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ABSTRACT

The contribution of soil health to global health receives a growing interest, especially in urban
environment. Therefore, there is a true need to develop methods to evaluate soil functioning and
assess the ecosystem services that could be provided by urban soils in order to promote smart urban
planning. This work first aims at identifying relevant soil indicators based either on in situ description,
in situ measurement or lab analysis. Then, 9 soil functions and sub-functions were selected to meet
the main expectations regarding soil health in urban contexts. A crucial step of the present research
was then to select adequate indicators for each soil function and then to create adapted reference
frameworks - in the form of 4 classes, i.e. scores ranging from 0 to 3 - to score soil functions. All the
reference frameworks were developed to evaluate soil indicators in order to score soil functions either
by using existing scientific or technical standards or references or based on the expertise of the co-
authors. Our model was later tested on an original database of 109 contrasted urban soils located in 7
cities of Western Europe and under various actual land uses. The scores calculated for 9 soil functions
of 109 soils followed a Gaussian distribution. The scoring successfully expressed the strong contrasts

between the various soils; the lowest scores were calculated for sealed soils and soils located in urban
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brownfields whereas the highest were found for soils located in city parks or urban agriculture. Despite
requiring a soil expertise, the proposed approach is easy to implement and could help reveal their true
potential of urban soils in order to promote smart urban planning and enhance their contribution to

global health.

1. Introduction
What is soil health? Is it just a good way to communicate about the importance of considering soil or

is it a useful concept that can be used for assessing soils (Powlson, 2020)? Several definitions of soil
health were proposed as exposed by Janzen et al. (2021). As an example, Lehmann et al. (2020) saw
soil health as being an overarching concept including soil fertility and soil quality, encompassing a
broad range of ecosystem functions, services and actors. Faber et al. (2022) proposed soil health to be
seen as the current condition of the soil compared to its potential (called soil quality) depending on its
composition, climate and land use. In this latter definition, soil health is measured and compared to a
potential as for Human beings where illness will reduce your well-being. Finally, the recent EU proposal
for a directive on soil monitoring and resilience (EC, 2023) proposed to define soil health as the
physical, chemical and biological condition of the soil determining its capacity to function as a vital
living system and to provide ecosystem services. They also propose to use soil descriptors i.e.
parameters describing a physical, chemical, or biological characteristic of soil health. In fact, whatever
the definition, due to soil complexity a panel of descriptors or indicators are needed to understand soil

functioning and assess all ecosystem services delivered.

Soil health indicators have multiple aims (Jaenicke, 1998; Herrick, 2000): (1) establishing relationships
between the actual state of a soil and its soil functions; (2) expressing changes in soil state, as a function
of environmental changes and management; (3) assessing the potential resistance and resilience of a
soil in response to disturbance regimes; (4) for land managers, optimizing the choice of actual and
future land use as a function of soil health; (5) evaluating the contribution of a soil to ecosystem
functions at a wider level. Apart from meeting the previous aims, their ease of measurement and cost-

effectiveness are also expected (Dale and Beyeler, 2001).
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The essential soil properties that express the state of the soil are: (1) physical (e.g., solid density, soil
structure), (2) chemical (e.g., cation exchange capacity, pH), and (3) biological (e.g., soil enzymes,
respiration) (Lal, 2016). A distinction can be performed between inherent (e.g. soil depth) and
manageable (e.g., bulk density, nitrogen content) properties but also considering their evolution
kinetics, from static (e.g., soil texture) to dynamic or rapidly changing (e.g., soil temperature)
properties; however, such considerations are not absolute and strongly context-dependent (Schwilch

et al., 2016).

In reviews about soil health or soil quality indicators, Zornoza et al. (2015), Biinemann et al. (2018),
Faber et al. (2022) and Gatica-Saavedra et al. (2023) found that the most used properties were
chemical (soil organic carbon content, pH, available P and K, total N, electrical conductivity, cation
exchange capacity, and mineral N, in order of occurrence), followed by physical (water storage, bulk
density, soil texture, structural stability and soil depth, in order of occurrence) whereas biological are
less common (soil respiration, microbial biomass, invertebrate diversity and/or abundance, in order of
occurrence). The number and nature of soil health indicators is correlated with the cost and time
required to perform the diagnosis, but can also increase collinearity as well as the complexity of the
relationships between indicators (O'Sullivan et al., 2017; Biinemann et al., 2018). As a consequence,
the standard approach is to seek for a minimum dataset that can still enable policy-making and policy
implementation (Stone et al., 2016). However, it is highly difficult to reach a small set of indicators due

to the complexity of soil biota and functions (Bispo et al., 2009, Faber et al., 2022).

At last, as mentioned by Blinemann et al. (2018): “An indicator is only useful if its value can be
unequivocally interpreted and reference values are available”. It is essential to associate a reference
framework to each soil property considering each soil function (Séré et al., under review). Indeed, a
given soil property (e.g., soil texture) could be interpreted differently considering one soil function —

water infiltration — or the other — water retention -.
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As highlighted by recent regulations in Europe and worldwide, the multifunctionality of soils and their
capacity to deliver ecosystem services to societies are of increasing importance to land planners and
decision-makers. These services need to be estimated and visualised at relevant scales in order to
improve their consideration in land planning decisions. Whereas there is increasing evidence that the
improvement of ecosystem services increases the quality of life in cities (Tardieu et al., 2021), the
contribution of urban soils remains strongly underestimated. Urban soils exhibit a large diversity of
properties but are dominantly perceived as degraded by stakeholders (Blanchart et al., 2018b). As a
consequence, their potentials are not taken into account in urban planning even though they can
deliver a range of ecosystem services (Blanchart et al., 2018a). Hyun et al. (2022) notably developed a
set of indicators to express the soil quality of metropolitan cities and develop a novel urban soil quality

index.

Our goal is to develop a method to reveal the true and poorly known potential of urban soils in order
to promote smart urban planning and enhance their contribution to global health. Such a method relies
on the creation of an integrated model to assess soil functions provided by urban soils. This paper
starts with the identification and then the selection of bio-physico-chemical soil properties that meet
the expected criteria: easy to implement, cost-effective and adequate to fulfil the expectations related
to urban planning and regarding soil health. Then, an architecture was developed that connects soil
indicators to expert-based reference frameworks that lead to an evaluation of the relevant soil
functions. R code (R Core Team, 2023) was created to score and compare the soils in order to enlighten
their actual and future potential in terms of land use and management. At last, it was tested on a

variety of 109 urban soils across Western Europe.

