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Abstract

Understanding the ecological consequences of land-take requires moving beyond land-
use and land-cover (LULC) data alone and considering ecosystem condition. This study
quantifies land-take in Wallonia (Belgium) between 2007 and 2018 and characterises the
affected areas using key abiotic soil and topographic properties, including soil wetness,
texture, depth, hydromorphy, slope and aspect, in order to identify ecologically
constrained soils affected by this process. We then assess how these land conversions
influence the capacity of ecosystems to deliver services, applying an ecosystem service
(ES) capacity matrix. The matrix combines LULC information with mapped soil and
topographic properties to integrate ecosystem condition into the estimation of ES
changes attributable to land-take. Our findings show an average annual land-take of
21.43 km? (5.87 ha per day), consistent with national statistics, but significantly higher
than European estimates, mainly due to methodological differences between land-cover-
based satellite imagery and cadastral land-use data. Conversions predominantly affect
agricultural land, reflecting long-standing policy concerns about the protection of arable
land. However, our study also highlights that ecologically constrained soils, often
overlooked due to their limited agronomic value, are nonetheless significantly affected by
land-take. These areas, including hydromorphic soil types, occupy relatively small
surfaces, yet exhibit a high capacity to support regulating ES. Results indicate a
significant decline in the capacity of ecosystems to supply regulating ES, especially water
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quality regulation and flood risk mitigation. These findings underscore the importance of
integrating ecosystem condition data into ES assessments and land-use planning
policies, not only to support the goal of preventing further soil degradation (e.g. under No
Net Land-Take objectives), but also to move beyond a purely surface-based
interpretation of land-take that overlooks the characteristics of the ecosystems affected.
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Introduction

The ongoing biodiversity crisis is now widely recognised as one of the most pressing
global environmental challenges (IPBES 2019). Amongst the main drivers of this crisis,
land-take, defined as a process which causes a modification of land use and of the
characteristics of the soil (European Commission 2025), is identified as one of the direct
drivers with a large global impact (IPBES 2019). Through processes, such as soil sealing
and other forms of soil artificialisation, land-take contributes to soil degradation, which
can negatively affect soil properties and the ecosystem services (ES) provided, including
atmospheric composition and conditions and hydrological cycle and water flow
regulation. All EU Member States and associated countries face growing pressure on soil
and land resources, with over 60% of EU soils considered unhealthy (European
Commission 2023). This challenge is addressed in the new Soil Monitoring Law
(European Commission 2025), which establishes a harmonised EU framework for soil
health monitoring and explicitly include land-take through indicators related to soil
sealing and soil removal. The Directive also clarifies the definition of land-take,
responding to previous criticism that the "No Net Land-Take (NNLT) by 2050" objective
was insufficiently defined and inconsistently interpreted (Marquard et al. 2020). Under the
Soil Monitoring Law, land-take encompasses two complementary dimensions. First, it
refers to the conversion of natural and semi-natural land uses into settlement areas.
Second, it includes soil artificialisation, defined as the durable alteration of soil
components and characteristics, leading to a reduced capacity of soils to deliver ES.
Recent research has underlined the importance of recognising and distinguishing these
complementary dimensions (Hanna et al. 2024, Vieillard et al. 2024), showing that the
capacity of a land to provide ES varies according to the degree of soil alteration and
naturalness. A purely binary or surface-based understanding of land-take (land taken
versus not) fails to capture the ecological functions or prior quality of the soils involved
(Chéry etal. 2014). In response, several studies have highlighted the importance of
integrating soil quality indicators and ES assessments into the broader discourse on
NNLT (Decoville and Feltgen 2023, ESPON 2024b, Evers 2025), underscoring the need
for more comprehensive and nuanced land-use evaluation frameworks. Urban planning
and land development strategies have, however, traditionally approached the issue of
land-take primarily through the lenses of economic growth, demographic expansion and
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urban sprawl, largely overlooking the pedological characteristics of soils and the
associated losses in soil quality and their capacity to provide ES (Pauleit et al. 2005, Xiao
et al. 2013, Ceccarelli et al. 2014, Ferrara et al. 2014). Consequently, land-use change
and particularly the conversion of agricultural land and the sealing of soil, are assessed
mainly through shifts in land-use land-cover (LULC) categories, with ES impacts inferred
from differences in ES capacity associated with each LULC class (Lauf et al. 2014,
Perennes et al. 2020). This is closely linked to the widespread assumption underlying
many ES assessment methods, particularly the Tier 1 approach of the widely used ES
matrix model of Burkhard et al. (2009), that LULC classes can serve as proxies for
ecosystems and their service-providing capacity (Van Wijnen et al. 2012, Van der Biest et
al.2014).

The ES matrix method has long been described as having numerous advantages, as it is
technically simple and quickly provides understandable and “mapable” ES data
(Burkhard et al. 2012a, Burkhard et al. 2012b, Jacobs et al. 2015, Campagne et al. 2020).
Such approaches can be adequate for certain ES or highly managed ecosystems
(Schroter et al. 2015). However, relying solely on LULC classes (Tier 1 approach) has
important limitations, particularly at finer spatial scales or for regulating ES, as it assumes
fixed relationships between LULC classes and ES capacity derived from expert
judgement or previous studies. This approach does not capture spatial variability within
LULC types or the more detailed indicator-based relationships or models used in higher
tier assessments (Tiers 2 and 3) (Jacobs et al. 2015, Campagne et al. 2020). Over time,
various refinements have improved the application of the matrix method (Burkhard and
Maes 2017), particularly by refining the characteristics of the geospatial units (i.e. the
“service providing units” (SPUs); Syrbe and Walz (2012)), used in the matrix by
incorporating information on ecosystem condition and spatial heterogeneity (Burkhard
and Maes 2017). This can, for example, be done through the integration of
geobiophysical data derived from soil maps (Kroll et al. 2012) or by systematically
considering both abiotic factors and human management types to define the SPUs
(Maebe etal. 2019).

In the context of the Mapping and Assessment of Ecosystems and their Services (MAES)
framework, ecosystem condition is defined as the physical, chemical and biological state
of an ecosystem at a given point in time (Burkhard et al. 2018). Indicators describing
ecosystem condition, therefore, seek to capture both abiotic and biotic components,
including soil, water and vegetation characteristics. Amongst these components, soils
play a particularly important role (Willemen et al. 2012, Smith et al. 2017). While ES are
not exclusively provided by soils, soils make a critical contribution that largely determines
the extent to which many ES can be delivered (Paul et al. 2021). Soil-related ES depend
on soil properties and their interactions and are strongly influenced by land use and
management (Adhikari and Hartemink 2016). Integrating soil properties as proxies of
ecosystem condition into refined matrix approaches can, therefore, improve the
representation of ecosystem condition and increase the reliability of ES mapping and
assessment (Campagne etal. 2020).



4 Pairon M, Dufréne M

While some studies have attempted to quantify and qualify the loss of agricultural land
due to artificialisation by overlaying LULC change data with soil quality maps (Kurucu
and Chiristina 2007, Xiao et al. 2013), the joint consideration of both LULC
characteristics and changes in soil condition resulting from land-take remains largely
unexplored. As a result, the consequences of land change on ES delivery are seldom
assessed in an integrated manner. Our study addresses this gap by:

1. analysing not only the original LULC classes affected by land-take, but also the
change in ecosystem condition (based on soil and topographic information)
resulting from this land-take;

2. enabling a more accurate estimation of the resulting impact on ES capacity.

This allows not only the identification of where land-take occurs, but also the assessment
of the magnitude and qualitative nature of the ES losses associated with land-use
change and the resulting changes in soil conditions. Such an approach is essential if we
are to move beyond LULC classes and adequately account for the ecological value of
soils and their multifunctionality in land-use planning.

This gap is particularly relevant in Wallonia (southern Belgium), where NNLT policies
have been translated into a territorial development strategy (SPW Territoire 2024)
through the concept of spatial optimisation (ESPON 2024b). Two trajectories are defined:
one aiming at reducing net land-take and another aiming at limiting urban sprawil. It also
includes a monitoring framework to track progress towards the goal of NNLT by 2050.
However, neither the trajectories nor the monitoring framework account for soil properties
or ecological functionality, relying solely on a quantitative surface assessment. The
region is, however, characterised by considerable ecological heterogeneity, where short-
distance variations in soil depth, texture or hydromorphy create a fine-grained mosaic of
natural and semi-natural habitats (Claessens et al. 2023). These areas include not only
forests and natural grasslands, but also a range of ecologically rich or sensitive
agricultural systems. Understanding where land-take has occurred, how soil conditions
have been altered and how these changes affect ES capacity is crucial for providing
information for future land-use policies aligned with the NNLT goal of reducing soil
degradation. This article responds to this need by proposing a spatially-explicit
methodology that aims to:

. Quantify artificialised areas in Wallonia between 2007 and 2018 and qualify the
change in LULC classes for these areas;

. Characterise the resulting change in ecosystem condition by developing a map of
abiotic properties of soils and topography;

. Build an ES capacity matrix using both LULC classes and the abiotic properties of
soils and topography to refine the SPUs and complete the matrix by expert
judgements to calibrate capacity scores;

. Estimate losses in ES capacity resulting from land-take over the 2007-2018
period.
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Material and methods

This study builds on a conceptual framework (Fig. 1) designed to assess how land-take
affects ES capacity within the investigated period. The framework links changes in LULC
with variations in ecosystem condition and their implications for ES capacity. In particular,
we consider ecosystem condition through a set of abiotic proxies describing soil
properties, together with topography context as an additional environmental descriptor.
Based on this approach, we first characterise ecosystem conditions and topography
across the study area to define SPUs and identify ecologically constrained areas where
environmental factors play a key role in shaping ecosystem functioning. We then
combine this information with LULC in a matrix of ES capacity to evaluate how land-take
alters the capacity of ecosystems to support multiple ES. The following subsections
describe each step of this framework.
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Figure 1.

Conceptual workflow illustrating the methodological steps used to assess changes in ES
capacity with area affected by land-take. The diagram presents a simplified and schematic
example based on fictive zones. Step 1: identification of areas affected by land-take between
two points in time (2007 (To) and 2018 (T1)) and characterisation of their LULC at both
stages. Step 2: production of an ecosystem condition map using abiotic soil and topography
properties as proxies. Step 3: calculation of SPUs at To and T1, based on the previous steps
and completion of an ES capacity matrix through expert judgement. Step 4: computation of ES
capacity for each ES at To and T: for all SPUs and calculation of changes in ES; capacity
between the two stages.
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Step 1 : Identification of newly-artificialised areas in Wallonia between
2007 and 2018 and assigning their LULC classes

Artificialisation is a process that refers to a change in land use in favour of so-called
“urban” functions (such as housing, economic activities etc.) (Godart and Ruelle 2019). In
this study, we used the concept of artificialisation as defined in the Walloon Spatial
Development Scheme (SPW Territoire 2024 ), which aligns with the definition of land-take
in the Soil Monitoring Law (namely, the conversion of natural, forested or agricultural
states to urban functions, resulting in a durable alteration of soil properties and ES
capacity) whether or not it is built upon and whether or not it is sealed (e.g. a parking lot
vs. a suburban garden). The distinction follows the typology adopted in 2021 by the
European Environment Agency (European Environment Agency 2023), whereby, for
example, parks and private gardens are classified as artificialised (e.g. vegetated
unsealed surfaces), while agricultural and forest land are classified as non-artificialised.
The identification of newly-artificialised areas in Wallonia between 2007 and 2018, along
with the attribution of their LULC classes, involved data preparation and standardisation,
as well as a comparison between 2007 and 2018. All cartographic processing was
performed using ArcGIS Pro© (ESRI Inc. 2023).

