to total C stock, and is a 

result of the presence of Ca+ ions and a high pH environment, also seen in this soil. 

Carbonates can accumulate down the soil profile as Ca+ is carried in soil water and 
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precipitates as CaCO3 deeper in the soil profile (Meyer et al., 2014). It is also known 

that black C migrates down the soil profile and can accumulate in deeper soils (Glaser 

et al., 2000). Black C is common in urban soils and has long residence times (Rumpel 

and Kögel-Knabner, 2011; Edmondson et al., 2015), and as this profile had coal char 

additions at 0-20 cm, it is possible some of this had migrated into lower layers and 

contributed to the total C stock.   

Dissolved OM (DOM) is also a key source of C in subsoils (Rumpel and Kögel-

Knabner, 2011; Kaiser and Kalbitz, 2012). It has been shown that DOM in sealed soil 

can be depleted of various biochemical groups (Wang et al., 2021). As sealed soils 

receive limited OM from plant roots or root exudates, it is likely that DOM in sealed 

soils will be derived from extant OM or microbial products. DOM usually migrates 

downward through soil and becomes either mineralised or stabilised with clay 

minerals, while only a small amount is leached out (Kaiser and Kalbitz, 2012). DOM 

that becomes stabilised as mineral-associated OM could have mean residence times of 

100–200 years (Tipping et al., 2012). Although we observed low extractable OC content 

in profile 3, it is possible that past decomposition may have provided DOM which has 

since been sorbed onto clay minerals and forms the current C stock. It is also possible 

that the lack of fresh OM inputs to the soil have led to a relatively dormant 

decomposition state, given that accessible substrate is low and microbial activity is 

probably low. Microbial activity in subsoils is known to decrease with depth (Taylor et 

al., 2002; Fang and Moncrieff, 2005), and also under sealed surfaces (Zhao et al., 2012; 

Wei et al., 2014b; Piotrowska-Długosz and Charzyński, 2015; Pereira et al., 2021), and 

therefore this would lead to a lack of decomposition of the mineral-protected OC.  

Profile 3 illustrates that, over depth, sealed soils can be a large and consistent store of 

soil C, even where soil and development history has not contributed large 

anthropogenic C stores. This needs to be taken into account when considering both soil 

C budgets and soil mapping, and during urban redevelopment involving the storage 

or removal of soil.  
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5.5 Conclusion 

This study set out to explore the effect of depth and soil history on soil C and N 

storage. We tested the hypothesis that soil C and N will decrease with soil depth. We 

found that soil C and N stocks do not always decrease over depth in sealed soils and 

that soil history appears to have a greater influence over soil C and N than depth. 

Therefore, we rejected our hypothesis. Sealed soils were so altered by historical 

developments, whether that was the addition of artefacts and creation of cultural 

layers, mixing of horizons, or the removal of soil during construction, that they seemed 

to determine the C and N status of the soil. In contrast to natural systems where the 

pattern of soil C and N may be more predictable over depth, we cannot have the same 

expectations for historically influenced sealed soils in urban areas. The long soil 

histories and addition of artefacts to the profiles led to the creation of cultural layers 

which provided particularly high C stocks across depth. In sealed soils without 

cultural layers there were still consistent C stocks which, over depth, resulted in 

notable C stores. These were attributed to the clay-rich and highly dense subsoils 

which provided deep stores of soil C. Conversely, soil C losses were observed due to 

the removal and replacement of soil with imported materials during redevelopment. 

This highlights the impact of construction activities and the loss of soil C stores during 

development which remains a common and large-scale problem in contemporary 

construction practices.  

We have illustrated that in deep sealed soils, with or without cultural layers, C stocks 

remain notable and are not depleted, and soils with cultural layers may have higher 

soil C. Therefore, it is important that sealed soil C is taken into account in urban soil C 

budgeting and soil mapping. It is also necessary to consider the soil C cost of 

construction due to the removal of deep historical soils, and the prevention of this 

should be sought through adequate inclusion of soil C in environmental impact 

assessment and project C budgets.   
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6. General Discussion 

6.1 Summary of aims, objectives and hypotheses  

The growing interest in urban soil to provide ecosystem services and, in particular, to 

store C has led to increased studies into urban soil C. However, urban soil research is a 

young field and there remained large gaps in our understanding of urban soil 

functioning, ecosystem services, and C storage. In particular, there was limited 

knowledge on soil C storage in sealed soils, on the stability and persistence of that C 

following sealing, and how is it distributed over depth.  

This thesis sought to investigate the effect of urbanisation and soil sealing on soil 

ecosystem services and soil carbon. The thesis aimed to (1) improve our understanding 

of urban soil’s role in providing ecosystem services; and (2) investigate the effects of 

soil sealing on the ecosystem services of soil C and nutrient storage. To meet these 

aims, the following objectives were addressed:  

1. The literature on ESs provided by urban soils was reviewed to build a picture 

of the current knowledge base and identify research gaps (chapter 2); 

2. The effect of soil sealing on soil C and nutrient storage was investigated by 

developing a dataset across sealed and greenspace urban soils (chapter 3); 

3. The effect of sealing and anthropogenic additions on soil C persistence was 

determined using analysis of functional pools of soil organic matter (chapter 4);  

4. The influence of profile depth and soil history on the distribution of C and N 

was investigated in sealed soils with varied development histories (chapter 5).  

To meet these objectives, the thesis consisted of one review chapter and three data 

chapters as follows:   

Chapter 2 addressed objective 1 and provided a systematic review of the literature on 

urban soil ESs to create a broad picture of current research. It found that supporting 

and regulating services including soil biological activity, nutrient cycling and C storage 
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were most studied. However, cultural, food and water-related services were less 

studied. It identified urban soil multifunctionality as a key direction for future 

research, along with more global studies, community integration and potential future 

drivers of change.   

Chapter 3 addressed objective 2 by investigating the effect of sealing on soil C and 

nutrients. It tested the hypotheses that sealed soils have (i) lower soil C stocks, (ii) 

lower soil nutrient stocks, and (iii) altered nutrient dynamics compared to greenspace 

soils. Both hypotheses i and iii were rejected, as where soils had anthropogenic 

additions they did not exhibit lower C stocks or altered nutrient dynamics compared to 

greenspace soils. However, the context of the soil was important, and in soils with no 

additions, C stocks were lower and nutrient dynamics did appear to be altered. 

Hypothesis ii was accepted as all sealed soils exhibited lower nutrient (nitrogen and 

phosphorus) stocks compared to greenspace soils.  

Chapter 4 addressed objective 3 by investigating the effect of sealing and 

anthropogenic additions on soil C persistence using a study of functional pools of soil 

organic matter. It tested the hypotheses that, (i) sealed soils will have less mineral-

associated OC and therefore less persistent OC; and (ii) soils with anthropogenic 

additions will have more mineral-associated OC and therefore more persistent OC in 

both sealed and greenspace soils. Hypothesis i was accepted, as sealed soils had less 

MOAM OC and therefore less persistent microbial-derived OC. Hypothesis ii, 

however, was rejected in sealed and greenspace soils. In sealed soils, high OC due to 

the addition of black C did not contribute to greater OC in the MOAM pool, despite 

greater OC in the POM pool. This black C would add a stable form of OC to the soil 

though this would not be an ecologically-derived persistent form of OC. In greenspace 

soils, additions did not contribute to greater OC in the MAOM pool and conversely, 

may have had a detrimental effect as there was less N in the MAOM pool and less 

dissolved OC. To our knowledge, this study is the first to consider the persistence of 

soil C in sealed soils using functional SOM pools to understand C stability. 
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Chapter 5 addressed objective 4 by investigating the effects of depth and soil history 

on soil C stocks. It tested the hypothesis that soil C and N stocks will decrease with soil 

depth. It also explored the influence of soil history and development on soil C and N 

storage. The hypothesis was rejected as the typical pattern of a decrease over depth 

was not seen in sealed soils, while soil history was found to have a greater influence on 

soil C and N than depth. Soil history was found to play an important role in sealed 

soils as a result of former land uses and soil treatment over time, and resulting cultural 

layers and losses of soil through development.  

This thesis has addressed various knowledge gaps at different scales by meeting these 

objectives. The key findings from these chapters and consideration of the hypotheses 

set out above are summarised in Figure 6.1, and the findings from across the whole 

thesis are set out in section 6.2. 
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1. Sealed soils are not always depleted of carbon. For example, sealed anthropogenic soils had 

additions of black carbon (char) which led to larger carbon stores than in greenspace soils.  

2. Sealed soils had lower nutrient (nitrogen and phosphorus) stocks than greenspace soils.  

3. Anthropogenic additions in sealed soils may enable more nutrient cycling than in sealed soils 

without additions, likely due to improved conditions such as more oxygen or water availability.  

4. Sealed soils had less persistent mineral-associated (and microbially-derived) organic carbon than 

greenspace soils.  

5. Anthropogenic additions in sealed soils did not lead to more mineral-associated organic carbon 

despite the presence of black carbon. 

6. Anthropogenic additions in greenspace soils did not lead to more mineral-associated organic 

carbon, and may have been detrimental to nitrogen cycling. 

7. The typical decrease usually seen in carbon and nitrogen over depth was not seen in deeper 

sealed soils due to cultural layers and the influence of soil history.   

Figure 6.1: Summary of key findings on the effects of soil sealing on carbon and nutrients.   
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6.2 Summary of findings across the thesis 

Several key findings have emerged across this thesis which contribute to our 

understanding of carbon storage in urban soils. 

6.2.1 Sealed soils are not always depleted of C 

Across this thesis, all soil survey data has illustrated that sealed soils were not depleted 

of C and, in some cases, provided high soil C stocks that were comparable to, or 

greater than, C stocks in greenspace soils. This was seen in chapters 3 and 4 where 

sealed soils had high C stores as a result of legacy black C additions to the soil and 

exhibited C stocks of 8.06 ± 4.65 kg C m-2 and 3.30 ± 2.15 kg OC m-2, while greenspace 

soils exhibited stocks of 4.92 ± 1.11 kg C m-2 and 3.25 ± 0.80 kg C m-2. High soil C 

storage was also seen in chapter 5 where cultural layers built up over hundreds of 

years of urbanisation contributed to C-rich soils, with C stocks ranging between 

24-28 kg C m-2 over 1 m depth profiles. This contrasts with the majority of research into 

soil sealing, and while there are few studies, most indicate that sealing leads to a 

depletion of soil C (Raciti et al., 2012; Wei et al., 2014a; Wei et al., 2014b; Majidzadeh et 

al., 2017; Majidzadeh et al., 2018; Pereira et al., 2021). This is largely attributed to the 

loss of topsoil during construction which contains large amounts of OC, and the lack of 

plant roots, root exudates or leaf litter returned to the soil. However, a small number of 

recent studies have found surprisingly large soil C stores under sealed surfaces and 

have challenged the assumption that sealed soil cannot provide the function of C 

storage. In Leicester, New York and Seoul, sealed soils had no less C stock than 

greenspace soils when comparing deeper soils (Edmondson et al., 2012; Cambou et al., 

2018; Bae and Ryu, 2020). This thesis supports these alternative studies and has shown 

that sealed soils are not depleted in C but can, in fact, have high soil C stores. It has 

also been suggested that sealed soils could be overlooked as hotspots of soil C in urban 

environments (Bae and Ryu, 2020) and that sealing may provide stores of soil C that 

are protected from decomposition (Vasenev and Kuzyakov, 2018).  
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The context and age of the urban area is important when inferring findings in urban 

soil studies. It is worth noting that some previous studies that found sealed soils to be 

depleted of C were undertaken in cities younger than Manchester, or in areas that were 

formerly greenspaces and were sealed primarily for the purpose of the study. 

Therefore, these scenarios are likely to lead to notably different outcomes than those 

studied here. In this thesis, soils under sealed surfaces are likely to have had longer 

and more complex development histories, with longer to accumulate cultural layers 

and artefacts such as black C.   

6.2.2 High sealed soil C stores may be vulnerable to losses 

While this thesis found high C stores in sealed soils, there are various pathways that 

make them vulnerable to losses.  

6.2.2.1 Loss of legacy black C and lack of OC replenishment   

Legacy OC stores in sealed soils could be easily lost by removal during construction 

and would likely not be replenished by ecologically-derived OC. Chapter 3 observed a 

legacy C store due to the use of coal char, or black C, added into sealed soils during 

road building throughout the 19th and 20th centuries. However, chapter 4 found that 

despite high OC in the particulate organic matter (POM) due to the black C, OC was 

depleted in the mineral-associated organic matter (MAOM), the functional pool that is 

largely ecologically-derived and provides the most persistent C store (Lavallee et al., 

2020).  

Black C, in the form of coal char, was a common waste material from industry and 

power generation during the 19th and 20th centuries and was used extensively in road 

foundations in the UK and USA (MacBride, 2013). Coal tar was also used in road 

construction in the UK from the mid-1800s until the late 1980s when roads became 

primarily bitumen. Due to the carcinogenic properties of coal tar and the ability of tar 

products to migrate through the layers of road foundations, the Environment Agencies 

of the UK consider all road planings and waste arisings to be hazardous and require 
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their safe disposal (Transport Scotland, 2018). This limits the re-use of black C enriched 

soils under sealed surfaces and results in their loss during roadworks or 

redevelopment. Contemporary road building uses recycled stone and rubble materials 

as fill for foundations, and while this might contribute some anthropogenic and 

inorganic C to the soil, the amount of black C is likely to be much lower as it is now a 

less common waste material.  

Microbial processes are severely limited in sealed soils (Zhao et al., 2012; Wei et al., 

2013; Wei et al., 2014b; Piotrowska-Długosz and Charzyński, 2015; Pereira et al., 2021) 

and as a result it is likely that the processes leading to long-term soil OC storage are 

also limited. The MAOM pool is mostly comprised of microbially-derived products 

and, as such, it is strongly linked to microbially activity (Kleber et al., 2015; Cotrufo et 

al., 2019). Sealing depleted OC in the MAOM pool whether there were additions of 

black C or not, indicating that black C did not contribute to microbial activity or 

microbial products in sealed soils. It can therefore be determined that the lack of 

microbial activity in the sealed soils will result in a lack of microbial OC contribution to 

the MAOM pool. The burial of black C in sealed soils may serve as a mechanism for its 

persistence (Abney and Berhe, 2018). However, any disruption or removal of soil 

containing black C during development would cause the loss of the C store, with little 

or no replenishment from microbially-derived OC. In addition, it could also allow the 

black C to be vulnerable to priming, as recent studies have suggested that black C can 

be decomposed faster than previously thought (Hilscher et al., 2009; Nguyen et al., 

2010; Zimmerman, 2010; Bird et al., 2015).  

6.2.2.2 Loss of cultural layers due to urban development  

Urban development may pose a threat to C-rich cultural layers in urban soils. Chapter 

5 illustrated deep urban soil profiles with high soil C stores and a long history of urban 

development. The accumulation of materials added to the soil over years of human 

activities led to the creation of cultural layers, features that are known to be enriched in 

C (Alexandrovskaya and Alexandrovskiy, 2000; Vasenev et al., 2013; Vasenev and 
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Kuzyakov, 2018; Bae and Ryu, 2020). Chapter 5 also illustrated how disturbance and 

redevelopment can lead to losses of these cultural layers and the C store they provide. 

Their removal may lead to replacement with lower C content fill materials, while the 

C-rich soils may be disposed of in landfill. This problem is exacerbated in 

contemporary construction, and the loss of intermediate horizons from urban soils has 

been observed on a large scale across numerous cities in the USA (Herrmann et al., 

2018). In the UK, a large volume of uncontaminated soil from construction sites is 

disposed of every year, with 29.5 million tonnes sent to landfill in 2018 (Defra, 2021). 

As a comparison, the amount of soil lost to erosion in England and Wales is 

approximately 2.9 million tonnes per year (Graves et al., 2015). This could represent a 

wider problem that is under-researched and rarely considered in practice. Current 

construction practice does not take account of the C losses that arise due to 

construction and redevelopment, and this may be leading to a loss of valuable C-rich 

soils from cities. 

6.2.3 Soil history drives heterogeneity and determines soil ecosystem services  

This thesis showed consistently that urban, and particularly sealed, soils are highly 

heterogeneous. Soil history appeared to drive this heterogeneity and played a key role 

in determining the soil properties and soil functions. This thesis illustrates that we 

cannot expect urban soils with varied soil histories to all provide the same ecosystem 

services and functions. 

Soil history determines the anthropogenic materials, artefacts and cultural layers found 

within urban soils. This thesis found that the effects of artefacts varied across sealed 

and greenspace soils, and the outcome of soil histories and artefacts was not always 

consistent. Chapters 3 and 4 showed that artefacts in sealed soils notably altered C and 

N stocks, soil OC persistence and mineral N dynamics. In greenspaces, artefacts led to 

lower N stock, lower N in the mineral-associated OM, and lower dissolved OC, likely a 

result of the additions limiting decomposition and potentially posing a threat to 

ecological processes and long-term OC storage in greenspaces. Chapter 5 illustrated 
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that cultural layers and artefacts in sealed soils led to high C values and variable 

distribution over depth of C and N stocks, extractable OC and inorganic C, and pH. 

Thus, the history and heterogeneity of urban soils needs to be considered to 

understand urban soil C storage. 

It is only recently that the importance of considering the legacy effects of soil history 

has been emphasised (Ziter and Turner, 2018; Delbecque et al., 2022); likely a result of 

urban soil research being a relatively young field. The heterogeneity of urban soil has 

long been discussed by soil scientists (Craul, 1985; Bullock and Gregory, 1991; 

Lehmann and Stahr, 2007; Pouyat et al., 2007; Raciti et al., 2011; Vasenev et al., 2013; 

Pouyat et al., 2020; Cambou et al., 2021), however, soil history is not often emphasised 

as the driving factor behind this soil heterogeneity, and many studies instead focus on 

current land use, vegetation cover, soil management or urbanisation gradients as key 

controlling factors (Martinová et al., 2016; Weissert et al., 2016; Tresch et al., 2019a; 

Canedoli et al., 2020). This has implications for our understanding of urban soil 

ecosystem services as it will not be possible to fully understand and predict their 

provision if we do not consider the soil history and context. This also reflects a key 

finding from chapter 2, that cultural ecosystem services are rarely considered in urban 

soils. Cultural layers accumulate over time in urban soils, and not only do they provide 

a large C store, they also provide a record of former human settlement and economic 

development of a city (Alexandrovskaya and Alexandrovskiy, 2000; Mazurek et al., 

2016). The lack of consideration of soil history limits our understanding of urban soil, 

its heterogeneity, and its ability to provide ecosystem services. This lack of 

understanding contributes to the poor protections currently in place for urban soil in 

planning policy, and highlights the need for greater understanding of urban soils, 

better urban soil mapping, and more detailed urban soil surveys in development 

projects. 
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6.2.3.1 Heterogeneity or homogeneity due to urbanisation  

In contrast to the acknowledged heterogeneity of urban soils, there is a small body of 

literature supporting an ‘urban ecosystem convergence hypothesis’, such that 

ecosystem properties in urban areas converge to similar levels within and among cities 

(Groffman et al., 2014; Pouyat et al., 2015; Schmidt et al., 2017; Herrmann et al., 2020). It 

is suggested that this homogenisation may have effects on soil C sequestration, fungal 

diversity and microclimate and may be driven by human actions at the household scale 

(Groffman et al., 2014). The theory has been tested on urban soil properties in only 

three studies, one of which showed urbanisation led to convergence of soil C and soil 

texture away from more heterogeneous approximated pre-urban conditions 

(Herrmann et al., 2020); and one that found soil C and N were less variable in 

residential yards compared to nearby natural reference sites (Trammell et al., 2020). 

