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Abstract: The negative impacts of soil sealing are numerous, from withdrawing fertile soil from
biomass production to modifying the microclimate and decreasing biodiversity. Many of the processes
are interrelated and propagate further undesirable consequences from local to global levels. Three
issues are especially important from the viewpoint of multiscale ecological cycles and consequent
environmental impacts. One is soil organic carbon (SOC), the other is soil water management and
the third is biomass productivity. In this study, we assessed the lost carbon sequestration potential
due to soil sealing in functional Urban Areas (FUAs) of Europe, the potential effect of soil sealing on
the topsoil to hold water to its full capacity and the loss of biomass productivity potential. Findings
revealed that one-fifth of the area of soil that became sealed between 2012 and 2018 was of high
productivity potential, and almost two-thirds was of medium productivity potential. New soil sealing
caused a loss of carbon sequestration potential estimated at 4 million tons of carbon of the FUAs and

also caused an estimated potential loss of water-holding capacity of 668 million m3.

Keywords: land degradation neutrality; land degradation; soil organic carbon; urban expansion;
land take

1. Introduction

Land is a resource with many functions: it supports biodiversity, mitigates and enables
adaptation to climate change, contributes to carbon sequestration, produces food and is a
key resource for the circular economy. Land take is the process in which “semi-natural and
natural land is taken by construction and urban infrastructure, as well as urban green areas
and sport and leisure facilities” [1]. Land take is very often accompanied by soil sealing,
which is “the destruction or covering of the ground by an impermeable material” [2]. Land
take and soil sealing result in quantitative losses of land functions. Land that is affected by
land take and sealing is deprived of most of its ecosystem functions, many of which cannot
be restored. Hence, land take is one of the major drivers of land degradation, including
biodiversity decline [3,4], desertification [5], accumulation of pollutants [6] and loss of
productive land [7].

Land take is the conversion of semi-natural, non-urban land into urban areas. Land
take mainly happens in and around city centers and commuting zones, as these areas
usually change in a dynamic way where land is mostly needed for housing, commuting
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infrastructure or economic development. As urbanization is an ongoing trend on all
continents [8], the expansion of sealed surfaces threatens soils globally [9], impacting
17 ha of soil on the Earth each minute [3]. Sealed land is degraded, mostly irreversibly,
jeopardizing carbon sequestration, flood protection, destroying habitats and increasing
health impacts during heatwaves.

Urbanization includes related processes in peri-urban commuting zones, which, in
combination with their core city, are called Functional Urban Areas (FUAs) [10]. FUAs
represent 22.9% of the EU territory but host 75% of its population [5]. Between 2012 and
2018, there was a 3% increase in the EU population, which was slightly faster than the 2.2%
growth rate of artificial areas. Most urban areas experience growth in population and jobs,
and this results in land take at the fringes of core cities at the expense of croplands and grass-
lands. An increasing population increases the pressure on land due to the subsequent need
for infrastructure, transport and housing. This increases landscape fragmentation, threatens
biodiversity and destroys carbon-rich habitats by reducing grasslands and wetlands, but
also agricultural areas.

While several studies point out the impact of land take and soil sealing on biodiver-
sity [3,4,8,11], food security [7,12] and local climate [13,14], there is limited quantitative
knowledge on the impact on soil carbon sequestration potential and on the water regime
of soils. While soils store more carbon than the atmosphere and terrestrial vegetation
combined [15], the SOC pool is rather dynamic; soils lose or gain carbon depending on en-
vironmental conditions and soil management. The meta-analysis of Poeplau and Don [16]
provided a good example of this complexity by showing that about 10% of the land intro-
ducing cover crop actually lost soil carbon. Nutrient management differences contribute to
the complexity of soil organic carbon dynamics [16-18]. Nevertheless, with soil sealing, the
cycle of humus formation (the process of turning living biomass into soil organic carbon
compounds) is broken, and the soil will not be able to further accumulate carbon. On
sealed soil, the potential to sequester carbon is lost due to the surface imperviousness,
which prevents new organic material from entering the soil to enhance its organic carbon
stock. The lost potential of soils to sequester carbon is one of the negative consequences
of soil sealing. Likewise, the potential of soil to receive and store water is also limited by
soil sealing. The water holding capacity of soils has multiple benefits, from supporting
plant growth to controlling the local climate. The first one-meter soil layer starting from
the surface is crucial for controlling water runoff as it receives and keeps most of the water
entering the surface and is thus also key to preventing floods and securing the healthy
water cycle between the spheres (geosphere, hydrosphere, biosphere, atmosphere).

