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Abstract

Urban soils underpin the provision of all ecosystem services delivered by urban greenspaces
which are essential in strengthening urban resilience and mitigating many of the environmental
and health challenges faced by urban populations. Understanding lemhiance ecosystem
service provision by urban soils is crucial to support future greenspace management strategies,
such as urban horticulture expansiorth@increased multifunctionality of urban greenspaces.
Through different experiments and field steslthe role of urban soils in carbon sequestration,
pollutant bioavailability and mitigation, urban food and nutritional security has been explored,
highlighting the crucial contribution of soil black carbon across all ti&ések carbon in the

form of sat was demonstrated to play an active role in urban soil carbon dynamics by both
suppressing the mineralisation of soil labile organic carbon and contributing to spil CO
effluxes. Field experimental results revealed that soil application of an engirieeredf

black carbor(biochar) at the rate of 20 t h#o a clayey loam urban soil under three different
vegetation coversid not influence urban soil ecosystem service provision. The firstighe
assessment of heavy metalsd metalloidconcentrationgtotal and bioavailable) across UK
urban horticultural soils demonstrated that growing food across these soils poses a low risk to
t he ur ban gr owe rbiask cdribereohttibbtes domdigating tae riskshieavy!
metals and metalloidgptake into urban horticulture produce. A laggale field study showed

that the longterm exposure ttieavy metals and metalloidisrough consumption of urban
horticulture produce is unldty to pose detrimental human health risks. It also demonstrated
that the consumption of urban horticulture produce contributes to the daily intake of all
essential minerals, but their concentrations is often lower than those found in equivalent
commerciahorticultural crops. Future research possibilities are discussed along with the key

findings of this research.
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CHAPTER 1

I ntroduction

This introductory chaptgprovides an overview of the challenges posed by urbanisation and
the potential of urban soils to mitigate some of these challenges. The ecosystem services
provided by urban soils are discussed and the key knowbtglge which are investigated in

this thess, are highlighted.

1. URBANISATION

More than half of the worl dés population 1|
grow, with projections that 68% of the global population will be urban by g0N)2018) In

the UK, the urban population already exceeds this with 84% of the total population, showing a
steady increase since 2000 (Statista, 2020). It is estimated that byp2@80rent global urban

land areas will nearly triple, with a 185% increase in global urban expansion sing&2ag)0
Guneralp& Hutyra, 2012) The main underlying drivers of urbanisation are economic,
political, social, and demographic changes. Paadrtyl urbanisation is strongly associated
with economic growth: cities are the centres of economic activities, which generate most of the
gross domestic produ@Vorld Bank, 2008 and where most of the new investments are made
(Satterthwaite, Mcgranahan, and Tac®010) This shift from rural to urban centres has also
resulted in a shift in economic activitrom agrculture to industry, service, and information
activities. Today, around, 65% of the global economically active population works in industries
and service¢Satterthwaite, Mcgranahan, and Tac2010)

Despite urbanisation bringing economic growth and increased infrastructure and services, it is
also a driver of several negative environmental changes at multiples levelssactange

and agriculural land losgBeckers et al. 2020; Pandey and Seto 2015; &#aah,2013; Seto

et al. 2011)air pollution(Han et al. 2014; Li et al. 2016; Molina et a).2012) biodiversity



loss(Sol et al., 2020; Hahs et al., 2009; Grimm et al., 2@d8)alteration of biogeochemical
cycles(Du and Huang2017; Pataki et gl2006) These havked to a change in the functioning

and processing of ecosystems glob&8yl et al, 2020; Wiederkehr et al2020; Yule et al.

2015) which can negatively affect the provision of several ecosystem séraewhich
humans vitally dpend on(Millennium Ecosystem AssessmgR005)

Urbanisation has rapidly increased and concentrated industrial, domestic and vehicle emissions
in cities transforming them in hotspot of atmospheric pollutirzyzanowski et al., 2014,
Schneidemesser et al., 2019; Wiseman et al., 2@iB8pollution is a major threat globally,
currently causing 4.2 million premature death annudW§HO, 2015)and is associated with
increased severe mental ilinéskewbury et al., 2021 Particulate matter, which refers to solid

or liquid particles suspended in the air derived from wildfires and the combustion of fossil fuels
and bomass, is a major component of air pollutants and of particular concern as it is linked to
severe health riskd.ee & Greenstone, 2021l is estimated that globally pariiate matter
reduces life expectandyy up tofive years(Lee & Greenstone, 2021particulate matter is

often found in association with other anthropogeatedved pollutats such as black carbon

(BC), heavy metalsand metalloids (HM}and polycyclic aromatic hydrocarbo(idao et al.

2020; Peng et al2019; Ramachandran, Rupakheti, and Lawrep@20; J. Xie et al2020)

It can remain in the atmosphere for days to weeks, eventually depositing on lands and oceans.
For example, it isestimated that annually between 56 and 129 Ty ofr BC, a major

component oparticulate matterare globally deposited on soil.

lEcosystem servicesr e fit he benefits that human obtain from eco
regulating and cultural servicesodo (Millennium Ecosyst



2. URBAN GREENSPACES

Within urban areas, urban greenspa@g&) play an essential role in strengthening urban
resilience and mitigating many of the negative environmental impacts associated with
urbanisation. Urban greenspaces refer to a network of areas including parks, foo#st
gardens, living walls, allotments, urban gardemsl esearch hedemonstrated that these
diverseUG support a multiplicity of ecosystem servigésnorim et al., 2021; Dobson et al.,
2021; Edmondson, et al., 2014; Pitman et al., 2015ulBs et al., 2007)These include,
provisioning services such as food producti&mmondson et al., 2020a; Mcdougall et al.,
2020) regulating services like climatgLarondelle, Haase, and Kabis@914; Roeland et al.
2019; Saaroni et al2018)and air quality regulatioAbhijith et al, 2017; Roeland eal.,
2019) storm and flood mitigationKadaverugu et al., 2021; Liu et al., 2014garbon
sequestratiorfRoeland et al. 2019; Yildirim, Keshavarzihaghighi, and Ap021) noise
reduction(Amorim et al. 2021) support of biodiversityLin, Philpott, and Jha2015) and
pollinators(Baldock et al.2015; Potter and LeBuh&015)and improve physical and mental

health(Amorim et al., 2021; Dobson et al., 2020)

However, the projected growth the urban population will bring several challengesUe.

These could include competition betwéd@ and other uses of urban land, such as housing or
business developments proje¢tee et al., 2015; Tappert et al., 2018t also conflict
between the different usesd6 (e.g. for recreation or horticulture productigdyHO, 2017)
However, the Covidl9 pandemic has demonstrated the vital importantisdior the mental

and physical benefits of urban population, with many cities experiencing an increase in the use
of UG (BerdejeEspinola et al., 2021; Kleinschroth and Kowarik, 2020; Vieateal., 2020;
NatureScot, 2021 city-wide case study in the UK, which explored the availability of urban
land forurban horticulture (UHgxpansion, demonstrated that potentiallyJkf was practiced

in all existing allotments and domestic gardand expanded to othelG this could feed more
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than the total urban popul at i o(Ednoondsanbtali, r r ec
202). Other research across ten case study cities in the Ui€hwivestigated the potential

of usingUG f or bi ofuel production, demonstrated
administrativeJG are potentially suitable for bioenergy production systems, and, on average,

t hese coul d pot ent iidedtid lyeatinpedenman@ &fus etfal.2@20)dti t y 6 s
is clear that future urban planning and strategies will need to findvimirmanagement

solutions and tradeffs among the diffemt uses oG and the consequent ecosystem services

delivered(Edmondson etal.,, 2080 O6 Ri ordan et al ., 2021)

3. URBAN SOILS

Urban soils are the foundation @5 and underpin the provision of all the ecosyssarvices
delivered byUG ( O6 Ri o r ,R2@2fh; Merel et all 2015)Jrban soils have been shown to
support several regulating ecosystem services such as flood mitigation, especially within urban
forest (Phillips et al, 2019) filtering of nutrients and pollutants, preventing them raagh
groundwater(Dominati et al., 2010Q)carbon storag€Dobson et al., 2021; Vasenev &
Kuzyakov, 2018; Edmondson et al., 201@eenhouse gas emissions regulafierre et al.,

2016; Livesley et al., 201@nd organic contaminant degradation and recy¢hhgWang et

al.,, 2015) Additionally, although understudied, soils in general have been demonstrated to
support provisioning services such as production of food, fibre, and bidAdiskari and
Hartemink 2016; Dominati, Patterson, and Macka910)

However, urban soil are often impacted by human activity resulting is soil chemical, biological
and physical lsanges and consequently compromising their ecosystem sedeteery
(O6Ri ordan et al ., 2021; P Sail pollutiopisoftem tdrieet . , 20
of urban soil chemical and biological degradation. Urban soils can contain elevated

concentrations of organic (e.g. hydrocarbons) and inorganicH#g.pollutants(Liu et al.,

11



2010; Mitchell et al., 2014; Morillo et al., 2008; Oka et al., 204Hich can negatively impact

soil microbial activities and consequently negatively affect severalfwuitions such as
nutrient cycling, organic matter decomposition and biodiversity regul@fonok et al. 2020)

Whilst limited in scale and scope, several studies have demonstrated how soil contamination
can negatively influence different soil microbial activities. For example, aweitg case study

in Moscow Russia found low microbial carbon availability and organic matter mineralisation

in industrial and residential areas with high concentratididiM (Ilvashchenko et gl2019)

A study across ten urban brownfield areas in the northwest England reported low levels of
nitrifying bacteria and lack otihgi inHM contaminated urban soilslartley et al.2008)and
another research in the city of Budapékingary found that microbialctivity was negatively
correlated with urban soHM concentrationgMonok et al, 2020)

Urban soil physical degradation as a result of soil compaction can reduce plant growth and
water infiltration, increase the risks of erosion and flooding and alter biogeochemical cycling
(Scalenghe and Ajmordarsan 2009) Several smalscale studies focussed on urban roadside
verges or within urban constiimn sites have reported high levels of soil compactibrH.
Gregory et b, 2006; Jim 1998) For example, within urban construction sites in North Central
Florida, compacted soils from heavy construction vehicles have been found to reduce water
infiltration rates between 70% and 99% increasing the potential of water (dndffGregory

et al, 2006) However, citywide studies have found urban soil bulk densities varying
according to urban vegetation cover and time since initidithance. For example, a city

wide study in UK, Leicester found that urban soil bulk density was lowest under trees and
woody shrubs and highest under herbaceous vegetation. However, across all different urban
vegetation covers urban soils were signifibaldss compacted compared to agricultural ones
(Edmondson et gl2011) Another study across two cities in the USA, Moscow, lIdaho and

Pullman, Washington found significantly higher soil bulk density within new residential urban

12



areas (1.73 g c) compared to old ones (1.40 g én(Scharenbroch, Lloyd, and Johnson
Maynard 2005)

Several studies have also investigated urban soil carbon concentration and stock. A review of
all these studies have found that urban soils contain 1.5 to 3 times greater carbon than semi
natural soils resulting in 3 ®times larger carbon stocks. Additionally, this same review found
that across all the climates and city sizes investigated, residential areas showed the largest soil
organic carboh(OC) stocks whereas industrial and roadsides areas presented thetgreates
inorganié andBC stocks(Vasenev and Kuzyako2018)

Urban soil quality is key to ecosystem services delivery, thus understanding how urban soil
components and properties support the provision of multiple ecosystemss&\crucial for

future UG planning and strategies as well as identifying urban soil management practices that
maintain and enhance the delivery of these ecosystem services. Additionally, given the great
heterogeneity of urban soils and the potentitdrieicompetition between differebiG uses,

there is also the need to understand how urban soils function under diff&ent

4. BLACK CARBON

Black carbon is an important anthropogedérived pollutantthat characterises urban soils
globally (Edmondson et al., 2015; Hamilton & Hartnett, 2013; He & Zhang, 2009; Liu et al.,
2011; Schifman et al., 2018}lack carbon is defined as a contum of particles from slightly
charred biomass to highly condensed and refractory soot, derived from the incomplete
combustion of fossil fuels from industries, vehicles and home heating or biomass burning

(Schifman et al., 2018; Bird et al., 2015; Hedges et al., 2@b&nerally,BC presents high

2The pool of soil organic carba@omprises ecosystem derived carbdefined aslecaying plant residues, soil
biota and exudates and black carlffBdmondson et al., 2015)

3 Inorganic carbon in soils in primarily present in the form of calcium and magnesium carbonates and is mainly
derived from carbonate minerals such as calcite and dol¢@Gute et al. 2016)
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aromaticity, high surface area and porous structure which confdrighiadsorption capacity

and high resistance to oxidation and biological decompositi@elmans et a).2006)
Researclin the UK and USAhas demonstrated th&C contributes to the urban sadtal OC

pool by more than 20%Edmondson et al., 2015; Hamilton & Hartnett, 2013; Rawlins et al.,
2008) In an urban setting, given its propertiB§ could potentially enhance and contribute to
the multifunctionality of urban soil ecosystem servi¢gshifman et a).2018) For instance,

in urban soils it an act as a strong sorbents of soil contaminfirdemann et al., 2005;
Cornelissen et al., 2008d consequently reduce their leaching into surface and groundwater
resources as well as reducing their bioavailability to pladtraitroorganism uptake. At the
same time, because of its high sorption affinity @& compoundgKasozi et al. 2010)BC

could play an important role in enhancing carbon sequestration in urbatEsimisndson et

al., 2015) However, to date, a larggeale picture oBC concentrations across urban soils as
well as its role in the migiation of pollutant bioavailability to plant crops and its influence on
soil OC cycle is still limited.

At the same time, engineered form®df like biochar could be applied as amendment in urban
soils to improve soil quality and consequently enhancarusbil ecosystem service provision.
Indeed, biochar application to urban soils have been found to improve several soil
physicochemical and biological properties as well as plant growth. For example, biochar
applications on two different urban roadsiddsso Korea have been shown to increase the
proportion of soil macroaggregates and consequently increase both water infilfvatan

Kim, and Yoo 2020and water retentio(Kim et al, 2021; Yoo, Kim, and Yoa2020)while
enhancing plant gratl (Yoo, Kim, and Yoo 2020)Biochar application to an urban roadside
soil in Australia was found to increase microbiological decomposition rates compared to

unamended soil and increase a wide range of soil physical prog8dresrville et al. 2020a)
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In China, the application ofikchar to an urban soil was shown to improve urban soil fertility
especially by increasing the concentration of soil total nitro@&),potassium and available
phosphorugYue et al, 2017) As a soil mix for smalkcale urban farming, biochar has been
found to increase nutrient soil retention and vegetable (pak choi) nutritional value compared to
unamended soil mi¢Song et al., 2020However, knowledge on the effect of biochar dvam

soil properties is still limited, especially its potential to enhance urban soil ecosystem services

provisionunderdifferent urban vegetation covers

5. HEAVY METALS AND METALLOIDS

Heavy metals and metalloids are important anthropoggsriwedpollutantsthat characterise
urban soils globallyClarke et al., 2015; Huang et al., 2018; Mitchell et2014; Szolnoki et

al., 2013; Ullah et al., 2018Yrban soils are often exposed to a wide range of anthropogenic
activities that increase sdilM concentrations. Anthropogenic sourcesHd in urban soils
mainly originate from atmospheric depositionmdustrial (e.g. ores extraction and smelting),
domestic and vehicle emissioriKrzyzanowski et al., 2014; Rawlins et al., 2012; von
Schneidemesser et al., 2019; Wiseman et al., 20b3)urban and domestic gardens,
applicatons of pesticides, manure, compost, irrigation water, paint particles, bonfire, runoff
from metal surfaces can also represent sourddd/fofontaminatior{Alloway, 2004; Mitchell

et al., 2014; Szolnoki et al., 201Natural sources diM mainly derive from geochemical
processes (e.g. lithogenesis, weathering and erosion) that affected the parent material on which
the urban soil has develop@adloway, 2012; Duffus, 2002; Hu & Cheng, 2013)

Heavy metaland metalloidsre of particular concern because of their long residence times in
soils (KabataPendias 2010and theirbioavailabilityto plants, resulting in potential human
health risks. Thesoil bioavailableHM pool consists of free ions, inorganic and organic

complexes dissolved in the soil solution phase directly available for plant and microorganism
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uptake(Romkens et al. 20097 he bioavailability of HM in soils is governed by several soil
and solution progrties. Important soil solid phase sorbents with high binding capacities for
HM are organic matter, clay minerals and- Fad Ak(hydr) oxides (Alloway, 2012
Groenenberg et al., 2010; Kalis et al., 20¢8avy metals can adsorb or precipitate on these
soil solid surfaces becoming less available for plant and microorganism uptake. Several
mechanisms are responsible for the bindingibf to soil solid phaseincluding soil cation
exchange capacity, specific adsorption, occlusion and precipitation. Key soil solution
properties that affeddM bioavailability and speciation are soil totdM concentration, soil

pH and dissolvedC. In general, there is a posi relationship between soil totedM
concentration and the bioavailalbi®! concentratiofRomkens et al2009) BioavailableHM
concentrations are usually negatively correlated with pH: lowering the pH leads to a decrease
in the HM binding to the soil solid phase, resultimga higherHM concentration in soil
solution. Soil pH is especially important in the desorption of cadmium and@enenberg

et al, 2010) DissolvedOC is another importangttor controlling the speciation bifM in soil
solution, which presents a high sorption affinity especially for copper andAéaeh, Hsu-

Kim, and Ryan2011; Araujo et aJ.2019)

Currently, an authoritative definition &fM is not presentDuffus, 2002) Some authors based

the definitionof HM on the mass densjtgthers on the atomic numb@uffus, 2002) AiHeavy
metals and metalloidss a ommon ad widely used term in environmengaliences and ftas

been linked to environmentebntaminationpotential toxicity and ecotoxicitytudieg Pourret

and Hursthous&019) In this thess, the termHM refers toall thesepotentially toxic elemest

that are commonly associated wsthil contaminationtoxicity and ecotoxicity aspectrsenic

(As), cadmum (Cd), chromium (Cr),copper (Cu)nickel (Ni), lead (Pb)andzinc (Zn) are the

most commometals found in cataminated sit®(Pourretand Hurthhouse2019)
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6. URBAN HORTICULTURE

Urban horticulture, the production of fruits and vegetalffe&V) within urban areas, is
increasingly recognised as an important component of transformed urban food systems
contributing to food securitfDevelopment Initiatives, 2018; Milan Urban Food Policy Pact
2015 Mbow et al.,2019; Opitz et al., 2016)zlobally, it is estimated that about 800 million
people are engaged withH providing 152 0 % of t h e (Larenz 20d5) A city- o o d
scale, a citywide study in Leicester, UK has demonstrated thidtcovers about 2% of the

total UG feeding about 2.6% of its population their daily needs df&V (Edmondson et al.,
202(). Research has demonstrated that there is the potential to éXdgrdduction within
existing UG. For instance, a citwide study in Sheffield, UK, estimated thatUH was
pradiced in 10% of domestic urban gardens and expanded into 10% suitable urban land, this
could potentially feed 12% of the total ur k
(Edmondson et al., 20BD Another research across Sydney, Australia estimated that between
15% and 34% of cities food demand could be metHfwas expanded into vacant urban lot

and domestic gardeirislcdougall, Rader, and Kristiansen 2020)

Increasing the production of fredf&V within urban areas presents several benefits, for
example, this can help in reducing some of the negative impact of the current global food
system on the environmerg.g. reduce the greenhouse gases emissiongirdteng distance
transportation by contributing to the development of short supply chains. A case study in Seoul,
South Korea demonstrated that/ifl was implemented in the city, this could potentially reduce
CO; emissions by 11,668 t G@ear! becaus®f the food mileage reductidhee et al., 2015)
Research has also demonstrated tblt unlike the current global horticulture system,
provides ad enhances several ecosystem services including biodivérsityPhilpott, and

Jha 2015pnd pollinators suppo(Baldock et al. 2015)arbon storagéDobson et al., 2021,

Edmondson et al., 2014)d flood regulatiof Ze | e R§ k o v 8d, Haabstac 20b7mu a
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addition,UH has been demonstrated to improve human mental and ahlysaith(Dobson et

al., 2020; Matrtin et al., 20]1f.eake et al., 20099nd provides social benefifobson et al.,
2020.; Soga et al., 2017)

Urban horticultural expansion could also play a key role in contributing to the nutritional
security of urban population. Globallyt is estimated about 821 million people are
undernourished and micronutrient deficiency occurs in one every three jEAQe 2018)
Micronutrient deficiency may arise from limited resources and/or access to healthy food, as
diets rich in calories, but low in nutritiohaalues are often less expensive than healthier diets
(Darmon et al., 2015pritcanbelinkedt f ood desert o food environn
only provide access to low nutritional quality fo@lamba et al., 2015Consumption oF&V

is crucial for a healthy and nutrition secure population, providing many key nutrients required
in the human die{Public Health England, 2018)ncreasing the productioof fresh F&V

within urban areas could help to improve the access of urban populations to healthier and more
nutritious food choices. However, to date, the impactJbf practices on the nutritional
characteristics oUH produce and to what extebtH contribute to nutrition security is still
unknown.

Coupled to future competition with othgiG uses, a potential constraint for the expansion of
UH within UG is soil contaminatiorfJia et al., 2019; Sharma et al., 2Q1l4deed,UH soils

have been found to contain high concentratiortdhf(Alloway, 2004; Entwistle et al., 2018;
Mitchell et al., 2014; Oka et al., 2014; Szolnoki et2013)which could pose a risks to human
health (Antoniadis, Shaheen, Boersch, Frohne, et al. 2017; Hang et al. 2009; Huang et al.
2018b; Kachenko and Singh 2006; Zheng et al. 20M&j)n human exposure pathwaydbl

are soil ingestion (especially relevant for children), inhalation of soil partaéesial contact

with contaminated soils and consumption of food crops grown in contaminate(Fsoilset

al. 2015; Qu et al. 2012Fxposure tddM may lead to serious human health issues such as
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reduced growth (cadmium, lead), cancer (arsenic), damage to the nervous system (mercury,
lead), kidneys (copper, cadmium, mercury) and lungs (arsenic), behavioural and cognitive
impairment especially in children (lead), and even mortdRyi et al., 2019; Ali et gl12013;
Alloway, 2012; Sharma et al., 2015)

Although several studies have investigated the concentratibtMoin urban soils and the
potential human health risks, these are often based owicéy case studiefClarke et al.,

2015; Entwistle et al., 2018; Huang et aD18; Mitchell et al., 2014; Sdumel et al., 20429l

only a few studies investigated the bioavailability of thdbé (Antoniadis et al., 2017; Ge et

al., 2002) To date, a nationwide study investigating the extent of both total and bioavailable
HM concentrationacrosdJH soils as well as the concentrationH¥ in UH produce has not

been undertaken. Understanding the potential human health risks associatdti aitd its
contribution to nutrition security is crucial to provide sciebesed evidence to supppdlicy

making and future expansion 0H.

7. THESIS EXPERIMENTS AND FIELD INVESTIGATIONS

Urban soils provide multiple ecosystem services essential in strengthening urban resilience and
mitigating many of the environmental challenges posed by urbaniskftiovever, to date a

clear understanding of how major anthropogetédved pollutants{M andBC) influence

soil functions and properties and ultimately urban soil ecosystem sasvgtédl missing. This

is crucial to support future urban soil management strategies such as the expadsipbubf

also to establish multifunction&G. Through different experiments and field studies these
knowledgegaps are addressed in this researtle influence oBC on urban soiDCdynamics

is investigated through two soil microcosm experiments. The potential of using engineered
form of BC (biochar) to enhance urban soil ecosystem services provision is investigated

through a field experiment sutating different urban vegetation covers. The influencB©f
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on soilHM bioavailability and its role in mitigating the risksldM exposure to urban growers
are investigated through a nationwide field study across ten case study cities. The human health
risks associated with the consumption of urban gle&¥ and their contribution to nutritional

security are investigated through a lasgale field study across five case study cities.
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8. THESIS OBJECTIVES AND OUTLINES

8.1. Thesis objectives
The overdlaim of this research is to understand the role of anthropogenived pollutant in
urban soils and their influence on urban soil ecosystem services provision. The specific

objectives of this thesis are:

8.1.1. Investigate the contribution &C to the soilcarbon cycle.
A DoesBC, in the form of soot and biochar, influence the mineralisation of
the soil ecosysterderived carbon pool?

A IsBCin the form of soot mineralised in soils over short time scale?

8.1.2. Investigate the influence &C application, in the fornof biochar, and different/G
typeson urban soil ecosystem services delivery.
A DoesBC (biochar) application influence urban soil physical and chemical
properties?
A How do different UG types affect urban soil physical and chemical

properties?

8.1.3. Determine the concentration BM across UKUH soils and identify the factor8C
and others) influencing their bioavailability to food crops. Additionally, investigate
whetherUH soils are suitable fddH production.
A What is the concentration 8C across UKUH soils?
A What is the concentration of total and bioavaildth across UKUH soils?
A What are the factors that influence the variability and bioavailability\f

concentrations across UBH soils?
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A Are UH soils suitable fotJH uses and thus, hot#M concentrations itUH

soils compared to UK soil screening values?

8.1.4. Investigate thetman health risks and benefits associated with the consumption of UK
UH produce.
A Does longterm exposure teiM through consumption d#H produce pose
a risk to urban growersodé health?

A To what extentUH produce contribute to nutrition security?

8.2. Thesisoutline

Chapter 2 investigates the influencd3@f on the soil carbon cycle through two soil microcosm
experiments in combination with isotope tracer technology, monité#®Q, gases over six
months. In experiment on&C OC was added to the soil with and without ad@®sd in the

form of soot and biochar to investigate the influenceB&f on OC mineralisation. In
experiment two'*C soot was added to the soil to established whether it is mineralised in soil
over a short timesde. This research allowed me to demonstrate for the first tim&aat

the form of soot plays an active role in soil carbon dynamics. Particularly, the outcomes of this
study have demonstrated thE in form of soot can suppress the mineralisatiolabile OC

in soils and, to some extent, soot can be mineralised in soils itself contributing to soil CO

efflux. [Objective 1]

Chapter 3 examines the influenceBs (biochar) application and on different formsl® on
urban soils ecosystem services d&ly. A two-anda-half-year field manipulation experiment
was established in Leicester (UK), where biochar was applied to soil at the rate of:2hitiha

40 t hat and three types of urban vegetation cover were used to simulate three different forms
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of UG (grasslandJH and bioenergy cropping systems). At the end of the third growing season,
soil samples were collected to assess the influence of biochar application and different forms
of UG on a range of different urban soil physical and chemical pregelinked with the
provision of several regulating ecosystem services. This research enabled me to show that, over
the experiment period, soil biochar application between 20t dml 40 t ha do not
significantly enhance the ecosystem services prowigiadban soils and that differediG do

not significantly influence urban soil quality. [Objective 2]

Chapter 4 provides the first nationwide assessment ofHidilacross UKUH soils and

identifies the factors influencing their bioavailability to food pgo Through a twyear

national sampling campaign, soil samples were collected in 200 allotments plots across ten
cities in the UK and analyses fAiM concentrationsBC andOC concentrations, soil pH and

texture. This research has found that the majaftyHM concentrations are below their
respective UK soil guidelines values and that soil bioavailbliMeconcentrations represent

only a minor fraction of the totélM concentrations. Thus, suggesting that growing food across

UK UH soils could posealowsik t o t he urban grower 6s health
revealed that both soBC and OC concentrations significantly affect the variability and

bioavailability ofHM concentrations across UBH soils. [Objective 3]

Chapter 5 widens the investiion into the potential human health risks associated with the
consumption of UKUH produce. Additionally, it examines the contribution of UK produce

to nutrition security. These were explored through five case study cities in the UK analysing
both theHM and nutrient concentrationslH produce grown across 100 allotment plots. This
research all owed me to demonstrate that the

F&V from UH produce is unlikely to pose a risk to human health in the UK. Additionally, this
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research has revealed for the first time that although the consumptibid gfroduce
contributes to the daily intake of all required essential minerals, cbecentratioris lower

than those found in equivalent commercial horticultural crops. [Objective 4]
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ABSTRACT

Soils hold three quarters of the total organic carf®@) stock in terrestrial ecosystems and
yet we fundamentally lack detailed mechanistic understanding of the turnover of maRC soil
pools. Black carbor(BC), the product of the incomplete combustion of fossil fuels and
biomass, is ubiquitous in soils globalAlthough BC is anajor soil carbon pogits effecs on

the global carbon cycle Wa not yet been resolvedSoil BC represents large stablecarbon
pool turning overon geological timescalgsbut research suggests it can alter soil
biogeochemical cyahig including that ofoil OC. Here, w established twoil microcosm
experiments: experiment one add&lOCto soil with and withouadded BC (soot or biochar)

to investigate whethér suppresseOC mineralisation; experiment two add€€ BC (soot) to

soil to establishwhether it is mineralised in soil ovarshort timescaleGases were sampled
over six-months and analysed using isotope ratio mass spectrometry. In experiment one we
found that the dlux of *3C OC from soil decreased over time, but the addition of soot to soil
significantly reduced the mineralisation©C from 32% of the total supplied without soot to
14% of the total supplied with sadnh contrast, there was not a significant digfece after the

addition of biochar in the flux of*C from the OC added to the soiln experiment two, we
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found that the efflux3C from soil with added®C soot significantly differed from the control,

but this efflux declined over time. There waswumulative loss of A.7% *°C from soot over

the experimentThese experimental resultepresent a steghange in understanding the
influence ofBC continuumon carbon dynamics, which has major consequences for the way

we monitor and manage soils for cantsequestration in future.