The third study showed partial support for the hypothesis, with properties that are 

affected by anthropogenic and biogenic processes converging, such as soil OC and N 

(Pouyat et al., 2015). These studies illustrated convergence effects at the continental 

scale in cities across different climatic regions of the USA. While this thesis did not 

compare urban to natural or pre-urban soils, it has found that heterogeneity within the 

city studied, Manchester (UK), was a major controlling factor in urban soil properties. 

A possible reason for this difference is the age of Manchester and the long 

development history of the area in comparison to many US cities; while another likely 

reason may be that this pattern of convergence is not seen in sealed soils. These studies 

only considered greenspace soils, and therefore, it would be beneficial for future 

research to investigate whether this convergence may be occurring in UK sealed soils 

by making a comparison against non-urban or pre-urban approximations. 

6.2.3.2 Soil history and Technosols  

Soil heterogeneity in historical Technosols may be overlooked in current Technosol 

research and needs to be considered to understand urban soil functioning. The soils 

studied in chapters 4, 5 and 6 provided examples of historical Technosols as a result of 

being sealed and containing artefacts. These chapters highlighted the heterogeneity of 
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anthropogenic additions to the soil and the effects that they had on soil C and N stores. 

Chapter 2 highlighted the use of Technosols as an important driver of future change 

for cities, and recommended further research into their study in relation to soil 

functions. 

Technosols are defined in the World Reference Base as containing at least 20 % 

artefacts in the top 100 cm, or being sealed with a hard impermeable material or 

geomembrane at the soil surface (FAO, 2015). They are being increasingly studied, in 

particular, ‘constructed Technosols’, which are soils that are made to mimic natural 

soils while providing a use for waste materials (Fabbri et al., 2021). Studies often focus 

on measuring soil properties in constructed Technosols rather than in historical or 

in-situ Technosols that have formed unintentionally or over long periods of time 

(Scalenghe and Ferraris, 2009; Rees et al., 2019; Deeb et al., 2020; Ivashchenko et al., 

2021). The Technosol literature is growing rapidly and provides vital information on 

this relatively young and important topic. Therefore, the consideration of historical 

Technosols needs to be joined up with research on contemporary and constructed 

Technosols, particularly in light of research into the circular economy and reuse of 

materials and resources including soils and development (Breure et al., 2018; Fabbri et 

al., 2021). While it will make a valuable contribution to urban soil research, it is 

important to note that findings on constructed Technosols will likely not be 

representative of historical Technosols or cultural layers, and this needs to be 

acknowledged when considering soil functions in cities with a long settlement history.  

6.3 Research output and impact   

At the time of submitting this thesis, two chapters had been published in peer-

reviewed journals. Chapter 2 was published in Geoderma and was highlighted as 

Editor’s Choice for March 2021. Following this, the findings of this chapter were 

communicated in an article for The Conversation website, with the aim of promoting 

urban soils and the ESs they provide. Chapter 3 was published in the journal SOIL in 

2021.  
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The work in this thesis facilitated inputs to an Impact Acceleration Account grant at 

Lancaster University. This work will lead to a guidance document to manage soils 

more sustainably on construction sites, and is engaging professionals across the 

planning, design and construction industries. Therefore, findings from this thesis will 

lead to more informed guidance for maintaining soil functions during construction.  

6.4 Conclusions 

This thesis has contributed new insights into our understanding of urban soil ESs, the 

effects of sealing on urban soil C and nutrients and the influence of anthropogenic 

additions on soil functions. It identified urban soil multifunctionality as a gap in the 

research literature and highlighted this as a key mechanism to enable soil functions to 

be recognised in urban planning and management. Legacy soil C stores were identified 

in sealed soils as a result of historical black C additions, and in some cases, provided C 

stocks that were comparable to, or greater than, C stocks in greenspace soils. This 

provided a valuable addition to the small body of work on sealed soil OC. Analysis of 

functional SOM pools revealed that the legacy C store contributed only to the 

particulate pool but did not contribute to the microbially-derived mineral-associated 

pool; therefore this legacy C is vulnerable to loss during construction with no 

replenishment from ecological processes. This was the first time this fractionation 

method had been used on sealed soils and it provides valuable insights into the 

depletion of long-term persistent mineral-bound OC in sealed soils. In greenspace 

soils, it illustrated that artefacts added to the soil could potentially limit ecological 

processes and negatively impact long-term soil OC storage. A study of depth profiles 

under sealed surfaces revealed that soil history was a major control on soil OC and N 

rather than depth. This highlighted the importance of soil history and reflected 

findings from across this thesis that soil history is a driver of urban soil heterogeneity 

and determines soil functions and ecosystem services. In light of this, soil history and 

its heterogeneity needs to be considered in urban soil mapping, urban planning and 

construction.  
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6.5 Future research  

This thesis advances our knowledge of urban soil C storage across sealed and 

greenspace soils. However, it has also highlighted several areas for future interesting 

research: 

1. Urban soil multifunctionality – Chapter 2 found that urban soil research 

focuses on supporting processes and functions and a few selected regulation 

ESs. However, there is a need for research that addresses a wider range of ESs 

together to illustrate the value of urban soil and shed light on the trade-offs that 

need to be considered for urban soil management. In particular, further studies 

of water dynamics, urban food growing and cultural services would benefit 

from linking up to the wider ESs framework and research literature.     

2. Ecological processes in sealed soils – In chapter 4, it is likely that black C did 

not contribute to microbial processes and the long-term persistent store of OC 

in sealed soil. Biochar is increasingly being used in urban soils, and therefore, 

future studies into its use in sealed soils would be beneficial. Future studies into 

the microbial processes occurring in sealed soils would help to build greater 

understanding of OC persistence, potential interactions with biochar and 

outcomes for OC storage. This would enable better long-term management of 

soil OC during construction and development projects.  

3. The effect of anthropogenic additions in greenspace soils – Chapter 4 

illustrated that greenspace soils with additions had lower N stocks, lower N in 

the mineral-associated OM pool and lower dissolved OC. This was likely due to 

a reduction in decomposition in these soils and indicates that anthropogenic 

additions to greenspace soils may pose a threat to important soil functions. 

Future studies should investigate this further by considering soil functions and 

the effect of anthropogenic additions on primary productivity in urban 

greenspaces. 

4. Enhanced weathering in urban soils – Previous work has found that urban 

soils can be a site of enhanced weathering which leads to atmospheric CO2 
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absorption and storage as carbonate. Chapters 3, 4 and 5 found high inorganic 

C in both sealed and greenspace soils, a feature which is common is urban soils. 

This may be a result of high Ca+ ions in urban soils due to Ca bearing materials 

added to soils such as concrete and limestone. While a small body of work 

considers this for urban soils on brownfield sites, future work should also 

extend this to both greenspace soils and sealed soils where the process is also 

likely occurring and may contribute to total C stores.   

5. Losses of urban soil C – This thesis has illustrated across chapters 3, 4 and 5 

that sealed soils are not depleted of soil C, and in some cases provide high 

stores of legacy C and historical cultural layers rich in C. Current development 

practices do not value soil as a resource and much urban soil on construction 

sites is lost to landfill or severely damaged. To address this, it would be 

beneficial to calculate the C cost of construction projects and illustrate the losses 

of this vital resource, a quantification that is currently not considered in 

planning or C assessments for new developments.  

 

 

  



145 

 

7. References  

Abdelrahman, H., Hofmann, D., Berns, A. E., Meyer, N., Bol, R. & Borchard, N. (2018) 

Historical charcoal additions alter water extractable, particulate and bulk soil C 

composition and stabilization. Journal of Plant Nutrition and Soil Science, 181(6), 

809-817. https://doi.org/10.1002/jpln.201800261. 

Abney, R. B. & Berhe, A. A. (2018) Pyrogenic Carbon Erosion: Implications for Stock 

and Persistence of Pyrogenic Carbon in Soil. Frontiers in Earth Science, 6. 

10.3389/feart.2018.00026. 

Ackerman, K., Conard, M., Culligan, P., Plunz, R., Sutto, M.-P. & Whittinghill, L. (2014) 

Sustainable food systems for future cities: The potential of urban agriculture. 

The economic and social review, 45(2, Summer), 189–206-189–206. 

Adhikari, K. & Hartemink, A. E. (2016) Linking soils to ecosystem services—A global 

review. Geoderma, 262, 101-111. 

Alexandrovskaya, E. I. & Alexandrovskiy, A. L. (2000) History of the cultural layer in 

Moscow and accumulation of anthropogenic substances in it. CATENA, 41(1), 

249-259. https://doi.org/10.1016/S0341-8162(00)00107-7. 

Alexandrovskiy, A. L., Dolgikh, A. V. & Alexandrovskaya, E. I. (2012) Pedogenetic 

Features of Habitation Deposits in Ancient Towns of European Russia and their 

Alteration under Different Natural Conditions. Boletín de la Sociedad Geológica 

Mexicana, 64(1). 

Allory, V., Séré, G. & Ouvrard, S. (2022) A meta-analysis of carbon content and stocks 

in Technosols and identification of the main governing factors. European Journal 

of Soil Science, 73(1), e13141. https://doi.org/10.1111/ejss.13141. 

Amosse, J., Dozsa-Farkas, K., Boros, G., Rochat, G., Sandoz, G., Fournier, B., Mitchell, 

E. a. D. & Le Bayon, R. C. (2016) Patterns of earthworm, enchytraeid and 

nematode diversity and community structure in urban soils of different ages. 

European Journal of Soil Biology, 73, 46-58. 10.1016/j.ejsobi.2016.01.004. 

Amosse, J., Turberg, P., Kohler-Milleret, R., Gobat, J. M. & Le Bayon, R. C. (2015) 

Effects of endogeic earthworms on the soil organic matter dynamics and the 

soil structure in urban and alluvial soil materials. Geoderma, 243, 50-57. 

10.1016/j.geoderma.2014.12.007. 

Arora, R., Paterok, K., Banerjee, A. & Saluja, M. S. (2017) Potential and relevance of 

urban mining in the context of sustainable cities. IIMB Management Review, 

29(3), 210-224. https://doi.org/10.1016/j.iimb.2017.06.001. 

Artmann, M. (2014) Assessment of Soil Sealing Management Responses, Strategies, and 

Targets Toward Ecologically Sustainable Urban Land Use Management. Ambio, 

43(4), 530-541. 10.1007/s13280-014-0511-1. 

Artmann, M. (2015) Managing urban soil sealing in Munich and Leipzig (Germany)-

From a wicked problem to clumsy solutions. Land Use Policy, 46, 21-37. 

10.1016/j.landusepol.2015.02.004. 

Artmann, M. (2016) Urban gray vs. urban green vs. soil protection - Development of a 

systemic solution to soil sealing management on the example of Germany. 

Environmental Impact Assessment Review, 59, 27-42. 10.1016/j.eiar.2016.03.004. 



146 

 

Asabere, S. B., Zeppenfeld, T., Nketia, K. A. & Sauer, D. (2018) Urbanization leads to 

increases in pH, carbonate, and soil organic matter stocks of arable soils of 

Kumasi, Ghana (West Africa). Frontiers in Environmental Science, 6, 119. 

Averill, C. & Waring, B. (2018) Nitrogen limitation of decomposition and decay: How 

can it occur? Global Change Biology, 24(4), 1417-1427. 

https://doi.org/10.1111/gcb.13980. 

Bae, J. & Ryu, Y. (2020) High soil organic carbon stocks under impervious surfaces 

contributed by urban deep cultural layers. Landscape and Urban Planning, 204, 

103953. https://doi.org/10.1016/j.landurbplan.2020.103953. 

Bai, J., Zhang, G., Zhao, Q., Lu, Q., Jia, J., Cui, B. & Liu, X. (2016) Depth-distribution 

patterns and control of soil organic carbon in coastal salt marshes with different 

plant covers. Scientific Reports, 6(1), 34835. 10.1038/srep34835. 

Baldock, J. A. & Skjemstad, J. O. (2000) Role of the soil matrix and minerals in 

protecting natural organic materials against biological attack. Organic 

Geochemistry, 31(7), 697-710. https://doi.org/10.1016/S0146-6380(00)00049-8. 

Bardgett, R. (2005) The biology of soil: a community and ecosystem approach. Oxford 

university press. 

Bardgett, R. (2016) Earth Matters: How soil underlies civilization. Oxford University Press. 

Bartsch, H. U., Kues, J., Sbresny, J. & Schneider, J. (1997) Soil information system as 

part of a municipal environmental information system. Environmental Geology, 

30(3-4), 189-197. 10.1007/s002540050146. 

Basta, N. T., Busalacchi, D. M., Hundal, L. S., Kumar, K., Dick, R. P., Lanno, R. P., 

Carlson, J., Cox, A. E. & Granato, T. C. (2016) Restoring Ecosystem Function in 

Degraded Urban Soil Using Biosolids, Biosolids Blend, and Compost. Journal of 

Environmental Quality, 45(1), 74-83. 10.2134/jeq2015.01.0009. 

Batjes, N. H. (1996) Total carbon and nitrogen in the soils of the world. European Journal 

of Soil Science, 47(2), 151-163. https://doi.org/10.1111/j.1365-2389.1996.tb01386.x. 

Baveye, P. C., Baveye, J. & Gowdy, J. (2016) Soil “ecosystem” services and natural 

capital: Critical appraisal of research on uncertain ground. Frontiers in 

Environmental Science, 4, 41. 

Baveye, P. C., Schnee, L. S., Boivin, P., Laba, M. & Radulovich, R. (2020) Soil Organic 

Matter Research and Climate Change: Merely Re-storing Carbon Versus 

Restoring Soil Functions. Frontiers in Environmental Science, 8. 

10.3389/fenvs.2020.579904. 

Beerling, D. J., Kantzas, E. P., Lomas, M. R., Wade, P., Eufrasio, R. M., Renforth, P., 

Sarkar, B., Andrews, M. G., James, R. H., Pearce, C. R., Mercure, J.-F., Pollitt, H., 

Holden, P. B., Edwards, N. R., Khanna, M., Koh, L., Quegan, S., Pidgeon, N. F., 

Janssens, I. A., Hansen, J. & Banwart, S. A. (2020) Potential for large-scale CO2 

removal via enhanced rock weathering with croplands. Nature, 583(7815), 242-

248. 10.1038/s41586-020-2448-9. 

Berner, R. A. & Lasaga, A. C. (1989) Modeling the Geochemical Carbon Cycle. Scientific 

American, 260(3), 74-81. 



147 

 

Biffi, S., De Souza, C. M. & Firbank, L. G. (2019) Epigeal fauna of urban food 

production sites show no obvious relationships with soil characteristics or site 

area. Agriculture Ecosystems & Environment, 286. 10.1016/j.agee.2019.106677. 

Biggs, R., Schlüter, M., Biggs, D., Bohensky, E. L., Burnsilver, S., Cundill, G., Dakos, V., 

Daw, T. M., Evans, L. S., Kotschy, K., Leitch, A. M., Meek, C., Quinlan, A., 

Raudsepp-Hearne, C., Robards, M. D., Schoon, M. L., Schultz, L. & West, P. C. 

(2012) Toward Principles for Enhancing the Resilience of Ecosystem Services. 

Annual Review of Environment and Resources, 37(1), 421-448. 10.1146/annurev-

environ-051211-123836. 

Bird, M. I., Wynn, J. G., Saiz, G., Wurster, C. M. & Mcbeath, A. (2015) The Pyrogenic 

Carbon Cycle. Annual Review of Earth and Planetary Sciences, 43(1), 273-298. 

10.1146/annurev-earth-060614-105038. 

Blanchart, A., Séré, G., Cherel, J., Warot, G., Stas, M., Consalès, J. N. & Schwartz, C. 

(2018) Towards an operational methodology to optimize ecosystem services 

provided by urban soils. Landscape and Urban Planning, 176, 1-9. 

10.1016/j.landurbplan.2018.03.019. 

Bouraoui, D., Cekstere, G., Osvalde, A., Vollenweider, P. & Rasmann, S. (2019) Deicing 

Salt Pollution Affects the Foliar Traits and Arthropods' Biodiversity of Lime 

Trees in Riga's Street Greeneries. Frontiers in Ecology and Evolution, 7. 

10.3389/fevo.2019.00282. 

Bradley, R., Milne, R., Bell, J., Lilly, A., Jordan, C. & Higgins, A. (2005) A soil carbon 

and land use database for the United Kingdom. Soil Use and Management, 21(4), 

363-369. 

Bray, N. & Wickings, K. (2019) The Roles of Invertebrates in the Urban Soil 

Microbiome. Frontiers in Ecology and Evolution, 7. 10.3389/fevo.2019.00359. 

Bretzel, F., Calderisi, M., Scatena, M. & Pini, R. (2016) Soil quality is key for planning 

and managing urban allotments intended for the sustainable production of 

home-consumption vegetables. Environmental Science and Pollution Research, 

23(17), 17753-17760. 10.1007/s11356-016-6819-6. 

Breure, A. M., Lijzen, J. P. A. & Maring, L. (2018) Soil and land management in a 

circular economy. Science of The Total Environment, 624, 1125-1130. 

https://doi.org/10.1016/j.scitotenv.2017.12.137. 

Brevik, E. C., Slaughter, L., Singh, B. R., Steffan, J. J., Collier, D., Barnhart, P. & Pereira, 

P. (2020) Soil and Human Health: Current Status and Future Needs. Air, Soil 

and Water Research, 13, 1178622120934441. 10.1177/1178622120934441. 

Bullock, P. & Gregory, P. J. (1991) Soils in the urban environment. John Wiley & Sons. 

Bünemann, E. K., Bongiorno, G., Bai, Z., Creamer, R. E., De Deyn, G., De Goede, R., 

Fleskens, L., Geissen, V., Kuyper, T. W. & Mäder, P. (2018) Soil quality–A 

critical review. Soil Biology and Biochemistry, 120, 105-125. 

Burghardt, W. (1994) Soils in urban and industrial environments. Zeitschrift für 

Pflanzenernährung und Bodenkunde, 157(3), 205-214. 

Caldwell, M. M., Dawson, T. E. & Richards, J. H. (1998) Hydraulic Lift: Consequences 

of Water Efflux from the Roots of Plants. Oecologia, 113(2), 151-161. 



148 

 

Calzolari, C., Tarocco, P., Lombardo, N., Marchi, N. & Ungaro, F. (2020) Assessing soil 

ecosystem services in urban and peri-urban areas: From urban soils survey to 

providing support tool for urban planning. Land Use Policy, 99, 105037. 

https://doi.org/10.1016/j.landusepol.2020.105037. 

Cambou, A., Saby, N. P. A., Hunault, G., Nold, F., Cannavo, P., Schwartz, C. & Vidal-

Beaudet, L. (2021) Impact of city historical management on soil organic carbon 

stocks in Paris (France). Journal of Soils and Sediments, 21(2), 1038-1052. 

10.1007/s11368-020-02869-9. 

Cambou, A., Shaw, R. K., Huot, H., Vidal-Beaudet, L., Hunault, G., Cannavo, P., Nold, 

F. & Schwartz, C. (2018) Estimation of soil organic carbon stocks of two cities, 

New York City and Paris. Science of the total environment, 644, 452-464. 

Canedoli, C., Ferre, C., Abu El Khair, D., Padoa-Schioppa, E. & Comolli, R. (2020) Soil 

organic carbon stock in different urban land uses: high stock evidence in urban 

parks. Urban Ecosystems, 23(1), 159-171. 10.1007/s11252-019-00901-6. 

Cannavo, P., Guenon, R., Galopin, G. & Vidal-Beaudet, L. (2018) Technosols made with 

various urban wastes showed contrasted performance for tree development 

during a 3-year experiment. Environmental Earth Sciences, 77(18). 10.1007/s12665-

018-7848-x. 

