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Introduction

The destructive activity of landslides is the prima-
ry threat in Polish Flysch Carpathians (Raczkowski
2004, Chowaniec et al. 2012). Dendrogeomorpho-
logy is one of the methods commonly used in recent
years in the study of the process of land sliding (Ziel-
ski, Krapiec 2004). The dendrogeomorphological
methods involve dating mass movements that have
been recorded in the annual rings of trees growing
within landslides. Mass movements are causing a
change in the trees position — mostly tree trunks are
deflected relative to the previous position. Trees sub-
jected to stress due to mass-movements have man-
ifested strong and sudden decreases in ring growth
(Shroder 1975, 1980, Fantucci, McCord 1995, Schwe-
ingruber 1996, Stoffel, Perret 2006, Zielonka, Dubaj
2009, Corona et al. 2014, Silhdn, Stoffel 2015). As a
response to gravity, where the cambial cells are ori-
entated other than vertically, the compression wood
is formed instead of normal wood (Winchester et al.
2007). The tree rings system becomes asymmetrical,
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and the first ring showing eccentricity can reliably
provide a date for landslide movements.

The pioneers of the dendrogeomorphology meth-
od are Alestalo (1971), Shroder (1975), Butler (1979),
while Bednarz (1986) and Margielewski (1997) were
the first one to conduct such research in Poland.
Many landslide episodes were dated on the basis of
dendrochronological measurements, both within the
Western Carpathians (Krapiec, Margielewski 2000,
Wistuba et al. 2013, Silhdn 2012, 2016) and in the
Sudetes (Malik, Owczarek 2005, Wistuba et al. 2012,
Migon et al. 2014). The dendrogeomorphology meth-
od also allows for dating other processes: debris flow
(Malik, Owczarek 2009, Silhdn et al. 2015), bank
erosion (Milik, Matyja 2008), gully erosion (Ma-
lik 2008), rockfall (Stoffel, Perret 2006, Zielonka,
Dubaj 2009), root erosion (Malik, Owczarek 2005,
Buchwat, Wronska-Watach 2008), flooding (Wistuba
2008, Ballesteros-Canovas et al. 2015), volcanology
(Bollschweiler et al. 2010, Franco-Ramos et al. 2013).

Large landslides are characterized by uneven spa-
tial diversity of movements. There are very unstable
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areas, characterized by multiple mass movements, and
also areas of more stable, which are moved less often.
The main aim of the study is to determine the years
of activity and spatial variability of movements within
the Sawicki landslide based on dendrogeomorpholog-
ical methods. Similar researches were conducted by
Fantucci and McCord (1995) in Viterbo province (cen-
tral Italy). Basing on the cores of oaks (Quercus cerris)
they have designated active and stable zones within
the landslide. Lopez Saez et al. (2014) drew attention
to the different surface of mass movement areas in dif-
ferent years within the Davids-Bas landslide in French
Alps. Also Margielewski (1997) indicated for some
landslides in the Beskid Sadecki Mts the most active
areas using dendrogeomorphological method. It uses
of dated tree-ring series to find the landslide events.

Study area

The Sawicki landslide, named after the first scientist
who analysed this landslide in 1913 (Sawicki 1917),
formerly known as the Szklarki landslide (named af-
ter the surrounding), is located in Szymbark near Gor-
lice. It is situated within the southern slopes of the
Maslana Goéra hill (753 m a.s.l.), on the northern rim
of Beskid Niski Mts (the Polish Flysch Carpathians)
(Fig. 1). Maslana Goéra hill is a longitudinal range of in-
sular type. Its ridge is characterized by an undulating
profile with numerous small passes and domed tops
with height differences up to 20 m. Average slope of
the ridge is 3-4°, up to 10°. Southern slopes, descend-
ing to the Ropa river valley are characterized by a large
length and a steep incline from 23° to 40° and convex
profile. Slopes are strongly transformed by large land-
slides and deep V-shaped valleys, which are cut into
bedrock. The northern part of the massif is subject
to only minor transformations, including headwaters.

