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We applied dendrochronological analysis to study an extensive (~2.5 km long) complex-type landslide in the Beskid Niski
Mountains (Polish Flysch Carpathians), which was rejuvenated in historical time (the earliest transformation occurred in
1913). We used three complementary methods (dating of eccentricity of annual growth rings, eccentricity indices, and analy-
sis of reaction wood), based on seven species of deciduous and coniferous trees. A total of 204 trees were sampled and 408
cores collected using a Pressler increment borer. Based on the dendrochronological analysis, the activity of various parts of
the landslide in the past century is presented, which appears to have been diverse and influenced mostly by precipitation.
The upper part of the landslide was active from the 1920s until the 1940s. In the middle section of the landslide, intensifica-
tions of gravitational movement were repeatedly recorded after intense rainfalls throughout the entirety of the last century.
The highest landslide activity was dendrochronologically detected in the 1980s and 1990s. Increasing landslide activity dur-
ing so-called “dry years” may have been related to quick drying of the bedrock, resulting in changes in rock strength parame-
ters. Our results indicate significant susceptibility of this particular slope-valley geosystem in response to even slight
hydrogeological changes (including dryness), which can trigger ground movement.
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INTRODUCTION tivity of mass movement enables determining the distribution of
landslide movements over time, and reconstructing landslide
history (Braam et al., 1987a, b; Kragpiec and Margielewski,
1991, 2000; Corominas and Moya, 1999; Stefanini, 2004;
Stoffel et al., 2013; Silhan and Stoffel, 2015). The dendro-
geomorphological studies aimed at identification of climatic
conditions affecting the development and activity phases of
landslides, concerning also numerous landslides in the Beskidy
Mountains, and data for a large part of the Polish Western
Carpathians have been collected (Krgpiec and Margielewski,
1991, 2000; Krgpiec and Raczkowski, 2005; Kragpiec et al.,
2008; Kiszka, 2016).

Dendrogeomorphological analysis presented in the paper
was carried out on an active landslide (~2.5 km long) called the
Sawicki Landslide, situated in the Beskid Niski Mountains within
the Flysch Carpathians. This landslide has been already ana-
lysed using one of the dendrogeomorphological methods,
namely the deconcentricity method (Krapiec and Raczkowski,
2005; Krapiec et al., 2008; Nawrocka, 2013; Kiszka, 2016). The
aim of our study is to reconstruct the history of Sawicki Land-
slide activity, using complex three complementary methods:
» Corresponding author, e-mail: szycha@geol.agh.edu.pl dating of eccen.tricity of apnual growth rings, eccentricity indi-

. ) ) e ces, and analysis of reaction wood, based on seven species of
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published online: December 20, 2019 deciduous and coniferous trees.

Annual tree rings provide various data regarding environ-
mental conditions and changes. Dendrochronological analysis
is used to reconstruct sequences of various geological (Baillie,
2008; Bekker, 2010), geomorphological (McAuliffe et al., 2006;
Bollschweiler et al., 2009; Stoffel et al., 2012) and hydrological
processes (StGeorge and Nielsen, 2002; Stoffel and Wilford,
2012). Tree rings also record anthropogenic pollution (Oleksyn,
1988; Malik et al., 2012). Dendrochronological analysis, as well
as isotopic analysis of subfossil trees, is used to reconstruct
palaeoenvironmental (mainly palaeoclimatic) changes (Pazdur
et al., 2005; Edvardsson et al., 2012; Krapiec et al., 2016).
Moreover, living trees record evidence of mass movement ac-
tivities (i.e. ground destabilization) in their annual rings (Ale-
stalo, 1971; Shroder, 1980; Braam et al., 1987a, b; Krgpiec and
Margielewski, 1991, 2000; Stoffel et al., 2013). Application of
dendrochronological methods for the reconstruction of past ac-
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STUDY AREA

The study was carried out on a vast active complex-type
landslide called the “Sawicki Landslide” after its first investiga-
tor, Ludomir Sawicki. The investigation locality is presented in
Figure 1. Several factors were considered to chose of the sam-
pling strategy to meet the research objects. They include the
presence of distinct elements of the landslide relief, traces of
secondary landslide motions, as well as the fact that the vast
landslide area is forested by a multi-species stand of trees of
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sufficient age to provide information regarding gravitational
movements over at least the last 100 years.

