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1 | INTRODUCTION

Grassland ecosystems are an important part of the European agricul-
ture and landscape (Bengtsson et al., 2019; Wesche et al., 2012). They
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Abstract

The grasslands which are an important part of an ecosystem are endangered due to
abandonment of traditional forms of land use. Preservation of biodiversity of semi-
natural grassland communities is of great importance, therefore it is important to iden-
tify threats and prepare a sustainable plan for their protection The goal of this study
was to develop an approach to predict threatened grasslands hotspots, basing on
multi-factor machine learning analyses. The Gorce Mountains in the Polish Carpathians
were chosen as a study area, as it is region partially protected by National Park, sur-
rounded by villages with different socio-economic conditions (agriculture or touristic
oriented). The grasslands were identified and classified on Sentinel-2 multispectral
imagery. As lack of regular mowing of grasslands was found as main factor promoting
forest succession. Therefore, in order to find endangered grasslands areas, support
vector machines' algorithm was used to classify them in mowed and unmowed catego-
ries. Then the preservation potential of grasslands was modeled with the random
forest method, based on the grasslands' mowing classification, digital terrain model,
land-use and population statistical data, and the historical forest extent. We found the
grasslands above 750 m above sea level to be the most endangered. Also, the tourism
activity and ongoing changes in employment structure from agriculture to services has
had a negative influence on the grasslands preservation potential. On the other hand,
the Gorce National Park's active grassland conservation by mowing and grazing was

shown as a positive element in keeping with the high biodiversity of the area.

KEYWORDS
Google Earth Engine, Gorce National Park, grasslands preservation, random forest, Sentinel-2
imagery, support vector machines

cover more than one-third of all the agricultural land of agriculture
areas in Europe (Schils et al., 2022). Moreover, grasslands secure
important ecosystems' functionality and contribute to essential eco-
systems' services (Bengtsson et al., 2019; Habel et al., 2013;

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Land Degradation & Development published by John Wiley & Sons Ltd.

Land Degrad Dev. 2023;1-14.

wileyonlinelibrary.com/journal/Idr 1


https://orcid.org/0000-0001-9089-7947
https://orcid.org/0000-0001-5307-4714
https://orcid.org/0000-0002-4830-8202
https://orcid.org/0000-0001-8970-7632
mailto:mateusz.szczech@uj.edu.pl
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/ldr
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fldr.4941&domain=pdf&date_stamp=2023-10-06

2 | WILEY

SZCZECH ET AL

0O'Mara, 2012), including nutritional functions (the source of food and
forage; regulating functions, e.g., soil protection against erosion, the
regulation of water flow, and the carbonate cycle), habitat functions
(forming of complex biocenoses), and cultural functions (influence on
the esthetical elements of the landscape) (Habel et al., 2013; Wesche
etal, 2012).

Most of the grassland in the temperate-climate zone in Central
and Western Europe was developed as a result of human activity and
can be considered as semi-natural habitats (Dengler et al., 2020;
Partel et al., 2005). As a consequence of the social and economic
changes since the nineteenth century in the Alps and the beginning of
the twentieth century in the Carpathians, the grasslands' area has
changed drastically, which is a threat to this ecosystem's biodiversity.
The main problem is the abandonment of traditional management
forms (Babai & Molnar, 2014; Middleton, 2013), which leads in most
cases to secondary forest succession and afforestation (Bucata-
Hrabia, 2017; Dengler et al., 2020; Murtinov4, 2020; Ostafin
et al., 2017; Péter T6rok et al., 2020). Further, deep economic, social,
and cultural changes in Central and Eastern Europe including Poland
in the twentieth and twenty-first centuries resulted in land cover and
use change (Cegielska et al., 2018; Dengler et al., 2020; Kozak
et al., 2013), including significant changes in the grassland ecosystems.
Another threat is the tree plantation frenzy which is also included into
the EU Biodiversity strategy the planting of millions of trees (Holl &
Brancalion, 2022; Tolgyesi et al., 2022).

The protection of grassland is overseen by the European Union
within the subject of sustainable rural development, including through
the policy within the Common Agricultural Policy (CAP) in terms of
the reduction of the negative influences of agriculture on the environ-
ment. One of the aims of the CAP is the preservation of valuable com-
munities created by traditional agricultural activities, while
maintaining their biodiversity (European Commission, 2023a), which is
particularly important from the perspective of sensitive semi-natural
grasslands' biocenoses. To save valuable grasslands' biocenoses,
research and active protective measures are carried out within the
Carpathian national parks, reserves, and other protected areas
(Rucinski et al., 2015).