The Maslana Gora hill is formed by flysch of the
Magura Nappe, which is composed of glauconitic
sandstones, Ciezkowice sandstones, shales (varie-
gated, red and green), marls and conglomerates. The
slope covers are skeletal with coarse fraction ranges
from 20-40% on shale layers to 50-95% on sand-
stone rocks. They are mainly loamy or argillo-loamy
slope covers with different physical and chemical
characteristics, mainly related to the type of bedrock.
Covers are mainly medium clay (Gil 1979).

The acid brown soils and leached brown soils are
dominating. The areas occupied by landslides are
covered by plastosols — clay-loam soils on weathered
shale complexes. The high content of clay particles
affects the excessive moisture, high brevity and very
poor permeability.

About 60% of the area is located in the warm
temperate climate zone (average annual temperature
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exceeds 5°C), while the rest is situated within a tem-
perate cool climate (average annual temperature is
less than 5°C). The border between the zones runs
along the 600 m a.s.l. isohypse. The mean annual air
temperature (based on data of the IG&SO PAS Re-
search Station for the period 1968-2015) is 8.0°C.
The mean annual precipitation is 833 mm (from 535
mm in 1982 to 1164 mm in 1974). The highest pre-
cipitation occurs in June (124 mm in average) and the
lowest, only 36 mm, in February. The highest month-
ly precipitation was recorded in July 2011 (325 mm),
while the highest daily precipitation in 30 June 1973
was 125 mm. The lowest monthly amount of precipi-
tation was recorded in February 1976 (only 0.5 mm).

The vast majority of study area is located within
the lower forest zone. The largest part of the area is
covered by the Carpathian beech forest (Dentario glan-
dulosae — Fagetum), which is rising above the height
of 500 m a.s.l. It consists mainly of common beech
(Fagus sylvatica) (Gil 1994). The ridge and upper parts
of the slopes are covered with small patches of syc-
amore forest (Phyllitido-Aceretum). Slightly lower oc-
curs the fir forest with black raspberry (Rubus hirtus
— Abies alba), which consists mainly of silver fir (Abies
alba) with a touch of pedunculate oak (Quercus robur)
and Scots pine (Pinus sylvestris), rarely sycamore (Acer
pseudoplatanus) and common beech (Fagus sylvatica)
(Gil 1979). Marshy slopes of gleyic soils are wooded
by and alder swamp forest (Caltho-Alnetum). Below
an altitude of 500 m a.s.l., mainly on the southern
slopes there is hornbeam-oak forest (Tilio-Carpine-
tum), which is typical for foothill floor forest. There
is the forest of common hornbeam (Carpinus betulus)
and pedunculate oak (Quercus robur) with admix-
tures of little-leaf linden (Tilia cordata), common ash
(Fraxinus excelsior), sycamore (Acer pseudoplatanus),
common beech (Fagus sylvatica), wild cherry (Prunus
avium) and comon aspen (Populus tremula). Along the
river and stream valleys grow trees included the Car-
pathian alder forest (Alnetum incanae), which is con-
sist mostly of grey alder (Alnus incana) mixed with
white willow (Salix alba), common ash, sycamore
and common hornbeam. Over 70% of the area of the
Sawicki landslide is covered with forest.

The Sawicki landslide is one of the largest in the
Polish Carpathian with an area of 1.62 km? and the
volume of the material displaced of about 25 mln m?3.
This is an active, detrusive complex landslide. It was
formed in the Holocene and underwent cyclic renew-
al as a result of heavy rainfall (Raczkowski, Zabuski
2008).

The landslide is characterized by an elongated
shape, narrowing down the slope (Fig. 1). It extends
over a length of 2850 meters (average width of ap-
prox. 550 m), the upper niche is at an altitude of 725
m a.s.l. while the face is at an altitude of 340 m a.s.l.
(difference in height is 385 m).
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Fig. 1. Location of the studied Sawicki landslide in Beskid Niski Mts (the Polish Flysch Carpathians)
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Study sites

Within the Sawicki landslide two research sites were
established (Fig. 2) for evaluating differentiation of
landslide dynamic. The research site A was located
in the lower part of the landslide and included 60
trees samples, mostly Scots pine (Fig. 3). The studied
trees were concentrated in three major groups, two of
them located on the western slopes of valley (about
170 m above the Szklarka stream) and in the third
group, less numerous and more dispersed (eastern
slope of the valley).