2. Materials & Methods

2.1.  Urban soils’ database
Our urban soils’ database consists of 109 soil pits. They are all located in urban or peri-urban areas in

the following cities of France (FR) Switzerland (SW) and Spain (SP): FR-Angers (4 soils), SW-Lausanne

(5 soils), FR-Marseille (16 soils), FR-Nancy (25 soils), FR-Nantes (21 soils), FR-Paris and peri-urban area
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(23 soils), FR-Rennes (2 soils), SP-Santiago de Compostela (13 soils). The corresponding climates of all
locations are: i) Angers, Nantes, Rennes, Santiago de Compostela: Temperate oceanic climate; ii)
Lausanne, Nancy, Paris: Temperate semi-continental climate; iii) Marseille: Temperate Mediterranean

climate.

The 109 soils that were observed, described, sampled and analysed had different land uses that were
classified into 5 contrasted classes: city parks (20 soils), sealed soils (12 soils), sites under development

(38 soils), urban agriculture (16 soils), and urban brownfields (23 soils).

To create such a large and original database, some data were acquired in the frame of the Ademe-
SUPRA project but were also gathered from other research projects. As a consequence, not all the
parameters that are required in our model were available. Overall, there was 21% of missing data that
did not limit the scoring of soil functions but still influenced the quality of the evaluation. Most of the
missing data concerned soil contamination (81% of missing data). On the opposite, there was only 2%

of missing data regarding water retention and nutrient retention.

2.2.  Workshop organization
A group of 5 urban and agricultural soil experts gathered a dozen times over 2 years in a workshop
format to work on the architecture of the model. As proposed by Faber et al. (2022), we developed a
top-down approach in order to: i) select the main ecosystem services to be delivered by urban soil, ii)
identify the underlying soil functions, ii) review the parameters and indicators linked to each function
and iv) then discuss and agree on the reference frameworks to establish and interpret each result
(Table 1). The indicators linked to the different functions were first listed collectively. For each
function, a pair of experts was then appointed as responsible for providing, for each indicator linked
to the targeted function, the selection criteria and its reference framework. The pairs' proposals were

then discussed during workshops. The selection was made iteratively as the model was constructed.
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2.3.  List of soil functions and indicators based on literature survey

To define a minimum set of indicators to be studied, the selection work was based on three elements:
(1) the experience of the scientists involved in the research program, (2) the work of three PhDs
associated with the project (Blanchart 2018; Cambou 2018; Sauvaget 2019), and (3) the search for
state indicators or assessment tools available in the literature for urban soils. In three studies (Urban
SMS, Vrscaj et al., 2008; UQualisol-ZU, 2012; ENVASSO?), the indicator classification categories
concerned general soil information and parameters of physical, chemical and biological soil properties.
Contamination elements were treated separately. For our program/research project, the selected
indicators had to satisfy three ecosystem services retained: biomass provisioning, global climate
regulation (via carbon storage) and anthropic stress regulation. To inform these services, several
functions have been identified, along with an initial list of the principal indicators required to
adequately reflect the functions. Thus, six main functions have been selected to reflect soil quality and
inform on the 3 ecosystem services. Certain functions have been divided into sub-functions in order to

take into account the different possibilities associated with a given function.

e Function “1 - Storage, recycling and transformation of organic matter” named “Organic matter
cycle” reflects the soil's capacity to store carbon, based mainly on physical parameters. A good
storage capacity will enable the development of the organic matter recycling function, which
will depend mainly on biological activity (see function 5 - Biodiversity support) and
environmental conditions (e.g. presence of water, temperature).

e Function “2 - Retention and supply of nutrients (decomposition of organic matter)” named
“Nutrient cycle” provides information on the soil's capacity to supply plants, via their root
systems, as well as soil organisms, with the nutrients required for their metabolic activity and

development. Three sub-functions were listed: “2.1 Nutrient storage”, “2.2 Nutrient retention

capacity” and “2.3 Nutrient recycling”.

1 https://esdac.jrc.ec.europa.eu/projects/envasso
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e Function “3 - Physical support — habitat” named “vegetation support” reflects the soil's
capacity to provide physical support for vegetation, as well as a habitat for biodiversity. For
plants, the soil must anchor their roots and enable them to develop harmoniously without
mechanical or physical constraints.

e Function “4 - Water retention, circulation and infiltration” named “Water cycle” reflects, on
the one hand, the soil's capacity to retain useful water within its porosity (notion of useful
reserve) and, on the other, the soil's contribution to water infiltration (particularly rainwater),
as opposed to runoff. This function is therefore linked to the ecosystem services of biomass
supply (via physical fertility) and flood regulation. Two sub-functions were listed: “4.1 Water
retention capacity” and “4.2 Water infiltration” in surface and along the profile.

e Function “5 - Biodiversity support” reflects the soil's capacity to support biodiversity. The
indicators selected aim to qualify the presence and activity of different biological groups.

e Function “6 - Contaminant retention, filtration and degradation” named “Contaminant cycle”
reflects the soil's capacity to cope with contaminants. The indicators selected aim to qualify
the presence or stock of contaminants, bearing in mind that their subsequent fate (infiltration,
transfer, sorption, degradation, etc.) will depend in particular on biological activity (see
function 5 - Biodiversity) and environmental conditions (e.g. flow properties, presence of
water, vegetation, temperature). These elements have not been developed here, because if
contaminants are found to be present, specific studies will have to be carried out to verify their

compatibility with use. Thus, for this function, only stocks have been considered.

The set of indicators has been exhaustively listed to describe the selected functions of the soil (Table
1). As we wanted our approach to be used directly on the field, when doing the investigations, we also
defined not only indicators measured with laboratory equipment but also in situ ones, using sensitive

observations as for colour, texture, structure.