In recent years, the use of Earth Observations for the mapping
and monitoring of grassland types, phenology, and their changes has
increased due to the availability of global satellite products. In particu-
lar, the use of vegetation indices, notably the Normalized Difference
Vegetation Index (NDVI), has been widespread to determine changes
in vegetation on different spatial scales, ranging from kilometers to
centimeters (e.g., Nouri et al., 2017), and time scale, ranging from days
to years (Griffiths et al., 2020; Kolecka et al., 2018; Maselli, 2004).
Currently, satellite imagery like Landsat are commonly applied for
global vegetation change studies (Madonsela et al., 2017), while the
Sentinel-2 (S2) sensor, part of the European Union's Copernicus pro-
gram, has provided the renewed possibility of addressing vegetation
phenological changes with high spatial and temporal resolutions (10-
20 m and 5 days), and an improved spectral resolution providing nar-
row bands in the red-edge region. Despite the short time series avail-
able (from July 2015 to the present), S2 has been used for the

monitoring of vegetation, addressing aspects such as phenology, com-
plementing other sensor datasets such as MODIS or Landsat, and
monitoring biophysical variables through the proposal of new indices
making use of the red-edge bands (Jonsson et al., 2018; Nguy-
Robertson & Gitelson, 2015). However, its potential for improving the
accuracy of estimating the phenological transition stages has not yet
been fully explored, and in particular, the use of seasonal S2 data and
approaches (Fauvel et al., 2020).

The main goal of this study was therefore to develop an approach
that allowed the prediction of threatened grassland hotspots that indi-
cated areas of high potential in terms of their habitat values, and also
in contrast with the high probability of biodiversity loss and in the lon-
ger term the threat of secondary forest succession in mountainous

regions. Our specific objectives were to:

e map the current grasslands and abandoned grassland ecosystems
using S2 imagery, and

e evaluate the grasslands' biodiversity preservation potential using
machine learning technics.

Accomplishing of these goals should provide methods for nature
conservation prioritization. The framework proposed will also make
possible to better understand processes responsible for losing biodi-
versity related to lack of sustainable development in the mountain
areas.

2 | MATERIALS AND METHODS

21 | Studyarea

We selected the Gorce Mountains and the Gorce National Park
located in Central Europe in the central part of the Polish Outer Car-
pathians (Figure 1). This was chosen as an example of a relatively
large, well-preserved natural area. The Gorce Mountains, containing
forests and characterized by a high degree of biodiversity, are sur-
rounded by dense built-up areas (Chwistek, 2006; Kurzeja, 2006).
Moreover, from a geomorphological point of view the Gorce Moun-
tains are different from other Outer Carpathian mountain belts, due
to the horn-like structure of the mountain range (Kroh &
Pawlik, 2021). The area is characterized by high anthropogenic impact:
it is a popular tourist destination (Popko-Tomasiewicz, 2006), but also
subject to the increasing impact of motorized vehicles. The structure
of the ownership of the land is characterized by a high percentage of
private lands outside of the National Park, while some grasslands
within the National Park are also private.

The study area covers approximately 548 km2. The elevation
range here is from about 300 m above sea level (a.s.l.) up to 1310 m a.
s.l. at the Turbacz peak (Figure 2a). Denivelation in the area, measured
inagrid 1 x 1 km are between 100 m in the external part of the mas-
sif and 400 m in its central part. Morphology is mainly related to the
bedrock composed of flysh (sandstones, shales) deposits and geologi-
cal structure (Szczech et al, 2016; Szczech & Cieszkowski, 2021;
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FIGURE 2 Geographical features of the research area: (a) Altitude map; (b) altitude climatic zones (m.t.—mean yearly temperature, s.p.—yearly
sum precipitation, g.s.£growth season); (c) climate diagrams for Mszana Dolna and Obidowa stations. [Colour figure can be viewed at

wileyonlinelibrary.com]
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Szczech & Waskowska, 2023). Resources of groundwaters are of
good quality and mainly related to the fissured flysh sediments of
Magura Beds Basin and sand-gravel cover (Zaczek & Porowski, 2017).
As for the climate conditions, absolute maximal temperatures are
between 33.2°C (Obidowa station, 805 m a.s.l.) and 36.0°C (Mszana
Dolna, 440 m a.s.l.). Minimal absolute temperatures are —28.0°C in
Obidowa and —34°C in Mszana Dolna. The Obidowa station is how-
ever located on southern slopes (Kroh & Pawlik, 2021). Annual sum of
precipitation is 800 mm in altitudes below 750 m a.s.l. to 1300 mm
above 1100 m a.s.l. (Figure 2b, c; Miczynski, 2006). River network is
radial with density up to 5.5 km km~2. All the geographical conditions
apart from the socio-economic aspects also affect the rate of aban-
donment of the grassland areas (Bucata, 2014).