The research site B covered only eastern slopes
of the Szklarka stream valley and was located in the
central part of the landslide. Among 125 trees stud-
ied within this plot 70% were represented by silver
fir (Fig. 3).

‘ A\ Pinus sylwestris
‘ ‘ Q Abies alba
/

Fig. 2. Location of sampled trees within detailed research
site A and B, situated within the Sawicki landslide in
Beskid Niski Mts
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RESEARCH SITE A RESEARCH SITE B

10.8 area [ha] 1.3
365-450 elevation [m a.s.l.] 465-550
64 number of measured trees 125
78 forest cover [%)] 93

Fig. 3. Characteristics of the research sites A and B within
the Sawicki landslide in Beskid Niski Mts

Materials and methods

Field sampling

Assessment of the Sawicki landslide activity was per-
formed using the dendrogeomorphological method. In
the years 2013-2014, using an increment borer, cores
were taken from two coniferous species — Scots pine
(Pinus sylvestris) and silver fir (Abies alba), growing in
the lower and middle parts of the Sawicki Landslide
(Fig. 2). Cores were taken both from an upslope and
downslope side of each stem in one axis at the diame-
ter at breast height (DBH). In the next step cores were
dried and prepared for microscopic analysis by pol-
ishing using angle grinder and sandpaper of varying
granularity: from P24 to P400. Then, using a special
DENDROLAB microscope and TELLERVO Software,
the width of tree rings was measured to an accuracy
of 0.1 mm, on the basis of which growth curves were
plotted. The eccentricity indexes were calculated on
the basis of the differences between the upslope and
downslope growth curves (Wistuba et al. 2013). The
yearly variation of eccentricity indexes was further
used for dating the activation of landslide fragments.

Age of the trees and basic stem parameters

During fieldwork, sampling of 93 trees of Scots pine
(Pinus sylvestris) and 96 trees of silver fir (Abies alba)
was carried out (Table 1). Pine trees were young. The
mean age was 57 years, and varied from 29 years to
89 years. The mean age of the fir trees was 87 years
and it was only two years less than the oldest pine
sampled. The oldest Abies alba tree was a fir which
began to grow before 1890 (124 years). The youngest
fir was 36 years.
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Table 1. The descriptive characteristics of sampled trees
within the Sawicki landslide

Age of the Tree diameter
Num- trees at breast height
Tree species  ber of [years] DBH [cm]
trees . ave- . ave-
min max min max
rage rage

89 28 46 064
124 22 45 77

Pinus sylvestris 93 29 57
Abies alba 96 36 87

The average size of DBH for both species was very
similar and equaled 45-46 cm, although the DBH
of the fir trees was characterized by greater diversi-
ty. The height of studied trees ranged from 20 to 35
meters.

Dendrochronological analysis

For each tree two dendrochronological curves were
plotted (for the upslope and downslope side of the
stem) in basing on a tree rings width. The cross-dat-
ing procedure was used. Absolute dendrochronolog-
ical scale was formed with the growth curves cali-
brated by using characteristics years and years with
abrupt growth changes (Zielski, Krapiec 2004). The
dendrochronological curves were also calibrated with
site chronology standards curves, made for local trees
by Szychowska-Krapiec (2000). Then the following
were calculated: eccentricity (the difference in the
width of the upslope and downslope increments), ec-
centricity index (the ratio of deconcentricity and the
width of annual growth, expressed as a percentage)
and the yearly variation of the eccentricity index
(the index difference between the reference year and
the previous year) on the basis of formulas proposed
by Wistuba and Malik (Wistuba, Malik 2011, Wistu-
ba et al. 2012, Wistuba et al. 2013):

Ex=Ux-Dx
Eix = (E x/D x) x 100% (if D > U)
Eix = (E x/U x) x 100% (if D < U)
vEi x = Ei x - Ei x-1

where:

E - eccentricity [mm],

Ei — eccentricity index [%],

vEi — yearly variation of the eccentricity index [%],
U - width of tree ring on the upslope side of tree

trunk [mm],

D - width of tree ring on the downslope side of tree

trunk [mm],

X — year/annual tree ring.