The aim of our study was to provide quantitative estimates of the effect of soil sealing
on the loss of three main soil functions, including the soil’s role in carbon sequestration,
water retention and biomass productivity. Here, we present our findings related to the effect
of soil sealing, an extreme form of land take, on land productivity, carbon sequestration
potential and water holding capacity in Functional Urban Areas in Europe.

2. Method

To measure soil sealing, two high-resolution time series can be used that are har-
monized across Europe. The longest and most complete time series is available for the
imperviousness products of the Copernicus Land Monitoring Service, with layers being
available for the reference years 2006, 2009, 2012, 2015 and 2018. Change information is
available for all change periods (both density change and change classified). The 20 m
resolution (and aggregated 100 m resolution) products were harmonized for the period
2006-2015, such that imperviousness status and change layers build a consistent time
series, with imperviousness density changes being equal to the difference of subsequent
imperviousness status layers.

For the reference year 2018, the spatial detail was increased to 10 m resolution, with
the advantage of capturing more details in sealing. On the flipside, this made the new 10 m
resolution imperviousness product and its data model inconsistent with the data products
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for previous years, especially in a statistical accounting sense. Therefore, any assessment
and product that is dependent on the time series must be split into two periods, one before
2018 and one starting with 2018.

Due to the above-mentioned reasons, soil sealing between 2012 and 2018 was studied
based on estimated sealed surfaces derived from the Urban Atlas [19] datasets of the
Copernicus Land Monitoring Service (CLMS). The Urban Atlas allows an assessment of
cities in the context of their surrounding areas (i.e., commuting zones, together referred
to as FUAs) and enables a comparison of urban areas across Europe. For the assessment,
soil sealing was estimated by assuming a certain level of sealing of the Urban Atlas classes
(see Appendix A) based on earlier evaluations, including an analysis of time series CLMS
products [20]. For actual sealed area per Urban Atlas class, please refer to Appendix B. With
the availability of new data from the Urban Atlas, it is now possible to assess the land-use
changes and socio-economic trends of 662 FUAs of the EU-27 and the UK. The Urban
Atlas has a 10-fold higher resolution than the Corine Land Cover (CLC) dataset, which has
been used for land take analyses in the past. In addition, the Urban Atlas nomenclature
contains more urban classes; in particular, the residential classes are subdivided more
deeply, discriminating between continuous and discontinuous residential areas. Moreover,
industrial and commercial areas are also assumed to have high levels of sealing. Our study
considered FUAs of the European Union and the United Kingdom, which was part of the
Union during the study period [21].

In order to address various ecosystems within Functional Urban Areas, we have used
the solution offered by Maes et al. [22]. The Corine Land Cover categories were reclassified
into MAES Level 1 and Level 2 categories using the cross-walk developed by Maes et al. [22].
After the Corine Land Cover was spatially overlaid with the Urban Atlas dataset, the
MAES categories were assigned to the Corine Land Cover classes, thereby accounting
for the presence of ecosystems within Functional Urban Areas. In order to ensure correct
accounting of land surface cover, the Integrated Data Platform system developed by the
Ivits et al. [23] was used. The system enables the conversion of various geospatial data into
harmonized land accounting data cubes, which facilitates the derivation of area statistics.