Over years, the land use in the study region has been changing
intensively. The forest cover in the Gorce Mountains, as in the entire
Polish Carpathians, has gradually increased from approximately 27%
in the nineteenth century to 47% now, with a simultaneous decline in
agricultural areas. However, grassland ecosystems dominate the agri-
cultural lands in the study area, while arable land occurs occasionally.
The settlements are located within the valleys, apart from some ham-
lets, which together with agricultural areas occupy small fragments of
ridges (Bucata-Hrabia, 2017; Kurzeja et al, 2015; Rucifski
et al.,, 2015). The central part of our study area is part of the Gorce
National Park (established in 1981) covering 70.3, and 166.47 km? of
an additional area that is the national part buffer zone (Figure 1).

2.2 | Grasslands in the Gorce Mountains

The most of grassland ecosystems in the Gorce Mountains are not
natural communities. They were established in the early stage of set-
tlement and were related to the need to graze cattle and sheep, and
to obtain feed for the winter period. The diversity of climatic and soil
conditions, as well as the various applications of land use, have
resulted in the formation of numerous plant communities here. Within
the Gorce National Park, sixteen communities were distinguished,
four of which were included in Annex | of the EU Habitats Directive
(European Commission, 2023b, Table 1). Of these, the Nardus grass-
lands (6230) have been classified as a priority habitat. Some of the

communities occurring in the meadows (e.g., blueberries and

TABLE 1
research area.

Natura 2000 grasslands habitats occurring in the

Natura 2000 Characteristic species

habitat code Habitat type combination

6230 Species-rich Nardus Hieracio-Nardetum
grasslands

6430 Hydrophilous tall herb Petasitetum kablikiani,
fringe communities Petasitetum albi

6520 Mountain hay meadows Gladiolo-Agrostietum

capillaris
7230 Alkaline fens Valeriano-Caricetum

flavae

raspberries) are the result of the abandonment of pastoral manage-
ment, which leads to the withdrawal and disappearance of many spe-
cies of meadow plants, and ultimately to the degradation of the
communities and their succession toward forest ecosystems. In previ-
ous centuries, when the meadows were systematically mowed and
grazed, the most common community was the Gladiolo-Agrostietum
capillaris meadows, occupying the more fertile and humid parts of the
meadows (Figure 3). Dryer and poorer fragments of meadows were
occupied by the Nardus grasslands. Recent decades have seen the
rapid disappearance of these two, formerly dominant communities. In
the most humid surroundings of the marsh, springs, and watercourses
are the rich species of the Cirsietum rivularis and Valeriano-Caricetum
flavaerich meadows (Figure 3). Due to the high soil humidity, the suc-
cession of forest species is slower in these habitats, and thus the risk
of overgrowth is lower (Stanko & Horabik, 2015).

23 | Data

In our study, we used various data including (1) the satellite imagery
S2: Multispectral Instrument (MSI) Level-2A collected on the Google
Earth Engine (GEE) platform; (2) the LiDAR-obtained Digital Elevation
Model (DEM); (3) topographic data (BDOT) created by the Head
Office of Geodesy and Cartography (GUGIK); (4) vector historical for-
est maps (Ostafin et al., 2017); and (5) statistical data from the Polish
Head Statistical Office; as well as (6) field data.

2.4 | Grasslands' mapping—Imagery, training, and
validation data

In order to map the grasslands and their management—mowing—
between 2017 and 2020, we used data from the Copernicus mission
of the S2A/B MSI Level-2A optical sensor collected in the Google
Earth Engine platform (https://developers.google.com/earth-engine/
datasets/catalog/COPERNICUS_S2_SR). We applied ten bands with a
special resolution of 10 m (bands: 2, 3, 4, 8) and 20 m (bands: 5, 6,
7, 8a, 11, 12), and a ready-made mask in the Q60 channel to mask
clouds and shadows. All bands were resampled to 10 m spatial resolu-
tion with the nearest neighbor algorithm. We assumed the relevant
cloudiness conditions, namely, less than 20% of clouds for the scene.
Finally, we used 138 imageries in total for the 2017-2020 period
from April to October. Individual years were allocated the following
number of images: 2017—23 images, 2018—42 images, 2019—33
images, and 2020—40 images. The selected interval from April to
October, covering the growing season in the northern Carpathians
(Miczynski, 2006; Wypych et al., 2018), is adequate to follow changes
in land use and management, and to determine whether the grass-
lands have been mowed or not. This interval is also useful because
most years the snow cover has already melted by April, even at higher
altitudes (Miczynski, 2006). Moreover, in the Gorce Mountains, there
are a lot of days with cloud cover, which makes the use of imagery