Data preparation and standardisation

To identify areas that were non-artificialised in 2007 and became artificialised by 2018
and to characterise their LULC classes, we relied on four official land-use or land-cover
datasets produced by regional or national administrations. The 2007 baseline of non-
artificialised areas in Wallonia was established using two official datasets: the Walloon
LULC (COSW; SPW (2008)) and the national LULC map (Top10vector; IGN (2008)). In
both datasets, land-use and land-cover information cannot be fully distinguished; they
must, therefore, be interpreted as mixed LULC products rather than strictly land-cover or
land-use layers. For 2018, we used the Walloon land-use map (WalUTS dataset -SPW et
al. (2020a)), which delivers parcel-level information on 2018 current land use. As
WalUTS contains only land-use information, it was complemented with the Walloon land-
cover map (WalOCS - SPW et al. (2020b)), produced at 1 m resolution and simplified to 5
m for processing. Both COSW and WalUTS are grounded in cadastral information,
ensuring methodological consistency for diachronic comparison.

In the 2007 baseline dataset, all polygons labelled as “artificialised” in the native
classification (Level-1 class) were considered artificialised. Non-cadastral parcels
(Level-9 class) were added to the "artificialised" native classification to account for
under-represented linear infrastructures (e.g. roads), acknowledging that this choice also
introduced limited misclassification (e.g. occasional watercourses incorrectly labelled as
artificialised). Minor misclassifications (e.g. agricultural land adjacent to farm buildings)
were deemed negligible, as our analysis focused on areas that shifted from non-
artificialised to artificialised, not the reverse. To further improve reliability, COSW 2007
“non-artificialised” areas were cross-checked against national LULC map (TOP10vector).
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This correction reclassified approximately 126 km? (0.74 % of the study area) from non-
artificialised to artificialised, thereby strengthening the baseline.

For 2018, artificialised areas were defined using both WalOCS and WalUTS datasets. All
sealed surfaces and built-up areas from WalOCS were considered artificialised,
regardless of their land use. In addition, parcels classified in WalUTS as residential,
secondary or tertiary production areas, infrastructure, recreational facilities or gardens
(levels 2 to 6 of the native UTS classes) were also considered artificialised. Waterbodies
and watercourses were excluded for both 2007 and 2018 due to uncertainty regarding
their artificialisation status.

The LULC class was determined for both time steps (2007 and 2018) using a
harmonised LULC typology defined for this study. This typology was obtained by
reclassifying the original COSW and WalUTS/WalOCS categories into a common set of
LULC classes. For 2007, COSW categories were reclassified to match the study typology.
For 2018, WalUTS land-use data were rasterised at 5 m and complemented with land-
cover information from WalOCS; both layers were then combined to reconstruct the
corresponding LULC classes. This harmonisation allowed us to reconstruct a complete
LULC typology for 2018, consistent with the mixed LULC information available in the
2007 baseline.

Comparison between 2007 and 2018

To identify pixels that shifted from non-artificialised in 2007 to artificialised in 2018,
COSW 2007 and WalUTS 2018 vector layers were first reclassified into binary classes (0
= non-artificialised, 1 = artificialised) according to the classification rules described in the
data preparation and standardisation subsection and then rasterised at 5 m resolution. A
raster calculation was then performed to extract pixels that shifted from 0 in 2007 to 1 in
2018. Only these newly-artificialised pixels were retained for further analysis. LULC
classes were then assigned to these pixels for both 2007 and 2018 using the harmonised
LULC typology defined for this study, by applying a mask of newly-artificialised pixels to
the LULC rasters.

A visual comparison using orthophotos from 2007 and 2018 was thoroughly conducted
over the city of Namur to assess the accuracy of this method. Two major types of
classification error were identified: firstly, artificialised areas of quarries were frequently
overestimated in 2007, including wooded areas likely reforested more than 20 years ago.
Conversely, some extensions of these quarries were missing in the 2018 dataset.
Secondly, urban parks and urban woodlands were inconsistently classified in the source
datasets, sometimes appearing as parks (i.e. artificialised) and sometimes as forests (i.e.
non-artificialised). These inconsistencies stem from the original mapping rules of the
datasets used — often influenced by ownership, cadastral categories or adjacent
land-use designations — rather than from our own processing. Based on these findings,
we systematically corrected the most substantial misclassifications across Wallonia. This
included a targeted review of large parcels that could have skewed the data if incorrectly
classified in 2018. Parcels over 5 ha classified as “residential use” in WalUTS dataset
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were inspected visually. We also examined parcels under the “extractive industry” use
class and large institutional or infrastructural properties. All secondary and tertiary land-
use parcels over 15 ha intersecting new artificialisation pixels were also checked. In
terms of transport infrastructure, only airport areas were reviewed, as these are most
likely to span overestimated areas. Parcels found to be non-artificialised by these visual
checks were corrected accordingly. Finally, we performed a last round of visual
verification at a scale of 1:25,000 to ensure that large artificialised parcels were indeed
valid. These corrections substantially improved the reliability of the land-conversion
dataset, as 286 large parcels were reviewed visually across Wallonia and 91 of them (=
32%) were found to be falsely classified as artificialised and subsequently corrected.

Changes in LULC between 2007 and 2018 were visualised using a Sankey diagram
produced in R (v. 4.4.2, R Core Team (2024)) with the ggalluvial package (Brunson and
Read 2026).

Step 2: Ecosystem condition assessment, based on key abiotic soil and
topography properties

To account for the influence of soil and topographic constraints on ES capacity, we
developed a map of ecologically constrained areas as a proxy for ecosystem condition in
Wallonia. These areas correspond to zones where biophysical limitations restrict
intensive land use. Although these constraints limit agricultural productivity or
infrastructural development, they also tend to reduce human disturbance. These areas,
therefore, retain semi-natural vegetation and support higher habitat heterogeneity. The
map identifies distinct categories of ecologically constrained areas defined by soil
moisture conditions, slope characteristics (steepness and aspect) and shallow substrate
depth.

The classification was derived from three geospatial datasets: (1) the Digital Soil Map of
Wallonia (SPW 2015b) provided information on soil properties, such as natural drainage,
peat occurrence, alluvial and colluvial deposits, hydromorphic features, soil depth and
texture; (2) the Digital Terrain Model (SPW 2015a) was used to extract slopes exceeding
20° and aspect (north and south-facing slopes); and (3) a flood hazard map (SPW 2021)
provided information for valley-bottom soils and hydrological constraints with hazard
levels categorised as very low, low, moderate or high. For areas where soil information
was missing, primarily within large urban centres, only topographic and flood-hazard
data were available. In these cases, the flood hazard map was used to refine the
delineation of valley-bottom areas and ensure spatial consistency across polygons. The
resulting map (Fig. 2) delineates the nine main categories of ecologically constrained
areas across Wallonia and allowed us to integrate soil- and terrain-based limitations into
the assessment of ecosystem condition and the ES assessment.

Each newly-artificialised pixel already characterised by its 2007 and 2018 LULC classes
was subsequently assigned to its corresponding category of ecologically constrained
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area. This additional classification allowed us to link each pixel to the appropriate SPU in
the capacity matrix.

Legend
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Figure 2.

Map of ecologically constrained areas used as a proxy of ecosystem condition in Wallonia. The
figure presents the nine different categories identified across the region and includes a
detailed zoom on a selected sub-area, illustrating the spatial pattern of the categories at the
local scale.

Step 3 : Capacity matrix
Capacity Matrix Design

To assess the ability of ecosystems to deliver ES, a ES capacity matrix was used, with
SPUs listed in rows and ES in columns. Unlike earlier approaches relying solely on
LULC (e.g. Burkhard et al. (2009)), our matrix uses a refined typology (Suppl. material 1)
of SPUs (matrix rows) inspired from Maebe et al. (2019) combining LULC data with soil
and topographic constraints. Ecosystems were first classified according to the typology
for ecosystem classification following MAES (Maes et al. 2013). Some ecosystems were
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grouped to reduce matrix dimension. The matrix was deliberately simplified for artificial
LULC. These categories were primarily defined, based on the presence or absence of
sealed surfaces, rather than the specific land-use function (e.g. industrial, residential,
commercial). A distinction was, therefore, made between sealed artificial surfaces (such
as transport infrastructure, all building types and sealed areas) and non-sealed artificial
surfaces (including gardens, parks, sports facilities and other wooded or herbaceous
covers considered artificialised; i.e. removed from their original agricultural or forestry use
according to the definition applied).

Key abiotic soil and topographic properties were grouped into five classes for natural
habitats, pastures and forests. These include four types of ecologically constrained
conditions: peat soils and permanently waterlogged soils, temporarily waterlogged soils,
steep slopes (> 20°) and shallow soils, plus one additional class representing non- or
less ecologically constrained soils. For annual croplands, key abiotic soil and
topographic properties were grouped into three classes, corresponding to two
ecologically constrained types (peat soils and permanently or temporarily waterlogged
soils and shallow soils and steep slopes (> 20°)), along with one class of non- or less
ecologically constrained soils. The abiotic soil and topographic properties were not taken
into account where not pertinent (e.g. artificial LULC classes). This cross-referencing
allowed for a more nuanced characterisation of ecosystem types, while maintaining a
balance between ecological relevance and operational feasibility in matrix design. Suppl.
material 1 provides an overview of the matrix lines along with their alignment with the EU
ecosystem classification of the environmental accounting framework (Eurostat 2025).

Priorisation of ES

To determine which ES would be included in the ES capacity matrix, we carried out a
structured prioritisation process, based on expert judgement. The initial list of ES was
drawn from the Walloon adaptation of the Common International Classification of
Ecosystem Services (CICES) version 5.2 classification (Haines-Young 2023). Members of
a multidisciplinary steering committee, comprising 15 experts from the relevant
departments of the regional administration, were invited to evaluate each ES. They
assigned a score from 0 (“not important”) to 3 (“essential to assess”), based on its
ecological relevance, societal value and policy importance. In parallel, we assessed
whether each ES was methodologically compatible with the matrix approach, particularly
regarding its ability to reflect differences in ES capacity linked to soil and topographic
characteristics. Only ES with an average score of at least 2 and deemed suitable for the
matrix method were retained, resulting in a final set of 16 ES. Suppl. material 2 provides
an overview of the matrix columns along with their alignment to the European CICES
version 5.2.

Matrix Completion and Expert Input

The ES matrix was completed through an expert-based scoring approach. A total of 43
experts, representing a diverse range of organisations, including civil society, universities
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(researchers) and government administrations, participated in the ES scoring process. To
manage workload, experts were grouped by field of expertise into five thematic groups,
each focusing on a subset of ES (i.e. provisioning, water regulation, pollution control,
climate, lifecycle maintenance, habitat protection and cultural ES). Group sizes ranged
from 6 - 12 participants. Each cell of the matrix, corresponding to a specific SPU-ES pair,
was scored on a scale from 0 (not relevant) to 5 (very high capacity), reflecting the
perceived ability of the ecosystem to deliver that ES. Experts drew on their own
knowledge and, where available, on pre-filled values derived from previous studies (i.e.
Raquez and Dendoncker (2013), Maebe et al. (2019)). For each score, they were also
asked to indicate their level of confidence, ranging from 1 (low) to 3 (high), to account for
variations in expertise and data availability as advised in Jacobs et al. (2015). The
scoring process was carried out over two workshop days in October 2021, and was
preceded by an individual scoring phase guided by a shared tutorial. Each session
included presentations, discussion of disagreements and efforts to reach consensus
values. The standard deviation for each matrix entry was calculated from the complete
pre-filled matrices submitted prior to the workshop. When a consensus score was
reached during the workshop discussions, this consensus value was adopted and its
associated standard deviation was set to zero. When full agreement was not achieved,
the initial standard deviation was retained to reflect the residual divergence amongst
experts. Confidence scores were used as metadata describing the robustness of expert
judgement rather than as inputs to the score calculation. The full capacity matrix,
including the detailed list of SPUs (rows) and ES (columns), is available in Suppl.
material 3, providing a comprehensive view of the typology and scoring system used.
Standard deviations are provided in Suppl. material 4.