The biomass productivity level of the land sealed by major land-use types was also
addressed. Biomass productivity is an indicator showing the fertility level of the land.
Fertility level is largely dependent on climatic conditions and soil properties. Productivity
plays a crucial role in food security and in the provision of renewable raw materials such
as timber and fibers. Furthermore, soil fertility is linked to a series of other soil-related
ecosystem services, from air purification and nutrient cycling to habitat provision, the
filtering and absorption of chemicals, climate regulation, etc. With the loss of fertile soils,
all the above-mentioned services are damaged at the same time. Soil fertility may vary
from place to place, depending on local soil properties, such as texture, pH and the content
of organic material in the topsoil. Land properties, such as climatic conditions, topography
and soil management, modify the level of productivity to various degrees. Biomass is also
a good approximation of the potential of lands to supply ecosystem services [24].

Biomass productivity was determined by the Medium-Resolution Vegetation Phe-
nology and Productivity data suite from the Copernicus Land Monitoring Service [25].
This dataset is available for the years 2000-2019 with a resolution of 500 m and provides
biophysical parameters on the phenology and productivity of vegetation (such as Leaf
Area Index or Plant Phenology Index). The long-term average productivity levels for each
500 m grid cell were computed and subsequently classified into three percentile classes:
low productivity (<25 percentile), medium productivity (>25 percentile and <75 percentile)
and high/prime productivity (>75 percentile). These values were used as the approximated
potential productivity of lands.

The calculation of carbon sequestration loss was performed using the estimated soil
sealing change from 2012 to 2018, as explained above. In order to estimate the lost potential
to sequester carbon, the potential SOC saturation map based on Lugato et al. [26] and
the European coverage of the Global Soil Organic Carbon Map [27] were used. Based on
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the assumption that on sealed soil, no more carbon accumulation can take place, the lost
potentials were calculated from the real actual concentrations [27] and the relative potentials
till saturation capacity [26]. Worth noting is that carbon sequestration values reported here
are estimates to assess the impacts of soil sealing. Two data sources were merged to a single
geodatabase with identical spatial projection and 1 km resolution. As both datasets contain
information for the top 30 cm, our study also provides results for this layer. When assessing
the lost sequestration potential, we took the current concentrations into account and did
not deal with the possible further mineralization below sealed surfaces.

The calculation of the potential loss of soil water holding capacity is based on the
assumption that the sealed layer makes infiltration impossible, therefore preventing soil
pores from being filled with water. Gravitational forces remove water from the topsoil;
therefore, the actual water storage of soil becomes very limited. Likewise, the larger the
area extent of the impervious surface layer, the higher the possibility for a decrease of the
partial recharge by subsurface horizontal flow. This study addresses the potential loss
of water holding capacity in contrast to its full capacity, i.e., when sealing results in the
total loss of soil water recharge. The data on Saturated Water Content was used as a proxy
to estimate the potential loss of the maximum amount of water that could be held in the
soil in normal, i.e., unsealed conditions. While field capacity could be a proxy for water
retention under normal field conditions, the saturated water content is more meaningful
in the context of water runoff and flood control, therefore, this indicator was used. Data
on saturated water content was derived from the 3D soil hydraulic database of Europe at
250 m resolution [28]. This dataset indicates the water holding capacity of soils expressed
in % of the top one meter, which also can be expressed in m?.
3. Results
3.1. Sealing and Land Use Change

Analyzing sealed land cover types and the change in sealing per land cover type
facilitates the understanding of the underlying land-use drivers that cause sealing.