from optical sensors challenging.
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FIGURE 3 The grasslands' habitats: (a) meadows and grazelands in Ochotnica Gérna village; (b) Gladiolo-Agrostietum capillaris grasslands in
the Ochotnica valley; (c) grasslands with Veratrum lobelianu; (d) Nardus grasslands on the Hala Dtuga; (e) Vaccinietum on the non-mowed
grasslands (Pod Skaty meadow); (f) succession of the Vaccinium myrtillus and Picea abies on the non-mowed grasslands (Podgorcowe meadows).
All photos by Loch J. [Colour figure can be viewed at wileyonlinelibrary.com]

We used aerial and satellite images from the Google Earth Pro
application to create a training dataset for grassland and non-
grassland area mapping. We vectorized 35 polygons of grasslands and
48 of non-grasslands including the following land cover classes: for-
ests, croplands, water, and built-up areas. Only stable areas without
land cover change for the 2017-2020 period were finally selected for
further processing. In addition, we verified and identified stable areas

for the training based on previously created S2 seasonal composites

in the Google Earth Engine for the study period. Then, based again on
aerial imagery, we identified additional grassland polygons, where
mown grasslands (31 fields) and unmown grasslands (34) were
located. The complete flowchart of the data processing is shown in
Figure 4. The spectral differences between mowed and unmowed
grasslands can be showed as differences between mean NDVI value:
the mowed grasslands shows in general lesser NDVI values, due to

episodes of mowing during vegetation season (Figure 5).
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Finally, we carried out fieldwork in order to collect validation data
about grasslands' mowing. The fieldwork was conducted at the end of
October 2020, to identify mowed and non-mowed grassland areas.
We collected information about the location of the grasslands and
interviewed the National Park staff about the dates of mowing. We
mapped 115 reference polygons using a handheld GPS Garmin S62,
which were randomly distributed and described throughout the entire
study area, whereof 61 of the reference polygons were represented

by non-mowed grasslands and 54 by mowed grasslands (Figure 6).

2.5 | Grasslands' modeling—Preservation
predictors

To locate threatened grassland areas we used various spatial datasets,

from which we obtained environmental and demographic variables

19°55'E

that determined the grasslands' preservation potential (GPP) (Table 2).
From the airborne LiDAR (ALS)-derived DEM obtained from the
GUGIK/ISOK project (Wezyk, 2014) with 1 m spatial resolution with a
15 cm error, we obtained information about the elevation and slopes.
This allowed us to analyze the geodiversity in the context of altitude,
which is related to the climate and vegetation diversity (Balon
et al., 2021), and slope steepness that is one of the most important
factors in agriculture and can be a proxy for accessibility. The histori-
cal forest cover for the 1860s, 1930s, and 1970s was obtained from
vector layers, from a dataset prepared by Ostafin et al. (2017). These
historical data allowed us to quantify land-use change in the region
over the last 150 years—the increase of forested areas and the
decrease in agriculture (Munteanu et al., 2014; Ostafin et al., 2017).
The current land cover—information about forests and built-up
areas—was taken from the state topographical database (BDOT, deliv-
ered from the GUGIK). The building density was calculated in the

20°5'E 20°10'E 20°15'E 20°20'E 20°25'E

FIGURE 6 Locations of the reference Locations of reference polygons Gorce National Park o 25 s 't
polygons. [Colour figure can be viewed at ©  mowed I
wileyonlinelibrary.com] e not mowed
TABLE 2 Predictors and data sources used to modeling grasslands preservation potential (GPP) with random forest method.

Predictor Data source Data resolution Variable code Variable importance in RF

Elevation ISOK/LiDAR DEM 1m dem 37.49

Slope angle ISOK/LiDAR DEM 1m slope 36.10

Distance from farm buildings BDOT 10 m building 46.82

Distance from 1860 forest boundary Ostafin et al., 2017 10 m forest_1860 40.75

Distance from 1930 forest boundary Ostafin et al., 2017 10 m forest_1930 38.30

Distance from 1970 forest boundary Ostafin et al., 2017 10 m forest_1970 48.23

Distance from 2020 forest boundary BDOT 10 m forest_2020 120.81

Population density GUS Community gestosc_2020 38.87

Building density (weighted by storey number) BDOT 2500 m squares bd_dens 35.21

Note: ISOK/LiDAR DEM—1 x 1 m digital elevation model derived from ALS by Poland State Geodesy and Cartography Office. BDOT—Topographic
features database by Poland State Geodesy and Cartography Office. GUS—Poland State Statistics Office.
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regular tessellation grid of squares (2.5 x 2.5 km), which was tested
to be the best indicator of the dispersed buildings of the Carpathian
villages. Population data for the year 2019 were collected from the
Statistical Office Poland (GUS, 2023) at NUTS-5 level administrative
units (communities). For each community, the population density was
calculated.