To quantify the relative contributions of LULC and abiotic soil and ecosystem condition to
ES variation, a linear model was fitted using LULC and classes of key abiotic soil and
topographic properties as explanatory variables (score ~ LULC + abiotic_properties). An
analysis of variance (ANOVA) was performed and the sums of squares for each factor
were used to calculate the percentage of variance explained. To further examine
variability in ES capacity within and between SPUs, coefficients of variation (CV) were
calculated for each ES across SPU classes. SPUs were grouped into major categories,
based on their land-use type (e.g. artificial, cropland, natural and sylvicultural systems).
The CV was computed as the ratio of the standard deviation to the mean of expert-
assigned scores. The resulting values were visualised using a heatmap to highlight
differences in variability across SPU classes and scored ES capacity. Only regulating and
cultural ES were included in this analysis, as provisioning ES were not consistently
represented across all SPU classes. All analyses and visualisations were conducted in R
(v.4.4.2; R Core Team (2024)).

Step 4 : Evaluating losses from land-take

The methodology for evaluating losses due to soil artificialisation is adapted from
Campagne and Roche (2021). First, the ecosystems impacted by artificialisation are
mapped by identifying each pixel that transitioned from non-artificial in 2007 to artificial in
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2018. Each of these pixels is characterised both in terms of its initial and final SPU
classification, based on LULC, soil data and elevation.

Next, for both the initial (2007) and final (2018) situations, a surface-weighted capacity
matrix is calculated by considering the area of each SPU according to equation 1:

WS, = S;j x ;471'
vi:lAvi
(11

where: WS;; = Weighted score for matrix cell ij; i = single providing unit i (matrix line /); j =
ES j (matrix column j); n = total number of single providing unit (SPU; total number of
matrix lines).

This allows the computation of an overall capacity score for each ES (equation 2) before
and after artificialisation took place:

i=1
(2]

where: FS; = Final weighted score for ES j; WS;; = Weighted score for matrix cell i, i =
single providing unit i (matrix line i); j = ES j (matrix column j); n = total number of single
providing unit (SPU; total number of matrix lines).

The final weighted scores range from very low to very high capacity, with the following
thresholds: < 1: very low capacity, > 1 and < 2: low capacity, > 2 and < 3: medium
capacity, > 3 and < 4: high capacity, > 4: very high capacity according to the qualitative
expert-based scoring scale. The capacity scores before and after artificialisation are then
compared to quantify changes in the capacity of ecosystems to deliver ES. In order to
interpret the magnitude of the differences obtained, we defined significance levels, based
on the statistical distribution of ES value estimates, following the approach proposed by
Campagne and Roche (2021). For each ES, we constructed a statistical distribution,
based on the standard deviation derived from the pre-workshop individual matrices
(Suppl. material 4). The mean standard deviation of all service-specific SPUs was then
used to test whether the difference between initial and final capacity scores exceeded
what could be expected from expert uncertainty alone. Statistical significance thresholds
were derived using a Student’s t-distribution with n—1 degrees of freedom (where n is the
average number of complete matrices available, here n = 8). We report significance
levels ata =5%, 1%, 0.1% and 0.01%.

Results are synthesised using circular bar plots of the final weighted score of ES
capacity, allowing for a holistic understanding of the cumulative impacts of land
artificialisation. ES circular bar plots were generated using R (v. 4.4.2, R Core Team
(2024)): packages ggplot2 (Wickham 2016) and patchwork (Pedersen 2024).
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Results
LULC classes transitions of newly-artificialised land parcels

Fig. 3 illustrates the study area and the spatial distribution of land taken. Between 2007
and 2018, a total of 235.76 km? were converted to artificial uses (LULC classes) in
Wallonia (corrected data), representing an average artificialisation rate of 21.43 km? per
year, equivalent to about 5.87 hectares per day. Fig. 4 presents a Sankey diagram of
LULC transitions between 2007 (left) and 2018 (right).

Artificialisation

0 Artificialised in 2007

Artificialised between
- 2007 and 2018

0 15 3 Km
I S|

Scale bar of map C.

FRANCE <y HERE,
Garmin, USGS

Figure 3.

Maps illustrating the study area and the spatial distribution of artificialised zones. (A)
Avrtificialised areas in Wallonia in 2007 (in grey) and newly-artificialised areas between 2007
and 2018 (in red); (B) Location of Wallonia within its broader European context; (C) Example
of a detailed zoom on a selected sub-area, highlighting the same categories for illustrative
purposes.

Agricultural areas were the primary contributors to land artificialisation: together, the three
agricultural aggregated LULC classes (sown pasture, annual croplands and intensive
orchards and nuts) accounted for 76.10% of the total newly-artificialised surfaces over the
study period. Additionally, 16.42% of the newly-artificialised surfaces resulted from the
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conversion of forest areas (both deciduous and coniferous), while 0.2% resulted from the
conversion of areas designated for nature conservation in 2007.

__Built-up and impervious
surfaces

Sown pastures —

— Gardens and parks

Cropland: annual __
croplands

Cropland: Intensive y 4
orchards and nuts y 4 Other artificial LU (secondary or
tertiary sectors): Herbaceous cover
Forestry: Broadleaved  — R y 4
deciduous forests \ -4 —— Sparsely vegetated ecosystems,
Forestry: / _— e == quarries and wastelands
Coniferous forests \ _/  —— Sports and outdoor recreation
Nature conservation ~— - —— / facilities
Other uses: _~ ——— Other artificial LU (secondary or
herbaceous cover — tertiary sectors): Tree cover
Figure 4.

Sankey diagram showing land-use land-cover (LULC) transitions that contributed to new
artificialised areas in Wallonia between 2007 and 2018. For clarity, LULC classes were
aggregated; the complete list of LULC classes is available in Suppl. material 1, along with the
corresponding labels used in this figure. Source nodes represent the aggregated LULC
classes in 2007, while target nodes indicate the aggregated LULC classes in 2018. Flow
widths are proportional to the corresponding converted area. The diagram highlights that the
majority of newly-artificialised land was converted from agricultural areas, predominantly into
built-up and impervious areas and gardens and parks.

Most artificialisation occurred through the expansion of built-up and impervious surfaces
(buildings and transport infrastructures (43.30%)), as well as residential gardens and
parks (37.85%). The third most frequent transition corresponds to areas converted from
agricultural or forestry uses to other human-dominated land uses that are classified as
artificial in the LULC typology, but still retain a vegetated cover. These areas are either
grouped under the category "Other artificial LU (secondary or tertiary sectors)" including
both tree cover (5.33%) and herbaceous cover (9.21%) or represent "Sparsely vegetated
ecosystems, quarries and waste lands" (1.63%) or "Sports and outdoor recreation
facilities" (2.68%). Suppl. material 5 presents a map showing the spatial distribution of
LULC classes between 2007 and 2018.

Soil and topographic characteristics of converted areas

Beyond the classes of LULC affected by land-take, it is also important to consider the
physical characteristics and abiotic conditions of the impacted soils. Table 1 summarises
the distribution of areas affected by land-take in Wallonia (2007-2018) according to key
abiotic soil and topographic properties and compares these figures with the overall
regional availability of such soils.
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Table 1.

Distribution of areas affected by land-take (2007-2018) in Wallonia by key abiotic soil and
topographic properties. The table shows: 1. the area and percentage of land take in each category;
2. their total extent and share in Wallonia.

Ecosystem Abiotic soil and topographic properties Land-take (ha Total extent in
condition (%)) Wallonia (ha (%))
Ecologically Peaty and para-peaty soil 38.94 (0.17%) 14,818.82 (0.88%)

constrained areas . i . .
Hydromorphic soil (non-alluvial and colluvial)  840.04 (3.56%) 79,007.31 (4.67%)

Hydromorphic alluvial and colluvial soil 967.71 (4.1%) 72,775.27 (4.31%)

Drier, artificial or unmapped soil in moderate to 127.92 (0.54%) 17,427.66 (1.03%)

high flood hazard zones

Podzolic soil or podzol in formation/degraded  210.5 (0.89%)  13,858.89 (0.82%)

state

Slope > 20° with cold (north-facing) exposure  289.32 (1.23%) 29,363.47 (1.74%)

Slope > 20° with warm (south-facing) 237.87 (1.01%) 26,261.35 (1.55%)

exposure

Shallow and very shallow substrate 108.57 (0.46%) 11,625.44 (0.69%)

Other sandy-textured soil 80.93 (0.34%) 4,122.98 (0.24%)

Subtotal 2,901.79 269,261.19 (15.93%)
(12.31%)

Less or non-ecologically constrained areas 20,674.84 1,420,980.61 (84.07%)

(87.70%)

Overall, 12.31% of land take occurred on ecologically constrained areas. Given that
these soils account for 15.93% of Wallonia’s total area, artificialisation has affected them
slightly less than their regional representativeness. The bulk of artificialisation was still
concentrated on less or non-ecologically constrained areas (84.07%), which is consistent
with their broader availability and the fact that they generally pose fewer limitations to
development, such as steep slopes or high soil moisture. Amongst ecologically
constrained areas, hydromorphic alluvial and colluvial soils (4.10%) and non-alluvial
hydromorphic soils (3.56%) were the most affected subtypes.

Matrix production

Analysis of the ES matrix revealed that LULC classes were the primary driver of ES
capacity. Variation partitioning showed that LULC explained approximately 19.1% of the
variance in ES scores, while key abiotic soil and topographic classes accounted for only
0.43%. The ANOVA confirmed that LULC had a highly significant effect on ES scores (F =
16.4, p < 2e-16), while soil and topographic classes showed no statistically significant
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effect (F = 0.73, p = 0.625). These results suggest that the expert judgements underlying
the matrix give greater weight to differences between LULC types than to soil and
topographic variability within each class. As our analysis focuses on transitions between
LULC classes from 2007 to 2018 due to artificialisation, these changes are, therefore,
expected to be the primary drivers of variation in ES capacity across the study area.
However, ecosystem condition still influenced ES capacity within several LULC classes.
For example, expert scores for timber production in coniferous forests increased along
the soil gradient from 1 on peat soils and permanently waterlogged soils to 4.8 on less or
non-constrained ecological areas.

The analysis of coefficients of variation across SPU classes revealed substantial
differences in the variability of ES capacity evaluated by the experts (Fig. 5). The heatmap
in Fig. 5 highlights that several regulating and cultural ES display higher variability within
artificial (ART) SPU class compared with natural (NAT) or forested systems (SYL). In
particular, ES such as water regulation, pollination, global climate regulation via
greenhouse gas sequestration and visual screening showed strong contrasts amongst
SPUs of the artificial class, reflecting the heterogeneity of artificialised SPUs. These
results indicate that artificialised land cannot be considered as a homogeneous category,
as sealed surfaces differ markedly from vegetated urban areas, such as parks, gardens
or sports facilities, in their capacity to provide ES. The high variability observed for some
ES within the agricultural (CRO) SPU class reflects the heterogeneity of land uses
grouped in this category. For example, conventional cereal croplands generally shows a
very low capacity for flood regulation, whereas orchards or mixed crops exhibit
substantially higher capacities, resulting in larger coefficients of variation.

Loss of ES capacity from land-take and relative importance across ES

Land-take between 2007 and 2018 led to a systematic decline in the capacity of
ecosystems to provide nearly all evaluated ES (Table 2, Fig. 6). Provisioning ES were the
most severely impacted, with five out of five experiencing a 98-100% reduction in
capacity. Notably, ES such as fodder production, livestock production and food crops
showed complete capacity losses, all statistically highly significant. Amongst regulating
ES, those related to hydrological regulation, such as soil erosion control (-64%), flood
risk mitigation (-70%) and surface water quality regulation (-63%), showed major
declines. These losses are closely related to the findings presented in the previous
section, which showed that land-take mostly affected hydromorphic alluvial and colluvial
soil subtypes (4.10%) and non-alluvial hydromorphic (3.56%) soil subtypes. These
losses were backed by very strong statistical evidence.

