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FLOOD TYPES IN A MOUNTAIN
CATCHMENT: THE OCHOTNICA
RIVER, POLAND

Malgorzata Kijowska-Strugata, Anna Bucafa-Hrabia

The Ochotnica River during the May 2014 flood.
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Flood types in a mountain catchment: The Ochotnica River, Poland

ABSTRACT: This paper presents the results of a study on floods in the Ochotnica River catchment dur-
ing forty years of hydrological observations (1972-2011). The Ochotnica River is located in the Gorce
Mountains, in the Polish Western Carpathians. The characteristics of floods in the Ochotnica River chan-
nel were analyzed using limnigraphic records of water levels at the Tylmanowa gauging station and of
precipitation based on data from the Polish Institute of Meteorology and the Water Management Station
at Ochotnica Gdrna. Flood types were determined. The predominant type of floods in the Ochotnica River
are normal floods with a discharge of 3.80 to 11.94 m*/s in winter and 4.74 to 16.40 m*/s in summer. The
dominant recent process is incision, at an average speed of 3.2 cm/year. Similar results have been observed
in other mountain rivers in Europe.

KEY WORDS: floods, water level, channel bed, Ochotnica River, Carpathians

Vrste poplav v gorskem porecju: reka Ochotnica na Poljskem

POVZETEK: V ¢lanku avtorici predstavljata izsledke $tiridesetletnih hidroloskih opazovanj poplav v po-
re¢ju reke Ochotnice (1972-2011). Reka Ochotnica te¢e v pogorju Gorce v poljskem delu Zahodnih Karpatov.
Avtorici sta znacilnosti poplav v strugi reke analizirali na podlagi limnigrafskih podatkov o vodni gladini,
izmerjenih na merilni postaji v kraju Tilmanova, in podatkov o koli¢ini padavin, ki sta jih pridobili od
Poljskega meteoroloskega instituta in vodomerne postaje v kraju Ochotnica Gérna. Na podlagi tega sta
doloili vrste poplav. Na reki Ochotnica prevladujejo normalne poplave z zimskim pretokom 3,80-11,9m*/s in
poletnim pretokom 4,74-16,40 m*/s. Prevladujoci proces v zadnjem ¢asu je vrezovanje, in sicer s povpre¢no
hitrostjo 3,2 cm/leto. Podobni rezultati so bili ugotovljeni tudi pri drugih evropskih gorskih rekah.

KLJUCNE BESEDE: poplave, vodna gladina, recna struga, reka Ochotnica, Karpati

Malgorzata Kijowska-Strugala, Anna Bucala-Hrabia
Polish Academy of Sciences, Institute of Geography and Spatial Organization
mkijowska@zg.pan.krakow.pl, abucala@zg.pan.krakow.pl

This paper was submitted for publication on July 8%, 2015.
Urednistvo je prejelo prispevek 8. julija, 2015
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1 Introduction

The Ochotnica catchment is located in the Carpathian Mountains, the second-largest mountain range in
central Europe (Pociask-Karteczka 2011). Floods in mountain catchments occur more quickly than in low-
land rivers because of steep slopes and narrow valleys (Ruiz-Villanueva et al. 2010). In this article, a flood
is understood as an event with a discharge greater than critical values, and not as water spreading over
the surface near the river channel (Ozga-Zielinska and Brzezinski 1994). The course of flood events, types,
volumes, and durations are important factors for several practical hydrological applications, such as
hydropower plant operation (Bezak, Horvat and Sraj 2015).

Flood magnitude depends on precipitation intensity and duration as well as on characteristics of the
catchment area, such as the length of the preceding dry period, soil moisture (water retention), vegeta-
tion cover, thickness of snow cover, snow water content, and intensity of melting and ground freezing depth
(Christen and Christen 2003; Malarz 2005; Ogden and Dawdy 2003; Parajka et al. 2010; Gaal et al. 2012).

