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Abstract
Forests in the Carpathians are increasing their range mainly due to the expansion in former agricultural areas. 
In this study conducted for two valleys (88 and 69 km2) topographical maps from 18th to 20th century and 
an orthophotomap were used in order to determine the durability of forest cover. This durability is understood 
as the period of time during which a given area was presumably occupied by forest. A digital elevation model 
(DEM) and a digital surface model (DSM) of 1x1m resolution were applied to investigate the relationship 
between forest cover durability and altitude, slope, aspect and the mean height of trees. The variety of spatial 
structure of forest cover durability results mainly from the differences of the examined valleys accessibility. 
Positive correlation between forest cover durability and the mean height of trees and altitude found for both 
valleys. A directly proportional relationship between forest cover durability and slopes also occurs in the 
Solinka Valley.
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Introduction

Changes in land use and land cover are 
very dynamic nowadays (Bucała & Starkel, 
2013). In developed countries many moun-
tain regions experience an increase in for-
est cover (Kozak, 2003; Szymura, Dunajski, 
& Ruczakowska, 2010; Bebi et al., 2017). 
The main cause of this phenomenon is the 

abandonment of areas with unfavourable nat-
ural conditions for farming. Economic trans-
formations cause a decline in profitability 
of agricultural production, which accelerates 
the process of farmland abandonment, espe-
cially in areas with low-quality soils and with 
a significant level of farmland fragmentation 
(Griffiths et al., 2014; Munteanu et al., 2014; 
Bucała-Hrabia, 2018; Godziek & Szypuła, 
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2018). In some areas an rise in woodiness can 
be caused by a random factor, e.g., by dis-
placement of population and accompanying 
break in the continuity of settlement (Wolski, 
2007; Affek, 2015). 

In areas where a significant increase 
in forest cover occurs, forests can be divided 
into two categories. “Old forests” overgrow 
a given area for a very long time, while “new 
forests” are the effect of an increase in forest 
cover during last 100-150 years (Munteanu 
et al., 2015). New forests appear as a result 
of secondary succession on abandoned farm-
lands or as an effect of planned afforestation 
of agricultural wastelands. Research indi-
cated that old forests are marked by greater 
biodiversity than new forests (Fritz, Gustafs-
son, & Larsson, 2008; Orczewska, 2015). 
Therefore, delimitation of old forests area 
should be important in forest management 
and in planning forest protection (Skaloš, 
Engstová, Trpáková, & Šantrůčková, 2012; 
Sabatini et al., 2018).

The study on forest cover develop-
ment is also used in research into changes 
in hydrological and geomorphological pro-
cesses in a given area (Bucała-Hrabia, 2018). 
There is a lot of evidence that an increase 
in forest cover limits soil erosion and contrib-
utes to a decrease of surface runoff (Buca-
ła, 2012; Łajczak, Margielewski, Rączkowska, 
& Świechowicz, 2014).

Historical cartographic materials are wide-
ly used in research on forest cover change 
(Augustyn & Kucharczyk, 2008; Skaloš et al., 
2012; Sobala, Rahmonov, & Myga-Piątek, 
2017). Some of research focuses on recon-
structing forest cover extent (Szymura et al., 
2010; Kaim et al., 2016) and on identifying 
factors that influence this extent with deter-
mining importance of particular factors 
(Kolecka et al., 2017). Another aim of such 
studies is finding correlation between for-
est cover and relief (Sobala & Czajka, 2012; 
Godziek & Szypuła, 2018), use mathemati-
cal modelling in order to predict future for-
est cover changes (Price et al., 2017) or use 
machine learning in order to define the prob-
ability of old forests occurrence (Sabatini 

et al., 2018). Some research deals with the 
occurrence of forest disturbances in old and 
new forests (Munteanu et al., 2015). 

Research on forest cover has a lot of in 
common with research on landscape and 
landscape change. In mountainous areas, 
forests are one of the most important compo-
nents of landscape, influencing its attractive-
ness (Plit, 2016). The extent of forest is impor-
tant in visibility analysis (Nita et al., 2015) 
and in defining durability of particular land-
scapes. In the Polish Carpathians the dura-
bility of pastoral landscape has a significant 
meaning (Sobala, 2018). Thanks to historical 
cartographic materials we can try to date 
the period of time during which a given area 
was occupied by a particular kind of land use. 
In our research we use this approach to deter-
mine the durability of forest cover, which 
is understood as the period of time during 
which a given area was supposedly occupied 
by forest. Although the authors state age lim-
its of the forest durability class (see Tab. 2), 
this should not be understood as the abso-
lute age of the trees. The authors assumed 
the continuity of the forest occurrence if the 
forest cover in a given area was presented 
on two successively analyzed maps (older 
and newer). Naturally, this is a simplification, 
because it is not known exactly what hap-
pened with a given area between the releas-
es of subsequent maps.

The objective of this research was to deter-
mine the durability of forest cover in the peri-
od 1780-2015 and to investigate the relation-
ship between forest cover durability and the 
height of trees, altitude, slope and aspect. 
An indirect objective was identifying changes 
of woodiness in the period 1780-2015.