Pollination (—63%) and global climate regulation through carbon sequestration (—61%)
also showed substantial declines. In the cultural ES category, reductions ranged from —
42% (recreation) to —61% (cultural and spiritual inspiration), with most losses supported
by strong or very strong statistical evidence. Only the visual screening ES showed a
minor and statistically insignificant decline (-23%). Overall, these results indicate a
widespread reduction in ES capacity due to land-take.
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Figure 5.

Variability of ES capacity across SPU classes. The heatmap shows the coefficient of variation
(CV) of expert-assigned ES scores for each ES and SPU class.

Table 2.

Mean ES capacity of all newlyartificialised SPUs before (2007) and after (2018) artificialisation. For
each ES, the table reports the surface-weighted capacity scores (Eq. 1-2), the qualitative capacity
classes, the absolute and relative differences between both stages and the associated significance
level. ES are grouped by provisioning (1P), regulating (2R) and cultural (3C) categories.

Final ES capacity Quantification of ES capacity
weighted qualitative loss
scores assessment
ES Acronym ES Name Initial ~ Final  Initial Final ~ Absolute  Difference Significance
change
(%)
1P_BIO_CROP  Food crops 1.12  0.00 Low Very  -100% -1.10 **
low
1P_BIO_TIMB  Timber and wood fibre 0.57 0.00 Verylow Very -100% -0.70 >
low
1P_BIO_FODD Fodder (animals feed) 3.23 0.00 High Very  -100% -3.08 bl

low
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Final ES capacity Quantification of ES capacity
weighted qualitative loss
scores assessment
1P_BIO_ENER  Wood and woody 0.59 0.02 Verylow Very -98% -0.68
biomass for energy low
1P_BIO_LIVE Livestock production 2.83 0.00 Medium Very -100% -2.67 i
low
2R_TRA_FILT Filtration of airborne 2.00 1.03 Medium Low -50% -1.04 i
pollutants (dust,
chemicals and odours)
by ecosystems
2R_TRA_VISU Visual screening 1.44 119 Low Low -23% -0.36
2R_REG_EROS Soil erosion control 3.53 1.29 High Low -64% -2.26 **
2R_HAZ_FLOO Flood risk mitigation 3.32 0.99 High Low -70% -2.33 **
2R_CON_POLL Pollination 240 0.88 Medium Very -63% -1.49 **
low
2R_CON_WAT  Water quality 3.10 1.17 High Low -63% -1.98 **
regulation: surface
water
2R_CON_ATMO Global climate 217 0.86 Medium Very -61% -1.35 *
regulation via low
greenhouse gas
sequestration
3C_EXP_RECR Recreational 262 154 Medium Low -42% -1.14 *
experiences in the
environment
3C_EXP_LIFE  Living and working 3.24 1.56 High Low -52% -1.69 *
environment (physical
and psychological
experiences)
3C_INT_SCIE  Scientific and 2.85 1.26 Medium Low -56% -1.63 **
educational inspiration
and knowledge
3C_INT_CULT  Cultural aesthetic and 2.73 1.06 Medium Low -61% -1.69 bl

spiritual inspiration
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Figure 6.

Circular bar plot showing the final weighted scores of ES capacity before (A) and after (B)
artificialisation and the corresponding differences between the two stages (C). BIO_CROP:
Food crops, BIO_TIMB: Timber and wood fibre, BIO_FODD: Fodder (animals feed),
BIO_ENER: Wood and woody biomass for energy, BIO_LIVE: Livestock production,
TRA_FILT: Filtration of airborne pollutants (dust, chemicals and odours) by ecosystems,
TRA_VISU: Visual screening, EROS: Soil erosion control, HAZ_FLOO: Flood risk mitigation,
CON_POLL: Pollination, CON_WAT: Water quality regulation: surface water, CON_ATMO:
Global climate regulation via greenhouse gas sequestration, EXP_RECR: Recreational
experiences in the environment, EXP_LIFE: Living and working environment (physical and
psychological experiences), INT_SCIE: Scientific and educational inspiration and knowledge,
INT_CULT: Cultural, aesthetic and spiritual inspiration.

Discussion
Land-take estimates and loss of agricultural land

The land-take per year land artificialisation rate estimated in our study (21.43 km? per
year) for the period 2007 - 2018 is higher than the values reported in regional statistics
from IWEPS data, which report an increase of at least 613 km? between 1985 and 2025,
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corresponding to an average of 15.35 km? per year in Wallonia (IWEPS 2025). This
difference is likely related to methodological discrepancies between datasets. In
particular, IWEPS reports net artificialisation balances, that account for both newly-
artificialised and de-artificialised land. By contrast, our assessment considers only gross
artificialisation, i.e. the total area newly converted without substracting areas that may
have undergone re-naturalisation. Both IWEPS data (calculated over a longer time
period) and the results obtained in our study are considerably higher than those
published by the European Environment Agency (EEA 2023), which reports a total land-
take of 104 km? in Belgium between 2000 and 2018 or approximately 5.7 km? per year.
Urbanisation rates in Belgium as assessed at the European level are several times lower
than those derived from high-resolution regional cadastral data. This discrepancy
between national and European estimates has been discussed in literature (ESPON
2024a) and is largely explained by the fundamental difference in data sources: European
figures are based on satellite-derived land-cover data (CORINE land-cover), which has a
minimum mapping unit that limits its detection of small-scale changes, whereas national
statistics typically rely on cadastral land-use data. As satellite methods often struggle to
capture net land-take accurately (Decoville and Schneider 2015, ESPON 2020, Nicolau
and Condessa 2022), they may diverge from administrative records (Fina et al. 2023),
particularly when the distinction between land cover (physical traits) and land use
(functional occupation) leads to misinterpretations. This highlights the importance of
using more precise regional or national land-use data, which better reflects the diversity
of artificialised areas.

Despite methodological differences between regional and European data sources, both
point to the same pattern: agricultural land is the most commonly converted land type
through artificialisation. In Belgium, according to European data (EEA 2023), a significant
share of newly-artificialised land originates from agricultural areas representing 78.28
km? (respectively 42.99 km? and 35.29 km? for arable land & permanent crops and
pastures & mosaic farmland) or 75.04% of total land-take between 2000 and 2018.
Regional statistics (IWEPS 2025) also show a substantial decline in agricultural land over
the past decades, with cadastral data showing a surface loss of 645 km? between 1985
and 2025, highlighting the steady loss of productive farmland to urban uses. This can be
explained by the fact that, for the past three decades, urbanisation in Wallonia has largely
followed the land-use zoning established by the regional statutory land-use zoning plan
(i.e. plan de secteur, Charlier and Reginster (2024)). This zoning framework designates
buildable areas near existing urban and village centres, which are historically located
either on fertile agricultural plateaus or in the valleys of Haute Belgique (Defer et al. 2022
)- As a result, nearly 90% of land currently available for residential development still
consists of agricultural areas (Charlier and Reginster 2024). The conversion of
agricultural land is especially concerning because it affects areas that are not only
agriculturally viable, but also often amongst the most fertile and accessible for food
production. As this dynamic continues, it poses increasing challenges for food security
(Ceccarelli etal. 2014, Gardi et al. 2015, Bren d’Amour et al. 2017, Van Vlietet al. 2017).
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Landtake affects ecologically constrained areas

To better understand which environments are most affected by land-take, we
characterised the ecologically constrained areas that are being converted or lost. Rather
than assessing soil processes or soil functioning directly, we used a set of key abiotic soil
and topographic properties to describe the ecosystem condition of these areas. These
variables were, therefore, not intended to measure soil functions themselves, but to
capture the environmental context in which ecosystems operate and, consequently, their
potential capacity to provide ES. This perspective differs from studies that explicitly
analyse how soil properties control ecosystem functioning, soil-related ES or the supply
of soil functions across landscapes (e.g. Toth et al. (2013), Greiner et al. (2017), Su et al.
(2018), Wadoux et al. (2025)). Such studies typically focus on detailed soil characteristics
— such as soil organic carbon content, available water capacity, clay and silt content, soil
type, soil depth, bulk density or hydromorphic features related to soil-water dynamics —
to explain processes including primary productivity, water and climate regulation, nutrient
cycling or habitat provision. Our results indicate that, although land-take primarily affects
less or non-ecologically constrained areas, substantial losses also occur on
hydromorphic soils. This pattern is consistent with previous studies showing that urban
development has often been associated with the widespread degradation and loss of
wetlands and other moisture-dependent environments (Ehrenfeld 2000).

The impact on land-take on ES capacity

Across the study area, we observe a net reduction in overall ES capacity over 2007—-
2018. This finding is consistent with prior evidence from diverse contexts showing ES
reductions associated with land-use change (Pauleit et al. 2005, Haines-Young et al.
2012, Ferrara et al. 2014, Lauf et al. 2014, Kindu et al. 2016, Gao et al. 2017, Song et al.
2018, Liu et al. 2019). The expansion of built-up areas has been shown to negatively
affect ES not only within urbanised zones, but also in adjacent natural landscapes
(Alberti 2005, Seto et al. 2012). A comprehensive review by Hasan et al. (2020) further
indicates that the magnitude and direction of ES responses vary according to ecosystem
type and the specific land-use transitions considered. In our case, the aggregate decline
aligns with the dominance of conversions from agricultural land (17,942.74 ha; 76.10% of
all land-take surfaces), which mechanically depresses the capacity of provisioning ES
(Jiang et al. 2015). More broadly, the conversion of cultivated land to construction land
has repeatedly been identified as a major driver of ES capacity loss associated with
land-use change (Guo et al. 2022). However, the pattern for regulating ES warrants
closer examination because newly-developed land comprises a mix of sealed and
non-sealed surfaces: in our dataset, 43.30% of newly-taken land is sealed, while 37.85%
corresponds to parks and gardens. Non-sealed urban green can score higher capacities
than some agricultural uses for specific regulating ES (Evans et al. 2022). This is
reflected in our expert-informed matrix for erosion control, for instance, where impervious
surfaces scored 0, parks & gardens 3.0, cereal cropland on good soils 1.8 and
permanent grassland 4.8. Yet, despite the comparatively better performance of urban
green relative to arable fields, the net effect at regional scale remained negative for the
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capacities of regulating ES. Several interacting factors help explain this outcome. A large
proportion of the converted land consists of sealed surfaces, which systematically receive
a score of 0 in the matrix. At the same time, although parks and gardens perform better
than sealed areas, the area-weighted balance of conversions means that the gains they
offer do not compensate for the losses associated with both sealing and the
disappearance of high-performing categories, such as grasslands.

Methodological considerations on the matrix used

The approach adopted in this study for the evaluation of the ES, integrating LULC
information (e.g. to distinguish between primary, residential and nature conservation
uses) with data on ecologically constrained areas within the matrix framework, has
enhanced the capacity matrix methodology (see also Maebe et al. (2019)). To better
interpret these results, we examine key methodological elements of the capacity matrix,
including the definition of SPUs, the selection of ES and the review of the expert-based
scoring process together with the associated confidence levels. These elements are
known to be linked to both technical and thematic sources of uncertainty in ES
assessments (Hou etal. 2013).

