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km?, 70%), mainly from conversion of agriculture land. Soil erosion rates in Nordic countries are lower than the
global average, but they are exacerbating in several locations (especially western Norway). The integration of the
land cover datasets with maps of forest harvest areas shows that the majority of the losses in forest cover due to
forestry operations are largely undetected, but a non-negligible share of the forest-to-agriculture (up to 19%) or
forest-to-grassland (up to 51%) transitions overlap with the harvested sites. Forestry activity in the study region
primarily involves small-scale harvest events that are difficult to be detected at the 300 m resolution of the land
cover dataset. An accurate representation of forest management remains a challenge for global datasets of land
cover time series, and more interdisciplinary international efforts are needed to address this gap. Overall, this
analysis provides a detailed overview of recent changes in land cover and forest management in Nordic countries
as represented by state-of-the-art global datasets, and offers insights to future studies aiming to improve these
data or apply them in land surface models, climate models, landscape ecology, or other applications.

1. Introduction

Influenced by anthropogenic drivers and climate warming, changes
in land cover are an important indicator of global environmental change
(Henriksen and Hilmo, 2015; Saco et al., 2018; Song et al., 2018;
Huang et al., 2020; Hu et al., 2021b), and play a key role for climate
change mitigation, sustainable food supply, and nature conservation
(Mousivand and Arsanjani, 2019; Roe et al., 2019; Smith et al., 2020).
Historically, land cover changes primarily occurred as deforestation
due to agriculture expansion and urbanization (Arsanjani et al., 2013;
Nunes et al., 2016; Leirpoll et al., 2021). Land covers reflect the distri-
bution characteristics of surface vegetation and ecosystems (Szogs et al.,
2017), and monitoring their spatial differentiation and evolution trend
is instrumental in more sustainable plans of regional ecological environ-
ments, reducing carbon emissions, and preventing biodiversity losses
and soil erosion (Crooks et al., 2017; Cherubini et al., 2018b; Pei et al.,
2018; Taubert et al., 2018; Ren et al., 2020; Hu et al., 2021a). A de-
tailed understanding of land use dynamics is also crucial for success-
ful implementation of various programs within climate change mitiga-
tion (Cherubini et al., 2018a; Hu et al., 2019; Duveiller et al., 2020;
Huang et al., 2020), food security (Gomes et al., 2019; Gava et al., 2020),
renewable energy supply (Leirpoll et al., 2021; Neess et al., 2021), and
nature conservation (Leclere et al., 2020; Strassburg et al., 2020).

Based on satellite remote sensing data, many global and regional
land cover datasets have been produced, resulting in a variety of global
and regional land cover products (Grekousis et al., 2015), with differ-
ent land cover classifications, accuracy, resolution and time periods
(Mousivand and Arsanjani, 2019). One of the first global land cover
products is the International Geosphere-Biosphere Program’s Data and
Information System (Loveland and Belward, 1997), developed by the
U.S. Geological Survey and the European Commission’s Joint Research
Centre, containing 17 classes with 1 km spatial resolution. The Euro-
pean Commission issued another global land cover product GLC2000
with 1 km resolution and 22 classes (Bartholome and Belward, 2005).
The GlobeLand30 dataset released in China contains 10 landcover types
with 30 m resolution (Chen et al., 2015). Global land cover mapping
from Moderate Resolution Imaging Spectroradiometer (MODIS) com-
bines five land cover classification schemes at an annual time step from
2001 at 1 km resolution (Friedl et al., 2002). The Land-use Harmoniza-
tion 2 project aims to smoothly connect updated historical reconstruc-
tions of land-use with new future projections, and recently produced
a dataset at a resolution of 0.25 x 0.25 degree over a long time pe-
riod (850-2100, with extensions to 2300) (Hurtt et al., 2020). All these
datasets only cover specific years or individual years, or, when time-
series are available, they have relatively coarse resolutions. The recently
released ESA climate change initiative land cover products (ESA-CCI-LC)
provide time series of global land cover maps for 37 land cover cate-
gories from 1992 to 2015 at a high spatial resolution of 300 m at the
equator (ESA, 2017). This was followed by consistent maps from Coper-
nicus Climate Change Service climate data store and land cover products
(C3S-CDS-LC) from 2016 to 2018 (C3S, 2019). The method used and
characteristics of the 2016 to 2018 land cover maps are consistent with
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the process used to create the ESA-CCI-LC maps. These datasets combine
multiple remote sensing products and ground-truth observations, and
they were specifically developed to advance a more realistic representa-
tion of land cover dynamics in climate models (Plummer et al., 2017).
The ESA-CCI-LC dataset was also used to characterize temporal dynam-
ics and spatial patterns of changes in land cover at a landscape and
global level (Liu et al., 2018a; Liu et al., 2018b; Mousivand and Arsan-
jani, 2019). Existing studies used the ESA-CCI-LC dataset to investigate
aggregated global land cover changes (Liu et al., 2018a; Mousivand and
Arsanjani, 2019; Hu et al., 2021b). For example, Mousivand and Arsan-
jani (2019) analyzed the gains and losses of different land cover types
around the world from the year 1992 to 2015 and predicted the changes
of different land cover types in 2030 and 2050. They, however, did not
point out the specific locations of the changes. Hu et al. (2021b) recently
analyzed the land cover dynamics using ESA-CCI-LC and C3S-CDS-LC
products, but the analysis focused on the global scale with no country
specific insights.