1. INTRODUCTION

There is approximately three times more carbon found in soilsghaeld inthe atmosphere

as CQ (Fischlin et al., 2007; Lal, 2004; IPCC,4). However, global shifts in lardse from

natural and sermatural ecosystems to agricultural and urban land, along with agricultural
intensification have heavily degraded soils, with the resultant loss of an estimated 40 to 90 Pg
of sol organic carbon (SOQ)Smith, 2007) As a direct response, signatories of the Kyoto
Protocol are required to quantify the amount of carbon stored in sodlsjento monitor the

net carbon emissions to the atmosphere by changes in land managemenuseldndpite

of the critical role soils play in the global carbon cycle, we fundamentally lack detailed
mechanistic understanding of the turnover of majdrasganic carbon pools, particularly-so
called black carbon (BC)his limits our ability to integrate soils into policies for a net zero
future.

Black carbon is the product of temomplete combustion of biomass and fossil f(ilasiello,

2004; Hedges et al., 2000; Kuhlbusch & Crutzen, 198S)such, the term BC describes a
continuum of particles from slightly charred biomass to highly condensed and refractory soot
and graphitgBird et al., 2015; Hedges et al., 2000; Kuhlbusch & Crutzen, 18jhtly
charred particles are generally dominated by small polycyclic aromatic hydrocarbons (PAHS)
(2-7 rings) and labile carbon forms and, whereas soot particles are mainly comprised of gas

phase recondensed highly aromaticolecules (PAHs ¥ rings) and stablcarbon form¢Bird
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et al., 2015; Koelmans et al., 2006; Meredith et al., 2@Iark carbon occurs ubiquitously in
the envionment, playing an important role in a wide range of biogeochemical processes
(Talukdar et al., 2019; Bond et al., 2013; Flanner, 2013; Masiello, 2&0d)t has been
suggested that it may influence the turnover of more labibsysterderived SOC, defined as
decaying plant resiges, soil biota and exudat@su et al., 2018; Edmondson et al., 2015;
Liang et al., 2010; Major et al., 201@verall, it is estimated that global BC soil stec&nge
between 54nd109 Pg, representing the largest paothe BC cyclgBird et al., 2015)BC

has been demonstrated to contribute to a significant portion tdtddeorganic carbon (@C)

pool; e.g. in urba soils >20%(Edmondson et al., 2015; Hamilton & Hartnett, 2013; Liu et al.,
2011; Rawlins et al., 2008ndin agricultural soils betweendhd42% (Lavallee et al., 2019;
Hamilton & Hartnett, 2013; Skjemstad et al., 2Q02)wever, thanethods used to determine
soil carbon stocks do not consistently quantify BC, with the currentaftdibe-art deploying

CN elemental analysis which does not distinguish between ecosgistérad carbon and BC
(Edmondson et al., 2015 contrastalternative approaches such as dichromate oxidation
mostly target the more labile ecosystalarived carbor{Reisser et al., 2016; Knicker et al.,
2007) As a direct result, the differential outputs of current analytical methodologies render
national carbon inventories incomparable. For examptgoss Continental Europe dan
Northern Ireland BC is quantified as part of T@C pool via elemental analysf{de Brogniez

et al., 2015; Xu et al., 201yhile BC is not accounted for in England, WalBsadley et al.,
2006)and the Republic of IrelanCruickshank et al., 1998yhere soil cecbon measure are
derived from dichromate oxidation

Although BC is ubiquitous in soils globallypur understanding of its contribution to the SOC
cycle and the biogeochemical global carbon cycle is poorly res¢feith et al., 2015)
Understandingf the influence of BC on the SOC cycling and its stability in soils is crucial for

climate change mitigation policies due to its potential to offset carbon emission and increase
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carbon sequestraticand toincrease the accuracy of globalrlbon moded simulating carbon
cycling undedifferentclimate change scenari@Sotrufo et al., 2016)

Research on the influence of BC on thenover of more labileecosystentderived SOC,
include both suppression and stimulation of S@i@eralisaton (Whitman et al., 2015).iu et

al. (2018) reported that addition of biochar (a form of BC) to the soil decreased the cumulative
emission of CQbetween 72% to 88% compared to control without biochar. Similarly, Liang
et al. (2010) observed that total carbon mineralisation ifriBiCsoils was 25.5% lower than

in BC-poor adjacent soils. In contrast, Major et al. (2010) observed that 41%8&hdnore
carbon was respired whdniochar was added to the soil compared to control, in two
consecutive year88C represersta largely stable pool of cash turning over on geological
timescalegLehmann et al., 2015; Singh et al., 2012; Preston & Schmidt, 2006; Masiello, 2004;
Goldberg, 1985)However studies have reported soil BC mineralisation at shorter timescales
(Major et al., 2010; Cheng et al., 2006; Hamer et al., 2Q0#)ough most of this work is
carried outin the context of the more labil@ochar, as opposed tsoot which is the more
recalcitrant component of the BC continuum, bt meajor feature of soils in the industrialised
world (Hamilton & Hartnett, 2013; Liu et al., 2011; Sancitgarcia et al., 2012; Stanmore et
al., 200). To date, no studies have investigated the stability of soot in soils and its role in the
mineralisation of ecosystederived organic carbon. Tarovide a fundamental advance in our
understanding ofhe extent to which B@epresentsraactivecomponenhin the soil carbon
cycle, we establishedtwo microcosm experimesatin combination with isotope tracer
technology and gas analysis to address two fundamental questiddge®)BC (soot and
biochar)influence the mineralisation of ecosysteerived carbomools?and b)ls BC in the

form of soot mineralised in soils over short time scale?
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2. MATERIAL AND METHODS

2.1 Experimental microcosm soil

Soil for the microcosm experiment was sampled, in triplicate, from an arable farm in
Lincolnshire UK (53°18' 52.1" N, 0° 26" 17.6" Win February 2019. The soil samples were
subsequently mixed, adried and passed through a 2 mm si@rer to analyses, subsample

of this soil was homogenised in an agate-ball and sieved to 2 mm to remove anyrss.

Soil texture was determined thaserScatteringParticle SizeDistribution Analyse (Horiba

LA 950): prior analysesTOCwas removed by addition k0> (9.8 M)to 10 g of soiMikutta

et al., 2005)Soil pH was measured m1:2.5 soil to water solutiorSoil TOC concentration

was determined in a CN analys¥iafio EL Cube, Elementar, Hanau, Germp{ldmondson

et al., 2012)Before TOC analysespnior gani ¢ car bon was rlemoved |
HCI (6 M) to 90 mg of soilRawlins et al., 2008)Soil BC concentration was anagyks by
hydropyrolysegHyPy), described in detail elsewheffderedith et al., 2012)The microcosm

soil had a pH of 6.73 and a sandy loamy texture. B{C was 28.72 + 0.84ng g*, of which

more than 8% was ecosystederived organic carbo(26.64 + 0.91 mg ¢, with a BC

concentration of 2.08 + 0.09 m¢t.g

2.2 Sootand biochar production and characterisation

Samples ofoot particulate matter (PM) were generated from methane gas under pyrolysis
conditions in an electrically heated flow tube reactor. The equipment and method of particulate
generation has been described previo@Bhkeleigh et al., 2014)and adaptations have been
made to the equipment to collexiotPM onto filter paper¢Dandajeh et al., 2017peparate
sootPM samples wereollected from methane of natural isotopic composition (BOK),

and isotopically labelle’C methane (999%°C, Sigma Aldrich). Theeactor temperature was

controlled to 1200C gas temperature at the reactor centreline. Flow rated ofiad nitrogen
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and 207 rhmin of methane were metered by mass flow controllers, resulting in 10,000 ppmv
methane concentration. The flow rates resulted in a residence time through the reactor zone of
constant heating of ~1 Barticulate matter wasampled from the extor centreline and drawn
through a stainlessteel sampling tube under vacuum and filtered through glass fibre filters
7Omm filter, 0.7 ¢ sootPM was depgositedeA totad maissoof alti0.&h
g particulate was collected onto sevditirs (a total of about 100 mg per filter), for both
natural and isotopically labelled methane.

Biocharsamples were produced from willow chips using a laboratory pyrolysis unit at the UK
Biochar Research Centre at the University of Edinbudgiproximatly 30 g ofwillow chips

were placed in d&boratorybatch pyrolysis unit with a vertical quartz tube (inner diameter
50 nrexternally heated by 8 2 k W-red gofd image furnace (P610C; ULVARIKO,
Yokohama, Japan) described in detail elsewlieMa § e k e tCrombie et al.,2013)8
Before pyrolysis, the reactor was purged with nitrogen to eliminate any reaidwéthin the
system.The nitrogen purge was maintained at a rate of 0.3 L*fanthe duration of the
experiment. The willow chipaere pyrolyzed at a heating rate26f°C mint, with the highest
treatment temperature (HTT) 460 °C, and a residence time3ffmin at HTT. After pyrolysis,

the system was cooled down under nitrogen flow to prevent oxidation of the biochar
Sootand biochasamples weranalysedisingHyPy (Meredith et al., 2012HyPy tests were
performed using the procedure described previouskidnpugh et al.(2009) The sootand
biocharsamples were first loaded with 10% by weightaflybdenum o) catalyst using an
agueous/methanol solution of ammonium dioxydithiomolybdate JJpMbO.S;] and placed
within borosilicate sample holders to allow for the actukgeight loss during pyrolysis of
each sample to be determing@thig et al, 2020) The samples were pyrolyzed with resistive
heating from 50C to 250°C at 300°C mint, and then fron250°C to 550°C at 8°C min?,

before being held at the final temperature for 2 min, under a hydrogen pressure of 15 MPa. A
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hydrogen sweep gas flow ofl Bnin', measured at ambient temperature and pressure, ensured
that the products were quickly removed from the reactor, and subsequently trapped on dry ice
cooled silicaMeredith et al.2004).

The dichloromethanesoluble products desorbed from the silica were then analyseah
Agilent GGMS (7890B GC; 5977A MSD), scanning in the mass range of mAO8QEI 70

eV, source temperatu200 °C). Product separation was performed on ar5NFS column
(30mi 250emi0.25em). The GC oV eidCfot05mip,¢henat ur e
heated to 300C at a rate of 4C min', where it was held for 5 mirtes Individualcompounds

were identified using a NIST MS library and published data.

The soot appeared to be very similar in composition to thexane soot described in tBE

ring trial (Hammes et al., 200,/)vith a carbon content 93% (compared with 92.9%), and an
atomic H/C of 0.21 (compared with 0.19). As expected, the soot was very stable under HyPy
conditions (BGypry = 69%), although as with the ring trial soot there was a small but significant
labile fraction. The biochar carbon @amtrationrwas 73% and an atomic H/C of 0.61, similar

to atomic H/C of biochars produced at equal pyrolysis temperéiie® et al., 2016)
Compared to soot, biochar was less stable under HyPy conditiageBC52%), however

within the range of BGypy reported inMeredith et al. (201)7for biochars produakat similar
temperature.

GC-MS of this labile norBChypy fraction of the sootvasdominated by 4 ring parentPAHs
structures (Fig 1). This is probably a reflection of the relatively high temperature of formation
of the soot, which iknown to increase the degree of condensation, and so result in a more
restricted distribution of PAHSs that are able to be cleaved off by Kiylegeath et al., 2015
Meredith et al., 2017). For this soot, the formation temperature of K20tas appeared to
suppress -2 ring PAHSs in predrence to 5 rings, in addition to the much larger clusters that

form the stable BGry fraction.
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GC-MS of the labile norBChypy fraction of the biochar show it to be very similar to the soot
one, dominated by-8 rings PAHs structuregFig. 2), howeversootalso presented rings
PAHSs structures (e.g. Coronene, Fig. The labile biochar fraction containedore alkyt
substituted PAKd resulting in multiple clusters of peaks amdunresolved complex mixture
beneath the baselifEig. 2).Biochars and charcoals, especially those formed at relatively low
temperatures are typically dominated b Bing structuregRombola et al., 2016; Ascough et
al., 2010) In this biochar the 4 rings structures are the most abundant and t{Beidgs

compounds seems to be suppressed at@50
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Figure 1: Total ionchromatogram of the labile ndCsypy Of the soot.
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Figure 2: Total ion chromatogram of labile ndCiypy Of the biochar.

2.3. Microcosm experimens

Two microcosm chambesxperimens wereconductedver 168 days: experimenhe added
13C labelled organic carbon to soil with and without adB&d(soot or biocharo investigate
the influence of soot and biochar erganic carbon mineralisatioaxperiment two addetfC
soot to soil tanvestigate the mineralisation rate of soot in soil.

Experiment one treatments were: contag@nic carbop(soil with 19.42 mg*C organic
carbon- 99%'°C Sucrose, Sigma Aldrich catalogue number 60544@gnic carbon and soot
(soil with 19.42 mg?C organic carbon and 25 mg of unlabelled saat) orgaic carbon and
biochar (soil with19.42 mg*C organic carborand 25 mg of unlabelled biocha§oot and
biochar were addethto the soil at rate of 10 t Havhich represents a common rate of
application in soHBC research experimenfsO 6 C o n al.p 2018 ddffery et al., 2011)
Sucrose, glucose and fructose are often identified as the most abundant low molecular weight

carbon compoundgresent in root exudateacross all ecosysten(&irkin et al., 2018Shi et
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al., 2011) Thus, sucrose was selected for this experiment as a common photosynthetically
derived form of labile organic carbon found in soils across all ecosy8Bamarini et al., 201,9

Girkin et al., 2018Shi et al., 2011)Sucrose was added at the rate of 3.88 mg @rg soil

which falls between low and medium root exudates input rates previously reported in literature
(Basiliko et al., 2012; Girkin et al., 2018; Shi et al., 20 E¥periment two treatments were:
control (soil)andsoot (soil with 25 mg offC soot)All treatmens were thoroughly mixed into

5 g dry weight equivalent afoil to homogenisandreplicated four timessach treatment was

set up in a 180 hair-tight plastic container and kejpt a controlled environment abnstant
temperature of 18C for the duration oftte experimentUltra-pure water was added to each
experimental unit throughothe duration of the experiment to maintain soil moisture at field
capacity. Experiment one ran for 168 days and experiment two ran for 154 wdatys,
measurementdt set up andfter 1, 7, 14, 21, 28, 35, 42, 49, 56, 70, 84, 98, 112, 126, 140, 154
and 168 days!*CO, gases were sampled through a-@ay stopcock valve with a 10 ml
syringe To avoid anoxic conditioreach experimental unit was opened to oxygenatact
samplingpoint Gas samples were analysed &€ content by continuous flow isotope ratio
mass spectrometrySERCON ANCA GSL 2020 IRMS). According to convention!3C
enrichment was expressediasC (relative to the Pee Dee Belemnite international stedyd

usingEquation 1(Bostréom et al.2007).

lRC
Zc

|.3C
Zc

Sample

513€C (%o) = x 1000

Standard Equation 1
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The cumulative percentage of the 0@spired fromt3C-labelled soot oorganic carbonvas

calculated by pool dilution using equation 2.

60 B —— T Equation 2

WhereC, = Cumulative percent CQost; t = sampling time point; n Z'sampling time
point; Ar = atom% of theé>C-CO; respired(see Table S2 and S#. = atom% of**C-CO,
(natural abundancéa= 1.09 atom%; As = 1°C atom% of théabelled soot or organic carbon

added to the soil.

2.4. Statistical analyses

Linear mixedeffect modedwereu s ed t o anal yse t!MHC&flkésinther enc e :
incubation experiment with or withoiC soot and to test for an effect of saatl biochaon

13C organic carbon mineralisati@ver time The nixed-effect model was applied using the

p ac k ag eZudretlalm2009in R v.3.6.1 (R core Team, 201 where the random effect

variable was replicate, the fixed effeatriables were treatments and duration of the experiment

(Days) and method of estimation Maximum Likelihood (MDhe Akaike information

criterion (AIC) was used to compare the performance of different models and identify the best
fitting model. To improvenormality, i 13CO, modelled data of experiment one were-log
transformedprior to statistical analyse®ata below IRMS limit of detection were treated as

missing values and thus exclude from the analyses

3. RESULTS

3.1 Effect of sootand biochar on the mineralisation ofadded organic carbon
The addition of soot si YaOifrbm therormanic yarboheddede a s e d

to the soil (F = 30.152; d.f. 589; p <0.0001; Fig3a ) . Al t h o u g€O.framehe f | ux
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orgarnc carbon decreased significantly over time there was a significant interaction between
experimental duration (Days) and treatment. The difference between the organic carbon and
organic carbon with soot increased over time (F = 67.872= 289; p <0.0001; Fig.3a). The
significant r edaDsfrom arganicicarbor witle sodt addition résulted in a
reduction in cumulative loss of carbon supplied over the duration of the experimei®2om
without soot tdl4% with soot (Fig3b). In contiast, there was not a significant difference after

the addition of biochar in the flux af**CO; from the organic carbon added to the $Bik

2.402; d.f. = 1,92; p = 0.1246; Fig. 3c). Howeveere was a significant interaction between
experimental dutéon (Days) and treatmenthe difference between the organic carbon and
organic carbon witlbiochar slightlyincreased over time (F23.921;d.f. =2,92;p <0.0001,

Fig. 3¢).
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Figure 3: The effect of the addition of soanhd biochar to soil on the evolution of &@m**C labelled
organic carbon over time, a) lpg *C evolution from soil with addetC labelled organic carbon and
13C labelled organic carbon and soot, b) mean cummulative 10$€ slupplied as sucrose; standard
error bars are too small (see Supporting Information Table S2 for standar error values)icyg
evolution from soil with addetC labelled organic chon and*C labelled organic carbon and biochar
and,. Open circles represent soil Wi organic carbon and closed circles represent soil #@h
organic carbon and BC added.

3.2 Mineralisation of sootin soll

The addition of**C soot significantlyn c r e as e d tY3C®@, when aomparedfto tlie
control (F= 234.7715d.f. = 1,98, p < 0.000%1 Fig.4a ) , h o weC@:flux tsmot U
added decreased significantly over the duration of the experimer&.@a69 d.f. = 2,98; p=
0.0037 Fig. 4a). After 24 h 0.008 mg of the added®C soot had been mineralised and the

cumulative total of mineralised soot increased to 9.01®) after 168 days (Figdb). The
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cumulative loss of carbon added as soot over the duration of the experiment Wagklg.
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Figure 4: a) Thel *C flux from soil with added®C labelled soot (closed circles) compared to control
soil (open circles), and b) mean cumulative los$®@fsoot supplied from soil for the duration of the
experiment; the standard error bars are too small (see Supporting Information Table S4 for standar

error values)

4. DISCUSSION

It is estimated that the global BC soil pool ranges betweean8409 Pg, this is the largest

pool in the global BC cycléBird et al., 2015yvith the soot fraction of this BC poobnsidered

to be the most recalcitrafasiello, 2004; Hedges et al., 2000; Kuhlbusch & Crutzen, 1995)
Here we show, for the first time, that BC in the form of soot supresses the mineralisation of
labile organic carbon in sojlsvith 18% les$*CO; produced when soot is added to the.dail
addition, we show that BC in the form of soot can be, to some extent, mineralised in soils and
contribute to soil CQ effluxes. Together, these findingsst doubt on the widely held
assumption that BC in the form of soot plays a passive raeiircarbon dynamicsBlack

carbon represents an important component of the carbon cycle that is not accounted for in
current models of dynamic carbon fluxes between soils and the atmog¢pbéngo et al.,

2016) This finding is thus fundamental to ourderstanding of the soil carbon cycle.
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While the mechanisms underpinning the suppressive effect of soot on the mineralisation of
labile organic carbon need further investigation, liigh surface area of soot and the high
abundance of surface binding si{gsirface groups) increase the reactivity and capability of
soot to interact with labile organic carbfirehmann, 2015)thus potentially explaining this
result.Indeed, ithas been demonstrated that BC presarttigh sorption affinity for organic
carbon compoundfasozi et al., 201Q)making them less accessible for soil microbes.
particular, adsorption and encapsulation have been suggestedtastial mechanisms by
which BC may suppress the mineralisation of labile organic cdthoret al., 2018; Whitman

et al., 2015; Lu et al., 2014; Zimmerman et al., 20Iri}he first mechanism, encapsulation,

the oganic carbon is adsorbed within the pore of black carbon which became physically
unavailable for microbes degradation. In the second mechanism, adsorption, the organic carbon
is adsorbed on the large surface area of the black carbon which became lesklatoesoil
microbes.This resultcorroborate the previously observed correlation between ecosystem
derived soil organic carbon and soil BC concentration, which in the urban contaxtstdii,

was most likely sootEdmondson et al., 2015; Hamilton & Hartnett, 2013; Liu et al., 2011)
Additionally, aur findings are supported by research demonstratingrassed mineralisation

of ecosystenterived organic carbon in B@iochar)amendedoils(Wang et al., 201,8Cross

& Sohi, 2011; Liang et al., 2010 contrast, the addition of BC in the form of biochar did not
affect themineralisation of labile organic carbd®imilar results were found by other studies,
where no significanéffecton the soil organic carbon mineralisatioasmbserved following
biochar additionfWang et al., 201,6Kuzyakov et al., 2009)To understand the mechanisms
underpinning the differences between soot and biochar effect on labile organic carbon
mineralisation, further research is needed. However, it has been suggested that the decrease in
soil organic carbomineralizationdue to the sorption properties of BC could be associated

with its more recalcitrant fractions (Whitman et al., 2015). This is also what our findings
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potentially suggest. The HyPy analyses on soot and biochar showed that soot was more stable
under HyPy codition than biochar, with a larger recalcitrant fraction compared to biochar,
69% and 52%, respectivellPotentially suggesting that driving thiéferences between soot

and biochar effect on organic carbon mineralisatioight be thepresence of areater
recalcitrantfraction in sootcompared to biochamHowever, further analysis is needed to
investigate this hypothesisAdditionally, previous research has demonstrated that the
suppression of soil organic carbon increases with increased biochar cormeltiatet al.,

2018). Particularly, in Liu et al. (2018) a significant decrease in soil organic carbon
mineralisation was observed only after biochar application rate of about 6% Thas,
explaining the differences between soot and biochar effectsaih organic carbon
mineralisation might also be tihate of biochar appliei this experimen10 t hat). However,

further research is needed to investigate isile we show that soot influences the dynamics

of labile carbon mineralisation, we haaéso demonstrated that it is mineralised itself and
therefore represents a hitherto overlooked component of the carbonAydaggested by

Bird et al. (2015), BC degradation processes in soil can be seen as continuum ranging from
more labile lightly cheeed materials to highly recalcitrant condensed aromatic molecule,
although our analyses suggest that even at the recalcitrant end of this coratiptaportion

of BC is still mineralizablever short timescale§he demical analysis of our labelled soot
revealed that aroun@0% of the soot is potentially labile and composed of aromatic
hydrocarbons, such as pyrene and phenanthrene, that are known to be readily mineralised by
the soil micr@rganismsCouling et al., 2010)These PAIS are still likely to represent the
minor portion of the soot that was able to be mineralised over the course of the experiment
(Coulinget al.,2010) Our experimental results also indicated that soot mineralisation declined
with time. While the mechanisms behind the decrease in soot mineralisation need further

research, microbial toxicity induced by PAHs associated with soot could have played a role in
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the slowdown of the soot mineralisati@®atel et al., 2020%imilarly, soot addition could have
caused a change in soil pHnpfavourable for soil microbes, thus changing their biomass,
composition and activity and consequently reducing soot mineraligdtioes et al., 2015;
Lehman et al., 2011)

Our researctprovidal the first measure of the turnover of soot in terms of carbon cycling in
soils, allowing us to measure mineralisation of soot, even in very small quantities for the first
time. We estimatedthat the amountf carlbn mineralised from soot over the course of the
experiment is about D7%. Since small changes in TOC respiration can have significant impact
on atmospheric COconcentration(Davidson & Janssens, 2006; Schlesinger & Andrews,
2000) we contextualized this result, iesating both at global and European scale the amount
of CO, related to the mineralization of BC in form of soot. Global BC deposition rate are
estimated to be of 17 Tg¥(Bird et al., 2015)whereas European BC emission are estimated
to be 470 Gg yt(Bond et al., 2013)Considering a global land area of 14§ kA (excluding

ice areas) and a European land area of 10.8®d e estimated that with mineralisation of
0.17% of BC per ¥ year would lead to approximat2Rs76ton of CQ ha' ¥ yrtand 0.028

kg of CQ ha' %2 yrtat global and European scale, respectively. To understand the magnitude
of the contribution of the soot mineralisation to the global carbon ayahesjdering that global
emission from land use and land use change are estimated to be about 5.2 + 2§13t CO
(IPCC, 2019), we estimated that BC mineralisation in form of soot contsho#out 0.08%

of these emissions.

5. CONCLUSION

This research has demonstrated for the first tthed BC in the form of soot supresses the
mineralisation of labile organic carbon in sailsd thaBC in the form of soot can be, to some

extent, mineralised in soitontributingto soil CQ effluxes.This regarch has also shown that
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BC in the form of biochar has no effect on the mineralisation of labile organic carbon. These
findingsrepresent a steghange in understanding the influence of soatother compounds

on the BC continuum on carbon dynamasviding compelling evidence th&C in the form

of soot playsan activerole insoil carbon dynamicsThishas major consequences for the way
we measure, monitor and manage soils for cadtorage andgequestration in the futuré.
priority for future reseah will be understanding which carbon pools in soils are affected by
BC, for example, the influence of soot on the mineralisation of labile organic carbon in soils
through rhizodeposition from plangslitsch et al., 2002)n addition to the microorganisms
responsible for the mineralisation of BC itself in s@W¢hitman et al., 2016}-urther research

is also needed to understand the mechanisms driving feeedifes between soot and biochar

influence on the mineralisation of labile organic carbon.
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CHAPTER 3

The effect of biochar application and vegetation cover on urban soil quality

Marta Crispo, Janice Lake, Manoj Menon, Jill L. Edmondson

ABSTRACT

Urban soils underpin the provision of all teeosystem servicedelivered by urban green
greenspaces (UG). However, urban soils can often be degraded compromising their ability to
deliver ecosystem services. Application of biochar to urban soils hasdeesmstrated to
improve a wide range of soil properties. To support futureglidning and strategiasis

crucial to dentify urban soil management practices that preserve and enhance the delivery of
urban soil ecosysteservicesandunderstand the effeof different forms of UG on urban soll
properties.  urban aregsbiochar production auld be integrated withbiofuel growing
systemshowever these may compete with other UG uses (e.g. recreation or urban horticulture
(UH)). Through a two and a halégr field experiment, we investigated the influence of biochar
application and different UG uses (grassland, UH and bioenergy cropping sgstamange

of soil quality indicatorgpH, bulk density, aggregate stability, water holding capacity, organic
calbon and nitrogen concentratidimked with the provision of different regulatimgosystem
services We foundthat hardwood biochar applications between 20 t'lamd 40 t hdto a

loam to clayey loanurban soil did not significantly influence the s@hysicochemical
properties investigated, after two and a half years from its addition. Additionally, different UG
forms did not have a significant effect on the urban soil properties assessed. The outcomes of
this research demonstrated tbail biochar aplication of 20 t hadid not significantly enhance

the ecosystem services provided by urban doidlwever they suggested the need to investigate

the effect of biochar on urban clayey soil at longy@re scales and at higher application rates
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(>40 t hat), that may be more effective in increasing urban soil physicochemical properties

and consequentignhance the soil ecosystem services delivered by urban soils.