Study Area

The Beskids are mid- and low-mountains 
belonging to the Outer Carpathians. They 
stretch for 600 km through the Czech 
Republic, Slovakia, Poland and Ukraine, and 
their width reaches about 50-70 km (Kon-
dracki, 2011). For detailed study two areas 
in the Polish Beskids were chosen: a part 
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of the Ochotnica Valley (Fig. 1) located in the 
Gorce Mts. (Outer Western Carpathians) and 
a part of the Solinka Valley (Fig. 2) situated 
in the Bieszczady Mts. (Outer Eastern Car-
pathians) (Solon et al., 2018). The selected 
catchments occupy the area of 87.6 km2 and 
68.7 km2 respectively and the distance 
between them reaches about 150 km. Both 
areas are built from flysch sediments (alter-
nating layers of sandstone and shale) belong-
ing to Magura Nappe (Ochotnica Valley) 
and to Dukla Nappe (Solinka Valley) (Starkel, 
1972).

The relief of Ochotnica Valley consists 
of numerous rounded ridges and a dozen 
of V-shaped valleys converging to the main 
valley located latitudinally in the central 
part of the study area. Main ridges include: 
Gorc and Jaworzyna Kamienicka Ridge 
in the north and Lubań Ridge in the south. 
More than 75% of Ochotnica Valley is occu-
pied by steep slopes with inclination exceed-
ing 15°. The relief in the Solinka Valley can 
be described as highly elevated rounded 
ridges with steep slopes and wide valleys with 
lesser slopes. Main ridges in this area include: 
centrally situated massif (Hyrlata) and a few 
ridges located close to the border of the study 
area (Wołosań Ridge, Jasło Ridge, Graniczne 
Ridge), while main valleys include the Solinka 
Valley and the Roztoczka Valley (the biggest 
tributary of Solinka). In the Solinka Valley 
steep slopes (above 15°) constitute about 
60% of the area. Both areas have their low-
est points located at the valley mouth, at the 
altitude of 481 m a.s.l. (Ochotnica Valley) and 
556 m a.s.l. (Solinka valley). The highest point 
in the Ochotnica Valley is situated at the 
altitude of 1287 m a.s.l., while in the Solinka 
Valley – at 1152 m a.s.l. Local relief is higher 
in the Ochotnica Valley (exceeds 800 m) than 
in the Solinka Valley, where it reaches nearly 
600 m. The average elevation of the Ochot-
nica Valley is situated at 821 m a.s.l., and 
in the Solinka Valley – at 782 m a.s.l.

The study area lies in moderate warm 
transitional climate, with a considerable influ-
ence of altitude a.s.l. (mountain climate). The 
impact of maritime air is the most significant 

during the year. In the Solinka Valley the influ-
ence of continental air is more meaningful 
than in the Ochotnica Valley. The highest 
precipitation occurs in summer. Mean annual 
precipitation on the ridges can exceed 
1000 mm. The study area is divided into 
three vertical climatic zones, which are com-
patible with vertical zones of vegetation. The 
lowest located zone (moderate warm), with 
the mean annual temperature above +6°C 
occurs at the altitude below 700 m a.s.l. 
in the Gorce Mts. and below 500 m a.s.l 
in the Bieszczady Mts. It is occupied mainly 
by pastures, meadows, alder forest, birch for-
est or (rarely) by oak-hornbeam forest. The 
medium zone, named moderate cool, occurs 
at the elevation from 500 – 700 m a.s.l. 
to 1150 m a.s.l. The mean annual tempera-
ture in this zone varies between +4 and +6°C. 
The dominant forest type in the Gorce Mts. 
is mixed, beech-fir forest with admixture 
of spruce, while beech forest (the so-called 
Carpathian beech forest) dominates in the 
Bieszczady Mts. The highest zone (cool), with 
the mean annual temperature below +4°C, 
occupies areas located above 1150 m a.s.l. 
In the Gorce Mts. they are overgrown with 
spruce forest, while in Bieszczady Mts. there 
is dwarf beech forest which changes into 
mountain meadows (the so-called “połoniny”) 
at higher altitudes (Czajka, 1987; Krukar, 
2017; Sobala, 2018).

Contemporary settlements in the Ochot-
nica Valley appeared in the first half of 15th 
century, when Ochotnica village was estab-
lished. As a result of its location in a very 
long valley, the village was split into Upper 
and Lower Ochotnica (Czajka, 1987). In the 
Solinka Valley colonisation took place circa 
100 years later because of significant remote-
ness of this area caused by its location close 
to the border between Poland and Hun-
gary. The villages of Liszna, Roztoki Górne, 
Żubracze and Solinka were founded in mid-
16th century. The cross-border situation 
of the Solinka Valley was unfavourable for set-
tlements development and the villages were 
damaged two times in 17th century (Kryciński 
et al., 2017). 
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People living in the Ochotnica and Solin-
ka Valley cut forests in order to obtain land 
for agricultural purposes. They grazed sheep 
and cattle or cultivated oat, barley and pota-
toes. In 19th and at the beginning of 20th 
century the villages were overpopulated. 
A shortage of arable land and the develop-
ment of industry caused an increase in emi-
gration to cities. However, there was a sys-
tematic growth of population because of high 
birth rate. Demographic transition took place 
at the turn of 19th and 20th centuries (Soja, 
2008). Untill mid-20th century the Ochotnica 
Valley was a significant centre of pastoral 
economy. Therefore, meadows reached highly 
located areas of slopes and ridges (Czajka, 
1987). On the other hand, in 20th century 
in the Solinka Valley there was a narrow-
gauge railway, which was used for wood trans-
port. This enabled forest owners to acquire 
wood more effectively (Rygiel, 2017).

