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Abstract: Precisely determining agricultural land abandonment (ALA) in an area is still difficult,
even with recent progress in data collection and analysis. It is especially difficult in fragmented
areas that need more tailor-made methods. The aim of this research was to determine ALA using
airborne laser scanning (ALS) data, which are available in Poland with 4 to 6 points per square metre
resolution. ALS data were processed into heat maps and modified with chosen kernel functions:
triweight and Epanechnikov. The results of ALS data processing were compared to the control
method, i.e., visual interpretation of an orthophotomap. This study shows that ALS data modelled
with kernel functions allow for a good identification of ALA. The accuracy of results shows 82%
concordance as compared to the control method. When comparing triweight and Epanechnikov
functions, higher accuracy was achieved when using the triweight function. The research shows that
ALS data processing is a promising method of detection of ALA and could provide an alternative to
well-known methods such as the analysis of satellite images.

Keywords: land abandonment; agricultural land abandonment; normalised digital surface model;
heat map; fragmented areas; landscape; land use patterns; airborne laser scanning

1. Introduction

In times of population growth and climate changes, there is an increased demand for
food [1-3] and one could logically assume that all agricultural land would be used for crop
production. However, the developments in agricultural techniques and globalisation [4]
have led to imparity [5], and therefore some areas are being affected by intensive agriculture,
often monoculture [6], with other areas being abandoned [7].

Agricultural land abandonment (ALA) is a widespread phenomenon influencing
regions throughout world [8-10]. However, it is particularly prevalent in mountainous
areas [8,11,12] and in areas with more fragmented plot structures [13,14], which are the
focus of this paper.

There is not a single, universal definition of ALA. Corbelle Rico and Crecente Maseda [15]
suggest that while the land’s agricultural activity may be abandoned, this does not imply
that the area is not used for other purposes or not used at all, which is reflected in its
land cover. Keenleyside and Tucker [16] take the latter idea and define abandoned land as
one in which all agricultural management has stopped and plant succession has started.
Gatecka-Drozda and Zachariasz [17] take this notion further and emphasise that for the
land to be defined as abandoned, the plant succession needs to be advanced. Land is
considered to be abandoned if there is no agricultural activity for 5 years or more [16,18,19].
This definition is useful but, at the same time, it is difficult to use it for ALA detection as
it relates to time. It is difficult to state, based on images or even a field trip, the amount
of time for which a field has been already abandoned. Therefore, in this paper, we will
rely on the visual and biological effects of land abandonment, which can be determined
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in the field. Cocca et al. [20] noted that some of the major consequences of ALA were the
expansion of forests and shrubs and the decline of agricultural land. Abandoned fields
are quickly overgrown with invasive species, which soon results in the disappearance of
traditional land use patterns.

As Pointereau et al. [21] pointed out, various definitions provided in the litera-
ture prove the complexity of farmland abandonment. Moreover, these definitions de-
pend on the type of their approach (e.g., administrative, economic, social). Furthermore,
Benayas et al. [22] identified environmental and social problems related to abandonment,
which include “(1) the reduction of landscape heterogeneity and promotion of vegetation
homogenisation (often associated with increased fire risk); (2) soil erosion and desertifi-
cation; (3) the reduction of water stocks; (4) biodiversity loss and reduced population of
adapted species; and (5) the loss of cultural and aesthetic value”. The driving forces of
agricultural land abandonment are most commonly social and economic factors, which is
stressed in the etymology of the German term “Sozialbrache” (meaning, literally, social
fallow land) [23] for land abandonment. Other factors include natural constraints, such as
demographic structure changes and the institutional framework [24], and factors related to
agricultural systems, such as land fragmentation [25,26].

Depending on the region of the world and various other factors, abandonment is
thought to either positively or negatively influence biodiversity. In Europe, land abandon-
ment is usually perceived negatively [9,27] and often causes lower biodiversity and the
introduction of invasive ruderal species [28], which may be related to the long history of
agriculture in the region.

