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% Soil functions are critical for ecosystem survival and thus for ecosystems’ provision of services to
29 humans. In 2006, the proposed EU Soil Framework Directive introduced ecological, social and
30 economic soil functions to be accounted for in land management practice. Ecological soil functions are
31 a product of the complex interactions between living (biological) and non-living (physical and chemical)
32 soil components. Social and economic soil functions are the benefits humans gain from ecosystems.
gi Once a soil function is utilized by humans, it is usually called an ecosystem service. One of the major
35 threats constraining proper functioning of the soil and thus provision of ecosystem services is soll
36 contamination. Remedial actions typically only address the chemical soil quality. However, emerging
37 regulatory requirements demand a holistic view on soil evaluation in remediation projects. Based on a
38 prototype for sustainability appraisal of remediation alternatives using Multi-Criteria Decision Analysis
39 (MCDA), this paper presents a structured and transparent approach for incorporating the soil function
40 concept into a set of ecological, socio-cultural and economic criteria of the MCDA. The approach
41 : . U ) . . . : h
42 suggests using (1) soil quality indicators (SQI — physical, chemical and biological soil properties) for
43 evaluating effects of remediation on soil functions in the ecological domain, and (2) value-related
44 measurements (e.g. attitudes, opinions, and willingness to pay) for exploring the effects on ecosystem
45 services resulting from soil functions in the socio-cultural and economic domains of sustainability. The
46 specific objective of this study is to test applicability of a preliminary minimum data set (MDS) of soil
jg quality indicators for soil function evaluation using a case study site located in Marieberg, northern
49 Sweden. The suggested MDS consists of soil texture, content of coarse material, available water,
50 organic matter content, potentially mineralizable nitrogen, pH, available phosphorus, and contaminant
51 concentration. Although the soil at the Marieberg site is heavily contaminated with dioxins, it provides
52 potentially favourable conditions for soil functioning with some limitations. Potentially mineralizable
53 nitrogen indicates limited biological activity in the soil. On the other hand, content of coarse material,
gg pH and available water capacity provide potentially favorable conditions for biological activity.
56 Available phosphorus and content of organic matter limit soil fertility.
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1. Introduction

1.1. Background

Soil functions are critical for ecosystem survival and thus for ecosystems’ provision of services to
humans. The components of an ecosystem are dependent on a healthy soil to enable the entire
ecosystem to function properly. The close relationship between soil functions and the ecosystem were
recognized by scientists in the 1970-s (e.g. Lehmann and Stahr, 2010) and by politicians and decision-
makers in more recent years (COM, 2006). In 2006, the proposed EU Soil Framework Directive
introduced seven ecological, social and economic soil functions to be accounted for in land
management practice. These include (i) biomass production, including agriculture and forestry; (i)
storing, filtering and transforming nutrients, substances and water; (iii) biodiversity pool, such as
habitats, species and genes; (iv) physical and cultural environment for humans and human activities;
(v) source of raw materials; (vi) acting as carbon pool; (vii) archive of geological and archeological
heritage (COM, 2006). Being a subset of ecosystem functions, a soil function can be defined asa soil

ecosystem service once it is utilized for benefit by humans (Dominati et al., 2010).

To describe ecological soil functions, soil scientists use soil quality indicators (SQIs) to address the
physical, the chemical, and the biological soil elements with an equal degree of importance (e.g.
Andrews et al., 2004; Doran and Zeiss, 2000; Schindelbeck et al., 2008). Balanced interconnections of
these three soil quality elements are at the core of properly functioning soil. Unfortunately, inherited
from the era of industrialization, soil contamination is a widespread threat to proper soil functioning
throughout the world. Striving for addressing soil contamination, research and technical development
in recent decades has resulted in a wide palette of available remediation techniques to improve
chemical soil quality, i.e. reduction of contaminant concentrations and amounts in the soil to tolerable
levels guided by intended land uses (e.g. Swedish EPA, 2009). However, when evaluating the
sustainability of remediation alternatives, it becomes important to consider the unity of all three soll
quality elements (composed of chemical, as well as physical and biological properties) for ensuring
that the ecological effects on soil functions are properly taken into account. A Multi Criteria Decision
Analysis (MCDA) approach has been suggested by several authors (e.g. CL:AIRE, 2011; Linkov et al.,
2006; Rosén et al., 2009, 2013; Sparrevik et al., 2011) to support decision-making on sustainable

remediation accounting for both positive and negative effects of available remediation alternatives.
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MCDA methods for sustainability appraisal of remediation alternatives can provide a structure for

evaluating sustainability considering a set of ecological, socio-cultural and economic criteria.