Table 1: Links between the services, the functions associated and the indicators considered essential to reflect soil

health. Indicators are separated between in situ determination or measurement and laboratory measurement or

analysis.
Service Functions In situ indicators Laboratory indicators
Horizon organic matter / total
Soil depth . &
. organic carbon
Global ) Horizon color .
. Organic matter . Horizon textural class
climate Horizon structure ) .
; cycle . Horizon Bulk density
regulation Horizon texture
Horizon coarse element content
Horizon organic matter / total
organic carbon
Horizon organic matter
fractions
Horizon Electrical conductivity,
Nutrient cycle Horizon CEC, Cy, Nioi, C/N, pH,
CaCo03, Poen, Ca, K, Mg, Mn, Na,
Al, Fe,
Horizon active limestone
Horizon microbial / fungal
biomass
Horizon enzymatic activities
Soil depth Horizon Bulk density
Topography Horizon textural class
Biomass Horizon structure Horizon active limestone
provisioning Horizon texture Presence of anecitic worms

Vegetation support

Horizon Hydromorphy

Horizon diversity of biological

Biodiversity Surface condition: % sealing, communities
support % vegetation cover
% vegetation cove
Root depth
Presence of engineering fauna
Earthworm density
Soil depth Horizon Bulk density
Hydromorphy depth Horizon textural class
Horizon coarse element content Presence of anecic worms
Water cycle HOTIgn textgrfe .
Surface condition: % sealing,
% vegetation cover, % slope
Presence of engineering fauna
Earthworm density
Water cycle See above See above
Biodiversity Horizon Qiyersity of biological
communities
support

Ecotoxicological effects

Anthropic stress
regulation

Contaminant cycle

Land use history
Total traces elements

Horizon Traces elements (TE =
Sb, As, Ba, Cd, Cr, Co, Cu, Hg,
Mo, Ni, Pb, Se, Ti, Zn),

Horizon Total organic pollutants
(TOP = 16 PAH, 7 PCBi,
hydrocarbons C10-C40, VOP),
Horizon clay content

Horizon TOC

Horizon Electrical conductivity,
CEC, Ciot, Niot, pH, CaCO3, Poygen,
Ca, K, Mg, Mn, Na, Al, Fe,
Horizon microbial/fungal
biomass

Horizon enzymatic activities

CEC = Cation Exchange Capacity ; TOP = Total Organic Pollutants ; PAH = polycyclic aromatic hydrocarbons ; PCBi =
polychlorobiphenyls indicators; VOP = Volatil Organic Pollutants ; TOC = Total Organic Carbon
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2.4. Method for indicators selection and soil functions scoring

The set of indicators to be selected must make it possible to define a list that combines both rapid,
reliable and operational field observations/measurements and laboratory measurements or analyses.
To define the set of indicators, the method used consisted in selecting the most relevant indicators
based on various criteria: (1) usefulness of the indicators for assessing the functions and services
selected, (2) complexity of assessment or measurement, and cost of acquisition, (3) significance of
selected indicators vs. operationality for planners and stakeholders and (4) interactions between
indicators. Moreover, as far as possible, indicators should be evaluated using value-range reference
systems, and their acquisition should be based on well-defined measurement standards.

For each indicator and each function, four value classes have been defined in order to assign it a score
ranging from 3 (being a favourable situation) to O (being the most unfavourable one). The choice of
value classes was based on literature data and/or expert opinion within the 5-person working group
(cf.§2.2). A score was given either for the surface (e.g. slope, vegetation cover), for the soil profile (e.g.
soil depth, earthworm density) or for a horizon. For each rated soil horizon, the notation value was
weighted by its thickness relative to the total soil depth. This means that some of the values assigned

to an indicator may be not integer values.

A confidence index (Cl) and a relevance index (RI) have been assigned to each indicator according to
the concordance of the information sources used: (3) several concordances references, (2) several non-
concordant references and expert opinion, (1) a single reference and expert opinion and (0) no

reference.

The scoring method by function was based on the same aggregation principle as that developed in
Destisol (Séré et al., under review). It involved taking an arithmetic average of the function indicators
and associating with it the notion of downgrading indicators. We developed the hypothesis that low
scores on certain indicators could strongly constrain soil functioning. This latter concept was preferred

to that of indicator weighting, which remained complex to establish. For example, for the “infiltration
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(vertical vs. runoff)” function, we considered the “presence of surface crust” and “texture” indicators
to be “downgrading”. This means that if one of these indicators has a score of 0, whatever the values

of the other indicators, the function score will also be zero.

At the end, all 9 soil functions and sub-functions have been scored individually and their mean value

and sum could also be calculated to assess soil health.

2.5. Coding of the model

The set of indicators was transcribed in an R programm, via an Rstudio interface. The code aimed to
make the indicator evaluation as accessible as possible for non R users, and to make easier any
modification of valuation rules. Information on the different physicochemical properties came from a
single Excel file, filled in by the different users. Output Excel files included scores of different indicators
for each soil, and an indication of the quality of the scores obtained, according to the status of the
various values given in the database: measured, estimated, or missing. The given proportion of missing
values was essential to moderate the quality of the information, and possibly consider the need for
new measurements to enrich the database. The current R program and input files will be later

published.

3. Results

3.1.  Selection of indicators in relation to soil functions
Table 2 shows the list of 29 indicators - evaluated or measured in situ or in the laboratory - that were
selected among the 60 previously listed in Table 1. The selection was based on: their relevancy towards
soil functions, the availability of stabilized methods (standardized if possible) and an existing reference
framework. Operational and economical issues were also considered. Table 2 also shows the level of

expertise required for data acquisition and the average cost.
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Some soil indicators are used for estimating several functions or subfunctions. For example, soil texture
is used in 6 functions or subfunctions, and bulk density in 4 of them. Some indicators are used in two
functions or subfunctions like organic C. The other ones are used in only one function or subfunction.

This is the case for instance of the diversity of soil biological communities.



Table 2: List of indicators selected to contribute to the nine expected functions and subfunctions (function 1 = organic carbon cycle; function 2.1 = nutrient storage, function 2.2 = nutrient

retention capacity, function 2.3 = nutrient recycling; function 3 = Vegetation support; function 4.1 = water retention capacity, function 4.2 = water infiltration; function 5 = biodiversity

support; function 6 = contaminant support). Indicators are classified according to their mode of acquisition. The level of acquisition and the cost were estimated

Soil functions

Organic Nutrient cycle Vegetation Water cycle Biodiversity Contaminant
matter cycle support support cycle
Indicators Measurement ~ Level of Cost Nutrient ~ Nutrient Nutrient Water Water
situation acquisition storage  retention recycling retention infiltration
capacity capacity
Land use history Offices medium ++ X
Slope In situ easy + X
Surface situation description easy + X X X
Soil depth medium + X X X X
Hydromorphy depth expert + X X
Horizon color easy + X
Horizon structure expert ++ X X X X X
Presence of artefacts medium + X
Color of artefacts easy + X
Smell medium + X
Root depth easy ++ X
Presence of medium + X
engineering fauna
Barber pot In situ medium X
Earthworm density measurement medium + X
Horizon texture and In situ medium ++ X X X X X X X
textural class description/
Horizon coarse measurement medium ++ X X X X X X
element content and/or lab.
Horizon electrical measurement/ easy + X
conductivity analysis
Horizon water pH easy + X X X X
Horizon Trace medium +++ X
Elements
Horizon Trace expert +++ X
Organic Pollutants
Horizon bulk density Laboratory expert + X X X X X



Horizon TOC measurement/ medium

Horizon total nitrogen analysis medium
Horizon C/N ratio medium
Horizon CEC medium
Horizon Pojgen, medium
Horizon total and easy
active CaCO;

Horizon microbial expert
DNA

Horizon enzymatic expert
activity

e g .