The landslide is located in the Polish Flysch Carpathians, in
an area of three tectonic units (Magura, Dukla, Silesian) over-
thrust to the north-east. All three units consist of sandstone-
-shale flysch that was deposited from the Late Cretaceous to
the Early Miocene (Swidzihski, 1973; Kopciowski et al., 1997,
2014; Jankowski, 2007, 2015). A large part of study area is cov-
ered by Quaternary sediments. Flysch massifs, occurring in the
study area, are strongly folded and faulted (Jankowski, 2015).
Tectonic discontinuities, as well as chaotic complexes (e.g.,
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Fig. 1. Location of the Sawicki landslide area: A — landslide location; B — landslide on the digital (LIDAR) terrain model;
C — trees with deformed trunks overgrowing the landslide area
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olistoliths, tectonic mélanges) occurring in the Beskid Niski
Mountains (Jankowski, 2007), are favourable for mass move-
ment formation in these parts of the Outer Carpathians. Relief is
generally related to the geological structures, including differ-
ences in bedrock strength (Starkel, 1960), position of the flysch
massifs in the structure of the Carpathian orogen (Jankowski
and Margielewski, 2014), and the disjunctive tectonics deter-
mined by the occurrence of numerous faults, or even tectonic
meélange zones, often used by river valleys (Jankowski, 2007).
The study area is conspicuous by the occurrence of relief ele-
ments typical for both the Carpathian foothills and Beskidy
Mountains (Kotarba, 1986). The typical relief type for the
Beskids consists of inversely carved ridges that formed within
syncline or monocline structures, composed mostly of thick-
-bedded weathering-resistant Magura sandstones. The ridges
in the foothill zones are more fragmented, and the hills are gen-
erally gentle with broad and even plateau tops and steep slopes
(Starkel, 1960; Kotarba, 1986).

The Beskid Niski Mountains is an area of ubiquitous land-
slides that strongly transform the relief. In fact, the effects of
mass movement in this mountain range are so well manifested
thatit is the area where the term “landslide-type” relief was first
introduced (Starkel, 1960). In this area, slopes are heavily
changed by mass movement, and landslides locally cover up
to 30% of their surface (Kotarba, 1986; Dtugosz, 2011; Mro-
zek, 2013), are formed also currently (Lajczak et al., 2014).
The most common are small landslides (usually <10 ha).
Large areas are occupied by landslides that formed by the
overlapping and merging of smaller forms. In terms of the
character of gravitational displacements and type of material
displaced, these are mostly rotational, translational and com-
pound landslides, encompassing both the bedrock and slope
covers (Zabuski et al., 2009). The variation in bedrock lithol-
ogy and strength (e.g., rigid thick-bedded sandstones overly-
ing susceptible shales) and tectonic conditions (e.g., strongly
jointed rock massifs cut by numerous faults occasionally
forming tectonic mélange — Jankowski, 2007, 2015) are con-
ducive to the frequent occurrence of mass movement (Bober,
1984; Zabuski et al., 2009). Intensification of the mass move-
ments in this part of the Beskid Niski Mountains took place in
the Early and Late Holocene (Gil et al., 1974; Wojcik et al.,
2006), when landslides formed, developed and transformed in
cyclical periods of climate humidity, for which extreme or
long-term precipitation events were recorded (Gil et al., 1974;
Alexandrowicz, 1996; Starkel, 1997; Margielewski, 2006,
2018; Margielewski et al., 2010).

The landslide analysed in this study is located north-west of
Szymbark (Gorlice county) on the southern slopes of Mt.
Maslana Géra (753 m a.s.l.) (Fig. 1A). Itis an old, large com-
plex-type landslide, dated to the Middle Holocene (Sawicki,
1917; Wojcik et al., 2006; Rgczkowski, 2007b; Raczkowski and
Zabuski, 2008). The landslide has a total surface area of
151.1 ha and a length and width of 2846 and 500 m, respec-
tively (Fig. 1A, B). It extends at the elevation between 345 to
725 m a.s.l., stretching over almost the entire Szklarka Creek
catchment.

