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Abstract

Europe is a diverse mix of land cover types, that has experienced significant changes over the past
decades. For large scale assessments, it is crucial to understand, capture or even quantify such changes.
Measuring and monitoring land cover change is crucial because it directly affects multiple sustainability
components, including agricultural management, biodiversity, climate stability, and ecosystem services
such as water regulation, soil conservation, and carbon sequestration, to name a few. In this work, publicly
available data and open-source software, based on satellite imagery techniques, have been used to
estimate key relevant parameters such as land cover change, land productivity, and soil Carbon storage.
Next, these parameters are connected to the Sustainable Development Goal (SDG)15: By synthesizing
them spatially, the indicator SDG15.3.1 was estimated, quantifying the extents of land improvement,
stability, and degradation across Europe, from 2010-2020. The results indicate that a significant
proportion of land changes remain under a stable “land sustainability” according to the SDG15.3.1 metric,
while there are variations in the ‘improved’ state countries. Degradation-state land changes account for
a smaller percentage in most countries, indicating the need for targeted interventions to address land
degradation and restore productivity. The code and results produced per country are publicly available.

Keywords: Land cover change; Land Productivity; Soil Carbon Storage; SDG15; remote sensing; satellite
imagery.

Introduction: Land cover changes in Europe

Europe has experienced significant land use and land cover changes, which continued and, in some cases,
intensified over the past 20 years. There has been an overall growth in artificial surfaces (urban areas,
infrastructure, etc.) of around 3% between 2000-2006, driven by diffuse residential sprawl, construction
of economic sites, and infrastructure (Huang et al., 2020). Forest areas have seen a net increase, mainly
due to forest creation and management activities like conversion from transitional woodland to forest.
However, deforestation for agriculture and urbanization has also occurred (Hoffmann et al., 2021;
Kuemmerle et al., 2016). Agricultural areas have declined, with a net loss of cropland (around 136,660
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km? between 1990-2006) being the most widespread change. This was partly offset by an increase in
permanent crops (Kuemmerle et al., 2016; Ulloa-Espindola & Martin-Fernandez, 2021). In general, there
are diverse agricultural changes with attempts to adopt more sustainable agricultural practices (e.g.
induced by the Common Agricultural Policy (CAP)) (Alamanos et al., 2022; Koundouri et al., 2024b). Semi-
natural areas like grasslands and shrublands have decreased due to conversion to agriculture, forests or
artificial surfaces, while water bodies and wetlands have experienced a slight net increase (Kuemmerle et
al., 2016; Ulloa-Espindola & Martin-Fernandez, 2021).
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Figure 1. Land cover in Europe, 2001 and 2015. Adapted from: ESA maps, 2024; Trends.Earth, 2023.

Northern and Eastern Europe have seen more agricultural abandonment, while Western and Southern
Europe have experienced more urbanization and intensification of remaining agricultural areas. The
annual rate of land cover change during the last 10 years has slowed down compared to the 1990-2000
period, but the overall trends (as described above) have remained similar (Huang et al., 2020; Ulloa-
Espindola & Martin-Fernandez, 2021). Hotspots of land use change are scattered across Europe, with
some regions experiencing opposing changes like cropland abandonment alongside
recultivation/intensification (Potapov et al., 2022) (Figure 1). The complex dynamics and the diverse
spatiotemporal patterns underscore the need for regionalized policies and better understanding of
ecosystem impacts from these land use trajectories (Hoffmann et al., 2021; Potapov et al., 2022).