Chen, X., De Vries, S., Assmuth, T., Dick, J., Hermans, T., Hertel, O., Jensen, A., Jones, 

L., Kabisch, S., Lanki, T., Lehmann, I., Maskell, L., Norton, L. & Reis, S. (2019) 

Research challenges for cultural ecosystem services and public health in (peri-

)urban environments. Science of The Total Environment, 651, 2118-2129. 

https://doi.org/10.1016/j.scitotenv.2018.09.030. 

Chen, Y. J., Day, S. D., Wick, A. F. & Mcguire, K. J. (2014) Influence of urban land 

development and subsequent soil rehabilitation on soil aggregates, carbon, and 

hydraulic conductivity. Science of the Total Environment, 494, 329-336. 

10.1016/j.scitotenv.2014.06.099. 

Christensen, B. T. (1985) Carbon and Nitrogen in Particle Size Fractions Isolated from 

Danish Arable Soils by Ultrasonic Dispersion and Gravity-Sedimentation. Acta 

Agriculturae Scandinavica, 35(2), 175-187. 10.1080/00015128509435773. 

Christensen, B. T. (2001) Physical fractionation of soil and structural and functional 

complexity in organic matter turnover. European Journal of Soil Science, 52(3), 

345-353. https://doi.org/10.1046/j.1365-2389.2001.00417.x. 

Ciria (2013) Demonstrating the Multiple Benefits of SuDS–a Business Case (Phase 2): 

Draft Literature Review. Ciria London, UK. 

Cobley, L. a. E., Pataki, D. E., Mccarthy, H. R., Martin, S. A. & Ehleringer, J. R. (2018) 

Housing Age and Affluence Influence Plant and Soil Nitrogen and Carbon 

Cycles in Two Semiarid Cities. Journal of Geophysical Research-Biogeosciences, 

123(10), 3178-3192. 10.1029/2018jg004424. 

Cotrufo, M. F., Ranalli, M. G., Haddix, M. L., Six, J. & Lugato, E. (2019) Soil carbon 

storage informed by particulate and mineral-associated organic matter. Nature 

Geoscience, 12(12), 989-994. 10.1038/s41561-019-0484-6. 

Craul, P. J. (1985) A description of urban soils and their desired characteristics. Journal 

of arboriculture. 



149 

 

Crispo, M., Cameron, D. D., Meredith, W., Eveleigh, A., Ladommatos, N., Mašek, O. & 

Edmondson, J. L. (2021) Opening the black box: Soil microcosm experiments 

reveal soot black carbon short-term oxidation and influence on soil organic 

carbon mineralisation. Science of The Total Environment, 801, 149659. 

https://doi.org/10.1016/j.scitotenv.2021.149659. 

Cross, A. & Sohi, S. (2011) The priming potential of biochar products in relation to 

labile carbon contents and soil organic matter status. Soil Biology and 

Biochemistry, 43(10), 2127-2134. https://doi.org/10.1016/j.soilbio.2011.06.016 

Da Silva, R. T., Fleskens, L., Van Delden, H. & Van Der Ploeg, M. (2018) Incorporating 

soil ecosystem services into urban planning: status, challenges and 

opportunities. Landscape Ecology, 33(7), 1087-1102. 10.1007/s10980-018-0652-x. 

Davies, C. A., Robertson, A. D. & Mcnamara, N. P. (2021) The importance of nitrogen 

for net carbon sequestration when considering natural climate solutions. Global 

Change Biology, 27(2), 218-219. https://doi.org/10.1111/gcb.15381. 

Davis, M. & Naumann, S. (2017) Making the case for sustainable urban drainage 

systems as a nature-based solution to urban flooding. In:  Nature-Based Solutions 

to Climate Change Adaptation in Urban Areas. Springer, Cham. 

De Kimpe, C. R. & Morel, J. L. (2000) Urban soil management: A growing concern. Soil 

Science, 165(1), 31-40. 10.1097/00010694-200001000-00005. 

De Neve, S. & Hofman, G. (2000) Influence of soil compaction on carbon and nitrogen 

mineralization of soil organic matter and crop residues. Biology and Fertility of 

Soils, 30(5), 544-549. 10.1007/s003740050034. 

Deeb, M., Groffman, P. M., Blouin, M., Egendorf, S. P., Vergnes, A., Vasenev, V., Cao, 

D. L., Walsh, D., Morin, T. & Séré, G. (2020) Using constructed soils for green 

infrastructure – challenges and limitations. SOIL, 6(2), 413-434. 10.5194/soil-6-

413-2020. 

Defra (2017) 2011 Rural-Urban Classification of Local Authority Districts and Similar 

Geographic Units in England: A User Guide. 

Defra (2021) UK Statistics on Waste. In: Department For , E., Food and Rural Affairs & 

Department For , O. F. N. S. (eds.). 

Delbecque, N., Dondeyne, S., Gelaude, F., Mouazen, A. M., Vermeir, P. & Verdoodt, A. 

(2022) Urban soil properties distinguished by parent material, land use, time 

since urbanization, and pre-urban geomorphology. Geoderma, 413, 115719. 

https://doi.org/10.1016/j.geoderma.2022.115719. 

Denies, N., Huybrechts, N., De Cock, F., Lameire, B., Maertens, J., Vervoort, A. & 

Guimond-Barrett, A. (2015) Thoughts on the durability of the soil mix material. 

In. 

Dobbs, C., Escobedo, F. J. & Zipperer, W. C. (2011) A framework for developing urban 

forest ecosystem services and goods indicators. Landscape and Urban Planning, 

99(3-4), 196-206. 10.1016/j.landurbplan.2010.11.004. 

Dominati, E., Patterson, M. & Mackay, A. (2010) A framework for classifying and 

quantifying the natural capital and ecosystem services of soils. Ecological 

economics, 69(9), 1858-1868. 



150 

 

Dungait, J. a. J., Hopkins, D. W., Gregory, A. S. & Whitmore, A. P. (2012) Soil organic 

matter turnover is governed by accessibility not recalcitrance. Global Change 

Biology, 18(6), 1781-1796. https://doi.org/10.1111/j.1365-2486.2012.02665.x. 

Dynarski, K. A., Bossio, D. A. & Scow, K. M. (2020) Dynamic Stability of Soil Carbon: 

Reassessing the “Permanence” of Soil Carbon Sequestration. Frontiers in 

Environmental Science, 8. 10.3389/fenvs.2020.514701. 

Edmondson, J. L., Cunningham, H., Densley Tingley, D. O., Dobson, M. C., Grafius, D. 

R., Leake, J. R., Mchugh, N., Nickles, J., Phoenix, G. K., Ryan, A. J., Stovin, V., 

Taylor Buck, N., Warren, P. H. & Cameron, D. D. (2020) The hidden potential of 

urban horticulture. Nature Food, 1(3), 155-159. 10.1038/s43016-020-0045-6. 

Edmondson, J. L., Davies, Z. G., Gaston, K. J. & Leake, J. R. (2014a) Urban cultivation in 

allotments maintains soil qualities adversely affected by conventional 

agriculture. Journal of Applied Ecology, 51(4), 880-889. 10.1111/1365-2664.12254. 

Edmondson, J. L., Davies, Z. G., Mccormack, S. A., Gaston, K. J. & Leake, J. R. (2014b) 

Land-cover effects on soil organic carbon stocks in a European city. Science of the 

Total Environment, 472, 444-453. 10.1016/j.scitotenv.2013.11.025. 

Edmondson, J. L., Davies, Z. G., Mchugh, N., Gaston, K. J. & Leake, J. R. (2012) Organic 

carbon hidden in urban ecosystems. Scientific Reports, 2. 10.1038/srep00963. 

Edmondson, J. L., O'sullivan, O. S., Inger, R., Potter, J., Mchugh, N., Gaston, K. J. & 

Leake, J. R. (2014c) Urban Tree Effects on Soil Organic Carbon. Plos One, 9(7). 

10.1371/journal.pone.0101872. 

Edmondson, J. L., Stott, I., Potter, J., Lopez-Capel, E., Manning, D. a. C., Gaston, K. J. & 

Leake, J. R. (2015) Black Carbon Contribution to Organic Carbon Stocks in 

Urban Soil. Environmental Science & Technology, 49(14), 8339-8346. 

10.1021/acs.est.5b00313. 

Eea (2006) Urban sprawl in Europe. Copenhagen: European Environment Agency. 

Elliott, E. T. & Cambardella, C. A. (1991) Physical separation of soil organic matter. 

Agriculture, Ecosystems & Environment, 34(1), 407-419. 

https://doi.org/10.1016/0167-8809(91)90124-G. 

Eu (2012) European Commission: Guidelines on best practice to limit, mitigate or 

compensate soil sealing. Luxembourg: European Union. 

Fabbri, D., Pizzol, R., Calza, P., Malandrino, M., Gaggero, E., Padoan, E. & Ajmone-

Marsan, F. (2021) Constructed Technosols: A Strategy toward a Circular 

Economy. Applied Sciences, 11(8), 3432. 

Fang, C. & Moncrieff, J. B. (2005) The variation of soil microbial respiration with depth 

in relation to soil carbon composition. Plant and Soil, 268(1), 243-253. 

10.1007/s11104-004-0278-4. 

Fao (2015) World Reference Base for Soil Resources 2014, update 2015. International 

soil classification system for naming soils and creating legends for soil maps. In: 

Wrb, I. W. G. (ed.) World Soil Resources Reports. Rome. . 

Fao (2018) Measuring and modelling soil carbon stocks and stock changes in livestock 

production systems: Guidelines for 

assessment (Version 1). Livestock Environmental Assessment and Performance (LEAP) 

Partnership. Rome, FAO. . 



151 

 

Fish, R., Church, A. & Winter, M. (2016) Conceptualising cultural ecosystem services: A 

novel framework for research and critical engagement. Ecosystem Services, 21, 

208-217. https://doi.org/10.1016/j.ecoser.2016.09.002. 

Francini, G., Hui, N., Jumpponen, A., Kotze, D. J., Romantschuk, M., Allen, J. A. & 

Setala, H. (2018) Soil biota in boreal urban greenspace: Responses to plant type 

and age. Soil Biology & Biochemistry, 118, 145-155. 10.1016/j.soilbio.2017.11.019. 

Fuller, R. A. & Gaston, K. J. (2009) The scaling of green space coverage in European 

cities. Biology Letters, 5(3), 352-355. doi:10.1098/rsbl.2009.0010. 

Gaines, T. P. & Gaines, S. T. (1994) Soil texture effect on nitrate leaching in soil 

percolates. Communications in Soil Science and Plant Analysis, 25(13-14), 2561-

2570. 10.1080/00103629409369207. 

Gan, H. J. & Wickings, K. (2017) Soil ecological responses to pest management in golf 

turf vary with management intensity, pesticide identity, and application 

program. Agriculture Ecosystems & Environment, 246, 66-77. 

10.1016/j.agee.2017.05.014. 

Gelardi, D. L. & Parikh, S. J. (2021) Soils and Beyond: Optimizing Sustainability 

Opportunities for Biochar. Sustainability, 13(18), 10079. 

Ghosh, S., Scharenbroch, B. C. & Ow, L. F. (2016) Soil organic carbon distribution in 

roadside soils of Singapore. Chemosphere, 165, 163-172. 

10.1016/j.chemosphere.2016.09.028. 

Glaser, B., Balashov, E., Haumaier, L., Guggenberger, G. & Zech, W. (2000) Black 

carbon in density fractions of anthropogenic soils of the Brazilian Amazon 

region. Organic Geochemistry, 31(7), 669-678. https://doi.org/10.1016/S0146-

6380(00)00044-9. 

Gomez-Baggethun, E., Gren, Å., Barton, D. N., Langemeyer, J., Mcphearson, T., 

O’farrell, P., Andersson, E., Hamstead, Z. & Kremer, P. (2013) Urban ecosystem 

services. In:  Urbanization, biodiversity and ecosystem services: Challenges and 

opportunities. Dordrecht: Springer. 

Graves, A. R., Morris, J., Deeks, L. K., Rickson, R. J., Kibblewhite, M. G., Harris, J. A., 

Farewell, T. S. & Truckle, I. (2015) The total costs of soil degradation in England 

and Wales. Ecological Economics, 119, 399-413. 

https://doi.org/10.1016/j.ecolecon.2015.07.026. 

Green Construction Board (2020) Zero Avoidable Waste in Construction: What do we 

mean by it and how best to interpret it. In: Association, T. a. K. a. E. R. P. a. J. T. 

O. T. C. P. (ed.). 

Greiner, L., Keller, A., Grêt-Regamey, A. & Papritz, A. (2017) Soil function assessment: 

review of methods for quantifying the contributions of soils to ecosystem 

services. Land Use Policy, 69, 224-237. 

Grigoratos, T. & Martini, G. (2015) Brake wear particle emissions: a review. 

Environmental Science and Pollution Research, 22(4), 2491-2504. 10.1007/s11356-

014-3696-8. 

Groenigen, K.-J. V., Six, J., Hungate, B. A., Graaff, M.-a. D., Breemen, N. V. & Kessel, C. 

V. (2006) Element interactions limit soil carbon storage. Proceedings of the 

National Academy of Sciences, 103(17), 6571-6574. doi:10.1073/pnas.0509038103. 



152 

 

Groffman, P. M., Cavender-Bares, J., Bettez, N. D., Grove, J. M., Hall, S. J., Heffernan, J. 

B., Hobbie, S. E., Larson, K. L., Morse, J. L., Neill, C., Nelson, K., O'neil-Dunne, 

J., Ogden, L., Pataki, D. E., Polsky, C., Chowdhury, R. R. & Steele, M. K. (2014) 

Ecological homogenization of urban USA. Frontiers in Ecology and the 

Environment, 12(1), 74-81. https://doi.org/10.1890/120374. 

Guggenberger, G. & Zech, W. (1994) Composition and dynamics of dissolved 

carbohydrates and lignin-degradation products in two coniferous forests, N.E. 

Bavaria, Germany. Soil Biology and Biochemistry, 26(1), 19-27. 

https://doi.org/10.1016/0038-0717(94)90191-0. 

Guilland, C., Maron, P. A., Damas, O. & Ranjard, L. (2018) Biodiversity of urban soils 

for sustainable cities. Environmental Chemistry Letters, 16(4), 1267-1282. 

10.1007/s10311-018-0751-6. 

Guo, Y., Wang, X., Li, X., Wang, J., Xu, M. & Li, D. (2016) Dynamics of soil organic and 

inorganic carbon in the cropland of upper Yellow River Delta, China. Scientific 

Reports, 6(1), 36105. 10.1038/srep36105. 

Haase, D. (2009) Effects of urbanisation on the water balance - A long-term trajectory. 

Environmental Impact Assessment Review, 29(4), 211-219. 

10.1016/j.eiar.2009.01.002. 

Haase, D., Frantzeskaki, N. & Elmqvist, T. (2014) Ecosystem services in urban 

landscapes: practical applications and governance implications. Ambio, 43(4), 

407-412. 

Haines-Young, R. & Potschin, M. B. (2018) Common international classification of 

ecosystem services (CICES) V5. 1 and guidance on the application of the revised 

structure. Nottingham, UK: Fabis Consulting Ltd.[Google Scholar]. 

Hamilton, G. A. & Hartnett, H. E. (2013) Soot black carbon concentration and isotopic 

composition in soils from an arid urban ecosystem. Organic Geochemistry, 59, 87-

94. https://doi.org/10.1016/j.orggeochem.2013.04.003. 

Harris, D., Horwáth, W. R. & Van Kessel, C. (2001) Acid fumigation of soils to remove 

carbonates prior to total organic carbon or CARBON-13 isotopic analysis. Soil 

Science Society of America Journal, 65(6), 1853-1856. 

https://doi.org/10.2136/sssaj2001.1853. 

Hartley, W., Uffindell, L., Plumb, A., Rawlinson, H. A., Putwain, P. & Dickinson, N. M. 

(2008) Assessing biological indicators for remediated anthropogenic urban 

soils. Science of the Total Environment, 405(1-3), 358-369. 

10.1016/j.scitotenv.2008.06.004. 

Hassink, J. (1997) The capacity of soils to preserve organic C and N by their association 

with clay and silt particles. Plant and Soil, 191(1), 77-87. 

10.1023/A:1004213929699. 

Heaviside, C., Macintyre, H. & Vardoulakis, S. (2017) The Urban Heat Island: 

Implications for Health in a Changing Environment. Current Environmental 

Health Reports, 4(3), 296-305. 10.1007/s40572-017-0150-3. 

Heiri, O., Lotter, A. F. & Lemcke, G. (2001) Loss on ignition as a method for estimating 

organic and carbonate content in sediments: reproducibility and comparability 

of results. Journal of Paleolimnology, 25(1), 101-110. 10.1023/A:1008119611481. 



153 

 

Herrmann, D. L., Schifman, L. A. & Shuster, W. D. (2018) Widespread loss of 

intermediate soil horizons in urban landscapes. Proceedings of the National 

Academy of Sciences of the United States of America, 115(26), 6751-6755. 

10.1073/pnas.1800305115. 

Herrmann, D. L., Schifman, L. A. & Shuster, W. D. (2020) Urbanization drives 

convergence in soil profile texture and carbon content. Environmental Research 

Letters, 15(11), 114001. 10.1088/1748-9326/abbb00. 

Herrmann, D. L., Shuster, W. D. & Garmestani, A. S. (2017) Vacant urban lot soils and 

their potential to support ecosystem services. Plant and Soil, 413(1-2), 45-57. 

10.1007/s11104-016-2874-5. 

Heyman, H., Bassuk, N., Bonhotal, J. & Walter, T. (2019) Compost Quality 

Recommendations for Remediating Urban Soils. International Journal of 

Environmental Research and Public Health, 16(17). 10.3390/ijerph16173191. 

Hilscher, A., Heister, K., Siewert, C. & Knicker, H. (2009) Mineralisation and structural 

changes during the initial phase of microbial degradation of pyrogenic plant 

residues in soil. Organic Geochemistry, 40(3), 332-342. 

https://doi.org/10.1016/j.orggeochem.2008.12.004. 

Hoffland, E., Kuyper, T. W., Comans, R. N. J. & Creamer, R. E. (2020) Eco-functionality 

of organic matter in soils. Plant and Soil, 455(1), 1-22. 10.1007/s11104-020-04651-

9. 

Hølleland, H., Skrede, J. & Holmgaard, S. B. (2017) Cultural Heritage and Ecosystem 

Services: A Literature Review. Conservation and Management of Archaeological 

Sites, 19(3), 210-237. 10.1080/13505033.2017.1342069. 

Holt, A. R., Alix, A., Thompson, A. & Maltby, L. (2016) Food production, ecosystem 

services and biodiversity: We can't have it all everywhere. Science of the Total 

Environment, 573, 1422-1429. 

Hui, N., Jumpponen, A., Francini, G., Kotze, D. J., Liu, X. X., Romantschuk, M., 

Strommer, R. & Setala, H. (2017) Soil microbial communities are shaped by 

vegetation type and park age in cities under cold climate. Environmental 

Microbiology, 19(3), 1281-1295. 10.1111/1462-2920.13660. 

Ivashchenko, K., Ananyeva, N., Vasenev, V., Sushko, S., Seleznyova, A. & Kudeyarov, 

V. (2019) Microbial C-availability and organic matter decomposition in urban 

soils of megapolis depend on functional zoning. Soil & Environment, 38(1), 31-

41. 10.25252/se/19/61524. 

Ivashchenko, K., Lepore, E., Vasenev, V., Ananyeva, N., Demina, S., Khabibullina, F., 

Vaseneva, I., Selezneva, A., Dolgikh, A., Sushko, S., Marinari, S. & 

Dovletyarova, E. (2021) Assessing Soil-like Materials for Ecosystem Services 

Provided by Constructed Technosols. Land, 10(11), 1185. 

Jacob, D. J. & Winner, D. A. (2009) Effect of climate change on air quality. Atmospheric 

Environment, 43(1), 51-63. 