In the Ochotnica Valley villages have 
been inhabited mainly by Polish highlanders 

and there has been no break in the conti-
nuity of settlement (Czajka, 1987). Before 
1945 settlements in the Solinka Valley were 
populated by Ukrainian highlanders belong-
ing to two ethnic groups: Lemkos and Boykos. 
After WWII on the basis of the agreement 
between Poland and USRR nearly all Ukrain-
ians were displaced, mainly to USRR (Wolski, 
2007). This break in the continuity of set-
tlement caused a rapid decrease in popu-
lation density and significant changes 
in land use and land cover, which are seen 
till today (Wolski, 2007; Soja, 2008; Affek, 
2015).

Source data

The following maps and digital data sources 
were used during the analyses:
1. Topographic map of Galicia and Lodomer-

ia at 1:28,800 scale (Karte des Königreich-
es Galizien und Lodomerien, 1779-1783). 
This was the so-called First Military Survey 
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Figure 1. Hypsometry and location of the study area – Ochotnica Valley
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of Habsburg Empire carried out without 
fundamental geodetic survey (no ellipsoid, 
no datum), but using the Liesganig trian-
gulation and then executed graphically 
with plane tables and theodolites (Mastro-
nunzio & Dai Prà, 2016). The map consists 
of 413 sections of the 24 × 16-inch format 
(63.2 × 42.1 cm). The works were based 
on older maps and table triangulation. The 
sheets do not contain a cartographic grid 
or geographic coordinates. The map was 
oriented not to the geographical north, 
but to the magnetic one (Wolski, 2016). 
Unfortunately, there is no legend in the 
form of a key of contractual signs. It can 
be presumed that detailed guidelines have 
never been created (e.g., non-uniformity 
of contractual signs and colors, as well 
as diversification of the drawing reflecting 

individual skills of cartographers). The 
importance of the First Military Survey lies 
not only in its precision, scale and detailed 
military-topographical descriptions, but 
also in the period of its origin. It gives 
us an opportunity to view the area just 
before the beginning of the industrial revo-
lution, in the period of the full bloom of cul-
tural baroque landscape and its highest 
diversity.

2. Topographic map of Galicia and Buko-
vina at 1:28,800 scale (Militär Aufnahme 
von Galizien und der Bukovina, 1861-
1864). This was the so-called Second Mili-
tary Survey of Habsburg Empire. This map 
was based on a triangular net (detailed 
trigonometric measurements) and also 
on the cadastral maps of Stabile Cadaster 
in the scale of 1: 2,880, therefore, its 
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precision is much higher. Using triangula-
tion points, altitude points (topographic 
and table positions) were determined and 
used for interpolation of contour lines, 
which, in turn, were an auxiliary matrix 
of a relief drawing made according to the 
modified Lehmann scale (Wolski, 2016). 
Besides larger scale maps (1: 28,800), also 
the so-called general (1: 288,000) and 
special (1: 144,000) maps were produced 
(Affek, 2013). The map consists of 465 sec-
tions of the 20 × 20-inch format (52.7 × 
52.7 cm). The content of the sheets is in 
fact identical with the previous work, with 
an addition of triangular points altitudes, 
but the recorded situation is very differ-
ent. The 2nd Military Survey was carried 
out at the time when the industrial revolu-
tion was in progress and intensive forms 
of agriculture were employed widely. 

3. Tactical map of Poland at 1:100,000 scale 
(Mapa taktyczna Polski, 1934-1938). This 
map was developed and printed by the 
Military Geographical Institute (Wojskowy 
Instytut Geograficzny) to satisfy the mili-
tary and economic needs of Poland at that 
time. For the map quasi-geographical WIG 
projection was adopted, with minimal 
distortions of the system near the center 
of Poland, at the intersection of the paral-
lel of 52°N with the 22°E. The center of the 
projection received the following coordi-
nates: x = +500,000 m, y = +600,000 m. 
This way the points obtained positive co-
ordinates in the entire mapping area. 
Rectangular construction of the grid 
at intervals of two kilometers and 
described every four kilometers facilitated 
the determination of the position of points 
on the map. The relief was depicted by con-
tours every 20 m. All map sheets had a uni-
form size: 15’ latitude and 30’ longitude 
(Katalog map 1938). A total of 482 sheets 
were issued.

4. Topographic map at 1:25,000 scale (Mapa 
topograficzna, 1978-1982). It was a map 
for economic purposes, which was devel-
oped in the years 1962-1989 by rewriting 
and generalizing a topographical map 

at 1:10,000 scale in the 1965 coordinate 
system (EPSG: 3120) and was published 
in a two or four-color version. Part of the 
sheets was compiled on the basis of updat-
ed 1:25,000 map sheets in the 1942 coor-
dinate system (EPSG: 3334). On these 
maps there is no cartographic grid, only 
a kilometer grid. The relief was depicted 
by contours every 5 m. Until 1990 this map 
covered about 75% of Poland (Kowalski 
& Siwek, 2013).

5. Orthophotomap with pixel resolution 
of 0.25x0.25m (Orthophotomap, 2015-
2018). A digital orthophotomap is a raster, 
cartometric image of the area created 
as a result of orthogonal processing of aer-
ial photographs or satellite scenes car-
ried out in 2015-2018. Orthophotomaps 
are made in a flat rectangular coordinate 
system 1992 (EPSG: 2180) or 2000 (EPSG: 
2178) in real colors (RGB) (GUGiK, 2019).