Measuring and monitoring land cover change is crucial because it directly affects biodiversity, climate
stability, and ecosystem services such as water regulation, soil conservation, and carbon sequestration
(Alamanos, 2024). It provides essential data for managing natural resources sustainably, guiding urban
planning, and implementing environmental policies. Monitoring these changes helps in assessing the
impact of human activities on natural habitats, enabling timely interventions to prevent degradation
(Koundouri et al., 2024a). It also supports compliance with global environmental commitments like the



Sustainable Development Goals (SDGs) (Alamanos & Koundouri, 2024; Koundouri et al.,, 2024b).
Essentially, it informs decision-making processes that balance economic development with ecological
sustainability, ensuring the health and resilience of both natural and human environments. There are
available data for Europe through satellite imagery (e.g. Figure 1), or per country through earth-
observations (e.g. CORINE Land Cover maps) (CORINE, 2022). In this study, the land cover changes in
Europe are assessed through a satellite imagery approach, considering key metrics, such as land cover,
land productivity, carbon stocks, and a relevant SDG indicator, SDG15.3.1.

Land productivity

Land productivity refers to the agricultural output or crop yield per unit of land area. It is a measure of
how much biomass, energy, or monetary values are produced from a given area of land used for
agriculture or primary production (Koundouri et al., 2024a; Saha et al., 2023). Practically, higher land
productivity means more output can be obtained from the same land area, which is crucial for meeting
growing food demands while minimizing expansion into natural habitats. So, factors influencing land
productivity include soil quality, climate, farming practices (irrigation, fertilizer use, crop varieties), and
land management approaches (Cherlet et al., 2013).

Land productivity is important as it helps measure the efficiency of agricultural systems, along with any
changes in crop yields and biomass production over time, which can indicate early signs of land
degradation or the impacts of climate change, pests, or unsustainable practices (Cherlet et al., 2013;
Fuente et al., 2020). Moreover, it enables comparisons of productivity across different regions, soil types,
farming practices, and crop varieties, informing decisions on where and how to improve agricultural
management (Mulder et al., 2019). Thus, identifying areas with declining productivity is crucial, to target
interventions like soil conservation, or land restoration to maintain or enhance food production (Desiere
& Jolliffe, 2018; Pine, 1948). Overall, by measuring and monitoring land productivity, stakeholders can
make informed decisions about sustainable land management, food security, and the efficient utilization
of limited agricultural resources.

Carbon stocks - Soil Organic Carbon

Another important metric for land use assessments is the carbon stocks in the ground. Soil organic carbon
(SOC) stocks refer to the amount of carbon stored in the organic matter present in soils, and are a major
component of the global carbon cycle. Changes in SOC stocks can significantly impact atmospheric CO2
levels and climate change. SOC plays a vital role in maintaining soil health, fertility, and productivity (FAO,
2019; Poeplau et al., 2022). Higher SOC levels improve soil structure, water-holding capacity, and nutrient
availability, which are essential for sustainable food production (Gardi et al., 2016). Agricultural soils can
act as either sinks or sources of carbon, depending on land management practices (Fowler et al., 2023).
Measuring and monitoring SOC stocks is crucial to assess the effectiveness of sustainable agricultural
practices in sequestering carbon or mitigating greenhouse gas emissions. In general, accurate estimation
of SOC stocks is necessary for carbon accounting and reporting under international agreements (e.g. the
Paris Agreement, where many countries have committed to increasing SOC as part of their climate change
mitigation strategies) (Fowler et al.,, 2023). Also, quantification of SOC stocks and changes are a



fundamental factor for the emerging carbon markets and private initiatives aimed at reducing greenhouse
gases (GHGs) emissions and incentivize sustainable land management practices (Yigini & Panagos, 2016).

Connecting land changes and the SDGs: The SDG15

The United Nations (UN) Sustainable Development Goals (SDGs) are 17 action-oriented, universal,
integrated, and transformative goals, adopted by 193 world leaders in 2015, covering the entire
sustainability agenda, including poverty, human development, the environment, and social justice. In
2017, the UN Statistical Commission established a framework to monitor progress, featuring 232
indicators tailored to the 17 SDGs and their 169 targets (UN, 2015b). Former UN Secretary-General Ban
Ki-moon famously referred to the SDGs as the “to-do list for planet and people” (UN, 2015a). These goals
provide broad guidelines, encouraging each country to use available knowledge, data, and methods to
implement, measure, and track their progress effectively.