The cores of silver fir and Scots pine trees were
also collected from the reference site within a stable
slope, located in the vicinity of the landslide. Sam-
ples from 10 pines and 12 firs were used for construct

a local site chronology of control site for both spe-
cies. Based on the tree rings width, an eccentricity
indexes, the arithmetic mean and standard deviation
of the annual variation of eccentricity index were
calculated. According to dendrogeomorphological
method (Wistuba, Malik 2011), the arithmetic mean
and standard deviation were summed up. The results
define mass movements’ thresholds for the studied
tree species:

— scots pine has adopted a high probability of mass
movements at the values of the yearly variation of
eccentricity index greater than 29.9% or less than
-30.55%;

— silver fir has adopted a high probability of mass
movements at the values of the yearly variation of
eccentricity index greater than 34.0% or less than
-34.94%.

The years in which more than 10% of trees ex-
ceeded defined mass movements thresholds, have
been considered as periods of landslide activity.

Precipitation data

Results of landslide activity were correlated with
amount of precipitation. The precipitation records
are measured since 1968 at the Research Station in
Szymbark (Institute of Geography and Spatial Organi-
zation — Polish Academy of Science), located approx. 4
km (in a straight line) away from the Sawicki landslide.
Data are presented as the total rainfall for the periods:
calendar year (January-December), hydrological year
(November—October), growing season (May-October)
and the dormant season (November-April), winter
(December-February), spring (March-May), summer
(June—August), autumn (September-November). An-
nual and seasonal precipitations were compared with
the number of rainy days in the specified seasons.

In the article the results of Twardosz and Cebul-
ska study (2014) were used, who have designated a
months of abnormally high monthly precipitation,
based on data from the Carpathians meteorological
stations. For the attitude of the emergence of anom-
alously high sums of monthly precipitation, the au-
thors adopted the upper quartile, increased by 1.5
times of the interquartile range. Data from meteoro-
logical stations in Dukla, Jasto, Krynica, Nowy Sacz,
and Tarnéw were used (Twardosz, Cebulska 2014).

Previous dendrogeomorphological studies
within the Sawicki landslide

The results of the dendrogeomorphological study
were discussed on background of former dendro-
chronological data from the study area. The dendro-
chronological analysis of the landslide areas in the
Beskid Niski Mountains were conducted in 2001-
2004 (Krapiec et al. 2004). The dendrogeomorpho-
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logical method has been applied as an alternative
and secondary form of landslides monitoring for the
standard measurements used by the Polish Geologi-
cal Survey (Krapiec et al. 2008). Landslide episodes
in that study were determined on the basis of the
correlation and visual comparisons of dendrochron-
ological curves established for the trees affected by
the landslide with the reference site chronology. The
cores were taken from the northern and central parts
of the Sawicki landslide. A total of 129 sampled were
collected including silver fir, Scots pine, European
larch, Norway spruce and sycamore.

In 2011-2012 Nawrocka (2013) conducted den-
drochronological research on the Sawicki landslide.
Based on her study periods of landslide activity were
determined on the basis of the rate of annual volatil-
ity of the eccentricity index (Wistuba, Malik 2011).
Similarly, as in the case of previous studies (Krapiec
et al. 2004), the cores were taken from the northern
and central parts of the Sawicki landslide, with the
difference that the samples were characterized by a
greater uniformity of space distribution. Increment
cores were taken from 63 conifers (Scots pine, sil-
ver fir, European larch), of which only 33 trees grew
within the landslide area.

Results

Reconstruction of the Sawicki landslide activity

Based on dendrochronological analyses of Scots pine
and silver fir events of Sawicki landslide activity
were established. The greatest number of landslide
movements, assessed by yearly variation of the eccen-
tricity index took place in the following years: 1899,

%
30

1901, 1905, 1910, 1913-1914, 1920-1921, 1929-1931,
1935, 1937, 1945, 1977, 1979, 1981, 1984-1985, 1990,
1992-1993, 1997, 2003-2004, 2006, 2010-2012 (Fig.
4). The whole analyzed period since 1890 can be di-
vided into three cycles. The first period (1885 — 1945)
was characterized by a high frequency of activation of
landslide movements that appeared regularly, i.e. ap-
proximately every 5-6 years. Whereas in the second
period (1946-1976) evidences of landslides activity
were recorded only in a small number of trees, i.e.
(below 10% of studied population. Finally, the third
period (1977-2012) was characterized by the largest
number (from five in 1999 to 25 in 2010 and 29 in
1993) of landslide episodes recorded in the growth
rings of the studied trees.