ALA is not only difficult to define but also difficult to identify and measure [16]. It is
not practical to construct research solely on the definition based on the time of the with-
drawal of agricultural management, as there are usually no data on when the abandonment
started. Therefore, research has to be conducted on the basis of the state of land cover in
the research area. Biirgi et al. [29] have attempted to deduce the major processes in such
changes, while Bieling et al. [30] have empirically evaluated the processes. To provide
a more rigorous identification of specific locations of land abandonment, it is feasible to
establish the plant succession within a general area.

Land abandonment is measured on many scales, mostly on the coarse scale of a
satellite scene [7,31-33]. One of the well-known and widely used data sources which
provides sufficient information on ALA in Europe is CORINE Land Cover, but this level
of accuracy is not satisfactory for precise analyses at the regional and local level. There is
also research on a more local level in the buffer zones of national parks [34] based on the
expert evaluation of orthophotomaps. Further research involves field work [35] but this
activity is both time-consuming and labour-intensive. As Bozek and Janus [13] pointed
out, data which identify ALA at the level of individual villages, farms, and even individual
plots are needed. This is particularly important in countries where agricultural production
ceases but the land is maintained as agricultural land [16], a situation which also occurs
in Poland. Currently, in Poland, there are no data on ALA in the official cadastral register
as there is no dedicated class for these lands [19]. As such, there are no data on land
abandonment, and research on land abandonment in Poland is scarce. Consequently, there
is no basis for policymakers to regulate such lands or to create new policies for them.

Therefore, our overall goal was to develop and test a new method that captures
agricultural land abandonment by combining both the spatial and statistical approaches.
Our objectives were to separate ALA from active agriculture or forest using ALS data
freely available for the research purposes. The methodology is based on ALS data used
to determine the height of vegetation. High vegetation covering areas that are officially
agricultural is an indication of ALA and shows its advancement. Therefore, there is also
an attempt to quantify the extent to which the process of ALA has progressed and which
methods of processing the data are most helpful in obtaining more accurate results in
fragmented areas at a local scale. The paper aims to offer methodological insights into ALA
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detection in Poland since accurate detection and distribution of ALA is crucial as it could
facilitate informed decision-making.

2. Materials and Methods

The province of Matopolska experienced one of the strongest declines in agricultural
land in Poland between 2010 and 2019, which amounted to 70 thousand hectares [36],
as well as a high level of land fragmentation. The mean size of parcels in this region is
0.37 ha [37] and, furthermore, the parcels tend to be long and narrow [38]. Many plots
of between 0.06 ha and 0.1 ha are only 11 metres wide, with a length reaching even
125 metres [39]. Despite the fact that the land use patterns are not the most favourable
for agriculture, Malopolska is well known for its agricultural traditions and produce.
The southern part of the province is mountainous, making farming challenging and leading
to a reduction in agricultural function in the area in favour of tourism and recreation.
While choosing the research area, we considered the presence of some slopes as an asset
as this is a driving force of ALA. Therefore, we selected an area that was hilly yet not
typically mountainous. The subsidies in mountainous areas are high enough to incentivise
maintaining the land in preparation for use for agriculture. The landscape of the research
area—Okocim—is hilly, and its climate is mild, which makes it suitable for agriculture,
and it has a ready-to-use set of digital cadastre data. The location of Okocim is illustrated in
Figure 1, Figure 2, Figure 3 and Figure 4. The total area of the village is 1285 ha, including
638.67 ha of agricultural land. We considered only the land that was officially designated as
agricultural land in our research. Agricultural land includes, according to official cadastral
data, 78.82 ha of meadows, 118.7 ha of pastures, and 441.15 ha of arable land, which was
the extent of study area.

2000 km | .

49.96°N

49.95°N

49.94°N

49.93°N

study area

1 Sl | 1 1 1 1 1 1 1 —49.92°N
185°E 19.0° 195°E 20.0°F 205°E 21.0°F 215°F 20.58°E 20.59°E 20.60°E 20.61°E 20.62°E 20.63°E 20.64°E 20.65°E

Figure 1. Location of the study area.