Here, satellite imagery using publicly available data and tools is applied to estimate an indicator of the
SDG15 “Life on Land”. This SDG refers to “Protection, restoration and promotion of sustainable use of
terrestrial ecosystems, sustainably manage forests, combat desertification, and halt and reverse land
degradation and halt biodiversity loss”. We focus on the Target 15.3, “Land Degradation Neutrality (LDN)".
It aims to combat desertification, restore degraded land and soil, including land affected by
desertification, drought and floods, and strive to achieve a land degradation neutral world, by 2030. LDN
means actually to avoid or reduce new degradation and restoring and rehabilitating lands that were
degraded in the past (Alamanos & Linnane, 2021b). From this Target, we estimate the Indicator 15.3.1,
“Proportion of land that is degraded over total land area”. Its objective is to sustain or enhance the
delivery of ecosystem services and improve productivity to boost food security. It also focuses on
increasing the resilience of the land and its dependent populations, finding synergies with other social,
economic, and environmental goals, and strengthening responsible and inclusive land governance.

Computationally, SDG15.3.1 is the proportion of land that is degraded over total land area. It involves the
main parameters described above, namely land cover (area) and land cover change, land productivity (Net
Primary Productivity — NPP) and carbon stocks (SOC). In order to estimate these parameters, a
combination of satellite Earth observations and site-based data was used, according to the methodology
presented in (Alamanos & Linnane, 2021b). The detail for their estimation is presented below, but in
summary, metrics are used for each key parameter, to identify changes over the baseline conditions
(satellite data), and report if the change was positive, negative or stable. Synthesizing them, the negative
and stable conditions combinations refer to a degradation, so this portion compared to the total area is
the indicator SDG15.3.1.

Assessing land cover change

With land cover change we observe the alterations in the biophysical attributes of the earth's surface to
pinpoint regions potentially undergoing change. A shift from one type of land cover to another might be
seen as beneficial, neutral, or detrimental, depending on the viewpoint of the specific country. The
approach followed involved analyzing satellite data from various years to determine changes (as in Figure
1), and then using the transition criteria (Figure 2) to create a potential land degradation map. This



involves considering different land cover types and assigning a positive, negative, or neutral rating to each
change (this rating system is the evaluation metric).
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Figure 2. Formulation of land degradation mapping based on land cover changes relation to land degradation,
according to the criteria matrix (Alamanos & Linnane, 2021b).

Assessing land productivity

Land productivity is assessed with Net Primary Productivity (NPP). NPP is the net amount of carbon
assimilated after photosynthesis and autotrophic respiration over a given period of time and is typically
represented in units such as kg/ha/yr (Clark et al., 2001). Satellite imagery and remote sensing techniques
are commonly employed to estimate NPP over large areas in a cost-effective manner, among other similar
applications (Alamanos & Linnane, 2021b, 2021a). These techniques involve analyzing spectral data from
satellite sensors to derive vegetation indices like the Normalized Difference Vegetation Index (NDVI),
which serve as proxies for photosynthetic activity and biomass production (European Environment
Agency, 2022; Giuliani et al., 2020; Leginio et al., 2024). In satellite imagery, NDVI is estimated as the ratio
of the “green-reflection” (healthy—higher NDVI) vegetation to the “red- reflection” (stressed—lower
NDVI) vegetation (Jay et al., 2016; Razali et al., 2022). The increases or decreases in the NDVI is the metric
used to evaluate the land productivity changes over time (Trends.Earth, 2023) (Figure 3).
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Figure 3. Land productivity changes. Adapted from: Trends.Earth, 2023.