1.2. Aim and paper outline

This paper presents an approach to soil function evaluation for facilitating input on ecological effects of
remediation alternatives in an MCDA framework for sustainability appraisal described by Norrman et
al. (2012); Rosén et al. (2009; 2013). First, a brief description of the MCDA framework that forms the
point of departure in this study is given in Section 2.1. Further, the paper describes an approach to soil
function evaluation within the MCDA framework and presents a preliminary minimum data set (MDS)
for soil function evaluation (Section 2.2). Using the suggested MDS, the effects of remediation
alternatives on soil functions are evaluated for the site located in Marieberg, northern Sweden (Section
3). The final part of the paper discusses uncertainties associated with soil function evaluation and

provides some concluding remarks (Section 4).

2. A Multi Criteria Decision Analysis for sustainability appraisal

2.1 The MCDA framework

The MCDA framework developed by Rosén et al. (2009; 2013) uses the common sustainability model
of the three pillars: ecology, economy, and socio-culture. In the economic domain, costs and benefits
are measured quantitatively in monetary terms using Cost-Benefit Analysis (CBA) addressing the
social profitability criterion (Rosén et al., 2008). In the ecological and socio-cultural domains however,
gualitative scores are assigned to a number of key criteria (Table 1). Each criterion is scored between
-2 representing “very negative effect’” and +2 representing “very positive effect” relative to a reference
alternative. A score of 0 represents “no effect”. Importantly, the effects of remediation alternatives are

measured relative to the reference alternative, e.g. when no remedial action is taken.

The MCDA framework is based on a linear additive model (to rank the remediation alternatives) in
combination with a non-compensatory method (to identify those alternatives which are regarded as not
leading towards sustainability). The score of each criterion are added and integrated, together with the
results of the CBA, into a normalized sustainability index. The most sustainable alternative is the one

which generates the highest sustainability index.
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Uncertainty analysis is an important part of the MCDA model (Norrman et al., 2012; Rosén et al.
2013). The uncertainties in the model are treated with help of a Monte Carlo simulation. Monte Carlo
simulation is a technique for calculating uncertainties in the model results by repeatedly picking values
from the probability distribution for the uncertain variables in the model (CB, 2010). The assignment of
the uncertainty distribution in the MCDA model is suggested to be performed in three steps: (1)
selection of distribution type, i.e. selection of whether all types of effects, only positive, or only negative
effects are possible for the specific criterion; (2) estimation of the most likely effect using the scale
presented above; and (3) assigning the uncertainty level of the estimation of the most likely effect
(Rosén et al., 2013). The three-step procedure results in a probability distribution representing the
uncertainty of the scoring of criteria in the ecological and the social domains of the MCDA. Lognormal
distributions are assigned to the cost and benefit items in the economic domain of the MCDA. Further,
a Monte Carlo simulation is performed to calculate a probability distribution for the normalized

sustainability index.

2.2 Soil function evaluation within the MCDA framework

To comply with the proposed EU Soil Framework Directive, the MCDA framework by Rosén et al.
(2009; 2013) aims to include soil function evaluation in the decision process. For integrating the soil
function evaluation into sustainability appraisal of remediation alternatives, it is important to make a
distinction between the ecological soil functions and the soil ecosystem services. The latter are related
to the socio-economic effects. The effects of remediation on soil ecosystem services (iv) physical and
cultural environment for humans and human activities (including recreation, aspiration services), and
(vii) archive of geological and archeological heritage are addressed in the socio-cultural domain of the
MCDA model. These soil ecosystem services correspond to and are to some extent covered by Local
environmental quality and amenity and Cultural heritage criteria respectively (Table 1). The soll
abilities to serve as a (v) source of raw materials and to act as a (vi) carbon pool can be monetized
and addressed in the economic domain of the MCDA model. (i) Biomass production including
agriculture and forestry is not considered relevant in soil remediation projects. The effects on
ecosystem services resulting from changes in soil quality are suggested to be evaluated using value-

related measurements. These measurements can be expressed in: (1) community-based values which
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reflect attitudes, preferences, and intentions associated with a soil ecosystem service; (2) economic
values revealed by market data (if any) about a soil ecosystem service, or the willingness to pay

(WTP) for the service provided by the end use of the soil (SAB, 2009).