Relevance of SPUs (LULC categories and ecologically constrained areas)

A first issue that deserves attention is the definition of the rows in the ES capacity matrix,
which reflect the SPUs used in our analysis. In this study, SPUs were defined by
combining LULC classes with ecologically constrained areas derived from key abiotic
soil and topographic properties. While the use of land-cover typologies is common (many
studies reviewed by Campagne et al. (2020) used the European Corine Land Cover
typology), we opted for a combination of LULC information, based on Walloon typologies.
This choice was motivated by the need to better distinguish between different types of
artificialised areas, notably by separating built-up, sealed surfaces from non-sealed
artificial features, such as urban green spaces. In practice, this required integrating land-
use information (e.g. nature conservation, primary uses considered as non-artificial and
residential or tertiary uses considered as artificial) with land-cover data for the study area.
Finally, complementing LULC data with additional geobiophysical information derived
from soil maps or hydrological datasets is not unprecedented (e.g. Kroll et al. (2012),
Nedkov and Burkhard (2012)). It has indeed been argued that LULC alone lacks
information regarding important components of ecosystem conditions that support ES
capacities, such as soil type and quality, water availability, geomorphology or overall
ecosystem integrity (Campagne et al. 2020). In our study, the integration of soil abiotic
and topographic properties was specifically designed to capture variations in ecosystem
condition associated with soil contexts and topography. This perspective is particularly
relevant in the context of land-take policies, where attention should not only be given to
the amount of land converted, but also to the ecological quality of the areas affected, as
territories with higher ecological value are likely to sustain a broader range and capacity
of ES provision (Senes etal. 2023).



Beyond surface change: assessing ecosytem services capacity loss from land-take ... 23

ES prioritisation

A second methodological element relates to the selection and prioritisation of the ES
included in the columns of the matrix. Previous reviews of the ES matrix approach have
assessed an average of 15.6 ES per matrix (Campagne et al. 2020), meaning that the
number of ES considered here (16) is consistent with literature. The choice of the ES
included in this study was not primarily driven by their direct relevance to soil-related
functions. Rather, it was guided by their importance in the Walloon context and by the
ability of the matrix design to capture variations in ES capacity across different land-use
types and ecological conditions. Overall, this selection seeks to ensure consistency with
previous studies conducted in the area (Raquez and Dendoncker 2013, Maebe et al.
2019), while ensuring its relevance for analysing the impacts of land-take.

Nevertheless, a comparison with literature (Paul et al. 2021) shows that most of the
selected ES correspond to ES identified as soil-related or soil management-related. In
particular, several provisioning services included in our assessment (e.g. food crops,
timber and wood fibre, fodder, bioenergy production) correspond to the CICES classes
related to cultivated terrestrial plants that are consistently identified as strongly linked to
soils. Similarly, key regulating services considered in this study, including flood risk
mitigation, water quality regulation, climate regulation and soil erosion control, align with
CICES classes frequently highlighted in literature as directly influenced by soil properties
and management (Schwilch et al. 2016, Bartkowski et al. 2020, Steinhoff-Knopp et al.
2021, Notte et al. 2022). A number of cultural ES in our set, such as recreation, scientific
and educational inspiration and cultural or aesthetic values, also correspond to classes
identified in the review as having a soil-related dimension (Paul et al. 2021). By contrast,
some ES prioritised in our analysis (e.g. filtration of airborne pollutants, visual screening
or pollination) are less explicitly represented amongst the most frequently cited soil-
related CICES classes, although their delivery can still be indirectly influenced by soil
condition and land management. During the scoring process, experts found it particularly
difficult to differentiate scores within a given LULC category for these three ES. As a result
and following the discussions held during the workshop, it was decided to apply identical
values across all abotic soil and topographic classes for most LULC types for filtration of
airborne pollutants, visual screening and pollination.

Expert-based scoring

A third important aspect concerns the reliance on expert judgement to assign ES capacity
scores. While expert-based approaches are commonly used in ES assessments, they
inherently introduce uncertainty related to subjective perceptions and varying levels of
confidence (Jacobs et al. 2015). To address this, several measures were implemented to
improve the robustness of our results. First, consensus rounds were conducted: experts
were individually consulted prior to the workshop, median scores were calculated from
these initial inputs and the workshop was then used to discuss discrepancies and reach
a consensus, allowing each expert the opportunity to reconsider their initial judgement
(as suggested in Campagne et al. (2020). Although some participants found the matrix
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demanding — particularly due to the inclusion of ecologically constrained areas —
facilitated discussions helped clarify its rationale. Second, confidence reporting was
implemented, as recommended by Jacobs et al. (2015), to enable quality comparisons.
Confidence scores were expressed by experts together with their scores for each ES and
for each SPU as in Campagne et al. (2017) and Elliott et al. (2019). Reported confidence
was lower for non-agricultural or urban SPUs (mean confidence score of 2.7 for artificial
SPUs versus 1.6 for agricultural and forest SPUs on a 1 = “comfortable” to 3 =
“‘uncomfortable” scale). Several factors likely contributed to this pattern: the intrinsic
heterogeneity of artificial SPUs complicates consistent scoring; in addition, the expert
panel was predominantly composed of specialists in agricultural and forest systems,
which reduced perceived confidence when dealing with urban contexts. Third, beyond
median values, we explicitly examined the variability of expert scores by computing
standard deviations across expert scores. On average, the standard deviation for
non-artificial SPUs across all services was 0.6, whereas artificial SPUs exhibited a higher
mean standard deviation of 0.9, with numerous cases reaching or exceeding 1.0, notably
for abandoned areas (wastelands), gardens and parks and all SPUs grouped under
"Other artificial land uses (secondary or tertiary sectors)" classes. This greater dispersion
for artificial contexts reflects both the intrinsic heterogeneity of these environments and
the wider range of plausible interpretations regarding their ES capacity. It also points to a
broader methodological issue: the level of detail used to represent artificialised areas in
the matrix. Although the approach distinguishes several types of artificial land uses, it
does not include specific classes for urban green spaces or, more broadly, for non-
sealed artificial surfaces. This may partly limit the ability of the analysis to fully capture the
diversity of ES within urban environments and make the expert scoring assessment more
complex. Recent research has highlighted the importance of differentiating between
types of urban green infrastructure when assessing ES, as artificial spaces are far from
homogeneous and can exhibit widely differing levels of land-use intensity and ecological
potential (Decoville and Feltgen 2023). For instance, Evans et al. (2022) showed that ES
delivery varies substantially depending on the type of urban growing space, with
community gardens, parks, allotments and other urban green spaces being particularly
conducive to a diverse range of ES. This may have contributed to more conservative
assessments for urban green areas as Kaiser et al. (2013) showed that less well-known
orindirectly used ecosystems or ES are often underestimated by the local experts.

Conclusions

Land-take encompasses a wide variety of situations, ranging from fully sealed surfaces to
vegetated and partially permeable urban areas, each with distinct ES capacities. ES
Assessments must, therefore, move beyond a simple artificial/non-artificial distinction if
we are to achieve the goal of maintaining healthy soils across physical, chemical and
biological dimensions. Integrating ecosystem condition is essential for understanding
how different forms of land conversion affect ES capacities. The inclusion of such
ecosystem condition information in land-use planning frameworks is essential to better
identify where land-take reduces ES capacity, support nuanced planning decisions and
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promote forms of urban development that preserve essential regulating functions. This
need is particularly pressing in Wallonia, where current strategies to limit urban sprawl
and land-take do not yet incorporate soil quality criteria. Addressing this gap would
substantially enhance the ecological relevance and effectiveness of land-use planning
and could guide targeted policy measures, including potential revisions of the regional
land-use zoning plan of Wallonia to reclassify certain areas currently designated for
urban development. Despite our attempts to reduce the methodological weaknesses
frequently associated with matrix-based ES scoring, several limitations remain. The
structure of the SPUs, combining LULC with soil condition and topography attributes,
introduced a level of complexity that sometimes blurred the respective influence of land
use and soil quality on ES capacity estimates. Moreover, the artificialised zones used in
the analysis lacked sufficient granularity to represent the full spectrum of urban situations
that matter for ES capacity, ranging from fully sealed infrastructures to mixed or vegetated
urban forms. Finally, the scoring process suffered from a relative under-representation of
experts knowledge about artificialised areas, limiting the precision of scores attributed to
urban LULC. Future work would benefit from a more detailed classification of artificialised
land, a clearer separation between land-use and condition effects and the involvement of
experts specialised in urban soils and infrastructures. While the approach presented here
is exploratory, it nevertheless provides a solid initial foundation for integrating ecosystem
condition into ES-capacity assessments in Wallonia.

Acknowledgements

We warmly thank the reviewers for their constructive and insightful comments, which
greatly contributed to improving the clarity and robustness of this manuscript. We are also
deeply grateful to all the experts who participated in the scoring process and the
workshop. Their time, knowledge and valuable discussions were essential to shaping the
methodological framework and enriching the interpretation of our results. This work
would not have been possible without their commitment and expertise.

The map of marginal and sensitive land is available for free download on WalOnMap
(https://geodata.wallonie.be/id/b18318eb-5e91-48ae-a6a5-6f49d06b15a1).

Funding program

This study was conducted as part of the research agreement entitted 'Development of
operational tools for the assessment of ecosystem services in Wallonia at all stages of a
project (vision setting, design and implementation)' between the Public Service of
Wallonia (SPW/ARNE/DEMNA/DEE) and the University of Liege (Gembloux Agro-Bio
Tech, Biodiversity, Ecosystems and Landscape Unit). Special specifications document
No. 03.02.02-20-3035.


https://geodata.wallonie.be/id/b18318eb-5e91-48ae-a6a5-6f49d06b15a1

26 Pairon M, Dufréne M

Grant title

Development of operational tools for the assessment of ecosystem services in Wallonia at
all stages of a project (vision setting, design and implementation)

Hosting institution

University of Liege

Conflicts of interest

The authors have declared that no competing interests exist.

References

. Adhikari K, Hartemink A (2016) Linking soils to ecosystem services — A global review.
Geoderma 262: 101-111. https://doi.org/10.1016/j.geoderma.2015.08.009

. Alberti M (2005) The Effects of Urban Patterns on Ecosystem Function. International
Regional Science Review 28 (2): 168-192. https://doi.org/10.1177/0160017605275160

. Bartkowski B, Bartke S, Helming K, Paul C, Techen A, Hansjlrgens B (2020) Potential of
the economic valuation of soil-based ecosystem services to inform sustainable soil
management and policy. Peerd 8 https://doi.org/10.7717/peer|.8749

. Bren d’Amour C, Reitsma F, Baiocchi G, Barthel S, Glneralp B, Erb K, Haberl H,
Creutzig F, Seto K (2017) Future urban land expansion and implications for global
croplands. Proceedings of the National Academy of Sciences 114 (34): 8939-8944.
https://doi.org/10.1073/pnas. 1606036114

. Brunson JC, Read QD (2026) ggalluvial: Alluvial Plots in 'ggplot2'. R package version
0.12.6. URL: http://corybrunson.github.io/ggalluvial/

. Burkhard B, Kroll F, Miller F, Windhorst W (2009) Landscapes* Capacities to Provide
Ecosystem Services —a Concept for Land-Cover Based Assessments. Landscape
Online 15: 1-22. https://doi.org/10.3097/L0O.200915

. Burkhard B, Kroll F, Nedkov S, Miller F (2012a) Mapping ecosystem service supply,
demand and budgets. Ecological Indicators 21: 17-29. https://doi.org/10.1016/j.ecolind.
2011.06.019

. Burkhard B, de Groot R, Costanza R, Seppelt R, Jargensen SE, Potschin M (2012b)
Solutions for sustaining natural capital and ecosystem services. Ecological Indicators 21:
1-6. https://doi.org/10.1016/j.ecolind.2012.03.008

. Burkhard B, Maes J (2017) Mapping Ecosystem Services. Pensoft htitps://doi.org/
10.3897/ab.e12837

. Burkhard B, Santos-Martin F, Nedkov S, Maes J (2018) An operational framework for
integrated Mapping and Assessment of Ecosystems and their Services (MAES). One
Ecosystem 3 https://doi.org/10.3897/oneeco.3.e22831



https://doi.org/10.1016/j.geoderma.2015.08.009
https://doi.org/10.1177/0160017605275160
https://doi.org/10.7717/peerj.8749
https://doi.org/10.1073/pnas.1606036114
http://corybrunson.github.io/ggalluvial/
https://doi.org/10.3097/LO.200915
https://doi.org/10.1016/j.ecolind.2011.06.019
https://doi.org/10.1016/j.ecolind.2011.06.019
https://doi.org/10.1016/j.ecolind.2012.03.008
https://doi.org/10.3897/ab.e12837
https://doi.org/10.3897/ab.e12837
https://doi.org/10.3897/oneeco.3.e22831

Beyond surface change: assessing ecosytem services capacity loss from land-take ... 27

Campagne CS, Roche P, Gosselin F, Tschanz L, Tatoni T (2017) Expert-based ecosystem
services capacity matrices: Dealing with scoring variability. Ecological Indicators 79:
63-72. https://doi.org/10.1016/j.ecolind.2017.03.043

Campagne CS, Roche P, Miiller F, Burkhard B (2020) Ten years of ecosystem services
matrix: Review of a (r)evolution. One Ecosystem 5 https://doi.org/10.3897/oneeco.
5.e51103

Campagne CS, Roche P (2021) Guide pour la prise en compte des services
écosystémiques dans les évaluations des incidences sur I’environnement. Guide
méthodologique, DREAL, 131 p..