There is an underrepresentation of boreal and arctic regions in the
available European land use and land cover literature (Plieninger et al.,
2016). To the best of our knowledge, an analysis that uses consistent
dataset to quantify and compare the recent spatiotemporal changes in
land cover in the Nordic countries is missing. This region is highly sen-
sitive to environmental changes as it is experiencing high human pres-
sure (agriculture, forestry, and urban expansion) and the highest rates
of global warming (IPCC, 2019). Existing research mainly focused on
specific changes and effects, such as forest characteristics and key cli-
matic variables (Lukes et al., 2016; Cherubini et al., 2017; lordan et al.,
2018a), biodiversity loss (Auffret et al., 2018; Iordan et al., 2018b;
Fourcade et al., 2019), grassland restoration (Milberg et al., 2019),
water risk (Rdsdnen et al., 2018), carbon reserves (Vauhkonen and
Packalen, 2018) and wood outtake potentials (Hu et al., 2018). The
Nordic region is highly developed, but population densities, land use
characteristics, and the corresponding human footprint vary across the
region (Venter et al., 2016). For example, cropland is the most extensive
land use in Denmark (Karvonen et al., 2018; Osei-Owusu et al., 2019;
Vogdrup-Schmidt et al., 2019) but it is much less present in other Nordic
countries (Strand, 2013; (FAO, 2020)). Forests cover large parts of Nor-
way, Sweden and Finland (FAO, 2020), with the majority being man-
aged forests periodically exposed to harvest (Ceccherini et al., 2020). It
is largely unclear how forest harvest areas are detected by the ESA-CCI-
LC and C3S-CDS-LC products, and there are risks that they are reported
as transitions of forest to other types of land cover (e.g., agriculture
or grassland). The intensive management of forests in Nordic countries
make them the ideal case for studying this issue. There are also dynam-
ics other than management that are influencing changes in forest ar-
eas in Nordic countries. Anthropogenic activities such as domestic graz-
ing have historically kept the forest extent down in outfield areas, but
recently reduced grazing intensity has spurred natural forest regrowth
(Wehn et al., 2012; Mienna et al., 2020). Owing to the polar amplifica-
tion effect, the Nordic region is experiencing the highest rates of global
warming in the world, affecting land use dynamics such as tree lines
(Bryn and Potthoff, 2018), greening of bare area and scarce vegetated
areas (Myers-Smith et al., 2020), and higher risks of wetland drying
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(Lohila et al., 2010; Werner et al., 2013). Forest clearance has also oc-
curred due to recent urban expansion (van Vliet, 2019). Agricultural in-
tensification has led to increased homogenization of Nordic landscapes,
with both cropland expansion into previously mosaic landscapes, and
forest expansion into newly abandoned marginal areas (Auffret et al.,
2018; Aune et al., 2018). Agricultural landscapes in Nordic countries
also face challenges of soil erosion, and more research is needed to bet-
ter understand the interplay between human driving forces and the cli-
matic drivers (wind and precipitation), in order to take measures against
erosion (Ulén et al., 2012).

The purpose of this study is to investigate the recent land cover
changes and land transitions from 1992 to 2018 in Norway, Sweden,
Finland, and Denmark, as represented by the ESA-CCI-LC and C3S-CDS-
LC datasets. Hereafter the name CCI-LC dataset is used when these two
land cover datasets are combined. This analysis shows where land covers
are distributed and where the major transitions occurred, as well as the
changes in soil erosion associated with agriculture activities. We also
identify areas of forest harvest from another independent dataset and
investigate the overlap between clear-cut areas and forest transitions to
other land covers (agriculture, grassland, sparse vegetation, and shrub-
land) in order to investigate how forest management is represented by
the CCI-LC dataset.

2. Methodology
2.1. Land cover datasets

The original land cover data is from the land cover maps issued by
ESA and the European Centre for Medium-Range Weather Forecasts. The
maps have a spatial resolution of 0.002,778 degree (approximately 300
m at the equator) on an annual basis from 1992 to 2018. The data un-
til 2015 come from the ESA-CCI-LC product (V2.0.7b), and from 2016
to 2018 from the C3S-CDS-LC product (V2.1.1). The two products are
highly consistent and use the classification system developed by the
United Nations Food and Agriculture Organization, which divides the
global land cover into 37 classes. To more accurately map and quan-
tify changes in land cover at the regional and national levels, the more
generic IPCC land classification is used to regroup the original 37 land
cover classes into 9 classes using a cross-walking table (Table 1). Thanks
to this, we can avoid false detection between semantically close land
cover classes (ESA, 2017).

2.2. Trends of land cover changes

For each Nordic country, we calculated the interannual changes in
land cover class relative to 1992 using Equation (1).

Area; ; ,

Area Change;, ; | = ——
I Area; ; 1992

i

1

where i, j, t is the index for land cover classes, countries, and year, re-
spectively. Area;; . denotes the area of land cover type i in country j in
year t. Due to the curvature of the earth, areas of grids with 300 m res-
olution at the equator are varying with latitude and can be obtained by
Equation (2).

nr? x [lon, — lon, | X ‘sin(latz) - sin(latl)|
A

a4 180

where, A, is the calibrated area of grid g, lon;, lony, lat; and lat, are
the longitude and latitude of the grid g, r is the earth radius. For a given
year t, the total area of land cover type i in country j is calculated by
Equation (3),

@

N

Area; ;, = 2 A,
q=1
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where N denotes the total number of grids of land cover type i in country
j at 300 m resolution. The analysis of land cover changes is based on
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the original spatial resolution (300 m) of the CCI-LC dataset, and lower
resolutions are only used in the figures of the results for visualization
purposes.

2.3. Land cover transition analysis

To explore the typical characteristics of changes in land cover in the
four Nordic countries, we quantified the land cover transitions for each
pair of land cover classes between 1992 and 2018 by a transition matrix.
In the transition matrix, each element is the area that changed from one
category to another. For instance, the element in the p-th row and g-th
column of the transition matrix is the area of land cover transition from
land cover class p in 1992 to land cover class g in 2018, and the area of
transition was obtained by summing all the pixels areas obtained from
Equation (2) for all the grids that are classified as land cover class p in
1992 but as land cover class g in 2018 when p # g. When p = q, the
element in the transition matrix is set to 0.

We also investigate the spatial patterns of changes in land cover.
We first identify the land cover gains (coded as +1) and losses (coded
as —1) in each pixel with the original 300 m resolution for each land
cover class. If there is no change in the pixel, it is coded as 0. We then
aggregate the results to 9 km resolution and calculate the area ratio
of the changes in the aggregated grid. This aggregation helps to better
visualize the spatial distribution of the changes in each land cover.