The sealing of FUAs in the EU affected approximately 6 million hectares or 60,000 km?
of land (excluding rivers, lakes and marine inlets) by 2018 (Figure 1). The estimated increase
in sealing between 2012 and 2018 in Functional Urban Areas of the EU and the UK was
146,720 ha, which is an increase of around 2.6% in relation to sealed surfaces in 2012.

band ise classes Estimated sealed Estimated sealing Estimated sealing
area, 2018 (ha) increase, 2012-2018 (ha) increase 2012-2018 (%)
Discontinuous Urban Fabric (S.L. 10% - 80%) [ 2,349,687 | 43,071 1.91%
Industrial, commercial, public, military and private units | 1 1,641,586 [ 81,884)| 5.29%
Road and rail network and associated land | 898,742 F 7940 0.96%
Continuous Urban Fabric (S.L. > 80%) B 699,366 | 3608 0.57%
Airports 93,980 | 852 1.01%
Isolated structures 70,241 | 847 1.26%
Port areas 64,090 | 1681 2.72%
Mineral extraction and dump sites 34679 [ 4743 | 15.91%
Construction sites 21,230 I 17,714 B _ 504.04%

Figure 1. Soil sealing and sealing increased during 2012-2018 in Functional Urban Areas by land use
(EU-27 and the UK region).

The largest absolute increase in artificial areas was due to the creation of industrial,
commercial, public/military and private units, with an increase of 81,884 ha (Figure 1). In
2018, these areas occupied 1.6 million hectares, which is an increase of 5% in artificial areas.
The development of discontinuous urban fabric accounted for the second-largest absolute
increase of artificial land between 2012 and 2018 (43 thousand ha, around 2% increase).
The compatibly small increase in the sealing of scattered urban class is probably due to the
relative unavailability of land for housing, as in 2018, urban fabric accounted for the largest
proportion of sealed land, around 2.3 million hectares.

The largest relative increase (in % of the 2012 sealed area) in artificial surfaces was due
to construction sites (Figure 1)—the 17 thousand hectares increase amounted to as much as
a 500% increase in the EU-27 + UK region. The second-largest increase compared to 2012
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was seen in areas where mineral extraction and dumping took place, amounting to a 16%
increase. While in terms of both relative and absolute values, the increase of road and rail
networks was little in the period 2012-2018, by 2018, this land-use form accounted for the
third-largest sealed surface in FUAs of the EU and the UK.

In 2018, the largest sealed surfaces were seen in the FUAs of Paris, London and
Berlin (between 128 thousand and 110 thousand hectares sealed surface) (Figure 2). Large
sealing was also observed in the Ruhrgebiet, Warszawa, Hamburg and Budapest, ranging
from 84 thousand to 64 thousand hectares of sealed surface in 2018. Sealing was the
lowest in the FUAs of the Scandinavian and Nordic countries as well as in several Eastern
European regions.

Estimated sealed land
in % of the FUA area

| 0.6-4.1
Bl 41-7
B 7-1.1
Hl 11.1-182
Il 182-374

i

=y

I o g :
Canary Is. Azores Is.| * a
{

> )
’ - : S
L - “
Madeira Is. 0 \ 500 1000 1500 km

T 1

Figure 2. Estimated sealed land in % of the total area in Functional Urban Areas in 2018.