Ceccarelli T, Bajocco S, Perini LL, Salvati L (2014) Urbanisation and land take of high
quality agricultural soils - Exploring long-term land use changes and land capability in
Northern Italy. International Journal of Environmental Research 8 (1): 181-192. https://
doi.org/10.22059/ijer.2014.707

Charlier J, Reginster | (2024) Artificialisation du sol, étalement urbain et disponibilités
fonciéres : ou en est la Wallonie francophone? IWEPS Institut wallon de I’évaluation, de
la prospective et de la statistique. Sébastien Brunet, Namur.

Chéry P, Lee A, Commagnac L, Thomas-Chery A, Jalabert S, Slak M (2014) Impact de
I'artificialisation sur les ressources en sol et les milieux en France métropolitaine:
Evaluation selon trois sources d’informations indépendantes. Cybergeo https://doi.org/
10.4000/cybergeo.26224

Claessens H, Dufréne M, Peeters L, Delescaille L-, Wibail L (2023) Faune - Flore -
Habitats 11. Les habitats d’Intérét Communautaire de Wallonie. Tome 1. Introduction
générale. SPW / EDIWALL. URL: https://example.com/faune-flore-habitats-11-les-
habitats-dinteret-communautaire-de-wallonie-tome-1-introduction-generale-2023- 108984
Decoville A, Schneider M (2015) Can the 2050 zero land take objective of the EU be
reliably monitored? A comparative study. Journal of Land Use Science1-19. htips://
doi.org/10.1080/1747423x.2014.994567

Decoville A, Feltgen V (2023) Clarifying the EU objective of no net land take: A necessity
to avoid the cure being worse than the disease. Land Use Policy 131 https://doi.org/
10.1016/j.landusepol.2023.106722

Defer V, Wilmotte P-, Hendrickx S (2022) Recherche 1: Intensification et requalification
des centralités pour lutter contre I'étalement urbain. Annexe R1.2A — Volet 2: «Réduction
du potentiel foncier urbanisable au plan de secteur». Note de recherche CPDT n°81.
EEA (2023) Land take and net land take. URL: https://www.eea.europa.eu/en/analysis/
maps-and-charts/land-take-statistics-dashboards

Ehrenfeld J (2000) Evaluating wetlands within an urban context. Urban Ecosystems 4 (1):
69-85. https://doi.org/10.1023/a:1009543920370

Elliott R, Motzny A, Majd S, Chavez FV, Laimer D, Orlove B, Culligan P (2019) Identifying
linkages between urban green infrastructure and ecosystem services using an expert
opinion methodology. Ambio 49 (2): 569-583. https://doi.org/10.1007/s13280-019-01223-9
ESPON (2020) SUPER - Sustainable Urbanization and land-use Practices in European
Regions. URL: https://www.espon.eu/ projects/super-sustainable-urbanization-and-land-
use-practices-european-regions

ESPON (2024a) No net land take: policies and practices in European regions. URL:
https://www.espon.eu/projects/ nnlt-no-net-land-take-policies-and-practices-european-
regions



https://doi.org/10.1016/j.ecolind.2017.03.043
https://doi.org/10.3897/oneeco.5.e51103
https://doi.org/10.3897/oneeco.5.e51103
https://doi.org/10.22059/ijer.2014.707
https://doi.org/10.22059/ijer.2014.707
https://doi.org/10.4000/cybergeo.26224
https://doi.org/10.4000/cybergeo.26224
https://example.com/faune-flore-habitats-11-les-habitats-dinteret-communautaire-de-wallonie-tome-1-introduction-generale-2023-108984
https://example.com/faune-flore-habitats-11-les-habitats-dinteret-communautaire-de-wallonie-tome-1-introduction-generale-2023-108984
https://doi.org/10.1080/1747423x.2014.994567
https://doi.org/10.1080/1747423x.2014.994567
https://doi.org/10.1016/j.landusepol.2023.106722
https://doi.org/10.1016/j.landusepol.2023.106722
https://www.eea.europa.eu/en/analysis/maps-and-charts/land-take-statistics-dashboards
https://www.eea.europa.eu/en/analysis/maps-and-charts/land-take-statistics-dashboards
https://doi.org/10.1023/a:1009543920370
https://doi.org/10.1007/s13280-019-01223-9
http://https://www.espon.eu/%20projects/super-sustainable-urbanization-and-land-use-practices-european-regions
http://https://www.espon.eu/%20projects/super-sustainable-urbanization-and-land-use-practices-european-regions
http://https://www.espon.eu/projects/%20nnlt-no-net-land-take-policies-and-practices-european-regions
http://https://www.espon.eu/projects/%20nnlt-no-net-land-take-policies-and-practices-european-regions

28

Pairon M, Dufréne M

ESPON (2024b) Policy brief: No net land take trajectories. ESPON EGTC URL: https://
www.espon.eu/sites/default/files/2024-12/no-net-land-take-trajectories policy-brief.pdf
ESRI Inc. (2023) ArcGIS Pro. 3.1.3.

European Commission (2023) Proposal for a directive of the European Parliament and of
the Council on Soil Monitoring and Resilience (Soil Monitoring Law). Publications Office,
LU. URL: https://eur-lex.europa.eu/resource.html?uri=cellar:
01978f53-1b4f-11ee-806b-01aa75ed71a1.0001.02/DOC_1&format=PDF

European Commission (2025) Directive (EU) 2025/2360 of the European Parliament and
of the Council of 12 November 2025 on soil monitoring and resilience (Soil Monitoring
Law).

European Environment Agency (2023) Soil monitoring in Europe — Indicators and
thresholds for soil health assessments. European Environment Agency https://doi.org/
10.2800/956606

Eurostat (2025) System of environmental-economic accounting — Ecosystem accounting.
European Commission

Evans DL, Falagan N, Hardman CA, Kourmpetli S, Liu L, Mead BR, Davies JA (2022)
Ecosystem service delivery by urban agriculture and green infrastructure — a systematic
review. Ecosystem Services 54 https://doi.org/10.1016/j.ecoser.2022.101405

Evers D (2025) Exploring the implications of no net land take policy for spatial planning:
the case of the Netherlands. Town Planning Review 96 (4): 373-394. https://doi.org/
10.3828/tpr.2024.13

Ferrara C, Salvati L, Tombolini | (2014) An integrated evaluation of soil resource depletion
from diachronic settlement maps and soil cartography in peri-urban Rome, lItaly.
Geoderma 232-234: 394-405. https://doi.org/10.1016/j.geocderma.2014.05.020

Fina S, Hamacher H, Rénsch J, Scholz B (2023) Land use monitoring and land take in
international comparison. Umweltbundesamt. URL: https://www.umweltbundesamt.de/en/
publikationen/land-use-monitoring-land-take-in-international

Gao J, Li F, Gao H, Zhou C, Zhang X (2017) The impact of land-use change on water-
related ecosystem services: a study of the Guishui River Basin, Beijing, China. Journal
of Cleaner Production 163 https://doi.org/10.1016/j.jclepro.2016.01.049

Gardi C, Panagos P, Van Liedekerke M, Bosco C, De Brogniez D (2015) Land take and
food security: assessment of land take on the agricultural production in Europe. Journal of
Environmental Planning and Management 58 (5): 898-912. https://doi.org/
10.1080/09640568.2014.899490

Godart MF, Ruelle C (2019) Réduisons I’artificialisation des sols en Wallonie. Une
information — Un projet de territoire — Des mesures applicables. Conférence Permanente
du Développement Territorial (CPDT). 86 p. URL: https://cpdt.wallonie.be/sites/default/
files/pdf/icpdt_reduisons-I-artificialisation-des-sols-en-wallonie.pdf

Greiner L, Keller A, Grét-Regamey A, Papritz A (2017) Soil function assessment: review
of methods for quantifying the contributions of soils to ecosystem services. Land use
policy 69 (4): 224-237. https://doi.org/10.1016/j.landusepol.2017.06.025

Guo P, Zhang F, Wang H (2022) The response of ecosystem service value to land use
change in the middle and lower Yellow River: A case study of the Henan section.
Ecological Indicators 140 https://doi.org/10.1016/j.ecolind.2022.109019

Haines-Young R, Potschin M, Kienast F (2012) Indicators of ecosystem service potential
at European scales: Mapping marginal changes and trade-offs. Ecological Indicators 21:
39-53. https://doi.org/10.1016/j.ecolind.2011.09.004



https://www.espon.eu/sites/default/files/2024-12/no-net-land-take-trajectories_policy-brief.pdf
https://www.espon.eu/sites/default/files/2024-12/no-net-land-take-trajectories_policy-brief.pdf
https://eur-lex.europa.eu/resource.html?uri=cellar:01978f53-1b4f-11ee-806b-01aa75ed71a1.0001.02/DOC_1&format=PDF
https://eur-lex.europa.eu/resource.html?uri=cellar:01978f53-1b4f-11ee-806b-01aa75ed71a1.0001.02/DOC_1&format=PDF
https://doi.org/10.2800/956606
https://doi.org/10.2800/956606
https://doi.org/10.1016/j.ecoser.2022.101405
https://doi.org/10.3828/tpr.2024.13
https://doi.org/10.3828/tpr.2024.13
https://doi.org/10.1016/j.geoderma.2014.05.020
https://www.umweltbundesamt.de/en/publikationen/land-use-monitoring-land-take-in-international
https://www.umweltbundesamt.de/en/publikationen/land-use-monitoring-land-take-in-international
https://doi.org/10.1016/j.jclepro.2016.01.049
https://doi.org/10.1080/09640568.2014.899490
https://doi.org/10.1080/09640568.2014.899490
https://cpdt.wallonie.be/sites/default/files/pdf/cpdt_reduisons-l-artificialisation-des-sols-en-wallonie.pdf
https://cpdt.wallonie.be/sites/default/files/pdf/cpdt_reduisons-l-artificialisation-des-sols-en-wallonie.pdf
https://doi.org/10.1016/j.landusepol.2017.06.025
https://doi.org/10.1016/j.ecolind.2022.109019
https://doi.org/10.1016/j.ecolind.2011.09.004

Beyond surface change: assessing ecosytem services capacity loss from land-take ... 29

Haines-Young R (2023) Common International Classification of Ecosystem Services
(CICES) V5.2 and Guidance on the Application of the Revised Structure.