The course of floods is also dependent on land-use changes. Urbanization, deforestation (Bork et al. 1998),
and agricultural intensification (van der Ploeg and Schweigert 2001) reduce the water-retention capacity
of the soil (Mudelsee et al. 2004). These changes cause an increase in flood risk (Yin and Li 2001) and play
a key role among the natural factors shaping river channel morphology (Bronstert 2003; Barredo 2007;
Frandofer and Lehotsky 2011; Kijowska-Strugala 2012; Gorczyca et al. 2014). During the flood in June 1957
in the Guil Valley (Queyras, southern French Alps), the entire valley bottom was affected, and the lower
slopes were undermined by lateral cutting, which triggered landslides and transported enormous quan-
tities of material to the valley bottom (Arnaud-Fassetta, Cossart and Fort 2005). During extreme rainfalls
in September 2007 in the upper Selska Sora River in Slovenia, a flash flood caused bank erosion, chan-
nel-bed widening, and overbank deposition. Several debris flows and shallow landslides were triggered
on the slopes, destroying the main road (Marchi et al. 2009). Changing the position of the level of river
channel bottoms is one of the more visible morphological processes in mountain areas. In the Carpathians,
incision of 1.3 to 3.8 m can be observed in rivers in recent decades (Bucala, Budek and Kozak 2015; Wyzga,
Zawiejska and Radecki-Pawlik 2015; Wiejaczka and Kijowska-Strugata 2015). Similar studies have been
conducted in other mountain rivers of Europe; for example, between 1928 and 1989/1995 incision (locally
up to 5m) was evident along the 100 km length of the Drome River (Brookes 1987; Kondolf, Piégay and
Landon 2002; Liébault and Piégay 2002; Rinaldi 2003).

The study area (the Ochotnica catchment) of 107.6 km? is located in the Gorce Mountains in the Western
Carpathians (Figures 1, 2) characterized by deep valleys (Starkel 1972). The Ochotnica River is 22.7 km
long and it is a left tributary of the Dunajec River. The average slope for the entire watercourse is 36.1%o
(ranging from 56.8%o in the upper course to 15.5%o in the lower course). The Ochotnica River channel
is carved into solid rock with numerous shelves and rock outcrops upstream, and it is cut into sediments

.
-
O~ t a 1 n S
WARSAW G r
: ()
KRAKOW Turbacz s
SN -~ 9
= 1311@.,-\_,’ §
as.l.| s
! 2
Q
1
1
|
\
\
41
\ OIm 7 || Water level
\ a.s. - . gauge
~
= Rainfall
gauge
NS
o~ X
<Z__2% Ochotnica catchment

Figure 1: Location of the study area in the Polish Carpathians (Gorce Mountains).
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in the middle and lower parts, where it is also braided (Krzemien 1984). Along the entire course, the Ochotnica
River is fed by twelve left tributaries of and twenty-three right tributaries. The tributaries play an important
role during flooding because they distort the natural wave of the flood, leading to delays or accelerations
in the culmination of the main river below the mouth (Kijowska-Strugala 2015).

River floods in the Gorce Mountains frequently occur in spring and summer. Snowmelt floods are the
result of thawing snow, and summer floods are the result of torrential and extreme rainfall, whereby the
amount in three to five days can exceed 100 to 250 mm (Starkel 1976). Such high rainfall leads to catastrophic
floods, as exemplified by the catchments of Konina, Jaszcze, Jamne, and Kamienica stream (Niemirowski
1974; Krzemien 1984). During the flood in July 1970, maximum daily precipitation was 154.9 mm, and
discharges reached 15.5 m*/s and 16.5m?/s in Jaszcze and Jamne streams, respectively. Bank erosion dom-
inated in both streams, cutting the banks from 1.2 to 7m. Mean incision of the bed reached 32 ¢cm, and
the maximum was 1.2 m (Niemirowski 1974).

This paper determines the types, duration, temporal variability, and magnitude of the Ochotnica River
floods between 1972 and 2011. To properly identify the floods, the characteristics of the basic meteoro-
logical and hydrological parameters are presented below; these include precipitation, runoff coefficient,
discharge regime, and maximum discharges. To show changes in the river channel morphology caused
by floods, the dynamics of the position of river channel bottoms were also analyzed, based on long-term
observation series of minimum water levels.