Estimating SOC stocks

Carbon stocks represent the cumulative outcome of various factors influencing plant growth and changes
in terrestrial organic matter reserves. The metric for evaluating carbon stocks in Indicator 15.3.1 is soil
organic carbon (SOC). Estimating SOC stocks is challenging due to the spatial variability of soil properties
and the need for precise measurements of SOC content, bulk density, and rock fragment content across
soil depths (Poeplau et al., 2017). Proper sampling techniques, analytical methods, and calculation
approaches like the equivalent soil mass (ESM) method are crucial for accurate SOC stock assessments
and monitoring changes over time (Fowler et al., 2023). Also, satellite imagery can be used for SOC
assessments based on land cover characteristics, as presented in this case, following the methodology
established by Trends.Earth (Trends.Earth, 2019).

In particular, data from a time-series analysis of land cover for the specified area were utilized to
determine changes in land cover over the analyzed period. Changes in SOC stocks from the initial baseline



were calculated using the conversion factors listed in Figure 4 (Table), which assess land cover changes in
terms of carbon stock alterations. These calculations are executed for each pixel on the area’s map using
remote sensing data. A reduction in SOC exceeding 10% signifies degradation (Trends.Earth, 2023).
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Figure 4. A schematic of the methodology for the SOC evaluation. Carbon change relation to land degradation (up)
and conversion factors with different satellite image colours (down). The parameter f converts C emissions to C stock
changes, according to the international database of the routine Trends.Earth, in line with the IPCC’s guidelines.
Source: Adapted from: Alamanos & Linnane, (2021b); Trends.Earth (2019).

In the Trends.Earth routine, the SOC (SOCfinq;) is estimated by multiplying the reference conditions SOC

(SOC¢f) with a land use factor (FLU) that reflects carbon stock changes associated with type of land use

(Equation (1)):

SOCsinar = SOCyep X FLU (1)

Figure 5 is a high-level picture of the overall results, after applying the above.
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Figure 5. Soil Organic Carbon change in Europe from 2001 to 2015 (tons/ha). Adapted from: Trends.Earth (2019).

Estimating the Indicator SDG15.3.1

After estimating the three datasets described above land productivity, land cover and SOC, the SDG15.3.1
indicator can be calculated by their synthesis, spatially. The relation used for this synthesis follows a “one-
out-all-out” principle. This means that if there is a degradation to just one of these sub-indicators, then
the overall indicator 15.3.1 is considered to be in decline (Table 1).

Table 1. The rules of synthesis (relations) of the land productivity (1% column), land cover (2" column) and SOC (3™
column) changes, for the spatial estimation of SDG15.3.1. In a geospatial software, these estimations are
translated into a different signal, e.g., green—red pixels in the map, accordingly to the Table’s cells colours

(Trends.Earth, 2023).
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The freely available Trends.Earth plugin for the open-source QGIS software was utilized for the
estimations described. This tool was developed by Conservation International (Cl) in collaboration with
Lund University, NASA, and with support from the Global Environment Facility (GEF) to aid in SDG
reporting (Trends.Earth, 2023). Trends.Earth allows users to generate time series for key spatially explicit
(sub)indicators of land change, including both degradation and improvement, and to create maps and
other visual outputs that facilitate monitoring and project implementation aimed at combating land
degradation. Additionally, the tool can overlay other relevant, spatially explicit indicators. It employs NASA
Earth Observations to monitor land degradation and urban expansion, providing an 'urban extent series'
that includes population growth data from the "Gridded Population of the World V4" (NASA, 2022).
Hence, a mix of satellite observations and site-based data was employed to establish baselines, monitor
changes, and gauge the initial status of the sub-indicators.