All layers were converted or resampled to 10 m spatial resolution
raster layers, which were equal to the original S2 data. The final data-
base of variables for modelling was created as a multilayer raster (each

layer for a single factor), which was stored as a R raster class object.

3 | METHODS

3.1 | Mapping grasslands

We preprocessed the input imagery and mapped grasslands in the
Google Earth Engine platform. In the first step, we masked out clouds
and shadows for individual tiles. However, due to the low accuracy of
the data provided by ESA from the Q60 channel, pixel artefacts with
cloudiness and shadows remained in many places in significant grass-
land areas. Therefore, we applied an approach that was based on a
ratio between the blue channel (B2) and short wave infrared channel
(B10) (Bréon & Colzy, 1999; Hagolle et al., 2015). Pixels representing
cloudiness were removed. Contemporaneously, it was also necessary
to remove the cloud shadows. For this purpose, we used Housman
et al.'s (2018) approach, which detects dark outliers in time series.
Additionally, we buffered the identified shadows and clouds with
100 x 100 m area (10 pixels). Moreover, the remaining isolated pixels
or pixel clusters, which did not exceed 100 m?, were removed.

Then, using clear-sky observation, we computed the best avail-
able pixel (BAP) composites using the GEE algorithm by White et al.
(2014) and spectral-temporal metrics (STM; Pflugmacher et al., 2019)
for four seasons periods—spring (April), late spring (May), summer
(June-August), and autumn (September-October)—for each year in
the 2017-2020 period. In total, we obtained 16 datasets containing
BAP composites for each S2 band (10 for each season) and band-wise
statistics. We used all the composites for further processing, which
allowed us to distinguish between grassland and non-grassland areas.

Using the same clear-sky observation we calculated the NDVI
(Wang et al., 2004) using bands 4 (red) and 8 (NIR), as the NDVI is
extremely useful in vegetation analysis (Esch et al., 2014; Jia
et al., 2014). Analysis of a time series of the NDVI with an average
resolution of 8 days in 2017, 5 days in 2018, 6 days in 2019, and
5 days in 2020 allowed us to detect disorders resulting from grassland
mowing and to classify grassland areas into two classes: mowed and
non-mowed grasslands. Different average resolution in subsequent
years is due to different number of days without cloud cover in
each year.

We mapped the grassland and non-grassland areas using support
vector machines (SVMs), which is a contemporary, popular method of
imagery
(e.g., Grabska et al., 2020). The method is one of the supervised,

satellite processing in  heterogeneous landscapes

classification machine-learning methods and is based on constructing
hyperplanes separating classes defined in the training set (Shi &
Yang, 2015). The classification was performed in the Google Earth
Engine platform using all the seasonal data composited with BAP and
STM (16 datasets: four years and four seasons for each year) and the
Classifier.svm function. We used the following parameters: kernel
type, Radial Basis Function (RBF); gamma, 0.5; and cost, 10. In the
next step, only for the grassland areas we again applied SVM, which
allowed us to distinguish between mowed and non-mowed grass-
lands. We performed the SVM classification in the R language with
the e1071 package (Meyer et al., 2020) using NDVI seasonal spatial-
temporal metrics (16 datasets: four years and four seasons for each
year), with the following parameters: RBF Kernel; sigma, 0.099;
and C, 1.

Next, to evaluate our classifications, we performed the validation
of the grasslands and non-grasslands map, and the mowed and non-
mowed grasslands map using the validation data described above in
the “Grasslands' mapping—imagery, training, and validation data” sec-
tion. We computed the area-adjusted confusion matrices, as well as
the overall, producer's, and user's accuracies. For the overall accura-
cies, 95% confidence intervals were applied based on the overall accu-
racy variance (Olofsson et al., 2014). The resulting map shows the
grasslands in the Gorce Mountains with the distinction of mowed and
non-mowed areas in 2017-2020.

To evaluate the predictive capacity of the models, random parti-
tions were used. We generated them randomly choosing 70% of the
presence records as calibration data, and the remaining 30% as evalu-
ation data for mowed and non-mowed grasslands. We measured the
accuracy of the models using area under a receiver operating charac-
teristic (ROC) curve (AUC). The curve is plotted in coordinates system
of unitless true positive (also known as sensitivity, vertical) and false
positive (specificity, horizontal) ratios. The AUC value is in the 0.5-1.0
range, where 1.0 is perfect classifier and 0.5 is random classification
(Melo, 2013).