6. Digital elevation model DEM (NMT, 2014) 
and digital surface model DSM (NMPT, 
2014). All these elevation data were sur-
veyed in a flat rectangular coordinate 
system 1992 (EPSG: 2180) and the heights 
refer to the normal height system “Kronsz-
tadt 86”. These digital data are in Arc/Info 
ASCII Grid format with the 1x1 m resolu-
tion and they were interpolated on the 
basis of a point cloud from airborne 
laser scanning (LIDAR) made in 2012. 
The average height error is in the range 
of 0.2 m (GUGiK, 2019).

Methods

The work related to the analysis of the stud-
ied areas can be divided into several basic 
stages. The first step was to define study sites 
– catchment areas of small rivers in the Car-
pathians in southern Poland. At this stage, 
a shaded relief model based on DEM (NMT, 
2014) was used to correctly determine catch-
ment boundaries for each studied area.

After collecting historical cartographic 
materials it was necessary to prepare them 
appropriately for work in the GIS environ-
ment. The preparation consisted in giving 
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georeferences and bringing all materials 
to one coordinate system. Topographic maps 
1:25,000, an orthophotomap, a digital eleva-
tion model and a digital surface model were 
obtained in a flat rectangular coordinate sys-
tem 1992 (EPSG: 2180), so it was not neces-
sary to give georeferences. The Tactical Map 
of Poland (Mapa taktyczna Polski 1934-1938) 
was downloaded from MAPSTER service 
(MAPSTER, 2019) and then fully georefer-
enced using ArcGIS (ESRI, 2018) with Georef-
erencing tool and Adjust function.

When it comes to the oldest two maps 
(Karte des Königreiches Galizien und Lodome-
rien 1779-1783; Militär Aufnahme von Gali-
zien und der Bukovina 1861-1864) – they 
were obtained from the MAPIRE site by WMS 
service (MAPIRE, 2019). Theoretically, these 
maps had already been prepared and sub-
jected to the process of georeference to the 
WGS84 coordinate system (EPSG: 4326) (Mol-
nár & Timár, 2009; Podobnikar, 2009; Timár 
& Biszak, 2010). Unfortunately, while working 
in the GIS software, it turned out that location 
errors (shifts) are very large. It is in line with 
the analyses of other researchers (Pietkiewicz, 
1975; Konias, 2000): the average absolute 
distance errors on the Karte des Königre-
iches Galizien und Lodomerien (1779-1783) 
map (in relation to the base distances meas-
ured on contemporary topographic maps) 
are strongly varied, from 150 to 1000 m, 
and the average errors of the direction and 
angle on an identical transect increase from 
about 1° to 4°50’. Timár, Biszak, Szekely, and 
Molnár (2011) noted that in case of smaller 
provinces the average accuracy is around 
500 meters, while the maximum error is cir-
ca 2 kilometers. The corresponding values 
for larger provinces are even 1-4 kilometers 
(sic!). On the other hand, the accuracy of the 
Militär Aufnahme von Galizien und der Buko-
vina (1861-1864) is far better than the first 
one; it exceeds 200 meters in most cases, 
while for the most populated and important 
parts of the Empire it is between 50 and 
100 meters. In case of Tyrol and Salzburg, 
however, the maximum errors are 220 and 
500 meters respectively (Timár, 2009). 

Moreover, the error vectors stated by Molnár, 
Timár, and Biszak (2014) are not systematic, 
so they cannot be modelled by simple math-
ematic methods available in GIS packages.

In the light of the above information, 
it was decided to adapt of both Galicia’s 
maps at the scale 1:28,800 to the methods 
used in GIS systems using georeferencing 
procedures with the function Georeferenc-
er and Spline in QGIS (QGIS Development 
Team, 2019) and next using Georeferencing 
and Adjust function in ArcGIS (ESRI, 2018). 
In order to check the location accuracy of the 
three calibrated maps, 30 control points were 
selected for both study areas (Fig. 3). The 
points were located in such a way that they 
were both evenly distributed over the entire 
area and could be unambiguously identified 
on historical maps. The points were located 
mainly: at summits, crossroads, places with 
river forks or tributary flowing into the main 
river. The measured shift errors are shown 
in Table 1.

As one can see, the Tactical Map of Poland 
(Mapa taktyczna Polski, 1934-1938) has the 
best accuracy, despite the smallest scale 
(1:100,000), with the average location errors 
of about 50 m. The oldest map (Karte des 
Königreiches Galizien und Lodomerien, 1779-
1783) has the worst accuracy, the average 
shift error varies between 170 and 190 m.

Apart from the issues of absolute loca-
tion accuracy, it should be clearly stated that 
archival medium-scale topographic maps 
of Galicia are an invaluable source of infor-
mation, because they record with great detail 
the natural and socio-economic landscape 
of this area at that time (Prokop, 2017). Thus, 
it is a unique cartographic study that ena-
bles us to conduct a relatively reliable and 
accurate reconstruction of the state of the 
geographical environment from much earlier 
times (Wolski, 2016).

The next important step was vectoriza-
tion of forest cover ranges from all the maps 
and the orthophotomap, as well as prepara-
tion to analyse raster data coming from DEM 
and DSM. Vectorization was held manually, 
using on screen method. Elevation, slope 
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and aspect rasters were reclassified accord-
ing to classes assumed for the analysis (see 
Tab. 3-5). Raster describing the height of trees 
was calculated as a difference between DSM 
and DEM with the use of Raster Calculator 
function. All raster data described above 
were prepared in 1x1 m resolution.