Results of land degradation patterns across Europe

The estimations described above were processed through the geospatial software QGIS in order to map
the land change conditions through the SDG15.3.1 (Figure 6). Spatial mappings of land productivity, land
cover degradation, SOC degradation were used as input data for the following countries (EU 27, the UK,
Switzerland, and the Balkan countries). The Trends.Earth plugin in QGIS uses a pixel size of 300m (0.3 km)
for the estimation of the SDG15.3.1. SDG 15.3.1 is calculated using the Normalized Difference Vegetation
Index (NDVI) data from the MODIS satellite sensor, which has a native resolution of 250m. The
Trends.Earth tool resamples and harmonizes all input datasets to a common resolution of 300m for
integrated analysis and calculations (Giuliani et al., 2020). The 300m pixel size strikes a balance between
capturing sufficient spatial detail for meaningful assessments at national and sub-national scales, while
also ensuring computational efficiency when processing large volumes of Earth observation data over
extended time periods (typically 15-20 years) (Trends.Earth, 2023). This moderate resolution allows the
tool to provide consistent and comparable estimates of land degradation across different countries and
regions, enabling global monitoring and reporting on progress towards achieving SDG Target 15.3 by 2030
(Fuente et al., 2020). Figure 6 shows an overview of the results, and some examples of countries,
indicatively, to provide a picture of the resulting maps format. The analysis carried out for all countries
took approximately 4 days.
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Figure 6. The outputs for the estimated SDG15.3.1 indicator, spatially showing the improvement, stable, degradation

and no data states of land. The Figure shows the results for the whole Europe (A), and indicatively for Belgium (B),
Croatia (C), Denmark (D), and Poland (E), for the period 2010-2020.

In most countries, the results indicate a stable condition, and/or slight improvements, in all categories.
So, future policies should target the areas facing degradation. Tables 2,3 rank the countries in an order of
land cover, and land productivity, respectively, for the study period 2010-2020.

Table 2. The summary of change in land cover results, ranking the studied countries from the most degraded
(Degraded Land Cover Area %) to the less degraded ones [Data for Norway and Netherlands were not available].

Countries

Total Land Area

Improved Land Cover
Area

Stable Land Cover Area

Degraded Land Cover
Area

km? | %

km? %

km? %

km? %




Sweden 407989 100 643 0.16 394515 96.70 12831 3.14
Finland 299591 100 741 0.25 290298 96.90 8552 2.85
Malta 291 100 1 0.43 285 97.92 5 1.65
Slovenia 20280 100 31 0.15 19942 98.33 308 1.52
Portugal 89703 100 1082 1.21 87334 97.36 1286 1.43
Estonia 42897 100 281 0.66 42032 97.98 583 136
HB;i:i:of’?:a 39817 100 153 0.38 39151 98.33 513 1.29
Montenegro 13440 100 200 1.49 13072 97.26 168 1.25
Croatia 54177 100 243 0.45 53266 98.32 669 1.23
Austria 83269 100 257 031 81994 98.47 1018 1.22
Serbia 76771 100 181 0.24 75707 98.61 883 1.15
Cyprus 5319 100 47 0.89 5217 98.08 55 1.03
Switzerland 39992 100 170 0.43 39436 98.61 386 0.96
Romania 234318 100 384 0.16 231739 98.90 2195 0.94
Latvia 63187 100 666 1.05 61970 98.07 551 0.87
Slovakia 48205 100 129 0.27 47670 98.89 406 0.84
Ireland 67555 100 467 0.69 66553 98.52 535 0.79
Spain 501980 100 3194 0.64 495092 98.63 3694 0.74
Italy 297069 100 1560 0.53 293417 98.77 2091 0.70
Czechia 78163 100 417 0.53 77237 98.82 509 0.65
Denmark 41059 100 317 0.77 40478 98.59 264 0.64
Albania 27703 100 604 2.18 26935 97.23 164 0.59
United Kingdom | 238845 100 789 0.33 236657 99.08 1399 0.59
France 631158 100 2610 0.41 625125 99.04 3424 0.54
Greece 128173 100 1070 0.83 126416 98.63 687 0.54
Ma'::::nia 24840 100 327 1.32 24393 98.20 120 0.48
Germany 352929 100 2223 0.63 349052 98.90 1655 0.47
Bulgaria 111583 100 777 0.70 110286 98.84 519 0.47
Lithuania 63667 100 742 1.16 62634 98.38 292 0.46
Poland 308520 100 1986 0.64 305372 98.98 1163 0.38
Luxembourg 2604 100 23 0.88 2572 98.77 9 0.35
Hungary 91784 100 320 0.35 91216 99.38 247 0.27
Belgium 30457 100 159 0.52 30220 99.22 79 0.26

