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Abstract: Nowadays, Poland is one of the European countries most affected by agricultural land aban-
donment (ALA). Though considered to be a negative phenomenon, ALA opens up several options for
planning future land uses critical for biodiversity conservation or future carbon sequestration. So far,
many studies of ALA have been done in the mountainous areas in Poland, but less is known about the
magnitude of ALA in other regions. In this paper we use the declassified CORONA satellite imagery
(1969) to backdate the information on land cover and land abandonment from topographic maps
from 1970s for the region located in central Poland and currently affected by widespread ALA. The
information from archival materials is compared with current High-Resolution Layers and airborne
laser scanning products, indicating that a forest cover increase of 23% was observed. The output of
vegetation height analysis confirmed significant land use transformation from non-forest and ALA
into forest area. Additionally, analysis of forest pattern change revealed that although forest core
areas have increased since 1970, its share in total forest cover decreased due to newly established
small forest patches. Our research shows the importance of archival remote sensing materials and
indicates their role in understanding ALA-related forest cover change in Poland over the last 50 years.

Keywords: agricultural land abandonment; forest cover change; CORONA imagery; airborne laser
scanning; vegetation height data; forest pattern

1. Introduction

In various regions of the world, agricultural lands have undergone extensive trans-
formation to forests in the regions with suitable climate [1], especially since the 1900s
when this trend appeared in many European countries [2]. Such an increase in forest cover
in areas formerly used in agriculture is commonly the final outcome of the cessation of
agricultural activities referred to agricultural land abandonment (ALA) [3]. In Europe,
the highest ALA rate has been seen in the Mediterranean, and Central and Eastern Eu-
rope [4]. In Eastern Europe, agricultural areas have diminished considerably since the
early 1990s due to the collapse of communism in the region [5], and various subsequent
political, social and economic changes making many farms unprofitable. Only in Poland,
the census detailed that between 1990 and 2019, agricultural land efficiency declined by
21% [6]. Following the transition to a market economy, farmers stopped cultivating fields,
and vegetation succession began to occur [7]. As the agricultural land is still the most
important type of land use in Europe, with 34% cropland and 14% for grassland [8], its
abandonment and gradual conversion to forests affects therefore many hectares with linked
implications [9,10], providing also a chance to create new ecosystems and opportunities for
new land uses, diversification, re-design of existing landscapes, the promotion of rewilding
and the management of succession of less-productive land area [11,12].

ALA is a compound process with interconnected economic, environmental and social
aspects [13] with several positive and negative consequences in human life and environ-
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ment [14,15]. One of the positive consequences of ALA and subsequent forest re-growth
is the temporary increase in biodiversity [16]. However, ALA has also several negative
impacts on the environment and society, such as soil erosion or decreasing food supply [4].
ALA and the resulting restoration of vegetation cover considerably alter also rural land
use patterns, the agricultural landscape, and farmers’ livelihoods [4], interrupting agri-
cultural management in typically fragmented land located in marginal areas [6]. Due to
its significance for land use, assessments of ALA play a significant role in sustainable
agricultural resources and forestry management, contributing to a better understanding of
the determinants of land-use change and future agricultural policies development [12].

Monitoring the spatial pattern of ALA is still not sufficient [17]. It remains difficult
as ALA tangible land cover effects may not be clearly visible in the landscape for some
time, making the assessment and evaluation of ALA over wide spatial scales hard due to
its complicated characteristics and specificity [6,12]. Currently, several data acquisition
technologies are used to assess land cover changes resulting from ALA, for instance airborne
laser scanning (ALS) data and high or very high-resolution satellite and airborne image
data [18]. Also historical maps processed with Geographic Information Systems (GIS)
tools are used to assess long-term forest cover changes and conclude about potential ALA
effects [19]. Yet analysis over large areas with historical maps is still generally uncommon,
since it requires broad relevant experience and is a time-consuming process [20,21].

Detailed assessments of ALA were so far mainly conducted in either marginal (e.g.,
mountain) or suburban areas [22–24], while less is known on ALA rates in areas with
formerly dominant agricultural function, which have experienced slow depopulation [24]
and, at some point in time, have started to cope with declining profitability of agriculture.
This research aimed therefore to assess agricultural land abandonment in a study area
located in central Poland and over the last 50 years, where agriculture used to be one of
the dominant sectors of economy in the past, to quantify related changes of landscape
pattern and to test various datasets that potentially allow long-term ALA quantification and
characterization. Except for maps, the research explores a range of geospatial data that have
recently been made available (e.g., high-resolution satellite data, satellite data products,
Digital Elevation and Surface Models), attempting to provide a more nuanced image of
land cover change, when compared to many of previous studies based on categorical
historical maps.