Jaffé, R., Ding, Y., Niggemann, J., Vähätalo, A. V., Stubbins, A., Spencer, R. G. M., 

Campbell, J. & Dittmar, T. (2013) Global Charcoal Mobilization from Soils via 

Dissolution and Riverine Transport to the Oceans. Science, 340(6130), 345. 

10.1126/science.1231476. 



154 

 

Janzen, H. H. (2006) The soil carbon dilemma: Shall we hoard it or use it? Soil Biology 

and Biochemistry, 38(3), 419-424. https://doi.org/10.1016/j.soilbio.2005.10.008. 

Jobbágy, E. G. & Jackson, R. B. (2000) THE VERTICAL DISTRIBUTION OF SOIL 

ORGANIC CARBON AND ITS RELATION TO CLIMATE AND 

VEGETATION. Ecological Applications, 10(2), 423-436. 

https://doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2. 

Joimel, S., Schwartz, C., Hedde, M., Kiyota, S., Krogh, P. H., Nahmani, J., Peres, G., 

Vergnes, A. & Cortet, J. (2017) Urban and industrial land uses have a higher soil 

biological quality than expected from physicochemical quality. Science of the 

Total Environment, 584, 614-621. 10.1016/j.scitotenv.2017.01.086. 

Joimel, S., Schwartz, C., Maurel, N., Magnus, B., Machon, N., Bel, J. & Cortet, J. (2019) 

Contrasting homogenization patterns of plant and collembolan communities in 

urban vegetable gardens. Urban Ecosystems, 22(3), 553-566. 10.1007/s11252-019-

00843-z. 

Jónsson, J. Ö. G. & Davíðsdóttir, B. (2016) Classification and valuation of soil ecosystem 

services. Agricultural Systems, 145, 24-38. 

Jorat, M. E., Goddard, M. A., Manning, P., Lau, H. K., Ngeow, S., Sohi, S. P. & 

Manning, D. a. C. (2020) Passive CO2 removal in urban soils: Evidence from 

brownfield sites. Science of The Total Environment, 703, 135573. 

https://doi.org/10.1016/j.scitotenv.2019.135573. 

Kachurina, O. M., Zhang, H., Raun, W. R. & Krenzer, E. G. (2000) Simultaneous 

determination of soil aluminum, ammonium‐ and nitrate‐nitrogen using 1 M 

potassium chloride extraction. Communications in Soil Science and Plant Analysis, 

31(7-8), 893-903. 10.1080/00103620009370485. 

Kaiser, K., Guggenberger, G. & Haumaier, L. (2004) Changes in Dissolved Lignin-

Derived Phenols, Neutral Sugars, Uronic Acids, and Amino Sugars with Depth 

in Forested Haplic Arenosols and Rendzic Leptosols. Biogeochemistry, 70(1), 135-

151. 

Kaiser, K. & Kalbitz, K. (2012) Cycling downwards – dissolved organic matter in soils. 

Soil Biology and Biochemistry, 52, 29-32. 

https://doi.org/10.1016/j.soilbio.2012.04.002. 

Kalbitz, K., Solinger, S., Park, J.-H., Michalzik, B. & Matzner, E. (2000) CONTROLS ON 

THE DYNAMICS OF DISSOLVED ORGANIC MATTER IN SOILS: A REVIEW. 

Soil Science, 165(4), 277-304. 

Kerr, J. G. (2017) Multiple land use activities drive riverine salinization in a large, semi-

arid river basin in western Canada. Limnology and Oceanography, 62(4), 1331-

1345. 10.1002/lno.10498. 

Kida, K. & Kawahigashi, M. (2015) Influence of asphalt pavement construction 

processes on urban soil formation in Tokyo. Soil Science and Plant Nutrition, 61, 

135-146. 10.1080/00380768.2015.1048182. 

Kim, B. F., Poulsen, M. N., Margulies, J. D., Dix, K. L., Palmer, A. M. & Nachman, K. E. 

(2014) Urban Community Gardeners' Knowledge and Perceptions of Soil 

Contaminant Risks. Plos One, 9(2). 10.1371/journal.pone.0087913. 



155 

 

Kim, J. H., Jobbágy, E. G., Richter, D. D., Trumbore, S. E. & Jackson, R. B. (2020) 

Agricultural acceleration of soil carbonate weathering. Global Change Biology, 

26(10), 5988-6002. https://doi.org/10.1111/gcb.15207. 

Kleber, M., Eusterhues, K., Keiluweit, M., Mikutta, C., Mikutta, R. & Nico, P. S. (2015) 

Chapter One - Mineral–Organic Associations: Formation, Properties, and 

Relevance in Soil Environments. In: Sparks, D. L. (ed.) Advances in Agronomy. 

Academic Press. 

Kögel-Knabner, I., Guggenberger, G., Kleber, M., Kandeler, E., Kalbitz, K., Scheu, S., 

Eusterhues, K. & Leinweber, P. (2008) Organo-mineral associations in 

temperate soils: Integrating biology, mineralogy, and organic matter chemistry. 

Journal of Plant Nutrition and Soil Science, 171(1), 61-82. 

https://doi.org/10.1002/jpln.200700048. 

Kopel, D., Brook, A., Wittenberg, L. & Malkinson, D. (2016) Spectroscopy application 

for soil differentiation in urban landscape. Journal of Soils and Sediments, 16(11), 

2557-2567. 10.1007/s11368-016-1502-6. 

Kumar, P. (2010) The Economics of Ecosystems and Biodiversity Ecological and Economic 

Foundations. London and Washington: Earthscan. 

Kuzyakov, Y., Bogomolova, I. & Glaser, B. (2014) Biochar stability in soil: 

Decomposition during eight years and transformation as assessed by 

compound-specific 14C analysis. Soil Biology and Biochemistry, 70, 229-236. 

https://doi.org/10.1016/j.soilbio.2013.12.021. 

Lal, R. & Stewart, B. A. (2017) Urban Soils. 1st ed. Boca Raton: CRC Press. 

Lavallee, J. M., Soong, J. L. & Cotrufo, M. F. (2020) Conceptualizing soil organic matter 

into particulate and mineral-associated forms to address global change in the 

21st century. Global Change Biology, 26(1), 261-273. 

https://doi.org/10.1111/gcb.14859. 

Lehmann, A. (2006) Technosols and other proposals on urban soils for the WRB [World 

Reference Base for Soil Resources]. International agrophysics, 20(2). 

Lehmann, A. & Stahr, K. (2007) Nature and significance of anthropogenic urban soils. 

Journal of Soils and Sediments, 7(4), 247-260. 

Lehmann, J., Abiven, S., Kleber, M., Pan, G., Singh, B. P., Sohi, S. P., Zimmerman, A. R., 

Lehmann, J. & Joseph, S. (2015) Persistence of biochar in soil. In:  Biochar for 

environmental management: Science, technology and implementation. Earthscan. 

Lehmann, J., Hansel, C. M., Kaiser, C., Kleber, M., Maher, K., Manzoni, S., Nunan, N., 

Reichstein, M., Schimel, J. P., Torn, M. S., Wieder, W. R. & Kögel-Knabner, I. 

(2020) Persistence of soil organic carbon caused by functional complexity. 

Nature Geoscience, 13(8), 529-534. 10.1038/s41561-020-0612-3. 

Lehmann, J., Rillig, M. C., Thies, J., Masiello, C. A., Hockaday, W. C. & Crowley, D. 

(2011) Biochar effects on soil biota – A review. Soil Biology and Biochemistry, 

43(9), 1812-1836. https://doi.org/10.1016/j.soilbio.2011.04.022. 

Li, C., Zhao, L., Sun, P., Zhao, F., Kang, D., Yang, G., Han, X., Feng, Y. & Ren, G. (2016) 

Deep Soil C, N, and P Stocks and Stoichiometry in Response to Land Use 

Patterns in the Loess Hilly Region of China. PLOS ONE, 11(7), e0159075. 

10.1371/journal.pone.0159075. 



156 

 

Li, G., Sun, G. X., Ren, Y., Luo, X. S. & Zhu, Y. G. (2018) Urban soil and human health: a 

review. European Journal of Soil Science, 69(1), 196-215. 

Li, S. J., Yang, L., Chen, L. D., Zhao, F. K. & Sun, L. (2019) Spatial distribution of heavy 

metal concentrations in peri-urban soils in eastern China. Environmental Science 

and Pollution Research, 26(2), 1615-1627. 10.1007/s11356-018-3691-6. 

Liang, B., Lehmann, J., Sohi, S. P., Thies, J. E., O’neill, B., Trujillo, L., Gaunt, J., Solomon, 

D., Grossman, J., Neves, E. G. & Luizão, F. J. (2010) Black carbon affects the 

cycling of non-black carbon in soil. Organic Geochemistry, 41(2), 206-213. 

https://doi.org/10.1016/j.orggeochem.2009.09.007. 

Liu, Y., Chen, Y., Wang, Y., Lu, H., He, L. & Yang, S. (2018) Negative priming effect of 

three kinds of biochar on the mineralization of native soil organic carbon. Land 

Degradation & Development, 29(11), 3985-3994. https://doi.org/10.1002/ldr.3147. 

Livesley, S. J., Dougherty, B. J., Smith, A. J., Navaud, D., Wylie, L. J. & Arndt, S. K. 

(2010) Soil-atmosphere exchange of carbon dioxide, methane and nitrous oxide 

in urban garden systems: impact of irrigation, fertiliser and mulch. Urban 

ecosystems, 13(3), 273-293. 

Livesley, S. J., Ossola, A., Threlfall, C. G., Hahs, A. K. & Williams, N. S. G. (2016) Soil 

Carbon and Carbon/Nitrogen Ratio Change under Tree Canopy, Tall Grass, and 

Turf Grass Areas of Urban Green Space. Journal of Environmental Quality, 45(1), 

215-223. 10.2134/jeq2015.03.0121. 

Lopez-Sangil, L. & Rovira, P. (2013) Sequential chemical extractions of the mineral-

associated soil organic matter: An integrated approach for the fractionation of 

organo-mineral complexes. Soil Biology and Biochemistry, 62, 57-67. 

https://doi.org/10.1016/j.soilbio.2013.03.004. 

Lorenz, K. & Kandeler, E. (2006) Microbial biomass and activities in urban soils in two 

consecutive years. Journal of Plant Nutrition and Soil Science, 169(6), 799-808. 

10.1002/jpln.200622001. 

Lorenz, K. & Lal, R. (2005) The Depth Distribution of Soil Organic Carbon in Relation 

to Land Use and Management and the Potential of Carbon Sequestration in 

Subsoil Horizons. In:  Advances in Agronomy. Academic Press. 

Lorenz, K. & Lal, R. (2009) Biogeochemical C and N cycles in urban soils. Environment 

International, 35(1), 1-8. 10.1016/j.envint.2008.05.006. 

Lorenz, K. & Lal, R. (2015) Managing soil carbon stocks to enhance the resilience of 

urban ecosystems. Carbon Management, 6(1-2), 35-50. 

10.1080/17583004.2015.1071182. 

Lorenz, K., Lal, R. & Shipitalo, M. J. (2008) Chemical stabilization of organic carbon 

pools in particle size fractions in no-till and meadow soils. Biology and Fertility of 

Soils, 44(8), 1043-1051. 10.1007/s00374-008-0300-8. 

Lorenz, K., Preston, C. M. & Kandeler, E. (2006) Soil organic matter in urban soils: 

Estimation of elemental carbon by thermal oxidation and characterization of 

organic matter by solid-state C-13 nuclear magnetic resonance (NMR) 

spectroscopy. Geoderma, 130(3-4), 312-323. 10.1016/j.geoderma.2005.02.004. 

Lovell, R., Depledge, M. & Maxwell, S. (2018) Health and the natural environment: A 

review of evidence, policy, practice and opportunities for the future. 



157 

 

Lu, C., Kotze, D. J. & Setälä, H. M. (2020) Soil sealing causes substantial losses in C and 

N storage in urban soils under cool climate. Science of The Total Environment, 

725, 138369. https://doi.org/10.1016/j.scitotenv.2020.138369. 

Lützow, M. V., Kögel-Knabner, I., Ekschmitt, K., Matzner, E., Guggenberger, G., 

Marschner, B. & Flessa, H. (2006) Stabilization of organic matter in temperate 

soils: mechanisms and their relevance under different soil conditions – a 

review. European Journal of Soil Science, 57(4), 426-445. 

https://doi.org/10.1111/j.1365-2389.2006.00809.x. 

Lv, H. L., Wang, W. J., He, X. Y., Xiao, L., Zhou, W. & Zhang, B. (2016) Quantifying 

Tree and Soil Carbon Stocks in a Temperate Urban Forest in Northeast China. 

Forests, 7(9). 10.3390/f7090200. 

Macbride, S. (2013) The archeology of coal ash: An industrial-urban solid waste at the 

dawn of the hydrocarbon economy. IA. The Journal of the Society for Industrial 

Archeology, 23-39. 

Mace, G. M., Norris, K. & Fitter, A. H. (2012) Biodiversity and ecosystem services: a 

multilayered relationship. Trends in ecology & evolution, 27(1), 19-26. 

Majidzadeh, H., Lockaby, B. G. & Governo, R. (2017) Effect of home construction on 

soil carbon storage-A chronosequence case study. Environmental Pollution, 226, 

317-323. 

Majidzadeh, H., Lockaby, B. G., Price, R. & Governo, R. (2018) Soil carbon and nitrogen 

dynamics beneath impervious surfaces. Soil Science Society of America Journal, 

82(3), 663-670. 

Major, J., Lehmann, J., Rondon, M. & Goodale, C. (2010) Fate of soil-applied black 

carbon: downward migration, leaching and soil respiration. Global Change 

Biology, 16(4), 1366-1379. https://doi.org/10.1111/j.1365-2486.2009.02044.x. 

Manna, P., Angelo, B., Antonello, B., Amedeo, D., Carlo, D., Michela, I., Giuliano, L., 

Florindo, M. A., Paolo, P., Vingiani, S. & Fabio, T. (2017) Soil Sealing: 

Quantifying Impacts on Soil Functions by a Geospatial Decision Support 

System. Land Degradation & Development, 28(8), 2513-2526. 10.1002/ldr.2802. 

Marschner, B., Brodowski, S., Dreves, A., Gleixner, G., Gude, A., Grootes, P. M., 

Hamer, U., Heim, A., Jandl, G., Ji, R., Kaiser, K., Kalbitz, K., Kramer, C., 

Leinweber, P., Rethemeyer, J., Schäffer, A., Schmidt, M. W. I., Schwark, L. & 

Wiesenberg, G. L. B. (2008) How relevant is recalcitrance for the stabilization of 

organic matter in soils? Journal of Plant Nutrition and Soil Science, 171(1), 91-110. 

https://doi.org/10.1002/jpln.200700049. 

Martinová, V., Van Geel, M., Lievens, B. & Honnay, O. (2016) Strong differences in 

Quercus robur-associated ectomycorrhizal fungal communities along a forest-

city soil sealing gradient. Fungal Ecology, 20, 88-96. 

Masciandaro, G., Macci, C., Peruzzi, E. & Doni, S. (2018) Chapter 1 - Soil Carbon in the 

World: Ecosystem Services Linked to Soil Carbon in Forest and Agricultural 

Soils. In: Garcia, C., Nannipieri, P. & Hernandez, T. (eds.) The Future of Soil 

Carbon. Academic Press. 

Mažeika, J., Blaževičius, P., Stančikaitė, M. & Kisielienė, D. (2009) Dating of the 

Cultural Layers from Vilnius Lower Castle, East Lithuania: Implications for 



158 

 

Chronological Attribution and Environmental History. Radiocarbon, 51(2), 515-

528. 10.1017/S0033822200055892. 

Mazurek, R., Kowalska, J., Gąsiorek, M. & Setlak, M. (2016) Micromorphological and 

physico-chemical analyses of cultural layers in the urban soil of a medieval city 

— A case study from Krakow, Poland. CATENA, 141, 73-84. 

https://doi.org/10.1016/j.catena.2016.02.026. 

Mcclintock, N. (2015) A critical physical geography of urban soil contamination. 

Geoforum, 65, 69-85. 10.1016/j.geoforum.2015.07.010. 

Mcgrane, S. J. (2016) Impacts of urbanisation on hydrological and water quality 

dynamics, and urban water management: a review. Hydrological Sciences Journal, 

61(13), 2295-2311. 10.1080/02626667.2015.1128084. 

Mcphearson, T., Andersson, E., Elmqvist, T. & Frantzeskaki, N. (2015) Resilience of and 

through urban ecosystem services. Ecosyst. Serv. 12, 152–156. 

Meyer, N. A., Breecker, D. O., Young, M. H. & Litvak, M. E. (2014) Simulating the 

Effect of Vegetation in Formation of Pedogenic Carbonate. Soil Science Society of 

America Journal, 78(3), 914-924. https://doi.org/10.2136/sssaj2013.08.0326. 

Míguez, F., Gómez-Sagasti, M. T., Hernández, A., Artetxe, U., Blanco, F., Castañeda, J. 

H., Lozano, J. V., Garbisu, C. & Becerril, J. M. (2020) In situ phytomanagement 

with Brassica napus and bio-stabilised municipal solid wastes is a suitable 

strategy for redevelopment of vacant urban land. Urban Forestry & Urban 

Greening, 47, 126550. https://doi.org/10.1016/j.ufug.2019.126550. 

Mikutta, R., Kleber, M., Torn, M. S. & Jahn, R. (2006) Stabilization of Soil Organic 

Matter: Association with Minerals or Chemical Recalcitrance? Biogeochemistry, 

77(1), 25-56. 10.1007/s10533-005-0712-6. 

Millennium Ecosystem Assessment (2005) Ecosystems and Human Well-being: 

Synthesis. Washington, DC. 

Milne, E., Banwart, S. A., Noellemeyer, E., Abson, D. J., Ballabio, C., Bampa, F., 

Bationo, A., Batjes, N. H., Bernoux, M., Bhattacharyya, T., Black, H., Buschiazzo, 

D. E., Cai, Z., Cerri, C. E., Cheng, K., Compagnone, C., Conant, R., Coutinho, H. 

L. C., De Brogniez, D., Balieiro, F. D. C., Duffy, C., Feller, C., Fidalgo, E. C. C., 

Da Silva, C. F., Funk, R., Gaudig, G., Gicheru, P. T., Goldhaber, M., Gottschalk, 

P., Goulet, F., Goverse, T., Grathwohl, P., Joosten, H., Kamoni, P. T., Kihara, J., 

Krawczynski, R., La Scala, N., Lemanceau, P., Li, L., Li, Z., Lugato, E., Maron, 

P.-A., Martius, C., Melillo, J., Montanarella, L., Nikolaidis, N., Nziguheba, G., 

Pan, G., Pascual, U., Paustian, K., Piñeiro, G., Powlson, D., Quiroga, A., Richter, 

D., Sigwalt, A., Six, J., Smith, J., Smith, P., Stocking, M., Tanneberger, F., 

Termansen, M., Van Noordwijk, M., Van Wesemael, B., Vargas, R., Victoria, R. 

L., Waswa, B., Werner, D., Wichmann, S., Wichtmann, W., Zhang, X., Zhao, Y., 

Zheng, J. & Zheng, J. (2015) Soil carbon, multiple benefits. Environmental 

Development, 13, 33-38. https://doi.org/10.1016/j.envdev.2014.11.005. 

Minasny, B. & Mcbratney, A. B. (2018) Limited effect of organic matter on soil available 

water capacity. European Journal of Soil Science, 69(1), 39-47. 

https://doi.org/10.1111/ejss.12475. 



159 

 

Mok, H.-F., Williamson, V. G., Grove, J. R., Burry, K., Barker, S. F. & Hamilton, A. J. 

(2014) Strawberry fields forever? Urban agriculture in developed countries: a 

review. Agronomy for sustainable development, 34(1), 21-43. 