4

4

®oxoX R

TOC = Total Organic Carbon ; CEC = Cation Exchange Capacity ; DNA = deoxyribonucleic acid
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3.2.  Creation of reference frameworks for soil indicators to score soil functions
Indicators were described in different tables according to the type of acquisition: in situ (table 3), in
situ and/or in the laboratory (table 4) and only in the laboratory (table 5). For each indicator, the
function(s) concerned were specified. The observation type or sampling zone were then indicated: on
the soil surface, on the entire soil profile or in each horizon. A unit of qualification or quantification
was associated with each indicator. Then, the construction of reference frameworks had been
performed. It consisted in the definition of upper and lower boundaries in 4 distinct classes for all soil
indicators in all functions and sub-functions. It has to be noted that, for the same soil indicator,
different reference frameworks could have been developed, depending on the functions or sub-
functions considered. For example, "Coarse element content" (table 4) was used to score 6 functions
or sub-functions, and required 3 different reference frameworks to score them. This indicator could
have opposite scores for the same reference: “lower bound >40” = 0 or 3 for functions 1 - 4.1 and

function 4.2 respectively.

When reference frameworks for some given soil indicators were available, their origins were specified
in tables 3, 4 and 5. In Tables 4 and 5, which correspond to indicators measured or analysed in the

laboratory, standards were also indicated when available.

The fact that the indicator was possibly downgraded in terms of soil function was also specified. There
were no degrading indicators for functions 1 (Organic matter cycle), 2 (Nutrient cycle), 5 (Biodiversity
support). For function 3 (Vegetation support), only the “soil depth” indicator, with a value of less than
25 cm, was considered as downgrading. For sub-function 4.2 (Water infiltration), several indicators
were downgraded because they did not enable the desired function to be fulfilled: (1) “surface
situation” with a highly impermeable surface that favours runoff and not vertical infiltration, (2)
“Horizon texture” for which the high clay content limits macroporosity and water infiltration and (3)
“Coarse element content” with a volume value of less than 5% does not favour water penetration into

the soil. And finally, for function 6 (Contaminant cycle), several indicators were considered prohibitive
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for the use of a site: (1) “Land use history”, which may reveal a past that is certain to induce pollution
in situ, (2) “Smell”, which is a characteristic indicator of the presence of certain pollutants, (3) “Horizon
trace element” when values exceed authorized thresholds and (4) “Horizon trace organic pollutants”

when values exceed authorized thresholds.

For each soil indicator, the confidence and relevance indexes were estimated (Tables 3, 4 and 5). The
confidence index (Cl) values of all the indicators were good and all between 2 and 3. For the relevance
index (RI), the values were also between 2 and 3 except for the “Barber pot” indicator which had a
value of 1 (Table 3). Indeed, this indicator required specific skills for soil macro and mesofauna
identification. There is a strong operator effect in the determination of species which makes this

indicator more sensitive to use and more variable.



Table 3: List of indicators to be described or measured directly in situ for the concerned functions (function 1 = organic carbon cycle; function 2.1 = nutrient storage, function 2.2 = nutrient
retention capacity, function 2.3 = nutrient recycling; function 3 = Vegetation support; function 4.1 = water retention capacity, function 4.2 = water infiltration; function 5 = biodiversity
support; function 6 = contaminant support). The rules of notation are defined between 0 and 3 (0 = bad value and 3 = good value). For each indicator, confidence index (CI) and relevance

index (RI) are defined between 0 and 3 (0 = bad value and 3 = good value). References are given when available, if not expertise is required.

Indicator Situation Rule Lower Boundary Upper Boundary I RI Reference
or Potential source of pollution with high impact Confirmed pollution
Land use Residual pollution not compatible with sensitive  Potential source of pollution with medium
. surface 1 or . Le Guern et al.
history use impact 2018b
2 or Residual pollution compatible with sensitive use  Potential source of pollution with low impact
3 or No source of potential contamination No pollution verified
0 > 15 )
surface 1 between 5 15 Laubier 2001 ;
Slope Aurousseau et
2 between 2 5
al. 1998
3 between 0 2
0 = Battance crust or sedimentary crust
Surface surface 1 = Massive clay or structural crust >70% Le Bissonnais
Situation 2 = Equilibrate texture and medium structure and structural crust < 70% et al. 2003
% sealing 3 = Sandy or no crust
% vegetation 0 or Bare soil Sealed soil
cover surface 1 = Spare vegetation .
2 or Cultivation Meadow Expertise
3 = Dense vegetation
0 < 10 Expertise:
pit 1 between 10 50 carbon storage
2 between 50 100 hypothesis
Soil depth 3 > 100 down to 50 cm
0 < 25
pit 1 between 25 50
2 between 50 100 Expertise
3 > 100
Hydromorph: it or 0 = z
deth P :uger E between 2 60 Expertise
2 > 60
3 = Absence
. 0 = light grey/white/white 1
Horizon color Bit or 1 = brown to light red brown 2 Munsell C_Ude
auger 2 = brown to dark red brown 3or4 read vertically
3 = very dark/blackish 6or8