2.4. Forest management in Nordic countries

In the four studied Nordic countries, forests have been under in-
tensive management (Schelhaas et al., 2018; Ceccherini et al., 2020),
and practices of sustainable forest management have been pursuing to
achieve ecosystem services such as carbon sequestration, wood produc-
tion, nature conservation and climate change mitigation. Common har-
vest methods focus on limited area extents, with forest patches kept
under rotation, and in Finland and Sweden thinning is more common
than in Norway. About 50% of the forest clear-cut areas in Finland in-
volve patches larger than 7 ha, and about 20% of the harvested sites
are between 3.5 and 7 ha (the rest occurs in areas smaller than 3.5 ha)
(Ceccherini et al., 2020). In Sweden, the average size of clear-cut areas
larger than 7 ha is about 75%, whereas in Denmark it is much smaller
(20%).

It is largely unclear if and how forest harvest areas are detected by
the CCI-LC product. Given the average smaller extent of harvested areas
than the resolution of the land cover maps, they might be undetected or
reported as forest transition, most likely agriculture, grassland, sparse
vegetation or shrubland. We investigate the potential overlap between
forest transitions and forest harvest area using the global forest change
(GFC) maps from Hansen et al. (2013). These GFC maps provides yearly
estimates of tree cover change (gains and losses) relative to 2000 with a
spatial resolution of approximately 30 m (at the equator), and they are
available in Google Earth Engine (GEE) (Gorelick et al., 2017). GEE is a
platform containing a huge amount of Earth Science data and provides
parallel cloud-computing and geospatial operation with lots of ready-
to-use functions. Ceccherini et al. (2020) used the GEE platform to in-
vestigate the harvested (clear-cut only) forest areas over 26 European
countries by detecting the forest cover changes which were attributed
to either forest management, i.e., forest harvest, or disturbance due to
fire and windstorms. They assumed that windstorms cause larger area
losses than forest management, and they thus filtered out the losses that
are three times the median absolute deviation away from the median.
The European forest fire information system dataset is used to mask out
burned forest (EFFIS, 2019). The remaining losses in forest cover can
thus be treated as a proxy for forest harvest area.

We aggregate the GFC forest loss maps to 300 m, i.e., the same spatial
resolution of our land cover datasets, and compute the annual percent-
age of forest losses between 2004 and 2018 using the GEE platform. We
then post process the results to obtain the forest harvest maps following
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Conversion of the original land cover classes in CCI-LC dataset into the standard IPCC land cover classes (based on
ESA (2017) cross-walking table). AGR: agriculture, FOR: forest, GRA: grassland, WET: wetland, SET: settlement, SHR:
shrubland, SPA: sparse vegetation, BAR: bare area, WAT: water, SNO: permanent snow and ice.

IPCC classes  Code Legend used in the CCI-LC product
1 AGR 10, 11,12 Rainfed cropland
20 Irrigated cropland
30 Mosaic cropland (> 50%) / natural vegetation (tree, shrub, herbaceous cover) (< 50%)
40 Mosaic natural vegetation (tree, shrub, herbaceous cover) (> 50%) / cropland (< 50%)
2 FOR 50 Tree cover, broadleaved, evergreen, closed to open (> 15%)
60, 61, 62 Tree cover, broadleaved, deciduous, closed to open (> 15%)
70,71, 72 Tree cover, needleleaved, evergreen, closed to open (> 15%)
80, 81, 82 Tree cover, needleleaved, deciduous, closed to open (> 15%)
90 Tree cover, mixed leaf type (broadleaved and needleleaved)
100 Mosaic tree and shrub (> 50%) / herbaceous cover (< 50%)
160 Tree cover, flooded, fresh or brackish water
170 Tree cover, flooded, saline water
3 GRA 110 Mosaic herbaceous cover (> 50%) / tree and shrub (< 50%)
130 Grassland
4 WET 180 Shrub or herbaceous cover, flooded, fresh-saline or brackish water
5  SET 190 Urban
6 SHR 120, 121, 122 Shrubland
7 SPA 140 Lichens and mosses
150, 151, 152, 153 Sparse vegetation (tree, shrub, herbaceous cover)
8 BAR 200, 201, 202 Bare areas
9 WAT 210 Water

the approach described by Ceccherini et al. (2020). These forest harvest

maps are integrated with the land cover maps to investigate the extent

to which forest harvest areas overlap with the forest transition reported

by the CCI-LC products using the following Equation (4):
a-reaj, forest harvest n areaj, for—agr

rp=

“
area;, for—agr

where r; is the overlap ratio, areagyeq harvest i the area of harvested for-
est, areag,,_,,,, is the area of forest to agriculture transition, j is the index
of country, and n is the logical conjunction operator. The same proce-
dure is used for the other types of possible transitions that can represent
forest management: forest to grassland, forest to sparse vegetation and
forest to shrubland. We further investigate the trends of the forest har-
vest in the four Nordic countries. The areas of annual forest harvest
from 2004 to 2018 in Sweden, Denmark and Finland can be directly
obtained from Ceccherini et al. (2020) while the annual forest harvest
areas in Norway are estimated following the same approach given by
Ceccherini et al. (2020).

2.5. Changes of soil erosion

We explore the changes in soil erosion rates (SERs) due to
agriculture activity in Nordic countries using the SER maps from
Borrelli et al. (2017), which contains the information on SER for 2001
and 2012. The SER maps are obtained using a model approach based
on the revised universal soil loss equation (RUSLE) (De Vente and
Poesen, 2005). The RUSLE-based modelling approach is widely used
for predicting soil erosion (Borrelli et al., 2017; Borrelli et al., 2020)
and provides estimates of potential soil displacement rates by wa-
ter erosion (De Vente and Poesen, 2005). The SER maps provided by
Borrelli et al. (2017) further considered the land cover types, their dy-
namics and farming system. Following Hu et al. (2021b), we assume
that SER changed linearly during the two years,

_ SERy ;2012 = SER ; 500
- At

(O]

9]

for grid q in country j, and At = 11. In Equation (5), only the grid q
that is classified as agriculture both in 2001 and 2012 was considered
to single out soil erosion due to agriculture activity. With Equation (5),
the total increased soil erosion in country j (denoted as ASE;) in the
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period 2001-2012 was obtained as follows

11
11
ASE; = Zékq’jtleAq =
q

(SERy ;2012 — SER 5001 ) X 4, 6)

q

where k,; is given in Equation (5), and A, is the area of grid ¢. In
Equation (6), the sum is only over grid q that is classified as agricul-
ture both in 2001 and in 2012.