The next stage of work was determina-
tion of ranges of forest areas with particular 
durability. This process was based on vector 
layers presenting ranges of forest in particu-
lar years and was held with the use of inter-
sect, erase and union tools. Age limits of par-
ticular forest cover durability classes were 
determined on the basis of topographical 
currency of cartographic data. Taking into 
consideration the differences in topographi-
cal currency of maps in both valleys and 
lack of accurate data relating to the datum 
of realisation of a given map sheet, it was 
decided to assume a reference year. Age 
limits of particular forest durability classes 

were calculated for 2015 and reference years 
(Tab. 2).

In order to determine areas uninter-
ruptedly occupied by forest during a given 
period (1780-2015, 1865-2015, 1935-2015, 
1980-2015), common parts of areas over-
grown by forest in years belonging to a given 
period were extracted. In this way, layers 
delimitating the range of forest with dura-
bility > 235 years, > 150 years, > 80 years 
and > 35 years were obtained. The next 
step was isolation of forest areas belonging 
to a particular forest durability class. In order 
to determine the area of forest belonging 
to durability class of 150-235 years the layer 
marking the range of forests with durability 
> 235 years was subtracted from the layer 
marking the range of forests with durabil-
ity > 150 years. An analogical course of pro-
ceedings was applied in the determination 
of ranges of remaining forest durability 
classes. The last stage was creation of one 

A B

0 5 km

Figure 3. Spatial distribution of the control points at the Ochotnica Valley (A) and Solinka Valley (B)

Table 1. Shift errors in meters on the georeferenced historical maps

Study 
site

Karte des Königreiches Galizien 
und Lodomerien 

(1779-1783) 
1:28,800

Militär Aufnahme von Galizien 
und der Bukovina 

(1861-1864) 
1:28,800

Mapa taktyczna Polski
(1934-1938)
1:100,000

min max mean SD min max mean SD min max mean SD

Ochotnica 15 535 171 120.0 30 123 61 22.0 5 98 55 23.4

Solinka 27 491 189 111.6 47 253 116 55.4 14 120 51 26.9
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vector layer presenting ranges of all forest 
cover durability classes. The above activi-
ties were automatized with the use of Mod-
elBuilder tool available in ArcGIS software 
(ESRI, 2018).

The determination of ranges of forest cov-
er durability allowed us to lead further works 
mainly consisting in the analysis, during which 
the occurrence of particular durability class-
es according to altitude, slopes and aspect 
was examined. For this purpose, percentage 
share of areas belonging to a particular class 
of altitude, slopes and aspect was calculated. 
Medium value of the height of trees and incli-
nation for areas occupied by particular forest 
durability classes were extracted with zonal 
statistics tool. Percentage share of particular 
forest durability classes in forest cover area 
was determined, whereby forest cover area 
in 2015 was assumed as 100%. For all for-
est cover ranges delimitated in both valleys, 

shares of area occupied by forest cover in the 
total area of the valley were calculated and 
forest cover durability maps for 2015 were 
made.

Results and discussion
Changes of forest cover 
in the period 1780-2015

During the analysed period of time forest 
cover underwent various changes (Fig. 4). 
Till the second half of 19th century the share 
of forest cover was slowly decreasing and 
it reached a minimum range around 1865. 
In the next 70 years a gradual increase in for-
est cover was noted, nevertheless, before 
1940s forest ranges were quite stable. 
A sudden increase in the share of area occu-
pied by forest cover occurred after WWII 
and has remained since then. In both areas 
the biggest increase, reaching about 17%, 

Table 2. Topographical validity of used materials and age limits of forest durability classes

Topographical validity
Reference 

year
Age limit 

of forest durability class
Ochotnica Solinka

1779-1783 1779-1783 1780 235

1861-1864 1861-1864 1865 150

1934 1937-1938 1935 80

1978-1979 1982 1980 35

2015 2015 2015 0

47.6

36.1
39.9

56.5

71.669.2
65.5 68.1

85.5
94.6
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Figure 4. Forest cover changes in both valleys in the period 1780-2015
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was noted in the period 1935-1980. Gener-
ally, during all the examined period forest 
cover was greater in the Solinka Valley than 
in Ochotnica Valley. The difference between 
these two areas was quite stable and fluctu-
ated between 21% and 29%.

Changes of forest cover detected in both 
study sites reflect transitions described 
in the Carpathians (Kozak, 2003; Bucała, 
2012; Munteanu et al., 2014; Sobala et al., 
2014; Kolecka et al., 2017) and in other 
mountains around the world (Szymura, 2010; 
Skaloš, 2012; Bebi et al., 2017; Price et al., 
2017). The dynamic growth of forest cover 
area from 1930s is caused by socio-eco-
nomic changes, such as the increased mobil-
ity of the local population from the second 
half of 19th century and the development 
of off-farm employment, which decreased 
the significance of agriculture. As a decline 
in grazing and development of tourism, 
nature conservation and forestry occurred. 
In the Ochotnica Valley these processes were 
accompanied by population growth (Czajka, 
1987), while in the Solinka Valley the displace-
ment of inhabitants caused the acceleration 
of forest expansion (Wolski, 2007).

During all the examined period the share 
of forest cover in the Solinka Valley was more 
than 20% greater than in the Ochotnica Val-
ley. It is caused by significant remoteness, 
which contributed to the differences in the 
course of settlement processes and the 
development of agriculture between both 
valleys. The Solinka Valley is adjacent to the 
border, while the distance between the bor-
der and the Ochotnica Valley totals circa 
15 km. First settlements in the Ochotnica Val-
ley were established circa 100 years earlier 
than in the Solinka Valley. In the Ochotnica 
Valley there was no break in the continuity 
of settlement, while two such breaks (in 2nd 
half of 17th century and after 1945) occurred 
in the Solinka Valley. During 19th and first 
half of 20th century the Ochotnica Valley was 
a big centre of pastoral economy (Czajka, 
1987; Kryciński et al., 2017). The abovemen-
tioned facts explain the difference in forest 
cover between both valleys.