1922 0 or compact or lamellar or columnar (5-15 c¢m) or columnar/prismatic (>15cm)
2'3 '3' pit Descrip- 1 = structureless NO
'4'1 ! tion 2 or coarse crumbly or polyhedral (2-5 cm)
) 3 or fine crumbly or polyhedral (< 2 cm) Schoeneberger
. 0 or compact or lamellar (5-15 cm) etal, 2012
Horizon structure » . - - i
5 pit Descrip- 1 = structureless (<0.2 cm) or columnar/prismatic (>15cm) NO Expertise
tion 2 or fine polyhedral (<2 cm) coarse polyhedral (2-5cm)
3 or fine crumbly (< 2 cm) oarse crumbly (<2 cm)
0 _ T4 = asphalt, bitumen, tar, coal T4 = slag, bottom ash, fly ash, soot, pyrite,
foundry sand leG tal
. — - - e Guernetal,
presence of pit or Descrip- 1 _ T0.5= MICaSCh.IStS and other rf:cks susceptible to T4 = wood coal NO 2016, 2017,
6 auger 5 natural trace anomalies
artefacts tion - - 2018a
5 _ T3 = rubble, bricks, concrete, plaster, paving 13 = slate, ceramics, glass
B stones, blocks, building demolition B S &
3 = pedological materials low geochemical background rock
it 0 = violet, burgundy, blue (Prussian blue) Le Guern et al,
Color of artefacts PrOT pescrip- 1 = black (not peat) NO 2016,2017,
6 auger N
tion 2 = orange, rust, grey dark 2018a
3 = other Expertise
it 0 or Strong hydrocarbon or bitter almond or solvent
Smell 6 :LIJ c:; Descrip- 1 or Moderate hydrocarbon or bitter almond or solvent YES Expertise
s tion 2 or Light hydrocarbons or bitter almond or solvent or sulfur or H,S P
3 or No or mud or peat or organic matter or iron
0 < 25
pit cm 1 between 25 50 NO .
Root depth 2.3 > between 50 100 Expertise
3 > 100
0 = no
i ip- 1 = I
Prefence.of 23,5 pit De{cr/p D\‘N NO Expertise
engineering fauna tion 2 = medium
3 = high
0 = 0
group
surface 1 between 0 2 NO 5
Barber pot 5 number 5 between 2 0 Expertise
3 > 10
number 0 = 2 French
Earthworm density surface 9 1 between 50 150 NO national
m 2 between 150 300 observatory of
3 > 300 biodiversity




Table 4: List of indicators to be described or measured in situ and measured or analysed in laboratory for the concerned functions (function 1 = organic carbon cycle; function 2.1 = nutrient
storage, function 2.2 = nutrient retention capacity, function 2.3 = nutrient recycling; function 3 = Vegetation support; function 4.1 = water retention capacity, function 4.2 = water
infiltration; function 5 = biodiversity support; function 6 = contaminant support). The rules of notation are defined between 0 and 3 (0 = bad value and 3 = good value). For each indicator,
confidence index (Cl) and relevance index (RI) are defined between 0 and 3 (0 = bad value and 3 = good value). Standards and references are given when available, if not expertise is

required.
N Down-
Function . . . N
Indicator D Situation  Unit  Score  Rule Lower Boundary Upper Boundary grading Cl RI Standard Reference
factor
0 = sandy
1 1 = loamy NO
2 = balanced
3 = clayey
0 = sandy
- 21,32‘3, Des‘crip- ; : ICOI:;::// NO
:g:;z: ::xxtt:i:I . pit tgarn 3 = balanced 3 3 NFEN ISO Duchal_nfour 1997
class gkgt 0 = sandy 17892-4 Expertise
21 1 = clayey NO
2 = loamy
3 = balanced
0 = clayey
1 = loamy YES
42 2 = balanced
3 = sandy
0 > 40
1, 1 between 20 40 NO 2 3
4.1 2 Between 10 20
) 3 < 10
Descrip- 0 < 50
Coarse element 21,22, . ticy 1 between 30 50 NO 3 3 NF EN ISO
content 3 Pit k' 2 between 15 30 17892-4 GEPPA 1981
VA(;I 3 > 15
0 < 0 5
1 between 5 10 3 2
42 2 between 10 20 YES
3 > 40
pit or 0 2 2000 NF ISO
Horizon electrical 1 between 1000 2000 NO 3 3
conductivity 23 auger KS em® 2 between 500 1000 11265 Durand 1983
3 < 500
Horizon water pH 2.1,2.2, pit or 0 <or> 5.5 8.5 NO 3 3 NF ISO GEPPA 1981




2.3 auger 1 between 5.5 6.5 10390
2 between 7.5 8.5
3 between 6.5 7.5
) ) mg kgt 0 > 10xNPGB PXRF NF EN 1SO
Horizon TE (pXRF, it or
icP) P . Seer 9V 1 between 2xNPGB 10xNPGB VES 3 3 1319 Ademe 2018
matter 2 between NPGB 2xNPGB ICP NFEN 16170/ Coussy et al. 2020
3 < <NPGB NFEN 16171
0 > > C (Pollution to manage) PAH = 1SO 13859
kg 1 between C PCBi = NFEN
pit or ma g 2 < Quantification limit A 16167
Horizon TOP 6 auger dry YES 3 3 jocag-npey  Ademe 2018
matter . Coussy et al. 2020
y I or NPGB for persistent substances 1SO 16703
3 < Quantification limit (PAH) VOP = NF EN SO
15009

Table 5: List of indicators to be measured or analysed only in laboratory for the concerned functions (function 1 = organic carbon cycle; function 2.1 = nutrient storage, function 2.2 =
nutrient retention capacity, function 2.3 = nutrient recycling; function 3 = Vegetation support; function 4.1 = water retention capacity, function 4.2 = water infiltration; function 5 =

biodiversity support; function 6 = contaminant support). The rules of notation are defined between 0 and 3 (0 = bad value and 3 = good value). For each indicator, confidence index (CI) and

relevance index (RI) are defined between 0 and 3 (0 = bad value and 3 = good value). Standards and references are given when available, if not expertise is required.

Down-
. Function _._ . . .
Indicator D Situation Unit  Score Rule Lower Boundary Upper Boundary grading Cl RI Standard Reference
factor
0 < 1.2
1 1 between 1.2 15 NO
2 between 1.5 1.7
3 > 1.7
0 <or> 0.8 1.7
gem? 1 between 1.5 1.7 NO
22,3
2 between 1.2 15
y NF EN ISO
Horizon bulk pit 3 between 0.8 1.2 3 3 11272 Hanks et
density 0 > 1.8 Lewandowski 2003
21 1 between 15 18 NO
: 2 between 1.2 15
3 < 1.2
0 = impermeable
4.2 type 1 = high .compactness NO
2 = medium compactness
3 = low compactness