3.2. Sealing of Productive Lands in FUAs

Approximately 66% (around 38,000 km?) of the lands in FUAs are of medium produc-
tivity, and about 18% and 16% of the lands are of low and high productivity, respectively
(Figure 3). Croplands are the non-urban ecosystems that were most impacted by soil
sealing in 2018 (appr. 1000 ha of croplands were sealed), and most sealed croplands were
of high and medium productivity (Figure 3). Grasslands, one of Europe’s biodiversity
hotspots, at the same time, and having a large carbon sequestration potential [29], ac-
counted for 300 thousand hectares of land sealed by 2018 (5% of all sealing), mostly on
high-productivity lands. When assessing the different MAES classes, it can be observed
that, in absolute terms, land consumption on croplands, grasslands, woodlands and forests
occurred on high and medium-productivity lands more than on low-productivity lands
between 2012 and 2018 (Figure 3).
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MAES ecosystem types Avr. p roduqivity Estimated sealed area inif:?saet.egos‘lzégggs in?:?saet.egoi?-lggga
percentiles 2018 (ha)
(ha) (%)
Cropland hight 1] 299,705 | 9862 | 37%
low [ 79,928 | 6006 I | 41%
medium | | 688,707 D 34972 ] 25%
Grassland hight 1 207,296 | | 620s I | 3.7%
low 11,050 229 | 54%
medium [ 97,688 [ s07 I §.1%
Heathland and shrub hight 3478 iz 3.2%
low 7591 141 2.0%
medium 15,539 149 ] 4.1%
Inland wetlands hight 596 54 | 1.8%
low 615 18 1.0%
medium 1379 121 1.9%
Sparsely vegetated land  hight 420 125 | 26%
low 4253 68 [ 0.9%
medium 1264 2] 3.0%
Urban hight [l 3584530 | 12,02 10.0%
low | 1,017671 | 18442 ] 1.9%
medium | 1 2,915,561 [ ~ 49435 ] 1.6%
Woodland and forest hight | 78,574 | 1300 0 | 2.9%
low | 35,796 | 1418 ] 1.7%
medium I 122,548 || 2422 | 1.9%

Figure 3. Soil sealing and sealing increased during 20122018 in FUAs by ecosystem types and land
productivity classes (h = high, m = medium, I = low) in the EU-27 and the UK.

Although in absolute terms, the increase in sealing between 2012 and 2018 was largest
in urban ecosystems (around 80 thousand hectares, accounting for around half of all sealing
increase), the sealing increase in FUAs occurred at an alarming rate on croplands, with 35%
of all sealing happening here. The increase in sealing on grasslands amounted to only 7%
of the total sealing increase; however, compared with 2012, around 3.4% more grasslands
were sealed by 2018. The increase in sealing of wetlands was very low in absolute values;
however, with a 10% sealing increase relative to 2012, the sealing rate was the highest in
the EU-27 and the UK region. As wetlands store large amounts of carbon and provide
important biodiversity-hot spots, this pattern is non-sustainable, and EU restoration goals
should attempt to reverse it.

3.3. Sealing and Carbon Sequestration Potential of Functional Urban Areas

According to model calculations, woodlands have the overall highest potential for
carbon sequestration, which is approximately equal to 14 t/ha carbon in FUAs of the EU-27
+ UK region. Cropland soils (approx. 12 t/ha) and grassland soils (around 6 t/ha carbon)
also account for large carbon removal potentials. Scottish (Glasgow, Aberdeen, Edinburgh)
and Irish FUAs (Galway, Limerick and Cork) are among the FUAs in Europe where the
carbon sequestration potential is the largest, amounting to between 100-115 t/ha). The
southern Mediterranean soils have the lowest carbon sequestration potential.

The estimated increase of sealed surface between 2012 and 2018 (approx. 1467 km?,
Figure 1) created an estimated carbon sequestration potential loss of approximately
4.2 million tons (Figure 4). Around half of the lost carbon sequestration potential was
seen in urban ecosystems, as indeed, within functional urban areas, the increase of artificial
surfaces was the largest. Approximately 34% (around 1.6 mio t) of the estimated potential
carbon sequestration loss was over croplands, showing the high rate of expansion of sealing
in these lands. Sealing of grasslands accounted for around 12% (approx. 539 thousand t) of
the lost carbon sequestration potential, and around half of that may be attributed to the
sealing increase in woodlands and forests since comparably less forest areas were sealed
during the period 2012-2018.
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Estimated loss of C

MAES ecosystem types Avr. productivity percentiles sequestration potential (t)
Cropland high [ 390,143
medium B 931,725
low I 116,887
Total B 1,438,755
Grassland high [ 372,144
medium I 119,772
low 6694
Total E 498,611
Heathland and shrub high 1390
medium 5991
low 3725
Total 11,107
Inland wetlands high 2328
medium 722
low 204
Total 3253
Sparsely vegetated land high 134
medium 717
low 1078
Total 1929
Urban high [ 495,367
medium B ] 1,229,020
low I 308,837
Total [ 2,033,225
Woodland and forest high | 64,066
medium [ 111,294
low ] 62,181
Total I 237,541
Grand Total [ 4,224,420

Figure 4. Estimated loss of potential carbon sequestration in Functional Urban Areas because of
sealing during 2012-2008, by ecosystems and land productivity.