1. INTRODUCTION

More than half of the global population live in cities and towns and by 2070 urban areas are
expected to accommodate more than 70% of the global population (UIR). 20tban
inhabitants vitally depend on the multiplicity of ecosystem services providedrimn
greerspacegUG) (Amorim et al., 2021European Environment Agenc®019; Jiaet al., 2019;

WHO, 2017;Pitman et al., 2015Urban greaspaces refer to a network of areas including
parks, fored, roof gardens, living walls anetban gardenthat have been demonstrated to
supportmultiple ecosystem servicédmorim et al., 2021; Dobson et al., 2021; Edmondson

et al., 2014; Pitman et al., 201bzoulas et al., 2007UJrban soils are the foundation 0f5

and underpin the provision afl the ecosystem servicggovided by UGamong otherélood
mitigation (Phillips et al. 2019)filtering of nutrients and pollutanf®ominati, Patterson, and
Mackay 2010) carbon storagéDobson et al., 2021; Edmondson et al., 2012; Vasenev &
Kuzyakov,2018) greenhouse gas emissions regulafionesley et al. 2010; Pierre al. 2016)

and organic contaminant degradation and recy¢hkgng et al. 2015However, urban soils

are often impacted by different human activities that can compromise their ecosystem services
provision. For instance,rban soils are often exposed @aowide range of anthropogenic
activities that increase their heavy metatsl metalloids (HMxoncentratiorand negatively

affect soil microbial activities and consequently influence several soil functions such as
nutrient cycling, organic matter decomftms and biodiversity regulatiofMénok et al., 2020
Ivashchenko et al., 201Blartley et al., 2008)Nithin urban construction sites, compacted soils
from heavy construction vehicles have been found to reduce water infiltration rates between

70% and 99% increasing the potential of water ruanéf erosiorfJ. H. Gregory et al. 2006)
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As urban populations increaselentification of theurban soil management practices that
maintain and enhance the deliveryusban soil ecosystemservices is crucial for futurdG
planning and strategie6 O6 Ri o r d &2021) &tie application of biochar as a soil
amendment in urban soils is receiving increasing attention from the scientific com(Kumity

et al, 2021; Somerville et al2020b; Yoo, Kim, and Yo®020; Yue et a).2017) Biochar is

a relatiely stable carbomich material produced fromhé pyrolysis of biomasée.g. plant
residues, manures and waste materetg) depending on pyrolysis conditions and feedstock
properties it has been shown to increase carbon sequestration, soil fertility, crop production and
microbial biomasgHaider et al., 2017; Ding et al., 2016; Lehmann et al., 2011; Sohi et al.,
2010; Lehmann et al2006) In an urban context, biochar has been found to improve a wide
range of soil properties and plant growth. For exapiplerban roadside tree systerbgchar
application significantly improwksoil physical and biological properties and tree oeses
compared tan unamended systefsomerville et al.2020b) Biochar application on urban
roadside soils suggests that it can mitigate extreme soil water stresses in flooding and drying
conditions, while enhancing plant growtoo, Kim, and Y092020). Indeed, ibchar habeen

found to significantly chang urban soil aggregate distributidny either enhancing the
proportion of macroaggregasnd/or increasing soil pore size which during wet condition
increased water drainage and during dry condition might have increatdetantion(Yoo,

Kim, and Yoo 202Q) As a soil mix for smalscale urban farming, biochar was found to
increase nutrient soil retention and vegetable (pak choi) nutritional value compared to
unamended soil migSong et al., 2020Biochar application to urban soil hasgpealso found

to reduce HMaccumulation in the aboveground biomass of gfdes et al, 2017)

In cities and tows, biochar could be produced from the pyradysi biofuel crops such as short
rotation coppice (SRC) willow. e use ofSRC willow as biofuel cropin UG preseng

additional benefits. Whilst growing, SRC willow can also deliver several ecosystem services
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including flood protectiot O6 Su | | j201&)mollgion méidation(Sugiura et al., 2008)

soil carbon sequestratig@€unniff et al, 2015)and enhanced biodiversifiRowe, Street, and
Taylor 2009) Research acrogen study cities in th&K has demonstrated that on average
about 4% of ciUGuaréss arapbtentialyi seithbte Inbfuehcr®p production

and on averagethesecould potentially meet 2% od c i t rgs@entialheating demand
(Grafius et al.2020) In addition, lochar production@uld be integrated witlirbanbioenergy
generation systems. The gases (e.g. carbon dioxide, hydrogen and methane) and-biooil co
produced during the pyrolysis bfofuel crops (e.g. SRC willowgan be capturckand used to
supply heat and electricitg cities and towngéTrabelsiet al.,2020. At the same time, biochar

can be used as a soil amendmerthebiofuel growig systemgMcCormack et al.2013)

Biofuel productionwithin UG while increasing citigsustainability and support the delivery

of multiple ecosystem servicé&rafius et al.2020) can also reduce the pressure on high
quality agricultural land to be used for biofuel productipttHugh et al. 2015) However,

this may compete with other uses of UG (e.g. recreghiorticultural productionhousing or
business developments projgdiisee et al., 2015; Tappert et al., 201Bpr example, urban

food productionwhich has also been demonstrated to deliver several ecosystem services and
considered an important facet of urban food secyidtybson et al., 2021; Edmondson et al.,
2020) Urban greenspaces are also are crucial for human physical and mentsinglland

social benefitgJabbaret al.,2021;Dobson et al., 2020VHO, 2017). Increased urbanisation

will lead to greater competition between different uses of UG, thus to support future UG
planning and strategig# is crucial tounderstand the effect afifferent forms of UG and
biochar application on urban soil properties and investigate their influence on urban soils

ecosystem services delivery.

Here, through awo and a halfyear field experiment, we investigated the effect of biochar

application and different forms of UG on urban soil physical and chemical properties
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Particularly, we assessed ithmfluence on a range of different soil quality indicators linked
with the provision ofseveralregulatingecosystem services: soil pH (important for nutrient
cycling and plant nutritin, Neina, 2019) soil total organic carbo(frOC) andnitrogen(N)
concentratior{important for controlling soil nutrient cyclingnd climate regulatigriPowlson

et al., 2011)bulk density (BD), froxy for soil compactiorwhich gives an indication of flood
mitigation, Edmondson et al., 20),1soil wet aggregate stability (as an indicator of sall
resistance to erosiofgrktan et al., 20159nd water holding capacity (WHC) (indicator of soll
water retention and suppind linked to flood mitigatigrDominati et al., 2010 For this study,
we selected thregpe of urban vegetation cover to simulate three diftdt€h usesgrassland
which in a typical UK citycoversabout66% of the totalUG (Edmondson et al. 20L1JH,
whichacross a typical UK city coveabout 2% of the total U@Edmondson, Cunnirdgam, et

al. 2020)and SRC willowto simulate a urban biofuels production syst&sra potentialUG

use The effect of soil biochar application on plant growth is also assessed.

2. MATERIAL AND METHOD S

2.1 Study site

The manipulation experiment wastablishedt Gorse Hill allotment@ Leicester (UK)and

set up from April 2018 till October 2020. The mean annual temperature is 9.9 °C and the mean
annual rainfall is 620 mm (Climafeata.org, 2021). Thiaitial soil properties in the top 20 cm

of the experimental plot were: loam to clayey loam soil texture, bulk density of 1.07 £ 0.02 g
cmi® (+ standard error)TOC concentration of 51.62 + 2.11 m¢,oC:N ratio of 13.04 + 0.24,

black carbon concentration of 3.25 + 0.31 migagd pH of 6.69 + 0.06
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2.2 Experimental design

The experimental plot was arranged in a randomized block design with four replicates for each
treatment. The size of each individual plot was Irb% 3.50 mandall plots were separated

with a buffer unplanted strip of 2.5.mMhe experimental design included the following seven
treatments: control grassland (Grassland), grassland with biochar applied at the rate of 20 t ha
! (Grassland+ Biochar 20), control SRC willow (SRC Willow), SRC willow with biochar
applied at the ratef 20 t hat (SRC Willow + Biochar 20), control vegetables (cabbages)
(Vegetable), vegetables with biochar applied at the rate of 26 (Memetable+ Biochar20),

and vegetables with biochar applied at the rate of 40 {(Wegetabé + Biocha0) (Table 1)
Because of space constraint biochar was applied at the rate of 4@nliidan the vegetable
plots.

Commercially available hardbood (mainlyAcacig derived biochar, pyrolyzed between 400

°C and 600 °C was purchased from Carl@old, Bristol (UK). The biochar had a pH of 9.2,
bulk density of 0.44 g crf) 64.6 mg ¢ TOC concentration, 10.2 mg'gotal N concentration

and a C:N ratio of 63:1. More information on the chemical and physical properties of the
biochar are available Annex A, TableS1 Biochar was uniformly incorporadéento the soil

to 20 cmdepthusing a rotavator at the beginning of the experiment in April 2018.

In grassland plot,raenity grass seeds bblium perenngorovided by Leicester City Council
were sown in April 2018In SRC willow plot, wilow cuttings were planted following SRC
plantation guidelines recommended by D€i@04) cuttings were laid out in twin rows 0.75

m apart and spaced 0.60 m along each hauotal, ten willow cuttings were plant@er plot

in April 2018. Wllow cuttingsof SRCSalixs pp. hybri d ATerSvamindlisv a o
x Salix triandrg) were purchased from Crops for Energy, Bristol (URgeds of cabbage
tundra F1 Brassica éeraceavar. capitata)were germinated in a greenhouse under a day/night

regime of 8/16 h at 15/20 °C. Cabbage seedlings (~0.20 m height) were then transplanted in
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vegetableplots under protective nettings. Cabbages were sown in June and transphanted

vegetable plotsn July every year.

Table 1Experimental design treatments

Treatments
Control Biochar (20 t hat) Biochar (40 t hat)

Grassland  Grassland- Biochar20
SRC Willow SRC Willow + Biochar 2C

Vegetables Vegetabls + Biochar 20 Vegetabls + Biochar 40

2.3 Soil sampling and analysis

In each plot, three soil samples were collected usijkglkamp soil auger to 20 cm depthd
two soil samples at three depths/(@m; 714 and 1421 cm) were sampled using a budndity
soil corer (Eijkelkamp Ring Kit C). All plots were soil sampled at the end ahtheégrowing

season in Oaber 2020.

2.3.1 Soil pH, water holding capacity and aggregate stability analyses

Auger soil samples were airied, and the three replicates mixed and composited into one
sample and analysed for pH, water holding capacity (WHC) and soil aggregate stability. Soil
pH wasmeasured in 0.01 M Cagduspension using a 1:10 soil solution ratid g of airdried

soil were extracted with 30 ml of 0.01 Ca&blution at room temperature. After two hours of
shaking, the solution was left to settle and then the pH was measurga péinmete(Houba

et al. 2000) The WHC was determined as field capacit§ g ofair-dried soil were place in a

50 ml tube and distilled water was added to completely submerged the soil for 24 h. After 24
h, the tube was placed on a fine mesh and allowed to drain for another 24 h. The soil was

removed from the tubes and weighed (weighg, then dried at 105 °C for 48 h and weighed
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again (dry weight). The WHC was determined as the weight of water held in the soil compared
to the 105 °C ovedried soils weight (Jwet weight dry weight]/dry weight)(Werner,
Sanderman, and Melillo 2020%0il aggregate stability was assessed using a wet automatic
sieving following the methodescribedoy Shenget al., 2020Prior to analyses, adried soll
samples were sieved to 9 mm to homogenise the large aggregate size and dried at 40 °C for 24
h. Aliquots of 100 g were then sequentially sieved through 2 mm, 0.25 mm and 0.053 mm
sieves. The sieves wemaiinersed in deionised water and vertically agitated at 50 cycles over

2 minutes. All aggregate fractions on the sieves were washed intenseigieted aluminium

tray and oven dried at 105 °C for 24 hours. The aggregates were then weighed to determine to
mas distribution among four aggregate size classes: large macroaggregate (>2 mm), small
macroaggregate (0.25 mm), large microaggregate (0.6625 mm) and small
microaggregate (mineral fraction) (<0.053 mifhe mean weight diameter (MWD) which is

used agn index to evaluatoil aggregate stability was calculated as fol{®ong et al., 2019)

5 oOf i (AT

v B
wheren is the number of aggregate size classes @), X is the mean diameter of each
aggregate size class and ig/the weight percentage of each aggregate size class respect to the

total sample weight.

2.3.2 Soll bulk density, total organic carbon and nitrogen concentration

Soil core samples were analgger soil BD and TOGnd Nconcentration. Soil samples were
dried at 105 °C for 24 h and sieved to 1 rfiedmondsoret al., 2014) Any material greater

than 1 mm was then weight and reradvirom soil total weight. The volume of this material

(> 1 mm was then volumetrically measured and removed from the total volume to calculate
soil BD (g cn?®). Soil TOC and N were analysed in a CN elemental analyser (Vario EL Cube;
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Isoprime, Germany): pr to analyses, the soil samples were homogenised in agataiball
and sieved to 1 mm and inorganic carbon was removed by addition of 5.7 {Eéi@bndson

et al., 2014)

2.4. Plant sampling and analysis

All plant samples were collected at the end of the third growing séagoatober202Q In
eachvegetable plot, five cabbageddswere sampled, and the total head weight recorded.
Cabbage heads were then clean with ytree water to remove any soil particles and a
subsampleof about 100 g was frozen €0 °C and consequently freedded. The cabage
samples were then powdered and homogenised using a grinder mill. llargptgést, grass
samples were collected from a 30 x 30 cm quadrat. The biomass in each quadrat was then used
to calculate the total grass biomass in each plot. Grass sampleseigited, oven dried at 70

°C till constant weight and homogenised using a grinder mill. In 8&Bwillow plot, five

willow trees were cut at the base using a chainsaw and each tree was shrteddeosmsing

a woodchipper. The wood chips were theflembed in a bag, weighed and a subsangfle

about 100 gvas taken for analyses. These subsamples were oven dried at 70 °C till constant
weight and homogenised using a grinder mill. Two subsamples per each plant sample were
analysed for TOC and N concertoa in a CN elemental analyser (Vario EL Cube; Isoprime,

Germany).

2.5. Statistical analyses

The effect of biochar angegetation cover (U@se)on soilpH, WHC and aggregate stability
were tested by twavay ANOVA, while the effect of biochar and veg#abn cover on soil BD
and TOC and N concentrations across different soil depths were tested bydhradlOVA.

The TukeyHSD posthoc test was used to compénesignificantdifferences [t-test;p < 0.05)
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in soil physiochemical properties betweegegetdion coveror biochar. Onavay ANOVA
followed by the TukeyHSD posthoc (p < 0.05and unpaired-testwas performed to assess
the effect of biochar on TOC and N concentration in plant samples and total plant biomass. All

statistical analysis were conducted in GraphPad Prism versiora@d Rversion 40.0.

3. RESULTS

3.1 Effect of biochar and vegetaton coveron soil pH

Biochar addition andegetation covedid not have a significant effect on soil pH, after three
growing season@-igure 1; F {, 18) = 007, p = 079andF (2,18) = 0.3L; p = 0.4). Mean soil

pH ranged from 6.3+ 0.01 (+ SE) to 63+ 0.06 and 647+ 0.0L under grassland, SRC willow
and vegetable plot, respectively (FigureThere was not a significant differesin soil pH in
vegetables plotafter aldition of 20 and 4® ha' of biochar compared to contr(fFigure2; F

(5, 16) = 0.83; p = 0.54

10
— Control == Biochar20

0- I \ \
Grassland SRC Willow Vegetables

Figure 1 Effect of biochar application at 20 t-h&Biochar 20) and vegetation cover on soil pH after

threegrowing seasons. Bars are means from four replicates + standard errors of means
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Control 1 Biochar 20 E=3 Biochar 40

Soil pH

7

0- \
Vegetables

Figure 2 Effect of biochar application at 20 t-héBiochar 20) and 40 t higBiochar 40) on soil pkh
vegetables plotafter threegrowing seasons. Bars are means from four replicates + standard errors of

means

3.2 Effect of biochar and vegetation cover on soil TOGnd N concentrations and C:N
ratio

Biochar application did not have a significant effect on soil T{D@N concentratiorat the
three soil depths investigated (Figwe-f; Table S2). Additionally, no significant difference
in soil TOCand N concentratiowas detected across the differeagetation covers at the three
soil depths investigatg@rigure3 af; TableS2). There was not a significant differemin soil
TOC and N concentratioim vegetables plotafter aldition of 20 and 4Q ha! of biochar

compared to contr@Figure4; p >0.05).
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Table 2 Descriptive statistics of soil total organic carbon and nitrogen concentration under different
treatments: mean and standard error (SE).

Control Biochar 20 Biochar 40
Mean SE Mean SE Mean SE

Grassland 25.45 2.38 30.60 5.58

TOC (mg g') at 0-7 cm SRC willow 33.68 3.61 24.42 3.13
Vegetables 24.57 0.61 43.68 12.62 51.33 15.15

Grassland 26.85 4.52 1852 0.74

TOC (mg gl at 7-14 cm  SRC willow 40.03 5.05 20.10 2.37
Vegetables 21.63 1.25 29.10 3.84 22.73 3.09

Grassland 20.48 2.14 24.27 6.08

TOC (mg g%) at 1421 cm SRC willow 39.30 8.07 15.85 1.45
Vegetables 20.87 1.99 28.9 1.83 19.46 0.49

Grassland 2.30 0.11 2.15 0.10

N (mg g') at 0-7 cm SRC willow 3.10 0.29 2.70 0.29
Vegetables 2.40 0.10 280 0.30 277 0.49

Grassland 2.53 0.27 1.83 0.06

N (mg g') at 7-14 cm SRC willow 3.40 0.25 2.13 0.25
Vegetables 2.26 0.07 240 0.26 2.10 0.25

Grassland 22 018 182 0.27

N (mg g') at 1421 cm SRC willow 3.25 0.51 198 0.11
Vegetables 2.16 0.19 297 0.13 2.00 0.06

3.3 Effect of biochar andvegetation coveron soil BD

Biochar applicatiorand vegetation covetid not have a significant effect on s&D at the
three soil depths investigateligure5 a-c; TableS3). There was not a significant differea
in soil TOC and N concentratidn vegetables plotafter aidition of 20 and 40ha? of biochar

compared to contr@Figure6; p >0.05).
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Figure 5 Effect of biochar application at 20 théBiochar 20)yand vegetation cover onikbulk density
(BD) (g cn®) at three soil depths {D, 7-14, 1421 cm). Bars represents means of four replicates +

standard errors of means.
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Figure 6 Effect of biochar application at 20 t-héBiochar 20) and 40 t HgBiochar 40) orbulk density
(BD) (g cm?®) at three soil depths {D; 7-14; 1421 cm)in vegetables plaafterthree growing seasons.

Bars represent means from four replicates + standard errors of means.

Table 3 Descriptive statistics (mean and standard error (SE)) of soil bulk densityjcatthree soil
depths (67, 714, 1421 cm) under different treatments.

Control Biochar 20 Biochar 40
Mean SE Mean SE Mean SE
Grassland 1.03 0.04 1.11 0.03
0-7cm SRCwillow 1.17 0.03 1.19 0.01
Vegetables 1.15 0.06 1.13 0.02 0.92 0.08
Grassland 1.09 0.03 1.13 0.05
7-14cm SRCwillow 1.22 0.07 1.25 0.06
Vegetables 1.04 0.06 0.99 0.03 0.98 0.08
Grassland 1.11 0.06 1.09 0.09
14-21 cm SRCwillow 1.32 0.09 1.25 0.10
Vegetables 1.06 0.09 0.92 0.35 0.99 0.01
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3.4. Effect of biochar and vegetation coveron soil aggregate distribution and stability

The proportion of different aggregate fractions under diffendain vegetation covehowed
similar distribution patterns with small macroaggregate (2.25mm) representing ther¢gest
percentage of the total soil aggregate follow by the large macroaggregate (> 2.0 mm),
microaggregate (0.053.25 mm) and the mineral fraction (<0.053 mm) (Figtieed).

The effect of biochar andegetation covepn soil aggregate stability was investigated by
calculating the MWD: the higher the MWD the stronger the soil aggregation and thus soll
aggregate stabilityGrassland plot had the larg&$WD of 2.52 + 0.012 mmSRC willowplot

had the lowest MWDbf 1.84 +0.199and vegetableplot MWD was 0f2.36 £ 0.153 mm
(Figure 8). However, no significant difference in the soil aggregate stability after biochar
application and under the differerggetation covera/as observe(Figure8; F (2,20) = 4.73,

p =0.33; F (20) = 1.61, p = 0.05There was not a significant differemin soil aggregate
stability in vegetables plots after aldition of 20 and 4@ ha! of biochar compared to control

(Figure9; p >0.05).
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Figure 8 Effect of biocharapplication at 20 t ha(Biochar 20)and UG on soil aggregate stability
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means.
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Figure 9 Effect of biochar application at 20 thgBiochar 20) and 40 t Ha(Biochar 40) onsoil
aggregate stabilitin vegetables plotdMWD is the mean weight diameter (mm). Bars are means from

four replicates + standard errors of means.

3.5. Effect of biochar and vegetation coveron soilWHC

There was aincreasg trendin WHC following biochar addition across ak#getation covers
however, this was not statistically significantF{gure 10, F (2,20) = 4.93, p > 0.05

Additionally, there was not a significant effectwafgetation covein soil WHC (Figurel0; F
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(2,20) = 1.97, p = 0.27 The median water holding capacities were of B%t 1.68in

grassland, 82.31%2.03in SRC willow and 8&7% + 3.78in vegetable mts(Table4).

100 ) .
mmmm  Control —= Biochar20 ==3 Biochar40
80 B
[
O 60—
s
Z 40
(@)
(9p]
20
0,

I I I
Grassland SRC Willow Vegetables

Figure 10Effect of biochar application at 20 théBiochar 20) and 40 t HgBiochar40) and vegetation
cover on soil water holding capacity (WHC) (%). Bars are means from four replicates + standard errors
of means.

Table 4 Descriptive statistics of soil water holding capacity (%) under different treatments: mean and
standard eor (SE).

Control Biochar 20 Biochar 40
Mean SE Mean SE Mean SE
Grassland 83.46 5.97 86.83 0.66
SRC willow 80.28 1.11 84.34 2.58
Vegetables 76.31 1.43 82.02 3.45 89.37 1.17

3.6. Biochar effect on plant biomass

The total biomass of grass aB&C willow with biochar application of 20 t fhavas slightly
lower compared to control, however it was not statistically significant (Fijueeb; t (6) =
1.04, p =0.35;1t(38) =1.57, p = 0)1®Vhereasneancabbage head biomass was significantly
highe in vegetable plots with 20 t Hdiochar compared to control and vegetable plots at 40 t

ha! biochar (Figurdlc;F (2, 22) = 4.79, -paue=0.04a0d0D0f Tukeyo:
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Figure 11 Effect of biochar application at 20 t-h#&Biochar 20) and 40 t Ha(Biochar40) on plant
biomass. a) Mean total grass biomass (kg), b) mean SRC willow biomass (kg) and ¢) mean biomass of
five cabbage heads. Bars are means from four replicates + stamdaslof means. Different letters

indicate significant differences in biomass.

3.7. Biochar effect on plant TOC and N concentrations

There was no significant effect of biochar addition in plant TOC and N concentrations (Figure
12 a-b; TableS4and TableS5. Mean TOC concentrations were of 429.11 + 25.30 rhip ¢
grass sample$53.03 + 10.09 mg ¢ in SRC willow samples an892.75 + 4.16 mg ¢ in
vegetable samples. Mean N concentrations varied from 13.70 + 1.05tmg4,.64 + 0.61 mg

gland 39.93 + 0.53 mg'gn grass, SRC willow and vegetable samples, respectively.
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Figure 12 Effect of biochar apjptation at 20 t i (Biochar 20) and 40 t HgBiochar 40) on plant total
organic carbon (TOC) and nitrogen (N) concentration (g Bars are means from eight replicates +

standard errors of means.
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4. DISCUSSION

Several studies have shown a significant positive effect of biochar application on soil
physicochemical properties depending on soil type, biochar characteristic and application rate
(Purakayastha et al., 2019; Agegnehu et al., 2017; Sun & Lu, .2Dbil4his study, we
demonstrated that hawlood biochar applications between 20 thad 40 t hato aloam to

clayey loarmurban soil under different vegetation coveid not significantly influence the soll
physicochemical properties investigated, after two and a half years from its addititwe A
same time, different vegetation covers did not have a significant effect on the urban soil

properties assessed.

An increase in soil pH following biochar addition is often reported in both short and long term
studies(Ghosh et al.2015 Jeffery, 2011)Here, we did not observe a change in soil pH after
biochar application (Figure-2). This is in line withaprevious study where biochar application

to urban clay soil did not significantly affect soil pH at similar application rates (23)t ha
(Scharenbroch et al.2013) This is probably because of the buffering capacities of clayey
loam soil(Scharenbroch et aR013) Soil pH play a mjar role in several soil processes such
as nutrient bioavailability, HM bioavailability and microbial activity. Soil pH values around 6
7 are usually recommended for optimal plant growth and nutrient availability (Royal
Horticultural Society, 2021). The dathat biochar application did not change soil pH and
instead a neutral soil pH was maintained across all urban vegetation aiteetisree growing
seasons from its application, could suggest that-teng biochar application may not

negatively impacsoil processes and thus plant growth.

Although the change in soil bulk density is often larger in cotestired soils thamifine-
textured soilsBlanco-Canqui, 2017)research has reported a decrease in soil bulk density of

9.2% following biochar adtion of 20 t ha' in fine-texture soils after two years from
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application(Xiao et al., 2016)In this research, soil BD was not significantljluenced by
biochar addition. Soil BD is a direct measure of soil compaction, with higher soil BD negatively
impacting plant growth and flood mitigatiggBdmondson et gl2011) The outcomes of this
research suggest that biochar application rates of 206 areanot effective in significantly
decreasig fine-texture soil BD and thus enhancing the ecosystem services derived from it.
However, our results also indicate that higher biochar application rates (49 might be

more efficient in decreasing the BD of the firexture soil investigated. Indd, soil BD has
been found to linearly decrease with the amount of biochar applied (@@l et al., 2018;

GgNb e®). al ., 201

Biochar macropores have been found to positively correlate with biochar WHC and once
applied to soil it can consequently increase soil WA€rdin et al, 2020; Karhu et al., 2010)

In this study, biochar application did not significantly increase soil WHC, however there was
a consistently higher trend in those plots where biochar was applied compared to control
(Figure11). As with soil BD, higher bioddr application rate may result in more significant
change in soil WHC over time. Further research is needed to investigate this, especially in this

soil type.

Soil aggregate stability is an importandicator of soil structural stability, and it influess

many soil processes like macropore development, water infiltration and water ¢Blarmo

Canquj 2017) Soil biochar application has been reported to increase wet aggregate stability
across several textural class€BlancoCanquj 2017) by increasing the amount of
macroaggregated.u, Sunand Zong 2014)and shorterm incubation studies have found a
significant increase in clayey soil wet aggregate stability, with a larger increase after addition

of approximatel\80 t ha! (Lu Sun, and Zong2014; Sun and Li2014) However, other studies
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have indicated that biochar influence on soil aggregate stability is larger in sandy soils than in
clayey soilgBurrell et al, 2016; Ouyang et al2013) At the same time, sherérm incubation
studies have found a significant increase in clayey soil wet aggregate stability, with a larger
increase after addition of about 80 t'flau, Sunand Zong2014; Sun and L2014) In this
research, soil aggregate stability was not significantly affected by biochar application (Figure
8-9), however a small, but not significattend for anincrease in the distributh of small
macroaggregate (0.25 mm) under SRC willow and vegetables plots was observed after
biochar addition (Figur@b). This increase in small macroaggregates may have been promoted
by biochar addition which may have provided the organic bindingtageeeded for the
formation of soil aggregatd8lancoCanquj 2017) As for soil BD and WHC, research has
demonstrated that soil aggregate stability improves with the increase of biochar amount
(BlancaCanquj 2017) thus further research is needed to investigate thet effdiochar on

soil aggregate stability in urban soils at higher application rates and over longer timescales.

A recent metanalysis found that soil biochar application can increase crop yield by up to
78%, decrease the yield by up to 16% or have fecefPurakayastha et aR019) In this
research, we have found that biochar did not have a significant influence on plant biomass
(Figure 8). Whilst further research is needed to investigate the mechanisms underlying this,
several reasons may explain this result. Firstly, biocharcagpipins did not significantly affect

soil and plant carbon and nitrogen concentrations, indeed no difference between biochar
amended and control plots was observed (Figared Figurel3). Although biochar is enriched

with carbon and contains a range @&faro and micronutrients, their availability for plant uptake

can be variabléLiu et al, 2012) Particularly, in biochar amended soils it has been reported a
decrease in nutrient availdity with the increase of pyrolysis temperatyktdchimiyaet al.,

2012) In our study, hardvood derived biochar generated between 400 °C and 600 °C with a

C: N ratio of 63:1 was applied to the soil. Whilst the high temperafui@mation increased
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biochar total carbon concentration and that of other nutrients, at the same time it may also have
decreased their availability with nutrients present mainly in-labite forms (e.g. lock in
heterocyclic aromatic structures), thus sleaccessible for plant uptake and microbial
degradatior{Purakayastha et al., 2018pokas eal., 2012) potentially explaining the lack of

a beneficial effecof biochar application in plant nutrient content atehpgrowth. Secondly,
biochar addition did not increase the overall urban soil quality which may explain why no

change in plant growth was observed.

In addition to biochar application ratdimatic conditionsand experimental duratianay also
potentidly explain the overall limited effect of biochar observed on soil properties as well as
on plant biomass. Although there are limited studies looking at the effect of biochar under
different climatic conditions, a recent metaalysis found that soil bioah application
promotes a larger positive crops response in tropical and subtropical climate than in continental
and temperate climatére et al, 2020) This difference in crop response may be partly
explained bythe difference in microbial activity at different temperasuda general soil
microbial activity increases with temperat@@aidi and Imam2008) Biochar has been shown

to stimulate soil microbial activity and promote shift in microbial community and diversity
(Jones et al., 201Dai et al., 202), & higher temperaturegs in tropical andubtropical
climates, this effect may be accentuated resulting in a more acceleiatbdr degradatio

An increase in biochar degradation covdgdult in an increase in plant available nutrients and

a higher crop response.

In this experiment, biochar particles were still clearly visible in soil, almost intact, at the end
of the third growing seasomsuggesting that biochar underwent only a minimal microbial

degradation, thus potentially also explaining the limited soil and plant effects observed Factor
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that may have contributed to the minimal degradation of biochar could be theamaaai
temperatureexperienced by our sit®.0 °Q or the short duration of the experiment. Further
experiments at longdime scales are needed to investigate biochar influence on soil properties

as well as investigating the factor contributing to iteimal degradation.

Whilst biofuels growing in cities can increase the sustainability and resilience of urban systems
by supporting the delivery of several ecosystem services and reducing greenhouse gases
emission linked with energy production systems, tise of biochar as a soil amendmient
biofuel growing systems needs careful consideration. This research has shown that soil
application of biochar to SRC willow neither imprevarban soil ecosystem services nor
increase SRC willow biomass productionn addition, it has been demonstrated that SRC
willow bioenergy system generating electricity and heat are more energy efficient when the
biofuel crop is directly combusted compared to when is pyrolyzed and biochar is applied to
soils(Ericsson et al.

2017) Both these findings suggest that the integration of biochar into urban SRC willow
bioenergy system may not represent awin scenario, however further research is needed to
understand impact of biochar application on biofuels growing systama wider range of

ecosystem services.

5. CONCLUSION

In conclusion, this research has demonstrated that soil biochar application of'afid hat
significantly enhance the ecosystem services provided by urban soils and vegetation cover did
not influence urban soil quality over the experimental period. However, the outadriies
research suggest the need to investigate the effect of biochar on urban clayey soil at longer

time-scale and higher application rates (>40t)h#ghat may be more fefctive in increasing
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urban soil physicochemical properties and consequently enhance the soil ecosystem services
delivered by urban soils.