Analysing the eccentricity indexes for Scots pine
(Pinus sylvestris), periods of landslide activity were
specified into: 1936-1939, 1945, 1959, 1962, 1978-
1979, 1981-1982, 1984-1985, 1990, 1992-1993, 1998,
2003-2004, 2006-2007, 2010-2012 (Fig. 5). Within
the period of 77 years a total of 24 events years were
detected in pines during which activations of land-
slides movement possibly took place. The comparable
period of landslide activity assessment for silver fir
(Abies alba) was much longer and covered 114 years.
Throughout that time the largest number of landslide
episodes was recorded in the rings of fir in periods:
1899-1901, 1903, 1905, 1910, 1913-1914, 1920-1921,
1929-1932, 1935, 1937, 1945, 1977, 1981-1985, 1990,
1992-1993, 1997-1998, 2003-2004, 2006, 2010-
2012. Landslide processes occurred in the total of 34
years out of the period of 114 years (Fig. 5).

The dynamics of landslide movements

The periods of landslide activity within the research
site A included the years: 1945, 1947, 1953, 1955,

25

20

the percentage of trees with growth ring disturbances

Fig. 4. Years with the largest number of growth ring disturbances indicating landslide movement (dark bars), selected on
the basis of the rate of yearly variation of the eccentricity index for all trees
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the rate of annual volatility of the deconcentricity index for Pinus sylvestris trees
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Fig. 5. The frequency of landslide signals, established on the basis of the rate of yearly variation of the eccentricity index
for Scots pine (Pinus sylvestris) and silver fir (Abies alba) studied within the Sawicki landslide in Beskid Niski Mts (the
Polish Flysch Carpathians)
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1959, 1962, 1968-1970, 1971-1972, 1975-1979, 1981-
1984, 1988-1990, 1993, 1995, 1997-2000, 2003-
2006, 2010-2012 (Fig. 6). The years of the landslide
movement were separated by years of relative stability
of the landslide.

The north-western part of the A plot was most
prone to landslide (Fig. 7A), where more than 10
trees (7% of all studied trees) have recorded seven
landslides activations and more (Fig. 8). The southern
part of the research site was less active — only three
pines (2%) indicated a large number of mass move-
ments. In contrast, the central-eastern part of the A
plot was characterized by the highest stability.

The first traces of mass movements within the re-
search site B, recorded in the annual growth rings of
the studied trees come from the last decade of the 19t
century. The periods of landslide activity within the B
plot included the years: 1900-1901, 1905, 1911, 1913,
1920-1921, 1928-1931, 1935, 1937-1938, 1941-1943,
1945-1946, 1959-1960, 1962, 1967, 1969, 1973-1974,
1976-1977, 1980-1985, 1988, 1990-1993, 1997, 2001,
2003-2004, 2006-2007, 2010-2011 (Fig. 9).

The northern part of the B plot was characterized
by highest activity, while its central and southern
parts were more stable (Fig. 7B). The number of trees
which recorded at least 10 landslide activity events
was the highest in the northern part of the landslide
(Fig. 10).

Eccentricity index of tree rings

Eccentricity indexes were calculated for each tree.
Silver fir trees were characterized by upslope side
eccentricity — arithmetic average of the index was
4.8% (Table 2). On the other hands, the downslope
side eccentricity was typical for Scots pine tree rings
(-5.7%). The arithmetic average of the eccentricity
index for all studied trees amounted —0.4%. Maximal
upslope side eccentricity index of 144.4% was calcu-
lated for Scots pine no. A063, located in the most
southern part of research site A, on western slopes of
the Szklarka valley. Minimal downslope side eccen-
tricity index (-350%) was measured in rings of silver
fir no. A567 in the north-eastern part of research site
B, on the eastern slopes of the Szklarka valley.