The upper part of the Sawicki Landslide was formed in the
thick-bedded Magura sandstones of the Maslana Géra Syn-
cline, whereas the middle and lower parts were formed in the
Ciezkowice and Mutne sandstones (intercalated by varie-
gated shales) of the Szymbark Slice (Kopciowski et al., 1997,
2014). The lowest part of the landslide is formed in the Ino-
ceramian Beds.

The main scarp of the landslide is steep and almost 30 m
high. Multiple secondary scarps, up to several metres in height,

formed within the landslide body below the main one during
secondary movements. The thickness of the colluvium is esti-
mated to be ~30 m (Raczkowski, 2007b). The colluvium con-
sists of boulders, clays with debris, blocks, and detrital material
(Fig. 1B; Raczkowski, 2007b). In the middle of the landslide,
damming of the creek by the colluvial material has resulted in
the formation of a small lake. The landslide is periodically ac-
tive, particularly under wet hydrometeorological conditions. It
was rejuvenated in 1784 and completely remodelled in 1913
(Sawicki, 1917; Krapiec et al., 2008).

MATERIALS AND METHODS

SAMPLING AND MEASUREMENTS

This study concerns living trees growing on the Sawicki
Landslide, as well as stable areas in the close vicinity of the
landslide. The sampling, conducted in two research periods in
2003 and 2011, resulted in the collection of 408 samples
(cores) from 204 trees using a Pressler increment borer. The
trees selected for sampling were visually assessed as healthy,
dominating and devoid of visible canopy damages or loss of the
assimilatory apparatus. The exact location of the individuals
was determined using GPS.

A total of 174 trees of various species (both coniferous and
deciduous, ring porous and diffuse porous) were sampled from
the landslide area (Table 1). The core samples were collected
from trees exhibiting visible changes in the morphology of their
trunks, such that they were deformed and rotated by self-adjust-
ment to a vertical position (Fig. 1C). For each tree in the
dendrogeomorphological study, two samples were taken from
both the slope-facing (upslope) and opposite (downslope) sides
of the trunk at its maximum bend.

Samples were also taken from trees growing on stable
slopes without any traces of gravitational movements. Two
cores were acquired from each of 10 trees of the following spe-
cies: fir (Abies alba Mill.), European larch (Larix decidua Mill.),
and Scots pine (Pinus sylvestris L.), yielding a total of 60 sam-
ples. These samples have been used in a comparative study,
providing material to construct local chronologies. Sample
preparation and analysis were carried out in the Dendro-
chronological Laboratory of the AGH — University of Science
and Technology in Krakéw (Poland) using the DENDROLAB
measurement set. Measurements of the annual tree-ring width
were made with 0.01 mm accuracy on a properly crafted
cross-section (i.e. transversal surface) from the core to the

Table 1

Tree species sampled on the Sawicki Landslide

Number of trees

Silver fir (Abies alba Mill.) 99
European larch (Larix decidua Mill.) 45
Scots Pine (Pinus sylvestris L.) 33

camore maple 15
( cer pseudoplatanus L.)
Common Beech (Fagus sylvatica L.) 5
Norway Spruce (Picea abies Karst) 6
Scots elm (Ulmus glabra Huds.) 1
TOTAL 204 trees (408 cores)
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youngest ring. The measured sequences were processed us-
ing TREE-RINGS (Krawczyk and Kragpiec, 1995) and
QUERCUS (Walanus, 2005) program packages. Trees grow-
ing on landslides are rarely older than 100 years. The longest
sequence consisted of 137 tree rings and dated back to the
year 1875.

DENDROGEOMORPHOLOGICAL
ANALYSIS

In the case of possibility of determining the period of gravita-
tional bedrock displacements, the dendrogeomorphological
analysis was carried out using three different methods.

Based on the eccentricity of annual increments, we used:

— analysis of pairs of tree-ring patterns of trees growing on
landslide areas (Braam et al., 1987a, b; Krapiec and Mar-

gielewski, 1991, 2000),

— reaction wood analysis (Alestalo, 1971; Shroder, 1980),
— eccentricity index evaluation (Malik and Wistuba, 2012).

Reference chronologies were also constructed for conifers.