3. Results
3.1. Variation of land covers

Table 2 shows the area of each land cover in the four Nordic coun-
tries in 1992 and 2018 according to the dataset processed in this analy-
sis. Forest is by far the largest type of surface cover in Norway, Sweden
and Finland, accounting for more than 40% of the total area in each
country. Agricultural land is the most common land cover type in Den-
mark. Despite having the smallest population, Norway has the largest
extent in urban settlements in Nordic countries. A similar extent of wet-
land areas is present in all the Nordic countries, while grassland and
sparse vegetation are mainly abundant in Norway and Sweden.

The trends in land cover changes are compared in terms of normal-
ized interannual changes between 1992 and 2018 in Fig. 1. Agriculture
remained relatively constant (or slightly reduced) in Denmark, but it al-
most linearly increased in the other three countries (at a higher pace in
Sweden and Finland than Norway). Relative changes in forest areas were
smaller than those in other land covers, largely due to the abundant for-
est areas in the countries that minimize the normalized changes in this
land use type. Forest areas increased in all countries at a similar rate,
except for Sweden, where forest areas steadily declined. Both grassland
and bare area in Finland show high normalized gains, while variations
are limited in the other countries. This might be due to the limited area
extent of these two land cover types in Finland, which make normal-
ized results very sensitive to even small changes in areas. Wetland is
firmly declining in Norway and Finland, while settlement expands in
every country (especially in Norway). Shrubland and sparse vegetation
show contrasting trends, especially in Finland. These land cover classes
are very similar in terms of vegetation cover, and their distinction in the
land cover dataset is challenging. Their univocal identification and in-
terchanges should be interpretated with care. More explanations about
the drivers of these changes are provided in the following sections.
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Area of each land cover in the four Nordic countries in 1992 and 2018 (Unit: 1,000
km?). AGR: agriculture, FOR: forest, GRA: grassland, WET: wetland, SET: settlement,
SHR: shrubland, SPA: sparse vegetation, BAR: bare area, WAT: water.

Norway Sweden Finland Denmark
Categorie$992 2018 1992 2018 1992 2018 1992 2018
AGR 13.48 15.13 32.02 41.23 24.48 30.47 32.29 31.33
FOR  137.60 141.04 309.79 296.79 23858 239.42 526 538
GRA 35.77 39.20 17.41 19.01 1.16 1.94 2.84 2.99
WET 31.88 26.01 32.40 33.96 31.13 24.43 0.66 0.66
SET 1.69 3.54 1.13 1.98 0.44 0.60 1.03 1.75
SHR 3.19 3.19 0.38 0.63 0.23 0.39 0.00 0.00
SPA  61.97  58.93 14.43 13.82  6.66 4.62 0.01 0.01
BAR 17.61 17.44 2.68 2.74 0.18 0.38 0.06 0.06
WAT 29.58 28.28 43.22 43.30 36.26 36.89 3.51 3.48
AGR (@) FOR ) — © Fig. 1. Area changes of each land cover class
| y [ e _/\~\ s relative to its extent in 1992 for each Nordic
— country. Lines of different colors with solid
e P dots represent the four Nordic countries: blue
1 \%\\«)“ for Norway (NOR), orange for Sweden (SWE),
098 - "-\M.__\\ grey for Finland (FIN) and yellow for Denmark
\ e (DNK). The horizontal axis is the study period,
”‘)‘S{/ PN e PO et and the vertical axis is the area change of each
B A A A S i it il ot b ol b b il year relative to 1992. Values higher than 1
B WET @ ; : 15 SHR ® show an increase relative to 1992, while val-
AT / } ues smaller than 1 indicate a decrease. AGR:
| e 7 _ /’r agriculture, FOR: forest, GRA: grassland, WET:
L '/”’ wetland, SET: settlement, SHR: shrubland, SPA:
08s —\’\—/ _— 7 sparse vegetation, BAR: bare area.
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In general, the interpretation of these trends should consider that
they refer to the changes relative to the area extension within each
country in 1992, and they are highly sensitive to the initial extent
of the particular type of land cover in a given country. For example,
large normalized changes in one land cover in one country can corre-
spond to much smaller hectares of land than a country that showed
minimal increases in normalized values, if the latter country had a
much larger presence of the land cover in question in 1992. Results
in Fig. 1 are thus to be interpreted together with the absolute values in
Table 2.

3.2. Land cover transitions in Nordic countries

The net trends of land cover transitions in the four countries from
1992 to 2018 are shown in Fig. 2. In Norway, the dominant net change
in land cover is a net loss of 5,870 km? in wetland, which is about
18% of the wetland area in 1992. Wetland mostly transitioned to for-
est, because of progressive wetland drying due to climate change, water
drainage and other anthropogenic factors such as excessive water with-
drawals or eutrophication (Lohila et al., 2010; Werner et al., 2013).
Agriculture, forest, and grassland show a net gain of 1,650 km? (12%),
3,441 km? (3%) and 3,435 km? (10%), respectively (Fig. 2a). The gross
area gain of settlement is 1,857 km?2, of which 59% and 31% are derived
from forest and agriculture, respectively. In Norway, 46% of the reduc-
tions in sparse vegetation is due to conversion to grassland, and 42%
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is converted to forest. The latter is also observed in Finland, and can
be associated to reduced human pressure, e.g., decreasing grazing rates
(Mienna et al., 2020), and/or accelerated vegetation growth caused by
climate change (Kellomiki et al., 2018). In Sweden, there is a net loss
in forest area of 13,008 km? (—4%), mainly caused by an expansion of
agriculture, making it the largest net gain (9,211 km?2, 29%) (Fig. 2b).
The primary sources of settlement expansion are agriculture and for-
est, which accounted for 45% and 43% of Sweden’s settlement gross
gain, respectively. Forest shows the largest gross increase in Finland,
and wetland was its largest source, making wetland the largest net loss
(6,698 km?, —22%). In contrast, agriculture was the country’s largest net
gain (5,982 km?) which increased by 24% compared to 1992, mainly
from forest (Fig. 2c). The absolute net area changes of settlement, shrub-
land, and bare area in Finland were relatively small compared with other
land covers, which were 160 km?, 160 km?2, and 198 km?, respectively.
Due to the low proportion of the above three land covers in Finland,
however, the relative changes of these land cover classes were 37%,
69%, and 108% respectively. The area taken from forest was the lead-
ing source of Finland’s settlement expansion, accounting for 67% of the
gross gain (180 km?), and the contribution of agriculture was 21% (34
km?). During the study period, settlement has the largest net growth
in Denmark (717 km?2, 70%), mainly transitioned from agriculture land
(Fig. 2d). Besides, the area of forest and grassland also showed a net
increase, while agriculture showed the largest net reduction (956 km?,
—3%).
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Fig. 2. Land cover transitions between 1992
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Table 3

Comparison of changes in land cover in Norway (NOR), Sweden (SWE), Finland (FIN), Den-
mark (DNK) and in the entire region (Nordic) from 1992 to 2018 (Unit: 1,000 km?). AGR:
agriculture, FOR: forest, GRA: grassland, WET: wetland, SET: settlement, SHR: shrubland,

SPA: sparse vegetation, BAR: bare area.