2. Materials and Methods
2.1. Study Area

To study land abandonment, we have selected the Szydłowiec county (powiat szy-
dłowiecki), a unit of territorial administration (Nomenclature of Territorial Units for Statis-
tics NUTS-3 level) in the Masovian Voivodeship in the east-central Poland (Figure 1), with
a center coordinate of 51◦14′N and 20◦51′E. Due to historical processes of the 19th and 20th
century resulting in the dominance of small-scale family farming, central and south-eastern
Poland developed a specific fragmented agricultural land use [25] that had persisted under
the communist regime. Such small-scale private farms had been mostly negatively im-
pacted by the economic transformation in Poland in the 1990s [26]. Central Poland shows
therefore significant ALA in recent years [6,27] and the selected study area well represents
this major region.

The area of the Szydłowiec county is 45,181 ha which included 57% agricultural
land, 34% forest, 4% built-up area, 4% wooded area and 1% of other land uses in 2014.
The population of the county is 39,547 people (2020), resulting in population density of
87 people per 1 km2, lower than the average value for Poland. The agricultural land is
mostly in private hands. The number of farms is 3928, with an average farm area equal
to approximately 6.5 ha (in 2010). On the contrary, most of the forested area in the county
(64% of the total area in 2020) is owned by the State Forests (a national company) [28].
The capital of the county—the historical town of Szydłowiec—serves mostly as a local
center of services for surrounding rural areas; its overall economic and population potential
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in relation to the whole Masovia region is average and standard of living is rather low.
Overall, socio-economic conditions of the region favour the decisions of out-migration, e.g.,
to Warsaw with a potential impact on the land use [29,30].

Figure 1. (a) The location of Szydłowiec county. Background national geographic map; (b) A photo
of abandoned fields taken in July 2021, M. Shahbandeh.

2.2. Data

In this study we used very high-resolution satellite imagery (CORONA imagery)
and topographic maps to assess the land cover in the 1960–1970s, and satellite land cover
products (High-Resolution Layers, HRLs) and Digital Elevation and Surface Model (DEM,
DSM) to characterize present-day land cover.
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2.2.1. CORONA Imagery

CORONA imagery is one of the first Earth observation datasets which covers large
areas and is valuable for detecting long-term land changes due to its adequate spatial
resolution and availability from the 1960s [31]. Satellites providing CORONA imagery
were operating from August 1960 to May 1972, controlled by the Central Intelligence
Agency of the United States National Reconnaissance Office. The images are panchro-
matic and have a high spatial resolution depending on mission and specific camera [32,33].
CORONA images deliver a spaceborne photography with spatial resolution ranging from
1 to 10 m [34]. The dataset was declassified in 1995, but the images have not been georef-
erenced due to the complications which occur when processing the panoramic imaging
geometry, film distortions and limited metadata availability needed for georeferencing [31].
In the current research, 2 strips of CORONA imagery acquired for 28 July 1969 were pur-
chased from CORONA declass1 archive (entity ID DS1107-1074DA041-42), with center
coordinates 51.15◦N, 20.115◦E and 51.01◦N, 20.203◦E.

2.2.2. Historical Topographic Map

Historical topographic maps were received as high-resolution scans from the Head
Office of Geodesy and Cartography. The maps are part of the Polish topographical map
published in the late 1970s and early 1980s with a scale of 1:25,000 in 300 dpi [35]. The
topographic maps do not detail most of land use and land cover types except for forests
presented in dark green and wooded area with hachure in light green.

2.2.3. Digital Elevation and Digital Surface Models

DEM and DSM are national products derived for the entire country from airborne
laser scanning (ALS) data and offer suitable data for topographic mapping and 3D analysis,
representing both vegetation cover on the ground [36] as well as its density and height. As
a result of the dense sampling, high quality, and ability to cover inaccessible and remote
areas by lidar technology, ALS data are suitable for major studies in land use and land
cover change [37]. The acquisition dates of the DEM and DSM data vary for the study
area (October–November 2012, mostly southern and western parts of the study area, and
March–April 2014, central, eastern and northern parts) [38]. Data for the study area are
open access data, and the map sheets for the study area were received from the National
Geoportal of Poland [38] as raster layers with 1 m spatial resolution.