Table 2 indicates that a significantly stable land cover is maintained in all countries (above 96%). However,
some countries like Sweden, Finland, and Malta exhibit relatively higher percentages of degraded land
cover, ranging from 1.65% to 3.14%.

Table 3. The summary of change in land productivity results, ranking the studied countries from the most degraded
(Degraded Productivity %) to the less degraded ones [Data for Norway and Netherlands were not available].



Countries Total Land Area | Improved Stable Degraded No Productivity
Productivity Productivity Productivity Data

km? % km? % km? % km? % km? %
Luxembourg 2604 100 378 14.506 1532 58.832 | 693 26.632 1 0.029
Estonia 42897 100 | 1677 3.909 30021 69.983 | 11124 25.933 75 0.175
Latvia 63187 100 4236 6.705 43103 68.215 | 15732 24.898 116 0.183
Lithuania 63667 100 6858 10.771 42242 66.348 | 14419 22.647 149 0.234
Belgium 30457 100 | 9223 30.281 15306 50.255 | 5874 19.285 55 0.180
Germany 352929 100 90707 25.701 196178 | 55.586 | 65305 18.504 739 0.209
Czechia 78163 100 | 20948 26.800 43482 55.630 | 13628 17.436 104 0.134
France 631158 100 201534 | 31.931 322144 | 51.040 | 106343 16.849 1136 0.180
Finland 299591 100 | 83015 27.710 176692 | 58.978 | 37636 12.562 2247 0.750
United 238845 100 | 89903 37.641 118685 | 49.691 | 29662 12.419 595 0.249
Kingdom
Sweden 407989 100 119713 29.342 236627 | 57.998 | 48637 11.921 3012 0.738
Portugal 89703 100 | 33565 37.418 46699 52.060 | 9290 10.356 149 0.166
Montenegro 13440 100 3044 22.649 9006 67.010 | 1378 10.254 12 0.087
Bulgaria 111583 100 | 26436 23.692 74065 66.377 | 10961 9.824 120 0.108
Poland 308520 100 | 84068 27.249 193892 | 62.846 | 29960 9.711 601 0.195
Romania 234318 100 47569 20.301 164831 | 70.345 | 21669 9.248 249 0.106
North 24840 100 | 5328 21.448 17214 69.300 | 2286 9.203 12 0.049
Macedonia
Switzerland 39992 100 10288 25.725 24613 61.545 | 3401 8.503 1690 4.226
Ireland 67555 100 | 23236 34.396 39040 57.791 | 5088 7.531 191 0.282
Austria 83269 100 | 25857 31.052 50850 61.067 | 5764 6.922 798 0.959
Denmark 41059 100 17477 42.566 20873 50.838 | 2559 6.232 149 0.364
Slovakia 48205 100 | 16571 34.377 28657 59.448 | 2944 6.108 32 0.067
Albania 27703 100 10467 37.781 15531 56.061 | 1670 6.027 36 0.131
Spain 501980 100 | 193656 | 38.578 282000 | 56.178 | 25806 5.141 518 0.103
Italy 297069 100 112002 37.702 169980 | 57.219 | 14049 4.729 1038 0.349
Hungary 91784 100 35210 38.363 52756 57.479 | 3676 4.005 140 0.153
Malta 291 100 55 18.904 219 75.431 | 11 3.684 6 1.981
Serbia 76771 100 15081 19.645 58895 76.716 | 2710 3.531 83 0.109
Bosnia and | 39817 100 | 11364 28.541 27050 67.936 | 1378 3.461 24 0.061
Herzegovina
Croatia 54177 100 23429 43.246 28912 53.366 | 1739 3.210 97 0.178
Greece 128173 100 | 72818 56.813 51116 39.881 | 3962 3.091 276 0.215
Slovenia 20280 100 | 10067 49.637 9740 48.025 | 455 2.242 19 0.096
Cyprus 5319 100 2708 50.906 2555 48.036 | 44 0.823 12 0.235