32 |
potential

Modeling the grasslands' preservation

We assumed that the threatened grassland areas with loss potential
are the ones where mowing has stopped resulting in promoting forest
succession, while potentially preserved grassland with low potential
of loss are those which will be mowed in the future. The regular mow-
ing of grasslands is an important part of biodiversity preservation,
since all of the grasslands in the study region are non-natural. We dis-
tinguished between three classes of GPP and grassland threat/loss
(GPL): strong, moderate, and low (Table 3). The spatial distribution of
the three types of grassland areas with different GPP was predicted
using machine learning. We predicted the land usage with the follow-
ing arbitrary assigned discrete coding values for the present landuse:
—1, forests; 0, non-mowed grasslands; and 1, mowed grasslands. The
result GPP prediction value was therefore in a range from —1 to

1. These values should be understood as qualitative rather than
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TABLE 3 Values assigned to
different forms of landuse used to

Value Present landuse

Points in training sample Points in testing sample

modelling grasslands preservation -1 Forests 802 193
potential with random forest method. 0 Not-mowed grasslands, shrubs 2526 639
Mowed grasslands 2268 567

guantitative ones. However, because of codes assignment, values
near to —1 are the most endangered by forest succession. On the
other hand, values near 1 are most probably to be mowed, thus have
the highest preservation potential. The result GPP values were then
categorized into three classes: low GPP, < —0.1; moderate GPP,
—0.1-0.2; and high GPP, > 0.2.

To predict the GPP/GPL, we applied another machine learning
method—random forest—which is an algorithm based on developing a
set of decision trees and calculating a result as an average regression
of each of the trees (Ho, 1995). This is again a common method used
in environmental sciences and ecology for various studies focusing on
the assessment of biodiversity changes and evaluation studies
(e.g., Evans et al., 2011).

The GPP was constructed using the R package “caret”
(Classification and Regression Training; Kuhn, 2020) with the “rf” ker-
nel for prediction (Liaw & Wiener, 2002), which is the basic kernel for
such applications. For random forest, we grew a forest of 500 classifi-
cation trees with a minimum size of terminal nodes equal to 5.

The calibration dataset for modeling contained centroids of grass-
lands mapped using S2 imagery, with the mowing attribute coded as
described above. The sample was a random subset of all the detected
and classified grasslands. To increase the size of the training data for
modeling and to better separate forest areas, a set of randomly dis-
tributed non-grassland points (forests) were added with the —1 code
for forests (Table 3). In total, 5855 points were used for training and
1145 for validation.

To optimize the data processing, the trained model was applied to
predict the preservation potential in a regular 100 x 100 m point grid
covering the whole study area. Then, the values were interpolated
with the empirical Bayesian kriging method to assign information with
10 m spatial resolution to each pixel in the study area.

Finally, the spatial distribution of grasslands was analyzed in the
elevation intervals of below 500 m a.s.l., 500-750 m a.s.l., 750-
1000 m, and above 1000 m a.s.l. The intervals chosen are according
to the mean altitudinal zonation of vegetation in the Gorce Mountains
(Obrebska-Starklowa et al., 1995). The altitude classes were analyzed

separately in the Gorce National Park, as well as outside its area.

4 | RESULTS

4.1 | Spatial distribution of mowed and non-
mowed grasslands in the Gorce Mountains

Our study shows that grasslands cover 330.5 km? (27% of the study
area), of which approximately 25% (83.8 km?) were not mowed

between 2017 and 2020. In total, 0.2% of the grasslands in the study
area are located within the Gorce National Park (Figure 6).

Larger regions with non-mowed grasslands occur in the area of the
Czarny Dunajec in the south-western part of the studied area, as well
as in the areas to the north from Lake Czorsztynskie in the vicinity of
the villages of Kluszkowce and Czorsztyn. A large area of non-mowed
meadows also occurs in the region of Rabka (the north-western part of
the area) (Figure 8). The highest percentage of the area of mowed
grasslands occurs in the altitude interval range below 500 m as.l.,
which are located mainly within flat river valleys. The biggest areas of
the grassland occupy the altitude interval range of 500-750 m a.s.l. In
this interval, the acreage of non-mowed land is close to the average for
the entire analyzed area, which is about 25%. In the interval of 750-
1000 m a.s.l. and in areas above 1000 m a.s.l., the most valuable grass-
land plant communities in the study area occur. The grassland areas in
this altitude range constitute only 5.5% (19.38 km?) of all the grassland
areas in the study area. In these altitudes, the highest percentage of
non-mowed grassland areas occur, which in the interval of 750-
1000 m a.s.l. is approximately 45%, while in the highest height range
above 1000 m ass.l. they constitute 69% (Figure 8). In the Gorce
National Park, grasslands cover 2.4% in the area above 1000 m
a.s.l. (30.7 km?). Fifty-five percent of this area is mowed grasslands.