Monserie, M. F., Watteau, F., Villemin, G., Ouvrard, S. & Morel, J. L. (2009) Technosol 

genesis: identification of organo-mineral associations in a young Technosol 

derived from coking plant waste materials. Journal of Soils and Sediments, 9(6), 

537-546. 10.1007/s11368-009-0084-y. 

Montgomery, J. A., Klimas, C. A., Arcus, J., Deknock, C., Rico, K., Rodriguez, Y., 

Vollrath, K., Webb, E. & Williams, A. (2016) Soil Quality Assessment Is a 

Necessary First Step for Designing Urban Green Infrastructure. Journal of 

Environmental Quality, 45(1), 18-25. 10.2134/jeq2015.04.0192. 

Morel, J. L., Chenu, C. & Lorenz, K. (2015) Ecosystem services provided by soils of 

urban, industrial, traffic, mining, and military areas (SUITMAs). Journal of Soils 

and Sediments, 15(8), 1659-1666. 10.1007/s11368-014-0926-0. 

Nguyen, B. T., Lehmann, J., Hockaday, W. C., Joseph, S. & Masiello, C. A. (2010) 

Temperature Sensitivity of Black Carbon Decomposition and Oxidation. 

Environmental Science & Technology, 44(9), 3324-3331. 10.1021/es903016y. 

Nieder, R., Benbi, D. K. & Scherer, H. W. (2011) Fixation and defixation of ammonium 

in soils: a review. Biology and Fertility of Soils, 47(1), 1-14. 10.1007/s00374-010-

0506-4. 

Norton, J. M. & Stark, J. M. (2011) Chapter Fifteen - Regulation and Measurement of 

Nitrification in Terrestrial Systems. In: Klotz, M. G. (ed.) Methods in Enzymology. 

Academic Press. 

Novakov, T. & Hansen, J. E. (2004) Black carbon emissions in the United Kingdom 

during the past four decades: an empirical analysis. Atmospheric Environment, 

38(25), 4155-4163. https://doi.org/10.1016/j.atmosenv.2004.04.031. 

Nykvist, N. (1963) Leaching and decomposition of water-soluble organic substances 

from different types of leaf and needle litter. Studia forestalia Suecica, 3. 

O'donnell, E. C. & Thorne, C. R. (2020) Drivers of future urban flood risk. Philosophical 

Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 

378(2168), 20190216. doi:10.1098/rsta.2019.0216. 

O'riordan, R., Davies, J., Stevens, C. & Quinton, J. N. (2021a) The effects of sealing on 

urban soil carbon and nutrients. SOIL, 7(2), 661-675. 10.5194/soil-7-661-2021. 

O'riordan, R., Davies, J., Stevens, C., Quinton, J. N. & Boyko, C. (2021b) The ecosystem 

services of urban soils: A review. Geoderma, 395, 115076. 

https://doi.org/10.1016/j.geoderma.2021.115076. 

Oldfield, E. E., Felson, A. J., Wood, S. A., Hallett, R. A., Strickland, M. S. & Bradford, M. 

A. (2014) Positive effects of afforestation efforts on the health of urban soils. 

Forest Ecology and Management, 313, 266-273. 10.1016/j.foreco.2013.11.027. 

Ons (2021) Office for National Statistics (2021) Estimates of the population for the UK, 

England and Wales, Scotland and Northern Ireland. 

https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigra

tion/populationestimates/datasets/populationestimatesforukenglandandwaless

cotlandandnorthernireland. 



160 

 

Orsini, F., Kahane, R., Nono-Womdim, R. & Gianquinto, G. (2013) Urban agriculture in 

the developing world: a review. Agronomy for sustainable development, 33(4), 695-

720. 

Page, K. (2004) Identification of the causes of subsoil ammonium accumulations in 

southeastern Queensland. 

Paul, E. A. (1984) Dynamics of organic matter in soils. Plant and Soil, 76(1), 275-285. 

10.1007/BF02205586. 

Paul, E. A. (2014) Soil Microbiology, Ecology and Biochemistry (Academic, 2014). Academic 

Press. 

Pavao-Zuckerman, M. (2012) Urbanization, Soils, and Ecosystem Services. In: Wall Dh, 

B. R., Behan-Pelletier V, Herrick Je, Jones Th, Ritz K, Six J, Strong Dr, Van Der 

Putten Wh (ed.) Soil Ecology and Ecosystem Services. Oxford: Oxford University 

Press. 

Pavao-Zuckerman, M. A. (2008) The Nature of Urban Soils and Their Role in Ecological 

Restoration in Cities. Restoration Ecology, 16(4), 642-649. 10.1111/j.1526-

100X.2008.00486.x. 

Pereira, M. C., O’riordan, R. & Stevens, C. (2021) Urban soil microbial community and 

microbial-related carbon storage are severely limited by sealing. Journal of Soils 

and Sediments, 1-11. 

Phillips, T. H., Baker, M. E., Lautar, K., Yesilonis, I. & Pavao-Zuckerman, M. A. (2019) 

The capacity of urban forest patches to infiltrate stormwater is influenced by 

soil physical properties and soil moisture. Journal of Environmental Management, 

246, 11-18. 10.1016/j.jenvman.2019.05.127. 

Pierre, S., Groffman, P. M., Killilea, M. E. & Oldfield, E. E. (2016) Soil microbial 

nitrogen cycling and nitrous oxide emissions from urban afforestation in the 

New York City Afforestation Project. Urban Forestry & Urban Greening, 15, 149-

154. 

Pietikäinen, J., Kiikkilä, O. & Fritze, H. (2000) Charcoal as a Habitat for Microbes and 

Its Effect on the Microbial Community of the Underlying Humus. Oikos, 89(2), 

231-242. 

Piotrowska-Długosz, A. & Charzyński, P. (2015) The impact of the soil sealing degree 

on microbial biomass, enzymatic activity, and physicochemical properties in 

the Ekranic Technosols of Toruń (Poland). Journal of Soils and Sediments, 15(1), 

47-59. 

Poeplau, C., Don, A., Six, J., Kaiser, M., Benbi, D., Chenu, C., Cotrufo, M. F., Derrien, 

D., Gioacchini, P., Grand, S., Gregorich, E., Griepentrog, M., Gunina, A., 

Haddix, M., Kuzyakov, Y., Kühnel, A., Macdonald, L. M., Soong, J., Trigalet, S., 

Vermeire, M.-L., Rovira, P., Van Wesemael, B., Wiesmeier, M., Yeasmin, S., 

Yevdokimov, I. & Nieder, R. (2018) Isolating organic carbon fractions with 

varying turnover rates in temperate agricultural soils – A comprehensive 

method comparison. Soil Biology and Biochemistry, 125, 10-26. 

https://doi.org/10.1016/j.soilbio.2018.06.025. 



161 

 

Pouyat, R. V., Day, S. D., Brown, S., Schwarz, K., Shaw, R. E., Szlavecz, K., Trammell, T. 

L. & Yesilonis, I. D. (2020) Urban Soils. In:  Forest and Rangeland Soils of the 

United States Under Changing Conditions. Springer, Cham. 

Pouyat, R. V., Yesilonis, I. D., Dombos, M., Szlavecz, K., Setälä, H., Cilliers, S., 

Hornung, E., Kotze, D. J. & Yarwood, S. (2015) A Global Comparison of Surface 

Soil Characteristics Across Five Cities: A Test of the Urban Ecosystem 

Convergence Hypothesis. Soil Science, 180(4/5), 136-145. 

10.1097/ss.0000000000000125. 

Pouyat, R. V., Yesilonis, I. D. & Nowak, D. J. (2006) Carbon storage by urban soils in 

the United States. Journal of environmental quality, 35(4), 1566-1575. 

Pouyat, R. V., Yesilonis, I. D., Russell-Anelli, J. & Neerchal, N. K. (2007) Soil Chemical 

and Physical Properties That Differentiate Urban Land-Use and Cover Types. 

Soil Science Society of America Journal, 71(3), 1010-1019. 

https://doi.org/10.2136/sssaj2006.0164. 

Powers, S. M., Bruulsema, T. W., Burt, T. P., Chan, N. I., Elser, J. J., Haygarth, P. M., 

Howden, N. J. K., Jarvie, H. P., Lyu, Y., Peterson, H. M., Sharpley, Andrew n., 

Shen, J., Worrall, F. & Zhang, F. (2016) Long-term accumulation and transport 

of anthropogenic phosphorus in three river basins. Nature Geoscience, 9(5), 353-

356. 10.1038/ngeo2693. 

Pretty, J., Barton, J., Colbeck, I., Hine, R., Mourato, S., Mackerron, G. & Wood, C. (2011) 

Health Values from Ecosystems. Cambridge: UK National Ecosystem Assessment, 

UNEP-WCMC. 

Price, S. J., Terrington, R. L., Busby, J., Bricker, S. & Berry, T. (2018) 3D ground-use 

optimisation for sustainable urban development planning: A case-study from 

Earls Court, London, UK. Tunnelling and Underground Space Technology, 81, 144-

164. https://doi.org/10.1016/j.tust.2018.06.025. 

Prokop, G., Jobstmann, H. & Schönbauer, A. (2011) Report on best practices for limiting 

soil sealing and mitigating its effects. 

Qian, Y. & Follett, R. (2012) Carbon Dynamics and Sequestration in Urban Turfgrass 

Ecosystems. In: Lal, R. & Augustin, B. (eds.) Carbon Sequestration in Urban 

Ecosystems. Dordrecht: Springer Netherlands. 

Qin, G., Wu, J., Zheng, X., Zhou, R. & Wei, Z. (2019) Phosphorus Forms and Associated 

Properties along an Urban–Rural Gradient in Southern China. Water, 11(12), 

2504. 

Raciti, S. M., Groffman, P. M. & Fahey, T. J. (2008) NITROGEN RETENTION IN 

URBAN LAWNS AND FORESTS. Ecological Applications, 18(7), 1615-1626. 

https://doi.org/10.1890/07-1062.1. 

Raciti, S. M., Groffman, P. M., Jenkins, J. C., Pouyat, R. V., Fahey, T. J., Pickett, S. T. & 

Cadenasso, M. L. (2011) Accumulation of carbon and nitrogen in residential 

soils with different land-use histories. Ecosystems, 14(2), 287-297. 

Raciti, S. M., Hutyra, L. R. & Finzi, A. C. (2012) Depleted soil carbon and nitrogen pools 

beneath impervious surfaces. Environmental Pollution, 164, 248-251. 

Ramirez, K. S., Leff, J. W., Barberán, A., Bates, S. T., Betley, J., Crowther, T. W., Kelly, E. 

F., Oldfield, E. E., Shaw, E. A. & Steenbock, C. (2014) Biogeographic patterns in 



162 

 

below-ground diversity in New York City's Central Park are similar to those 

observed globally. Proceedings of the royal society B: biological sciences, 281(1795), 

20141988. 

Ramnarine, R., Voroney, R. P., Wagner-Riddle, C. & Dunfield, K. E. (2011) Carbonate 

removal by acid fumigation for measuring the δ13C of soil organic carbon. 

Canadian Journal of Soil Science, 91(2), 247-250. 10.4141/cjss10066. 

Rawlins, B. G., Vane, C. H., Kim, A. W., Tye, A. M., Kemp, S. J. & Bellamy, P. H. (2008) 

Methods for estimating types of soil organic carbon and their application to 

surveys of UK urban areas. Soil Use and Management, 24(1), 47-59. 10.1111/j.1475-

2743.2007.00132.x. 

Rawls, W. J., Pachepsky, Y. A., Ritchie, J. C., Sobecki, T. M. & Bloodworth, H. (2003) 

Effect of soil organic carbon on soil water retention. Geoderma, 116(1), 61-76. 

https://doi.org/10.1016/S0016-7061(03)00094-6. 

Rees, F., Dagois, R., Derrien, D., Fiorelli, J.-L., Watteau, F., Morel, J. L., Schwartz, C., 

Simonnot, M.-O. & Séré, G. (2019) Storage of carbon in constructed technosols: 

in situ monitoring over a decade. Geoderma, 337, 641-648. 

https://doi.org/10.1016/j.geoderma.2018.10.009. 

Renforth, P. & Manning, D. a. C. (2011) Laboratory carbonation of artificial silicate gels 

enhanced by citrate: Implications for engineered pedogenic carbonate 

formation. International Journal of Greenhouse Gas Control, 5(6), 1578-1586. 

https://doi.org/10.1016/j.ijggc.2011.09.001. 

Revelli, R. & Porporato, A. (2018) Ecohydrological model for the quantification of 

ecosystem services provided by urban street trees. Urban Ecosystems, 21(3), 489-

504. 10.1007/s11252-018-0741-2. 

Rhea, L., Shuster, W., Shaffer, J. & Losco, R. (2014) Data proxies for assessment of 

urban soil suitability to support green infrastructure. Journal of Soil and Water 

Conservation, 69(3), 254-265. 10.2489/jswc.69.3.254. 

Risch, A. C., Zimmermann, S., Ochoa-Hueso, R., Schütz, M., Frey, B., Firn, J. L., Fay, P. 

A., Hagedorn, F., Borer, E. T., Seabloom, E. W., Harpole, W. S., Knops, J. M. H., 

Mcculley, R. L., Broadbent, A. a. D., Stevens, C. J., Silveira, M. L., Adler, P. B., 

Báez, S., Biederman, L. A., Blair, J. M., Brown, C. S., Caldeira, M. C., Collins, S. 

L., Daleo, P., Di Virgilio, A., Ebeling, A., Eisenhauer, N., Esch, E., Eskelinen, A., 

Hagenah, N., Hautier, Y., Kirkman, K. P., Macdougall, A. S., Moore, J. L., 

Power, S. A., Prober, S. M., Roscher, C., Sankaran, M., Siebert, J., Speziale, K. L., 

Tognetti, P. M., Virtanen, R., Yahdjian, L. & Moser, B. (2019) Soil net nitrogen 

mineralisation across global grasslands. Nature Communications, 10(1), 4981. 

10.1038/s41467-019-12948-2. 

Rocci, K. S., Lavallee, J. M., Stewart, C. E. & Cotrufo, M. F. (2021) Soil organic carbon 

response to global environmental change depends on its distribution between 

mineral-associated and particulate organic matter: A meta-analysis. Science of 

The Total Environment, 793, 148569. 

https://doi.org/10.1016/j.scitotenv.2021.148569. 

Roscoe, R., Buurman, P. & Velthorst, E. J. (2000) Disruption of soil aggregates by varied 

amounts of ultrasonic energy in fractionation of organic matter of a clay 



163 

 

Latosol: carbon, nitrogen and δ13C distribution in particle-size fractions. 

European Journal of Soil Science, 51(3), 445-454. https://doi.org/10.1046/j.1365-

2389.2000.00321.x. 

Rossiter, D. G. (2007) Classification of Urban and Industrial Soils in the World 

Reference Base for Soil Resources (5 pp). Journal of Soils and Sediments, 7(2), 96-

100. 10.1065/jss2007.02.208. 

Rowland, A. P. & Grimshaw, H. M. (1985) A wet oxidation procedure suitable for total 

nitrogen and phosphorus in soil. Communications in Soil Science and Plant 

Analysis, 16(6), 551-560. 10.1080/00103628509367628. 

Rumpel, C. & Kögel-Knabner, I. (2011) Deep soil organic matter—a key but poorly 

understood component of terrestrial C cycle. Plant and Soil, 338(1), 143-158. 

10.1007/s11104-010-0391-5. 

Saha, U. K., Sonon, L. & Biswas, B. K. (2018) A Comparison of Diffusion-

Conductimetric and Distillation-Titration Methods in Analyzing Ammonium- 

and Nitrate-Nitrogen in the KCl-Extracts of Georgia Soils. Communications in 

Soil Science and Plant Analysis, 49(1), 63-75. 10.1080/00103624.2017.1421647. 

Sahrawat, K. L. (2008) Factors Affecting Nitrification in Soils. Communications in Soil 

Science and Plant Analysis, 39(9-10), 1436-1446. 10.1080/00103620802004235. 

Salomé, C., Nunan, N., Pouteau, V., Lerch, T. Z. & Chenu, C. (2010) Carbon dynamics 

in topsoil and in subsoil may be controlled by different regulatory mechanisms. 

Global Change Biology, 16(1), 416-426. https://doi.org/10.1111/j.1365-

2486.2009.01884.x. 

Santorufo, L., Van Gestel, C. a. M. & Maisto, G. (2014) Sampling season affects 

conclusions on soil arthropod community structure responses to metal 

pollution in Mediterranean urban soils. Geoderma, 226, 47-53. 

10.1016/j.geoderma.2014.02.001. 

Scalenghe, R. & Ferraris, S. (2009) The First Forty Years of a Technosol. Pedosphere, 

19(1), 40-52. https://doi.org/10.1016/S1002-0160(08)60082-X. 

Scalenghe, R. & Marsan, F. A. (2009) The anthropogenic sealing of soils in urban areas. 

Landscape and Urban Planning, 90(1-2), 1-10. 10.1016/j.landurbplan.2008.10.011. 

Scharenbroch, B. C., Bialecki, M. B. & Fahey, R. T. (2017) Distribution and Factors 

Controlling Soil Organic Carbon in the Chicago Region, Illinois, USA. Soil 

Science Society of America Journal, 81(6), 1436-1449. 10.2136/sssaj2017.03.0087. 

Scharenbroch, B. C., Meza, E. N., Catania, M. & Fite, K. (2013) Biochar and Biosolids 

Increase Tree Growth and Improve Soil Quality for Urban Landscapes. Journal 

of Environmental Quality, 42(5), 1372-1385. 

https://doi.org/10.2134/jeq2013.04.0124. 

Schifman, L. A., Prues, A., Gilkey, K. & Shuster, W. D. (2018) Realizing the 

opportunities of black carbon in urban soils: Implications for water quality 

management with green infrastructure. Science of the Total Environment, 644, 

1027-1035. 10.1016/j.scitotenv.2018.06.396. 

Schifman, L. A. & Shuster, W. D. (2019) Comparison of Measured and Simulated Urban 

Soil Hydrologic Properties. Journal of Hydrologic Engineering, 24(1), 04018056. 

doi:10.1061/(ASCE)HE.1943-5584.0001684. 



164 

 

Schindelbeck, R. R., Van Es, H. M., Abawi, G. S., Wolfe, D. W., Whitlow, T. L., Gugino, 

B. K., Idowu, O. J. & Moebius-Clune, B. N. (2008) Comprehensive assessment of 

soil quality for landscape and urban management. Landscape and Urban 

Planning, 88(2-4), 73-80. 10.1016/j.landurbplan.2008.08.006. 

Schmidt, E., Dietrich, J., Pouyat, R., Szlavecz, K., Setälä, H., Kotze, D. J., Yesilonis, I., 

Cilliers, S., Hornung, E., Dombos, M. & Yarwood, S. A. (2017) Urbanization 

erodes ectomycorrhizal fungal diversity and may cause microbial communities 

to converge. Nature Ecology & Evolution, 1(5), 0123. 10.1038/s41559-017-0123. 

Schmidt, M. W. I., Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I. 

A., Kleber, M., Kögel-Knabner, I., Lehmann, J., Manning, D. a. C., Nannipieri, 

P., Rasse, D. P., Weiner, S. & Trumbore, S. E. (2011) Persistence of soil organic 

matter as an ecosystem property. Nature, 478(7367), 49-56. 10.1038/nature10386. 

Schwilch, G., Bernet, L., Fleskens, L., Giannakis, E., Leventon, J., Maranon, T., Mills, J., 

Short, C., Stolte, J. & Van Delden, H. (2016) Operationalizing ecosystem services 

for the mitigation of soil threats: A proposed framework. Ecological indicators, 

67, 586-597. 