Table 2. The descriptive characteristics of the eccentricity
index calculated for sampled trees within the Sawicki
landslide

Abies Pinus All
Statistics alba sylvestris species
%
Minimum -350.0 -92.3 -350.0
Arithmetic average 4.8 -5.7 -0.4
Maximum 100.0 144.4 144.4
Standard deviation 8.0 7.0 8.3
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Influence of precipitation on the landslide
activity

The periods of landslide activity obtained on the ba-
sis of the dendrogeomorphological analysis were cor-
related with precipitation data. The precipitation rate
was computed for the hydrological year, calculated
from 1¢ of November to 31 of October. Wet years
were distinguished as those in which the annual sum
of rainfall exceeded 900 mm (Fig. 11). Wet years

were assigned to: 1970, 1974, 1980, 1983, 1985, 1998,

2001, 2009-2011. Annual rainfall, however, may not

always be reflected in a geomorphic activity, such as

landslide movements. In the dormant seasons the
amount of rainfall is low and has a smaller contribu-
tion to the total annual precipitation. Previous stud-
ies conducted within the landslides in Szymbark area

(Gil, Kotarba 1977, Gil, Starkel 1979, Gil 1997), as

well and personal observations revealed high impact

of heavy snowfalls on the activation of landslide pro-
cesses. There was no correlation between designated
periods of landslide activity and the total number of

rainy days in different seasons (Fig. 12).

In order to investigate the rainfall events before
1968, which could have substantial effects on the ac-
tivation of landslide features, the results of Twardosz
and Cebulska (2014) were used. Based on rainfall
data from different weather stations operating in the
Carpathians, the authors have designated months of
abnormally high monthly precipitation. The weather
stations selected for the precipitation analysis were
located average 34 km from Szymbark (Fig. 13). The
closest weather station is located in Krynica-Zdréj
(26 km), while the farthest station is situated in
Dukla (45 km from Szymbark). Month of abnormally
high precipitation for selected weather stations oc-
curred in periods: 1897-99, 1911-13, 1936-40, 1945-
48, 1970-74, 1980-82, 2000-01, 2004-10 (Fig. 14).

Gil and Dlugosz (2006) reported that landslides
occur in areas with favourable geological structure
such as Carpathian flysch, which fully saturated is
prone to the landslide activity. In the case of the Car-
pathians it was assessed that amount of a long-term,
continuous rainfall of 160 mm and more might result
in landslide triggering (Stupik 1973).

On the basis of dendrochronological studies, sig-
nificant correlation was observed between landslide
movements and precipitation:

— In the growing season of the years 1913, 1931,
1960, 1970, 1972, 1980, 1985, 1989, 1997, 1998,
2001, 2006, 2007, 2010.

— In the dormant season of the years: 1911, 1955,
1976, 1977.

In the years: 1920, 1935, 1937, 1941, 1973, 1975,
1981, 1983, 1990 and 2004 traces of landslide activity
were distinguished in the tree rings with a one-year
delay in relation to the years with high rainfall.
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Fig. 7. The number of landslide activity events registered in the growth rings of Scots pine and silver fir tree species within
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Fig. 8. Spatial variation of the landslide activity within the
research site A (Radial Basis Function interpolation)

Discussion

Dendrogeomorphological studies performed in the
frame of this study have been compared with pre-
vious studies conducted in the study area by means
of dendrochronological tools. Krapiec et al. (2004)
determined the landslide activity periods for the
following years: 1951-1953, 1965, 1971, 1973, 1977,
1981, 1986, 1988-1989, 1996-1997, 2000-2002
(Fig. 15). According to Nawrocka (2013) the land-
slide movements activity were recorded in the years:
1900, 1968, 1975, 1977-1979, 1983, 1988-1989,
1985, 1997-1998 (Fig. 15). In both studies there
was a lack of the records for episodes that occurred
earlier than those in the 50s of the 20" century
(except the landslide event recorded in 1900). This
is probably due to insufficient number of sampled
trees older than 60 years collected in the previous
studies (Nawrocka 2013). Since 1965, activity of
landslide movements has been observed and record-
ed by all researchers (Krapiec et al. 2004, Nawroc-
ka 2013) and also by Author. The results presented
in this study are similar to the results of Nawrocka
(2013), especially for the following periods: 1899-
1901, 1977-1979, 1983-1985, 1997-1998. This may
be associated with the fact that the same method of
dendrochronological dating was used in those stud-
ies, including assessment of annual variation of the
eccentricity index. In contrast, landslide movements