2.2.4. Copernicus High-Resolution Layers

HRLs provide information on certain land cover types and are complementary to
thematic land cover and land use mapping efforts, for instance, in the CORINE land cover
(CLC) datasets. The HRLs are generated from satellite imagery through a combination
of automatic processing and interactive rule-based classification [39]. In the study we
used Forest Type 2018, one of the Forest HRLs, presenting distribution of forested areas in
2018 with two forest categories—broadleaved and coniferous forests. The forest HRL is
delivered in Lambert Azimuthal Equal-Area (LAEA) projection in a geo-tiff format. The
spatial resolution of the layer is 10 m; however, the layer production implies a minimum
mapping unit of 0.5 ha [40]. The thematic accuracy is minimum 90% for both user and
producer accuracy for broadleaved and coniferous forest classes; geometric accuracy is less
than half a pixel [41].

2.3. Methods

This research considered various processing steps to produce consistent land cover
data for 1970s and the contemporary period, and subsequently to map and investigate
ALA and related landscape changes in the study area (Figure 2). The processing steps are
detailed in the subsequent sections.
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Figure 2. Flowchart of data preparation and analysis.

2.3.1. Preparing Land Cover Layer for the 1970

The historical maps of 1970s include five major land use and land cover categories:
water bodies, settlements, forests, wooded area and non-forest area. Due to our interest
in ALA, the maps were first vectorized manually into 3 classes: forests, wooded area
and non-forest area. Forest definition was based on land use and size. So, forest was a
tree-covered area under forest management, and clear-cuts are not presented on the maps.
The size of the minimum forest patch was 10 mm2, which is 0.625 ha in the scale of the
map [42]. Wooded areas were the other (usually smaller) areas with tree cover, where
forest management was not obligatory. Both forest and wooded areas were marked on
the maps with green, although with different symbols. Non-forest areas were all the other
classes presented on the maps. The initial land cover layer for 1970s was then backdated
using information from the CORONA imagery (1969). CORONA imagery was mostly used
to test the quality of map information with respect to forest and wooded area categories
delineation, searching for regions which showed a different land cover to that presented in
topographical maps.

CORONA images were georeferenced using ground control points (GCPs). The
set of 40 GCPs per image was used that might be easily identified using contemporary
orthoimagery. The images were georeferenced with an RMSE of 11.57 m resulting in a
mosaic of CORONA raster images with a full coverage of the study area. To backdate the
vector layer derived from the 1970s topographic map, the vector layer was overlaid on
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CORONA image. Forests, wooded area and other land stored in the vector layer derived
from the map were visually checked for consistency with image data. Whenever a region
had a different land cover than that shown by the map, the differences were recognized
and edited into a new vector layer (Figure 3). For instance, in some regions, wooded areas
or forests shown in the topographic map were considered to be non-forest (agricultural)
areas in CORONA, while some non-forest areas in the map showed clear signs of forest
succession. Finally, the vector layer from the map and vector layers with updates from
CORONA were integrated into a raster file with spatial resolution of 10 m, presenting three
land cover classes (forest, wooded area, non-forest). Backdating the topographic map is
important because of increasing the accuracy of land cover change and landscape pattern
analysis with high quality data. Based on the date of CORONA imagery acquisition, the
final historical land cover dataset is considered to present the land cover at the beginning
of 1970s and we refer to it as “1970”.

Figure 3. Detecting objects and backdating the historical map by CORONA imagery in Szydłowiec county.

2.3.2. Preparing Land Cover Layer for 2018 and Change Analysis

The Forest Type 2018 HRL was reclassified to include only two land cover classes,
forest and non-forest, with broadleaved and coniferous forests merged into one forest class.
The historical dataset for 1970 with three classes (forest, wooded area, non-forest) was then
combined with the 2018 map with two classes (forest, non-forest), receiving the output
change map with six classes showing stable land cover and land cover change categories.
Forest cover gain categories were subsequently interpreted as abandoned land that has
undergone vegetation succession.

2.3.3. Assessing Vegetation Height for Land Cover Change Classes

DEM was subtracted from DSM to create a normalized Digital Surface Model (nDSM)
layer in the raster format and resampled to 10 m spatial resolution, providing the vegetation
height (VH) values for the study area. The nDSM was re-classified into four classes:
(1) VH less than 1 m, (2) VH equal or greater than 1 m and less than 5 m, (3) VH equal or
greater than 5 m and less than 15 m, (4) VH equal or greater than 15 m. Class 1 represents
vegetation of mostly open, non-forested areas; class 4 signifies tree-covered (forest) areas
vegetation; classes 2 and 3 represent vegetation of transitional, successional communities
(e.g., young trees, shrubs). The land cover change maps produced in the previous step
and the nDSM were then overlaid, receiving distribution of VH classes for each stable and
change land cover category.