Scott, A., Carter, C., Hardman, M., Grayson, N. & Slaney, T. (2018) Mainstreaming 

ecosystem science in spatial planning practice: Exploiting a hybrid opportunity 

space. Land Use Policy, 70, 232-246. 

Setala, H., Francini, G., Allen, J. A., Jumpponen, A., Hui, N. & Kotze, D. J. (2017) Urban 

parks provide ecosystem services by retaining metals and nutrients in soils. 

Environmental Pollution, 231, 451-461. 10.1016/j.envpol.2017.08.010. 

Setala, H. M., Francini, G., Allen, J. A., Hui, N., Jumpponen, A. & Kotze, D. J. (2016) 

Vegetation Type and Age Drive Changes in Soil Properties, Nitrogen, and 

Carbon Sequestration in Urban Parks under Cold Climate. Frontiers in Ecology 

and Evolution, 4. 10.3389/fevo.2016.00093. 

Seto, K. C., Fragkias, M., Güneralp, B. & Reilly, M. K. (2011) A Meta-Analysis of Global 

Urban Land Expansion. PLOS ONE, 6(8), e23777. 10.1371/journal.pone.0023777. 

Shaw, P. & Reeve, N. (2008) Influence of a parking area on soils and vegetation in an 

urban nature reserve. Urban Ecosystems, 11(1), 107-120. 10.1007/s11252-007-0044-

5. 

Simo, I., Schulte, R., O’sullivan, L. & Creamer, R. (2019) Digging deeper: 

Understanding the contribution of subsoil carbon for climate mitigation, a case 

study of Ireland. Environmental Science & Policy, 98, 61-69. 

https://doi.org/10.1016/j.envsci.2019.05.004. 

Six, J., Conant, R. T., Paul, E. A. & Paustian, K. (2002) Stabilization mechanisms of soil 

organic matter: Implications for C-saturation of soils. Plant and Soil, 241(2), 155-

176. 10.1023/A:1016125726789. 

Six, J., Guggenberger, G., Paustian, K., Haumaier, L., Elliott, E. T. & Zech, W. (2001) 

Sources and composition of soil organic matter fractions between and within 

soil aggregates. European Journal of Soil Science, 52(4), 607-618. 

https://doi.org/10.1046/j.1365-2389.2001.00406.x. 



165 

 

Smith, P. (2016) Soil carbon sequestration and biochar as negative emission 

technologies. Global Change Biology, 22(3), 1315-1324. 

https://doi.org/10.1111/gcb.13178. 

Smreczak, B. & Ukalska-Jaruga, A. (2021) Dissolved organic matter in agricultural soils. 

Soil Science Annual, 72(1). 10.37501/soilsa/132234. 

Soilscapes (2020) Soilscapes Viewer, Cranfield University. Available at: 

http://www.landis.org.uk/soilscapes/ [Accessed 08.10.2020]. 

Somerville, P. D., Farrell, C., May, P. B. & Livesley, S. J. (2020) Biochar and compost 

equally improve urban soil physical and biological properties and tree growth, 

with no added benefit in combination. Science of The Total Environment, 706, 

135736. https://doi.org/10.1016/j.scitotenv.2019.135736. 

Stell, E., Guevara, M. & Vargas, R. (2019) Soil swelling potential across Colorado: A 

digital soil mapping assessment. Landscape and Urban Planning, 190. 

10.1016/j.landurbplan.2019.103599. 

Taylor, J. P., Wilson, B., Mills, M. S. & Burns, R. G. (2002) Comparison of microbial 

numbers and enzymatic activities in surface soils and subsoils using various 

techniques. Soil Biology and Biochemistry, 34(3), 387-401. 

https://doi.org/10.1016/S0038-0717(01)00199-7. 

Tiessen, H. & Stewart, J. W. B. (1983) Particle-size Fractions and their Use in Studies of 

Soil Organic Matter: II. Cultivation Effects on Organic Matter Composition in 

Size Fractions. Soil Science Society of America Journal, 47(3), 509-514. 

https://doi.org/10.2136/sssaj1983.03615995004700030023x. 

Tipping, E., Chamberlain, P. M., Fröberg, M., Hanson, P. J. & Jardine, P. M. (2012) 

Simulation of carbon cycling, including dissolved organic carbon transport, in 

forest soil locally enriched with 14C. Biogeochemistry, 108(1), 91-107. 

10.1007/s10533-011-9575-1. 

Tipping, E., Davies, J. a. C., Henrys, P. A., Kirk, G. J. D., Lilly, A., Dragosits, U., Carnell, 

E. J., Dore, A. J., Sutton, M. A. & Tomlinson, S. J. (2017) Long-term increases in 

soil carbon due to ecosystem fertilization by atmospheric nitrogen deposition 

demonstrated by regional-scale modelling and observations. Scientific Reports, 

7(1), 1890. 10.1038/s41598-017-02002-w. 

Tirpak, R. A., Hathaway, J. M., Franklin, J. A. & Kuehler, E. (2019) Suspended 

pavement systems as opportunities for subsurface bioretention. Ecological 

Engineering, 134, 39-46. 10.1016/j.ecoleng.2019.05.006. 

Tong, S. T. Y. & Chen, W. (2002) Modeling the relationship between land use and 

surface water quality. Journal of Environmental Management, 66(4), 377-393. 

https://doi.org/10.1006/jema.2002.0593. 

Trammell, T. L. E., Pataki, D. E., Pouyat, R. V., Groffman, P. M., Rosier, C., Bettez, N., 

Cavender-Bares, J., Grove, M. J., Hall, S. J., Heffernan, J., Hobbie, S. E., Morse, J. 

L., Neill, C. & Steele, M. (2020) Urban soil carbon and nitrogen converge at a 

continental scale. Ecological Monographs, 90(2), e01401. 

https://doi.org/10.1002/ecm.1401. 

Trammell, T. L. E., Schneid, B. P. & Carreiro, M. M. (2011) Forest soils adjacent to urban 

interstates: Soil physical and chemical properties, heavy metals, disturbance 



166 

 

legacies, and relationships with woody vegetation. Urban Ecosystems, 14(4), 525-

552. 10.1007/s11252-011-0194-3. 

Transport Scotland (2018) Dealing with coal tar bound arisings. 

Tresch, S., Frey, D., Le Bayon, R. C., Mader, P., Stehle, B., Fliessbach, A. & Moretti, M. 

(2019a) Direct and indirect effects of urban gardening on aboveground and 

belowground diversity influencing soil multifunctionality. Scientific Reports, 9. 

10.1038/s41598-019-46024-y. 

Tresch, S., Frey, D., Le Bayon, R. C., Zanetta, A., Rasche, F., Fliessbach, A. & Moretti, M. 

(2019b) Litter decomposition driven by soil fauna, plant diversity and soil 

management in urban gardens. Science of the Total Environment, 658, 1614-1629. 

10.1016/j.scitotenv.2018.12.235. 

Tresch, S., Moretti, M., Le Bayon, R. C., Mader, P., Zanetta, A., Frey, D. & Fliessbach, A. 

(2018) A Gardener's Influence on Urban Soil Quality. Frontiers in Environmental 

Science, 6. 10.3389/fenvs.2018.00025. 

Trigalet, S., Chartin, C., Krüger, I., Carnol, M., Oost, K. V. & Wesemael, B. V. (2017) Soil 

organic carbon fractionation for improving agricultural soil quality assessment 

– a case study in Southern Belgium (Wallonia). BASE, 21(2017)(3). 

Trombetta, N. W., Mason, H. B., Hutchinson, T. C., Zupan, J. D., Bray, J. D. & Kutter, B. 

L. (2014) Nonlinear soil–foundation–structure and structure–soil–structure 

interaction: centrifuge test observations. Journal of Geotechnical and 

Geoenvironmental Engineering, 140(5), 04013057. 

Ukalska-Jaruga, A., Smreczak, B. & Klimkowicz-Pawlas, A. (2019) Soil organic matter 

composition as a factor affecting the accumulation of polycyclic aromatic 

hydrocarbons. Journal of Soils and Sediments, 19(4), 1890-1900. 10.1007/s11368-

018-2214-x. 

Ungaro, F., Calzolari, C., Pistocchi, A. & Malucelli, F. (2014) Modelling the impact of 

increasing soil sealing on runoff coefficients at regional scale: a 

hydropedological approach. Journal of Hydrology and Hydromechanics, 62(1), 33-

42. 10.2478/johh-2014-0005. 

United Nations (2019) World Urbanization Prospects 2018: Highlights  

Vallone, P., Giammarinaro, M., Crosetto, M., Agudo, M. & Biescas, E. (2008) Ground 

motion phenomena in Caltanissetta (Italy) investigated by InSAR and 

geological data integration. Engineering geology, 98(3-4), 144-155. 

Van Eck, N. J. & Waltman, L. (2010) Software survey: VOSviewer, a computer program 

for bibliometric mapping. Scientometrics, 84(2), 523-538. 10.1007/s11192-009-

0146-3. 

Van Eck, N. J. & Waltman, L. (2011) Text mining and visualization using VOSviewer. 

arXiv preprint arXiv:1109.2058. 

Vance, E. D., Brookes, P. C. & Jenkinson, D. S. (1987) An extraction method for 

measuring soil microbial biomass C. Soil biology and Biochemistry, 19(6), 703-707. 

Vardon, P. J. (2015) Climatic influence on geotechnical infrastructure: a review. 

Environmental Geotechnics, 2(3), 166-174. 



167 

 

Vasenev, V. & Kuzyakov, Y. (2018) Urban soils as hot spots of anthropogenic carbon 

accumulation: Review of stocks, mechanisms and driving factors. Land 

Degradation & Development, 29(6), 1607-1622. 10.1002/ldr.2944. 

Vasenev, V. I., Stoorvogel, J. J. & Vasenev, I. I. (2013) Urban soil organic carbon and its 

spatial heterogeneity in comparison with natural and agricultural areas in the 

Moscow region. CATENA, 107, 96-102. 

https://doi.org/10.1016/j.catena.2013.02.009. 

Vasenev, V. I., Van Oudenhoven, A. P. E., Romzaykina, O. N. & Hajiaghaeva, R. A. 

(2018) The Ecological Functions and Ecosystem Services of Urban and 

Technogenic Soils: from Theory to Practice (A Review). Eurasian Soil Science, 

51(10), 1119-1132. 10.1134/s1064229318100137. 

Vauramo, S. & Setala, H. (2010) Urban belowground food-web responses to plant 

community manipulation - Impacts on nutrient dynamics. Landscape and Urban 

Planning, 97(1), 1-10. 10.1016/j.landurbplan.2010.04.004. 

Vauramo, S. & Setala, H. (2011) Decomposition of labile and recalcitrant litter types 

under different plant communities in urban soils. Urban Ecosystems, 14(1), 59-70. 

10.1007/s11252-010-0140-9. 

Von Lützow, M., Kögel-Knabner, I., Ekschmitt, K., Flessa, H., Guggenberger, G., 

Matzner, E. & Marschner, B. (2007) SOM fractionation methods: Relevance to 

functional pools and to stabilization mechanisms. Soil Biology and Biochemistry, 

39(9), 2183-2207. https://doi.org/10.1016/j.soilbio.2007.03.007. 

Wainwright, P. J. & Cresswell, D. J. F. (2001) Synthetic aggregates from combustion 

ashes using an innovative rotary kiln. Waste Management, 21(3), 241-246. 

https://doi.org/10.1016/S0956-053X(00)00096-9. 

Wang, H. T., Cheng, M. Y., Dsouza, M., Weisenhorn, P., Zheng, T. L. & Gilbert, J. A. 

(2018) Soil Bacterial Diversity Is Associated with Human Population Density in 

Urban Greenspaces. Environmental Science & Technology, 52(9), 5115-5124. 

10.1021/acs.est.7b0641. 

Wang, M. E., Faber, J. H., Chen, W. P., Li, X. M. & Markert, B. (2015) Effects of land use 

intensity on the natural attenuation capacity of urban soils in Beijing, China. 

Ecotoxicology and Environmental Safety, 117, 89-95. 10.1016/j.ecoenv.2015.03.018. 

Wang, Y., Zhang, Q., Majidzadeh, H., He, C., Shi, Q., Kong, S., Yang, Z. & Wang, J. 

(2021) Depletion of Soil Water-Extractable Organic Matter With Long-Term 

Coverage by Impervious Surfaces. Frontiers in Environmental Science, 9. 

10.3389/fenvs.2021.714311. 

Wardle, D. A., Nilsson, M.-C. & Zackrisson, O. (2008) Fire-Derived Charcoal Causes 

Loss of Forest Humus. Science, 320(5876), 629-629. doi:10.1126/science.1154960. 

Washbourne, C.-L., Lopez-Capel, E., Renforth, P., Ascough, P. L. & Manning, D. a. C. 

(2015) Rapid Removal of Atmospheric CO2 by Urban Soils. Environmental 

Science & Technology, 49(9), 5434-5440. 10.1021/es505476d. 

Washbourne, C. L., Renforth, P. & Manning, D. a. C. (2012) Investigating carbonate 

formation in urban soils as a method for capture and storage of atmospheric 

carbon. Science of the Total Environment, 431, 166-175. 

10.1016/j.scitotenv.2012.05.037. 



168 

 

Wei, Z.-Q., Wu, S.-H., Zhou, S.-L., Li, J.-T. & Zhao, Q.-G. (2014a) Soil organic carbon 

transformation and related properties in urban soil under impervious surfaces. 

Pedosphere, 24(1), 56-64. 

Wei, Z., Wu, S., Yan, X. & Zhou, S. (2014b) Density and stability of soil organic carbon 

beneath impervious surfaces in urban areas. PloS one, 9(10), e109380. 

Wei, Z. Q., Wu, S. H., Zhou, S. L. & Lin, C. (2013) Installation of impervious surface in 

urban areas affects microbial biomass, activity (potential C mineralisation), and 

functional diversity of the fine earth. Soil Research, 51(1), 59-67. 10.1071/sr12089. 

Weil, R. & Brady, N. (2017) The nature and properties of soils. Fifteenth edition ed. 

Columbus: Pearson. 

Weissert, L. F., Salmond, J. A. & Schwendenmann, L. (2016) Variability of soil organic 

carbon stocks and soil CO2 efflux across urban land use and soil cover types. 

Geoderma, 271, 80-90. https://doi.org/10.1016/j.geoderma.2016.02.014. 

Wheater, H. & Evans, E. (2009) Land use, water management and future flood risk. 

Land Use Policy, 26, S251-S264. https://doi.org/10.1016/j.landusepol.2009.08.019. 

Wu, X., Wu, L., Liu, Y., Zhang, P., Li, Q., Zhou, J., Hess, N. J., Hazen, T. C., Yang, W. & 

Chakraborty, R. (2018) Microbial Interactions With Dissolved Organic Matter 

Drive Carbon Dynamics and Community Succession. Frontiers in Microbiology, 

9. 10.3389/fmicb.2018.01234. 

Xie, T., Wang, M. E., Chen, W. P. & Uwizeyimana, H. (2018) Impacts of urbanization 

and landscape patterns on the earthworm communities in residential areas in 

Beijing. Science of the Total Environment, 626, 1261-1269. 

10.1016/j.scitotenv.2018.01.187. 

Yan, Y., Kuang, W., Zhang, C. & Chen, C. (2015) Impacts of impervious surface 

expansion on soil organic carbon – a spatially explicit study. Scientific Reports, 

5(1), 17905. 10.1038/srep17905. 

Yang, J.-L. & Zhang, G.-L. (2015) Formation, characteristics and eco-environmental 

implications of urban soils – A review. Soil Science and Plant Nutrition, 61(sup1), 

30-46. 10.1080/00380768.2015.1035622. 

Yilmaz, D., Bouarafa, S., Peyneau, P. E., Angulo-Jaramillo, R. & Lassabatere, L. (2019) 

Assessment of hydraulic properties of technosols using Beerkan and multiple 

tension disc infiltration methods. European Journal of Soil Science, 70(5), 1049-

1062. 10.1111/ejss.12791. 

Yost, J. L. & Hartemink, A. E. (2019) Chapter Four - Soil organic carbon in sandy soils: 

A review. In: Sparks, D. L. (ed.) Advances in Agronomy. Academic Press. 

Zamanian, K., Pustovoytov, K. & Kuzyakov, Y. (2016) Pedogenic carbonates: Forms 

and formation processes. Earth-Science Reviews, 157, 1-17. 

https://doi.org/10.1016/j.earscirev.2016.03.003. 

Zhang, L., Jing, Y., Xiang, Y., Zhang, R. & Lu, H. (2018) Responses of soil microbial 

community structure changes and activities to biochar addition: A meta-

analysis. Science of The Total Environment, 643, 926-935. 

https://doi.org/10.1016/j.scitotenv.2018.06.231. 

Zhao, D., Li, F., Wang, R. S., Yang, Q. R. & Ni, H. S. (2012) Effect of soil sealing on the 

microbial biomass, N transformation and related enzyme activities at various 



169 

 

depths of soils in urban area of Beijing, China. Journal of Soils and Sediments, 

12(4), 519-530. 10.1007/s11368-012-0472-6. 

Zhao, D., Li, F., Yang, Q., Wang, R., Song, Y. & Tao, Y. (2013) The influence of different 

types of urban land use on soil microbial biomass and functional diversity in 

Beijing, China. Soil Use and Management, 29(2), 230-239. 10.1111/sum.12034. 

Zimmerman, A. R. (2010) Abiotic and Microbial Oxidation of Laboratory-Produced 

Black Carbon (Biochar). Environmental Science & Technology, 44(4), 1295-1301. 

10.1021/es903140c. 

Ziter, C. & Turner, M. G. (2018) Current and historical land use influence soil-based 

ecosystem services in an urban landscape. Ecological Applications, 28(3), 643-654. 

10.1002/eap.1689. 

 

  



170 

 

8. Appendix 1: Chapter 2 – Supplementary material  

Table 8.1: The list of supporting processes and ecosystem services as set out in the 

framework by Dominati et al. (2010), and an explanation of how papers were categorised in 

the manuscript. Definitions of supporting processes and ecosystem services given by 

Dominati et al. (2010) have been abbreviated. 

Dominati et al. (2010) soil ES framework Categorisation used 

in this review 

Category Process or ES Abbreviated Definition   Papers that 

measure… 

Supporting 

processes 

Nutrient 

cycling 

The processes by which a 

chemical element moves 

through both the biotic and 

abiotic compartments of soils. 

Nutrient cycles are a way to 

conceptualise the 

transformations of elements in 

a soil. 

Concentrations, 

transformations and 

availability of soil 

nutrients, such as 

carbon, nitrogen and 

phosphorus. 

Water 

cycling 

The physical processes 

enabling water to enter soils, 

be stored and released. Soil 

moisture is the driver of many 

chemical and biological 

processes and is therefore 

essential in soil development 

and functioning. 

Soil hydrological 

processes and 

quantities, such as 

soil moisture, 

infiltration and 

water movement 

through soil. 

Soil 

biological 

activity 

Soils provide habitat to a great 

diversity of species, enabling 

them to function and develop. 

In return, the activity and 

diversity of soil biota are 

essential to soil structure, 

nutrient cycling, and 

detoxification. 

Soil biological 

properties, such as 

type and quantity of 

soil fauna; and soil 

biological activities, 

such as respiration 

or decomposition. 
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Provisioning 

services 

Food, wood 

and fibre 

Humans use a great variety of 

plants for a diversity of 

purposes (food, building, 

energy, fibre, medicines). By 

enabling plants to grow, soils 

provide a service to humans.  

The provision of 

plants for food, 

wood or fibre.  

Physical 

support 

Soils form the surface of the 

earth and represent the 

physical base on which 

animals, humans and 

infrastructures stand. Even an 

otherwise unproductive soil 

may provide physical support 

to human infrastructures. 

The physical 

support provided by 

soil to urban 

infrastructure.   