dated by Krapiec et al. (2004) are in accordance
with the dendrochronological record of Nawrocka
(2013) and Kiszka (2016) for the periods from 1977
to 1981, 1988 to 1989. Specifically, for the year 1977
and 1997. All of the studies conducted within the
Sawicki landslide demonstrated activation landslide
movements recorded in the tree rings. It should be
borne in mind that each study conducted within the
Sawicki landslide was performed in different parts
of the landslide, thus are characterized by diverse
landslide activity periods established for the study
area.

The resulting periods of landslide activity, ob-
tained in this study were characterized by only
partial reliance on the annual precipitation at the
Research Station in Szymbark. Based on dendrogeo-
morphological research, the activity of landslides in
wet years of 1970, 1985 and 2010 have been found.
However, there was no evidence of landslide move-
ments in a wet year 1974, while in 1980 and 1983 an
offset of a one year was found in the affected trees.
This delay could be due to the fact that the cambial
cells are formed only during the growing season, i.e.,
spring and summer (Zielski, Krapiec 2004, Rossi et
al. 2006). The analysis of the precipitation data in
semi-annual and quarterly periods proved a possi-
ble impact of high winter precipitation on landslide
activity in 1976 and 1977. The acquisition of an ab-
normally high monthly precipitation data (Twardosz,
Cebulska 2014) made it possible to compare the pre-
cipitation conditions with periods of landslide activ-
ity in the first half of 20t century. Following years
of a possible rainfall impact on the Sawicki landslide
activity were noted: in the growing season of 1913,
1931, 1960, and in the dormant season of 1911, 1955.
The offset of one-year in eccentricity of tree rings was
found for 1920, 1935, 1937 and 1941.

Analyzing the arithmetic average of eccentricity
index between the tree species, clear division was
observed. Growth rings of a Scots pine were char-
acterized by downslope side eccentricity, whereas
in the silver fir trees upslope side eccentricity was
observed. It is related to the position of the stud-
ied species of trees within the landslide. Scots pine
trees were located in southern part of the studied
landslide, which was characterized by low altitude
and close proximity to the Szklarka stream. Trees
of silver fir were situated much higher, within the
eastern slopes of the valley, just below the side ridge
of massif. Similar results were observed by Krapiec
and Margielewski (2000), who pointed out differ-
ent directions of tree trunks inclination depend-
ing in what part of the landslide they grew. Trees
from landslide niche and landslide packages were
the most inclined towards to the downslope side,
while trees from the highest part of the landslide,
i.e. growing above the main scarp, were inclined up-
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slope. Eccentricity of the rings was directly related
to the direction of the tree inclination. The values
of the eccentricity index revealed in this study have
shown that growth rings of firs and pines had an
upslope side and a downslope side eccentricity. This

is mainly due to the complex morphology of the
landslide. For example, above the side scarp most of
silver fir trees were inclined upslope side, however,
several trees within the crevices and steep packages
were characterized by a reverse position. The val-

i

s 1935 \SRE,

%
s N
.

Trees with growth ring disturbances O Other trees
connected with landslide movement

Fig. 9. The frequency of landslide activity events in different years within research site B, located in the southern part of the

Sawicki landslide in Beskid Niski Mts
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Fig. 10. Spatial variation of the landslide activity within the research site B (Radial Basis Function interpolation)
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Fig. 13. Location of meteorological stations in the vicinity of the Institute of Geography and Spatial Organization, Polish

Academy of Science, Research Station in Szymbark

ue of eccentricity index also might possibly depend
on other elements, such as exposure, temperature,
precipitation, wind, light, elevation, growing period
length and soil properties (Shroder 1975, Winches-
ter et al. 2007, Wistuba et al. 2013, Kaczka et al.
2015).