2 Methods

Data from the Institute of Meteorology and the Water Management Station were used to analyze floods.
Discharges were analyzed based on limnigraphic records of water levels at the Tylmanowa gauging sta-
tion closing the catchment (Figure 1) and precipitation data from the rain gauge in Ochotnica Gérna.
A forty-year period (1972-2011) of hydrometeorological observations was selected for detailed analysis.

It is assumed that a flood is an event in which discharges (Q) equal or exceed the discharge threshold
(Q)). The selection of the criterion of flood threshold that is part of the definition of the event has a deci-
sive influence on the results (e.g. Ramos, Bartholmes and Thielen-del Pozo 2007). The discharge threshold
of the flood (Q,) was calculated using the following equation (Ozga-Zielinska and Brzezinski 1994):

Q =% (NWQ+ WsQ),

where NWQ is the minimal maximum discharge during the multiyear period and WSQ is the maximum
mean discharge of the multiyear averages.

In order to show the variability of flooding in a small mountain catchment, floods were divided into
three types: low, normal, and high. WSQ is the threshold value of low floods, NWQ is the critical value of
normal floods, and the average maximum discharge of the multiyear period (SWQ) is used for high floods.
Selecting the criteria for flood threshold as part of the definition of the event has a decisive influence on
the results.

Floods usually depend on the season, and the seasonality approach opens the way to studying mixed
flood frequency distributions (Sivapalan et al. 2005; Ouarda et al. 2006). This article presents floods from
the summer (May-October) and winter (November—April) half of the hydrological year.

The probability of the maximum discharges (Qmax) during floods was also calculated based on the
decile method found in Debski (1954).

A statistical analysis was conducted to determine the months with the highest frequency of floods. For
each month of the hydrological year, the coefficient of variation (C ) of average monthly discharge was
calculated. Based on the discharge coefficient (k), the river regime was calculated using the following equa-
tion (Pardé 1957):

k=5Q,/SQ,
where SQ, is the average monthly discharge and SQ,, is the average annual discharge. The minimum water

level was used to identify the dynamics of the Ochotnica channel (aggradation and erosion processes) after
floods.

26



Acta geographica Slovenica, 59-1, 2019

3 Driving force: precipitation

The average annual precipitation in the Upper Ochotnica from 1972 to 2011 was 838.7 mm, showing a vari-
ability of 629.2 mm (1984) to 1,109.9 mm (2007). Based on the forty-year study period, an increasing trend
of annual precipitation was observed in the study area, averaging 4.3 mm per year (Figure 2). During the
twentieth century in Europe, the mean annual precipitation has increased in northern Europe and has
decreased in southern Europe (New, Hulme and Jones 1999).

According to the precipitation classification by Kaczorowska (1962), nineteen years (Figure 2) were
within the normal range, similar to the average of the multiyear period. In the forty-year period analyzed,
as many as thirteen years had above-average rainfall (i.e., 917 mm; Figure 2). On average, 64% of the pre-
cipitation occurs in the summer half of the hydrological year (May-October). During the period analyzed,
there were 170 days with precipitation on average; during the summer half-year, the average number of
days with precipitation was ninety, and in the winter half-year seventy-five days. The maximum number
of days with precipitation in the summer half-year was 120 days in 1974 and the minimum sixty-two days
in 1982, whereas in the winter half-year these were 105 days (1993) and fifty days (1987), respectively.

The highest monthly total precipitation was recorded in July and June, at 123 and 109 mm, respectively
(Figure 3). In the Carpathians and the northern part of the Alps, the annual precipitation maxima typi-
cally occur in July and August (Parajka et al. 2010).