Raw 

materials 

Soils can be source of raw 

materials like, for example, 

peat for fuel and clay for 

potting. These materials 

stocks are the source of the 

service.  

The provision of raw 

materials.  

Regulating 

services 

Flood 

mitigation 

Soils have the capacity to store 

and retain quantities of water 

and therefore can mitigate and 

lessen the impacts of extreme 

climatic events and limit 

flooding. Soil structure and 

more precisely macroporosity, 

as well as processes like 

infiltration and drainage will 

impact on this service. 

The capacity of soil 

to alleviate flooding, 

such as storage and 

retention of water, 

run-off volume, 

structure and 

macroporosity, 

impermeable 

surfaces and SUDs.  

Filtering of 

nutrients 

If the solutes present in soil 

(e.g. nitrates, phosphates) are 

leached, they can become a 

contaminant in aquatic 

ecosystems (e.g. 

eutrophication) and a threat to 

human health (e.g. nitrate in 

The ability of soil to 

filter nutrients, such 

as filtration and 

retention capacity, 

leaching and water 

quality.  
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drinking water). Soils have the 

ability to absorb and retain 

solutes, therefore avoiding 

their release into water. 

Biological 

control of 

pests and 

diseases 

By providing habitat to 

beneficial species, soils can 

support plant growth and 

control the proliferation of 

pests (crops, animals or 

humans’ pests) and harmful 

disease vectors (e.g. viruses, 

bacteria). Soil conditions 

determine the quality of the 

soil habitat and thereby select 

the type of organisms present. 

The ability of soil to 

provide a habitat for 

beneficial species 

that prevent pests 

and disease.  

Recycling of 

wastes and 

detoxification 

Soils can self-detoxify and 

recycle wastes. Soil biota 

degrades and decomposes 

dead organic matter into more 

simple forms that organisms 

can reuse. Soils can also 

absorb (physically) or destroy 

chemical compounds that can 

be harmful to humans, or 

organisms useful to humans.  

The recycling and 

decomposition of 

wastes and 

contaminants, such 

as remediation, 

detoxification, 

degradation and 

content of 

contaminants.  

Carbon 

storage and 

regulation of 

greenhouse 

gas emissions 

Soils play an important role in 

regulating many atmospheric 

constituents, therefore 

impacting on air quality. 

Perhaps most important is the 

ability of soils to store carbon 

as stable organic matter which 

is a non-negligible benefit 

when talking about off-setting 

greenhouse gases emissions. 

The quantity of 

carbon stored in soil 

or emission of 

greenhouses gases, 

such as soil carbon 

content or stocks, 

carbon sequestration 

or greenhouse gas 

regulation.  
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Cultural 

services  

Culture Spirituality, knowledge, sense 

of place, aesthetics… The 

point here is not to detail all 

the cultural services provided 

by soils but to acknowledge 

that these services, even if 

almost always forgotten, are 

of tremendous consequence. 

Cultural services 

provided by urban 

soils.  
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9. Appendix 2: Chapter 3 – Table of Results   

Table 9.1: Urban soil measurements showing the mean (±SD). Different letters indicate a 

statistically significant difference between soil categories at the 0.05 level. 

Measurement 

Sealed 

undisturbed  

(n=22) 

Sealed 

anthropogenic 

(n=14) 

Greenspace soil 

(n=32) 
P value 

Soil Properties 

pH 8.03a (±0.63) 8.44a (±0.62) 6.82b (±0.98) <0.001 

Bulk density (g cm3) 1.50a (±0.13) 1.32b (±0.18) 0.86c (±0.14) <0.001 

Soil moisture content (%) 21.38ab (±4.21) 18.63a (±5.84) 27.17b (±11.63) 0.006 

Soil Carbon  

Total carbon stock at 0-10 cm 

(kg m-2) 
3.10a (±1.45) 8.06b (±4.65) 4.92c (±1.11) <0.001 

Soil organic matter (%) 5.00a (±1.29) 7.06a (±3.20) 11.12b (±2.76) <0.001 

Extractable Organic Carbon 

(mg kg-1) 
132.04a (±79.88) 107.92a (±41.11) 602.84b (±204.02) <0.001 

Extractable Inorganic Carbon 

(mg kg-1) 
34.90a (±24.35) 34.31a (±32.20) 9.79b (±10.25) <0.001 

Nutrients 

Total N stock at 10 cm (g m-2) 81.20a (±22.47) 90.11a (±28.38) 115.44b (±26.49) <0.001 

Ammonium (mg kg-1) 11.06a (±15.52) 2.53a (±4.88) 6.10a (±11.74) 0.100 

Nitrate (mg kg-1) 0.70a (±0.65) 2.95ab (±4.11) 7.82b (±12.30) <0.001 

Total P stock at 10 cm (g m-2) 39.62a (±20.91) 39.42a (±23.68) 62.62b (±36.67) 0.003 

Stoichiometry  

C:N ratio 37.29a (±12.44) 86.84b (±40.45) 43.10a (±6.99) <0.001 

C:P ratio 83.81a (±31.35) 248.69b (±208.24) 94.19a (±37.23) <0.001 

N:P ratio 2.42a (±1.04) 2.81a (±1.27) 2.25a (±1.06) 0.300 
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10. Appendix 3: Chapter 3 – Supplementary material 

 

Figure 10.1: Examples of sealed soil profiles with descriptions, showing (a-b) sealed 

undisturbed (SU) soils; and (c-d) sealed anthropogenic (SA) soils. 
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11. Appendix 4: Urban soil microbial community and microbial-related 

carbon storage are severely limited by sealing 

In addition to the chapters presented in this thesis, I also contributed to the following 

paper which was published in the Journal of Soils and Sediments in 2021. With 

permission from co-authors, I include it here.  
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Abstract
Purpose Urbanisation causes changes in land use, from natural or rural to urban, leading to the sealing of soil and the replacement
of vegetation by buildings, roads and pavements. The sealing process impacts soil properties and services and can lead to
negative consequences for microbial attributes and processes in soil. At present, information about the microbial community
following soil sealing is limited. As such, we investigated how changes in soil physical and chemical properties caused by sealing
affect the soil microbial community and soil ecosystem services.
Material and methods Soils were sampled beneath impervious pavements (sealed) and from adjacent pervious greenspace areas
(unsealed). Soil properties (total C, total N, C:N ratio and water content) and microbial attributes (microbial biomass C, N-
mineralisation and phospholipid fatty acids—PLFA) were measured and correlated.
Results and discussion A reduction of total C, total N, and water content were observed in sealed soil, whilst the C:N ratio
increased. Sealed soil also presented a reduction in microbial attributes, with low N-mineralisation revealing suppressed microbial
activity. PLFA data presented positive correlations with total C, total N and water content, suggesting that the microbial community
may be reduced in sealed soil as a response to soil properties. Furthermore, fungal:bacterial and gram-positive:gram-negative
bacterial ratios were lower in sealed soil indicating degradation in C sequestration and a consequential effect on C storage.
Conclusions Sealing causes notable changes in soil properties leading to subsequent impacts upon the microbial community and
the reduction of microbial activity and soil C storage potential.

Keywords Urban soil . Soil sealing . Impervious surfaces . Microbial biomass . N-mineralisation . PLFA . Soil carbon . Carbon
storage

1 Introduction

Urbanisation causes considerable impacts on soil properties
and services (Yan et al. 2015, 2016). Changes in land use from
natural and rural to urban are associated with the replacement
of vegetation by buildings, roads and pavements (Edmondson
et al. 2012; Yan et al. 2016). The high degree of impermeable

surfaces in cities has many negative consequences for the
environment and the services it provides, particularly those
provided by soil (Morgenroth et al. 2013; Wei et al. 2013;
Piotrowska-Długosz and Charzyński 2015; Ziter and Turner
2018; Kelleher et al. 2020).

Carbon (C) storage is an important ecosystem service provide
by soil in urban areas, with vegetation biomass inputs and soil
organic carbon (SOC) being key components of overall C stor-
age (Edmondson et al. 2012; Ziter and Turner 2018). Soil
sealing due to urbanisation leads to the removal of plants and
topsoil during the paving and construction process. This results
not only in large losses of C stocks from urban soil (Wei et al.
2014) but also alters soil C dynamics, typically leading to a loss
of SOC (Majidzadeh et al. 2018). Previous soil C inventories
suggested that urban soil provides very little or no soil C storage
(Bradley et al. 2005). However, more recently, significant
amounts of soil C have been reported in urban areas, in soils
of greenspaces and beneath sealed surfaces of pavements and
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houses (Edmondson et al. 2012; Wei et al. 2014; Majidzadeh
et al. 2017; Yan et al. 2016; Hu et al. 2018; Vasenev et al. 2018).
As such, urban soil C and the dynamics of C storage are receiv-
ing increasing attention in research literature.

Many other key ecosystem services and soil properties are
affected by soil sealing. Water infiltration is prevented or re-
duced, changing surface runoff patterns and seasonal dynam-
ics of soil water content (Majidzadeh et al. 2018; Hu et al.
2020; Kelleher et al. 2020). Paving materials can act as a
reservoir for contaminants such as heavy metals (Hu et al.
2018) and polycyclic aromatic hydrocarbons (Li et al. 2020),
and soil temperatures can be increased (Chen et al. 2016,
2017). Gas exchange between the soil and atmosphere is re-
duced which can lead to higher CO2 concentrations in sealed
soil and increased CO2 flux rate near pavement edges (Wu
et al. 2016; Fini et al. 2017). Additionally, soil nutrient content
can be altered, with sealed soils exhibiting increased calcium,
potassium, sodium and phosphorous and decreased alumini-
um, iron, magnesium and nitrogen (Zhao et al. 2012;
Morgenroth et al. 2013; Hu et al. 2018; Majidzadeh et al.
2018). The severe decrease in nitrogen (N) can lead to very
high CN ratios in sealed soils, despite the concurrent loss of
soil C (Zhao et al. 2012; Hu et al. 2018).

These changes to the soil environment also affect soil mi-
crobes, which may impact the microbial processes and activ-
ities that underpin many important soil services (Zhao et al.
2012). Whilst sealed soils remain largely understudied, a
small number of studies have observed that sealing can lead
to a decrease in microbial biomass C, microbial biomass N,
enzyme activities and respiration potential (Zhao et al. 2012;
Wei et al. 2013; Piotrowska and Charzynski 2015), as well as
a decrease in N-mineralisation potential (Zhao et al. 2012;
Majidzadeh et al. 2018). Similarly, sealing has led to changes
in bacterial communities, with a reduction in alpha diversity
and a distinct community found in sealed soil when compared
with unsealed soil (Hu et al. 2018; Yu et al. 2019). Research
has shown that sealing has a negative effect on urban soil
microbial attributes and bacterial communities, although little
is known about the dynamics of both bacterial and fungal
communities and their contribution to the soil microbial com-
munity in sealed soils. Furthermore, there is a gap in knowl-
edge into what these altered bacterial and fungal dynamics
mean for important soil ecosystem services such as nutrient
cycling and C storage within sealed soils. Fungal:bacterial
dominance is considered an important factor in C sequestra-
tion (Strickland and Rousk 2010), and the ratio between gram-
positive:gram-negative bacteria provides insight into the sta-
bility or recalcitrance of C in the soil (Fanin et al. 2019). At
present, these dynamics have not been studied in sealed soil,
and therefore, the implications for soil C storage across the
urban landscape are currently unknown.

In this paper, we investigate how changes to soil physical
and chemical properties caused by sealing affect the microbial

community and microbial attributes. The city of Lancaster
(UK) and surrounding urban areas were used as a study site.
We measure the soil properties (total C, total N, C:N ratio and
water content) and microbial attributes (microbial biomass C,
phospholipid fatty acids andN-mineralisation) tomake a com-
parison across sealed and unsealed soils. To our knowledge,
we present the first investigation into bacterial and fungal
dynamics in sealed soil using phospholipid fatty acid analysis
and consider their contributions to the soil microbial commu-
nity and consequences for important soil services. We
hypothesise that (i) sealing leads to large changes in soil prop-
erties, and (ii) sealing leads to changes in microbial attributes,
significantly altering community composition and reducing
microbial activity. Measurements of soil total C, total N,
C:N ratio and water content provided indicators of the impacts
of sealing on soil properties (hypothesis 1). Microbial biomass
C, phospholipid fatty acids and N-mineralisation were used as
indicators of changes in microbial attributes, with biomass C
and phospholipid fatty acids pointing to changes in commu-
nity composition, and N-mineralisation to changes in micro-
bial activity (hypothesis 2).

2 Materials and methods

2.1 Study area

The study area consisted of the medium-sized UK city of
Lancaster and the surrounding urban areas (Fig. 1). The
National Soil Map for England and Wales, accessed on the
Soilscapes Viewer online (www.landis.org.uk), shows that,
across much of Lancaster city, there are freely draining
slightly acid loamy soils, whilst sampling sites in the
surrounding areas tended to be on slowly permeable
seasonally wet acid loamy and clayey soils.

2.2 Soil sampling

Sealed soils were collected from 25 roadwork sites where
works had exposed the soil beneath pavements and roads.
Sealing had occurred at different times in the past, and further
research is still needed to determine if the time since sealing
has an impact on the measured variables. Soil was collected
from the top 10 cm of soil below the sealed surface and
human-made layers. To allow a comparison between soils,
an unsealed sample was collected from the nearest available
greenspace after each sealed soil. Unsealed samples were col-
lected from the top 10 cm of soil, primarily from grass-
covered road verges, amenity greenspaces and residential gar-
dens, with a distance ranging from 0.5 to 15 m of the respec-
tive sealed site. Approximately 500 g of both soils (50 sam-
ples) were collected with a trowel and were immediately
returned to the lab for refrigeration prior to fresh soil tests.
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Fig. 1 Location of sampling sites, indicated on the map with black dots
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2.3 Soil preparation and analysis

2.3.1 Soil properties and CN analysis

Soil water content was determined gravimetrically by drying
the samples at 105 °C for 24 h. The dried sample was ball-
milled to a powder and analysed for total C and total N using a
dry combustion CN analyser (vario Max CN).

2.3.2 Microbial biomass C and N-mineralisation

Microbial biomass C (MBC) was determined using the chlo-
roform fumigation-extraction method (Brookes et al. 1985;
Vance et al. 1987). Two subsamples of 5 g of moisture adjust-
ed soil were prepared for each sample, one fumigated with
alcohol-free CHCl3 for 24 h and one non-fumigated stored
at 4 °C. After removal of the CHCl3, both subsamples were
extracted with 25 mL of K2SO4 (0.5 M) for 30 min. The
filtrate was analysed for extracted C using a TOC analyser
(Shimadzu TOC-LCPN TN).

Soil potential N-mineralisation was measured before and
after incubation. Subsamples were prepared for water satura-
tion to determine moisture adjustments for each sample. The
subsamples were placed in a funnel with Whatman no. 1 filter
paper, wet with Milli-Q water and periodically rewet over a 2-
h period. They were then covered with cling film and drained
for 2 h, weighed and oven-dried at 105 °C for 24 h. They were
reweighed, and moisture adjustments were calculated to 60%
for each sample. For extractions, 5 g of moisture adjusted soil
was put in an extraction bottle, covered with covered with
polythene and incubated at 25 °C for 14 days. A second sam-
ple was extracted immediately. The incubated and non-
incubated subsamples were extracted using KCl (1 M), and
the filtrate was analysed for inorganic N using an auto-
analyzer (Elementar Vario EL III) . Potent ial N-
mineralisation was calculated as the difference in inorganic
N before and after incubation.

2.3.3 Phospholipid fatty acid analysis

Phospholipid fatty acid (PLFA) analysis was used to determine
the overall microbial community composition and dominance.
Soil subsamples were taken from soils previously stored at –80
°C and extracted for PLFA determination by gas chromatogra-
phy (Vestle and White 1989; Willers et al. 2015). Microbial
PLFA markers were identified and measured as per the
method by Frostegård et al. (2011) to estimate the total and
group-specific microbial marker biomass. The i15:0, a15:0,
i16:0, a17:0 and i17:0 PLFA markers were used as gram-
positive (GP) bacteria markers, and 16:1ω7, cy17:0,
cis18:1ω7 and cy19:0 as gram-negative (GN) bacteria markers.
Total bacteria were estimated from the sum of GP and GN
bacteria, and 15:0 marker mass. Total fungi were measured

using 18:1ω9 and 18:2ω6,9 as markers. The 16:1ω5 was used
as a proxy measurement for arbuscular mycorrhizal (AM) fun-
gi. Total PLFA expresses total microbial marker biomass and
was estimated as the sum of total bacteria, total fungi, AM fungi
and 16:0, 16:1ω7, br17:0, 17:1ω8, 17:0 7-methyl, 18:0,
br18:0, 18:1ω5 and 19:1 markers. The fungal:bacterial and
GP:GN ratios were calculated by dividing the respective bio-
marker masses.

2.4 Statistical analysis

Data were evaluated using R (version 4.0) on the software
RStudio (version 1.1.463). Since only water content and total
C in unsealed soil presented data with a normal distribution
according to the Shapiro-Wilk test, the non-parametric
Wilcoxon test was applied. Where microbial attributes pre-
sented values equal to zero, they were considered null values
(Table 1), whilst some soil samples did not present detectable
amounts of PLFA during gas chromatography and so were
excluded from the analysis. Boxplots were constructed using
the ggplot package, and statistical significance was presented
to compare sealed and unsealed soils. The correlations be-
tween soil properties and microbial attributes were estimated
using the Spearman's rank correlation (ggcorrplot package).

3 Results

Sealed soils exhibited consistently lower values than unsealed
soils across all measured soil properties and microbial attri-
butes, other than the C:N ratio (Table 1). Total C (p = 0.0026),
total N (p < 0.001), and water content (p < 0.001) were all
significantly lower in sealed soil than unsealed soil (Fig. 2a, b,
and d), whilst the C:N ratio (p = 0.023) was higher in sealed
soil (Fig. 2c). All microbial attributes exhibited significantly
lower values in sealed soil than unsealed soil: MBC, N-
mineralisation, total PLFA, total fungi, AM fungi, total bacte-
ria, GP bacteria and GN bacteria presented p < 0.001;
fungal:bacterial ratio presented p = 0.019; and GP:GN bacte-
rial ratio presented p = 0.0017 (Figs. 3 and 4).