The ecological soil functions are related to the internal functioning of a soil system. The effects of
remediation alternatives on such ecological soil functions as (ii) storing, filtering and transforming
nutrients, substances and water, and (iii) biodiversity pool such as habitats, species and genes are to
some extent addressed by the Soil criterion of the MCDA model (Table 1). Together with conventional
risk assessment methods, soil quality indicators (SQIs), i.e. physical, chemical and biological soil
properties, are used for evaluation of the effects of remediation alternatives on soil functions. A
suggested minimum data set (MDS) for ecological soil function evaluation is presented in Table 2. The
MDS was identified based on a literature review, primarily considering the works by Bone et al. (2010);
Brown et al. (2005), Craul and Craul (2006), Doni et al. (2012), Epelde et al. (2008a,b; 2009; 2010a,b),
Gugino et al. (2009), Jelnsic et al. (2013), Lehmann et al. (2008), Pazos et al. (2012); Schindelbeck et
al. (2008), and van Herwijen et al. (2007). The suggested MDS is identified by compiling SQIs that are
(1) suggested by three or more literature sources in the studies exploring the effects on ecological soil
functions in remediation projects, and (2) consistent with the MDSs for the purposes other than
agricultural productivity of land (Bone et al., 2010; Craul and Craul, 2006; Lehmann et al., 2008;

Schindelbeck et al., 2008).

3. Marieberg case study: Evaluation of the effects on ecological soil functions

The former Marieberg saw mill site is situated in northern Sweden (Aberg et al. 2010) and covers an
area of approximately 1500 m x 150 m. Chlorophenol (CP) based wood preservatives was used for
more than two decades until closure of the activities in 1970. The CP formulations were contaminated
with polychlorinated-p-dibenzodioxins and dibenzofurans (PCDD/Fs). The CP formulations were
contaminated with polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs, commonly called
‘dioxins’). These compounds are highly persistent organic pollutants, which tend to partition to
particles rather than being dissolved and mobilized by water (Persson et al., 2008). As a result, the
site is still heavily polluted with PCDD/Fs from many different activities (Aberg et al. 2010). The site

includes areas that were used for sawing, impregnation, indoor storage, indoor drying, and an outdoor
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timber yard. Inside and just outside the area, there are residential houses, pastures for dairy cows, a
farm, a hostel, and a camping area. In a previous risk assessment study of the site (Aberg et al. 2010),
human exposure to PCDD/Fs through a broad spectrum of exposure pathways was assessed. Sall,
air, groundwater, raspberries, carrots, potatoes, grass, milk, and eggs were analyzed for the content of
PCDD/Fs, and the results showed that most exposure media were clearly elevated as compared to
national reference samples. The calculated exposure levels showed that a number of site-specific
exposure routes can be of importance for people residing this area. Thus, despite low mobility of
PCDD/Fs, these contaminants can be transferred from the polluted soil to other environmental media

and into humans.

3.1 Remediation alternatives

Three remediation alternatives are considered within this study (Table 3).

3.2 Soil sampling and analysis

Soil was randomly sampled to a depth of 0.5 m, covering the entire saw mill area. In total, 18 samples
were collected. The samples were handled according to ISO 10381-6 and sent to certified laboratories
for analysis of the concentrations of the 2,3,7,8- substituted CDD/Fs (using the isotope dilution
method, with isotopically labelled standards for all 17 2,3,7,8-CDD/F congeners), and of the suggested
SQls, i.e. particle size distribution (ISO 3310-2),organic matter content (SS-EN 12879), potentially
mineralizable nitrogen (Standard Methods 18th ed., 4500 NHs-B), pH (ISO 10390), and available
phosphorus (AL-P, Egner et al., 1960 and SS 02 8310). Available water capacity was determined as a
function of a FAO (Food and Agriculture Organization of the United Nations) soil texture class, organic

matter content and bulk density (Lehmann et al., 2008).