During the research it was noted that Scots pine
and silver fir are species that differ with, among oth-
ers: the hardness of wood, growth rate (which direct-
ly translates to their annual tree rings), the altitude at
which they grow, wood anatomy, shape of stem and
upper branches of a tree (i.e., Scots pines growing
on landslides are often curved and crooked, whereas
most of silver fir trees grow straight).

The trees of silver fir are very useful for the den-
drogeomorphological research. Mostly they grow
upright within the studied landslide and they pro-
duce narrow annual rings, which are more distinct
and more suitable for eccentricity index analysis.
However, silver firs have also some drawbacks;
namely from all of coniferous trees growing in the
Beskid Niski, fir wood is the hardest. During cor-

GAUGING GAUGING
STATIONS STATIONS
% 3| % x|
— —
SEEHE SEEHE
Z|Z|2|X Z|Z|2|X
RPN = RIS
20 o> >0 o[>
ol>[= ENE
PERIOD N PERIOD N
890 X1l 1954
111897 VI 1960
V 1898 11 1966
X 1899 V 1966
VII 1908 VII 1970
1911 VIII 1972
111912 VI 1974
VIl 1913 X 1974
11916 11976
1V 1916 111977
V 1919 VII 1980
11920 X 1980
1X 1931 X1l 1982
VIl 1934 VIl 1985
11 1936 V 1989
X 1936 1X 1996
VIII 1938 VII 1997
V 1939 VII 2000
X 9 VI 2001
V 1940 11 2004
11 1946 VI 2006
X11947 1X 2007
VI 1948 1112009
11 1952 V 2010

ing procedure in the field it was noted that fir wood
crumbles and breaks more often than pine, spruce

or larch.

Fig. 14. Anomalously high monthly precipitation for select-
ed periods recorded in the meteorological stations in the
vicinity of the Institute of Geography and Spatial Organ-
ization, Polish Academy of Science, Research Station in
Szymbark (Twardosz, Cebulska 2014)
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quency of landslide activity events dated through dendrogeomorphological methods across various researchers (B)

Conclusions

The dendrogeomorphological method allowed to de-
termine the spatial variability of a landslide activi-
ty. Specifically, the results of the study have shown
that the highest landslide activity was characterized
for the northern part of the research site B and the
south-western slopes of the Szklarka stream valley
(site A). The main limitation of this method is the
possibility to use only in the forest area. The time span
of the landslide activity reconstruction was limited
by the age of studied trees. Silver firs were the oldest
trees reaching up to 20 years. The age of the oldest
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silver firs made it possible to determine the Sawicki
landslide activity for the early twentieth century.
Analysis of annual variation of the eccentricity in-
dex, calculated for Scots pine and silver fir, revealed
the years with the greatest landslide activity in: 1899,
1901, 1905, 1910, 1913-1914, 1920-1921, 1929-1931,
1935, 1937, 1945, 1977, 1979, 1981, 1984-1985, 1990,
1992-1993, 1997, 2003-2004, 2006, 2010-2012. The
period 1890-2012 was divided into three cycles of
varying intensity of mass movements: period 1885
- 1945 with many landslide episodes, period 1946-
1976 with little landslides activity, and the third peri-
od (1977-2012) with the largest number of landslide



Dendrochronological study of the Sawicki landslide activity in the Beskid Niski Mts (Polish Flysch Carpathians)

events. The periods of the Sawicki landslide activity
obtained in this study are similar to results achieved
by Krapiec et al. (2004) and Nawrocka (2013) for the
northern and central part of the study area.

The eccentricity index values established for the
Sawicki landslide ranged from -350% to 100% for
the silver fir and from -92.3 to 144.4 for the Scots
pine. Mean values of the index indicated the positive
eccentricity of Abies alba and negative eccentricity
for Pinus sylvestris. It was dependent on the position
within the landslide and the inclination of the tree
trunks analysed. Studies have shown only a partial
dependence between precipitation sums and land-
slide episodes, which are more commonly occurring
during the growing seasons.

The differences in the growth reaction between
two studied coniferous tree species under the land-
slide movements influence were revealed. Silver fir
(Abies alba) has greater application than the Scots
pine (Pinus sylvestris), but it’s sampling is more chal-
lenging due to larger hardness and brittleness of the
wood.
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