Horizon total it 0 = 12 NF IS0
onzt?n ota pitor 1 between 1.2 3.5 NO .
organic carbon 1,2.2 auger g 100g* 10694 Expertise
2 between 3.5 5.8
(coT)
3 > 5.8
it 0 = 2 NF ISO
Horizon total 21 el kgt —L between 2 10 [0 11261 Expertise
Nitrogen (N . & g 2 > 20 P!
3 between 10 20
it 0 > 20
Horizon C/N 23 :LII Z; 1 < 8 g Expertise
(COT/ Nor) e 2 between 12 20 P
3 between 8 12
Hori Cationi it 0 = 8
e:cr:acl"ln e?:am:::cit 22 :l.ll Z; cmol kg! 1 between 8 % NO NFX31-130 Expertise
¢ capacity 8 € 2 between 15 25 P
(CEC)
3 > 25
pitor 0 < 0.04
1 between 0.04 0.06 NO NF ISO
- " .
Horizon Pgjeen 21 auger gkg > S 0.10 11263 Expertise
3 between 0.06 0.10
pitor 0 > 250
Horizon active g kgt 1 between 150 250 NO NF X31-106
caco, 22 auger 2 between 70 150 GEPPA 1981
3 < 70
itor 0 < 10 Horrigue et al., 2016
Horizon microbial 5 :u or pggt 1 between 10 50 NO NF EN ISO Dequiedt et al., 2011
DNA 8 2 between 50 100 11063 Terrat et al., 2017
3 > 100 Karimi et al., 2018
Hori ti it 0 = 31 NFEN ISO
orizon enzymatic pitor nmol 1 between 3.1 5.2 NO .
activity 5 auger L 20130 Arvalis et al., 2022
. mintg? 2 between 5.2 7.1
Arylamidase
3 between 7.1 13.7
Hori ti it d = 126 NF EN ISO
orizon enzymatic PIOT " nmol 1 between 126 186 NO '
activity 5 auger o 20130 Arvalis et al., 2022
. mintg 2 between 18.6 23.4
B-D-Glucosidase
3 between 23.4 54.5
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The total number of indicators used to assess the functions or sub-functions ranged from 5 (Function
4.1 Water retention capacity) to 13 (Function 6 Contaminant cycle) (Table 2). Six functions (Function 1
Organic matter cycle, Function 2.1 Nutrient storage, Function 2.3 Nutrient recycling, Function 3
Vegetation support, Function 4.1 Water retention capacity, Function 4.2 Water infiltration) would
require a low number of indicators - 5 to 7 - which are often indicators that are easy to describe or
measure (Table 2). Functions linked to biomass provisioning (i.e. sub-functions 2 that express nutrients
storage, retention capacity and recycling, function 3 that expresses roots anchorage and sub-function
4.1 that expresses water retention for plants) integrated all soil indicators linked to plant growth
including the soil structure and depth for roots development, the access to water and nutrients and
the presence of soil organisms and their activity. Function 2.2 (Nutrient retention capacity) required
the determination of 9 indicators, 7 of which were determined in the laboratory. However, these

indicators are measured or analysed routinely and do not require specialist expertise.

Function 5 “Biodiversity support” was assessed by 8 indicators, 5 of which were determined solely with
field observations and determinations as the depth of plant roots, abundance of soil invertebrates
(through Barber pot or earthworms counting) and/or the presence of soil engineering fauna through
its activity (e.g. burrow, casts) were included. At laboratory step, measurements of bacterial amount
and activity through respectively DNA quantity assessment and enzymatic activities were also
included. Doing so, several groups of organisms were included in our evaluation process that included
abundance, diversity and activity and required considerable skill in terms of species identification. Note

that all references come from agricultural situations.

Function 6 “Contaminant cycle” was the most demanding in terms of the number of indicators (13) to
be determined in order to satisfy an appropriate interpretation. This function focused on the stock of
contaminants because modelling retention was considered too complex to achieve with a reduced
dataset. The potential of degradation was not considered either because it could be derived from the

biodiversity index and may be interesting only when organic contaminants are present. Contaminant
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infiltration was linked to the infiltration capacity of soils which is already considered in the water

function.

The soil retention capacity of contaminant depended on the contaminant itself and on the presence
of organic and mineral bearing phases (like SOM, clay, iron or manganese oxi(hydro)xides), as well as
on the physico-chemical properties of soil (pH, Eh, temperature) and humidity. The indicators
considered to feed to the soil contaminant stock function help verify if there is a contamination issue
or not. Most of them were considered as downgrading factor (Table 3 and Table 4). Land use history
must be studied first in the office to verify the presence of any former activity that may have led to
point source contamination (e.g. industrial or service activity, mining). Field observation were essential
to find out traces of such activity. In case of a contamination issue, a verification of the compatibility
between soil quality and the future use is first necessary. In case of incompatibility, either a change of
use or the management of the pollution is mandatory. Because anthropogenic deposits are numerous
in the urban area, and may be intrinsically contaminated (Le Guern et al, 2018a), attention must be
paid to the presence of artefacts. They were classified according to their intrinsic potential of pollution
and to their colour (Table 3). Some materials of natural origin may be enriched in trace elements: a
special class (T0.5) was set to take this into account. Natural materials in place with a potential natural
enrichment in trace element may be described together with this type of anthropogenic deposits.
Smell was also an easy parameter to detect some contamination issue (like fuel, solvent or benzene).
Finally, the content of trace organic pollutants (TOP) and trace elements (TE) were necessary to verify
the level of contamination. Table 6 shows the threshold values selected, based on French references
for excavated material management et pedo-geochemical national reference values. The ‘2xNPGB’
threshold value (Table 4) was expected to be replaced as soon as available by LPGB (local pedo-
geochemical background) values. Some organic volatile substances were integrated in the list.

Attention must be paid to the sampling procedure for such substances.
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Table 6: Threshold values for contaminants (selected from Coussy et al, 2020; Ademe, 2018; *other sources or expert say),

**NPGB: natural pedo-geochemical background, France example). A and C refer to threshold values for each substance,

QL for quantification limit.

Total organic polluant A C (o] X Trace elements NPGB**
C10-40 50 500 15 As 25
Benzene 0,05 0,05 0,05 Ba 150
TEX 1,5 6 0,05 cd 0.4
Sum16HAP 10 100* 1 Co 20
Sum7PCBi 0,1 1 0,01 Cr 90
COHV_PCE 02 1 0,05 Cu 40
COHV_TCE 01 1 0,05 Hg 0.1
COHV_DCE 01 03 01 Mo 1.5
COHV_CV 0,1 0,2 0,02 Ni 60
Dioxines_Furannes 2 5% 0,5* Pb 50
Pesticides 0,1* 2% 0,01* Sh 1

Se 1

Tl 1.2%

Zn 150

3.3.  Scores of soil functions

Scores have been calculated for 9 soil functions and sub-functions based on the data from the 109 soil

pits. Overall, considering all soil functions and all soils, scores were ranging from 0 to 3, the average

score being 1.76 + 0.3. The distribution of the scores of all functions (981 scores) was of Gaussian-type