The overall classification accuracy for grasslands and non-
grasslands was 92%. The same mowed and non-mowed grasslands'
mapping was performed, with a high overall accuracy of 91%. Area
under the ROC curve (AUC) statistic for this classification was 0.93
(Figure 7).

4.2 | Grassland's preservation potential in the
Gorce Mountains

The results of the GPP modeling show that about 32% of all the grass-
land areas in the Gorce Mountains has low or moderate GPP, of which
almost 23% (75.72 km?) involves areas with the lowest preservation
potential, and 9% (31 km?) has moderate GPP (Figure 9). Significant
grassland areas at medium and high risk occur in the Orawa-Nowy
Targ Basin, and in particular in the Czarny Dunajec area, as well as
between the strip from Nowy Targ to Nowa Biata (Figure 9). The
areas directly adjacent to the forests also have low GPP (Figure 9).
The most endangered areas of grasslands are those located above
1000 m a.s.l., where more than 85% have low GPP, and only 5% are
areas with high GPP. Equally, a lot of at-risk habitats of grassland
areas are located in the altitude range of 750-1000 m a.s.l., where
more than half of the area of grassland habitats has low GPP (~51%),
and 30% of the meadow area has moderate GPP. In this interval, only
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20% of the grasslands area will retain its high biodiversity values in
the future. The greatest number of low-endangered meadow habitats
are located in the two lowest height ranges of below 500 m a.s.l. and
500-750 m a.s.l.,, where they constitute 70% and 74%, respectively.
However, in the altitude range of 500-750 m a.s.l. there are clearly
more grasslands that are highly endangered by forest succession,
which amount to 21%, while in the lower height range they constitute
only 7% (Figure 9). The RMSE of the GPP prediction was 0.47.

5 | DISCUSSION AND CONCLUSIONS

Our results show that intensive changes in grassland ecosystems and

in agriculture are still taking place in the Carpathians, which are
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FIGURE 7 ROC (receiver operating characteristic) curve for

mowed - unmowed grasslands classification. Sensitivity and
specificity are unitless values.
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related in particular to the abandonment of agricultural land, including
grassland areas. They were initiated in the nineteenth century and a
systematic increase of forest cover is observed since this time, which
increased particularly in the twentieth century and intensified even
more after the Second World War (Munteanu et al., 2014). Forest
areas in 1860 accounted for around 27% of the study area, while in
1930 this was 35%, and in 1970 increased to 39% (Ostafin
et al., 2017). The fastest abandonment of agricultural areas and their
succession by forests was in the highest situated areas (Bucata-
Hrabia, 2017). It is also associated with a decrease in the height of
agricultural activity that, as indicated by Bucata-Hrabia (2017), low-
ered by about 100 m. Our results show that in the near future approx-
imately 50% of the area of meadows located above 750 m a.s.l. will
be permanently degraded by forest succession (low values of GPP).
Of particular importance is that these are valuable species-rich areas
(Rucinski et al., 2015). It is particularly important to preserve the cur-
rently existing meadow communities at these heights because they
are habitats for rare species, some of which are included in Annex | of
the EU Habitats Directive (European Commission, 2023b). Also, areas
located in more favorable climatic and altitudinal conditions with rela-
tively gentle slopes are abandoned; however, these places are located
much lower and our GPP indicates that these changes are much less
likely to occur (average GPP). The abandonment of such agricultural
areas is observed throughout the entire Carpathian Mountains
(Griffiths et al., 2020; Munteanu et al., 2014).

As a significant part of the meadows in the Gorce Mountains and
in general in the Carpathians are seminatural biocenoses, agriculture,
sustainable planning, and farming are important elements for the pres-
ervation of these valuable plant communities. The abandonment of
these land-use types leads to the disappearance of some species and
consequently the loss of habitats of meadow vegetation and their
replacement by other communities (Michalik, 1990; Rucinski

et al., 2015). The Gladiolo-Agrostietum capillaries meadows were
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FIGURE 8 The map of the mowed
and not mowed grasslands. [Colour figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 9 The map of the grassland 19°55€
preservation potential (GPP). [Colour
figure can be viewed at
wileyonlinelibrary.com]
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common in the landscape 20-30 years ago, especially in the Lower
Regions, where they were fertilized with manure and grazed. How-
ever, they have been replaced in many places by other species.
Meadows, as communities of habitats, are included in Annex 1 of the
Habitats Directive (European Commission, 2023b). The areas of clear-
ings and meadows in the Gorce Mountains are subject to protection
in the Natura 2000 area of Ostoja Gorczanska (Rucinski et al., 2015).