2.3.4. Forest Pattern Change

To assess changes in landscape pattern related to ALA and subsequent forest cover
gain, we analysed changes in the area and proportions of two forest pattern categories:
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forest edge and forest core [43] for 1970 and 2018. Forest core and forest edge categories
were received by measuring distance from the forest boundary into the forest area, with
6 distance classes: 0 to 100 m, 100–200 m, 200–300 m, 300–400 m, 400–500 m and more than
500 m. The first distance class (0–100 m) was considered to represent forest edges, while the
last one (more than 500 m) signified forest core areas, with distance classes from 100–500 m
representing a transition from forest edge to forest core category. Relative proportions
of forest edge and forest core categories are meaningful in the context of increasing or
decreasing forest fragmentation; for instance, forest fragmentation may increase with
emergence of new forested patches that are too small to contain core forest category [43].
For 1970 forest maps, forest pattern analysis was carried out both for the forest area only
and for forests combined with a wooded area category.

3. Results
3.1. Forest Cover Change 1970–2018

The major land cover change in the Szydłowiec county between 1970 and 2018 was
the increase of forest cover due to a gradual conversion of agricultural open land to forests
(Figure 4). It is visible all over the area, however most changes of this type were observed
in the southern part of the study area. Additionally, the transformation of former wooded
area into forest was observed in several patches (Figure 4).

Figure 4. 1970–2018 land cover change map and share of land cover change types in the Szydłowiec
county. “f” represents forest, “n” represents non-forest, and “w” represents wooded area.

The area of forest gain between 1970–2018 was 23% of the county area, much larger
than forest cover loss area, only 2% of the county area (Figure 4), resulting in the substantial
increase of forest cover in the county, from 28% (or 33% if wooded area is merged with
forests) to 51%.

3.2. Relation of Land Cover Change to Vegetation Height

The percentage of low vegetation height (VH less than 1 m) in stable non-forest or
forest loss areas is high due to the lack of trees and shrubs and the dominance of grasslands
and croplands in this land cover change category. Stable forest areas have a high percentage
of the highest vegetation, while two change categories, non-forest to forest and wooded
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area to forest, show higher a percentage of medium VH classes, with transitional, non-
mature secondary forest succession vegetation, and a lower percentage of the highest VH
as compared to stable forests (Figure 5).

Figure 5. Distribution of VH classes in land cover change categories.

3.3. Changes of Forest Pattern

The proportion of forest edge category in the total forest area was the highest in 2018,
and the lowest in 1970 when wooded area was analyzed jointly with the forest category.
Forest core proportion had the highest value in 1970 for wooded area analyzed jointly with
the forest category. Forest core proportion in 2018 was only slightly higher than the value
calculated for 1970 solely for the forest category, and the dominant forest pattern category
in 2018 was forest edge, mostly due to the emergence of forest patches too small to contain
the forest core category (Figure 6). Both in 1970 and 2018, forest core areas were located
mostly in the southern part of the study area (Figure 7).

Figure 6. Distribution of distance classes from forest boundary.



Remote Sens. 2022, 14, 3852 9 of 13

Figure 7. Maps of distribution of distance classes from forest boundary (a) 1970 forest and wooded
area; (b) 1970 forest; (c) 2018 forest.

4. Discussion

This research identified a major change in land cover in the study area over the past
48 years, 1970–2018. The patterns of these changes are not uniform across the whole of
Szydłowiec county. In the southern part of the study area, ALA and the resulting conversion
of agricultural areas to wooded area and forests was more frequent than in other parts of
the county. The land cover in the northern part of the county was more stable than in the
southern part, with most forest loss patches occurring there, representing relatively small
and scattered areas. In general, forest gains significantly exceeded minor forest losses and
in consequence, forest increased by 23% in the study period. Currently, the non-forest area
covers 49% of the powiat while 51% of the area is forest cover (Figure 4). Our findings
confirm significance of recent ALA-related land cover changes in central Poland indicated
in several other studies [6,7]. The Szydłowiec county represents an area not attractive for
agricultural activities anymore with non-agricultural functions becoming more important
as a source of livelihood in the eastern and central Poland [44]. Notably, actual forest cover
in the county is significantly higher than reported in the official statistics, by 17 percentage
points [28], which indicates that official land cover data quite likely do not account for
forest gain resulting from ALA—a problem reported in Poland in various studies relying
on remote sensing data [45].