To support futuré&G planning strategies, further research is needed to investigate soil biochar
application and di#frent UG uses on urban soil quality. Further studies should include
investigating the effect of different types of biochar on a wider range on urban soil properties
and processes associated with the provision of different soil ecosystem services ssich as it

impact on soil water dynamics, biological activity, and nutrients availability
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ABSTRACT

Urban horticulture (UH) has been proposed as a solution to inardzese sustainability, but

the potential risks to human health due to potentially elevatedesnily metals and metalloids
(HM) concentrations represent a major constraint for UH expansion. Here we provide the first
UK-wide assessment of soil HM concetitas (total and bioavailable) in UH soils and the
factors influencing their bioavailability to cropsoits from 200 allotments across ten cities in
the UK were collected and analysed Kivl concentrationsblack carbon (B) and organic
carbon(OC)concertrations pH andtexture We found that although HM are widespread across
UK UH soils,most concentrationgif below the respectivelK soil screening values (C4SLs):
99% Cr;98% As, Cd, Ni95% Cu; 52% Zn. However, 83% of Pb concentrations exceeded
C4SL, but only 3.5% were above Pb national background concentration of 820 Inghey
bioavailable HM concentrationsepresenta small fraction (0.011.8%) of the total
concentratios evenfor those soils that exceatl€C4SLs. There was a significapositive
relationship between both total and bioavailable HMswitBC and OC concentrationBhis
suggesthat while contributing to the accumulation of HM concentrations in UH soils, BC and
OC may alsgrovide a biding surface for the bioavailable Hvhcentrationgontributingto

their immobilisation.These findings have implications for both management of the risk to
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human health associated with UH growing in urban soils and with management of UH soil.
There is a clear need to understand the mechardsiving soitto-crop HM transfer in UH to
improve potentially restrictive C4SL (e.g. Pb) especially as public demand for UH land is
growing. In addition,the UH community wouldenefit from education progranpsomoting

soil management practicéisat redwce the risk of HM exposure particularly in those plots

whereC4SLswere exceeded.

1. INTRODUCTION

More than 50% of the global population lives in cities and this figure is expected to rise to 70%
by 2050 (UN, 2012). To dateirban areas account for three quarters of global carbon emissions
(Seto et al., 2014) and food consumption by urban dwellers is estimated to represent a major
source of these greenhouse gas (GHG) emis¢@oklstein et al., 2017Urban inhabitants

are reliant upon the import of foods from a complex global food sy&sson et al., 2016)

which could threaten urban food security and resilieficaipply (Kirwan & Maye, 2013) as

seen during the Covitl9 pandemiqDevereux et al., 2020A key challengeaced within

urban areas is the need to feed a growing populatibite ensuringsustainable and resilient

urban food gstemg(Marin et al., 2016Yermeulen et al., 201Zodfray et al., 2010)

Urban horticulture (UH), the primary form of urban agriculture in cities and towns in tha glob
North (Edmondson et al2020) is increasingly recognised from local to international levels

of governance as an important facet of urban food security and sustainable urban food systems
(Jia et al., 2019; Tobarra et al., 2018; Brodt et al., 204/jle deliveringfresh and nutritious

food, research has also demonstrated that UH supports multiple ecosysteas secluding

habitat for biodiversityLin et al., 2A5), carbon sorage(Dobson et al., 2021; Edmondson et

al., 2014)and flood regulatiof Ze | e R§ k o v § It lms alsa been,sho@n0td. ihprove

97



human mental and physical hedllobson et al., 2020a; Martin et al., 2046) provide social
benefits(Dobson et al., 2020a; Soga et al., 2017)

In theUK, thelargest land area used for UHubanallotments. Allotmentsites are group of
allotment plots (each plot is typicalB50 nf) leasedto an individual with the purpose of
growing fruits and vegetableqThe National Allotment Society). dWvever, allotmentand
provision in the UK is at allime low, with a 65% decline in provisidobson et al., 2021).
Nevertheless, there is potential to increase the land used for UH in gardens and other
greenspaces as allotments or community gardeoase study in a UK city demonstrated there
was enough greenspace land potentiallyaslgt for UH to feed more than the population of

the city on the WHO recommended 400 g fresh fruit and vegetables p@ediapndson et

al., 2020)

Despite this, growing food within cities raises major concerns due to the potential risks to
human healti{Mitchell et al., 2014; Oka et al., 2014% urban soils often contain elevated
concentrations of pollutants including heavy metals and metalloids (HM), derived from
atmospheric depdmn of industrial, domestic and vehicle emission or natural sources
(geogenic)Schneidemesser et a2019; Krzyzanowski et al., 20214Viseman et al., 2013)
Application of pesticides, manure, compost, and contaminated irrigation water represent other
sources of contamination in UH sofSzolnoki et al., 20L3Alloway, 2004) Consumption of

food produced on contaminated soil can pose severe risks to human health, potentially
representin@@ major constraint for the development of UH at larger dtalk 2020; Ercilla
Montserrat et al., 2018; Hamilton et al., 201B)M are of particular concern due to their long
residence times in soi(&abataPendias, 201(nd their bioavailability to plants, resulting in
health risks to grower3he human health risks associated Witihg-termexposure teiM may

lead to reduced growth, cancdamage to thaervous systenkidneys and lungs, behavioural

and cognitive impairment especially in children, and even mor{&dy et al., 2019)
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In the UK, generic assessment criteria known as category four screening levels (C4SLs) were
derived asa part ofthe Part 2A of the Environmental Protection Act 199@f(® 2014) to
supportregulators and others in deciding whether a land is contamiaatethus unsuitable

for UH use. SpecificallyC4SLs are associated with a low level of toxicologicalceon and
represent soil screening values that identify sites with low riskihean healthAdditionally,

Part 2A (Section 3.22) also states that |#mat presents normdlackground concentrations
(NBCs) of contaminantsn excess of C4SLshould not be qualified as contaminated land
unlessthere is a particular reason to consider otherwise (Defra, 2012). To datewad&K
picture of UH soil HM concentrations and to what extent these compared to C4SLs and NBCs
soils is unknown. Understanding the range and variability of total HM concentrations in UH
soils across the UK and their comparison to C4SLs and NBCs could help to determine whether
growing food in land currently used for UH poses a risk to human health and cauldgight

on the potential of expanding UH within cities.

Black carbon (BC) is formed during the incomplete combustion of biomass and fossil fuels and
it is often found in association with other anthropogenic pollutants such as HM, which are
either ceemitted with BC or adsorbed onto BC once in the atmosplida® et al., 2020;
Ramachandran et al., 2020; Peng et al., 2019; Xie et al., 2019; Morillo e0@B) 2o
deposition of BGbound HM is therefore inevitabléle & Zhang, 2009)As with HM, urban

soils can contain high levels of BC, for example, studies in the UK and USA have repOrted B
concentrations of more than 20% of total organic carbon pool (TEdMondson et al., 2015;
Hamilton & Hartnett, 2013; Rawlins et al., 2008Yhilst often being caleposited with HM,

BC could simultaneouslact as a strong sorbent of these HM, reducing their mobility and
bioavailability and thus reducing the risk of plant uptéKen et al., 2015) Given its ce
occurrence with HM and its potential to influence the bioavailability of HM in soils it is

important tounderstand B@oncentrations iH soils, howeverthis is at present unknown.
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Research focused otihe coeoccurrence of BC and HM condeations in UH soils, in
combination with understanding HM bioavailability, could provide clear evidence of the role
of BC in mitigating the risk to human health of elevated HM concentrations in UH soils.
To expand and scalgp UH within cities it is ess#ial to understand the risks of contaminant
exposure in the food chain and identify the major factors that influence variability and
bioavailability of HM within UH soils. Through a twgear national sampling campaign, we
investigated thbioavailable antbtal HM soil concentratios, soil BC and TOC concentrations
in 200 allotment plots across 10 UK cities. The aims of this study were to:
1. Determine the concentration§BC across UK UH soils
2. Determine the total HM concentrations across UK UH soils iandstigate the soil
properties that influence their variability
3. Assess the soil total HM concentrations against C4SLs and NBCs to investigate whether
growing food in UH soils could pose a risk to human health
4. Determine the bioavailable concentrations ®fl lcross UKUH soils and investigate the
soil properties that influendbeir bioavailability toassesshe risks of HM exposure in the

food chain

2. MATERIAL AND METHODS

2.1 Site selection

Ten case studgitiesacross th&JK wereselectedBristol (B), Cardiff (CA), Edinburgh (ED)
Leeds (LD) Leicester (LE) Liverpool (LV), Milton Keynes (MK) Newcastle (NE)
Nottingham (NO)and Southampton (SO)Figurel). These terurban areasvere selected to
capturethe geographic range across the.W¥ithin each urban area,doallotment sites were
randomly selected using GIS, after dividing each area in four equal quadsarg ArcGIS

10.4.1 which have been presented in more detailed elsewhere (Dobson et al. Jr2@2ath
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allotment site, five atitment plots werselected for sogamping. In total, 200allotment plos

in 40 sitesveresoil samplediuringthe2017and2018 growing seasons
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Figure 1 a) City level allotment sampling strategy for the 10 study cities using Leicesteexarple
(blue dots: allotment sites, green dots: sampled allotment sites, red linessauittheastvest lines
dissecting city into four quadrants); b) Geographical distribution of study cities across the UK (blue

dots: study cities, green dot: Leicadiee city represented in a).

The bedrock geology of each allotment site was derived from the Geology of Britain viewer
digital datasetBritish Geological Survey). Itotal, eight bedrock groups were identified on
which allotment soils develop from: Satdne; Mudstone; Argillaceous; Sedimentary;
Mudstone Siltstoneand Sandstone (MDSSpandstone, Siltstonand Mudstone (SDSM)

DolostoneClay, Siltand Sand (CLSISAjFigure 2).
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Figure 2 The bedrock geology @llotments in the ten case study cities.

2.2 Soil sampling strategy and processing

At each allotment plot, three soil samplesre takerunder one perennial and one annual crop
using Eijkelkamp soil augeto 20 cm depth (n 2200 soil samplesfamples werair-dried

and sieved t@ mm with stainlessteel sieveSubsamples of each of the three replicates were
mixed, composited into one sample, d@nenhomogenised in an agate ballll. In total, 400
compositesoil samples (200 composite samples under annuat arap200 composite samples

under perennial crgwere processed for chemi@ald statistical analyses

2.3. Soil analyses

Soil pH was measured in 0.01 @aCb suspensiomsing a 1:10 sosolution ratio(Houba et
al., 2000) Solil texture was determined by LaSmatteringParticle SizeDistribution Analyse
(Horiba LA 950Q: prior analysesTOC was firstly removedyy addition of HO (9.8 M) to 10

of soil (Mikutta et al., 2005)and then soil samples wemixed with 0.1% sodium
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hexametaphosphat8oil texture was ahgsed in two allotment plots randomly selected in each
allotment site, with a total of 80 soil samples analysed across the 10 cities.
TOCwasmeasuredn a CNelemental analyser (Vario EL Cube; Isoprime, Hanau, Germany)
prior analyses, soils wetteeatedwith HCI (5.7 M) to remove any inorganic carb@g) and
consequently dried at 105 °C for 24Edmondsa et al., 2015)The TOC remaining after IC
removal comprises of two main components: ecosysternved organic carbon (OC) and BC.
Hydropyrolysis (hypy), a method which reductively separates labile and refractory TOC
fractions in soils through pyrolysiassisted with high hydrogen pressure (150 bar) and
dispersed sulphide molybdenum (Mo) cataljderedith et al., 201;2Ascough et al., 2010)

was used to determine the relative TOC proportion of OC and BC. BC was quantified by
comparing the TOC content before and after the hypy of the sqgilsdoy using Equation (1)

as described by Meredith et al. (201@ereafOC was quantified as OCFOC - BChypy.

B G BC% _Residuadg/dQOCn hypy residuesxinilouaing spent catalys
YPYrod Initial/CTOQ (smg | sample 1 ncluding catalyst)

Soil total HM concentration was determined by digestion with aqua regia in accordance with
ISO 11466:1995. Briefly, 0.25 g of soil samples were mixed with 2 ml H{8®67%) and 6

ml HCI (37%) in 50 ml glass tubes and allow to stand for 16 h at room temperature. Samples
were then digested for 2 h at 120 °C on a heating block. Once cool, the digested samples were
filtered using grade 42 Whatman ashless filter andetilio volume with ultrgoure water.
Bioavailable HM concentration in sailas estimated by extraction with 0.01 M Ca@labulo

et al., 2011Houba et al., 2000pamplesat a 1: 10W: v) ratio were shaken for 2 h at 2@m.

After extraction, samples were centrifaiggg 3000 rpm for 10 mirfiltered through 0.45 pm

membrane filteanddiluted to volume using ultrpure waterinductively coupled plasma mass
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spectrometry (ICRMS) was used to measure the total and bioavaikdleontentof Arsenic

(As), Cadmium (Cd), Chromium (Cr), Copper (Cu), Nickel (Ni), Lead (Pb) and ZincTBs).
CaCkextraction method was chosen for the estimation of bioavailablesiidentrations for
several reasons. Firstly, the Ca€ktractable HM are often found to well correlate with their
concentrations in plant and thus better predict metal bioavailability compared to other methods,
such as EDTA and DTPA, which have been fotmploorly predict HM bioavailabilityZhang

et al., 2010Vazquez et al., 2008/lenzes et al., 2007; Rao et al., 200Npvozamsky et al.,

2006) Secondly, research has also reported that this method has a better mobilizing effect for
HM in soils compared to other low salt solution, such as Na(RQeyo et al., 2004).astly,

this single extraction procedure in combination with 4B allows assessment of the
bioavailability of HM simultaneously, which is quite attractive from a laboradmsrational

pointofview( Mi | i f evil et al ., 2017; Houba et al

24. Lead isotofdc ratio analysis

A subsample of soil samples (one sample per each allotment site) wadOanalysed to
identify the Pb sources in UK allotment soils. Lead isotopic ratié$ri°’Pb and*%PbrPb

were measured with quadrupdiased mass spectrometers (QRIS) in the soil digested
samples, where the total Pb concentrations were qurslyi quantified. Soil samples were
prepared and analysed as descridéaman et al.(2018. The isotopic ratios for petrol derived

Pb, UK-coal and ore derived Pb were used to identify the sources of Pb in our soil samples.
Specifically, the isotopic ratio2%PbF°Pb and?*®PbP°’Pb) for petrol derivedPb have been
estimated at 1.067 + 0.00@nd 2.340 = 0.011, for ore Pb at 1.182 + 0.0004 and 2.458 + 0.0002
(Galenas PbS from Derbyshire and Leicestershire was used as representative of ore Pb) and
for Pb in UK coal(NottinghamshirgYorkshirg Derbyshire)at 1.184 + 0.0005 and 2.461 +

0.012(Mao et al., 2014)
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2.5. Quality assurance

Quality assurance aihe HM analyses was ensuraldrough inclusion of reagent blanks,
analytical reagent gragdeertified soil reference materials (ER®C141; ISE 961) and internal
reference samples for the I@RS. All glassware was soaked in nitric acid solution for 24 h
and rinsed with ultrgpure water. The recovery of soil reference material rdibgéveen 93
and103%for all the element analysed, apart from Cu which was 86%. The limits of detection

(LOD) for soil bioavailableHM concentrations angresented in Tabl81.

2.6. Soil screeningvaluesand normal background concentrations

The current land contaminah risk assessment in UK involves the comparison of measured
total HM concentrations with the soil screening values (SGVs or C4SLs) and the relevant
NBCs (Defra, 2014; Environment Agency, 2009). If the total HM concentrations are below the
respective scening values and NBCs then a site can be qualified axomaminated and
suitable for food growing purposes, if the concentrations measured exceed the generic
screening values, then a s#pecific and detailed quantitative risk assessment may be carried
out and further actions assessed (Defra, 2(8di).total HM concentrations were compared
againstUK C4SLsfor allotmentuse (Defra, 2014) and NBCs for urban dom#isder et al.,

2013) Some HM (Cu, Ni) did not have a C4SL derived yet and in those cases soil concentration
was compared against UK soil guidelines values (SGEgYyironment Agency2009. The

SGV for Zn was not available within the current UK guidance, so here concentrations were
compared against SGVs set by the Finnish legislgttinistry of the Environment Finland,
2007)as often applied at European and international level in the context of agricultural soils
assessmerfi 6th et al., 2016)

NBCs representhe upper 95%onfidence limi of the 9%' percentile of HM concentrations

found in UK soilsresulting from both geogenic and anthropogenic diffuse pollifoaer et
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al., 2013) NBCs are categoriddanto different domainse(g. mineralisation, urban, principal
nonturban)based on the most important factor controlling the HM concentration in that soil
(Ander et al., 203). In this study, soil total HM concentrations were compared against NBCs
for urban domain. Urban NBC was not available for As and Ni, so in these cases soil total
concentrations were compared against NBCs for principal domain. To note that NBOssit a

the soil screening values (SGVs and C4SLs) of Cu and Pb, whereas NBCs sit below the soil
screening values of As, Cd and Nablel summarisethe C4SLs, SGVs and NBCs uded

this study.

Table 1 Soil screening values (C4SLs and SGVs) and N®Cshe total heavy metal and metalloids
investigated. Values are expressed in ng sl dry weight.
As Cd Cr Cu Ni Pb Zn

NBCs? 320 2.1° 190¢ 42° 820°
C4SLs for allotment® 49 49 170 80

SGVs for allotment® 150 230

SVGs for agricultural soils f 250

a NBCs for English soils, Ander et al., 2013

b NBCs for principal domain, Ander et al., 2013
¢ NBCs for urban domain, Ander et al., 2013

d C4SLs for allotmentfefra 2014

e SGVs for allotmen&nvironment Agency, 2009

f Standard set in the Finnish legislation for contaminated agricultural soil, Ministry of Environment Finland, 2007

2.7. Statistical analyses
A linear mixedeffect (LME) model was used to determine the factors influencing total and
bioavailable HM soil corentrations across UK allotment soils using the R packdgpe

(Pinheiro et al., 2020)Linear mixedeffect model was chosen as it allows to model
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hierarchical/nested data structure and account foimsependence when the observations are
grouped, as inur case. The need for multilevel models was statistically tested for each model
by comparing the Akaike information criterion (AIC), the Bayesian information criterion (BIC)
and the logikelihood of modes fit with only the intercepand models fit withhe intercept

and the random part specifiéallotment site was treated as randeffect variable)In total,

14 LME were built, one for each HM investigated (total and bioavailable concentration of As,
Cd, Cr, Cu, Ni, Pb and Zn). In all moddlsedependgt variables were soil total or bioavailable

HM concentrations. The fixeeffect variables tested were soil BC concentration; soil OC
concentrationsoil pH; soil texture (% of clay, sand, and silt particles); bedrock geology (Figure
2); city (the ten cits investigated, Figure 1) and crop type (annual or perennial). The
categorical variables bedrock geology, city and crop type were entered as factor in R in order
to be modelled. Maximum likelihood was used as method of estimation. The AIC was used to
compare the performance of the models and identify the best fitting model for each HM. Soil
pH and HM, BC and OC concentrations were log transformed prior analysis to meet LME
assumptions. Bioavailable HM concentratidredow thelimits of detectionof the ICP-MS

were discarded from the statistical analyses.

Spearmandés rank correlation coefficients wer
and the other HMAII statistical analyss wereperformed usinghe R software, version 3.1

(R Core Tean2020.

3. RESULTS

3.1 Urban horticultural soil properties across UK

The median properties of UH soils wepkl of 6.48 (4.847.21 range); percentagg sand
particles 0f38.61% (17.1254.08 range)percentage osilt particles 0f50.40% (35.458.82

range) percentagef clay particlesof 9.99% (4.3719.49 range)TOC concentration of 60.50
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mg g' (15.16221.7 range); OC concentration of 45 m¢ (6.05211.9 range) and BC
concentration of 135 mg g* (1.34132.4 range) (Table 92 Soil TOC, OC and BC
concentrations varied significantly by city (p <0.0001; Figuec3. Milton Keynes had the
lowest OC and BC concentrations, whereas Newcastle had the highest OC and BC
concentrations (Figure 3d). Black carbon comprised a sigodnt portion of the TOC across

all allotment soils with a median proportional contribution of BC to TOCLd%2 (2.2789.73

range, Figure 3d). The greatest BC to TOC ratios (BC/TOC) were found in Leeds (36%)

followed by Newcastle, Nottingham and Card®Dgo); the lowest in Milton Keynes (10%)

and Southampton (13%) (Figure 3d).
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Figure 3 Soil TOC, OC and BC concentrations in my(g, b and c) and soil BC contribution to TOC
in % (d) across ten urban areas in the UK (n=357). Boxes reprefeb02and 73" percentiles; black

dots represent outliers.
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3.2 Total HM concentrations across UK urban horticultural soils and factors nfluencing

their concentrations

The national median total concentrations of the HM investigated were: As 15.14(8, 68§

79.49 range); Cd 0.67 mg Kg0.14-6.5 range); Cr 28.33 mg Kg9.36-580.1 range); Cu 56.85

mg kg (9.66751.5 range); Ni 25.23 mg Kg4.5-1020 range); Pb 182.6 mg ®¢28.78 3943
range) and Zn 251 mg ky46.16 1213 range) (Table S4). For soil total concentration of Cd,
Cu, Ni, Pb and Zn the best fittimyodel explainingheir variability included bedrock geology,

city, and soil BC concentration (Table 2, Figure 4). For Cd, Cu, Pb and Zn total concentrations
the addition of soil OC concentration to the model significantly improved the fit (Table 2). The
model for Zn total concentrations wasa@limproved by the addition of crop type and the
interaction between OC and BC (Table 2). The most parsimonious model for As total
concentration only included bedrock geology as a fixed effect and for Cr included bedrock
geology and city (Table 2). Soil pghd soil texture did not influence the variability of total

HM concentrations.

Table 2 Outcomes of the linear mixed effect models explaining the variability of soil total HM
concentrations across UK UH soils. Results included model terms (fixed atahragifect) and the
results of type Il analyses of variance of each of the fixed effect variables included in each model.
Abbreviations stand for: soil black carbon concentration (BC) and soil organic carbon concentration
(O0).

Outcome Random Model Fixed effect variables
variables effect results
City Bedrock BC oc  Bcoc C™P
geology type
Arsenic Site F (d.f.) 10.92
(7, 37.68)
e < 0.001
Cadmium Site F (d.f) 2.36 4.61 17.12 7.87
(8,39.61) (7,40.09) (1,331.15) (1,329.47)
e < 0.05 0.001 0.001 0.01
chromum| S p@f) 1498 921
(8,3436) (7,36.26)
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tc < 0.001 0.001
Copper Site F (d.f) 2.21 3.30 18.81 17.09
(8,38.19) (7,38.46) (1,327.47) (1,325.37)
tc < 0.05 0.01 0.001 0.001
Lead Site F (d.f) 3.11 5.47 21.85 5.89
(8,38.13) (7,38.33) (1,325.73) (1,323.60)
e < 0.01 0.001 0.05 0.001
Nickel Site F (d.f) 9.60 10.85 6.93
(8,36.35) (7,37.51) (1,332.35)
e < 0.001 0.001 0.05
Zine Site F (d.f) 2.61 5.10 11.07 13.21 4.73 4.90
(8,37.35) (7,38.02) (1,326.19) (1,322.39) (1,327)  (1,297.02)
e < 0.05 0.001 0.001 0.001 0.05 0.05

All soil total concentrations fell below the C4SL for Cr, with 99% and 98% of soils below the
C4SL for As and Cd respectively and 98% of soils below the SGV for Ni (Figue Fable

S4). However, 83% of soil total concentrations exceeded the C4SL fandP#8% and 5%
exceeded the SGVs for Zn and Cu respectively (Figurd)4@f these total concentrations
exceeding Cu and Pb soil screening values, 4% (representing 16 allotment plots) and 3.5%
(representing 14 allotment plots) were also above the NBCs and Pb respectively (Figure

4 d-e).

110



a
Arsenic
__ 100
o C4SL=49mgkg? NBC =32mgkg?
> 80+
(=]
E
60
E | R
£ 404
= BT o PP rwws TP
S 20- é} T & é% éé
c
§ |57 @ =
O —T——T—T—TT T T T T
Q2 2 O Ao & N
RS PO
NV EO @ PN
& oS NN
2 V& Ve &
< N oo
D S
C
Chromium
—~ 200 -
< C4SL =170 mg kg
2
X
o 150
£
c
-2 100+
c
% 0 ” . ‘
50 é% éﬂ
(8]
o
P |eT T eReTRgs
O I I 1 1 1 1 1 1 1 1
S ® O&Q&‘ PRI
STV ST @ F & S
N\
Q/b ée \/éo\' \f\\o‘\ 0\&{9
N )
e
Lead
. 2000
- C4SL=80mgkg? NBC =820 mg kg™
S .
© 1500
£
c
2 1000+
S ................................................
2 500~ . .
: |oelet s U
o |=. I == 1 == .
0 T T T T T T T T T T
N X S
0«& g’éz Q,b6 QOO *\'bé\ 6\‘6 QQ?\b{\ Ao_‘,\o ‘\,OQ
P T K S @ RGN
QN Q78T Y & >
& @ V& Ve L
< N ®
D 2

Cadmium
8
C4SL=4.9mgkg? NBC=2.1mgkg?
o .
4_
o ...............................
== é; = = Eé =
0 1 1 1 1 1 1 1 1 1 1
C PSS eSS
Q\§Qofo%\ &L &\’0 @5)‘@\’ ,é\'\@\ QO
SERCASIORGIR NS
M@ NS S
L2 VS V& S
< N P
J
d
Copper
400
SGV =150 mg kg  NBC =190 mg kg™
300+
200+
100
0
8
ORGSR
S
f
Zinc
1500
SGV =250 mg kgt
1000+
SWééé#% ' é.
O—T——T—TTT T T T T 7T
N S S
«&\ QQQ’ Q,E)g L (\@SQ g & ’\é\ e &
L EE SRS Ged P K
N NNICAAS " &
S¥ v F Ve &
< N P
S S

Figure 4 Soil total HM concentrations (mg KY across ten cities in the UK (n=391 composite soil

samples). The concentration of As, Cd, Cr, Cu, Pb, Zn is preseraddriespectively. Boxes represent
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SGVs, whereas the black dotted line indicates the NBCs.
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3.3 Lead source in UK urban horticultural soils and correlations with other HM

The isotopic ratios?f®Pb?°’Pb and?*®PbPPb) of the total soil Pb concentrations fell on the
mixing line between the isotopic ratio from petrol and UK coal/Pb ore (Figunediating

that Pb inUK allotmentsoils resulted from a combination between petral UK coalore Pb
derived. The contribution of coal and ore derived Pb was ubiquitous across UK IdH soi
ranging between 47% and 91% with a mean of 68% + 1.93 (+ standard error; Table S5). The
greatest mean concentrations of coal and ore Pb derived were found in Bristol (77%),
Nottingham (73%) and Leeds (74%) soils. The contribution of petrol derived &lotiment

soils was also ubiquitous across UK allotment soils, ranging between 9% and 53wdout
compared taoal and ore Pb derived with a mean of 31% * 1.93 (+ standard error; Table S5).
The greatest mean concentrations of petrol derived Pb wenel fiouCardiff (41%) and

Liverpool (37%) soils.
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Figure 5 Lead isotopic ratios in allotment soils across ten cities in the UK (n=40). Mixing line of Pb
isotopic ratios LPbFPb and2°®PbF°’Pb) with median values for UK coal (Nottinghamshire,

Yorkshire, Derbyshire), Pb ore (Galenas in Derbyshire and Leicestershire) and source of Pb in petrol.

There was a significant positive correlation between Pb and all the other HM, except for Cr
(Table3). A strong correlation was particularly observed between Pb and Cu and Zn (Table 3,
Spear man 06 s0.86; p <0.0001). 6THese significant associations provide indirect
information on the sources of these other HM, which may share some common sotirces wi

Pbin UK UH soils
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Table3Spearmanés r coefficient for the correlation:

Zn).
Pbvs.As Pbvs.Cd Pbvs.Cr Pbvs.Cu Pbvs.Ni Pbvs.Zn
Spear me 0.36 0.50 0.18 0.64 0.42 0.86
p 0.022 0.0009 0.28 <0.0001 0.0071 <0.0001

3.4. Bioavailable HM concentrations across UK urban horticultural soils and factors
influencing their concentrations

The bioavailable median concentrations of HM across all cities were: As 0.0371(0.R04
0.2710 range); Cd 0.005 mg ®g0.00%0.035 range); Cr 0.1 mg kiy(0.07-2.66 range); Cu

0.18 mg kg* (0.1-2.65 range); Ni 0.068 mg kt(0.03-1.56 range); Pb 0.023 mg Kg0.017

0.29 range) and Zn 4.73 mg k¢3.455.33 range) (Figure 6@ (Table S6). There were 78%,
63%, 62% 46% and 76% of the bioavailable concentrations of Cr, Cu, Ni, Pb and Zn
respectively below the LOD of the I@RS (Table S1). The remaining soil samples had median
bioavailable concentrations which represented omntyireor fraction (0.011.8%) of the total

soil concentrations of Cr, Cu, Ni, Pb and Zn. The bioavailable concentration of As and Cd
below the LOD account for only 5% of the total soil samples but as with the other HM the
median bioavailable concentratiompresented a minor fraction (0.2% and 0.6% respectively)
of the total soil concentration of As and Cd. For the bioavailable concentration of Pb and Ni
the best fitting modeéxplainingtheir bioavailability included only soil BC concentration
(Table 4). Fo Cd and Cr, the model best fitting the data included soil OC concentration, and
the interaction between OC and pH (Table 4). In addition, for bioavailable Cr concentration
the model estimation was improved by including the total Cr soil concentratiosodrnzH

(Table 4). No fixeeeffect variable was found to explain the bioavailability of As and Zn.
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Table 4 Outcomes of the linear mixed effect models explaining soil HM bioavailability across UK UH
soils. Results included model terms (fixed and random effect) and the results of type Il analyses of
variance of each of the fixed effect variables included in paattel. Abbreviations stand for: soil black
carbon concentration (BC), soil organic carbon concentration (OC), soil pH (pH) and soil total HM
concentration (Total [Me]).