3.3 Evaluation of the effects on ecological soil functions

The evaluation of the effects on ecological soil functions is performed in a separate module. The
output of this module provides input to the MCDA framework addressing the effects of remediation
alternatives on soil functions. The procedure for evaluation of the effects on soil functions includes the

three steps described below.
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Step 1. Soil classification (into one of five classes) for a reference remediation alternative according to
the methodology suggested by Gugino et al. (2009), Idowu et al. (2008), Schindelbeck et al. (2008),
Volchko (2013). This methodology implies scoring of each SQI in the MDS in the interval [0; 1] where
the scores of [1; 0.71], [0.7; 0.31], [0.3; O] represent soils of good, medium and poor qualities,
respectively. Thereafter the scores are integrated into a total index using the arithmetic mean values of
the scores. The total index forms a basis for soil classification into five soil classes: very good, good,
medium, poor, and very poor (Gugino et al., 2009; Volchko, 2013). Soil texture and contaminant
concentration are not scored. However, soil texture is used to determine the available water capacity
as well as the scores for potentially mineralizable nitrogen and available phosphorus. Contaminant
concentration is used to evaluate the ecotoxicological risk and not included in the soil function index.
Step 2. Evaluation of the effects of available remediation alternatives on soil functions relative to the
reference alternative using a suggested matrix of the effects on soil functions (Fig. 1). The effects are
scored between -2 representing “very negative effect” and +2 representing “very positive effect’
relative to a reference alternative. A score of 0 represents “no effect”.

Step 3. Uncertainty and sensitivity analyses of the resulting scores.

3.4 Results

The studied soils at the case study site were sands and sandy loams according to a FAO taxonomy
triangle. The evaluated SQIs for Reference Alternative are compiled in Table 4. Using the
methodology for soil classification by Gugino et al. (2009), a mean index of 0.58 corresponding to soil
class 3 and a medium soil function performance was computed for the analyzed soil samples. The
mean score for potentially mineralizable nitrogen of 0.02 indicates limited biological activity in the soil.
On the other hand, the mean scores for content of coarse material, pH and available water capacity
were 0.85, 0.74 and 0.9 respectively, providing potentially favorable conditions for biological activity.
The scores for available phosphorus and content of organic matter were 0.52 and 0.41 respectively

thus limiting e.g. soil fertility.

A preliminary correlation analysis indicates dependencies between concentration of dioxins and
organic matter content. A strong correlation between surface soil organic matter and organic pollutants

has also been reported in other studies (e.g. Bergknut et al., 2010; Meijer et al., 2002; Meijer et al.,
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2003), but for sites contaminated directly from industrial activities rather than from atmospheric

deposition, this correlation is expected to be less pronounced.

The effects of remediation alternatives on soil functions (i.e. assigned scores) were evaluated relative
to the reference alternative using a suggested matrix of the effects (Fig. 1). The remediation
alternative Conservation of the site as “Environmental Risk Area”, which does not include any remedial
action, will generate no effect, i.e. a score of 0. Depending on the soil class of the refilling material, the
alternatives Excavation and Excavation of Hot Spots will generate different effects on soil functions
and accordingly different scores (Table 5). Obviously, the quality of the selected refilling material

becomes a crucial factor for the future soil functioning.

3.5. Uncertainty analysis for soil classification at the Marieberg site

The soil classification was based on scoring of the SQIs in the suggested MDS and integrated into a
soil function index that corresponds to one of five soil classes. Loghormal distributions were used to
represent the uncertainties in the SQIs. First, the measured value (assigned as the mode) of the SQI
was transformed into the mean on the lognormal scale. Further, the 95" percentile was computed
representing the upper uncertainty level in the measurement of the SQI reported by the laboratory. For
example, the uncertainties in the measurements of pH, organic matter content, and potentially
mineralizable nitrogen were +0.2 units, +15%, +20% respectively. The lognormal distributions were
assigned using a location of 0, the computed mean on the lognormal scale and the computed 95"
percentile. Thereafter, a Monte Carlo Simulation (performed with the Oracle Crystal Ball® add-in
software) was run to analyze the uncertainties in the resulting soil class for Reference Alternative. The
simulation results showed that with almost 100% certainty, the simulated total soil function index
corresponds to soil class 3, representing medium soil function performance (Fig. 2).