The land productivity results, as ranked in Table 3, indicate that a significant proportion of the land area
in most countries falls under the stable productivity category, with percentages often exceeding 50% and
reaching as high as 76.7% in Serbia. Countries like Luxembourg, Estonia, Latvia, Lithuania, and Belgium



exhibit relatively high percentages of improved productivity areas, ranging from around 10% to 30%. This
suggests that these countries have implemented effective measures to enhance land productivity,
potentially through sustainable agricultural practices or land management strategies. While the degraded
productivity areas account for a smaller percentage in most countries, some of them like Luxembourg
(26.6%), Estonia (25.9%), and Latvia (24.9%) have relatively higher proportions of degraded land
productivity. This highlights the need for targeted interventions to address land degradation and restore
productivity in these regions. Finally, some data gaps can be better covered in the future in some countries
that represent relatively large areas (e.g. Switzerland, Malta, and Greece).

Table 4. The summary of change in SOC results [Data for Norway and Netherlands were not available].

. Total Land Area Improved SOC Area Stable SOC Area Degraded SOC Area
Countries km? % km? % km? % km? %
Albania 49135 100 24 0.05 49038 99.80 73 0.15
Austria 166846 100 13 0.01 166757 99.95 77 0.05
HB;SZ';:’;?:a 80665 100 21 0.03 80529 99.83 115 0.14
Belgium 60754 100 4 0.01 60716 99.94 35 0.06
Bulgaria 169194 100 81 0.05 168842 99.79 271 0.16
Switzerland 74504 100 5 0.01 74469 99.95 30 0.04
Cyprus 10428 100 5 0.04 10394 99.67 29 0.28
Czechia 133890 100 8 0.01 133844 99.97 38 0.03
Germany 551307 100 52 0.01 551068 99.96 187 0.03
Denmark 153852 100 1 0.00 153813 99.97 38 0.02
Estonia 85919 100 5 0.01 85818 99.88 97 0.11
Spain 3633078 100 224 0.01 3630755 99.94 2099 0.06
Finland 558087 100 12 0.00 557723 99.93 352 0.06
France 94991096 100 120 0.00 94989827 100.00 1148 0.00
Greece 576883 100 50 0.01 576534 99.94 298 0.05
Croatia 214896 100 24 0.01 214702 99.91 171 0.08
Hungary 160424 100 7 0.00 160372 99.97 45 0.03
Ireland 129028 100 17 0.01 128651 99.71 361 0.28
Italy 1279551 100 78 0.01 1278487 99.92 987 0.08
Lithuania 105385 100 43 0.04 105280 99.90 62 0.06
Luxembourg 4643 100 0 0.00 4641 99.95 2 0.05
Latvia 117267 100 8 0.01 117150 99.90 110 0.09
Montenegro 29419 100 41 0.14 29347 99.76 31 0.10
Ma|\:::(rzlt:nia 35639 100 24 0.07 35543 99.73 72 0.20
Malta 1033 100 1 0.12 1029 99.61 3 0.27
Poland 443534 100 53 0.01 443332 99.95 150 0.03
Portugal 3032084 100 57 0.00 3031463 99.98 564 0.02
Romania 374881 100 110 0.03 373677 99.68 1095 0.29
Serbia 144131 100 23 0.02 143750 99.74 358 0.25




Sweden 997109 100 52 0.01 996130 99.90 928 0.09
Slovenia 38965 100 3 0.01 38946 99.95 17 0.04
Slovakia 86195 100 8 0.01 86160 99.96 27 0.03

United 1187276 | 100 132 0.01 1187056 | 99.98 88 0.01
Kingdom

The change in SOC results of Table 4 indicate that the SOC has been maintained stable in all countries
during the examined period.