Outcome | Random effect Model results Fixed effect variables
variables
BC ocC pH OC:pH Total [HM]
Cadmium Site F (d.f) 3.90 4.06
(1,318.22 (1,318.49
t < 0.05 0.05
Chromium Site F (d.f) 11.84 8.01 10.05 6.46
(1,36.99  (1,37.031)  (1,37) (1,38.90)
tc < 0.01 0.01 0.01 0.05
Lead Site F(d.f) 8.03
(1,66.49
e < 0.01
Nickel Site F (d.f) 11.04
(1,113.65
tc < 0.01

4. DISCUSSION

Previous studies have found that UK UH soils contain a high concentration of0@&on

et al., 2021 Edmondson et al., 20},4this research has demonstrated that BC represent a
significant fraction of this TOC pool across all UH soils, with a national median vaReG8f

and a range between 2.27% &n2i-89.73% (Figure 3d). In general, the BC/TOC ranges found
across UK UH sils were similar to tbsereported in several research studies across different

urban areaEdmondson et al., 2015; Wang et al., 2014; Mitchell et al., 2014; Liu et al.,.2011)

This research also provided the first nationwide assessment of the variability of total HM
concentations across UKUH soils and the factors influencing these concentratidhg.

mediantotal HM concentrations observed across UK soils(Figure 4 af) werecomparable
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to those previously reported 88 allotment plot@cross theity of Bristol (Giusti, 2011)and

those observed across 12 urban allotment sites sampled across North and South UK in 2004
(Weeks et al., 2007However, the total concentrations of Cd and Pb \wever compared to

those reported in Weeks et al. (2D0Similarly, the mean total concentrations of Cr, Cu and

Pb were lower compare to the those found across four allotment sites in the city of Glasgow
(Hursthouse et al., 200é4ndthe mediartotal concentrations of Cd, Pb and Zn found across
4000 urban gardens in UtAlloway, 2004) In contrast, the medidntal concentratiosof Pb

and Cd found Nottingham and Leealtmert plots were higher compared to those found in

10 allotment plots in Nottingham and Leeds in 1988ir & Thornton, 1989)

An important factor explaining the variability of total HM concentration across UK UH soils

is bedrek geology (Table 2). Indeed, thgeochemical processes thadfect the bedrock
geology are one of the key factors influencing the natural concentrations of HM in soils
(Alloway, 2012; Duffus, 2002)However, ourresearch also revealddat BC is another
significant factor dtermining the variability of total HM concentrations (Cd, Cu, Ni, Pb and
Zn) across UK UH soils (Table 2). We could ascribe this to the coexistence of BC and HM in
soils as a result of their ateposition as also suggested e & Zhang,(2009) where a
significant correlation between HM and BC was observed. Extensive past and current industrial
activities in the UK represent a soa of HM in urban soils. Biomass burning and fossil fuel
combustion during operations like mining, smelting, plating and metal working are all major
sources of Bebound Cu, Cd, Ni, Pb and Zn emissidfsawlins et al., 2012)This might
potentially explain why BC is significant factor contributing to HM variability?roviding

further evidence of this are the differences in total HM and BC concentrations across the soils
investigated. For instance, Milton Keynes and Southampton had the lowest median

concentrations of both total HM (Cd, Cu, Pb, Zn; Figurefylaand BC (Figure 3 c). 8iilarly,
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some of the highest median total concentrations of Cd, Cu, Pb and Zn (Figf)raré found

in Leeds, Nottingham, Newcastle and Cardiff where some of the greatest median BC
concentrations are also obsen(€tjure 3c).Petrol ore and coal dered Pb are other major
sources ototal Pb in urban soilg¢Clarke et al., 20155zolnok et al., 2013 Morillo et al.,

2008.

In the UK, the GeanAir Act of 19% led to a decrease of BC emisss@gNovakov & Hansen,
2004) leading to aeduction inBC-boundPb emissios. In additionthe introduction of lead

free petrol in the 1990s kéurtherreduced the UK atmospheric-depositions of Beébound

Phb. HoweverUK UH soilshave retained high level of Pb, thus potentially explaining the strong
modelledcontribution of BC inthe variability of total Pb concentration@able2). This was
confirmed ly the analyses on the Pb isotopic ratios of smél Pb concentrationswvhich
indicate that Pb sourse UK UH soils are a combination of petrol and coal andPirderived

in line with findings from previous research across UK urban ¢bito et al., 2014)The
important role of BC in the variability of total HM concentrations in UK UH soils could also
be attributed to the large specific surface area andnoatichange capacity of BC, resulting in
high sorption capacity for HNUchimiya et al., 201 1Park et al., 2011; Beesley et al., 2Q11)
Indeed, we found that BC is a significant factor in determiningdpitbevailability of Niand Pb
(Table 4). This suggests that while contributing to the accumulation of HM concentrations in
UH soils,BC may provide a biding surface for the bioavailable HM concentrations or forming
soluble stable complexes and thus contefto their immobilisatiorfKoelmans et al., 2006)
Further research is needed to understand the specific mechanisms that governed H
immobilisation on BC in UH soils and the conditions at which HM may became available for
plant uptake

Soil OC is another significant factor explaining the variabitifyCd, Cu, Pb and Zn total

concentrations across UK UH soils (Table 2). Soil organic application of compost and manure
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can be an important source of metals in UH q@illoway, 2004) A recent study of more than

180 allotment holders found that the additioigamic amendments to allotment soils was
almost ubiquitous, with 92% of respondents adding purchased compost and 82% adding
manureg(Dobson et al., 2021This potentially explains the significant association between OC
and HM variability. However, as with BC, the relationship between H¥M®@@ could also be

linked to the adsorption of HM onto OC, which represents an important solid phase sorbent
with high biding affinity for these HMZeng et al., 2011)ndeed, soil OC is also a significant
factor in determiningthe bioavailability of Cr and Cd (Table 4). This suggesthat the
managemenpractices(e.g. addition of organic amendmeiatjopted byallotment growers
across UK UH soils while increasing ttueal concentratioaof HM in soilsmay also influence

their bioavailability contributingo its immobilisation.

None of the soil properties tested have a significant impact on the bioavailability of As, Cu,
and Zn. For Cu andn, thisis probably because of the high number of bioavailable
concentrations are beloMOD. The bioavailabilityof Asis mostlygoverned byhe content of

Iron oxy/hydroxide in soils(Williams et al., 2011 Wenzel et al., 2001)which was not
measurd in this research, but perhaps explaining v soil properties tested here did not

have a significant influence on As bioavailalilit

The outcomes of this research haeeonstratethatalthough HM are widespread across UK

UH soils, most of the HM concentratioral below the respective soil screening level (99%

Cr; 98% As, Cd, Ni; 95% Cu; 52% Zn). However, 83% of the totat®irentration were

above C4SL, but only 3.5% of these exceeded Pb NBC. This suggest that growing food across
UK UH soils pose low risk to the allotment growers health. Howdueher sitespecific risk

assessment may be needed in those allotment plasewie total HM concentrations were
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found above the soil screening level. Localised sources of pollution could be important in
explaining the elevated concentrations of HM for the smathber ofsoil samplesthat
exceeded the current screening valuesArCd, Cr and Cu. The application of organic and
inorganic fertiliser, manure, compost, but also application of pesticides, paint particles,
bonfires, rubber tires, runoff from metal surfaces (gutter and metal roof) can be all sources of
high HM concentation such as As, Cd, Cr, Pb and @&fitchell et al., 2014; Szolnoki etl.,

2013 Alloway, 2004)and could have potentially influenced the HM concentrations in these

specific plots.

The current risk assessment model known as Contaminated Land Exposure Assessment
(CLEA), used to derived UK CA4SLs, predicts HM crops uptaising soil to plant
concentration factor which relates the total concentration of HM in soils to its concentration in
the crops(Cruz et al., 2014; Hough et aR004) However, studies suggest that metal
bioavailability is a better indicator of HM crop availability than the total HM concentration in
soils as plants take up most of the nutrients from the soil sol(@eret al. 2000) Studies

have indeed found that the CLEA model significantly overestimates the HM uptake when using
soil to plant concentration factor based on total HM concentrafemtsvistle et al., 2018)
Here,we foundthat HM bioavailability across UK UH soils is very low indicating a low risk

of crop uptake. However, further investigation on the HM concentrations in thepcoahsed

on these soils is needed to verify that the levels of HM are within the regulation limits.
Bioavailable concentrations represented only a minor fraction (0.198%) of the total
concentrations. This was also true for those soils wiméaéPb and Zn concentrations were
83% and 48% above the respective soil screening values. THéNbhioavailability across

the 10 cities may be explained by the neutral pH values found across the alkiitséntean
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soil pH = 6.4 £ 0.02; Table S2), level at whimetal availability is decreased as most of the

cationic metals are expected to be adsorbed to the negatively charged soil solid surfaces.

These findings have implications for both management of the risk to human health associated
with UH growing in urfan soils and with management of UH sdil.a study conducted across
Newcastle (UK)JUH soils the authors founthat, despite 98% of the UH soils were above the
C4SL for Pb and Pb was highly bioaccessible in stiks crop Pb concentratiobglow the
regulation limits and no significant difference between blood Pb levels in allotment growers
and norgardening neighbour&ntwistle et al., 2018)Based on sitspecific data, the author

then estimated that soil assessment criteria of1822 mg kg' for Pb may be more
appropriateThe outcome of both these studies seems to indicate that growing food crops across
UK UH soils may pose low risk to human health, although the elevated soil total Pb
concentrations. Thus suggesting the needeftne new site-specific C4SLs based on model
parameters that are reflective of UH characteristics, as the current C4SLs may be overly
conservative for UH scenariespecially for PEntwistle et al., 2018; Leake et al., 2009)

In addition, allotment growers and urban growers in gemneoald benefits from education
programspromoting UH soil management practicéisat redue the risk of HM exposure,
especially in those plots where the soil screening values were exceeded. These practices could
include the use of raised beds, addition of cleanpost, cover cropping and sustainable pest
managemenfLaidlaw et al., 2018; Gregory et al., 2016; Mitchelagt 2014) In those plots

with elevated Pb concentrations, additional practices to reduce the risk of exposure could
include avoiding the growing of food crops that are known to accumulate high concentration
of Pb such as leafy vegetables (lettuce) and root vdgstébarrots, onions, turnips, and
radishes)(Laidlaw et al., 2018; Alexander et al., 200&inally, it is recommended to

thoroughly washed all food crops before consumption to remayecantaminated soil
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particles deposited on the crops surf@@ganayake et al., 2014Jhis could potentially reduce
the need for investment in expensive remediation treatments or prevent the unnetesgary

of a particular allotment plot.

5. CONCLUSION

Our researclsuggest that growing food acrosgK UH soils pose low risk to the allotment
growers health. Howeveffurther sitespecific risk assessment may be needed in those
allotment plots where the total HM concentrations were found above the soil screening level.
At the same time, soil bioavailabHM concentrationsepresented only a minor fraction of the

soil total concentratiorglso for those soils that exceeded HM screening values, suggesting a
low risk of crop uptakeOur resultsalso demonstrated that UK UH soils contamigh
concentrationsef BC which play a significantole in the variability and bioavailability of HM
concentrations. While contributing to build up HM concentratiorS, Bay also provide a
biding surface for the bioavailable HM concentrations and contribute to their imratibiis
Consequently, BC contributes to mitigate the risk of HM exposure integpowan food crops
across UH soils. Soil OC also significandlffect both variability and bioavailability of HM
across UK UH soils, suggesting that soil management practiopsealdn UK UH soils, like
manure and compost addition, while increasing the HM concentration in soils, they could also
contribute to HM immobilisation.

We suggest that the derivation of C4SLs that are more suitable for UH scenario and the
development oéducation programs to promote soil management practices that reduce the risk
of HM exposure among allotment growers could be a more appropriate approach in the
assessment and management of the asgsciallyin these soils where the HM concentrations

were found above the soil screening values for As, Cu, Pb and Zn.
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Further research should investigate the specific mechanisms that governed HM immobilisation
on BC and the conditions at which HM can become l@idable such as the effect of soll
microorganisms and environmental conditions crucial in the degradation of BC .itnsoil
addition, further assessment of the HM concentrations in the food crops grown across UH soils

and the associated risks are also erded
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CHAPTER 5

The concentration of potentially toxic elements and essential minerals in UK

urban horticulture produce: a case study from five UK cities
Marta Crispo, SamanthiaCaton, Jonathan R. Leakignice A. LakeJlill L. Edmondson

ABSTRACT

Urban horticulture (UH) is increasingly recognised as an impoctanponenbdf sustainable
urban foodsystemsutposes potential risks from widespread soil contaminatigotentally
toxic elementdPTE). To fully understand theisks and benefitef UH expansionboth the
potentialrisks of consumption oPTE from UH produceand the potential benefits to human
nutrition from essatial mineralsthat may be enriched in these environmergsd to be
investigatedWe explorehis througtfive casestudy cities irthe UK, where we demonstrated
that the consumption of the recommenéatld Health Organisatiofive fruits and vegetables
a day fromsoil-grown UH produce is unlikely to pose sk to human healtlthrough
consumption oPTE Additionally, wefoundthat the consumption of UH produce contributes
to the daily intakeof essentialminerds: calcium copper iron, magnesium phosphorus
potassium seleniumand zinc. With the exception of calciummedian concentrations of
essentiamineralsweretypically 27% (17-41range lowerthanreported values for commercial
horticulture, when expressed as daily dietary intakes baseekatap and 1&-day fruit and

vegetable portions
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1. INTRODUCTION

Urbanhorticulture (UH), the production ofdit and vegetabled~&V) within urban areass
increasinglyrecognised aapotentiallyimportant component @f transformedustainable food
system, bringing the production of freB&V closeto urbancentres(Artmann & Sartison,
2018; Langemeyer et al., 2021; Morgan, 2QIB)is is particularly important as the global
population becomes increasingly urbémdeed, it is estimatetthat68% of the populatioroy
2050will live in cities and towngUN, 2018 and in many countriesf the Global Northmost
of the populatioris already urban, for example, in thiK more than 80% opeoplelive in
cities and towngUK Government Office for Science,20R21Increased production of F&V in
close proximity to the majority of the population coatthance theutritional securityof urban
dwellers(Development Initatives, 2018; Milan Urban Food Policy Pact, 2)inany of whom
are disconnected from food production systefiartin et al., 2016) and reducethe
environmental impacts by shorter supply cha@@nsumption of&V is crucial fora healthy
and food secure populatioproviding essentialvitamins andmineralsincluding calcium
chloride, chromiumcopper fluoride, iron, iodine, manganesanagnesium molybdenum,
phosphorussodium,seleniumandzinc, required in the human di¢Public Health England,
2018)

There is growingecognition of the potentially important roler UH in a sustainable food
system amongst both polieyakers and the publ{®organ, 2015)particularly in response to
the foodsupplyshockdike thoseexperiencediuring Covid19 pandemig¢lLal, 2020) Coupled
to this recent research has demonstrated the potecdiatribution of food growing by
individual householdm allotments, gardens and community gard&wnondson et al., 2019,
2020) showing thatif just 10% ofurbangreenspaces identified pstentially suitable for UH
productionin the UK were utilized, they could feed up to 5% ofac i t y 6 s onthesi den't

recommended minimud 5  a podi@gobfruit and vegetabke(Edmondson et al., 2020)
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However, these studies have mansidered the nutritional quality dfie produce and its
patential contamination byotentially toxic elementsP(TE) including arsenic, cadmium,
copper, lead and zinahich tend to be enriched in urban soils, especially in areas where there
was formerly heavy industries, widespread burning of emal motor vehie emissions
(Alloway, 2004)

Crop production in UH systems is smadlale with relatively low inputs of synthetic féigers
contrasting with commercial horticultural productifidobson et al., 2021)hese different
crop production practices may impact upon fieeralcompositon of F&V cropsi which
could impact uporthe nutritional value of UH crops compared to commercial horticultural
crops.

Globally, about 800 million of people are already engaged with(Liddenz, 2015) thus
understanding theontribution of UHto the nutritional security of urban dwellesscrucial,
however at the present this is unknown. Studies focussaw/estigatingboth the potential
risks of consumption of PTE from UH produce, and the potential benefits to human nutrition
could provide clear evidente support future expansion oH.

In addition, here havéeenhistoricalconcerns over thecaleup of UH due to contamination

of urban soils with pollutantespeciallyPTE(Entwistle et al., 2018; Leake et al., 2009; Sharma
et al., 2014)Indeed, recent studies have found B&E are ubiquitousacross UK UHsoils
and, in some caseBTE concentrations arabove the UK soil guidelines values (especially
lead)(Crispo et al 2021) Despite thisthar bioavailabilityis minimal suggesting low risks of
PTE uptake by food cropgCrispo et al., 2021)This is supported yb reported lead
concentration®f UH producein one UK city found to b&vithin the safetyregulation limits,
despite98% of thesoils samples exceeddthe guidelines valuegEntwistle et al., 2018)
However, widespread testing BT E concentrationsn UH F&V crops would further support

these findings.
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Here, we use a larggcale study of UH F&\trops from five UKcities todetermineboth the
potentialrisk to human health frorRTE consumptiorand themineralconcentrations found in
UH F&V crops.ThePTEconcentrationin UH producenvere compared against the food safety
standard maximum levebndthe potential human healtisks from the bng-term exposure

to PTE through consumptionf UH producewere assessduly estimatingthe target hazard
guotient (THQ),developed by the United States Environmental Protection Aq&IBEPA,
2000) Additionally, the mineral intake derived from the consumptioof UH producewas
comparedo that derived from the consumption of equivalent commercial horticultural crops

soldacross Europeasupermarkets and retailers

2. METHODS

2.1Study area

Five case study cities across the UK were selected forrésmsarch: Edinburgh, Leeds,
Liverpool, Milton Keynes, and Cardiff. These five urban atease different pollution legacy
andcapture a range gfopulation sizes, demographics, climatic condition across UK (Table
S1), with a population size ranging from924d00 to 752,00@Office for National Statistics
(ONS), 2011)average annual rainfall varying from 58.7 mm to 9%r8, and average annual
minimum and maximum daily temperature varying from 5.9 °C to 7.8 °C and 12.6 °C to 14.7
°C (ClimateData.org, 2021)Urban allotments have been selected as UH sites as they cover a
large proportion of the areas for UH ubiquitously across UK and European Sitiesk et al.,
2015; Ward, 1997Each urban area was divided in four equal quadrants using ArcGIS 10.4.1
and four allotment sites were randomly selected from each qug@mainson et al., 2021)
Within each allotment site, five allotment plots were selected for foodsanmpling. In total,

100 allotment plots in 26ites were sampled during the 2018 growing @eals addition, for

each allotment plot, the area assigned to individual food crop was recorded.
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2.2. Food crop sampling and processing

A total of 116 food crop samples were collected across 100 allotment plots. At each allotment
plot, 100 g of the edible part of one perennial and one annual food crop were collected, if
available. The food crops sampled comprised seven categories: fodffobeetroots4

onions); potato (10 potatoes); leafy vegetables (4 chards, 6 lettuces, 3 spinaches); legume (3
French beans, 8 runner beans); cucurbit fruiting (11 courgettes, 3 cucumbers); solanaceous
fruiting (10 tomatoes) and fruit (11 apples, 14 spes, 24hubarbs)Rhubarb samples were
included into the fruit category as often have culinary uses as fruits. The samples wdre store
in polythenebags and kept at 4 °C for transport. The food crop samples were thoroughly
cleaned using ultrpaure wagr to remove any soil partidefrozen at20 °C and freezéried.

Lastly, the food crop samples were powdered and homogearssegia stainlessteel gringhg

mill.

2.3.Food crop chemical analyses

The PTEand minerals concentration in food cregmples was determined by digestion with
aqua regia and addition o€, based on EPA Method 3095@S EPA, 1996)however instead
of using a microwave digestion system, samples were digested on a heating blogk.(B2&fl

g of food crop sample were mixed with 2 ml HN@®5-67%) and 6 ml HCI (37%) in 50 ml
glass tubes and allow to stand for 16 hours at room temperat@®@e(30%) was then added
until the solution became transparent. Samples were then digestelddors2at 120 °C on a
heating block. Once cool, the digested food crop samples were filtered greidg 42
Whatman ashless filtgraperand diluted to volume with ultraure water. Inductively coupled
plasma mass spectrometry (K#5) was used to measureetfood crop concentration of
Arsenic (As), Calcium (Ca), Cadmium (Cd), Copper (Cu), lron (Fe), Potassium (K),

Magnesium (Mg), Manganese (Mn), Nickel (Ni), Phosphorus (P), Lead (Pb), Selenium (Se)
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and Zinc (Zn). Quality assurance of the analyses was eh#lureugh inclusion of reagent
blanks, analytical reagent grade, certified reference materials (IPE 899) and internal reference
samples for the ICIMS. All glassware was soaked in nitric acid solution for 24 h and rinsed

with ultra-pure wateprior to use

2.4.Food safety standard maximum levels of contaminants in food crops

The PTE concentration in food crop samples were compared against the food safety standard
maximum levels of contaminants setChina (National Standard for food safety GB2762
2012) and the EU (European Commission Regulation No 1881/2006) regulafioas
maximum levels represent toxicologically acceptable levels at which the public health is
protected. The maximum levels of As, Cd and Pb for six food crop categories are summarised
in Table S2. For this study we used the average between China and EU food stexiardn

level expressed in mg Kdresh weight (FW): As 0.5, Cd= 0.1, Pb=0.15 for root/tuber/bulb;
As=0.5, Cd=0.2, Pb= 0.3 for leafy vegetables; As0.5; Cd=0.1; Pb= 0.2 for legume; As

=0.5; Cd=0.05; Pb= 0.1 for cucurbifruiting/solanaceous fruiting/fruit.

2.5.Health risk assessment

The potential human health risk associated with d@mm exposure toPTE through
consumption of food crops was assessed using the target hazard quotient (THQ) method,
developed by the United States Environmental Protection Aqe&REPA, 2021)The THQ

for eachPTEfrom food crops was calculated using Equation (1).

4(1 — (1)
Where EF is the exposure frequency (365 daysyeBD is the exposure duration (81.25 year,

average between male and female adult life expectancy i(QIKS), 2020); IR is the food
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ingestion rate (80 gddyr epr esenting one portion of fruit
recommended by WHQNHO, 2004) for potatoes we used 95.2 g dayhich is the average
between théngestion rate for potatoes across UK allotment growrdsthe estimate of how
much potatoes are eaten daily by the Ukuydation based on their annual potatoes spending
(Edmandson et al., 2019; Entwistle et al., 2018) is thePTE (As, Cd, Cu, Ni, Pb, Zn)
concentration in the edible parts of the food crop (md K@) (Table S3); RfD is the oral
reference dose (g Kglay?) (As, Cd, Cu, Ni, Pb and Zn values are 0.0003, 0.001, 0.04, 0.02,
0.0035, 0.3 mg kg day?) (US EPA, 2021) AT is the average exposure time for non
carcinogens (EF x ED = 29656 days ); BWa is the average body weight (76.9 kg, average
betweermale and female adult body weight in UBINS, 2018. Thetarget hazard index (THI)

was usedd estimate the overall risks posed by multpleEand corresporsto the sum of the
individual THQ of eacliPTEassessed for each food crop category. The THI was calculated by

using Equation (2):

4()B 4(1 2

THQ and THI values smaller than 1 indicate that the intake of a crop by a populassansed

safe; THQ and THI values greater than 1 indicate that the exposure is likely to pose a human
health risk.

Additionally, the average THI across all food cropegaries (except potato) was used to

estimate the overall risks posed by multiplfEEd er i ved from a 65 a day:
(Aune et al., 2017; WHO, 2004yhich recommend eating 5 or 10 portions of fruit and

vegetables of 80 gach, respectively.
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2.6.Mineral concentration in food crop and nutrient intake

The concentrationgng 100 ¢g* FW) of Ca, Cu, Fe, K, Mg, P, Se and Zn in food crops grown
across UH soils were compared againstrtiiieeralconcentratios of equivalent commercial
horticultural crops sold across European supermarkets and retailers, specifically in seven
countries Finland, rance, Germany, Italy, Netherlands, Sweden, and United Kinga®ihis
estimated that about 26% of food consumed in the UK is supplied within the European Union
(DEFRA, 2®0). The nutrient concentrations in commercial horticultural crops were derived
from the EFSA food composition databa&SA, 2021), where the amount of minerals
contained in dferent food crops is provided.

Thenutrientintakes of Ca, Cu, Fe, K, Mg, P, Se and @&ere investigatedcross two types of
detd a dayd and 610 a dayb6, fivepodidns(40@dadnme n d
ten portions §00g) of F&V, respectivly, where a portion of fruit or vegetables is 8QAuine

et al., 2017; WHO, 2004Jor this purpose, the concentratigng 100 g* FW) of Ca, Cu, Fe,

K, Mg, P, Se and Znn food crops grown across UH soiend equivalent commercial
horticultural cropsvereexpressed as mg 80t §W. A resamplingmethodologywasused to
generate 100andom diet combinatianof five or ten different food cropsThe mean and
standard erroof eachmineralacross the 100 dietgas then derivedndused to expresthe
concentratiorof Cag Cu, Fe, K, Mg, P, Se and &g a percentage ofaduls ( 19+ ysear s ;
and male) daily referencenutrient intakes (RNI) for mineralsrecommended byhe UK
government agendyublic Health Englan{016). The RNI for themineralsinvestigated are

as follow: Ca= 800mg day! male and femaleCu= 1.2 mg day* female and maleFe= 14.8

mg day' female (1950 years) and 8.ihg day' male and female (50+ yearsy = 3500 mg

day! male and femaleMg = 270 mg day! female and300 mg day! male P = 550 mg day*

female and maleSe= 60 pug day' female and 3 pug day! male;Zn = 7 mg day! female and

9.5mg day' male.
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2.7. Statistical Analysis

The resampling methodology was performed irv B5.1 Independent-test was used to
comparethe differencesin the daily intake of essentiahinerak from UH produce and
commercial horticultural crops. Manihitney U test was used to test for differences between
nortnormally distributed datall descriptive statisticwere performed using GraphPad Prism

version 9.0.0, California USA.

3. RESULTS

3.1.PTE concentrationsin UH produce are belowfood safety maximum levels
Theconcentrationof As, CdandPbin UH producearebelowthe respectiveafetymaximum
levels for contaminantn food setby the European and China regulations 99% of the
samplesacross all six food crop categor{€sgure 1 ac). The median concentration A, Cd
and Phin UH producevariesacross the six food cragategories fron®.001 t00.0023 mg kg

1 from 0.0025to 0.0066 mg kg and from0.0081to 0.039 mg k¢ respectively The median
concentration o€u and zh in UH producevariesacross the sifood crop categories between

0.19 and0.35mg kg* and between .8 and3.6 mg kg', respectivelyFigure 1d-e).
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Figure 1 Potentially toxic elemergoncentration (mg k§FW) intheedible partof food cropsgrown
onurban horticultural soils across five cities in the UK. Concentrations are presented according to six
food crop categories. The concentration of As, Cd,(RbandZn is presented im-e, respectively.

Boxes represent 95 50" and 7%' percentiles and black dots represent outliers. The red star dots
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correspond to thipod safety standanshaximum levelof contaminants in food cropghich are only

availablefor As, Cd and Pb

3.2.Consumption of UH produceis unlikely to posea risk to human health

Consumptiornof a food crop is likely to cause detrimental human health effeloen target
hazard values (THQ) are greater than.diee assessmerf the potentialhuman health risks
through the consumption of Uproducehasshown that theéarget hazard quotien{THQ)
valuesof As, Cd, Cu, Pb and Zareall far belowthe limit (one, acrossall seven food crops
categoriegFigure 2 ae). The median THQ valudsr As, Cd, Cu, Pb and Zn varied across the
seven food crops categories frén®034 t00.0091, from 0.002%0 0.0075 from 0.0049 to
0.0093 from 0.0@4 to 0.0L and from0.0063 to 0.@3, respectivelyThe medianTHQ of Cd
from solanaceous fruiting vegetables &tzlfromcucurbit fruiting vegetablearethe lowest
with valuesof 0.0024 and 0.0025, respectively. ThedianTHQ of Pb fom leafy vegetables
and root/bulb crops andhe medianTHQ of Zn from solanaceousruiting vegetable and
root/bulb cropsrethe highestith value of 0.01Theresults on theverall risks posed by the
exposure of multipl€TE through the consumption &fH producealsorevealthat thetarge
hazard index (THI) valuesre far below ong across all seven food crops categories
Particularly, egume present théhighestmedian THIvalue (0.05) and solanaceous fruiting
vegetables present the lowest median H024) (Table 1). Additionally, our amlysishas
found that the THterived from the consumption of the WH&commende® a day portions
of fruits and vegetablfom UH producas below one, with a value of 0.1#70.04 SD; Table

1). Similarly, considering 40 a day portioof fruits and vegetablethe THI is far below one,

with a value of 0.34 £ 0.83 (SD; Table 1)
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food crop is likely to cause detrimental human health effects.
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Table 1 The median target hazard index (Tlhdrangesof all PTE combined (As, Cd, Cu, Ni, Pb,
Zn) according to seven food crop categoard he THI across all food crop categories (except potato)
+ standard deviation (SOipr two diet typs. T H1  iddicates that the exposure is likely to pose

detrimentahuman health risk.