In small catchments in central Europe, under moderate climate conditions, floods are caused by local
convective precipitation events with high intensity (Bryndal 2014). The highest daily rainfall occurred in
the Ochotnica catchment on the following days: June 30th, 1973 (94.9 mm), May 17th, 1985 (92.3 mm),
July 8th, 1997 (70.0 mm), July 23rd, 2008 (76.3 mm), and September 1st, 2010 (94.6 mm). A number of
studies have documented increases in intense precipitation based on records (Alpert et al. 2002; Klein Tank
and Koénnen 2003). According to Parajka et al. (2010), lower variability in the mean date of occurrence of
annual maximum daily precipitation is observed over the Alps than over the Carpathians. They also found
that the greatest daily precipitation is consistently produced by similar atmospheric regimes, whereas a broad-
er variety of processes are responsible for smaller events.
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Figure 2: Annual precipitation from 1972 to 2011 at the Ochotnica Gérna station based on the classification of precipitation ranges proposed by
Kaczorowska (1962).
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Figure 3: Average monthly precipitation from 1972 to 2011 at the Ochotnica Gérna station (Institute . . . 2015).

4 Results

4.1 Runoff coefficient and the probability of maximum discharges

The runoff coefficient is a key concept in hydrology and floods, and is an important diagnostic variable
for catchment response. Examination of runoff coefficients is useful for catchment comparison to under-

stand how different landscapes filter rainfall into a flood event (Holko, Herrmann and Kulasova 2006; Marchi
et al. 2010). According to Schaake (1990), it is possible to determine the size of floods based on runoff and

precipitation.

The average runoff coefficient from 1972 to 2011 was 62.8%. The highest runoff coefficient (91.8%)
was recorded in 1980 (Figure 4).

The greater variation of runoff in western Europe, compared to eastern Europe, reflects the greater vari-
ability in topography, and hence rainfall. Across most of lowland Europe, runoff is between 25 and 45%, whereas
it exceeds 70% in high precipitation areas such as the Alps (Arnell 1999; Magnuszewski 2000; Marchi et al. 2010).

The runoff coefficients in the Ochotnica catchment do not show any significant trends. Similar results
were obtained by Pekarova, Miklanek, and Peka (2006) for European rivers over the last 150 years.

The runoff irregularity coefficient (the ratio of the annual maximum to minimum runoff) in the Ochotnica
River ranged from 3.4 mm in 1978 to 17.9 mm in 2000, and it shows an increasing trend (Figure 4). High
recent values of the coefficient are due to the great diversity of total monthly precipitation. Compared to
other Carpathian rivers, this coefficient is not high, and it is determined by a continuous water supply dur-
ing the summer and the autumn lows.

The average discharge in the Ochotnica River in the multiyear period analyzed was 1.81 m*/s. Ziemonska
(1973) proposed eight river classes with different average discharges in the Polish Carpathians. The Ochotnica
River is in the second class, with discharges ranging from 1 to 3m?*/s. On average, for approximately 234 days
annually, the Ochotnica River had a discharge of 0.5 to 2 m*/s, and the discharge was 2 to 5m?/s for sev-
enty-seven days (Figure 5). A discharge greater than 10 m*/s was recorded for an average of four days. There
are no differences in average discharges during the summer and winter hydrological half-year during the
period analyzed.
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Figure 4: Runoff coefficient (R ) and irregular runoff coefficient (/ ) in the Ochotnica River from 19720 2011.
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Figure 5: Frequency of average daily discharge in the Ochotnica River from 1972 to 2011.

On the basis of forty years of observations of water discharge in the Ochotnica River, a theoretical prob-
ability curve was plotted for the maximum discharge using a Pearson distribution (Type III), starting from
avalue of 1% (Table 1). Maximum discharges are directly related to floods (Patton and Baker Konrad 1976).
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Table 1: Probability (%) of maximum discharges (m*/s) and recurrence period (T) in the Ochotnica River based on the Pearson distribution (Type ).

Probability (%) Discharge (m’/s) T (Year)
1 92 100
2 80 50
5 70 20
10 38 10
20 25 5
50 15 2
100 4 1

4.2 Discharge regime

A discharge regime describes the average seasonal behavior of a river, as determined by its genetic sources
and its ambient climate. The discharge regime is a useful tool for identifying spatial and temporal varia-
tions in the magnitude and seasonality of discharge, and for determining the periods more susceptible to
floods (Wrzesinski 2012). The Ochotnica River is an example of a river with a complex, primary, snow-rain
regime with its peak discharge in the second half of winter and in the summer (Figure 6). The first, high-
er discharge peak occurs in April, and the second, lower one in July. Low discharges in the autumn and
winter are the consequence of reduced precipitation (especially in the autumn) and snow retention. Discharge
coefficient values in the Ochotnica River were close to k = 1.5 in the spring, which is characteristic of the
Carpathian rivers west of the Dunajec River (Chelmicki, Skapski and Soja 1998-1999).