Region AGR FOR GRA WET SET SHR SPA BAR

NOR +1.65 +3.44 +3.44 —-5.87 +1.86 +0.01 -3.05 -0.17
SWE +9.21 —-13.01 +1.60 +1.56 +0.85 +0.25 —-0.60 +0.07
FIN +5.98 +0.84 +0.77 -6.70 +0.16 +0.16 -2.04 +0.20
DNK -0.96 +0.12 +0.15 +0.004 +0.72 0.00 —0.001 —-0.03
Nordic +15.88 —-8.61 +5.96 -11.00 +3.58 +0.41 -5.70 +0.10

Note: The values in the table show the absolute change of each land cover type from 1992
to 2018 in each country. Positive: net gains, negative: net loss, and 0.00: no change.

An overall comparison of the changes in land cover in the four coun-
tries is shown in Fig. 2e and Table 3. Land transitions typically involved
from 4% to 9% of each country”s total area. The highest percentage
of change in land cover is in Norway, followed by Finland, Sweden,
and Denmark. The reduction of wetland in Norway and Finland made
it the strongest net loss of a single class in the study region (11,003
km?, —11%), followed by forest (8,607 km?, —1%) and sparse vege-
tation (5,695 km?, —7%). The area of forest in Sweden decreased, in
contrast to the other three countries, which led to a decline in forest
throughout the region. Other land covers such as agriculture, grassland,
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settlement, shrubland, and bare area, showed net increases. Agricul-
ture area decreases in Denmark but increases in other three countries.
Therefore, the agrculture area in Nordic region increases, as shown in
Table 3.

3.3. Spatial distribution of land cover changes

Heat maps that identify major hotspots of changes in land cover are
shown in Fig. 3. Agriculture decreased in Denmark and in coastal ar-
eas of Norway, and mainly increased in the southern part of Sweden



N. Zhou, X. Hu, I. Byskov et al.

AGR

0.05

0.01

0.008

0.006

0.004

0.002

-0.002

-0.004

-0.006

-0.008

Fig. 3. Spatial distribution of land cover changes in Nordic countries. The value
in the color bar shows the fraction of land cover change in each 9 km x 9 km grid
cell from 1992 to 2018. A positive value indicates an increase and a negative
value a decrease of the land cover. AGR: agriculture, FOR: forest, GRA: grass-
land, WET: wetland, SET: settlement, SHR: shrubland, SPA: sparse vegetation,
BAR: bare area. Note that the scales of color bars are different in each subfig-
ure. The aggregation from the original resolution of 300 m is for visualization
purposes only.

and Finland. These dynamics can be associated with local and EU poli-
cies favoring local agriculture commodities, while cropland abandon-
ment is often a result of socio-economic growth or, to smaller extent
in EU, due to severe declines in soil fertility (Alcantara et al., 2013;
Yin et al., 2020). Forest areas expanded especially in central Norway
and the northern part of Nordic countries while they declined in Swe-
den, southern Norway and Finland. Major wetland declines occurred in
Norway and northern Finland, typically on areas where forest expanded.
Warming of climate in high latitude, availability of nutrient for plant
growth and extensive water withdrawals are the main drivers of wet-
land drying (Werner et al., 2013; Green et al., 2017; Hu et al., 2021b).
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Wetland is an important ecosystem that regulates local climate and bio-
diversity, but it is highly sensitive to climate change and anthropogenic
pressure (Ghajarnia et al., 2020). In the investigated CCI-LC dataset,
wetland in Norway shows increasing declines mostly to forest and sparse
vegetation. On the contrary, we find a small increase in wetland in Swe-
den (5%). This might reflect the outcome of major policy programs and
efforts in Sweden to preserve wetlands, which even led to large-scale
constructions of new wetlands with associated agro-environmental ben-
efits to nutrient retention and biodiversity (Strand and Weisner, 2013).
Sparse vegetation declined in the northern part of the analysis domain,
mostly concomitant with expansion of grassland or forest, and this is re-
lated to the greening of the earth (Zhu et al., 2016). Settlement mainly
increased in flat areas in the west and southern part of Nordic coun-
tries and around the main existing urban areas, and it might be linked
to the growing population in the Nordic countries. Second homes in
the Nordic region might also be a potential driver of settlement area
increases (Miiller, 2007; Larsson and Miiller, 2019).

3.4. Forest harvest areas and their relationship with land cover transitions

The area of clear-cut forest harvest in Nordic countries and the po-
tential overlap with the forest transitions to other land cover classes
are shown in Table 4 and Fig. 4. The cumulative area of forest harvest
between 2004 and 2018 is about 6,556 km? in Norway, 36,945 km?
in Sweden, 29,158 km?2 in Finland, and 661 km?2 in Denmark. These
numbers reflect the much larger forest management activities in Swe-
den and Finland than Norway, and the very limited operations in Den-
mark. There has been increasing trends in annual forest harvest areas
in Sweden, Finland and Norway, especially in the latest period 2016-
2018, when the three countries achieved their maximum clear-cut ar-
eas of 3,282 km? yr~1, 3,331 km? yr~! and 647 km? yr—!, respec-
tively (Fig. 4a). This trend might further increase according to future
climate change mitigation scenarios that sustainable intensification of
forestry to meet rising demands for renewable products and materials
(Lauri et al., 2017; Hu et al., 2018; Verkerk et al., 2019). Denmark does
not follow the same pattern and shows a negative trend in forest har-
vest area, largely due to limited forest resources in the country. Fig. 4b
shows the spatial patterns of the cumulative forest harvested areas be-
tween 2004 and 2018. The most managed areas largely correspond to
those with the largest presence of forest resources, and harvest intensity
shows a clear pattern. Management activities are more intense in south
Eastern Norway, and most parts of south and central Sweden and Fin-
land, where they can be up to 20% of an aggregated grid cell. In the rest
of Norway and in Northern Sweden and Finland forest harvested areas
are much less abundant (less than 3%).