Food crop category THI (ranges)

Root/Bulb 0.034 (0.0080.21)
Leafy 0.034 (0.0170.14)
Legume 0.050 (0.0160.23)

Cucurbit fruiting 0.027 (0.0040.12)
Solanaceoufuiting 0.024 (0.0070.058)
Potato 0.032 (0.0020.15)
Fruit 0.036 (0.0020.24)
Total 65 0.17+0.04(SD)
Totaldd 0 a d 0.34+0.83(SD)

3.3. Comparison between UH and commercial F&V crops

Our analysis harevealed thathe medianmineralconcentratiosin all classes of UH grown
F&V cropsfor Ca, Cu, Fe, K, Mg, Bnd Znaregenerallylowerthan hosefoundin equivalent
commercial horticultural cropsut within the same order of magnitu@gure 3 af). Apple
crops arethe only exception, where thmedianmineralconcentratioain UH applecrops are
constantlyhigher compared teommercialones(Figure 3 af). Similarly, onion UH crops
presentigher concentration of Ca, Fe, K, Mg andédmparedo commercial onesNe found
thatthere was a statistically significant difference (p < 0.Q00dble S§ between the aily
intake of essential minerals from the consumption of UH produceanthercial horticultural
crops.Although the consumption the WHOrecommended00 g of F&Vfrom UH produce
makes an important contributionttee daily intake of essential minerals, theedianintake of

Cu, Fe, K, Mg, Rand Znfrom the consumption of UHproducewould be27% (17-41 range
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99% for S¢ lower thanthose from commercial horticultural croffSigure 4and Table ).
This is also valid when a tditrastmatlianZantadei et i s

from consumption of UH produce 4§% higher than the commercial orfeidure 4.

145



[ B o m
— @&o 5 &@oo - @&o | %
Tl.ﬂ \0\6 Q&\ j \@e w@ J \O\Q w@\ = . \\\”\z
| O, | ©, % | o, % -9
o | %% T 7%, 5% HI- %, | %
—m | o, (% ——— | o, (3% —mm—| o, (% —+ 9,
= %««\ c — %««\ 2 - 0@ - ()
) — S, 0 = —— - o, 0 S —mm | 9, 0 | S,
g B KON 2 = - NS £ = KNS ) = 2
8 . % i 3 e %, S 2 o— % 2 N - % i
o = %% © ——— N S - % 25 —mn
— — eoo@«e a p—— eo\vavxz T —— — eoo@«e RS
N N7 —— 2. =] %, [
7 7 £
S ‘O\%Qev O\Va\ — I b\%%@» m\o&\ ] \O\mw\ev «\\va\ M pe) Aow\
- | 0,0 | 0,0 | 0,0 - 0,70
- N o N + N - %,
—— — %, & - %, & - %, & — %
e %, — %, T %, —am %
- \OOO —— — xooO - xooO f xooO
T T T T T T
=8 8§ 8 3 88 % "3 83 8 8 ° % "8 8§ B ° K w9 9 3 83
o ©o 8 ©o o o 4 © © ~ N ® - = 4 o8 a4 e e
- “l i
Y
== o, 2 B 2
. TDHTT! 7 @Q\v - o \0%0@\ —im Q,\mv@\v m \Mmu
i ««evv&\ [ e«ewo\&\ N Y — | %
T ge S
i \QQO,NW 1 \O\Os awv fu— @\0\00,\9(0 S,
Cm o b Y | o, b % o %Y o
a | % R % |
I . <, R &\0 £ - %, €
g ;l @@@@\ c — 2o & 3 - 9% 3 _ %
5 | {, @o g AH ¢ &0 4 = 00,& m
8 e 0@@ % - %e@ % W p—— %, \onmu 3 ]
O H o = .
- 00;\\ ,\@A\N\ — sOrv\v&\M@m\«\ = —h QO\NA\V.\QA\ | Q\v.@
_— ) ) e oS
| \0,_\@ > \»Q\ o R, 2 \Vnw\ - 0, \@V N\\V&\ [ i
%) W 00 = % Q
m x&o ARG o %O |
— —— : %
A = 9 C— g, Y %,
I e BL O e o S SN T T maraa
. (M [} 7, ) ) ! ) 4 )
5 9 B § b % = % S 8 8 9 8 ° %y a &d& «° o o o

(Md 1.600T Bw) uonenusduod - ®  (md ;.600T Bw) uopenUsIUOD

(M4 {.600T Bw) uonesjus2U0D (M4 1.600T Bw) uonenuasuod

146



Figure 3Mineralconcentration in food crop edible parts grown on urban horticultural soils (blue boxes)

across five cities in the UK coraped to food crops commonly consumed across EU (pink boxes). The

concentration of Ca, Cu, Fe, K, Mg,Z (mg 100dg FW) andSe (ug 100g FW) is presented ia-h,

respectively. Boxes represent250" and 7% percentiles and black dots represent outli8etenium

bars ar¢oo small (see Supporting Information TaBl4).
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Figure 4 Nutrientcontentexpressed as percentage of the referantgentintake (% RI for adulty

derivedfrom the consumption of UHproducegrown on urban horticultural soils across five cities in

UK (blue bary andcommercial horticultural cropsommonly consumed across Buink barg. The %

RNI for adultfemales and maleme presented for Ca, Cke, K, Mg, P, Se and Zrtasstwo types of

dietin a-d. The graphgresent the meah standard erroof Ca, Cu, Fe, K, Mg, P, Se and Zn derived
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from 100random generatedl 5 a (40D@R&%¥)a nd 06 1 Gietsé800g B&VHSelenium bars are

too small (see Supporting Information TaBlg).

4. DISCUSSION

Production 6 fresh and healthy F&V is one of the primary drivers for participation in UH

(S22 umel et al ., 2 0 1,2howevBrmaimajdrintetnatidbrally recopnised,
barrier for UH expansion is the potential risk to human heé&itim growing crops in soils
contaminated withPTE (Jia et al. 2019. Here wedemonstrated thdahe consumption of UH
produce is unlikely to pose a risk to human healspitepreviousresearcheportingthatPTE
areubiquitousacross UK UHsoilsand in some cases above UK soil guidelines vdl0gspo
et al., 2021; Entwistle et al., 201.8)he outcome of our analghave shownthata diet based
on the intake of the WHO recommended 5 a day portioR&¥uf (400g)solelyfrom UK UH
produceis unlikely toposepotentialhuman healthisks (Table 1) Even the consumption af
4d 0 a (8@0ayiétfrom UH F&V cropsrecommended for public healbienefits linked to
reducing cardiovascular disease and premature montskiy(Aune et al., 2017)s unlikely

to pose an overall risk to human hed[flable 1) Thesefindingsprovide compelling evidence

to supportheexpansion of UHThese results are supported by reported blood Pb levels in UK

UH growers, which in a UK city study were found to not significanifiedfrom theblood Pb
levels in norgrower neighbours(Entwistle et al., 2018)Interestingly, there have been
incidents vihnerePTE concentrationgn commercial horticultural produce wemind to exceed
maximum leveldbothin UK (Norton et al., 2015andother countrieg¢Ashraf et al., 2021; Liu
et al., 2013a; Rusin et al., 2021; Zheng et al., 202@)the consumption of these produce
have been reported fbse gpotential risks to human healfAshraf et al., 2021; Liu et al.,

2013b; Zheng et al., 2020; Zhou et 2D16.
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Althoughthe expansion of UH supported by polioyakers from local to national levels is in
part to ensure nutrition security to urban dwellers i@ ¢ho studies hawvevestigatedo what
extent UH contributeto nutrition securitfOpitz et al., 2016)Here we demonstrated for the
first time that whilstthe consumption of UH produeeakes an importantcontribuion to the
daily intake ofseveralessential minerals, thheconcentration is oftesignificantly lower than
those found in equivalent commercial horticultural crops, but within the same order of
magnitudgFigure 3)

Research hafound thatUH growersconsumemorefruits and vegetabkeper daythan non
growers suggesting 1.4 times more vegetable and fruits per day are consyideldgrowers
(Alaimo et al., 2008) When applying this 1.4 factor to our results(corresponding t@®.4
portiors of fruits and vegetab$ea day) the mineralintake derived from the consumption of
UK UH produce is still lower than thaf equivalentcommercialhorticultural crops(Table
$4).

Although further research is needed to understand the mechanism thadlifferentminerals
concentrations in UH and commercial horticultural crdps,differernce in themanagement
practices adoptely the twocroppingsystemamay bean explanatory factorin commercial
horticulture nutrientsaremainly applied by meansf mineralfertilisers, often at excessive rate
(Li et al., 2018) in forms that are readily available for plant uptéBkatt et al., 2019; Fess &
Benedito, 2018; Harkes et al., 201%WhereasUH growersoften rely on different form of
organicamendments focrop nutrition management recent study across UK UH growers
found that 92% and 82% of the respondents apply garden waste compost and manure to their
plots, respectively, and only 27% of the respondents adebrgamic fertiliser to their plot
(Dobson et al.,, 2021)Although organic amendments aeesource of minerals ther
concentratioa vary from the feedstock materm(Towett et al., 2020andtheir availability

depend on the type of amendment, fexample,composs releasenutrients in soils more
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slowly than manurgThomas et al., 2019)Additionally, mineral bioavailability in soils is
governed byeverabtherfactors(e.g soil pH, cation exchange capacity, g¢thaliwal et al.,
2019; Moharana et al., 201@nd nutrient management practis€e.g. applicatiorrate and
applicatiors rateover years A survey conducted across 180 UK UH growers found that 76%
of respondents have no previous growing experidimbson et al., 2021)As nutrient
management depdron several factors, the minimal growing experience of the majority of UK
UH growers may have led mimbalance soil nutrient system and in part explain the lower
mineral concentration found in UH produce compatedthe equivalent horticultural
commer@l one

However,researchcomparingcommercialorganic and conventional farming systerhave
reported highemineral concentratios in the edible parts of vegetablegown in cropping
systems relaying solely on organic amendments compatbosereceivingmineral fertiliser
applications(Hattab et al., 2019and higher soimineral bioavailability in soil treated with
organic amendments compdr® inorganic fertilised soil§Moharana et al., 2017Yhus,
further research is needed to understand the mechanisms underlying éremimeral
concentrations in UH F&V as well asvestigate how UHsoil management influenseahe
concentrations of many other essential nutrients (e.g. vitamins) in UH pradusewill be
important for a holistic understanding bfH contribution to thenutrient intake © urban

populations.

Educational programesfocused on sustainablewutrient management practicegy benefit
the UH grower communityThesecould includethose practices adat by organicfarming
systems such as tifseasonalmanagement of differenbrganic amendmentsncluding
application rategsrop rotation andover crogFess & Benedito, 2018However, he selection

of F&V varieties by UHpractitionersmay also in part explain traifferencesn the mineral
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concentration in UH F&V compared to commercial horticulture ondsdeed, mineral
concentratios have been found to vary by cultivior instancein lettuce peaand carrot

(Alexander et al., 2006; K et al., 2013)

Theseresults havémportantimplications for future urban food strategigearticularlyfor the
sustainatl® managenent of UH that ensurenutritionally adequate UHproduce whilst
maintaining public safetyln addition, future urban food strategies should consider the
establishment of frameworks where both nutrient and contaminant concentrations of UH
produce is monitored to maintain a healthy and food secure pdyanation.For instance,
urban horticultural produce could be integrated into existing goverahreoitoring systems

of contaminants and nutriexit food.
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CHAPTER 6

General discussion and conclusions

Urban populations face major environmental and health risks, thus understanding ways to
enhance the quality of urban systems is a priority for pahekers and civil society
organisations locally and internationally. Throughout this thesis the role ah wgtils in
carbon sequestration, pollutant bioavailability mitigation, and urban food and nutritional
security has been explored, highlighting the crucial contribution of soil black cégédn
across all these. In particular, this thesis demonstrateabtlity of BC to potentially increase

soil carbon sequestration, reduce heavy naatdl metalloids (HM)ioavailability and thus
contribute to urban food security. In addition, it demonstrated the crucial role urban soils play
in urban nutrition security.

Black carbon is a major component of airborne particulate matter negatively influencing
several atmospheric processes and causing severe human health effects. However, this research
has demonstrated that once deposited in B@lsan positively influenca multiplicity of soil
regulating ecosystem services. Chapter 2 demonstratdgiGliathe form of soot can suppress

the mineralisation of soil labile organic carg@cC), with 18% les$3CO; produced when soot

is added to the sodnd thus potentially contribute to urban soil carbon storage and enhance
soil carbonsequestrationChapter 4 demonstrated tha€C, which in urban soils is mostly
present in the form of soais significantly correlatedwith both total and bioavailableHM
concentrationsand thus contributing tBiIM immobilisationandconsequentlycontributingto
mitigate the risk of HM exposure into ovgnown food crops across UH soilShapter 3
findings suggest that large application of engined@€&din the form of biochar could also

potentially positively influence several urban soil physicochemical properties supporting soil
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water cycling and regulating egatem service like flood mitigation, however this needs more
research.

In addition thisresearcthas provided strong evidence crucial to supfuture UK urban food
strategies aiming to develafH at larger scale€hapter 4 demonstrated that althott¥ are
ubiquitous across UKUH soils, most concentrationself below the respectiveaJK soil
screening values (C4SL99% Cr;98% As, Cd, Ni95% Cu; 52% ZnHowever,83% of Pb
concentrations exceeded C4Shut only 3.5% were above Pb national background
concentration of 820 mg Kg Chapter 4 also showed that the bioavaila#hd pool across
these soils represenbnly a small fractiof0.01-1.8%)of the total pool even for tho$€M that
exceed UK soil screening values, suggesting that the rigk§atrop uptakeare low. These
findings are further supported by the results presented in Chapt@issdemonstrated that

HM corcentrations irfruits andvegetablegF&V) cultivated across UKJH soils are within

the respective safety levels for contaminants in food and a diet based on the intake of the
recommended 400g a day of thésV is unlikely to pose detrimental human heaitks.
Overall, Chapter 4 and Chapter 5 demonstrated for the first time that althtigare
ubiquitous across UKIH soils, growing and consumirfe&V grown across these soils pose
low risk to the urban grower health providing combinatorial evidence muezteddo support
future expansion ofUH across urban area$n addition, Chapter 5 provided the first
experimental restd on the potential contribution of UKIH to food and nutrition security
demonstrating that the consumptiorF&fV grown across UKJH soils contribute to the daily
intake of all essential minerals required to maintain a healthy lifestyle. These findings provide
additional evidence in support of future urban food strategies aiming to edphpicbduction.

This research has also demoattd the crucial role urban soils and especially the soill
management practices adopted by urban growers play in urban food and nutrition security by

mitigating the risks of pollutant bioavailability and influencing the nutritional values of urban
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grown F&V. Chapter 4 showed that s@IC significantly affects the bioavailability diM

across UKUH soils suggesting that soil management practice adopted by urban growers like
organic application of compost and manure can contributdvtammobilisation. Chapteb

found that themineralsconcentration ifF&V grown across UKUH soils is generally lower

than those found in equivalent commercial horticultural crops suggesting that the soll
management practices adopted by urban growers may, in part, negativelpcafiiant
mineralsavailability. Overall, these results imply that the risks and benefits associated with
UH can be further regulated by improving the soil management practices adopted by urban
growers.

Overall, these findinggrovided a series of evidensaggestinghatBC, especially in the form

of soot plays an important role in enhancing and supporting the multifunctionality of urban soill
ecosystem servicen addition,these outcomes kia demonstrated howrban soils, which

often contain elevated concentration of 88ll can contribute to enhantiee multifunctionality

of urban greenspac@dG) and thus contribute to the mitigation of soai¢he environmental

and health challenges faced by urban populatibhese outcomes will be informative for
future urban soils andG strategies aiming, for instance, to expand urban horticulti or
increase soil carbon sequestratidthough further research is needed, these results have
provided a suite of new evidence from which future studies can build on to understaB@ how
could be integrated in future urban soil management strategies to improve urban soils

ecosystem services preion.

Directions for future research
The results of this research project suggest several possible directions for future research.
Whilst Chapter 2 demonstrated h&& can significantly influence soil carbon dynamics, this

research has focused only on one soil labile carbon pool. Further research is needed to
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investigate the effect of soot on all soil carbon pools which will allow better understanding the
role of sootm urban soil carbon sequestration as well as quantify its effect. Chapter 2 findings
also highlighted the need to understand the mechanisms underlying the suppressive effect of
soot on soilDC mineralisation which will be invaluable for future soil managetstrategies
aiming to increase carbon storage and sequestration. Further research is also needed to
investigate soot mineralisation over longer tigoales, but also understand the mechanisms
underpinning the decrease of soot mineralisation over-ghwetscale which will allow to

better understand the role of soot in soil-@&Hluxes and thus its contribution to the global
carbon cycle.

Chapter 3 highlighted the need of further research on thetéwngeffect of higher biochar
application rate on a wideange of urban soil properties under different vegetation covers. An
integrated understanding of how biochar application across diffel& support multiple
ecosystem services will be invaluable for futl& strategies and planning. With climate
change increasing the risks of severe natural disasters (e.g. floods and droughts) globally,
understanding how soil biochar application coudphto mitigate the negative impact of
climate change within cities will be another important aspect to address in future research. This
could include for instance understanding the role of biochar to urban soils water dynamics.
The outcomes presented it&pter 4 has shown theitM and BC are ubiquitous across UK

UH soils. Whilst this research has shown tB&t can contribute to mitigate the risk biM
exposure intoUH produce, questions remain on the ldagn effect of BC on HM
immobilisation and the meahisms governing this. Being a possible source of energy for soil
microorganisms, it will be important to understand the interaction between soil microorganisms
andBC. This will enable an understanding of whether soil microorganisms have a potential

rolein the longterm effect oBC on HM immobilisation.
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Both Chapter 4 and Chapter 5 demonstrated the need to develop soil screening values that are
more reflective olUH characteristics to better assess the human health risks associated with
UH.

Whilst Chaper 5 demonstrated that the consumptiobif produce is unlikely to pose a risk

to human health, this research has focussed only on theancinogenic risks linked with the
consumption ofHM. Further research is needed to look at the whole range aftqul
potentially present ifJH soils and estimate the human health risks associated with these.
Finally, Chapter 5 results highlighted the need to further investigate Utdwpractices
influence the concentration of other nutrients essential for the hdi@asuch as vitamins in

UH produce. This will be important for a holistic understandindJbff contribution to the

nutritional security of urban populations.
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CHAPTER 2

CONTENT

TableS1 Ev ol ut i and tdo U 8C from soil with added®C labelled organic
carbon soil with added®C labelled organic carbon and saatl soil with added

13C labelled organic carbon abébchar
Table S2 Mean cumulative loss dfC organic carban
TableS3 Ev ol ut H®fromsoif andsoil with added3C labelled soot

Table S4 Cumulative loss of'®C soot supplied from soifor the duration of the

experiment
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Table SLEv o | ut F®and lagf i@ from soil with added®C labelled organic carbon;

soil with addedC labelled organic carbon and soot and soil with ad&@dabelled organic

carbon and biochar

TREATMENTS REPLICATE DAYS ¥C LOGu &C)
SOIL+13C SUCROSE 1 0 618.95 2.82
SOIL+13C SUCROSE 2 0 957.07 3.00
SOIL+13C SUCROSE 3 0 980.58 3.01
SOIL+1C SUCROSE 4 0 1041.64 3.03
SOIL+ SOOT+13C SUCROSE 1 0 * *
SOIL+ SOOT+13C SUCROSE 2 0 2307.32 3.37
SOIL+ SOOT+*C SUCROSE 3 0 * *
SOIL+ SOOT+1C SUCROSE 4 0 2464.08 3.40
SOIL+ BIOCHAR+3C SUCROSE 1 0 2128.78 3.328131
SOIL+ BIOCHAR+3C SUCROSE 2 0 2119.88 3.326311
SOIL+ BIOCHAR+3C SUCROSE 3 0 2222.6 3.346861
SOIL+ BIOCHAR+3C SUCROSE 4 0 * *
SOIL+:C SUCROSE 1 1 143.66 2.26
SOIL+:C SUCROSE 2 1 854.45 2.95
SOIL+%C SUCROSE 3 1 805.94 2.93
SOIL+%C SUCROSE 4 1 1153.63 3.08
SOIL+ SOOT+*C SUCROSE 1 1 760.61 2.90
SOIL+ SOOT+1C SUCROSE 2 1 13107.22 412
SOIL+ SOOT+*C SUCROSE 3 1 * *
SOIL+ SOOT+1C SUCROSE 4 1 2649.15 3.43
SOIL+ BIOCHAR+3C SUCROSE 1 1 340.31 2.531875
SOIL+ BIOCHAR+3C SUCROSE 2 1 5508.15 3.741006
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SOIL+ BIOCHAR+3C SUCROSE 3 1 2201.68 3.342754
SOIL+ BIOCHAR+3C SUCROSE 4 1 4530.09 3.656107
SOIL+13C SUCROSE 1 7 13793.28 4.14
SOIL+13C SUCROSE 2 7 8506.36 3.93
SOIL+13C SUCROSE 3 7 * *
SOIL+3C SUCROSE 4 7 * *
SOIL+SOOT+13C SUCROSE 1 7 6649.82 3.83
SOIL+ SOOT+13C SUCROSE 2 7 3612.61 3.56
SOIL+ SOOT+13C SUCROSE 3 7 4012.28 3.61
SOIL+ SOOT+13C SUCROSE 4 7 5292.8 3.73
SOIL+ BIOCHAR+3C SUCROSE 1 7 9528.86 3.98
SOIL+ BIOCHAR+3C SUCROSE 2 7 5183.37 3.71
SOIL+ BIOCHAR+3C SUCROSE 3 7 * *
SOIL+ BIOCHAR+3C SUCROSE 4 7 * *
SOIL+:3C SUCROSE 1 14 * *
SOIL+:C SUCROSE 2 14 * *
SOIL+:C SUCROSE 3 14  6066.536 3.78
SOIL+:C SUCROSE 4 14 3756.31 3.57
SOIL+ SOOT+13C SUCROSE 1 14 3801.09 3.58
SOIL+ SOOT+BCSUCROSE 2 14 * *
SOIL+ SOOT+13C SUCROSE 3 14 1250.83 3.11
SOIL+ SOOT+13C SUCROSE 4 14 1959.88 3.30
SOIL+ BIOCHAR+3C SUCROSE 1 14 2679.02 3.43
SOIL+ BIOCHAR+33C SUCROSE 2 14 1973.88 3.30
SOIL+ BIOCHAR+3C SUCROSE 3 14 * *

164



SOIL+ BIOCHAR+3CSUCROSE

SOIL+13C SUCROSE

SOIL+13C SUCROSE

SOIL+13C SUCROSE
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14

21

21

21

21

21

21

21

21

21

21

21

21

28

28

28

28

28

28

28

28

28

28

28

28

1598.85

6200.52

4627.39

6056.26

3231.71

*

2230.96

2187.71

*

3719.02

2179.82

6306.27

3651.92

5670.25

3764.52

*

2900.22

1558.98

2136.40

2762.07

1992.61

3031.16

1456.36

3.20

3.80

3.67

3.79

3.51

3.36

3.35

3.57

3.34

3.80

3.57

3.76

3.58

3.47

3.20

3.34

3.44

3.30

3.48
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35

35

42

42

42

42

42

42

42
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42

42

42

49

5735.89

3320.95

*

1473.72

2499.69

3836.00

2871.44

3799.47

1939.93

5020.82

3666.20

5532.82

2497.65

1256.16

3877.21

3.76

3.53

3.18

3.40

3.58

3.46
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3.29

3.70

3.57
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3.40
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*
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*
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*
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*
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1.83

3.25



SOIL+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+13C SUCROSE

SOIL+13C SUCROSE

SOIL+13C SUCROSE

SOIL+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3BCSUCROSE

SOIL+ BIOCHAR+33C SUCROSE

SOIL+ BIOCHAR+33C SUCROSE

SOIL+:C SUCROSE

SOIL+:C SUCROSE

SOIL+:C SUCROSE

SOIL+1C SUCROSE

169

98

98

98

98

98

98

98

98

98

112

112

112

112

112

112

112

112

112

112

112

112

126

126

126

126

762.30

90.98

173.43

523.47

382.10

668.72

136.42

1239.02

1924.74

1270.21

982.79

266.45

287.64

471.19

1573.26

1412.95

1651.21

320.18

581.63

*

1210.26

2.90

2.12

2.33

2.72

2.58

2.83

2.13

3.11

3.29

3.12

3.01

2.49

2.52

2.71

3.20

3.15

3.22

2.51

2.79

3.10



SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+13C SUCROSE

SOIL+13C SUCROSE

SOIL+13C SUCROSE

SOIL+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+33C SUCROSE

SOIL+ BIOCHAR+3BCSUCROSE

SOIL+:C SUCROSE

SOIL+:C SUCROSE

SOIL+:C SUCROSE

SOIL+:C SUCROSE

SOIL+ SOOT+1C SUCROSE

170

126

126

126

126

126

126

126

126

140

140

140

140

140

140

140

140

140

140

140

140

154

154

154

154

154

120.30

81.88

251.97

863.05

1400.75

325.83

60.03

*

518.18

40.53

400.51

32.20

2.20

2.09

2.47

2.96

3.16

2.56

2.00

2.71

1.61

2.64

1.86



SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13CSUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+13C SUCROSE

SOIL+13C SUCROSE

SOIL+13C SUCROSE

SOIL+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ SOOT+13C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

SOIL+ BIOCHAR+3C SUCROSE

171

154

154

154

154

154

154

154

168

168

168

168

168

168

168

168

168

168

168

168

32.25

282.41

566.23

256.21

214.08

30.26

15.49

1.86

2.51

2.78

2.47

2.40

1.85

1.74



Table 2 Mean cumulative loss dfC organic carbor standard error of the me&8E)

TREATMENTS DAYS Ar(AVERAGE CL SE

ATOM % OF (CUMULATIVE

THE ¥CO» PERCENT CO:

RESPIRED) LOST)
SOIL+3C SUCROSE 0 2.09 1.00 0.02
SOIL+13C SUCROSE 1 1.92 1.82 0.05
SOIL+13C SUCROSE 7 6.22 4.38 0.22
SOIL+13C SUCROSE 14 6.33 9.62 0.26
SOIL+13C SUCROSE 21 6.15 14.67 0.18
SOIL+13C SUCROSE 28 5.83 17.04 0.26
SOIL+13C SUCROSE 35 5.48 21.44 0.27
SOIL+13C SUCROSE 42 5.20 22.46 0.17
SOIL+13C SUCROSE 49 3.89 24.56 0.14
SOIL+13C SUCROSE 56 3.59 27.05 0.10
SOIL+13C SUCROSE 70 2.80 28.33 0.09
SOIL+13C SUCROSE 84 2.02 29.03 0.12
SOIL+13C SUCROSE 08 2.71 30.24 0.11
SOIL+13C SUCROSE 112 2.08 30.73 0.08
SOIL+13C SUCROSE 126 2.34 31.36 0.09
SOIL+13C SUCROSE 140 1.55 31.47 0.06
SOIL+13C SUCROSE 154 1.51 31.79 0.03
SOIL+SOOT+3C SUCROSE 0 3.67 1.29 0.02
SOIL+SOOT+3C SUCROSE 1 6.52 5.36 0.70
SOIL+SOOT+3C SUCROSE 7 3.60 7.24 0.71
SOIL+SOOT+3C SUCROSE 14 3.48 8.43 0.15
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SOIL+SOOT+C SUCROSE
SOIL+SOOT+*C SUCROSE
SOIL+SOOT+*C SUCROSE
SOIL+SOOT+*C SUCROSE
SOIL+SOOT+*C SUCROSE
SOIL+SOOT+C SUCROSE
SOIL+SOOT+*C SUCROSE
SOIL+SOOT+*C SUCROSE
SOIL+SOOT+*C SUCROSE
SOIL+SOOT+*C SUCROSE
SOIL+SOOT+*C SUCROSE
SOIL+SOOT+*C SUCROSE

SOIL+SOOT+*C SUCROSE

21

28

35

42

49

56

70

84

98

112

126

140

154

3.47

3.24

2.12

2.11

1.70

1.99

1.54

1.26

1.66

1.23

1.32

1.15

1.21

10.21

11.29

11.54

12.05

12.50

12.95

13.29

13.37

13.94

14.07

14.19

14.22

14.30

Table SEv ol ut t®from soflandisoilwith addedC labelled soot

TREATMENTS REPLICATE DAYS @%C
SOIL 1 0 *
SOIL 2 0 -6.55
SOIL 3 0 -15.34
SOIL 4 0 -13.62
SOIL + 3C SOOT 1 0 *
SOIL + 3C SOOT 2 0 -13.06
SOIL +13C SOOT 3 0 -12.61
SOIL + 3C SOOT 4 0 -12.87
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0.08

0.13

0.13

0.10

0.06

0.03

0.02

0.02

0.04

0.04

0.03

0.03

0.01



SOIL

SOIL

SOIL

SOIL

SOIL + 8C SOOT

SOIL + 3C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL

SOIL

SOIL

SOIL

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL

SOIL

SOIL

SOIL

SOIL + 3C SOOT

SOIL +13C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL
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\'

\'

\'