In the Ochotnica River, the spring months (March, April, Cv =0.4) are characterized by the lowest vari-
ability in discharge. This relationship is due to a high degree of reproducibility in the water supplied by
snowmelt (Chetmicki, Skapski and Soja 1998-1999). The greatest discharge variability (C, > 0.7) is in May,
September, and December. High values of the coefficient of variation in May and September are associat-
ed with limited recurrence of floods in individual years. In December, winter thawing may be a destabilizing
factor. The average value of the coefficient of variation from 1972 to 2011 is 0.63, indicating high stability
of the rhythm of discharge in the river analyzed.
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Figure 6: Differences in the monthly annual course of the discharge coefficient (k) and coefficient of multiyear variability of monthly discharge (C ) for
hydrological years from 1972 to 2011 in the Ochotnica River.
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5 Discussion

5.1 Characteristics of floods

Low, normal, and high floods occurring in the hydrological winter and summer half-years were ana-
lyzed. Using the criteria for defining floods given in the Methods section, it was assumed that low floods
occur when the culminating discharge is greater than 3.26 m*/s during winter and 4.22 m*/s in summer
(Table 2).

Table 2: Quantitative character of floods in the Ochotnica channel from 1972 to 2011.

Measure Value
Mean discharge 18m’/s
Mean specific discharge 0.017 m?/s/km?
Maximum daily discharge 79.8m*/s
Winter hydrological half-year
Low flood 3.26-3.80m’/s
Normal flood 3.80-11.94m%s
High flood >11.94m%s
Summer hydrological half-year
Low flood 4.22-474m’/s
Normal flood 4.74-16.40m*/s
High flood >16.40m’/s
Maximum duration of flood 55 days
Mean duration of flood in winter/summer hydrological half-year 24.days7h/12 days 17h

In the forty years of observations (1972-2011), 295 floods were calculated. The average for each
hydrological year was seven floods. There is a decreasing trend of the flood numbers in the hydrological
winter half-year and an increasing trend in the summer half-year. The trends are not statistically sig-
nificant.

Low floods accounted for approximately 17% and 15% of all floods in the winter and summer hydro-
logical half-years. High floods in the entire multiyear period accounted for only 14% of the total number
of floods (12% in the winter hydrological half-year and 15% in the summer half-year; Figure 7).

Floods are closely linked to the type of water source flowing into the river channel. The magnitude and
course of floods in winter are related to the amount of water from melting snow in a time unit. Rapid snowmelt
often causes major spring floods. In mountainous regions, spring floods are usually not as high as the sum-
mer rainfall floods, but they have an increased frequency of single snowmelt floods (January-March) and
floods from mixed water supply (April). Snowmelt flood formation (especially thaw) is influenced by a south-
ern catchment exposure. In the winter half-year during the period analyzed, 146 floods were recorded. The
average flood duration was 24.29 days (7% of the year), longer than summer floods. This is connected with
the water supply from various parts of the asymmetric catchment. Over the forty years, April was charac-
terized by the highest number of floods (forty-nine).

Summer floods are more dynamic than winter floods. In the multiyear period analyzed, a total of 149
floods were recorded in the hydrological summer half-year. During this time, floods are caused by tor-
rential and extreme rainfall. Summer floods occurred in the channel of the Ochotnica River irregularly
and lasted shorter than the floods during the winter months (an average of 12.71 days). High floods account-
ed for 15% of these, or 2 percentage points more than in the hydrological winter half-year. The average value
of the maximum daily discharge during all of the floods in summer half-year amounted to 16.4 m*/s, and
the absolute maximum discharge of 79.8 m*/s was recorded on May 2nd, 1989. This was 144 times greater
than the average discharge.
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Figure 7: Frequency of flood types in the Ochotnica River in the winter (November—April) and summer (May—October) hydrological half-years from
197210 2011.