We used airborne laser scanning data (ALS) for the analysis. The choice of data
was dictated by their accessibility and precision. Collection of ALS datasets in Poland
is required [40] for flood protection purposes within the ISOK Project (IT System of the
Country’s Protection against Extreme Hazards). ALS data are collected in Standard I (min.
4p/ m?) for rural areas and in Standard II (min. 12 p/ m?) for cities. We used Standard I
data. The density of ALS data was 4-6 points per square metre [41] and the average error
of the z coordinate was 0.2 m. We used 15 tiles of data that covered the whole test area
of 1285 ha. Each tile had a surface area of 100 ha. The ISOK data were collected only in
winter. Early winter or late autumn are favourable seasons for ALA detection, as the crops
are already collected (therefore excluding the potentially confounding factor of reaching a
certain height), and there was no snow cover yet. Naturally, using data collected in winter
means that vegetation will be less developed than during the summer. It could result in an
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underestimation of ALA, which was taken into account at the later stage of the research
(extrapolation was necessary to adjust the full process).
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First, ALS data were processed into a normalised digital surface model (nDSM)—a
raster that shows the absolute height of pixels. According to Szostak et al. [42], nDSM pixels
of 1 m and more representing vegetation can be suggestive of ALA in the area that is
officially designated as agricultural land. The land cover can be divided even further as the
heights of mixed vegetation differ; for example, the highest grasses in this area can reach
2 m, and bushes or trees can be significantly higher. Therefore, for the purposes of this
study, the land cover represented by pixels in the nDSM was divided into 6 height classes
(Figure 4a) in order to make more accurate observations. The first height class included all
the pixels with a height of up to 30 cm. This class acted as a filter for the data to eliminate
uncertainties as the z accuracy of ALS data is +/—20 cm. The second class of up to 1 m was
made according to the recommended approach for the detection of ALA [42]. The third
class was set between 1 m and 2 m, and from this class onwards, we could consider ALA.
In addition, according to the field observations made in a previous study [35], bushes are
more likely to develop in such cases. All the other classes, class 4 (from 2 to 3 m), class 5
(from 3 to 4 m), and class 6 (everything over 4 m), were intended to include high bushy and
definitely wooded land cover. The nDSM was vectorised to facilitate the analyses. In such
a way, we obtained vector data with a designated height of each polygon. The analyses
were meant to be performed only on agricultural land, i.e., meadows, pastures, and arable
land; therefore, the vectorised nDSM was clipped to exclude other areas.

At this point, we conducted the first validation of the ALS method. In order to
do this, we compared the surface area of the polygons with a height of over 1 m to
the results of the visual interpretation of the orthophotomap using the control method.
During visual interpretation of orthophotomap, all meadows, pastures, and arable land
covered in trees and shrubs were classified as abandoned. Field observations in this area
were also carried out, independently of this analysis [35], and confirmed land cover was
observed on the orthophotomap. Only the areas designated as agricultural land (pastures,
meadows, and arable land) in the cadastre were analysed both in the visual interpretation
and in ALS data analyses (Figure 3). Forests and other land uses were excluded from the
analyses. Further steps were dictated by the preliminary analyses of nDSM, which showed
that classes from 3 to 6 (classified as ALA) were covering an underestimated area when
compared to the results of the visual interpretation of the orthophotomap. This, in turn,
created a necessity to extrapolate the data to establish the method that would provide the
estimated area of land abandonment closest to the results of visual interpretation of the
orthophotomap. This process led to the next stage in the methodology—the identification
of the parameters of the extrapolation.