Estimated carbon sequestration potential is highest in FUAs in North-Western Europe
(Figure 5). Four Functional Urban Areas stand out in Europe for their estimated loss in
carbon sequestration potential (Figure 6); Bordeaux (France) and Dublin (Ireland) were
both estimated to lose the potential to sequester above 70 thousand tons of carbon due
to sealing increase. Aberdeen (Scotland) and Hamburg (Germany) also lead to loss of
carbon sequestration potential, in both cases amounting to slightly above 60 thousand tons
of carbon. In some FUAs in Spain and Italy, however, the loss of carbon sequestration
potential was close to zero.

3.4. Sealing and Water Holding Capacity of Functional Urban Areas

In the era of increasing probability and magnitude of flood events due to changing
climatic conditions in Europe, it is especially important to assess mitigation and adaptation
options and the human-induced pressures which hinder these options. Soil sealing is one
of the main human actions that lead to increased flood risk and the loss of ecosystems’
mitigation potential in the case of flood events.

In many FUAs in the EU-27 + UK region, the saturated water content of soils is
approximately 50%, meaning that about half of the soil’s space may be filled with water.
These soils are mostly located in the northern and Atlantic regions (Figure 7). Several of
these are in the Netherlands (Alphen aan den Rijn, Leeuwarden, Gouda, Groningen, etc.),
in Finland (Tampere, Lahti, Jyvaskyla, Kuopio) as well as Limerick (Ireland) and Innsbruck
(Austria). In Southern Europe, the saturated water content is lower, below 40%, especially
in Cartagena (Spain), Lemesos (Cyprus), Siracusa and Gela (Italy) or Pula Pola (Croatia).
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Figure 5. Estimated carbon sequestration potential (t/ha) in soils of the Functional Urban Areas.
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Figure 7. Estimated water holding capacity of soils in Functional Urban Areas.

The estimated loss of potential water storage between 2012 and 2018, due to soil

sealing, in FUAs of the European Union and the UK amounted to around 670 million m

3

(Figure 8). The estimated loss of potential water holding capacity due to sealing was highest
in those areas of the FUAs where the impact is also the highest due to resulting floods
causing economic impacts and loss of human life. Thus, approximately 56% of the potential
loss of water storage was observed in complex areas of industrial, commercial, public and
military units, which can be assumed to be those areas with a very high amount of sealed,
impermeable surfaces. Another large contributor to the potential loss of water holding

capacity in FUAs (29% of the lo

st potential) was discontinuous urban fabric, yet another

land cover type with a high proportion of impermeable surfaces.

Industrial, commercial, public, military and private units

Discontinuous Urban Fabric (S.L. 10% - 80%)

Construction sites

Road and rail network and associated land

Mineral extraction and dump sites

Continuous Urban Fabric (S.L. > 80%)

Port areas

Isolated structures

Airports

I, 5734
I 107.6

I 515

N 36.2

213

W 164

Is6

139

139

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0

Figure 8. Estimated loss of water holding capacity in Functional Urban Areas by land use because of

sealing during 2012-2008 (mio m?3).
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There is a distinct spatial pattern across FUAs with regard to the loss of water holding
capacity. On average, around ten thousand cubic meters of water storage capacity were
potentially lost per FUAs in the EU-27 + UK region. The highest potential losses were
estimated for the Functional Urban Area of Paris, with almost 10 million m3. Other FUAs
with a high impact of sealing on potential water holding capacity were those of Warszawa
and Bordeaux with around 8 million m® and Krakow, Hamburg and Amsterdam with
around and slightly above 6 million m3 potential loss (Figure 9). This amount equals more
than eight days non-stop flow of the river Loire (which has a watershed of 117,356 km?).