Forest durability classes – spatial 
distribution and structure

Forest cover durability maps (Fig. 5 and Fig. 6) 
and graphs presenting forest cover durability 
structure (Fig. 7) were prepared on the basis 
of cartographical analysis of forest cover 
ranges in particular periods. It made it pos-
sible to compare forests between the two 
analysed areas.

Forests in the Ochotnica Valley are sig-
nificantly fragmented and there are a lot 
of disturbances in the continuity of forest 
caused by the occurrence of meadows and 
pastures (Fig. 5). Forests with a long period 
of durability occupy dense areas in north-
west part of the valley, located in upper parts 
of Furcówka, Forendówka and Jaszcze catch-
ments. Scattered areas of this kind of forests 
occur also in the northern part of the valley, 
close to Gorc massif, and in the southern part, 
in Luban Ridge. Forest with short durability 
period are present on the slopes located clos-
er to the valley bottom or in the surroundings 
of former meadows, when secondary suc-
cession takes place. The share of particular 
forest durability classes is even (Fig. 7). For-
ests with durability period shorter than 
80 years and forests with durability period 
longer than 235 years account for nearly 80% 
of the Ochotnica Valley. Low share of forest 
durability class from 150 to 235 years con-
firms that this period witnessed a decrease 
in forest cover.

In the Solinka Valley forests with durability 
period longer than 150 years occupy nearly 
65% of the area (Fig. 7). They occur as dense 
forest complexes in Hyrlata massif and 
in Wołosań and Jasło Ranges (Fig. 6). The sec-
ond and third biggest share belongs to dura-
bility periods shorter than 80 years. These 
forests mainly occupy the areas located in the 
valley bottoms in places of former farmlands 
and villages. The share of forests with dura-
bility period shorter than 35 years is the big-
gest in former Solinka village. In other villages 
forest durability class from 35 to 80 years 
dominates. Forests of short durability period 
occur also on the ridges, where secondary 
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succession overgrows former meadows. A rel-
atively low share of durability classes from 
80 to 150 years and from 150 to 235 years 
suggests significant stability in forest cover 
in 18th and 19th centuries. 

35-80
years
30.2%

> 235
years
26.0%

0-35
years
23.2%

80-150
years
16.8%

150-235
years
3.8%

> 235
years
58.9%

35-80
years
18.5%

0-35
years
10.2%

80-150
years
6.5%

150-235
years
5.9%

Ochotnica

Solinka

Figure 7. Forest cover durability structure in the 
Ochotnica Valley and in the Solinka Valley 

Munteanu et al. (2015) proved that in the 
Carpathians forest disturbances occur more 
often in areas forested after 1860 than in old 
forests, growing in a given area longer than 
from 1860. This conclusion can be confirmed 
in the case of the Ochotnica Valley, where 
new forests with durability period shorter 
than 150 years are significantly fragmented 
by former meadows and pastures. In both 
study sites the majority of old forests are 
dense and devoid of big amount of forest 
disturbances. In the Solinka Valley the share 
of old forests is significantly greater than 
in the Ochotnica Valley. It is connected with 
the remoteness of the Solinka Valley. Sabatini 
et al. (2018) concluded that old forests occur 

most often in remote and scarcely popu-
lated areas, mostly located in mountains. 
This research confirms that the more inac-
cessible an area, the bigger share of old 
forests.

Relationship between forest cover 
durability and mean height of trees

In both examined areas a directly propor-
tional relationship between forest durability 
classes and mean height of trees was detect-
ed (Fig. 8). In forests with the shortest dura-
bility period the mean height of trees does 
not exceed 10 m, while in forests with dura-
bility period longer than 235 years it reach-
es 14.8 m for the Ochotnica Valley and 
18.2 m for the Solinka Valley. For all forest 
durability classes the mean height of trees 
is bigger in Solinka Valley than in Ochotnica 
Valley and the difference between them 
fluctuates from 0.7 to 4.2 m. The difference 
between the mean heights of trees for the for-
ests of the longest and the shortest durability 
period totals 8.00 m for the Ochotnica Valley 
and 9.05 m for the Solinka Valley. It should 
be noted that an increase in the mean height 
of trees between neighbouring forest dura-
bility classes is not considerable. It reaches 
maximally 4 m for the Ochotnica Valley and 
fluctuates between 1.6 and 3.4 for the Solin-
ka Valley. In the Ochotnica Valley a decrease 
in the mean height of trees occurs between 
forest durability classes of 35-80 years and 
80-150 years. 

The height of trees can be conditioned 
by many factors, such as altitude, climate, 
dominating tree species, amount of wood 
sourced in a given area, health status of trees, 
presence of protected areas, etc. The results 
of this study confirm that the length of a peri-
od during which a given area was overgrown 
by forests is also important. The height of trees 
obtained from DSM can be used in the detec-
tion of areas of abandoned agricultural land 
overgrown by secondary forest succession 
(Kolecka et al., 2015). Forest in such areas has 
short durability period and in most of cases 
trees are lower than those growing in forests 
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with a longer durability period. In both valleys 
values of mean height of trees in forest dura-
bility class above 235 years are relatively low 
in comparison with values noted for forests 
with dominating share of old, mature trees 
(Antonarakis, Richards, & Brasington, 2008). 
Main cause of lowering of medium value are 
climatic conditions. Forest with long durabil-
ity period very often overgrow areas locat-
ed at high altitudes, where, height of trees 
is smaller due to more severe climate.