Hanna E, Bruno D, Comin F (2024) The ecosystem services supplied by urban green
infrastructure depend on their naturalness, functionality and imperviousness. Urban
Ecosystems 27 (1): 187-202. https://doi.org/10.1007/s11252-023-01442-9

Hasan SS, Zhen L, Miah MG, Ahamed T, Samie A (2020) Impact of land use change on
ecosystem services: A review. Environmental Development 34 https://doi.org/10.1016/
j.envdev.2020.100527

Hou Y, Burkhard B, Mller F (2013) Uncertainties in landscape analysis and ecosystem
service assessment. Journal of Environmental Management 127 https://doi.org/10.1016/
j.jenvman.2012.12.002

IGN (2008) Top10Vector - Inventaire topogéographique du territoire belge (ITGI). Institut
Géographique National.

IPBES (2019) Global assessment report of the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services. IPBES Secretariat, Bonn, Germany.
https://doi.org/10.5281/zenodo.3831673

IWEPS (2025) Artificialisation du sol - Fiche TO05-ARTIF.SOL - derniéres données
régionales disponibles au01/12/2025. URL: https://www.iweps.be/wp-content/uploads/
2025/06/T005-ARTIF.SOL-062025 Full1.pdf

Jacobs S, Burkhard B, Van Daele T, Staes J, Schneiders A (2015) ‘The Matrix Reloaded’:
A review of expert knowledge use for mapping ecosystem services. Ecological Modelling
295: 21-30. https://doi.org/10.1016/j.ecolmodel.2014.08.024

Jiang P, Cheng L, Li M, Zhao R, Duan Y (2015) Impacts of LUCC on soil properties in the
riparian zones of desert oasis with remote sensing data: A case study of the middle Heihe
River basin, China. Science of The Total Environment 506-507: 259-271. https://doi.ora/
10.1016/j.scitotenv.2014.11.004

Kaiser G, Burkhard B, Rémer H, Sangkaew S, Graterol R, Haitook T, Sterr H, Sakuna-
Schwartz D (2013) Mapping tsunami impacts on land cover and related ecosystem
service supply in Phang Nga, Thailand. Natural Hazards and Earth System Sciences 13
(12): 3095-3111. https://doi.org/10.5194/nhess-13-3095-2013

Kindu M, Schneider T, Teketay D, Knoke T (2016) Changes of ecosystem service values
in response to land use/land cover dynamics in Munessa—Shashemene landscape of the
Ethiopian highlands. Science of The Total Environment 547: 137-147. https://doi.org/
10.1016/j.scitotenv.2015.12.127

Kroll F, Miller F, Haase D, Fohrer N (2012) Rural-urban gradient analysis of ecosystem
services supply and demand dynamics. Land Use Policy 29 (3): 521-535. https://doi.org/
10.1016/j.landusepol.2011.07.008

Kurucu Y, Chiristina NK (2007) Monitoring the impacts of urbanization and
industrialization on the agricultural land and environment of the Torbali, Izmir region,
Turkey. Environmental Monitoring and Assessment 136 (1-3): 289-297. https://doi.org/
10.1007/s10661-007-9684-4

Lauf S, Haase D, Kleinschmit B (2014) Linkages between ecosystem services
provisioning, urban growth and shrinkage — A modeling approach assessing ecosystem
service trade-offs. Ecological Indicators 42: 73-94. https://doi.org/10.1016/j.ecolind.
2014.01.028

Liu W, Zhan J, Zhao F, Yan H, Zhang F, Wei X (2019) Impacts of urbanization-induced
land-use changes on ecosystem services: A case study of the Pearl River Delta



https://doi.org/10.1007/s11252-023-01442-9
https://doi.org/10.1016/j.envdev.2020.100527
https://doi.org/10.1016/j.envdev.2020.100527
https://doi.org/10.1016/j.jenvman.2012.12.002
https://doi.org/10.1016/j.jenvman.2012.12.002
https://doi.org/10.5281/zenodo.3831673
https://www.iweps.be/wp-content/uploads/2025/06/T005-ARTIF.SOL-062025_Full1.pdf
https://www.iweps.be/wp-content/uploads/2025/06/T005-ARTIF.SOL-062025_Full1.pdf
https://doi.org/10.1016/j.ecolmodel.2014.08.024
https://doi.org/10.1016/j.scitotenv.2014.11.004
https://doi.org/10.1016/j.scitotenv.2014.11.004
https://doi.org/10.5194/nhess-13-3095-2013
https://doi.org/10.1016/j.scitotenv.2015.12.127
https://doi.org/10.1016/j.scitotenv.2015.12.127
https://doi.org/10.1016/j.landusepol.2011.07.008
https://doi.org/10.1016/j.landusepol.2011.07.008
https://doi.org/10.1007/s10661-007-9684-4
https://doi.org/10.1007/s10661-007-9684-4
https://doi.org/10.1016/j.ecolind.2014.01.028
https://doi.org/10.1016/j.ecolind.2014.01.028

30

Pairon M, Dufréne M

Metropolitan Region, China. Ecological Indicators 98: 228-238. https://doi.org/10.1016/
j.ecolind.2018.10.054

Maebe L, Claessens H, Dufréne M (2019) The critical role of abiotic factors and human
activities in the supply of ecosystem services in the ES matrix. One Ecosystem 4 https:/
doi.org/10.3897/oneeco.4.e34769

Maes J, Teller A, Erhard M, Liquete C, Braat L, Berry P, Egoh B, Puydarrieux P, Fiorina
C, Santos-Martin F, Paracchini M, Keune H, Wittmer H, Hauck J, Fiala |, Verburg P,
Condé S, Schagner J, San-Miguel-Ayanz J, Bidoglio G (2013) Mapping and Assessment
of Ecosystems and their Services. An analytical framework for ecosystem assessments
under action 5 of the EU biodiversity strategy to 2020. Publications office of the European
Union, Luxembourg. https://doi.org/10.2779/12398

Marquard E, Bartke S, Gifreu | Font J, Humer A, Jonkman A, Jirgenson E, Marot N,
Poelmans L, Repe B, Rybski R, Schréter-Schlaack C, Sobocka J, Tophgj Sgrensen M,
Vejchodska E, Yiannakou A, Bovet J (2020) Land Consumption and Land Take:
Enhancing Conceptual Clarity for Evaluating Spatial Governance in the EU Context.
Sustainability 12 (19). https://doi.org/10.3390/su12198269

Nedkov S, Burkhard B (2012) Flood regulating ecosystem services—Mapping supply and
demand, in the Etropole municipality, Bulgaria. Ecological Indicators 21: 67-79. https://
doi.org/10.1016/j.ecolind.2011.06.022

Nicolau R, Condessa B (2022) Monitoring Net Land Take: Is Mainland Portugal on Track
to Meet the 2050 Target? Land 11 (7). https://doi.org/10.3390/land11071005

Notte AL, Czucz B, Vallecillo S, Polce C, Maes J (2022) Ecosystem condition underpins
the generation of ecosystem services: an accounting perspective. One Ecosystem https://
doi.org/10.3897/oneeco.7.e81487

Paul C, Kuhn K, Steinhoff-Knopp B, WeilRhuhn P, Helming K (2021) Towards a
standardization of soil-related ecosystem service assessments. European Journal of Soil
Science 72 (4): 1543-1558. https://doi.org/10.1111/ejss.13022

Pauleit S, Ennos R, Golding Y (2005) Modeling the environmental impacts of urban land
use and land cover change—a study in Merseyside, UK. Landscape and Urban Planning
71 (2-4): 295-310. https://doi.org/10.1016/j.landurbplan.2004.03.009

Pedersen T (2024) patchwork: The Composer of Plots. URL: https://CRAN.R-project.org/
package=patchwork

Perennes M, Campagne CS, Muller F, Roche P, Burkhard B (2020) Refining the Tiered
Approach for Mapping and Assessing Ecosystem Services at the Local Scale: A Case
Study in a Rural Landscape in Northern Germany. Land 9 (10). https://doi.org/10.3390/
land9100348

Raquez P, Dendoncker N (2013) Dossier scientifique sur les services rendus par les
écosystémes en Wallonie, en vue de la préparation du rapport analytique 2012-2013 sur
I’état de I’environnement wallon. Université de Namur - Département de géographie.

R Core Team (2024) R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing. URL: https://www.R-project.org/

Schréter M, Remme R, Sumarga E, Barton D, Hein L (2015) Lessons learned for spatial
modelling of ecosystem services in support of ecosystem accounting. Ecosystem
Services 13: 64-69. https://doi.org/10.1016/j.ecoser.2014.07.003

Schwilch G, Bernet L, Fleskens L, Giannakis E, Leventon J, Marafién T, Mills J, Short C,
Stolte J, Delden H, Verzandvoort S (2016) Operationalizing ecosystem services for the



https://doi.org/10.1016/j.ecolind.2018.10.054
https://doi.org/10.1016/j.ecolind.2018.10.054
https://doi.org/10.3897/oneeco.4.e34769
https://doi.org/10.3897/oneeco.4.e34769
https://doi.org/10.2779/12398
https://doi.org/10.3390/su12198269
https://doi.org/10.1016/j.ecolind.2011.06.022
https://doi.org/10.1016/j.ecolind.2011.06.022
https://doi.org/10.3390/land11071005
https://doi.org/10.3897/oneeco.7.e81487
https://doi.org/10.3897/oneeco.7.e81487
https://doi.org/10.1111/ejss.13022
https://doi.org/10.1016/j.landurbplan.2004.03.009
https://CRAN.R-project.org/package=patchwork
https://CRAN.R-project.org/package=patchwork
https://doi.org/10.3390/land9100348
https://doi.org/10.3390/land9100348
https://www.R-project.org/
https://doi.org/10.1016/j.ecoser.2014.07.003

Beyond surface change: assessing ecosytem services capacity loss from land-take ... 31

mitigation of soil threats: A proposed framework. Ecological Indicators 67: 586-597.
https://doi.org/10.1016/J.ECOLIND.2016.03.016

Senes G, Fumagalli N, Ferrario PS, Rovelli R, Riva F, Sacchi G, Gamba P, Ruffini G,
Redondi G (2023) Assessment of the ecosystem services given by rural and urban green
areas to preserve high quality territories from land take: the case of the Province of
Monza Brianza (ltaly). Journal of Agricultural Engineering https://doi.org/10.4081/jae.
2023.1526

Seto K, Guneralp B, Hutyra L (2012) Global forecasts of urban expansion to 2030 and
direct impacts on biodiversity and carbon pools. Proceedings of the National Academy of
Sciences 109 (40): 16083-16088. https://doi.org/10.1073/pnas.1211658109

Smith AC, Harrison PA, Pérez Soba M, Archaux F, Blicharska M, Egoh BN, Erés T,
Fabrega Domenech N, Gyérgy Al, Haines-Young R, Li S, Lommelen E, Meiresonne L,
Miguel Ayala L, Mononen L, Simpson G, Stange E, Turkelboom F, Uiterwijk M, Veerkamp
CJ, Wyllie De Echeverria V (2017) How natural capital delivers ecosystem services: A
typology derived from a systematic review. Ecosystem Services 26: 111-126. htips://
doi.org/10.1016/j.ecoser.2017.06.006

Song X, Hansen M, Stehman S, Potapov P, Tyukavina A, Vermote E, Townshend J (2018)
Global land change from 1982 to 2016. Nature 560 (7720): 639-643. https://doi.org/
10.1038/s41586-018-0411-9

SPW (2008) Occupation et utilisation du sol en Wallonie — COSW 2007 - Donnée
historique (2008-03-21). WalOnMap. URL: https://geodata.wallonie.be/id/
290e1fe8-0d99-410e-967b-a02f389b931a

SPW (2015a) Relief de la Wallonie - Modéle Numérique de Terrain (MNT) 2013-2014
(2015-02-17). WalOnMap. URL: hitps://geodata.wallonie.be/id/6029e738-f828-438b-
b10a-85e67f77af92