14

14

14

14

14

14

14

14

21

-18.28

-16.09

-5.46

-7.50

-7.40

-6.41

-12.80

-19.66

-14.98

-13.84

-4.72

-71.24

-7.86

-15.69

-19.64

-16.73

-16.45

-9.07

-5.57

-15.10



SOIL

SOIL

SOIL

SOIL + 8C SOOT

SOIL + 8C SOOT

SOIL + 8C SOOT

SOIL + 3C SOOT

SOIL

SOIL

SOIL

SOIL

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL

SOIL

SOIL

SOIL

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL

SOIL
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21

21

21

21

21

21

21

28

28

28

28

28

28

28

28

35

35

35

35

35

35

35

35

42

42

-21.20

-4.00

-5.39

-9.94

3.47

-15.34

-4.84

-0.76

-10.73

-15.48

-3.55

-17.26

-9.97

-7.87

-15.35



SOIL

SOIL

SOIL + 8C SOOT

SOIL + 8C SOOT

SOIL + 8C SOOT

SOIL + 3C SOOT

SOIL

SOIL

SOIL

SOIL

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL

SOIL

SOIL

SOIL

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL

SOIL

SOIL
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42

42

42

42

42

42

49

49

49

49

49

49

49

49

56

56

56

56

56

56

56

56

70

70

70

-5.19

-71.23

-9.75

-6.51

-14.91

-21.85

-18.26

-15.66

-6.27

-0.32

-3.51

-13.96

-20.73

-17.50

-14.58

-6.23

-2.42

-71.72

-13.85

-20.14



SOIL

SOIL + 8C SOOT

SOIL + 8C SOOT

SOIL +13C SOOT

SOIL + 8C SOOT

SOIL

SOIL

SOIL

SOIL

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL

SOIL

SOIL

SOIL

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL

SOIL

SOIL

SOIL
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70

70

70

70

70

84

84

84

84

84

84

84

84

98

98

98

98

98

98

98

98

112

112

112

112

-6.03

-8.76

-18.75

-13.30

-16.29

-16.62

-0.51

-0.32

-13.20

-18.47

-16.50

-16.39

-9.23

-8.61

-11.09

-6.70

-14.11

-18.74

-16.46



SOIL + 8C SOOT

SOIL + 3C SOOT

SOIL + 8C SOOT

SOIL + 8C SOOT

SOIL

SOIL

SOIL

SOIL

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL

SOIL

SOIL

SOIL

SOIL + 3C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL + 3C SOOT

SOIL

SOIL

SOIL

SOIL
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112

112

112

112

126

126

126

126

126

126

126

126

140

140

140

140

140

140

140

140

154

154

154

154

-10.87

-8.69

-14.33

-19.23

-15.92

-16.75

-10.14

-11.29

-11.86

-0.28

-13.66

-16.24

-15.85

-10.95

-11.37

-9.07

-16.15



SOIL + 8C SOOT

SOIL + 8C SOOT

SOIL + 8C SOOT

SOIL + 8C SOOT

SOIL

SOIL

SOIL

SOIL

SOIL + 3C SOOT

SOIL + 3C SOOT

SOIL + 13C SOOT

SOIL + 3C SOOT
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154

154

154

154

168

168

168

168

168

168

168

168

-10.62

-10.41

-12.83

-13.01

-17.34

-15.33

-11.66

-12.44



Table S4 Cumulative loss ofC soot supplied frorsoil for the duration of the experiment

standard error of the mean (SE)

TREATMENTS DAYS Ar(AVERAGE CL SE

ATOM % OF (CUMULATIVE

THE 13CO2 PERCENT CO:

RESPIRED) LOST)
SOIL+13C SOOT 0 1.0971 0.005 2.93E05
SOIL+13C SOOT 1 1.1039 0.016 1.24E04
SOIL+13C SOOT 7 1.1040 0.027 2.41E04
SOIL+13C SOOT 14 1.1032 0.038 3.79E04
SOIL+13C SOOT 21 1.1069 0.052 7.78E04
SOIL+13C SOOT 28 1.1020 0.062 8.18E04
SOIL+13C SOOT 35 1.1006 0.070 8.36E04
SOIL+13C SOOT 42 1.1034 0.081 7.72E04
SOIL+13C SOOT 49 1.1042 0.092 4.45E04
SOIL+13C SOOT 56 1.1052 0.105 5.10E04
SOIL+13C SOOT 70 1.1031 0.116 4.28E04
SOIL+13C SOOT 84 1.1009 0.124 2.47E04
SOIL+13C SOOT 98 1.1014 0.133 2.32E04
SOIL+13C SOOT 112 1.1005 0.141 3.04E04
SOIL+13C SOOT 126 1.0995 0.148 2.46E04
SOIL+13C SOOT 140 1.0997 0.155 2.15E04
SOIL+13C SOOT 154 1.0988 0.161 2.32E04
SOIL+13C SOOT 168 1.0980 0.167 1.85E04
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CHAPTER 3

Table S1Biocharproperties

IN THE DRY IN FRESH
MATTER SAMPLE

BULK DENSITY (GI/L) 440
OVEN DRY MATTER (%) 91.1
MOISTURE (%) 8.1
ORGANIC MATTER (% W/W) 86.6
ORGANIC CARBON (50.3 %W/W) 50.3
PH 9.2
ELECTRICAL CONDUCTIVITY 42
(MS/M)
TOTAL NITROGEN (N) (MG/KG) 10200
TOTAL CARBON (C) (MG/KG) 646000
C:N RATIO 63:1
TOTAL PHOSPHORUS (MG/KG) 281
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Table S2 Results of threevay ANOVA on the influence of biochar application, vegetation

cover and soil depth on soil total organic carbon and nitrogen concentration.

Factor F (d.f) p value
Vegetation cover F (2,63) =090 p=091
Biochar F (1, 20) =0.21 p =088
Soil TOC (mg g%) Depth F (1,63 =0.50 p =048
Depth: Vegetation cover F (2,63) =0.63 p =054
Depth: Biochar F (1,63) =0.02 p =089
Biochar Vegetation cover F (2,63 =1.34 p=027
Vegetationcover F (2,63) =1.01 p =037
Biochar F (1, 20) =0.12 p=073
Soil N (mg g% Depth F (1,63 =0.08 p=077
Depth: Vegetation cover F (2,63) =0.13 p =088
Depth: Biochar F (1,63 =0.21 p =065
Biochar Vegetation cover F (2,63) =0.37 p =069

Table S3 Results of threevay ANOVA on the influence of biochar application, vegetation

cover and soil depth on soil bulk density.

Factor

F (d.f.) p value

Soil BD (g cm®)

Vegetation cover

F292=299 p=0.6

Biochar

F(1,92=176 p=018

Depth

F(1,92)=1.34 p=0.25

Depth: Vegetation cover

F(2,92)=2.08 p=0.13

Depth: Biochar

F(1,92)=0.87 p=0.35

Biochar: Vegetation cove F (2,92) =2.31 p=0.10
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Table $4 Results of unpairedtest on the influencef biochar application on grass and SRC

willow TOC and N concentrations.

Grassland TOC(mg g') t(14)=2.14 p=0.05

SRC willow TOC (mgg') t(14)=1.51p=0.15

Grassland N(mg g') t(14) =0.78p = 0.45

SRC willow N (mg g?) t(14)=1.01p=0.33

Table S5Results of onavay ANOVA on the influence of biochar application on vegetables

TOC and N concentrations.

VegetablesTOC (mg g?) F(2,22)=1.23;p=0.3

VegetablesN (mg g?) F(2,22)=0.12p=0.89
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CHAPTER 4

CONTENT

Table S1 Limits of detection (LOD) fodCP-MS of the bioavailable heavy metal and

metalloid concentrations investigated

Table & Descriptive statistics for the soil properties investigated across UK urban

horticultural soils in ten British cities

Table S3 Samples number for soil total organic carbon concentration (TOC); soil organic
concentration (OC); soil black carbon concentration (BC) and BC/TOC ratio

across UK urban horticultural soils in ten British cities.

Table $4 Descriptive statistics for the total heavy metal and metalloid concentrations

across UK urban horticultural soils in ten British cities

Table Isotopic ratios LPbPo’Pb and?®®PbP°’Pb) of the total soil Pb concentrations
across UK urban horticultural soils in tBntish cities

Table S5 Descriptive statistics for the soil bioavailable heavy metal and metalloid

concentrations across UK urban horticultural soils in ten British cities

Table S7 Samples number fothe soil bioavailable heavy metal anuietalloid

concentrations across UK urban horticultural soils in ten British cities

Table S1Limits of detection (LOD) for ICAMS of the bioavailable heavy metal and
metalloid concentrations investigated. Values are expressed in-thgdigdry weight.

Element As Cd Cr Cu Ni Pb Zn

LOD 0.00076 0.000943 0.075292 0.144926 0.045747 0.017267 4.064027
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Table & Descriptive statistics for the soil properties investigated across UK urban
horticultural soils in ten British cities. Median, mean, standard deviation (SD) and range of soil
pH; % of sand, silt, and clay particles; soil total organibaa concentration (TOC); soil
organic concentration (OC); soil black carbon concentration (BC) and BC/TOC ratio

n Median Mean SD Range

pH 367 6.48 6.4 0.39 4.847.21
Sand (%) 80 38.61 38.13 8.85 17.1254.08
Silt (%) 80 50.40 51.96 7.79 35.4568.82
Clay (%) 80 9.99 9.09 3.39 4.37-19.49
TOC (mg gb) 357 6050 7122 3986 15.16221.7
OC (mg g%) 357 45 52.01 30.78 6.05211.9
BC (mg g?) 357 1235 19.30 20.11 1.34131.1
BC/TOC (%) 357 216 25.68 17.28 2.27-89.73

Table S3 Samples number for soil total organic carbon concentration (TOC); soil organic
concentration (OC); soil black carbon concentration (BC) and BC/TOCaatiss UK urban
horticultural soils in ten British cities.

TOC OC BC BC/TOC

Edinburgh 37 38 37 37
Newcastle 34 33 34 34
Leeds 40 40 40 40
Liverpool 40 40 40 40
Nottingham 29 29 28 28
Leicester 37 37 37 37
Milton Keynes 37 37 37 37
Cardiff 34 34 32 32
Bristol 36 36 32 32
Southampton 33 33 31 31
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Table 4 Descriptive statistics for soil total heavy metal and metalloid concentrations across UK urban horticultural soils trshecitis.

Values are expressed in mgkspil dry weight.

n As Cd Cr Cu Ni Pb Zn

Median | Range | Median Range | Median Range Median | Range | Median | Range | Median | Range | Median | Range

Edinburgh 40 6.93 3.66 0.54 0.30 24.13 13.24 56.65 33.30 | 29.70 16.16 | 179 83.44 | 249.6 138.3
33.21 2.4 38.13 102.9 42.58 1229 996.0

Newcastle 34 16.86 6.68 0.76 0.43 28.04 14.94 81.33 25.40 | 26.49 15.94 | 303.4 82.00 | 349.3 185.20
27.85 1.1 45.31 245.9 40.62 500.9 -629.3

Leeds 40 30.00 16.00- | 0.76 0.24 58.42 29.90 91.82 32.69 | 28.03 18.40 | 197.4 103.9 | 245.2 138.6
79.49 2.5 163.4 371.8 39.79 1682 502.8

Liverpool 40 15.25 9.14 0.75 0.19 26.25 11.90 62.87 26.74 | 20.88 10.08 | 192.1 75.60 | 245.2 93.8%
68.88 2.2 36.51 165.6 1020 514.20 497.1

Nottingham 30 15.39 11.90- | 0.98 0.54 34.71 20.56 71.79 41.85 | 33.71 21.17 | 266.1 124.4 | 363.3 234.9
48.00 4.6 67.90 127.1 57.77 1019 861.9

Leicester 36 15.65 10.1x | 0.58 0.25 32.71 21.34 54.68 26.94 | 25.91 17.26 | 150.9 75.8% | 249.9 127.4
23.35 4.8 59.81 110.2 49.65 453.5 614.0

Milton 37 17.41 11.0+ | 0.49 0.21- 34.10 18.58 29.80 18.55 | 25.73 17.85 | 75.98 28.78 | 132.9 88.60
Keynes 36.84 6.5 71.89 227.8 39.61 3943 412.5
Cardiff 38 14.00 5.23 0.83 0.15 28.18 11.22 58.63 9.66- 24.10 7.27- 193.3 29.95 | 268.1 46.16
63.00 4.3 143.4 216.4 70.68 2149 1213.0

Bristol 36 15.88 9.75 0.91 0.46 17.93 9.36 41.90 14.05 | 16.05 5.88 185.0 87.76 | 253.4 1145
31.54 3.3 36.73 751.5 40.48 1211 960.0

Southampton 37 10.39 4.62 0.40 0.14 24.44 12.85 36.78 18.78 | 10.93 450 132.3 34.34 | 181.1 59.7%
16.04 0.80 93.14 86.13 21.60 488.0 484.5

National 391 15.14 3.67 6.495 0.13 28.33 9.36 56.85 9.66- 25.00 4,50 182.6 28.78 | 251.0 46.16
79.49 6.49 143.4 751.5 1020 3943 1213.0

186




Table S5 Isotopic ratios PPbP°Pb and®®PbP°Pb) of the total soil Pb concentrations across

UK urban horticultural soils in ten British cities.

Isotope Isotope ratio % Petrol- % Coal/Ore-
ratio (**®PblPb)  derived Pb derived Pb
(*°PblPb

Bristol 1 1.15805655 2.441 22.17 77.83
Bristol 2 1.16318697 2.447 17.79 82.21
Bristol 3 1.170008316 2.448 11.96 88.04
Bristol 4 1.135899704 2.414 41.11 58.89
Cardiff 1 1.142180987 2.423 35.74 64.26
Cardiff 2 1.159504801
Cardiff 3 1.137477008
Cardiff 4 1.130426656 2.411 45.79 54.21
Edinburgh 1 1.142236785 2.426 35.70 64.30
Edinburgh 2 1.145403851 2.425 32.99 67.01
Edinburgh 3 1.140037498
Edinburgh 4 1.159335846 2.443 21.08 78.92
Leeds 1 1.153296401 2.434 26.24 73.76
Leeds 2 1.163868411 2.451 17.21 82.79
Leeds 3 1.162796474 2.448 18.12 81.88
Leeds 4 1.133691176 2.416 43.00 57.00
Leicester 1 1.161332897 2.444 19.37 80.63
Leicester 2 1.131756911 2.412 44.65 55.35
Leicester 3 1.133246592 2.409 43.38 56.62
Leicester 4 1.145558011 2.431 32.86 67.14
Liverpool 1 1.12178793 2.404 53.17 46.83
Liverpool 2 1.144181299
Liverpool 3 1.152433899 2.431 26.98 73.02
Liverpool 4 1.146629221 2.426 31.94 68.06
Milton Keynes 1 1.173312965 2.456 9.13 90.87
Milton Keynes 2 1.144179407 2.423 34.03 65.97
Milton Keynes 3 1.123306499 2.405 51.87 48.13
Milton Keynes 4 1.139122538 2.416 38.36 61.64
Nottingham 1 1.160873666 2.442 19.77 80.23
Nottingham 2 1.154341566 2.430 25.35 74.65
Nottingham 3 1.142645051 2.425 35.35 64.65
Newcastle 1 1.136295933 2.414 40.77 59.23
Newcastle 2 1.154339442 2.431 25.35 74.65
Newcastle 3 1.142315614 2.424 35.63 64.37
Newcastle 4 1.149078947 2.433 29.85 70.15
Southampton 1 1.139192903 2.416 38.30 61.70
Southampton 2 1.150017616
Southampton 3 1.149109909 2.434 29.82 70.18
Petrol 1.067 2.340
Pennine Ore 1.182 2.485
England/Wales coal 1.184 2.461
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Table S5 Descriptive statistics for the soil bioavailable heavy metal and metathoicentrations across UK urban horticultural soils in ten British

cities. Values are expressed in mgtlspil dry weight.

As Cd Cr Cu Ni Pb Zn
Median | Range Median | Range Median | Range | Median| Range | Median| Range Median | Range Median | Range
Edinburgh 0.018 | 0.008 0.007 | 0.00% 0.18 0.14 0.062 | 0.045 0.026 | 0.018 5.29 4.41-
0.099 0.029 0.24 0.14 0.046 6.77
Newcastle 0.058 | 0.014 0.003 | 0.002 0.08 0.08 0.19 0.14 0.055 | 0.042 0.021 | 0.01%7 4.30 4.06
0.11 0.013 0.40 0.59 0.23 0.051 4,99
Leeds 0.047 | 0.005 0.003 | 0.00% 0.17 0.14 0.051 | 0.046 0.022 | 0.01%7 5.37 4,95
0.14 0.025 0.66 0.073 0.063 7.73
Liverpool 0.041 | 0.012 0.004 | 0.00% 0.18 0.10 0.061 | 0.06% 0.020 | 0.01% 4.09 4.08
0.093 0.030 0.98 0.061 0.13 18.9
Nottingham 0.048 | 0.022 0.006 | 0.00% 0.15 0.15 0.20 0.14 0.084 | 0.06% 0.025 | 0.01% 450 3.45
0.16 0.027 0.15 2.7 0.11 0.19 18.1
Leicester 0.039 | 0.015 0.004 | 0.00% 0.34 0.30 0.15 0.12 0.022 | 0.056 0.023 | 0.01% 4,51 4.00
0.21 0.035 2.7 0.19 1.60 0.60 11.2
Milton 0.022 | 0.004 0.004 | 0.00% 0.34 0.31- 0.26 0.14 0.23 0.291.10| 0.020 | 0.01% 4.30 4.05
Keynes 0.078 0.027 2.0 0.56 0.29 9.15
Cardiff 0.056 | 0.018 0.006 | 0.003 0.21 0.14 0.064 | 0.044 0.032 | 0.019 7.01 7.01-
0.27 0.027 0.36 0.10 0.14 7.01
Bristol 0.032 | 0.005 0.006 | 0.00% 0.08 0.07 0.17 0.14 0.060 | 0.046 0.036 | 0.018 4.89 416
0.11 0.028 0.10 0.30 0.18 0.11 6.19
Southampton| 0.021 | 0.007 0.004 | 0.00% 0.08 0.07- 0.15 0.14 0.057 | 0.042 0.019 | 0.018 5.18 4.69
0.045 0.015 0.88 0.26 0.56 0.037 5.68
National 0.036 | 0.004 0.005 | 0.00% 0.10 0.07- 0.18 0.10 0.068 | 0.029 0.023 | 0.01% 4.73 3.45
0.27 0.035 2.7 2.7 1.60 0.29 18.9
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Table S7 Samples number fadhe soil bioavailable heavy metal and metalloid concentrations
across UK urbahorticultural soils in ten British cities.
As Cd Cr Cu Ni Pb Zn

Edinburgh 40 40 2 20 14 7
Newcastle 40 40 3 22 13 17 8
Leeds 40 38 12 3 36 19
Liverpool 40 40 6 1 17 5
Nottingham 30 29 1 22 2 24 12
Leicester 40 40 6 18 24 29 22
Milton Keynes 40 40 20 8 28 24 13
Cardiff 40 40 29 16 25 1
Bristol 40 39 15 3 24 14 3

Southampton 20 20 20 15 20 4 2

National 370 366 65 147 151 190 85
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Table S1Population size and climatic conditions of the UK cities investigated

Case study 2011 UK Average annual Average mnimum Average maximum
urban areas population rainfall (mm) 2 temperature (°C)? Temperature (°C)?2
census
Edinburgh 476,626 72.3 56 10.8
Leeds 751,485 67.4 6.2 12.6
Liverpool 466,400 97.8 7.8 12.6
Milton Keynes 248,800 59 6.8 13.5
Cardiff 346,100 893 7.7 12.9

a ClimateData.org 2021

Table S2Food safety standard maximum levels of As, Cd and Pb (rigRy) for six

different food crop categorids

Food crop group Maximum Levels As Cd Pb
EU? 0.1 01
Root/Tuber/Bulb CHNP 05 01 0.2
Average 0.5 0.1 0.15
EU? 0.2 0.3
Leafy CHNP 05 02 03
Average 05 0.2 03
EU? 0.1 0.2
Legume CHNP 05 0.1 0.2
Average 05 01 0.2
EU? 0.05 0.1
Cucurbit Fruiting CHNP 0.5 0.05 0.1
Average 0.5 0.05 0.1
EU2 0.05 0.1
Solanaceous Fruiting CHNP 0.5 0.05 0.1
Average 0.5 0.05 0.1
EU2 0.05 0.1
Fruits CHNP 0.5 0.05 0.1
Average 0.5 0.05 0.1

a China National Standards (GB278212; GB1511999994; GB131061991)

b EU Commission Regulation (EC) No 1881/2006, 2006
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Table S3Descriptive statistics (mg Kg FW) of potentially toxic element§As, Cd, Cu, Pb and Zn) in food crop edible parts grown on urban
horticultural soils across five cities in the UK.

Food crop groups Food crop As Cd Cu Pb Zn
Median  0.0028 0.0079 0.019 0.055 1
Beetroot (n=5) Ranges 0.00060.0094 0.0020.017 0.00320.038 0.0150.071 0.253.5
Mean+SE 0.0039+0.0021 0.0086+0.003 0.017+0.062 0.047+0.17 1.6+0.67
Median 0.0019 0.011 0.35 0.054 14

Ranges 0.00170.024  0.00260.025 0.171.5 0.0140.095 0.3812
MeantSE 0.009+0.007 0.012+0.0054 0.59+0.31 0.054+0.041 3.9+2.8

Root/Tuber/Bulb Onion (n=4)

Median 0.0022 0.0021 0.3 0.023 2.2
Potato (n=10) Ranges 0.00070.026 0.00080.0084 0.0161.4  0.0180.041 0.275.2
Mean+SE 0.0051#0.003 0.003+0.001  0.42+0.13  0.02620.005 2.3%0.62

Median 0.002 0.015 1.00 0.016 4.9

Cavolo Nero (n=2) Ranges  0.00140.0026 0.015 0.191.9  0.0130.019 4.9

Mean+SE  0.002+0.0006 0.015 1+0.83  0.01620.003 4.9

Median 0.0015 0.011 0.25 0.073 2.3

Chard (n=4) Ranges 0.00050.023  0.00660.015  0.0550.49 0.0390.075 1.9:3.3
Mean+SE 0.0065+0.0053 0.0011+0.0025 0.026+0.092 0.062+0.012 2.4%0.3

Leafy Median 0.0024 0.005 0.12 0.056 1.9
Lettuce (n=6) Ranges 0.00050.0096 0.00:0.015  0.0480.68  0.0120.11 0.653.1
Mean+SE 0.0033+0.0016 0.0062+0.0024 0.23+0.1  0.060.024 1.9+0.39

Median 0.0016 0.0047 0.18 0.048 3.6

Spinach (n=3) Ranges 0.00130.0018 0.00450.021  0.120.29  0.0150.082  2-6.2

Mean+SE 0.0016£0.0002 0.01:0.0056  0.20.051 0.048+0.033 4+1.2

Median 0.0023 0.025 0.91 0.02 5.2

French Bean (n=3) Ranges 0.00090.023  0.0020.047  0.213.2 0.02 2.613
Mean+SE 0.0086+0.007 0.025+0.023  1.4+0.89 0.02 7.1433

Legume Median 0.0017 0.0034 0.3 0.017 2.6

Runner Beafn=8) Ranges  0.00070.47  0.00080.0084  0.160.82  0.0080.075 0.0233.2
Mean+SE 0.00830.0056 0.0038+0.0011 0.37+0.078 0.028+0.011 2.2+0.39
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Cucurbit Fruiting

Solanaceous Fruiting

Fruits

Courgette (n=11)

Cucumber (n=3)

Tomato (n=10)

Apple (n=11)

Currant (n=3)

Pear (n=2)

Raspberry (n=14)

Rhubarb (n=24)

Strawberry (n=3)

Median
Ranges
Mean+SE
Median
Ranges
Mean+SE
Median
Ranges
Mean+SE
Median
Ranges
Mean+SE
Median
Ranges
Mean+SE
Median
Ranges
Mean+SE
Median
Ranges
Mean+SE
Median
Ranges

Mean+SE
Median

Ranges
MeanzSE

0.001
0.00050.015
0.0034+0.0017
0.0099
0.00080.011
0.0074+0.0033
0.001
0.00050.004
0.0015+0.0005
0.0019
0.00070.008
0.0026+0.0007
0.0044
0.00080.0086
0.0046+0.0022
0.01
0.00180.019
0.01+0.0085
0.0026
0.00110.04
0.0076+0.0038
0.0013
0.00050.0091

0.023+0.0005
0.0041

0.00220.006
0.0041+0.0019

0.01
0.00080.052
0.018+0.0085

0.0019
0.00140.0024
00019+0.0005

0.0045

0.00630.016
0.0065+0.002

0.0025
0.00120.0058
0.0031+0.0008

0.018
0.00160.027
0.015+0.0074

0.0039
0.00120.0066
0.0039+0.0027

0.0092

0.00240.056
0.014+0.0045

0.0072

0.00%0.032

0.0091+0.0018
0.0033

0.00230.0043
0.0033+0.001

0.19
0.0510.62
0.28+0.064

0.19
0.0660.27

0.18+0.06

0.26
0.0610.66

0.3+0.74

0.49

0.1-0.96
0.48+0.08

0.33

0.31-0.96
0.53+0.21

0.32
0.0780.55

0.32+0.24

0.58

0.1-2.1
0.67+0.12

0.15

0.020.95

0.25+0.051
0.19

0.11-0.27
0.19+0.081

0.012 15
0.0050.022 0.142.9
0.012+0.002 1.4+0.25

0.011 15
0.0050.016 1.2-1.8
0.011+0.006 1.5+0.32

0.008 1.2
0.0060.041 0.434.7
0.014+0.007 1.9+0.48

0.009 15
0.0080.046  0.3-3.8
0.018+0.009 1.8+0.33

0.061 3.4

0.030.38 1.63.5
0.016+£0.11 2.8+0.63

0.024 0.99

0.024 0.521.5

0.024 0.99+0.48

0.018 2.4
0.00#0.057 0.3711
0.023+0.005 3.2+0.78

0.015 1.2
0.0050.088 0.2421

0.022+0.005 2.8+0.91
0.056 14

0.0340.078 1.2-1.6
0.056+0.022 1.4+0.18
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Table S4Descriptive statistics (mg 10ag FW; Se in pg 100g.; FW) ofessential mineralCa, Cu, Fe, K, Mg, Mn, P, Se and Zn) in food crop
edible parts grown on urban horticultural soils across five cities in the UK.