Relationship between forest cover 
durability and relief

During the conducted analysis an attempt 
to find relationships between forest cov-
er durability classes and relief described 
by derivatives of DEM (slope, aspect and alti-
tude) was taken.

A positive correlation between forest dura-
bility classes and mean slopes was observed 
in the Solinka Valley, while in the Ochotnica 
Valley these two variables are not related 

to each other (Fig. 9). In the Solinka Valley 
minimal mean slopes (9.6°) occur in forests 
of the shortest durability period and maximal 
mean slopes of 21.7° are related to forests 
of the longest durability period. The differ-
ence between them reaches 12.1° and the 
increase in the mean slopes between neigh-
bouring durability classes varies from 1.6° 
to 3.9°. In the Ochotnica Valley the value 
of mean slopes is similar for all forest dura-
bility classes and fluctuates in a very narrow 
range (between 20.5° and 23.1°).

A similar situation can be observed when 
percentage share of slope ranges in areas 
occupied by several forest durability classes 
is compared (Tab. 3). In the Ochotnica Val-
ley in all forest durability classes slope class 
15-35°prevails and its share varies between 
70.8 and 79.3%. The shares of other slope 
classes are also quite stable for all forest 
durability classes. In the case of the Solinka 
Valley, the longer forest durability period, 
the bigger share of greater slopes. This 
relationship is particularly visible for slope 
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Figure 8. Mean height of trees according to forest durability classes 
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class 15-35°, whose percentage share rises 
gradually from 14.9% (for forests of durabil-
ity below 35 years) to 77.2% (for durability 
class above 235 years). On the other hand, 
the share of the lowest slope class (0-2°) 
decreases from 5% in forests of the shortest 
durability to 0.1% in forests of the longest 
durability.

In both valleys the percentage share 
of areas occupied by several aspects is simi-
lar in every forest durability class (Tab. 4). The 
share of several aspects fluctuates between 
17.6 and 35.2% in the Ochotnica Valley and 
between 14.1 and 39.2% in the Solinka Val-
ley. The lowest share of W aspect (in three 
durability classes) and of S aspect (in two 
durability classes) is noted in the Ochot-
nica Valley. In this area the biggest share 
belongs to N aspect (35.2% in durability class 
80-150 years) and to S aspect (circa 30% 
in first and last durability class). In the Solinka 
Valley the lowest shares belong to S aspect 
(in three durability classes) and to E aspect 
(in two durability classes). The biggest shares 

are reached by W and N aspects (both 
of them in two durability classes), but the 
maximum share (39.2%) belongs to E aspect 
in the durability class of 150-135 years. Nev-
ertheless, there is no correlation between 
the share of several aspects and forest 
durability classes.

In the case of relationship between forest 
durability classes and altitude (Tab. 5) it can 
be observed that in both valleys the areas 
of forests with long durability period occur 
on higher altitudes than areas occupied 
by forests with short durability period. In the 
Ochotnica Valley the share of areas located 
above 800 m a.s.l. is the lowest in forest dura-
bility class from 35 to 80 years and the high-
est in classes of durability of above 150 years. 
In the Solinka Valley areas located above 
800 m a.s.l. have the biggest share in two for-
est durability classes: above 235 years and 
from 80 to 150 years, while their lowest share 
occurs in forests of durability below 80 years. 
In both valleys the percentage share of areas 
situated below 600 m a.s.l. is the biggest 
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in forests with the shortest durability period 
and gradually decreases in forests with 
a longer durability period.

Research on relationships between land 
use and altitude, slope and aspect has 
been undertaken by many authors (Bucała, 

2012; Sobala & Czajka, 2012; Godziek 
& Szypuła, 2018). They have determined that 
in the Beskidy Mts. the share of forest cover 
in particular periods increases together with 
the increasing altitude, while the correlation 
between land use change and aspect has 

Table 3. Areas of forest durability classes according to slopes

Slopes 
[°]

Ochotnica Valley Solinka Valley

entire 
area 
[%]

forest durability classes [%] entire 
area 
[%]

forest durability classes [%]

0–35 35–80 80–150 150–235 > 235 0–35 35–80 80–150 150–235 > 235

0–2 1.1 0.4 0.2 0.1 0.1 0.1 1.4 5.0 1.4 0.6 0.3 0.1

2–7 5.1 3.8 2.0 1.7 1.3 2.0 11.7 38.4 19.3 11.8 5.7 2.3

7–15 20.3 20.5 12.6 14.0 15.1 16.8 26.6 40.0 43.9 41.6 29.0 16.1

15–35 69.5 70.8 79.3 79.4 78.2 77.1 56.9 14.9 32.8 43.7 60.5 77.1

> 35 4.0 4.5 5.9 4.8 5.3 4.0 3.4 1.7 2.6 2.3 4.5 4.4

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table 4. Areas of forest durability classes according to aspect

Aspect

Ochotnica Valley Solinka Valley

entire 
area 
[%]

forest durability classes [%] entire 
area 
[%]

forest durability classes [%]