Using Oracle Crystal Ball®, a sensitivity analysis was done to investigate the contribution from each
input variable, i.e. SQIs, to the total uncertainty (Fig. 3). Available phosphorus and pH in soils were the

most sensitive input variables in the model that contribute most to the total uncertainty.
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4. Discussion and concluding remarks

This paper shows the important distinction between soil functions and the soil ecosystem services
(Section 2.2). The ecological soil functions are related to the internal functioning of a soil system, i.e.
what the soil does in its natural state. The soil ecosystem services are related to the benefits humans
gain from ecosystems. Further, in accordance with emerging regulatory requirements on soil
protection, this work shows how effects on soil functions can be included in sustainability appraisal of
remediation alternatives. This paper only addresses ecological effects, but in a full sustainability
appraisal, the effects on soil ecosystem services also have to be taken into consideration. Such effects
have to be addressed in the socio-cultural and economic domains, e.g. by evaluating the impact of
these effects on Local environmental quality and amenity, Cultural heritage and Social profitability,
using CBA (Table 1). To meet emerging regulatory requirements on soil protection, the MCDA for
sustainability appraisal of remediation alternatives suggests using (1) physical, chemical, and
biological soil quality indicators (SQIs) for addressing the effects on ecological soil functions in the
ecological domain, and (2) value-related measurements for addressing the effects on soil ecosystem
services in the socio-cultural and the economic domains of the MCDA. The suggested MDS of SQIs
consists of soil texture, content of coarse material, available water, organic matter content, potentially
mineralizable nitrogen, pH, available phosphorus, and contaminant concentration (Table 2). This study
shows how these SQIs can be practically used in sustainability appraisal of remediation alternatives.
Contaminant concentration is not included into the soil function index. This particular SQI is a key
factor of ecotoxicological risk. Therefore, the results of ecological soil function evaluation, described in
this paper, and ecotoxicological risk assessment are combined in the MCDA model addressing the

Soil criterion.

In Sweden, excavation is the most common remediation technology (van Hees, 2008). The material
used for refilling can vary from the crushed rock to glacial till. Since the effects of remediation
alternatives on soil functions, i.e. scores, strongly depend on the soil quality class of the refilling
material, the resulting scores presented in Table 5 are associated with large uncertainties. Thus, it is
reasonable to assign probability distributions for the scores instead of point values, in accordance with
the assessment of criteria in the MCDA (Norrman et al., 2012; Rosén et al., 2013). The assignment of

the uncertainty distribution in the MCDA model is suggested to be performed in three steps: (1)
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selection of distribution type, i.e. selection of whether all types of effects, only positive, or only negative
effects are possible for the specific criterion; (2) estimation of the most likely effect; and (3) assigning
the uncertainty level of the estimation of the most likely effect. For example, if the soil of class 3
(medium soil function performance) will be substituted with a refilling material of poor quality then no
positive scores are possible. Instead, there is a negative effect on the soil functions with a low level of
uncertainty. On the other hand, if the same soil will be substituted with a refilling material of good
guality, no negative scores are possible, and there is a positive effect on the soil functions with a low
level of uncertainty. Further, if nothing is known about the refilling material, then all scores are
possible, and e.g. the most likely effect on soil functions is positive with a medium level of uncertainty,
or the most likely effect on soil functions is very positive with a high level of uncertainty. Thus, the
effects of soil excavation on ecological soil functions strongly depend on the type of refilling material.
Together with conventional risk assessment methods, the effects on ecological soil functions (i.e. the
effects on physical, chemical and biological soil properties) of the refilling material should be
thoroughly considered in remediation projects in order to meet emerging regulatory requirements on

soil protection.