We found significant differences in the VH in land cover change categories. Quite
clearly, high vegetation dominates stable forests, and low vegetation dominates both the
stable non-forest class and the wooded area to non-forest change class. For two change
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classes, wooded area to forest and non-forest area to forest, the distribution of VH is more
complex, with vegetation higher than 1 m occupying around half of the class area. This
indicates a relatively gradual transition from open to shrub or tree-covered land, suggesting
that forest cover gains are mostly related to secondary succession and not to afforestation.
Quite remarkably, forest to non-forest change class shows also a high share of vegetation
higher than 1 m (around one third), indicating that this change class occurrence is related
mostly to clear-cuts, with some remaining higher vegetation. The result of VH analysis
is mostly in line with the previous research which used ALS data in Poland [46,47], for
instance Janus and Bożek showed that land abandonment remarkably changes the spatial
pattern of land use and forest expansion in Southern Poland, contributing to the increasing
share of high vegetation also outside forested areas [46]. Such a process is important, as
even outside forests, the higher vegetation cover is a shelter and may offer a place to hide
for many animals such as rodents [48]. By considering that 31% of the study area is covered
with vegetation higher than 1 m, also outside forests, this region could play an important
role in increasing biodiversity richness.

We found significant changes of the forest pattern and forest fragmentation in Szy-
dłowiec county in the last 50 years, supporting evidence in other studies that forest cover
gains in many landscapes of Europe strongly influence forest patterns [49]. Our find-
ings show that in spite of the significant forest cover increase, the area of forest core
(>500 m distance from forest edge) has not expanded since 1970, and most of the forest
cover gain contributed to the emergence of relatively small forest patches, following the
spatially dispersed ALA on small agricultural parcels. The small forest patches may play
a significant role for ecosystem services delivery and biodiversity conservation, for in-
stance through seed dispersal or the provision of steppingstones for animals moving across
the landscape [50–52], thus contributing to the increase of population of forest-preferring
species. Such changes of forest pattern may, for instance, affect the ongoing wolf population
recovery in Poland [53].

Providing reliable maps of estimated ALA is important for assessing and identifying
various environmental and societal effects of ALA on, for instance, the restoration of
forests, carbon storage, wildfire risk, soil erosion, changes of biodiversity, food supply, and
changes in water availability [54]. Using CORONA data to backdate historical topographic
maps allowed to extend a study period, providing high accuracy map for analyzing forest
pattern and a better understanding of the ALA process and its consequences. As, except
for aerial imagery, there is no other high-resolution imagery for the region, CORONA
offers the potential of determining the intensity of ALA over the long-term in the entire
region due to its accessibility and coverage [55,56]. While this study used time-consuming
manual vectorization and geo-referencing of the CORONA images, several studies offer
new tools and methods that may accelerate processing of the CORONA data into useful
land cover products [31,57]. Our study showed also that existing land cover products, such
as HRLs, may be successfully used to characterize land cover changes in local context.
Due to the wide-area coverage of these data, it is easy to apply them to larger areas, also
because such data are increasingly being offered to the scientific community [58]. Our
study showed that for local-level studies DSM data derived from ALS are particularly
useful to characterize vegetation height, providing detailed insight into gradual processes
of vegetation succession on abandoned land.

5. Conclusions

In this study we used different datasets and methods to address ALA-related land
cover change in Central Poland in a period of 1970–2018. We found out that ALA is
widespread in the studied area and has contributed to substantial forest cover increase
since 1970, with the initial value equal to 28% and the current forest cover exceeding 50%.
This ALA-related land cover change resulted mostly from a major transformation of the
socio-economic system of Poland in the 1990s that affected small agricultural farms. The
vegetation height in abandoned areas indicates that secondary succession is still ongoing as
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vegetation height in abandoned areas differs from the vertical structure of vegetation that
is typical for mature forests. The significant increase in forest cover has not contributed
to the expansion of forest core areas—rather, new forest patches emerged in the study
area, increasing the share of forest edges and overall forest fragmentation. These changes
have significant environmental and societal consequences contributing for instance to the
biodiversity restoration [59] and recovery of animal populations [60,61].

We conclude that the use of various datasets, including high-resolution imagery
(CORONA), topographic maps, DEM and DSM, and land cover products derived from
Earth observation data (HRL Forest product) facilitates land cover change analysis and
allows a deeper understanding of the complex nature of ALA-related forest cover increase.
Especially, using CORONA imagery provides options to extend the period of analysis and
improve the accuracy of land cover delimitation as compared to simplified information
available in topographic maps. With advances in geospatial data processing and devel-
opment of machine learning tools, CORONA imagery may become a valuable source for
studying ALA-related land cover changes for large areas [55,62].
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