0–35 35–80 80–150 150–235 >235 0–35 35–80 80–150 150–235 >235

N 24.4 22.2 25.7 35.2 27.2 23.8 27.9 28.3 34.6 31.9 29.8 24.7

E 28.0 28.9 26.8 19.5 24.2 26.5 21.6 17.2 23.8 22.6 39.2 19.4

S 28.1 31.3 26.3 17.6 20.8 29.0 23.7 24.0 15.6 19.6 16.9 27.7

W 19.5 17.6 21.2 27.7 27.8 20.7 26.8 30.5 26.0 25.9 14.1 28.2

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table 5. Areas of forest durability classes according to altitude

Altitude
[m a.s.l]

Ochotnica Valley Solinka Valley

Entire 
area 
[%]

Forest durability classes [%] Entire 
area 
[%]

Forest durability classes [%]

0–35 35–80 80–150 150–235 >235 0–35 35–80 80–150 150–235 >235

< 600 6.7 5.6 3.1 1.3 0.7 0.0 1.4 4.4 1.1 0.5 0.2 0.4

600–800 40.4 39.8 49.7 49.0 29.0 4.8 55.0 78.7 78.0 61.7 70.5 39.3

800–1000 38.5 39.4 39.6 47.0 39.4 56.5 38.7 14.9 19.1 34.6 25.1 54.0

> 1000 14.4 15.2 7.6 2.7 30.9 38.7 4.9 2.0 1.8 3.2 4.2 6.3

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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been excluded. The results of this study con-
firm these conclusions.

A specific type of relief could have exerted 
influence on the analysis of correlation of for-
est durability classes and slopes. In the Ochot-
nica Valley the majority of slopes have quite 
consistent values (15-35°), while in the Solinka 
Valley slopes with low values occur mainly 
at its bottom as well as at the top of ridges, 
whereas slopes above 15° occupy mainly 
higher located areas. Forests with short dura-
bility period appear mainly in areas located 
close to the valley bottom and forests with 
long durability period overgrowing higher 
located areas on the hillsides. That is prob-
ably the reason why the correlation between 
forest cover durability and slopes is very clear 
in the Solinka Valley while in the Ochotnica 
Valley there is no such correlation.

Conclusions

On the basis o f this study the following con-
clusions can be drawn:
• The quality of results obta ined with the 

use of the method of forest cover durabil-
ity classes delineation is strongly depend-
ent on the quality of materials used for the 
analysis and methods of georeferencing 
applied during data preparation. Map 
georeferencing errors affect the absolute 
values of total areas occupied by forests 
but correctly reflect the tendencies regard-
ing quantitative and spatial changes 
of forest cover and relationships between 
forest cover and other elements of the 
environment over time. Shift errors could 
be reduced by excluding some cartograph-
ical materials from the analysis. In that sit-
uation the analysis would involve a shorter 
period of time and would not present the 
impact of forest cover ranges at the turn 
of 18th and 19th centuries on contempo-
rary forest cover durability.

• Maps of forest cover durability are the 
final product of forest cover change analy-
sis. They make it possible to present the 
ranges of particular forest durability class-
es in a transparent way. Owing to these 

maps, we can present particular stages 
of forest expansion in a given area and 
visualize the process of landscape change. 
Such maps also allow us to analyse spatial 
distribution of forest durability classes.

• Spatial structure of forest durability 
classes in the Ochotnica Valley is differ-
ent in comparison with the Solinka Valley. 
In the Ochotnica Valley forests are sig-
nificantly fragmented and the share of for-
ests with long durability period is smaller 
than in the Solinka Valley. In the Solinka 
Valley forests with long durability period 
are dense and occupy circa 2/3 of the 
valley. This variety results mainly from 
different accessibility of both valleys.

• In the entire study area, the correlation 
between the mean height of trees and 
forest durability classes was detected. 
The longer forest durability period, the 
bigger the mean height of trees, whereby 
the differences in the mean height of trees 
in neighbouring durability classes are not 
too big and total circa 2 m. The results 
of this research have confirmed that the 
length of time period during which a given 
area was occupied by forest also exerts 
influence on the height of trees.

• In both valleys forests with longer durabil-
ity period occupy areas located at higher 
altitude. Forests with shorter durability 
period occur mainly close to the valley 
bottom (in former farmlands and areas 
of non-existent villages) and on the ridges 
(on former mountain meadows). In the 
Solinka Valley forests with longer durabili-
ty period overgrow areas with higher slope 
values, while in the Ochotnica Valley such 
correlation was not found. In both valleys 
the occurrence of particular forest durabil-
ity class was not connected with aspects.

• Specific type of relief could have exerted 
influence on the analysis of correlation 
of forest durability classes and DEM data, 
especially in the case of slopes. In the 
Ochotnica Valley the variation in slopes 
is small, while in the Solinka Valley low 
slopes occur mainly in valleys and slopes 
above 15° occur on areas located higher. 
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Forests with short durability period appear 
mainly in areas located close to the val-
ley bottom and forests with long durability 
period overgrow the slopes of areas locat-
ed higher. Therefore, that is probably the 
reason why the correlation between forest 
cover durability and slopes is very clear 
in the Solinka Valley while in Ochotnica 
Valley there is no such correlation.

• The presented method of determination 
of forest durability classes can allow us to 
lead further research on distinguishing 

boundary of forests with long durabil-
ity period and comparison of biodiversity 
between forests belonging to different 
durability classes. These actions can entail 
better protection of forests with long 
durability period and improve the process 
of forest resources management.

Editors‘ note:
Unless otherwise stated, the sources of tables and 
figures are the authors‘, on the basis of their own 
research.
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