Figure 7 shows the distributions of the percentages of land areas that exhibit improvement, stability or
degradation conditions, over the study period.
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Figure 7. The results for the estimated SDG15.3.1 indicator per country, as percentages of land areas improved,
remained stable, and degraded [Data for Norway and Netherlands were not available].

The results indicate similar trends (e.g. stability and slight improvements) for most countries, but also
several differences at the extent of the degradation of SDG15.3.1. A significant proportion of the land
change ‘sustainability’ (according to the SDG15.3.1) in most countries falls under the ‘stable’ category,



with percentages often exceeding 50% and reaching as high as 75.7% in Serbia. There are also some
variations in the ‘improved land sustainability’, according to the SDG15.3.1 indicator. Namely, countries
like Greece (56.8%), Cyprus (50.9%), and Croatia (43%) exhibit relatively high percentages of
‘improvement’, suggesting effective measures to enhance land productivity. In contrast, countries like
Estonia (4.4%), Latvia (7.4%), and Lithuania (11.5%) have lower proportions of improved land changes.
While ‘degradation’ land changes account for a smaller percentage in general, some countries like Estonia
(26.9%), Lithuania (23%), and Latvia (25.5%) have relatively higher proportions of degraded land
productivity. These regions may require targeted interventions to address land degradation and restore
productivity. There are also a few countries, including Switzerland (4.3%), Malta (2.3%), or Luxembourg
(0.03%), with notable areas with no land productivity data available. These data gaps may hinder
comprehensive assessments and decision-making processes related to land productivity management in
these regions.

More detailed tables are produced by the Trends.Earth methodology in the respective per country
outputs, including specific land cover types with their changes in land cover, SOC, productivity, etc. per
year of the analysis. The data, code, and detailed results per country are publicly available (see data and
code availability below).

Concluding Remarks

The analysis presented touched three key parameters of land-use change: Land cover changes, land
productivity, SOC, and their dynamics at European scale, which is a computationally demanding task. The
advances of satellite imagery and the provision of open-access tools (such as Trends.Earth), facilitate such
analyses. Synthesizing these data provides crucial information about the sustainable land management
(including also the quantification of the SDG15.3.1 indicator). The findings reveal a predominance of stable
“land sustainability” changes during the period 2010-2020 (likely due to the around 38% of protected
areas and 32% of surrounding unprotected lands), variations in improved and degraded changes, and just
a few data gaps in certain regions.

The findings on the one hand reflect the efforts towards more sustainable land management (and the
influence of sustainable agricultural practices in some regions), but on the other hand, the results of stable
productivity are lower than the global average. The areas that experience degradation face traditionally
issues of intensive urban sprawl, industrial/commercial development, and transport infrastructure
expansion (European Environment Agency, 2022; Fuente et al., 2020).

The satellite-derived results of land changes in Europe is well-established and has been validated against
other data sources like high-resolution imagery and land cover change datasets (Secretariat of the
Convention to Combat Desertification, 2017). However, it is important to note that the satellite data only
captures vegetation productivity, which is just one aspect of land degradation. Other factors like soil
erosion, biodiversity loss, and water scarcity may not be fully reflected in these results.

Overall, the analysis highlights the need for targeted interventions to address land degradation, maintain
stable productivity, and support sustainable land management practices. The findings underscore the
importance of monitoring and addressing land cover changes to ensure environmental conservation and
sustainable land use across Europe.
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