(Figure 1). The most frequent scores were between 1.5 and 2 (335; 34%), then between 2 and 2.5 (226;

23) and between 1 and 1.5 (181; 18.5%). The rarest scores were between 0 and 0.5 (9; 1%), 0 (46; 5%),

between 0.5 and 1 (50; 5%), 3 (66; 7%) and between 2.5 and 3 (68; 7%).
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Figure 1. Distribution of the scores of soil functions calculated by SUPRA for the 109 studied soils

The function with the highest medium score was “Contaminants cycle” (2.67 + 0.6) expressing the fact
that a limited number of the studied urban soils exhibited significant contamination. “Nutrient
retention capacity”, “Vegetation support”, “Water retention”, “OM cycle” and “Water infiltration”
were relatively high and almost similar (respectively 1.79 + 0.39, 1.78 £ 0.55, 1.77 + 0.46, 1.74 £ 0.28
& 1.68 + 1.00) (Figure 2). “Nutrient storage” and “Nutrient recycling” scores were slightly above the
average score (respectively 1.56 + 0.57 & 1.52+ 0.40). The lowest scores are the one for “Biodiversity”
(1.43 £ 0.61). The highest variations were noted for “Water infiltration”, “Biodiversity”, “Nutrient
storage” and “Vegetation support” (respectively 1, 0.61, 0.57 and 0.51) and the smallest for “Nutrient
retention capacity (0.39). There were 46 “0” scores, mostly for “Water infiltration” (27 soils) - due to
the presence of multiple sealed soils, “Roots anchorage” and “Nutrient storage” (7 soils each),

“Contaminants cycle” (4 soils) and “Nutrient retention capacity” (1 soils). Almost all the 3 scores were

accounted for “Contaminants cycle” (65) and one for “Water infiltration”.
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Figure 2. Scores of soil functions calculated by SUPRA for the 109 studied soils sorted by soil functions

Considering the mean values and sum of all soil functions’ scores (Figure 3), only one soil had a mean
value lower than 1 and a sum of 7/27; this soil appeared to be a very shallow Constructed Technosol
in small wooden boxes dedicated to rooftop urban agriculture (Grard et al., 2017). Seventeen soils had
mean between 1 and 1.5 and sums of soil functions between 10 and 13/27; there were mainly sealed
soils and urban brownfields. Sixty-eight soils had mean scores between 1.5 and 2 and sums of soil
functions between 14 and 17/27; they were very various soils but with a dominance of soils sampled
during urban development projects. Twenty-three soils had mean scores between 2 and 2.5 and sums
of soil functions between 18 and 22/27; they were all located in city parks. Surprinsingly, the soil with
the higher score (mean value of 2.44 and sum of 22/27) is a spontaneously revegetated urban

brownfield located in Marseille that was left over for many years.
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Figure 3. Soil health evaluation based on sum of scores of soil functions calculated by SUPRA for the 109 studied soils
sorted by soils ID

4. Discussion

4.1. Adapting the scores to urban soils

As stressed for the indicators used to assess Biodiversity, the main existing reference frameworks come
from agricultural context since only limited operational researches have been conducted on urban
soils. The situation is different for the concentration of contaminants in soils as several references
already exist (see Table 6) for urban soils since trace elements and organic contaminants are currently
measured in urban situations. For all other indicators, references in agricultural soils compared to
urban ones may be quite different. As an example, Joimel et al. (2017) showed that agricultural soils
exhibited lower abundancy and diversity of soil microarthropod than urban soils - being strongly
diverse - that were similar to forest soils. This point should be improved by investigating more urban

sites to develop proper references.

Note that quite all reference values (e.g. NPGB, Table 6) considered in this work are relevant at French

scale. Monitoring urban soils should help defining reference values at all national scales across Europe.



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

All the data should then feed open databases for further reuse as stressed by the recent EU proposal
for a directive on soil monitoring and resilience (EC, 2023). Such interoperable databases (local-
national-Europe-International) appear necessary in this frame. One challenge relies in harmonised
analytical protocols, knowing that different ones are used at the moment according to countries or

objectives (e.g. agronomical study vs pollution diagnosis).

4.2. Promoting a use of a wider set of soil indicators

None of the samples available in our database was fully informed. This comes from the fact that several
sites were investigated before starting the current research. Some parameters have been estimated
while others are missing which impacts the scoring of several functions and subfunctions. It is expected
that the proposed minimum dataset will be fully measured in the future, becoming sort of a reference
protocol for data acquisition to assess urban soils health and subsequent decision making. For instance,
a better description of the nature, abundancy and impacts on soil functions of artefacts should be
strongly promoted. The trace organic pollutants to be analysed depends on the context of each site,
which should be better taken into account in the function assessment. Persistent substances should
be systematically analysed. Volatile substances, which need particular caution during sampling, should

be checked only if expected.

Some parameters determined at lab also suffer yet from high technicity and are still costly. Bulk density
in particular is used in 4 subfonctions. Further research activity to ensure easy field acquisition is
mandatory to check variability and render its acquisition easier with less error. Microbial DNA and
enzymatic activities are also still costly but appear really relevant. Innovation is in progress and still

needed to make such analyses less costly.

For all parameters, sampling caution is mandatory, all the more as urban soils are heterogeneous.
Urban soil mapping needs further research efforts to define soil units and precise their degree of

heterogeneity.



370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

4.3. Architecture of the model

Our method is based on the diagnosis of soils, considered as 3D ecosystems constituted of natural or
anthropogenic soil horizons. A selection of 29 soil indicators has to be evaluated, measured and
analysed by soil experts at the field or in the lab. These data are subsequently transformed into scores

for 9 soil functions and sub-functions.