Additionally, semi-natural clearing communities are the most
endangered habitat of the Gorce National Park (Rucinski et al., 2015).
This is why one of the important protective tasks of the Gorce
National Park is the protection of semi-natural communities of moun-
tain meadows. For this purpose, selected clearings with the highest
natural, landscape, and scenic values are subjected to planned, sys-
tematic protective measures, the most important of which are mowing
with biomass harvesting, sheep grazing, and remand moving bushes
(removing undesirable trees and shrubs). Currently, in the area of the
Gorce National Park, due to the ownership structure of the meadows,
only approximately 50% of the meadows are the subject of conserva-
tion. The vast majority of those belonging to the Gorce National Park
are under active protection, while most of those belonging to private
owners are abandoned. Our results show that these areas, with high
ecological value but low GPP, should be strongly protected either by
including them in the Gorce National Park or by changing the regula-
tions that would encourage mowing or grazing them to a greater
extent.

In the study area, there are places with a greater share of aban-
doned grassland areas or areas with a significantly slower rate of their
abandonment compared to the average. The Niedzwiedz and northern
part of the Mszana Dolna communities are characterized by a large
area of mowed grasslands despite their location on the Gorce Moun-

tains' slopes. However, this is an area with relatively poor road

Grasslands preservation potential

0 25 5km
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accessibility, where travel to the nearest cities of Rabka or Nowy Targ
takes more longer than in other communities. Moreover, in this area,
in addition to gainful employment, agricultural activity is also carried
out as an additional source of income. On the other hand, the Czarny
Dunajec community, located along the Rabka Zdréj-Chochotéw road,
has a large area of non-mowed grasslands. While Czarny Dunajec has
no dense road network, it is clear that rather than the density it is the
accessibility to main routes that decides the structure of land utiliza-
tion, and consequently, the conservation of grasslands. In addition,
this area in many places has unfavorable hydrological conditions and
the occurrence of many wetlands. Negative effects have also included
the large fragmentation of farms and the change in the employment
structure in this area, as well as tourism influencing the abandonment
of the grasslands. The most popular touristic places in the research
area are the communities of Rabka Zdréj and Czorsztyn: the former is
a well-established, popular place for the treatment of children's ill-
nesses, while the latter is located in the vicinity of the Pieniny
National Park and the famous Dunajec Gorge. The influence of tour-
ism on the grasslands' condition is especially visible in the Czorsztyn
community, where there is a large area of non-mowed grasslands
mainly in the vicinity of Lake Czorsztyn. This effect is not so visible in
the Rabka Zdrdj area; however, this is in a general, more urbanized

area, concentrated around a town.

6 | CHALLENGES DURING THE STUDY

The most challenging part of our study was the large fragmentation of
agricultural land, in particular within the Orava-Nowy Targ Basin,
where the width of the fields often does not exceed 10 m, which is

near to the satellite imagery resolution (ESA, 2023). This generates
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issues with the use of data for the detection of single abandoned plots
of meadow vegetation.

An additional issue is the central part of the studied area in the
Gorce Mountains where there is often cloud cover, which has a nega-
tive impact on the test results, as signaled in the literature
(e.g., Griffiths et al., 2020; Kolecka et al., 2018). Therefore, some
meadow areas located in this part of the area had a few satellite
images without clouds, with this area thus having worse classification
parameters. Additionally, the negative classification results were often
influenced by small areas of mountain meadows. Despite these short-
comings, the results are reliable for all the research areas. However, in
order to obtain more accurate results in such local areas, the use of
radar images that are more difficult to elaborate on should be consid-
ered (Steinhausen et al., 2018).

7 | CONCLUSIONS

We found the most endangered by degradation by forest succession
of these located above 750 m a.s.l. The Gorce National Park plays a
key role in protecting the grasslands on its territory; active protection
by mowing and grazing is importantly increasing the grass preserva-
tion potential. The protection of grasslands on lower altitudes is
related to the infrastructure of the area and the type of employment
structure. Villages with a higher share of agriculture are the areas
where the grasslands are more likely to be preserved. On the other
hand, tourism has a negative influence on the grasslands.

The proposed multifactor modeling of the preservation potential
incorporating different data sources was shown to be a useful tool in
analyzing and planning activities in order to preserve grasslands,
which are a valuable part of the area's biodiversity. The method has
the potential to be applied in a bigger area, even the whole
Carpathian belt.
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