The locations of the forest to agriculture (FOR-to-AGR) or grass-
land (FOR-to-GRA) transitions between 2004 and 2018 from the CCI-
LC dataset are shown in Fig. 4c and 4d, respectively. The transitions
to shrubland and sparse vegetation are also considered, but not shown
because of their smaller extent. A comparison between the areas where
these transitions are detected and the areas of harvested forests from
GFC dataset can inform about the extent to which forest cover distur-
bances caused by forest management are interpreted as forest transitions
to other types of land cover by the CCI-LC dataset. Note that the com-
parison is done at the same resolution of the original CCI-LC dataset
(300 m, to which the GFC data are aggregated), and the lower resolu-
tion of 9 km is only used in the figures to improve visualization. There
is a non-negligible overlap between the CCI-LC-based transitions and
the forest harvest areas. As shown in Table 4, between 10% (Norway)
and 19% (Finland) of the areas identified as FOR-to-AGR transitions oc-
curred in the same locations identified as clear-cut areas for the same
time-period by the GFC database In absolute terms, FOR-to-AGR is the
transition with the largest overlap, which is mainly found in Sweden
(1,031 km?), followed by Finland (617 km?) and Norway (213 km?).
The overlap is largely distributed in central Sweden and southern Fin-
land, where forest management activities are more intense (Fig. 4e). In
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Table 4

Areas of forest harvest (1,000 km?), annual average harvested area (1,000 km?), area of forest
to agriculture transition (1,000 km?), and overlap between forest harvest areas and forest transi-
tions from the CCI-LC dataset in absolute terms (1,000 km?) and relative terms (%). FOR-to-AGR:
forest to agriculture transition. FOR-to-GRA: forest to grassland transition. FOR-to-SHR: forest to
shrubland transition. FOR-to-SPA: forest to sparse vegetation transition. NaN: not a number.

Norway  Sweden  Finland  Denmark
Area of forest harvest (2004-2018) 6.6 36.9 29.2 0.7
Annual average area of forest harvest (2004-2018) 0.4 2.5 1.9 0.04
Area of FOR-to-AGR (2004-2018) 2.1 7.0 3.2 0.2
Overlap between harvested area and FOR-to-AGR 0.2 1.0 0.6 0.02
FOR-t0-AGR in harvested area (%)* 10 15 19 11
Area of FOR-to-GRA (2004-2018) 0.7 1.1 0.2 0.05
Overlap between harvested area and FOR-to-GRA 0.01 0.5 0.1 4.7¥1073
FOR-to-GRA in harvested area (%)* 2 51 49 11
Area of FOR-to-SHR (2004-2018) 0.08 0.2 0.2 0
Overlap between harvested area and FOR-to-SHR 0.01 0.1 0.07 0
FOR-to-SHR in harvested area (%)* 14 43 35 NaN
Area of FOR-to-SPA (2004-2018) 0.3 0.6 0.2 0
Overlap between harvested area and FOR-to-SPA 0.01 0.2 0.06 0
FOR-to-SPA in harvested area (%)” 5 40 30 NaN
Area of all CCI transitions 3.1 8.8 3.8 0.2
Overlap between all CCI transitions and harvested area 0.3 1.9 3.8 0.02
All CCI transitions in harvested area (%) 8 21 22 11
Forest harvested area in all CCI transitions (%)" 4 5 3 3

2 The percentage represents the overlap area divided by the forest transition area.
b The percentage represents the overlap area divided by the forest harvest area.

Table 5

Changes of soil erosion rate (unit: kg ha=! yr~!) on agriculture land in the Nordic countries. SER
changes are weighted mean between 2012 and 2001 using pixel area as the weight, and values in
the bracket is the standard error of the weighted mean. “Total” shows the total increased (positive
values) or decreased (negative values) soil erosion in the period 2001-2012. SER: soil erosion rate.

Norway Sweden Finland Denmark
Average (standard error) SER in 2001 2,253 (20.7) 239 (0.97) 48.1 (0.19) 321 (0.56)
Average (standard error) SER in 2012 2,267 (20.7) 234 (0.96) 51.3 (0.18) 335 (0.59)
Average (standard error) change in SER ~ 14.2 (0.23) -4.95(0.15)  3.17 (0.08) 14.2 (0.20)
Total (kt) 101 -91 46 245

relative terms, a much higher overlap is found between the FOR-to-GRA
transitions and the clear-cut areas, where about 50% of the identified
transitions in Sweden and Finland are actually located in forest harvest
areas. However, this is inconsistent across Nordic countries (the overlap
is only 2% in Norway), and it seems to be highly frequent (larger than
50%) in specific regions, such as central Sweden and scattered places in
Finland. A similar result is obtained for the two other transitions (FOR-
to-SHR and FOR-to-SPA), where their relevant overlap with clear-cut
areas is higher in Sweden and Finland than Norway, and mostly located
in central Sweden and some spots in Finland. A relevant share of for-
est transitions detected by the CCI-LC data are thus overlapping with
forest harvest areas. When summed all together per country, between
8% and 22% of the detected transitions overlap with managed forest
areas. As an alternative indicator to measure the integration of the two
datasets, the fraction of the total forest harvest area that overlap with
the forest transitions ranges from 3% (Finland) to 5% (Sweden). These
numbers are lower because the percentage is calculated by dividing the
overlap area by the total forest harvest area (which is larger than the
forest transition area used for the ratios above).