Remediation is usually aimed at reducing risks of negative impact on human health and the
environment posed by contaminants in the soil. The level of risk reduction is typically linked to the
intended land use, i.e. reduction of contaminant concentrations and amounts in the soil to tolerable
levels guided by the end use of the site. For example, chemical soil quality requirements for the
sensitive land uses such as residential and green areas are stricter than for the less sensitive land
uses such as industrial areas, parking spaces and roads. The end use of the site will, however, also
have a direct impact on the targeted soil functions and in turn on the resulting soil ecosystem services.
For this reason, identification of the end use of the site (i.e. land use scenarios) should be done early
in the sustainability assessment. Once land uses and a corresponding set of soil functions and
services are identified, the suggested SQIs and relevant value-related measurements can be used to
evaluate effects associated with available remediation alternatives. The suggested MDS of SQIs is

therefore particularly relevant to the future green areas within a remediation site.
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Non-renewable natural resources

Local acceptance

Table 1
Key criteria of the updated MCDA framework by Rosén et al. (2013).
Environmental domain Socio-cultural domain Economic domain
e Soil e Local environmental e Social profitability
e Flora and fauna quality and amenity
e Groundwater e Cultural heritage
e Surface water e Equity
e Sediment e Health and safety
e Air e Local participation
] ]
[ ]

Non-recyclable waste
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Table 2
A suggested minimum data set for evaluation of the ecological soil functions in remediation projects.
Soil Quality Indicators (SQIs)
Soil texture
Content of coarse material
Available water capacity
Organic matter content
Potentially mineralizable nitrogen
pH
Available phosphorus
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Table 3

Remediation alternatives at the Marieberg site.

Remediation Comment

alternative

Reference Alternative No remedial action taken.

Excavation The alternative assumes replacement of the contaminated soil with a

clean soil. This alternative has been decided on by the authorities and
will be executed in 2013/2014.

Excavation of Hot Spots

The alternative assumes replacement of the heavily contaminated soil in
the hot spots with a clean soil. This alternative has been discussed by
the authorities but was in the specific case not chosen mainly due to
concerns connected with future land use.

Conservation of the site
as “Environmental Risk
Area”

The alternative prohibits access to the area by fences and assumes no
remedial action. This alternative is a part of the presented research
project. The alternative is possible within current legislation and is
therefore of interest, especially concerning the effects on soil functions
and the socio-cultural domain.



http://ees.elsevier.com/stoten/download.aspx?id=543999&guid=8a586b68-1cad-4461-8051-852da6ab7d17&scheme=1

Table
Click here to download Table: Table 4.docx

Table 4
Basic statistics for the analyzed soil quality indicators at the Marieberg site.
Sum PCDD/F 17, NH4-N, AL-P,

AW,[%]  CM,[%] OM,[%]  pH

[p9/g] [mg/kg] [mglkg]
No 18 18 18 18 18 18 16
Mean 31 000 22 13 2.8 6.6 190 34
Std 46 000 1.5 6.5 2.2 0.7 25 10
Min 210 21 2 0.6 5.6 140 20
Max 160 000 25 21 7 8.2 230 59
cv 1.6 0.1 0.5 0.8 0.1 0.1 0.3
No: number of soil samples. Std: standard deviation. Max: maximum. Min: minimum. CV: coefficient of variation.
CM: content of coarse material (>2 mm). AW: available water capacity. OM: organic matter content.
NH4-N: potentially mineralizable nitrogen. AL-P: available phosphorus. PCDD/F: dioxins.

"The AL-P (available phosphorus) results for two soil samples textured sands are missing due to a mistake by the lab.
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Table 5

Possible scoring of the effects on soil performance after remediation at the Marieberg site as a
function of the refilling material.

Soil class of refilling material

1 2 3 4 5
Remediation alternatives "Very good” "Good” "Medium” “Poor” "Very poor”
Excavation +2 +1 0 -1 -2
Excavation of Hot Spots +2 +1 0 -1 -2

+2: very positive effect. +1: positive effect. 0: no effect. -1: negative effect. -2: very negative effect.
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Soil Class after Remediation

Reference
Soil Class 1* 2%

Fig. 1. A suggested matrix of the effects on soil functions.

Soil Quality Classes:
Very good
Good

Medium
Poor
Very poor

Effects on Soil Functions:
2 Vvery positive
+1 Positive
0 No effect
-1 Negative

B Very negative
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Fig. 2. Sail classes for Reference Alternative at the Marieberg site.
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Fig. 3. Sensitivity chart for Reference Alternative showing the contribution of the input SQIs to the

total uncertainty in the resulting soil class.
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