The extrapolation was based on a ready-made tool embedded in QGIS, the heat map,
which was used to extrapolate the extent of land abandonment that was shown by the
height classes from 3 to 6. It also provides an indication of where the abandonment is more
advanced (Figure 4b). The tool was chosen as its algorithm permits the user to modify
and choose its parameters: the radius (can be chosen on the basis of the layer attributes,
or manually), the weight (height class), and the kernel function. A closer examination of
the functionality of the tool revealed that the kernel function significantly impacts upon the
analysis. Therefore, it was necessary to analyse the five different kernel functions that can be
used for heat map generation (Figure 2). The graph of the functions (Figure 2) reveals that
the Epanechnikov kernel function provides more weight to those observations close to the
border of the range in comparison to other kernel functions. In addition, the Epanechnikov
kernel is the most effective as it minimises the asymptotic mean integrated squared error
(AMISE) [43]. The triweight function gives more weight to observations in the middle of
the range. Therefore, these two functions were chosen for the analysis.

Based on the chart (Figure 2), we assume that the Epanechnikov function will better
reflect the border values and therefore generate larger areas than the triweight function.
Changes in vegetation can be quite subtle, particularly in winter, and therefore the method
of data analysis should be sensitive to small changes in values.
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To analyse and compare the surface areas of the heat maps modified using various
parameters, the vector data were necessary. Therefore, isolines (Figure 4c) were generated
from a raster heat map. Each isoline was given a unified number from 0 to 100, starting
from the edge to the middle of the cluster (see Figure 4c). Some isolines are polygons,
whilst others are a set of unconnected segments. The isolines were analysed to establish
which case provided the greatest number of closed polygons with the largest surface area.
Additionally, a coefficient of variation was generated for each isoline map. This allowed us
to determine which parameters gave the results closest to the control method.

The first polygon isoline from the edge of the cluster depicts the extent and distribution
of the ALA. The sum of such surface area defined by these closed polygons is the total
surface area of the ALA obtained from the ALS data. To determine which isoline gave the
optimal surface area of the ALA, the surface areas delimited by the isolines 2, 4, 6, 8, 10,
and 20 were compared.

The comparison was made for the data generated by both the Epanechnikov kernel
and triweight kernel (Figure 5). Isolines 2, 4, 6, 8, 10, and 20 were extracted from each
dataset and, in addition, the accuracy of the distribution was compared with the results of
the visual interpretation of the orthophotomap (Figure 6).

Comparison of the ALS data processing results with the visual interpretation of the
orthophotomap indicates that the ALS data processing identified many objects that were
too small to be visually recognised on the orthophotomap. Therefore, the results of ALS
processing include many small objects that were disjointed from the results of the visual
interpretation of the orthophotomap. Therefore, to be able to compare the surface area from
both methods, it was necessary to exclude these disjointed objects from further analyses.

Figure 3 depicts the method step by step.

3. Results

The height classes applied to the ALS data identified those areas that could be treated
as abandoned (Figure 4a).

Height classes ALA intensity - Heat map Isolines

I 1(0-03m) I 0.00 —0-6
2(0.3m-1m) | 1.86 6-16
3(I1m-2m) 372 16 - 28
4(2m-3m) [77 5.58 28-44
5(3m-4m) I 7.44 — 44-100
6 (over 4 m) [] Plot boundary

[ Plot boundary

Figure 4. (a) Height classes applied to the normalised digital surface model (nDSM) generated
from ALS (airborne laser scanning) data—pictorial view of a part of the research area; (b) heat
map—pictorial view of a part of the research area; (c) isolines.

The coefficient of variation generated for each isoline map is smaller in each case
for the data modelled by the triweight kernel (all other parameters being equal) (Table 1).
It provides a slight indication that the triweight function depicts the actual area of the
abandoned land more successfully.
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Table 1. Coefficients of variation for all cases of cluster analysis.

ID Kernel Radius Weight Coefficient of Variation
1 Epanechnikov 5 - 1.29
2 triweight 5 - 0.77
3 Epanechnikov 5 class of height 1.3
4 triweight 5 class of height 0.85
5 Epanechnikov  class of height - 1.1
6 triweight class of height - 0.92

A visual interpretation of the orthophotomap showed that there are 107.46 ha of ALA
in Okocim, which provides a control reference dataset that shows the real distribution and
extent of ALA in Okocim.