A\ g Estimated loss of water
\ holding capacity
r A X L miom3L
S ¥ & ) Bl o-0s

05-12
12-24
24-42

Bl 22-91

Canary Is. Azores Is.

-3 v ( i
0 500 1000 1500 km

Figure 9. Estimated potential loss of water holding capacity in Functional Urban Areas because of
sealing during 2012-2008.

4. Discussion

Land take entails the conversion of non-urban areas into urban areas that usually
happens at the expense of semi-natural areas. The most intense form of land take is soil
sealing, which is an essentially irreversible process that leads to the destruction or covering
of soils by buildings and other constructions with completely or partly impermeable
artificial material (asphalt, concrete, etc.). Soil sealing accompanies land take, but areas
subject to land take are usually not entirely sealed.

The principle of sustainability implies that mostly low-productivity lands should be
subject to land consumption, considering zero net land take targets, meaning compensation
by remediated land. Low productivity lands, in general, are seen as less relevant for biodi-
versity, as a continental-scale study by Aksoy et al. proposed [30]. However, recent studies
on the relationship between productivity and biodiversity in terrestrial and aquatic systems
show that the correlation between the two may vary [31,32] with a strong scale depen-
dency [33]. The complexity of the issue underlines the need for further research, especially
to collect site-specific evidence to determine targeted policy solutions. Nevertheless, it is
worth keeping in mind that soil sealing happens mainly on prime lands and on lands with
medium productivity, and therefore, the principle of sustaining ecosystem capacities is
disregarded in many areas in Europe. In 2018, 50% of FUAs occupied medium-productivity
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lands, and 25% extended over high-productivity surfaces. Sealing in FUAs occurred at
an alarming rate on croplands, with 35% of all sealing happening on this land-use type.
Cropland conversions are worrying for both losing the land resource base for crop produc-
tion [7] and because cropland soils have a large potential to sequester carbon, which is lost
by sealing [34]. In fact, carbon sequestration potential largely depends on soil types, as
studies in this field from different regions of the world revealed [35-37], but also on soil
management [16,17] and other environmental factors such as climate [38].

As far as the effect of soil sealing on the water cycle is concerned, the strong correlation
is confirmed by the literature [39,40]. While groundwater potential is threatened by sealing,
in some cases, groundwater quality is also deteriorated [41]. Although our study did
not cover water quality criteria, nor quantification of lost groundwater recharge, our
assumptions on the lost potential of water capacity and its potential consequences in flood
propagation are in line with the literature [40,42,43].

Our current findings show this relationship in a spatially explicit manner, also re-
flecting the policy challenges under different biophysical conditions, but also some of the
effects of remediation efforts. For instance, lower levels of a loss of capacity to sequester
carbon in Southern Europe are probably due to the combined effect of a generally lower
carbon sequestration potential in the soils, meaning that even without sealing, only a small
increase in carbon concentration would be possible and the greening measures in FUAs.
The latter was put in place to counteract the impacts of heatwaves and droughts in order to
facilitate climate change adaptation and resulted in the conversion of sealed land to open
surfaces that are again capable of sequestering carbon. Greening has proven to be effective
based on small-scale studies of stakeholder involvement [40], although it may not mean an
immediate solution for optimizing all land functions [44]. Nevertheless, interdisciplinary
approaches, including socio-economic aspects, can help design alternative solutions to soil
sealing during land development [45].

Our study underlines that land-use efficiency needs to improve substantially. This
should include the application of zoning during land-use planning for the optimization
of agricultural resources [46] and the range of greening measures for improving urban
ecosystems and the water cycle [47-49]. However, while we need to act now, there is no
legally binding policy target in relation to land take and soil sealing at the EU level. The
new EU soil strategy for 2030 calls on Member States to only set land take targets for 2030,
with the aim of reaching land take neutrality by 2050.