Significant correlations were observed between soil prop-
erties and microbial PLFA attributes; however, MBC and N-
mineralisation potential showed no correlation with soil prop-
erties in this study (Table 2). In sealed soil, total bacteria had a
strong and positive correlation with total N (rho = 0.63, p =
0.038) and water content (rho = 0.71, p = 0.015), GP bacteria a
strong and positive correlation with total N (rho = 0.63, p =
0.038) and water content (rho = 0.71, p = 0.015), and GN
bacteria a strong and positive correlation with total C (rho =
0.64, p = 0.032), total N (rho = 0.71, p = 0.015) and water
content (rho = 0.79, p = 0.004). In unsealed soil, total PLFA,
total fungi, total bacteria and GP bacteria presented moderate
to strong positive correlations with total C (rho = 0.58, p =
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Table 1 Descriptive statistics of soil properties and microbial attributes in sealed and unsealed soils

Variable groups Variables Pavement types n Null* Min–max Mean ± SE CV* (%)

Soil properties Total C g/Kg Sealed 25 0 3.35–250.29 49.78 ± 10.67 107.12

Unsealed 25 0 14.02–128.49 73.49 ± 5.33 36.27

Total N g/Kg Sealed 25 0 0.39–13.75 2.08 ± 0.587 141.03

Unsealed 25 0 0.026–21.75 5.36 ± 0.79 73.24

C:N ratio Sealed 25 0 4.92–149.87 35.81 ± 7.13 99.57

Unsealed 25 0 5.91–27.49 15.55 ± 1.11 35.62

Water content g/g Sealed 25 0 0.09–0.74 0.30 ± 0.03 54.09

Unsealed 25 0 0.08–0.85 0.47 ± 0.03 32.83

Microbial attributes MBC g/Kg Sealed 25 7 0–47.85 6.11 ± 2.17 177.67

Unsealed 25 0 1.99–58.59 19.79 ± 3.04 76.69

Mineralisation g/Kg Sealed 25 12 0–2.87 0.42 ± 0.15 178.14

Unsealed 25 1 0–21.22 5.61 ± 1.03 92.12

Total PLFA mg/Kg Sealed 11 0 0.007–2.176 0.311 ± 0.198 211.30

Unsealed 16 0 0.338–2.996 1.101 ± 0.164 59.61

Fungi mg/Kg Sealed 11 3 0–0.239 0.036 ± 0.021 197.03

Unsealed 16 0 0.118–0.867 0.357 ± 0.050 56.33

AM fungi mg/Kg Sealed 11 8 0–0.019 0.003 ± 0.002 230.69

Unsealed 16 0 0.008–0.146 0.062 ± 0.009 60.98

Bacteria mg/Kg Sealed 11 5 0–0.832 0.094 ± 0.075 263.19

Unsealed 16 0 0.075–0.821 0.304 ± 0.045 58.83

GP bacteria mg/Kg Sealed 11 5 0–0.364 0.043 ± 0.033 249.92

Unsealed 16 0 0.044–0.572 0.187 ± 0.032 68.37

GN bacteria mg/Kg Sealed 11 6 0–0.468 0.050 ± 0.042 277.50

Unsealed 16 0 0.031–0.236 0.113 ± 0.013 45.08

Fungal:bacterial ratio Sealed 10 4 0–2.470 0.663 ± 0.284 135.20

Unsealed 16 0 0.717–1.585 1.206 ± 0.062 20.57

GP:GN bacterial ratio Sealed 10 5 0–2.151 0.628 ± 0.237 119.30

Unsealed 16 0 0.958–2.428 1.584 ± 0.104 26.16

n the number of values, null the number of null values, min the minimal value, max the maximal value, SE the standard error of the mean, CV the
coefficient of variation

** p=0.0026
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Fig. 2 Soil properties in sealed and unsealed soils. a Total C, b total N, c
C:N ratio and d water content. A significant difference between sealed
and unsealed soils was estimated by Wilcoxon test, with “****”, “***”,

“**” and “*” indicating significance at p < 0.0001, p < 0.001, p < 0.01
and p < 0.05, respectively
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0.020; rho = 0.59, p = 0.019; rho = 0.56, p = 0.025 and rho =
0.52, p = 0.042, respectively); total N (rho = 0.62, p = 0.012;
rho = 0.54, p = 0.034; rho = 0.68, p = 0.005; and rho = 0.69, p
= 0.004, respectively); and water content (rho = 0.75, p =
0.001; rho = 0.75, p = 0.001; rho = 0.68, p = 0.005; and rho
= 0.66, p = 0.007, respectively). GN bacteria had a strong
positive correlation with total N (rho = 0.61, p = 0.015) and
water content (rho = 0.65, p = 0.008), and the GP:GN bacterial
ratio showed a moderate positive correlation with total C (rho
= 0.52, p = 0.040).

4 Discussion

In contrasting soil samples from sealed and unsealed areas, we
observed that sealing affects soil properties, reduces the mi-
crobial community and limits microbial processes, changes
which may disrupt important soil ecosystem services. Soil
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properties were notably altered in sealed areas, with a reduc-
tion of total C, total N and water content, and a consequent
increase in C:N ratio. Sealing had a negative impact on mi-
crobial attributes, with a large reduction of the microbial com-
munity (MBC and PLFA biomarkers) and activity (N-
mineralisation). Additionally, microbial attributes that corre-
lated with soil properties in unsealed soil did not show equiv-
alent correlations in sealed soil, such as those between total
PLFA and total fungi to total C, and total N and water content.
These results suggest that the microbial community in sealed
soil may respond differently to that in unsealed soil, indicating
that sealing may disrupt the microbial response to changes in
soil properties and lead to negative impacts on microbial ser-
vices. The PLFA data provides an indicator of the microbial
community in sealed soil, where low fungal:bacterial and
gram-positive:gram-negative bacterial ratios indicate degrada-
tion in microbial C sequestration and a consequential effect on
soil C storage in sealed soil.

4.1 Soil sealing leads to depletion of C, N and water
content

The sealed soils exhibited lower total C, total N and water
content than unsealed soils (Table 2 and Fig. 2a). Soil sealing
leads to a reduction of soil C due to topsoil removal during the
construction process and the reduction of C inputs from or-
ganic matter, plant root exudates and residue decomposition

(Edmondson et al. 2012; Raciti et al. 2012; Wei et al. 2013,
2014; Piotrowska-Długosz and Charzyński 2015; Yan et al.
2015; Majidzadeh et al. 2017, 2018). Indeed, sealed soils have
been recorded as having significantly lower C stores when
compared with unsealed or greenspace soils in urban areas
(Wei et al. 2014; Piotrowska-Długosz and Charzyński 2015;
Majidzadeh et al. 2017). Additionally, if C decomposition
continues within sealed soil, even at a low rate (Wei et al.
2014; Piotrowska-Długosz and Charzyński 2015), and there
are negligible C inputs (Majidzadeh et al. 2018), this will
contribute to C losses. In this context, elevation of microbial
C respiration in sealed soil has been linked to increases in
water content (Piotrowska-Długosz and Charzyński 2015;
Majidzadeh et al. 2017, 2018). In sealed soil, water content
is affected by the type and size of pavement or sealing surface
(Morgenroth et al. 2013), and beneath impervious and semi-
permeable pavements, the water content is, in general, lower
than in greenspace soils (Hu et al. 2018; Piotrowska-Długosz
and Charzyński 2015). In soil under semi-permeable surfaces,
water moving from adjacent greenspaces into sealed soil can
promote C inputs beneath sealed surfaces (Majidzadeh et al.
2018); however, this can also increase the microbial processes
of C decomposition and lead to C losses (Majidzadeh et al.
2017, 2018). In soil under house crawl spaces of different
ages, most C was lost in the first 50 years after construction,
but after 50 years, C sequestration became the dominant pro-
cess (Majidzadeh et al. 2018). Overall, it is not clear whether

Table 2 Spearman’s rank correlation (rho) and p values of correlations between microbial attributes and soil properties in sealed and unsealed soils.
Significant correlations with p values < 0.05 are indicated in italics

Microbial attribute Soil status Total C Total N C:N ratio Water content

rho p value rho p value rho p value rho p value

MBC Sealed 0.31 0.356 0.61 0.052 −0.27 0.418 0.47 0.146

Unsealed 0.50 0.051 0.20 0.450 0.35 0.188 0.41 0.114

N-mineralisation potential Sealed −0.04 0.902 −0.21 0.534 0.02 0.951 −0.18 0.598

Unsealed 0.29 0.278 0.25 0.343 0.04 0.891 −0.04 0.891

Total PLFA Sealed 0.57 0.071 0.55 0.082 0.13 0.714 0.55 0.087

Unsealed 0.58 0.020 0.62 0.012 −0.08 0.771 0.75 0.001

Total fungi Sealed 0.46 0.156 0.5 0.113 0.03 0.936 0.5 0.121

Unsealed 0.59 0.019 0.54 0.034 −0.01 0.978 0.75 0.001

Total bacteria Sealed 0.56 0.072 0.63 0.038 −0.13 0.696 0.71 0.015

Unsealed 0.56 0.025 0.68 0.005 −0.13 0.633 0.68 0.005

Fungal:bacterial ratio Sealed 0.23 0.499 0.09 0.802 0.19 0.574 0.23 0.499

Unsealed 0.29 0.283 −0.22 0.404 0.48 0.064 0.03 0.926

GP bacteria Sealed 0.56 0.072 0.63 0.038 −0.13 0.696 0.71 0.015

Unsealed 0.52 0.042 0.69 0.004 −0.19 0.484 0.66 0.007

GN bacteria Sealed 0.64 0.032 0.71 0.015 −0.19 0.569 0.79 0.004

Unsealed 0.21 0.443 0.61 0.015 −0.42 0.104 0.65 0.008

GP:GN bacterial ratio Sealed 0.42 0.203 0.55 0.079 −0.19 0.569 0.68 0.022

Unsealed 0.52 0.040 0.47 0.070 0.01 0.969 0.33 0.217
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longer periods of sealing lead to an increase or decrease in the
C balance of sealed soils, and this is an area which requires
further investigation.

The notable depletion of total N, as seen in our results (Fig.
2b), is a commonly observed consequence of soil sealing,
often being greater in magnitude than losses of total or organic
C (Raciti et al. 2012; Zhao et al. 2012; Wei et al. 2014;
Majidzadeh et al. 2018; Hu et al. 2018). Our results indicate
that, in sealed soil, total N was reduced by over 60% com-
pared with unsealed soil (Fig. 2b), whilst total C was reduced
by nearly 40% compared with unsealed soil (Fig. 2a), leading
to a higher C:N ratio in sealed soil (Fig. 2c). Our results are
comparable to other observations of sealed soil where total C
reduction was between 42 and 57%, and N depletion was
between 47 and 97% (Majidzadeh et al. 2018; Piotrowska-
Długosz and Charzyński 2015; Raciti et al. 2012; Zhao et al.
2012). The effect of sealing appears to be most notable and
variable for N dynamics and processes which can be connect-
ed to the length of time sealed, organic C availability and
water content, influencing the sealing impact on microbial
processes (Zhao et al. 2012; Piotrowska-Długosz and
Charzyński 2015; Majidzadeh et al. 2017, 2018) and N-
mineralisation potential (Fig. 3b, Zhao et al. 2012). Previous
research has shown that sufficient water content can promote
microbial decomposition and N-mineralisation where there is
available organic C (Zhao et al. 2012; Majidzadeh et al. 2018),
leading to inorganic N production (Zhao et al. 2012;
Majidzadeh et al. 2018), and potential leaching of NH4

+-N
and NO3

--N and accumulation in the subsoil (Zhao et al.
2012). Where water can infiltrate into sealed soils from adja-
cent unsealed areas (Majidzadeh et al. 2018), we speculate
that mineralisation of remaining organic matter could be stim-
ulated. Considering, the reduced levels of C and the absence
of plant roots, N assimilation by microorganisms and plants is
likely to be low, resulting in N losses over time by leaching,
subsoil accumulation and groundwater transport. Beyond that,
these circumstances may lead to inorganic N pollution of ur-
ban groundwater and water courses (Zhao et al. 2012).

4.2 Sealing alters microbial attributes and community
composition

Soil sealing leads to a drastic reduction in microbial attributes.
Our results showed that sealed soil exhibited a reduction in
MBC (Fig. 3a), as consistently reported in previous studies
(Wei et al. 2013; Piotrowska-Długosz and Charzyński 2015;
Majidzadeh et al. 2017, 2018). Observations of low MBC in
sealed soil have commonly been associated with low C, N and
water content (Wei et al. 2013; Piotrowska-Długosz and
Charzyński 2015; Majidzadeh et al. 2017, 2018; Hu et al.
2018). Our PLFA data also demonstrated the negative impact
of sealing on the microbial community (Fig. 3), with sealed soil
exhibiting significantly lower mass of total PLFA and

microbial markers, consistent with reductions in MBC, total
C, total N and water content. It has been observed that a reduc-
tion in the microbial community reflects low microbial activity
(Zhao et al. 2012; Piotrowska-Długosz and Charzyński 2015),
a pattern also observed in our results with the significantly
reduced N-mineralisation potential in sealed soil.

In studies of urban soil, few have considered the relation-
ship between soil properties and microbial attributes in both
sealed and unsealed soil. Indeed, physical and chemical prop-
erties, in particular water content, have been shown to have
significant effects on microbial attributes in unsealed soils
(Wei et al. 2014; Piotrowska-Długosz and Charzyński 2015)
and have exhibited positive correlations with MBC, catalase
activity and β-glucosidase activity in unsealed soil, but not in
sealed soil (Piotrowska-Długosz and Charzyński 2015). Here,
neither MBC nor N-mineralisation potential had significant
correlations with any soil properties across sealed or unsealed
soils. Conversely, the PLFA data does show significant re-
sponses of the microbial community to soil properties
(Table 2). In unsealed soil, increases in C, N and water content
correlated with growth of the microbial community (total
PLFA, bacteria and fungi), which is typical for natural soils
or those under agricultural conservation management
(Helgason et al. 2014; Bai et al. 2020). However, in sealed
soil, only bacteria were correlated with soil properties, sug-
gesting that sealing disrupts the relationships normally seen in
natural and agricultural soils between microbial attributes and
soil properties. Positive correlations identified between both
total N and water content (Table 2) could indicate that input of
water and N promoted bacterial growth. Other studies have
found additional soil properties associated with sealing-driven
microbial depletion, including potassium and phosphorus
availability, heavy metals and dissolved organic C (Hu et al.
2018; Yu et al. 2019). Low respiration and metabolic quotient
observed on sealed soil (Piotrowska-Długosz and Charzyński
2015) can suggest organic matter of low quality. Thus, sealing
results in alterations to soil properties and negative impacts on
the soil microbial community and processes.

Sealing also caused alterations to the microbial community
composition, notably the fungal:bacterial ratio and GP:GN
ratio. The effect of sealing was seen more strongly in fungi,
with sealed soils having ~ 93% less fungi than unsealed soils,
and ~ 78% less bacteria than unsealed soils. Consequently, the
fungal:bacterial ratio decreased in sealed soils indicating
greater numbers of bacteria to fungi (Fig. 4g). Fungi have
been shown to be resistant to conditions of low total N, high
C:N ratio and low water content (Six et al. 2006; Strickland
and Rousk 2010; Fang et al. 2020), conditions which are com-
monly observed in sealed soils. However, these conditions did
not lead to greater dominance of fungi in this study.
Conversely, soils affected by degradation processes such as
tillage, deforestation, trampling and contamination usually
present a greater impact on the fungal community and show
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a proportional decrease on the fungal:bacterial ratio (Kaur
et al. 2005; Malmivaara-Lämsä et al. 2008; Simmons and
Coleman 2008; Bischoff et al. 2016; Montiel-Rozas et al.
2018; Lopes and Fernandes 2020). Thus, our results suggest
that fungi in sealed soils may be more affected by aspects of
soil sealing not included in this study but that commonly arise
due to the degradation processes of urbanisation, such as con-
tamination and disturbance.

The decrease in the GP:GN bacterial ratio in sealed soil
(Fig. 4h) suggests that GN bacteria are more adapted to
sealing than GP bacteria. GN bacteria presented a positive
correlation with total C, whilst GP bacteria had no correlation
with total C (Table 2). As GN bacteria are more dependent on
simple sugars (Kramer and Gleixner 2008; Fanin et al. 2019),
the organic C that is promoting GN bacterial growth is likely
to be labile and soluble C transported by water from adjacent
greenspaces, a process which has been suggested as a source
of organic C in soils beneath house crawl spaces (Majidzadeh
et al. 2018). Additionally, GN and GP bacteria had positive
correlations with total N and water content, suggesting there
may also be transport of soluble N by water from adjacent
greenspaces, and that this may be an important source of nu-
trients for bacteria in sealed soil.

In contrast to GN bacteria, GP bacteria are linked to more
complex SOC (Kramer and Gleixner 2008; Fanin et al. 2019).
Therefore, the low biomass of GP bacteria can be related to
low levels of complex SOC remaining in sealed soil as a
consequence of topsoil removal and microbial degradation
over time.

4.3 Sealing limits the microbial community and
affects the C storage service

Litter degradation plays an important role in C inputs into soil.
Organic and inorganic compounds released during decomposi-
tion, and the remaining complex organic compounds are essen-
tial components of soil organic matter synthesis (Jastrow et al.
2007). In sealed soil, the sealed surface acts as a barrier
preventing this source of organic C from reaching the soil, such
that low or no organic C or nutrients from litter can enter the
soil (Zhao et al. 2012; Majidzadeh et al. 2017, 2018), which in
turn, affect soil biological and nutrient processes.

Plants and roots also contribute greatly to soil C stores. The
lack of plants growing on sealed surfaces usually leads to a
reduced root colonisation, limiting the C inputs from plant
exudates and dead roots. Consequently, microbial processes
that take place in the soil-root zone and depend on plant exu-
dates are limited beneath sealed surfaces. Many of these pro-
cesses are related to N inputs and nutrient availability,
highlighting N biological fixation, N oxidation reactions and
phosphate solubility (Sylvia et al. 2005; Paul 2007). Many
fungal species establish a mutualistic association with plant
roots to obtain organic molecules and, as payment, they

colonise soil space to assimilate and transport nutrients direct-
ly back to the plant roots (Smith and Read 2008). By enhanc-
ing the soil microbial community, roots enable microbial pro-
cesses connected with organic matter formation, such as the
microbial release of biomolecules and dead biomass (Jastrow
et al. 2007; Clemmensen et al. 2013). Thus, it is likely that the
lack of plant and root growth, litter inputs and microbial ac-
tivity in the soil-root zone all contribute to the lower C stores
in sealed soil.

Fungal biomass in soil is, in general, suggested to contrib-
ute to high soil C storage (Strickland and Rousk 2010). Fungi
exhibit low nutrient requirements and high C use efficiency
which results in more C being allocated to their biomass, per
unit of substrate used, compared with bacteria, which have
lower C use efficiency (Six et al. 2006). Fungi have the ability
to grow under a high C:N ratio, permitting their mycelial
growth to explore wider areas and translocate nutrients across
the soil (Strickland and Rousk 2010). In addition, fungal bio-
mass is more complex and resistant to decomposition than
bacterial biomass, introducing a more stable form of organic
C in the soil (Jastrow et al. 2007; Clemmensen et al. 2013).
Whilst studies have presented different insights into the func-
tional implications of the fungal:bacterial ratio (Strickland and
Rousk 2010; Soares and Rousk 2019), in general, a higher
fungal:bacterial ratio is assumed to promote an increase in soil
organic matter (Jastrow et al. 2007; Strickland and Rousk
2010). Therefore, the observed reduction in fungi and conse-
quent bacterial dominance in sealed soil is likely to lead to
notable limitations to C storage.

The lower GP:GN bacteria ratio in sealed soil illustrates
that there is more GN bacteria to GP. This indicates that there
is less recalcitrant C in the sealed soil (Kramer and Gleixner
2008; Fanin et al. 2019), which suggests the reduced ability of
sealed soils not only to store C but to store it as stable C that
may be more protected from decomposition (Lal 2004;
Marschner et al. 2008), highlighting the wider impacts of soil
sealing on the ecosystem service of soil C storage.

5 Conclusion

Soil properties were notably affected in sealed soil, with a
large significant reduction in total C, total N and water content
in sealed soils. Microbial biomass C, N-mineralisation poten-
tial and microbial PLFA markers were also significantly re-
duced in sealed soils. Our results show that changes to soil
properties, caused by sealing, led to a drastic decrease in the
microbial community and important microbial processes. The
increase of the C:N ratio and decrease of the F:B and GP:GN
ratios suggest that sealed soils are degraded due to the loss of
C, which limits fungal and bacterial growth. In addition, the
reduced inputs of C from litter degradation and plant exudates,
associated with the reduction of fungal dominance, indicate a
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limitation on the C storage potential of sealed soil.
Furthermore, the correlation of bacteria with C, N and water
suggests that there may transport of soluble C and N by water
into sealed soils from adjacent greenspaces. This may be an
important source of nutrients for microbes in sealed soil, and
the investigation of this process would be beneficial to further
understand sealed soil nutrient cycling and implications for C
and N fluxes. In this context, further work, such
chronosequence studies, would elucidate how urbanisation
and soil sealing impact the dynamics of C and N andmicrobial
processes over time, and as a consequence, the ecosystem
services of sealed soil.
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