As the ALS data were collected in winter and the density of the point cloud was
relatively low (4 points per square metre), it was assumed that the area of ALA identified by
ALS would be smaller than the real cover of brushwood and trees. Therefore, we assumed
that the highest sum of surface area generated from the dataset in each case was closest to
the real surface area of ALA (Figure 5).
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Figure 5. Comparison of surface areas (expressed in hectares) generated with triweight and Epanechnikov function for
isolines: 2,4, 6, 8, 10, and 20.

To check the accuracy of ALS data processing, all the highest sums of surfaces with-
out disjointed objects generated from the isolines were compared with the surface area
generated in the visual interpretation of the orthophotomap (Table 2).

Table 2. Accuracy in comparison to the real extent of agricultural land abandonment determined on the basis of visual

interpretation of orthophotomap in the total study area.

Sum of Surface Area

Sum of Surface

Surface Area (Visual

ID Kernel Isoline Areas [hal without Disjoint Interpretation of Accuracy (%)
Objects (ha) Orthophotomap) (ha)

1 Epanechnikov 8 97.4098 56.7156 53

2 triweight 4 141.8990 88.2909 82

3 Epanechnikov 8 90.6594 53.7292 107.4600 50

4 triweight 2 143.4820 79.0786 : 74

5 Epanechnikov 8 78.5410 47.9691 45

6 triweight 6 82.3856 49.4226 46

The sums of surface areas without disjointed objects constitute up to 82% of the area
identified in the visual interpretation of orthophotomap. In the case of data modified
with the triweight function, i.e., cases 2, 4, and 6, the accuracy is higher than for the
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Epanechnikow kernel (Figure 6), constituting 82%, 74%, and 46% of the surface areas
identified with visual interpretation of the orthophotomap.

land abandonment, Epanechnikov kernel function, isoline 8 land abandonment, triweight kernel function, isoline 4
[ land abandonment - visual interpretation of orthophotomap [_] land abandonment - visual interpretation of orthophotomap

Figure 6. Spatial distribution of land abandonment in comparison to visual interpretation of the
orthophotomap (test area): (a) spatial distribution of land abandonment detected with Epanechnikov
kernel function; (b) spatial distribution of land abandonment detected with triweight kernel function.

4. Discussion

In Poland, the area of agricultural land shrank from 15.5 million hectares in 2010 to
14.7 million hectares in 2018. Notably, Malopolska experienced the strongest agricultural
land decline in Poland between 2010 and 2019 (between 50 and 70 thousand hectares) [36].
Some of the driving forces include urbanisation, land fragmentation, and the low quality
of agricultural land [36]. The population of Matopolska is distributed evenly between
rural and urban areas. In 2019, 51.8% of the population lived in rural areas and the rural
population grew in comparison to 2018, which is confirmation of the vast research potential.

The case of Okocim shows that official land designation is not consistent with land
cover, and ALA occurs in villages. This could be remedied by an update in the official land
use database, which is costly and, therefore, infrequent [44]. The approach used for the
purpose of this study focused on land officially designated as agricultural. While it is a
very useful method to detect and analyse ALA in areas where it officially should not exist,
the authors admit that there is still vast potential for research on ALA in areas with other
official designations, which would in itself present a direction for new studies.

In many studies, coarse resolution [32,33] free satellite data are used to detect land
abandonment; however, in highly fragmented areas, a higher level of precision is preferred
and the easily accessible ALS data were an obvious choice. A study on a small control
area [42] confirmed that ALS data are precise enough to show agricultural land abandon-
ment at pixels of nDSM over 1 m. Our study agrees with this finding, and the use of
various height classes helped to confirm such a threshold. Additionally, seasonal variation
means that there are times when all vegetation is covered in snow or when crops could
potentially exceed 1 m in height. Therefore, a solid knowledge of agricultural timeframes
is crucial for adequate data collection. An ideal time for data collection is, for example,
late autumn, after harvest, or early winter, when there is no snow cover yet (as was the
case in our study).