In general, a key role is played by the specific management practices
of the study region, which primarily involve small-scale harvest events
that are difficult to be detected at the resolution of the CCI-LC data (300
m). For example, Sweden is the country with the largest overlap between
forest transitions to other types of land cover and forest harvest. This can
be explained by the average larger size of clear-cut areas in Sweden than
other Nordic countries, which make these disturbances easier to detect
by global land cover products. On the other hand, Denmark has the
smallest average size of clear-cut and the lowest overlap between the
two datasets. However, the largest share of temporary losses in forest
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cover due to forest management in Nordic countries are not detected by
the CCI-LC dataset. A non-negligible fraction of them is instead classified
as transitions to different types of land cover classes, mainly agriculture,
but also grassland, shrubland or sparse vegetation.

3.5. Status and trends in soil erosion

Based on the integration of the ESA-CCI-LC (ESA, 2017) with a soil
erosion dataset (Borrelli et al., 2017), soil erosion trends due to agricul-
ture activities (e.g., areas which were classified as agriculture land both
in 2001 and in 2012) in the Nordic countries are shown in Table 5 and
Fig. 5. Areas experiencing soil erosion larger than 10 Mg ha~! yr~1 are
typically defined as affected by severe erosion rates, because they start
to considerably lose their productivity (Panagos and Katsoyiannis, 2019;
Pravalie et al., 2021). However, soil conservation programs can also con-
sider lower threshold values of approximately 5-12 Mg ha~! yr~1, and
other studies recommend as a ‘precautionary principle’ to address soil
erosion rates above 1 or 2 Mg ha~! annually as they are already unsus-
tainable in the long term (Pravalie et al., 2021). In Nordic countries in
2012, the area of agricultural land with soil erosion rates higher than
5 Mg ha~! yr~1 are 1,008 km? in Norway, 235 km? in Sweden, and 0
km? in both Finland and Denmark. If a lower threshold of soil erosion
rate is considered (i.e., 1 Mg ha~! yr~—1), the agricultural land requiring
interventions are 2,541 km? in Norway, 1,471 km? in Sweden, 0.2 km?
in Finland, and 2,674 km? in Denmark.

Compared to global trends (Borrelli et al., 2017; Hu et al., 2021b),
changes in SERs between 2001 and 2012 in Nordic countries are rela-
tively small (Fig. 5a). The highest increases in rates of soil erosion in
agricultural land from 2001 to 2012 occurred in Norway and Denmark
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Fig. 4. Clear-cut areas in Nordic countries and potential overlaps with forest
transitions identified by the CCI-LC dataset. Forest harvest trends (a), spatial
distributions of cumulative harvested forest (2004-2018) (b), forest to agricul-
ture (FOR-to-AGR) transition (c), forest to grassland (FOR-to-GRA) transitions
(d), overlap between harvest forest areas and FOR-to-AGR (e), overlap between
harvest forest and FOR-to-GRA transitions (f), overlap between harvest forest
area and forest to shrubland (FOR-to-SHR) transitions (g) and overlap between
harvest forest areas and forest to sparse vegetation (FOR-to-SPA) transitions (h).
In (a), the solid lines are the areas of annual forest harvest normalized to their
maximum values (Sweden: 3,282, Denmark: 86, Finland: 3,331, Norway: 647,
unit: km?), and the dotted lines are the linear fit of the temporal trend. In (b)-
(h), maps are aggregated to 9 km resolution to improve visualization. Note that
the scales of color bars are different in each subfigure.

(about 14.2 + 0.2 kg ha~! yr~1), followed by Finland (3.2 + 0.1 kg ha™!
yr~1), and the rates are much lower than the global average changes
in SERs in agricultural land reported by Borrelli et al. (2017) and
Hu et al. (2021b). The change of SER in Sweden is negative, meaning
that the soil erosion is mitigated between 2001 and 2012. The average
low soil erosion rates in Nordic countries are probably due to more sus-
tainable agriculture practices than other places in the world, although
the SERs increases in some locations, such as southern Sweden and Fin-
land (Fig. 5b). Norway and Denmark have areas which are classified as
potentially unsustainable (SER higher than 1 Mg ha~! yr~1) in the long
term (Fig. 5¢), but only Norway has regions that are suffering high SER
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(higher than 5 Mg ha~! yr—1), especially on the coastal area (Fig. 5d),
which would require urgent mitigation measures.

4. Discussions

Our analysis is based on two recently released high spatial resolu-
tion land cover products, the ESA-CCI-LC, and C3S-CDS-LC products. De-
tailed quantitative analyses were performed to depict the major trends
in land cover dynamics and spatial distribution patterns in four Nordic
countries. There have been multiple validation efforts of this dataset
(Hua et al., 2018; Li et al., 2018; Liu et al., 2018a). An average global
accuracy of 71% has been estimated with variations among land cover
types and regions (ESA, 2017). In Finland, the overall accuracy of the
ESA-CCI-LC dataset is 64%, but accuracy typically increase when the 37
subclasses are aggregated to broader classes as done here. For example,
when it is used as a forest product the accuracy in Finland is 88%, with
misclassifications mainly occurring in the far north. Another study es-
timated an overall accuracy of the ESA-CCI-LC product of 64% in the
Arctic Circle (Liang et al., 2019).

Limitations of the ESA-CCI-LC and C3S-CDS-LC products are mainly
from possible misclassifications. Wetland, shrubland and sparse vegeta-
tion have a higher uncertainty than classes such as cropland and forest,
which are typically registered with higher accuracy (ESA, 2017). It fol-
lows that transitions involving land cover classes that have larger un-
certainty are less robust than transitions between two land cover classes
with higher certainty, such as forest to agriculture (and vice versa) tran-
sitions. Besides, the accuracies of the individual land cover vary in these
two land cover datasets. For instance, the accuracy of urban class in the
C3S-CDS-LC dataset has been improved relative to that in the ESA-CCI-
LC dataset. These aspects should be considered when interpreting the
results of our study.

The land cover change is detected by the ESA-CCI-LC product when
it is confirmed over two consecutive years (ESA, 2017), and this aspect
influences the changes between two adjacent years and for the first three
years (1992-1994) of the time series. The spatial resolution of the land
cover dataset is 300 m, meaning that only changes in land cover of
certain size can be detected. This may also influence the accuracy at
which CCI-LC data can capture changes happening along the coastlines.