5.2 The dynamics of the Ochotnica channel

Analysis of changes in the position of river channel bottoms can be performed based on the minimum
conditions of the river (e.g. Wiejaczka and Kijowska-Strugata 2015; Tamang and Mandal 2015). The use
of data on water levels in the river provides reliable information about the direction of change (incision
or raising) and its intensity. Incision is a common response of alluvial channels that have been disturbed
such that they contain excess amounts of flow energy or stream power relative to the sediment load (Simon
and Rinaldi 2006). If the river capacity is less than the load, deposition would be expected.

On the basis of an analysis of the minimum water levels from 1972 to 2011, two periods can be iden-
tified with different tendencies in changing the position of the Ochotnica channel bottom. The first covers
the period from 1972 to 1996, when aggradation was the predominant process, whereas from 1997 to 2011
incision dominated (Figures 8, 9).

A clear decrease, by 70 cm, during the lowest minimum water level in 1997, as compared to 1996, was
due to extreme floods. In July, the maximum water level was 344 cm, corresponding to a discharge of 17.6 m?/s.
Such a high discharge was caused by daily rainfall exceeding 70 mm. In July, the rainfall total was 291 mm
and was 2.5 times higher than the average value from 1972 to 2011 (Froehlich 1998; Bucatla 2012).

Between 1972 and 1996, the minimum water levels ranged from 186 cm (1973) to 286 cm (1993), where-
as between 1997 and 2011 they ranged from 158 cm (2011) to 216 cm (2003). In 1983, at the level of 276 cm,
the discharge recorded was 3.16 m*/s, whereas it was only 0.45 m?/s in 1996. This proves that the bed of
the Ochotnica rose between 1972 and 1996. The course of the lowest monthly water levels during this peri-
od also shows a tendency to raise the channel bottom, amounting to 3.9 cm/year (Figure 8). In 1997, the
lowest water level was 206 cm, with a discharge of 0.81 m?/s,and in 2010 at the same water level the discharge
recorded was 2.24 m*/s. The examples show that the same water level in the multiyear period corresponds
to increasingly higher discharges, which is clear evidence of the river channel deepening. The average rate
of the annual lowest water level decreasing from 1997 to 2011 is 3.2 cm/year (Figure 9).
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Figure 9: Minimum and maximum annual water level in the Ochotnica River from 1997 to 2011.
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Processes occurring in recent times in the Carpathian environment (e.g., incision of channel bottoms)
are related to an increase in the sum and intensity of precipitation and are probably caused by changes in
land use (Klimek 1987; Kijowska-Strugata and Demczuk 2015). Land-use changes leading to forest expan-
sion at the expense of agricultural land and, related to this, conversion of braided rivers to incised, single-thread
channels have also been noted in other European mountains (Wohl 2006).

6 Conclusion

In terms of the types, duration, variability, and magnitude of floods, the forty-year period analyzed (1972-2011)
shows the basic regularities observed in small mountain catchments in Europe. The analysis of measured
floods does not indicate an increasing frequency. The runoff coefficient and number of floods in the last
two decades do not show significant differences with regard to values that occurred in the previous two
decades. Similar results have been observed in other mountain rivers in Europe. However, in the Ochotnica
River in the last two decades a greater number of high floods has been noted. This can be related to an
increased sum and intensity of precipitation over the last forty years, which is also documented in other
European catchments.

Floods on the Ochotnica River usually occur in April and June, which is connected with its snow-rain
river regime. Winter floods last longer than summer floods. This is related to the way the river channel
is supplied with water from snowmelt in various parts of its asymmetric catchment.

The analysis of the minimum water levels showed significant changes in the dynamics of the position
of the Ochotnica River channel bottom over time. Since 1997, the predominant process in the channel,
as in the case of other Carpathians rivers, has been incision. The deep erosion observed in Carpathian rivers
in the last decade is probably associated with changes in land use (a decrease in arable land and increase
in forest area), which have intensified due to the economic transformation of the country and, in recent
years, Poland’s accession to the EU.
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