SPW (2015b) Carte Numérique des Sols de Wallonie (2015-06-01). WalOnMap. URL:
https://geodata.wallonie.be/id/c5bedf2b-1cac-4231-9d9a-854e0ef2c9ce

SPW, ULB, UCLouvain, ISSeP (2020a) Occupation et Utilisation du Sol en Wallonie -
WALOUS 2018 (2020-10-30). URL: https://geodata.wallonie.be/id/
fafb9fc7-4e32-4a40-8163-c64966¢cb573c

SPW, ULB, UCLouvain, ISSeP (2020b) Occupation du sol en Wallonie - WALOUS 2018
(2020-10-30) . (2020-10-30). URL: https://geodata.wallonie.be/id/
a0ad23a1-1845-4bd5-8c2f-0f62d3f1ec75

SPW (2021) Cartographie de I'aléa d’inondation (en vigueur) — Série (2021-03-24).
WalOnMap. URL: https://geodata.wallonie.be/id/14084108-2c7b-4091-b62d-ff0fc235213a
SPW Territoire (2024) Schéma de développement territorial Optimisation spatiale. URL:
https://energie.wallonie.be/servlet/Repository/sdt-web-avril-24.pdf?
ID=86577&saveFile=true

Steinhoff-Knopp B, Kuhn T, Burkhard B (2021) The impact of soil erosion on soil-related
ecosystem services: development and testing a scenario-based assessment approach.
Environmental Monitoring and Assessment 193 https://doi.org/10.1007/
s10661-020-08814-0

Su C, Liu H, Wang S (2018) A process-based framework for soil ecosystem services
study and management. Science of The Total Environment 627: 282-289. https://doi.org/
10.1016/j.scitotenv.2018.01.244



https://doi.org/10.1016/J.ECOLIND.2016.03.016
https://doi.org/10.4081/jae.2023.1526
https://doi.org/10.4081/jae.2023.1526
https://doi.org/10.1073/pnas.1211658109
https://doi.org/10.1016/j.ecoser.2017.06.006
https://doi.org/10.1016/j.ecoser.2017.06.006
https://doi.org/10.1038/s41586-018-0411-9
https://doi.org/10.1038/s41586-018-0411-9
https://geodata.wallonie.be/id/290e1fe8-0d99-410e-967b-a02f389b931a
https://geodata.wallonie.be/id/290e1fe8-0d99-410e-967b-a02f389b931a
https://geodata.wallonie.be/id/6029e738-f828-438b-b10a-85e67f77af92
https://geodata.wallonie.be/id/6029e738-f828-438b-b10a-85e67f77af92
https://geodata.wallonie.be/id/c5bedf2b-1cac-4231-9d9a-854e0ef2c9ce
https://geodata.wallonie.be/id/fafb9fc7-4e32-4a40-8163-c64966cb573c
https://geodata.wallonie.be/id/fafb9fc7-4e32-4a40-8163-c64966cb573c
https://geodata.wallonie.be/id/a0ad23a1-1845-4bd5-8c2f-0f62d3f1ec75
https://geodata.wallonie.be/id/a0ad23a1-1845-4bd5-8c2f-0f62d3f1ec75
https://geodata.wallonie.be/id/14084108-2c7b-4091-b62d-ff0fc235213a
https://energie.wallonie.be/servlet/Repository/sdt-web-avril-24.pdf?ID=86577&saveFile=true
https://energie.wallonie.be/servlet/Repository/sdt-web-avril-24.pdf?ID=86577&saveFile=true
https://doi.org/10.1007/s10661-020-08814-0
https://doi.org/10.1007/s10661-020-08814-0
https://doi.org/10.1016/j.scitotenv.2018.01.244
https://doi.org/10.1016/j.scitotenv.2018.01.244

32

Pairon M, Dufréne M

Syrbe R, Walz U (2012) Spatial indicators for the assessment of ecosystem services:
Providing, benefiting and connecting areas and landscape metrics. Ecological Indicators
21: 80-88. https://doi.org/10.1016/j.ecolind.2012.02.013

Téth G, Jones A, Montanarella L (2013) The LUCAS topsoil database and derived
information on the regional variability of cropland topsoil properties in the European
Union. Environmental Monitoring and Assessment 185 (9): 7409-7425. https://doi.org/
10.1007/s10661-013-3109-3

Van der Biest K, D’Hondt R, Jacobs S, Landuyt D, Staes J, Goethals P, Meire P (2014)
EBI: Anindex for delivery of ecosystem service bundles. Ecological indicators 37:
252-265. https://doi.org/10.1016/j.ecolind.2013.04.006

Van Vliet J, Eitelberg D, Verburg P (2017) A global analysis of land take in cropland
areas and production displacement from urbanization. Global Environmental Change 43:
107-115. https://doi.org/10.1016/j.gloenvcha.2017.02.001

Van Wijnen HJ, Rutgers M, Schouten AJ, Mulder C, De Zwart D, Breure AM (2012) How
to calculate the spatial distribution of ecosystem services — Natural attenuation as
example from The Netherlands. Science of The Total Environment 415: 49-55. https://
doi.org/10.1016/j.scitotenv.2011.05.058

Vieillard C, Vidal-Beaudet L, Dagois R, Lothode M, Vadepied F, Gontier M, Schwartz C,
Ouvrard S (2024) Impacts of soil de-sealing practices on urban land-uses, soil functions
and ecosystem services in French cities. Geoderma Regional 38 https://doi.org/10.1016/
j.geodrs.2024.e00854

Wadoux AJ, Debeljak M, Lagacherie P, Creamer R (2025) Modelling of Soil
Multifunctionality Across Europe. Soil Use and Management 41 (4). https://doi.org/
10.1111/sum.70147

Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New
York. https://doi.org/10.1007/978-3-319-24277-4 9

Willemen L, Veldkamp A, Verburg PH, Hein L, Leemans R (2012) A multi-scale modelling
approach for analysing landscape service dynamics. Journal of Environmental
Management 100: 86-95. https://doi.org/10.1016/j.jenvman.2012.01.022

Xiao R, Su S, Zhang Z, Qi J, Jiang D, Wu J (2013) Dynamics of soil sealing and soil
landscape patterns under rapid urbanization. CATENA 109: 1-12. https://doi.org/10.1016/
j.catena.2013.05.004

Supplementary materials

Suppl. material 1: Description of Matrix Rows and Correspondence with the EU
Ecosystem Typology

Authors: Pairon, M.

Data type: Table

Brief description: This table provides an overview of the matrix lines along with their alignment
with the EU ecosystem classification of the environmental accounting framework.

Download file (13.99 kb)


https://doi.org/10.1016/j.ecolind.2012.02.013
https://doi.org/10.1007/s10661-013-3109-3
https://doi.org/10.1007/s10661-013-3109-3
https://doi.org/10.1016/j.ecolind.2013.04.006
https://doi.org/10.1016/j.gloenvcha.2017.02.001
https://doi.org/10.1016/j.scitotenv.2011.05.058
https://doi.org/10.1016/j.scitotenv.2011.05.058
https://doi.org/10.1016/j.geodrs.2024.e00854
https://doi.org/10.1016/j.geodrs.2024.e00854
https://doi.org/10.1111/sum.70147
https://doi.org/10.1111/sum.70147
https://doi.org/10.1007/978-3-319-24277-4_9
https://doi.org/10.1016/j.jenvman.2012.01.022
https://doi.org/10.1016/j.catena.2013.05.004
https://doi.org/10.1016/j.catena.2013.05.004
https://doi.org/10.3897/oneeco.11.e172396.suppl1
https://doi.org/10.3897/oneeco.11.e172396.suppl1
https://doi.org/10.3897/oneeco.11.e172396.suppl1
https://arpha.pensoft.net/getfile.php?filename=oo_1545783.xlsx

Beyond surface change: assessing ecosytem services capacity loss from land-take ... 33

Suppl. material 2: Description of Matrix Columns and Alignment with the CICES
Classification (v.5.2)

Authors: Pairon, M.

Data type: Table

Brief description: This table provides an overview of the matrix columns along with their
alignment to the European CICES (Common International Classification of Ecosystem Services)
version 5.2 as well as with the IPBES Nature’s contribution to People classification.

Download file (11.01 kb)

Suppl. material 3: Ecosystem service capacity matrix by land-use and land-cover
(LULC) and marginal/sensitive land contexts for Wallonia, based on expert
consensus

Authors: Pairon, M.

Data type: Matrix

Brief description: This table presents the full capacity matrix, including the detailed list of SPUs
(rows) and ecosystem services (columns). It provides a comprehensive view of the typology and
scoring system used.

Download file (14.06 kb)

Suppl. material 4: Ecosystem service standard deviation capacity matrix for
Wallonia, based on expert judgements

Authors: Pairon, M.

Data type: Capacity matrix

Brief description: This table provides the standard deviation of the capacity matrix for Wallonia.
The standard deviation for each matrix entry was calculated from the complete pre-filled matrices
submitted prior to the workshop. When a consensus score was reached during the workshop
discussions, this consensus value was adopted and its associated standard deviation was set to
zero. When full agreement was not achieved, the initial standard deviation was retained to reflect
the residual divergence amongst experts.

Download file (16.12 kb)

Suppl. material 5: Land-use and land-cover (LULC) changes following
artificialisation between 2007 and 2018

Authors: Pairon, M.

Data type: Map

Brief description: Panel A shows the LULC of areas that were non-artificialised in 2007, but
became artificialised by 2018. Panel B presents the LULC of the same spatial units in 2018 after
their conversion to artificialised land. Thus, Panel A represents the pre-conversion state, while
Panel B illustrates the post-conversion land-use configuration of identical locations.

Download file (1.75 MB)


https://doi.org/10.3897/oneeco.11.e172396.suppl2
https://doi.org/10.3897/oneeco.11.e172396.suppl2
https://doi.org/10.3897/oneeco.11.e172396.suppl2
https://arpha.pensoft.net/getfile.php?filename=oo_1545294.xlsx
https://doi.org/10.3897/oneeco.11.e172396.suppl3
https://doi.org/10.3897/oneeco.11.e172396.suppl3
https://doi.org/10.3897/oneeco.11.e172396.suppl3
https://arpha.pensoft.net/getfile.php?filename=oo_1416639.xlsx
https://doi.org/10.3897/oneeco.11.e172396.suppl4
https://doi.org/10.3897/oneeco.11.e172396.suppl4
https://doi.org/10.3897/oneeco.11.e172396.suppl4
https://arpha.pensoft.net/getfile.php?filename=oo_1545277.xlsx
https://doi.org/10.3897/oneeco.11.e172396.suppl5
https://doi.org/10.3897/oneeco.11.e172396.suppl5
https://doi.org/10.3897/oneeco.11.e172396.suppl5
https://arpha.pensoft.net/getfile.php?filename=oo_1546232.jpg

	Abstract
	Keywords
	Introduction
	Material and methods
	Step 1 : Identification of newly-artificialised areas in Wallonia between 2007 and 2018 and assigning their LULC classes
	Data preparation and standardisation
	Comparison between 2007 and 2018
	Step 2: Ecosystem condition assessment, based on key abiotic soil and topography properties
	Step 3 : Capacity matrix
	Capacity Matrix Design
	Priorisation of ES
	Matrix Completion and Expert Input
	Step 4 : Evaluating losses from land-take

	Results
	LULC classes transitions of newly-artificialised land parcels
	Soil and topographic characteristics of converted areas
	Matrix production
	Loss of ES capacity from land-take and relative importance across ES

	Discussion
	Land-take estimates and loss of agricultural land
	Landtake affects ecologically constrained areas
	The impact on land-take on ES capacity
	Methodological considerations on the matrix used
	Relevance of SPUs (LULC categories and ecologically constrained areas)
	ES prioritisation
	Expert-based scoring

	Conclusions
	Acknowledgements
	Funding program
	Grant title
	Hosting institution
	Conflicts of interest
	References
	Supplementary materials