5. Conclusions

This study shows that soil sealing in Functional Urban Areas in Europe has multiple
negative effects, from hindering food security through the removal of productive land to
accelerating climate change by increasing heat islands and reducing a key mitigation option
provided by soil carbon sequestration and damaging the water storage potential of surface
soil layers. The spatial pattern of quantitative estimates of these effects also reveals the
dynamics in the geographical context of the EU and the UK.

Europe cannot continue its recent land take trends, as the continuous loss of ecosystem
functions renders it increasingly vulnerable to natural disasters, while it continues to lose
biodiversity and impacts climate, water cycle and biomass production.

The figures provided in this study may help policymakers and regional and local
land-use planners to interact for sustainable urban development in Europe.
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Appendix A. Estimating Soil Sealing from the Urban Atlas Classes

This report has implemented an estimation of soil sealing and its change in FUAs
using the Urban Atlas as an ancillary data set. A sealing share (average percentage of
sealing within the class) has been assigned to each Urban Atlas class based on the product
specification and on expert knowledge. These sealing shares, detailed in the table below,
have been utilized to calculate an estimated change in sealed or impervious areas between
2012 and 2018.

Table Al. Sealing share per Urban Atlas class.

Urban Atlas Class Code Urban Atlas Class Name Estimated Sealing Share (%)

Continuous urban fabric
11,100 (S.L. > 80%) %0
Discontinuous dense urban fabric
11,210 (S.L. 50-80%) 65

Discontinuous medium density

11,220 urban fabric (S.L. 30-50%) 40
Discontinuous low-density urban

11,230 fabric (S.L. 10-30%) 20

11,240 Discontinuous very-low-density 5

urban fabric (S.L. < 10%)
11,300 Isolated structures 10
Industrial, commercial, public,

12,100 military and private units 60
12,210 Fast tran.sit roads and 40
associated land
12,220 Other roads and associated land 40
12,230 Railways and associated land 40
12,300 Port areas 80
12,400 Airports 60
13,100 Mineral extraction and dump sites 10
13,300 Construction sites 30
13,400 Land without current use 5
14,100 Green urban areas 5
14,200 Sports and leisure facilities 5
21,000 Arable land (annual crops) 0
22,000 Permanent crops 0
23,000 Pastures 0
24,000 Complex and mixed cultivation 0
25,000 Orchards 0
31,000 Forests 0
32,000 Herbaceou?, V.egetation 0
associations
33,000 Open spaces with little or no

vegetation
40,000 Wetlands 0
50,000 Water 0

Note: S.L., sealing layer. Source: Own elaboration from Urban Atlas specifications.
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Appendix B. Sealed Area per Urban Atlas Classes, 2018

Land use classes Sealed area 2018 (ha)

Discontinuous Urban Fabric (S.L. 10% - 80%) B 1,876,807
Industrial, commercial, public, military and private units [ | 1,419,326
Road and rail network and associated land El 658,671
Continuous Urban Fabric (S.L. > 80%) Kl 534,437
Arable land (annual crops) I 312,202
Pastures I 228,034
Sports and leisure facilities | 122,446
Green urban areas [ 103,836
Forests l 103,531
Port areas | 66,257
Airports 52,281
Land without current use 50.843
Herbaceous vegetation associations 45,151
Water 39,223
Isolated structures 32,550
Mineral extraction and dump sites 25,194
Permanent crops 24,779
Construction sites 20,548
Open spaces with little or no vegetations 4680
Complex and mixed cultivation 1742
Wetlands 1584
Orchards 1
Grand Total | 5,724,124

Figure Al. Sealed area per Urban Atlas classes (2018). Derived from the Imperviousness Degree
dataset of the Copernicus Land Monitoring Service [50]. The cut-off value of 30% was applied to
calculated sealed vs. non-sealed surfaces.
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