The preliminary assumption was that dividing the data into height classes could
be helpful in determining the period of time over which the land was agriculturally
abandoned. We assumed that during the first two years of abandonment, grasses and
annual and biennial species would start to appear, followed, during the next two years,
by shrubs and perennial herbs [45]. The germination of trees is likely to occur when ALA
has been present in the area for more than 5 years [46]. However, such division could
not be directly linked with the period of time as the vegetation growth differs between
species. This proves Jucha and Marszatek’s [47] conclusion that determining the point in
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time when the process of land abandonment started is challenging. Height classes 3, 4, 5,
and 6 covered only small areas; therefore, it was necessary to extrapolate them with heat
maps. The height classes were used as modifying parameters in two heat maps.

Presentation of the data as heat maps is helpful to show where the intensity of the phe-
nomenon is highest, rather than merely illustrating the surface cover of the phenomenon.
It also helps to extrapolate land abandonment as the control method (visual interpretation
of orthophotomap) shows that the results of laser scanning do not always account for
the full extent of the phenomenon. The method used in this research can be therefore a
means to visualise the stage of land abandonment similarly to the coarser visualisation of
land abandonment presented by Krysiak et al. [48]. The heat map could be useful for the
decision-makers as it identifies where the land abandonment is the most advanced and
how it progressed after the political transformation of 1990. Other research on ALA was
performed across the entire province of Malopolska by Janus and Bozek [13], but it was less
detailed and was conducted at a different scale. The ratios obtained for the municipality in
that study are lower than the ratio obtained in our study. One of the reasons for this may
be that the municipality contained part of a city, which was excluded from the research but
was considered in counting the percentage of the surface area of the whole municipality.
Therefore, the results obtained included urban areas and differed from the results of our
study as our research was conducted in a region that did not include any heavily built-up
areas. The results of our study show the percentage of land abandonment on only agricul-
tural areas in the village, which demonstrate that around 17% of all agricultural land is
abandoned, according to the visual interpretation of orthophotomap. Accordingly, it gives
a result of 14% from the laser scanning data, which is not a significant difference.

Accurate detection of ALA may be important in many different settings. For instance,
in Poland, there is a recommendation to have tress or bushes between plots [49] to prevent
erosion [50], reduce the impact of wind on the crops, and increase water retention in the
soil [51]. Accurate detection of such practices can be helpful in distinguishing purpose-
ful plot division from ALA. Conversely, being able to accurately detect the size of such
phenomena can aid in the early recognition of ALA where it is not intended to be situated.

One might be safe to define the modern world as an ever-changing structural system.
Close monitoring of changes in something that may seem as unchangeable as agriculture
is therefore crucial to be able to analyse it well. The importance of being able to conduct
such analyses is highlighted by the growing attention being paid to issues such as food
security, the key to which are rigorous databases upon which we can base our informed
decisions. ALA becomes an important topic and being able to confidently define its
progress and extent can have crucial consequences for the population. According to
Rega [52], agricultural land has traditionally received less attention from spatial planners
than urban areas and urbanised landscapes, therefore further highlighting the importance
of studies such as ours and of developing this field.

5. Conclusions

The research shows that the ALA identified with ALS processing used in the research
depends on the chosen parameters, mostly on the kernel function. Higher accuracies were
obtained with the triweight function in comparison with the Epanechnikov kernel.

Processing of ALS data gives results similar to time-consuming and labour-intensive
visual interpretation of orthophotomaps. The proposed method can be treated as a semi-
automated method for the identification of agricultural land abandonment in highly frag-
mented areas.

Even though the ALS data were collected in the winter, the research proved that
ALS data are a fine source of information on agricultural land abandonment. The Central
Geodetic and Cartographic Office provides information on the weather conditions and
snow cover during the ALS survey, and therefore even the data collected during the winter
allow for the identification of ALA, despite the low leaf cover. However, the method could
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be more effective if performed on data with higher point cloud density or on data collected
in the summer.

The method should be further calibrated and performed in other areas to verify the
best results and to make further improvements to the method. It would also help to adapt
the method and make it applicable in a more general sense.
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