Our study shows that, maybe due to the small scale at which forest
management activities are undertaken in Nordic countries, the majority
of forest cover clearance is not detected by the CCI-LC dataset. A cer-
tain fraction that varies by country and land cover types is identified
as forest transitions to agriculture or grassland (and to a smaller ex-
tent to shrubland and sparse vegetation). These aspects should be con-
sidered when further improving the accuracy of the land cover prod-
ucts. The maps used to identify forest harvest areas are also subject
to uncertainties, which have been discussed in detail in the original
study (Ceccherini et al., 2020) and following commentaries (Palahi
et al., 2021; Wernick et al., 2021) and rebuttal (Ceccherini et al., 2021).
The capacity of the GFC maps to detect forest loss has been validated
(Ceccherini et al., 2020), and uncertainties are found to be lower in
some years compared to others and for large patches (forest patch size
greater than 0.27 ha) than fragmented areas. The classification accu-
racy is particularly high (more than 82% correct detection) for patches
larger than 4.5 ha. Arguments on the limitations of these forest harvest
maps include aspects such as reported changes may reflect analytical
artefacts with inconsistencies in the forest change time series, uncer-
tain factors in the algorithm used to identify forest harvest area, mis-
attribution of natural disturbances as harvests, and a lack of causality
with the suggested bioeconomy policy frameworks (Palahi et al., 2021;
Wernick et al., 2021). Especially, the abrupt changes typically observed
in the period 2016-2018 are essentially an artefact stemming from in-
correct use of the GFC data time series, as similar trends are observed in
other regions of the globe (Palahi et al., 2021). Further, the GFC dataset
has a high resolution of about 30 m and is able to record clear-cuts of a
given size, but small-scale removals and thinning operations cannot be
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Fig. 5. Spatial distribution of soil erosion rate
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seen by the satellite when the change in crown cover is not large enough
to be detected.

Forest management represents a challenge when compiling large-
scale global datasets of land cover time series. Given the long-
term climatic and environmental implications of forest management
(Naudts et al., 2016; Huang et al., 2020), it is highly beneficial to estab-
lish a clearer representation in global land cover datasets of forested
areas and transitional, age-dependent, forest dynamics, so to facili-
tate the modelling of their effects by climate and ecosystem models
(Cherubini et al., 2018b; Lindeskog et al., 2021). Our analysis shows the
potential to integrate the CCI-LC products and the GFC-based forest har-
vest maps to improve the representation of global land cover dynamics,
but technical challenges for a successful integration still remain. Future
studies should explore the extent to which these datasets overlap, and
the type of forest transitions involved, especially in areas with forest
management activities that are distinctly different than those used in
Nordic counties. Ideally, the representation of forest management areas
in global land cover datasets would require the definition of a new land
cover class for a unique identification of this type of temporal transition
(from a technical point of view, harvested areas are to be classified as
forest remaining forest). More collective international efforts are needed
to obtain high quality data at different temporal and spatial levels rep-
resentative of forest management and dynamics (Palahi et al., 2021).

The analysis of SER also has limitations. Two major potential is-
sues are the resolution of the SER maps and land cover dataset used
by Borrelli et al. (2017). Compared to the resolution of the CCI-LC
dataset, the spatial resolution of SER maps is low, which means that
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some changes in SER cannot be detected with a coarser resolution. Fur-
ther, the SER maps used a different land cover dataset than in our study,
and the mismatch of the land cover classes can be a source of uncer-
tainty. Future high-resolution maps of SER with consistent land cover
dataset can thus help to more accurately quantify SER changes related
to land use and land cover changes.

5. Conclusions

Understanding the spatio-temporal dynamics of land use change is
critical to address global environmental challenges such as food security,
climate change, and biodiversity loss. We combined and reclassified the
ESA-CCI-LC and C3S-CDS-LC products to measure changes in land cover
from 1992 to 2018 in Norway, Denmark, Sweden, and Finland, and an-
alyze the trends and spatial distributions of the transitions. We found
extensive land cover dynamics in these countries, with different spatial
patterns, that are the results of direct human interferences and/or cli-
mate change. For example, settlements expanded the most in relative
terms, and wetland shrinkage is a major transition in the Northern part
of the study area. The trend is concerning given the key role that wet-
lands play in regulating the local climate and supporting a variety of
ecosystem services, including biodiversity, and deserves closer (ground-
level) monitoring and the implementation of mitigation measures. Over-
all, our results offer insights on the main characteristics of these datasets
on changes in land cover and are instrumental to future studies applying
these data in land surface models, climate models, landscape ecology,
or similar applications.
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Investigating the relationships between the maps of forest harvest
areas and forest transitions to different types of land cover shows that
the majority of forest cover clearance goes undetected in the CCI-LC
dataset, likely because they occur at a much finer scale than the resolu-
tion of the CCI-LC dataset. However, a non-negligible share of the forest
transitions to agriculture or grassland happened in the same locations
identified as managed forest areas. This shows a potential for a represen-
tation of forest management in global land cover products, which facil-
itate the possibility of including their effects by climate and ecosystem
models that rely on these datasets. On average, soil erosion rates in agri-
culture land in the four Nordic countries are generally lower compared
to other places in the world, but there are areas experiencing high soil
erosion rates, especially in western Norway, which require mitigation
measures to prevent irreversible declines in soil fertility and ecosystem
services. Possible extensions of the current analysis include integrating
land cover products with other datasets such as climate variables and/or
environmental attributes, or comparing the overlap of CCI-derived land
cover transitions with harvested areas in other places with remarkably
different practices in forest management than Nordic countries.

About three-quarters of the Earth’s land surface has already been
affected by human activities, and land cover are key to regulate cli-
mate services, provide habitat to species and support food supply. In
particular, the role of soil fertility in agricultural land and sustainable
forest management underpins the realization of a variety of sustainable
development goals. To better understand land cover changes and the
main drivers (human pressures, climate change, natural disturbances,
and forest management, etc.), there is an increasing need for interna-
tional coordination to produce maps that integrate different sources of
information across various spatial and temporal levels, so to overcome
inconsistencies and limitations of individual datasets. This knowledge is
crucial to develop science-based policies that can prevent adverse land
use changes and preserve ecosystem services given the rising pressures
on land resources for natural conservation, food, and renewable energy
supply and materials under the threats posed by ongoing climate change.
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