A limited number of similar approaches have been conducted for now. Calzolari et al. (2020) focused
on 9 input parameters that are not only soil properties (land use, land capability, pH, organic carbon,
bulk density, soil texture, saturated hydraulic conductivity, moisture at field capacity, average shallow
groundwater depth) that are connected to six soil functions (potential habitat for soil organisms,
filtering and buffering, carbon sequestration, food provision, water regulation and water storage). This
early work has been expanded by Ungaro et al. (2022) by adding five new input parameters (leaf area
index, analysis of presence and diversity of microarthropods, cation exchange capacity, rooting soil
depth, coarse fragment content). Their indicators were scored from 0 to 1 with various standardization
methods and were successfully translated into maps of ecosystem services hotspots at the scale of
Carpi (Italia). Hyun et al. (2022) proposed a set of indicators to “represent the soil quality of
metropolitan cities and develop a novel urban soil quality index”. They selected 9 bio-physico-chemical
soil indicators (bulk density, saturated hydraulic conductivity, depth of litter layer, texture, cation
exchange capacity, fluorescein diacetate hydrolytic activity, pH, available nitrogen, total
concentrations in 6 trace elements) to evaluate six soil functions (physical stability and support, water
storage and infiltration, habitat provision, organic matter stabilization, nutrient supply and retention,
pollutant immobilization and decomposition). They also used these soil functions to assess 10
ecosystem services and applied the method on 36 soils from 2 South-Korean cities. At last, the Destisol
model (Séré et al., under review) selected 20 soil properties to evaluate 15 soil functions that has been
later associated with soil covers to assess 18 ecosystem services. This method is strongly connected to
our approach that aimed at improving it by considering a larger spectrum of soil indicators and

strengthening the construction of the reference frameworks.
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Compared to the ones that are mentioned above, the model that has been here developed lies on the
larger number of soil indicators. If it promotes a wider apprehension of soil health, possible drawbacks
are the difficulty to acquire all of them as well as the time and budget required to apply such method.
Three major perspective arose. The first one would be to take into account the soil cover and/or the
land use as it may affect the capacity of a soil to function. For example, an actual sealed soil health
could strongly be improved by desealing and greening operations. Furthermore, the type of vegetation
(e.g. lawn or tree) could influence some specific functions (e.g. water infiltration, biodiversity). The
second one would be to go one step further by conducting an assessment of ecosystem services.
However, such additional step could be achieved only by considering not only the soil compartment
but also the vegetation and possibly the human infrastructure that would have a significant
contribution (Blanchart et al., 2018a). At last, a crucial ambition would be to be capable of mapping
soil functions and sub-functions and, if possible, soil health at small and larger scales. This would
require a sufficient density of information on soil cover which, for now, is complex to imagine

considering the strong spatial variability of urban soils.

4.4. Towards a decision support method

Soils from our cities exhibit a high diversity and heterogeneity without no equivalent in the nature
(Morel et al., 2005; Béchet et al., 2009). However, urban soils actually provide a wide range of
ecological functions and ecosystem services that appear to be essential for the viability of urban areas
to face multiple environmental issues (O’Riordan et al.,, 2021; Morel et al., 2023). From a wider
perspective, considering the connection between human, animal and environmental health, having
soils in bad health in urban areas - places with the highest concentration of population - could
significantly damage our living conditions (van Bruggen et al., 2019). As a consequence, there is a true

need of method to reveal the poorly known potential of urban soils in order to improve urban planning.

Our method has been tested on a database of 109 contrasted urban soils. It has led to a wide range of

scores that revealed their strong differences in terms of soil health that are influenced by their actual
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land use, but not restrictively correlated to it. Such information could be truly useful to orientate urban
planning in order to: i) preserve the healthiest soils from artificialization; ii) promote the valorisation
of healthy urban soil instead of scrapping and landfilling them before replacing them by agricultural
top soil for urban greening; iii) anticipate the remediation of soils in poor health; iv) target the most

degraded soils for the most degrading anthropogenic land uses (e.g. sealing, excavation).

In order to be considered by urban planners and embedded in a smart urban planning process, the
urban soils need to be characterized. Apart from soil functions and soil health scoring methods - such
as the one that is presented in this paper - it would also require a larger network of urban soils experts
that could perform such a critical fieldwork and transform the acquired information into efficient and

transferable information, soil maps being one of the possibilities.

5. Conclusion

The aim of this work was to propose and test a robust and science-based method, using urban soil
indicators, to reflect the soil's ability to perform different functions and to reflect soil health. These
indicators range from bio-physico-chemical soil parameters to levels of contamination or biological

activity in a broadest sense.

The “calibration” part of the reference frameworks was an essential and complex phase to carry out
in order to interpret the descriptions, measurements and analyses of the urban soil indicators as
accurately and explicitly as possible. Our method was based on a soil functions and sub-functions
scoring system, itself being based on a scoring system of each selected indicator. In order to improve
the metrics of the scores, a comparison of the model results with the field assessment of soil health by
various soil experts could be valuable. The results obtained show the wide disparity of soil functions

and sub-functions’ scores in the contrasted urban soils that have been studied.

This research has led to the creation of a first version of a tool that takes into account soil potential

(multi-criteria evaluation integrating soil depth and volume). To go further, the tool should be tested
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on a wider diversity of situations, including agricultural, forest or natural soils that benefit already from
a deep and long-time knowledge regarding their potential by soil experts; the idea here would be to

compare the validity of our model proposed for urban soils.

The semi-quantification of the soil functions selected in this research programme should promote and
optimize the allocation of land uses during the urban planning process by taking into account the
expected and potential ecosystem services. More ambitiously, the setting up (at national, european or
even international) soil monitoring networks in urban environments, could enhance the establishment
of metric for ecosystem functions and services. It would be an ambitious but decisive objective for
meeting the environmental challenges of sustainable cities that would perfectly fit into such decisive

initiative as the recent European Directive on Soil Monitoring and Resilience.
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contaminant support). The rules of notation are defined between 0 and 3 (0 = bad value and 3 = good
value). For each indicator, confidence index (Cl) and relevance index (RI) are defined between 0 and 3
(0 = bad value and 3 = good value). References are given when available, if not expertise is required.
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support; function 6 = contaminant support). The rules of notation are defined between 0 and 3 (0 =
bad value and 3 = good value). For each indicator, confidence index (Cl) and relevance index (RI) are
defined between 0 and 3 (0 = bad value and 3 = good value). Standards and references are given when
available, if not expertise is required.



Table 5: List of indicators to be measured or analysed only in laboratory for the concerned functions
(function 1 = organic carbon cycle; function 2.1 = nutrient storage, function 2.2 = nutrient retention
capacity, function 2.3 = nutrient recycling; function 3 = Vegetation support; function 4.1 = water
retention capacity, function 4.2 = water infiltration; function 5 = biodiversity support; function 6 =
contaminant support). The rules of notation are defined between 0 and 3 (0 = bad value and 3 = good
value). For each indicator, confidence index (Cl) and relevance index (RI) are defined between 0 and 3
(0 = bad value and 3 = good value). Standards and references are given when available, if not expertise
is required.

Table 6: Threshold values for contaminants (selected from Coussy et al, 2020 ; Ademe, 2018 ; *other
sources or expert say), **NPGB: natural pedo-geochemical background, France example). Aand C
refer to threshold values for each substance, QL for quantification limit.
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