Food crops Ca Cu Fe K Mg Mn P Se Zn
Median 17 0.02 0.27 116 8.70 0.07 7.70 0.16 0.32
Beetroot (n=5) Mean+SE 58+38  0.17+0.06 0.33+0.13 183+76 7.4x1.6 0.066+0.02 16+4.5 0.25+0.1 0.32#.03
Ranges 7.1-:206  0.030.38 0.040.80 47-477 12210 0.01-0.11 3.330 0.020.8 0.290.35
Median 57 0.03 0.95 253 16 0.17 33 0.28 0.71
Onion (n=4) MeantSE 161+124 0.59+0.31 1.1+0.51 239+27 20+7.7 0.19+#0.07 35%6.7 0.3+0.1 0.71#0.51
Ranges 2.1-530 0.17-1.5 0.152.2 163287 8.1-42 0.050.4 2053 0.050.6  0.20-1.2
Median 3.80 0.03 0.20 206 12 0.05 26 0.14 0.23
Potato (n=10) Mean+SE 10+3.7 0.42+0.01 0.31+0.12 23460 13+3.2 0.059+0.01 28+7 0.33x0.2 0.30#0.06
Ranges 1.0-34 0.021.4 0.021.3 23685 0.6230 0.01-0.13 2.1-71 0.061.4 0.17-0.52
Median 51 0.02 0.31 188 9.90 0.07 26 0.99 0.23
Chard (n=4) MeantSE 46+9.8 0.26£0.092 0.53+0.29 228+56 11+36 0.11+0.04 25+6.7 1.2+0.6 0.24#0.03
Ranges 21-62 0.060.49 0.11-1.4 142393 3.919 0.060.22 6.7-39 0.072.7 0.190.33
Median 32 0.01 0.31 159 6.30 0.06 11 0.041 0.25
Lettuce (n=6) Mean+SE 53+21  0.23+x0.10 0.32+0.06 169+35 7.4+1.6 0.059+0.01 20+7.2 0.04+0.01 0.24+0.03
Ranges 3.6141 0.050.68 0.040.49 75325 3.7-15 0.030.08 9.253 0.030.06 0.160.31
Median 27 0.03 039 211 17 008 27 (95T 030
Runner Bean(n=8) Mean+SE 52+22  0.37#0.08 0.39+0.07 251+#4 18+3.4 0.10+0.02 31+7.2 O. 07_‘2 1 0.42+0.12
Ranges 19183 0.160.82 0.080.75 81-550 5.938 0.030.23 1077 ’ ’ 0.171.3
Medium 16 0.02 0.25 130 11 0.05 18 0.08 0.19
Courgette (n=11) Mean 20+5.5 0.28£0.64 0.25+0.05 154+24 9.9+1.2 0.10+0.05 18%£3.2 0.23x0.1 0.20+0.02
Ranges 2.2-67 0.050.62 0.080.61 44-341 2.916 0.01-054 4.539 0.0031.3 0.150.29
Median 11 0.03 0.27 151 11 0.06 19 0.09 0.38
Tomato (n=10) MeantSE 15%¥4.3  0.30+0.07 0.29+0.07 17735 11+2.1 0.06%x0.01 21+3.5 0 11'+0 03 0.4+0.04
Ranges 0.51x45 0.060.66 0.060.77 26-337 1.7-22 0.01-0.11 3.539 0 01j0'4 0.340.47
Median 10 0.05 0.17 194 12 0.06 18 0.27 0.25
Apple (n=11) MeantSE 17+4.7 0.48+0.08 0.25+0.06 190+30 12+2.5 0.06%x0.02 25+4.7 0.23+x0.06 0.26+0.04
Ranges 1.7-48 0.100.96 0.060.62 46360 2.829 0.01-0.20 7.045 0.0:0.4 0.150.38
Median 14 0.06 0.35 246 17 0.09 37 0.24 0.25

Raspberry (n=14) MeantSE 21+5.2 0.67+0.12 0.34+0.03 288+45 21+4.4 0.16+0.04 32+3.9 0.38+0.2 0.38+0.09
Ranges 5.6-81 0.102.1  0.140.51 92671 4.369 0.020.49 8.348 0.0042.3 0.161.1
Median 24 0.02 0.20 112 6.4 0.06 12 0.08 0.41

Rhubarb (n=24) MeantSE 36+8.1 0.25+0.05 0.22+0.03 15743 9.1+1.6 0.09+0.02 16+2.7 0.27+0.09 0.53%0.18
Ranges 0.82164 0.20:0.95 0.01-0.64 34528 0.7028 0.01-0.49 1.7-57 0.082 0.152.1
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Table S5Nutrientcontentexpressed as percentage of the reference nutrient intake (%rRNI
adultg derived from the consumption of UH produce grown on urban horticultural soils across
five cities in UKand commercial horticultural crops commonly consumed acrosg B&J%

RNI for adultfemales and males are presented for Ca,FéuK, Mg, P, Se and Zior & a

dayd(400g F&V) diet

Female UH EU
Mean (%) SEM Mean (%) SEM
Calcium 25.37 10.66 18.73 1.42
Copper 12.98 1.93 19.69 1.66
Iron 12.38 2.86 22.22 4.2
Potassium  23.47 2.15 28.43 1.11
Magnesium 19.63 2.39 26.66 2.24
Phosphorus 18.32 1.85 24.39 0.98
Selenium 2.194e003 6.56e004 2.16 0.42
Zinc 11.47 2.83 16.93 1.31
Male
Calcium 25.37 10.66 18.73 1.42
Copper 12.98 1.93 19.69 1.66
Iron 21.06 4.88 37.79 7.15
Potassium  23.47 2.15 28.43 1.11
Magnesium 17.67 2.15 24 2.02
Phosphorus 18.32 1.85 24.39 0.98
Selenium 1.755e003 5.25e004 1.73 0.33
Zinc 8.45 2.08 12.47 0.96

Table S6Results of unpairedtestbetween thelaily intake of essential minergl€a, Cu, Fe,

K, Mg, P, Se ad Zn)from UH produce andommeraal horticultural crops in two dietgb a

daydéd (400g F&V) and 610 a dayé
& a dayd 3L0 a day
Calcium p < 0.0001; U = 2680 p < 0.0001; U =1206
Copper t(198) = 21.02 ;p < 0.0007 t(198) = 35.87 ;p < 0.0001
Iron p < 0.0001; U =481 p < 0.0001
Potassium  t(198) = 15.57 ;p < 0.0001] t(198) = 22.42 ;p < 0.0001

Magnesium t(198) = 8.87 ;p < 0.0001, t(198) = 19.81 ;p < 0.0001
Phosphorus p <0.0001; U =971 p <0.0001; U =127
Selenium p < 0.0001 p <0.0001

Zinc t(198) = 13.70 ;p < 0.0007 t(198) = 27.10 ;p < 0.0001
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Soils hold three quarters of the total organic carbon (OC) stock in terrestrial ecosystems and yet we funda-
mentally lack detailed mechanistic understanding of the turnover of major soil OC pools. Black carbon (BC),
the product of the incomplete combustion of fossil fuels and biomass, is ubiquitous in soils globally. Al-
though BC is a major soil carbon pool, its effects on the global carbon cycle have not yet been resolved.
Soil BC represents a large stable carbon pool turning over on geological timescales, but research suggests
it can alter soil biogeochemical cycling including that of soil OC. Here, we established two soil microcosm
experiments: experiment one added '>C OC to soil with and without added BC (soot or biochar) to investi-
gate whether it suppresses OC mineralisation; experiment two added '>C BC (soot) to soil to establish
whether it is mineralised in soil over a short timescale. Gases were sampled over six-months and analysed
using isotope ratio mass spectrometry. In experiment one we found that the efflux of >C OC from soil de-
creased over time, but the addition of soot to soil significantly reduced the mineralisation of OC from 32%
of the total supplied without soot to 14% of the total supplied with soot. In contrast, there was not a signif-
icant difference after the addition of biochar in the flux of '*C from the OC added to the soil. In experiment
two, we found that the efflux >C from soil with added '3C soot significantly differed from the control, but
this efflux declined over time. There was a cumulative loss of 0.17% '3C from soot over the experiment.
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These experimental results represent astep-change in understanding the influence of BC continuum on car-
bon dynamics, which has major consequences for the way we monitor and manage soils for carbon seques-

tration in future.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

There is approximately three times more carbon found in soils than
is held in the atmosphere as CO; (Fischlin et al., 2007; Lal, 2004; IPCC,
2019). However, global shifts in land-use from natural and semi-
natural ecosystems to agricultural and urban land, along with agricul-
tural intensification have heavily degraded soils, with the resultant
loss of an estimated 40 to 90 Pg of soil organic carbon (SOC) (Smith,
2007). As a direct response, signatories of the Kyoto Protocol are re-
quired to quantify the amount of carbon stored in soils, in order to mon-
itor the net carbon emissions to the atmosphere by changes in land
management or land-use. In spite of the critical role soils play in the
global carbon cycle, we fundamentally lack detailed mechanistic under-
standing of the turnover of major soil organic carbon pools, particularly
so-called black carbon (BC). This limits our ability to integrate soils into
policies for a net zero future.

Black carbon is the product of the incomplete combustion of biomass
and fossil fuels (Masiello, 2004; Hedges et al., 2000; Kuhlbusch and
Crutzen, 1995). As such, the term BC describes a continuum of particles
from slightly charred biomass to highly condensed and refractory soot
and graphite (Bird et al,, 2015; Hedges et al., 2000; Kuhlbusch and
Crutzen, 1995). Slightly charred particles are generally dominated by
small polycyclic aromatic hydrocarbons (PAHs) (2-7 rings) and labile
carbon forms and, whereas soot particles are mainly comprised of gas
phase re-condensed highly aromatic molecules (PAHs >7 rings) and
stable carbon forms (Bird et al.,, 2015; Koelmans et al., 2006; Meredith
et al., 2012). Black carbon occurs ubiquitously in the environment,
playing an important role in a wide range of biogeochemical processes
(Talukdar et al., 2019; Bond et al., 2013; Flanner, 2013; Masiello,
2004), and it has been suggested that it may influence the turnover of
more labile ecosystem-derived SOC, defined as decaying plant residues,
soil biota and exudates (Liu et al,, 2018; Edmondson et al., 2015; Liang
etal., 2010; Major et al., 2010). Overall, it is estimated that global BC
soil stocks range between 54 and 109 Pg, representing the largest pool
in the BC cycle (Bird et al.,, 2015). BC has been demonstrated to contrib-
ute to a significant portion of the total organic carbon (TOC) pool; e.g. in
urban soils >20% (Edmondson et al., 2015; Hamilton and Hartnett,
2013; Liu et al,, 2011; Rawlins et al., 2008) and in agricultural soils be-
tween 2 and 42% (Lavallee et al., 2019; Hamilton and Hartnett, 2013;
Skjemstad et al., 2002 ). However, the methods used to determine soil
carbon stocks do not consistently quantify BC, with the current state-
of-the-art deploying CN elemental analysis which does not distinguish
between ecosystem-derived carbon and BC (Edmondson et al., 2015).
In contrast, alternative approaches such as dichromate oxidation mostly
target the more labile ecosystem-derived carbon (Reisser et al., 2016;
Knicker et al.,, 2007). As a direct result, the differential outputs of current
analytical methodologies render national carbon inventories incompa-
rable. For example, across Continental Europe and Northern Ireland BC
is quantified as part of the TOC pool via elemental analysis (de
Brogniez et al., 2015; Xu et al., 2011), while BC is not accounted for in
England, Wales (Bradley et al., 2006) and the Republic of Ireland
(Cruickshank et al., 1998) where soil carbon measure are derived from
dichromate oxidation.

Although BC is ubiquitous in soils globally, our understanding of its
contribution to the SOC cycle and the biogeochemical global carbon
cycle is poorly resolved (Smith et al,, 2015). Understanding of the influ-
ence of BC on the SOC cycling and its stability in soils is crucial for cli-
mate change mitigation policies due to its potential to offset carbon
emission and increase carbon sequestration and to increase the

accuracy of global carbon models simulating carbon cycling under dif-
ferent climate change scenarios (Cotrufo et al., 2016).

Research on the influence of BC on the turnover of more labile,
ecosystem-derived SOC, include both suppression and stimulation of
SOC mineralisation (Whitman et al.,, 2015). Liu et al. (2018) reported
that addition of biochar (a form of BC) to the soil decreased the cumula-
tive emission of CO, between 72% to 88% compared to control without
biochar. Similarly, Liang et al. (2010) observed that total carbon
mineralisation in BC-rich soils was 25.5% lower than in BC-poor adja-
cent soils. In contrast, Major et al. (2010) observed that 41% and 18%
more carbon was respired when biochar was added to the soil com-
pared to control, in two consecutive years. BC represents a largely stable
pool of carbon turning over on geological timescales (Lehmann, 2015;
Singh et al, 2012; Preston and Schmidt, 2006; Masiello, 2004;
Goldberg, 1985). However, studies have reported soil BC mineralisation
at shorter timescales (Major et al., 2010; Chenget al., 2006; Hamer et al.,
2004), although most of this work is carried out in the context of the
more labile biochar, as opposed to soot, which is the more recalcitrant
component of the BC continuum, but is a major feature of soils in the
industrialised world (Hamilton and Hartnett, 2013; Liu et al., 2011;
Sanchez-Garcia et al.,, 2012; Stanmore et al., 2001). To date, no studies
have investigated the stability of soot in soils and its role in the
mineralisation of ecosystem-derived organic carbon. To provide a fun-
damental advance in our understanding of the extent to which BC rep-
resents an active component in the soil carbon cycle, we established two
microcosm experiments in combination with isotope tracer technology
and gas analysis to address two fundamental questions: a) Does BC
(soot and biochar) influence the mineralisation of ecosystem-derived
carbon pools? and b) Is BC in the form of soot mineralised in soils over
short time scale?

2. Material and methods
2.1. Experimental microcosm soil

Soil for the microcosm experiment was sampled, in triplicate, from
an arable farm in Lincolnshire, UK (53°18'52.1" N, 0° 26' 17.6" W), in
February 2019. The soil samples were subsequently mixed, air-dried
and passed through a 2 mm sieve. Prior to analyses, a subsample of
this soil was homogenised in an agate ball-mill and sieved to 2 mm to
remove any stones. Soil texture was determined by Laser Scattering Par-
ticle Size Distribution Analyser (Horiba LA 950): prior analyses, TOC was
removed by addition of H,0, (9.8 M) to 10 g of soil (Mikutta et al.,
2005). Soil pH was measured in a 1:2.5 soil to water solution. Soil TOC
concentration was determined in a CN analyser (Vario EL Cube,
Elementar, Hanau, Germany) (Edmondson et al., 2012). Before TOC
analyses, inorganic carbon was removed by addition of 700 pl of HCI
(6 M) to 90 mg of soil (Rawlins et al., 2008). Soil BC concentration
was analysed by hydropyrolyses (HyPy), described in detail elsewhere
(Meredith et al., 2012). The microcosm soil had a pH of 6.73 and a
sandy loamy texture. Soil TOC was 28.72 + 0.84 mg g™!, of which
more than 95% was ecosystem-derived organic carbon (26.64 +
0.91 mg g™'), with a BC concentration of 2.08 + 0.09 mg g™,

2.2.Soot and biochar production and characterization
Samples of soot particulate matter (PM) were generated from meth-

ane gas under pyrolysis conditions in an electrically heated flow tube re-
actor. The equipment and method of particulate generation has been
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described previously (Eveleigh et al,, 2014), and adaptations have been
made to the equipment to collect soot PM onto filter papers (Dandajeh
et al., 2017). Separate soot PM samples were collected from methane of
natural isotopic composition (BOC, UK), and isotopically labelled *C
methane (99% '3C, Sigma Aldrich). The reactor temperature was con-
trolled to 1200 °C gas temperature at the reactor centreline. Flow rates
of 20 I min™! nitrogen and 207 ml min! of methane were metered by
mass flow controllers, resulting in 10,000 ppmv methane concentration.
The flow rates resulted in a residence time through the reactor zone of
constant heating of ~1 s. Particulate matter was sampled from the reac-
tor centreline and drawn through a stainless-steel sampling tube under
vacuum and filtered through glass fibre filters (70 mm filter, 0.7 pm
pore size) onto which soot PM was deposited. A total mass of about
0.55 g particulate was collected onto several filters (a total of about
100 mg per filter), for both natural and isotopically labelled methane.

Biochar samples were produced from willow chips using a labora-
tory pyrolysis unit at the UK Biochar Research Centre at the University
of Edinburgh. Approximately 30 g of willow chips were placed in a lab-
oratory batch pyrolysis unit with a vertical quartz tube (inner diameter
50 mm) externally heated by a 12 kW infra-red gold image furnace
(P610C; ULVAC RIKO, Yokohama, Japan) described in detail elsewhere
(Masek et al., 2018; Crombie et al., 2013). Before pyrolysis, the reactor
was purged with nitrogen to eliminate any residual air within the sys-
tem. The nitrogen purge was maintained at a rate of 0.3 I min™! for the
duration of the experiment. The willow chips were pyrolyzed at a
heating rate of 20 °C min™!, with the highest treatment temperature
(HTT) of 450 °C, and a residence time of 30 min at HTT. After pyrolysis,
the system was cooled down under nitrogen flow to prevent oxidation
of the biochar.

Soot and biochar samples were analysed using HyPy (Meredith et al.,
2012). HyPy tests were performed using the procedure described previ-
ously by Ascough et al. (2009). The soot and biochar samples were first
loaded with 10% by weight of molybdenum (Mo) catalyst using an
aqueous/methanol solution of ammonium dioxydithiomolybdate
[(NH4)2M00,S;] and placed within borosilicate sample holders to
allow for the accurate weight loss during pyrolysis of each sample to
be determined (Haig et al., 2020). The samples were pyrolyzed with re-
sistive heating from 50 °C to 250 °C at 300 °C min™", and then from 250
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°Cto 550 °Cat 8 °Cmin™!, before being held at the final temperature for 2
min, under a hydrogen pressure of 15 MPa. A hydrogen sweep gas flow
of 51 min™!, measured at ambient temperature and pressure, ensured
that the products were quickly removed from the reactor, and subse-
quently trapped on dry ice cooled silica (Meredith et al., 2004).

The dichloromethane soluble products desorbed from the silica
were then analysed on an Agilent GC-MS (7890B GC; 5977A MSD),
scanning in the mass range of m/z 40-400 (EI 70 eV, source temperature
200 °C). Product separation was performed on an HP-5MS column (30
m x 250 um x 0.25 pm). The GC oven temperature was initially held
at 50 °C for 0.5 min, then heated to 300 °C at a rate of 4 °C min™",
where it was held for 5 min. Individual compounds were identified
using a NIST MS library and published data.

The soot appeared to be very similar in composition to the n-hexane
soot described in the BC ring trial (Hammes et al., 2007), with a carbon
content 93% (compared with 92.9%), and an atomic H/C of 0.21 (com-
pared with 0.19). As expected, the soot was very stable under HyPy con-
ditions (BCyypy = 69%), although as with the ring trial soot there was a
small but significant labile fraction. The biochar carbon concentration
was 73% and an atomic H/C of 0.61, similar to atomic H/C of biochars
produced at equal pyrolysis temperature (Xiao et al., 2016). Compared
to soot, biochar was less stable under HyPy condition (BChypy = 52%),
however within the range of BCyypy reported in Meredith et al. (2017)
for biochars produced at similar temperature.

GC-MS of this labile non-BCyypy fraction of the soot was dominated
by 4-6 ring parent PAHs structures (Fig. 1). This is probably a reflection
of the relatively high temperature of formation of the soot, which is
known to increase the degree of condensation, and so result in a more
restricted distribution of PAHs that are able to be cleaved off by HyPy
(Mcbeath et al., 2015; Meredith et al., 2017). For this soot, the formation
temperature of 1200 °C has appeared to suppress 2-4 ring PAHs in pref-
erence to 5-6 rings, in addition to the much larger clusters that form the
stable BCyyypy fraction.

GC-MS of the labile non-BChypy fraction of the biochar show it to be
very similar to the soot one, dominated by 4-6 rings PAHs structures
(Fig. 2), however soot also presented 7 rings PAHs structures (e.g.
Coronene, Fig. 1). The labile biochar fraction contained more alkyl-
substituted PAHs resulting in multiple clusters of peaks and an
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Fig. 1. Total ion chromatogram of the labile non-BGyypy of the soot.
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Fig. 2. Total ion chromatogram of labile non-BCyypy of the biochar.

unresolved complex mixture beneath the baseline (Fig. 2). Biochars and
charcoals, especially those formed at relatively low temperatures are
typically dominated by 2-4 ring structures (Rombola et al., 2016;
Ascough et al., 2010). In this biochar, the 4 rings structures are the
most abundant and the 2-3 rings compounds seems to be suppressed
at 450 °C.

2.3. Microcosm experiments

Two microcosm chamber experiments were conducted over 168
days: experiment one added '3C labelled organic carbon to soil with
and without added BC (soot or biochar) to investigate the influence of
soot and biochar on organic carbon mineralisation; experiment two
added 3C soot to soil to investigate the mineralisation rate of soot in
soil.

Experiment one treatments were: control (organic carbon) (soil
with 19.42 mg '3C organic carbon - 99% '3C Sucrose, Sigma Aldrich cat-
alogue number 605417); organic carbon and soot (soil with 19.42 mg
13C organic carbon and 25 mg of unlabelled soot) and organic carbon
and biochar (soil with 19.42 mg '3C organic carbon and 25 mg of
unlabelled biochar). Soot and biochar were added into the soil at rate
of 10t ha™! which represents a common rate of application in soil-BC re-
search experiments (O'Connor et al., 2018; Jeffery et al., 2011). Sucrose,
glucose and fructose are often identified as the most abundant low mo-
lecular weight carbon compounds present in root exudates, across all
ecosystems (Girkin et al., 2018; Shi et al,, 2011). Thus, sucrose was se-
lected for this experiment as a common photosynthetically derived
form of labile organic carbon found in soils across all ecosystems
(Canarini et al., 2019; Girkin et al., 2018; Shi et al,, 2011). Sucrose was
added at the rate of 3.88 mg C g'! dry soil which falls between low
and medium root exudates input rates previously reported in literature
(Basiliko et al., 2012; Girkin et al., 2018; Shi et al., 2011). Experiment
two treatments were: control (soil) and soot (soil with 25 mg of *C
soot). All treatments were thoroughly mixed into 5 g dry weight equiv-
alent of soil to homogenise and replicated four times. Each treatment
was setupin a 180 ml air-tight plastic container and kept in a controlled
environment at constant temperature of 18 °C for the duration of the ex-
periment. Ultra-pure water was added to each experimental unit

throughout the duration of the experiment to maintain soil moisture
at field capacity. Experiment one ran for 168 days and experiment two
ran for 154 days, with measurements at set up and after 1, 7, 14, 21,
28, 35, 42, 49, 56, 70, 84, 98, 112, 126, 140, 154 and 168 days. *C0O,
gases were sampled through a one-way stopcock valve with a 10 ml sy-
ringe. To avoid anoxic condition, each experimental unit was opened to
oxygenate at each sampling point. Gas samples were analysed for *C
content by continuous flow isotope ratio mass spectrometry (SERCON
ANCA GSL 20-20 IRMS). According to convention, '3C enrichment was
expressed as & '3C (relative to the Pee Dee Belemnite international stan-
dard) using Eq. (1) (Bostrom et al., 2007).

(Bc)
-
C Sample
(=)
-
¢ Standard

The cumulative percentage of the CO, respired from '>C-labelled
soot or organic carbon was calculated by pool dilution using Eq. (2).

t —
=X [(’%)xloo]
n=nth s

where (; = Cumulative percent CO, lost; t = sampling time point; n =
nt™™ sampling time point; A, = atom% of the '>C-CO, respired (see
Table S2 and S4); A, = atom% of 13C-CO, (natural abundance; A, =
1.09 atom%); A; = '3C atom% of the labelled soot or organic carbon
added to the soil.

52C (%ho) = % 1000

)

24. Statistical analyses

Linear mixed-effect models were used to analyse the differences be-
tween & '2CO, fluxes in the incubation experiment with or without 3C
soot and to test for an effect of soot and biochar on '*C organic carbon
mineralisation over time. The mixed-effect model was applied using
the package ‘nlme’ (Zuur et al,, 2009) in R v.3.6.1 (R Core Team, 2017),
where the random effect variable was replicate, the fixed effect
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variables were treatments and duration of the experiment (Days) and
method of estimation Maximum Likelihood (ML). The Akaike informa-
tion criterion (AIC) was used to compare the performance of different
models and identify the best fitting model. To improve normality, &
13C0, modelled data of experiment one were log-transformed prior to
statistical analyses. Data below IRMS limit of detection were treated as
missing values and thus exclude from the analyses.

3. Results

3.1. Effect of soot and biochar on the mineralisation of added organic
carbon

The addition of soot significantly decreased the flux of & *CO, from
the organic carbon added to the soil (F = 30.152; df. = 1,89; p <
0.0001; Fig. 3a). Although the flux of & '3CO, from the organic carbon
decreased significantly over time there was a significant interaction be-
tween experimental duration (Days) and treatment. The difference be-
tween the organic carbon and organic carbon with soot increased over
time (F = 67.372; d.f. = 2,89; p < 0.0001; Fig. 3a). The significant
reduction in the flux & 3CO, from organic carbon with soot addition
resulted in a reduction in cumulative loss of carbon supplied over the
duration of the experiment from 32% without soot to 14% with soot
(Fig. 3b). In contrast, there was not a significant difference after the
addition of biochar in the flux of & *CO, from the organic carbon
added to the soil (F = 2.402; df. = 1,92; p = 0.1246; Fig. 3c). However,
there was a significant interaction between experimental duration
(Days) and treatment. The difference between the organic carbon and
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organic carbon with biochar slightly increased over time (F = 23.921;
d.f. =2,92; p < 0.0001; Fig. 3c).

3.2. Mineralisation of soot in soil

The addition of '3C soot significantly increased the flux of & *CO,
when compared to the control (F = 234.7715; d.f. = 198; p <
0.0001; Fig. 4a), however the & 1*CO, flux >C soot added decreased sig-
nificantly over the duration of the experiment (F = 5.9169; d.f. = 2,98;
p = 0.0037; Fig. 4a). After 24 h 0.0037 mg of the added '*C soot had
been mineralised and the cumulative total of mineralised soot increased
t0 0.039 mg after 168 days (Fig. 4b). The cumulative loss of carbon
added as soot over the duration of the experiment was 0.17% (Fig. 4b).

4. Discussion

It is estimated that the global BC soil pool ranges between 54 and
109 Pg, this is the largest pool in the global BC cycle (Bird et al., 2015)
with the soot fraction of this BC pool considered to be the most recalci-
trant (Masiello, 2004; Hedges et al., 2000; Kuhlbusch and Crutzen,
1995). Here we show, for the first time, that BC in the form of soot
supresses the mineralisation of labile organic carbon in soils, with 18%
less *CO, produced when soot is added to the soil. In addition, we
show that BC in the form of soot can be, to some extent, mineralised
in soils and contribute to soil CO, effluxes. Together, these findings
cast doubt on the widely held assumption that BC in the form of soot
plays a passive role in soil carbon dynamics. Black carbon represents
an important component of the carbon cycle that is not accounted for
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in current models of dynamic carbon fluxes between soils and the atmo-
sphere (Cotrufo et al., 2016). This finding is thus fundamental to our un-
derstanding of the soil carbon cycle.

While the mechanisms underpinning the suppressive effect of soot
on the mineralisation of labile organic carbon need further investiga-
tion, the high surface area of soot and the high abundance of surface
binding sites (surface groups) increase the reactivity and capability of
soot to interact with labile organic carbon (Lehmann, 2015), thus poten-
tially explaining this result. Indeed, it has been demonstrated that BC
presents a high sorption affinity for organic carbon compounds
(Kasozi et al., 2010), making them less accessible for soil microbes. In
particular, adsorption and encapsulation have been suggested as poten-
tial mechanisms by which BC may suppress the mineralisation of labile
organic carbon (Liu et al,, 2018; Whitman et al., 2015; Lu et al., 2014;
Zimmerman et al,, 2011). In the first mechanism, encapsulation, the or-
ganic carbon is adsorbed within the pore of black carbon which became
physically unavailable for microbes degradation. In the second mecha-
nism, adsorption, the organic carbon is adsorbed on the large surface
area of the black carbon which became less accessible to soil microbes.
This result corroborates the previously observed correlation between
ecosystem-derived soil organic carbon and soil BC concentration,
which in the urban context of this study, was most likely soot
(Edmondson et al., 2015; Hamilton and Hartnett, 2013; Liu et al,,
2011). Additionally, our findings are supported by research demonstrat-
ing a suppressed mineralisation of ecosystem-derived organic carbon in
BC (biochar) amended soils (Wang et al., 2016; Cross and Sohi, 2011;
Liang et al., 2010). In contrast, the addition of BC in the form of biochar
did not affect the mineralisation of labile organic carbon. Similar results
were found by other studies, where no significant effect on the soil or-
ganic carbon mineralisation was observed following biochar addition
(Wang et al., 2016; Kuzyakov et al., 2009). To understand the mecha-
nisms underpinning the differences between soot and biochar effect
on labile organic carbon mineralisation, further research is needed.
However, it has been suggested that the decrease in soil organic carbon
mineralisation due to the sorption properties of BC could be associated
with its more recalcitrant fractions (Whitman et al.,, 2015). This is also
what our findings potentially suggest. The HyPy analyses on soot and
biochar showed that soot was more stable under HyPy condition than
biochar, with a larger recalcitrant fraction compared to biochar, 69%
and 52%, respectively. Potentially suggesting that driving the differences
between soot and biochar effect on organic carbon mineralisation might
be the presence of a greater recalcitrant fraction in soot compared to
biochar. However, further analysis is needed to investigate this
hypothesis. Additionally, previous research has demonstrated that the
suppression of soil organic carbon increases with increased biochar con-
centration (Liu et al,, 2018). Particularly, in Liu et al. (2018) a significant
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decrease in soil organic carbon mineralisation was observed only after
biochar application rate of about 67 t ha™*. Thus, explaining the differ-
ences between soot and biochar effect on soil organic carbon
mineralisation might also be the rate of biochar applied in this experi-
ment (10 t ha™!). However, further research is needed to investigate
this. While we show that soot influences the dynamics of labile carbon
mineralisation, we have also demonstrated that it is mineralised itself
and therefore represents a hitherto overlooked component of the car-
bon cycle. As suggested by Bird et al. (2015), BC degradation processes
in soil can be seen as continuum ranging from more labile lightly
charred materials to highly recalcitrant condensed aromatic molecule,
although our analyses suggest that even at the recalcitrant end of this
continuum a proportion of BC is still mineralizable over short time-
scales. The chemical analysis of our labelled soot revealed that around
30% of the soot is potentially labile and composed of aromatic hydrocar-
bons, such as pyrene and phenanthrene, that are known to be readily
mineralised by the soil microorganisms (Couling et al., 2010). These
PAHs are still likely to represent the minor portion of the soot that
was able to be mineralised over the course of the experiment (Couling
et al, 2010). Our experimental results also indicated that soot
mineralisation declined with time. While the mechanisms behind the
decrease in soot mineralisation need further research, microbial toxicity
induced by PAHs associated with soot could have played a role in the
slowdown of the soot mineralisation (Patel et al., 2020). Similarly,
soot addition could have caused a change in soil pH, unfavourable for
soil microbes, thus changing their biomass, composition and activity
and consequently reducing soot mineralisation (Thies et al., 2015;
Lehmann et al., 2011).

Our research provided the first measure of the turnover of soot in
terms of carbon cycling in soils, allowing us to measure mineralisation
of soot, even in very small quantities for the first time. We estimated
that the amount of carbon mineralised from soot over the course of
the experiment is about 0.17%. Since small changes in TOC respiration
can have significant impact on atmospheric CO, concentration
(Davidson and Janssens, 2006; Schlesinger and Andrews, 2000), we
contextualized this result, estimating both at global and European
scale the amount of CO5 related to the mineralisation of BC in form of
soot. Global BC deposition rate are estimated to be of 17 Tg yr™" (Bird
et al,, 2015), whereas European BC emission are estimated to be 470
Gg yr'! (Bond et al., 2013). Considering a global land area of 149 108
ha (excluding ice areas) and a European land area of 10.18 10® ha we es-
timated that with mineralisation of 0.17% of BC per ¥4 year would lead to
approximately 27,576 ton of CO, ha* 2 yr™! and 0.0028 kg of CO, ha™' 1
yr* at global and European scale, respectively. To understand the mag-
nitude of the contribution of the soot mineralisation to the global carbon
cycle, considering that global emission from land use and land use



M. Crispo, D.D. Cameron, W. Meredith et al.

change are estimated to be about 5.2 4 2.6 Gt CO, yr™! (IPCC, 2019), we
estimated that BC mineralisation in form of soot contributes to about
0.040% of these emissions.

5. Conclusion

This research has demonstrated for the first time that BC in the form
of soot supresses the mineralisation of labile organic carbon in soils and
that BC in the form of soot can be, to some extent, mineralised in soils
contributing to soil CO; effluxes. This research has also shown that BC
in the form of biochar has no effect on the mineralisation of labile or-
ganic carbon. These findings represent a step-change in understanding
the influence of soot and other compounds on the BC continuumon car-
bon dynamics, providing compelling evidence that BC in the form of
soot plays an active role in soil carbon dynamics. This has major conse-
quences for the way we measure, monitor and manage soils for carbon
storage and sequestration in the future. A priority for future research
will be understanding which carbon pools in soils are affected by BC,
for example, the influence of soot on the mineralisation of labile organic
carbon in soils through rhizodeposition from plants (Hiitsch et al.,
2002), in addition to the microorganisms responsible for the
mineralisation of BC itself in soils (Whitman et al., 2016). Further re-
search is also needed to understand the mechanisms driving the differ-
ences between soot and biochar influence on the mineralisation of labile
organic carbon.
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