Dendrochronological curves (dendrograms) were produ-
ced from the measured sequences of annual increments of
trees growing on the landslide area. The dendrochronological
curves for individual trees are presented in pairs, representing

upslope and downslope sides of the trunks. The eccentricity of
the annual growths on the dendrogeomorphological curves is
expressed as a long-term divergence of dendrograms, when
the width of the ring on one side of the trunk suddenly in-
creases or decreases compared with the opposite side
(Braam et al., 1987b; Krapiec and Margielewski, 1991; Fig. 2).
A characteristic distribution pattern of the dendrochronological
curves, connected with their rapid divergence caused by a
change in the ratio of annual growth widths in the upslope and
downslope parts of the trunk, is considered an indicator of
mass movements, which allows estimation of their time range
(Shroder, 1980; Corominas and Moya, 1999; Krgpiec and
Margielewski, 2000). The most important information for dat-
ing landslide events was the initial stage of this process. Diver-
gence periods, as well as the years when reaction wood was
formed, were identified for each pair of curves. Clear events
(i.e. sharp divergence of dendrograms) were linked to the on-
set of the mass movement that caused deformation to the tree
trunks, whereas reaction wood was helpful to identify episodes
of landslide movement (Krgpiec et al., 2008). Spatial analysis
of the acquired results allowed tracking of the changes in the
intensity of the landslide processes across various parts of the
landslide. The results are the basis for the compilation of land-
slide activity maps for individual years or periods of several
years.
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Fig. 2. An example of dendrogeomorphological analysis based on samples
taken from fir trees growing on the landslide area (Saw19)
and on the stable area (Saw80)

The periods in which the dendrograms from the downslope (A) and upslope (B) part of
trunk diverged are marked in grey; the extent of reaction wood is marked on the axis
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Within the framework of research carried out on the Sawicki
Landslide in 2011, the method of tree-ring eccentricity index
evaluation was used according to the formulas proposed by
Wistuba and Malik (2011; see also Malik and Wistuba, 2012):

Ex = Ux-Dx
Eix = (Ex/Dx) x 100% (if D > U)
Eix = (Ex/Ux) x 100% (if D < U)
VEix = Eix—Eix—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 eccentricity in milimetres and the eccentricity index
percentiles were calculated based on measured sequences of
annual growth width from both sides of the trunks (i.e. down-
slope and upslope). These indicators were determined both for
each tree as a whole and separately for each annual growth
ring. The year-to-year variability of eccentricity index indicators
was used for dating the beginning of ground movement. This
was calculated as the difference between index values in a
given year compared with the previous one. The threshold val-
ues for dating periods of gravitational movement were deter-
mined based on results for the trees growing in stable terrains
as an arithmetic average of the deconcentricity index.

RESULTS

LOCAL CHRONOLOGIES
FOR CONIFEROUS TREES SPECIES

Based on 60 annual growth sequences, obtained from 30
trees of the three coniferous species growing in areas unaf-
fected by deep mass movements, samples with the highest
similarity were chosen for further analysis. Dendrograms con-
structed for the selected trees are devoid of disorders (e.g.,
growth depressions). Identification of the best fitting individual
sequences, the maximum values of their calculated correlation
coefficients, and the visual resemblance of curves were taken
into account. In this way, at least 10 sequences were selected
for each species. Dendrochronological patterns were con-
structed, after being averaged, as the local and standard chro-
nologies (Szychowska-Krapiec, 2010), which primarily reflect a
climatic impact. Further analyses accounted for divergence of
the dendrochronological curves and tree-ring eccentricities,
which are diagnostic of the mass movements, and were in-
cluded in a definite trend associated with climatic or anthro-
pogenic factors (Krgpiec and Margielewski, 2000).

COMPARISON OF PAIRS OF DENDROCHRONOLOGICAL
CURVES WITH REACTION WOOD ANALYSES

A pair of dendrograms was drawn for each tree growing in
the landslide area, and the extent of reaction wood occurrence
was recorded. For example, three periods of dispersion curves
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Fig. 3. Distribution of the landslide activity signals generated by: A — initial year of a long-term
divergence of dendrograms; B — eccentricity index evaluation method for each year
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were identified for fir growing on colluvium in the middle of the
landslide (tree No. Saw19 — see Fig. 2). As the core sampled
from the upslope side of the trunk was incomplete, the begin-
ning of the first phase of gravitational ground movement could
not be precisely identified. A distinct zone of reaction wood
could be observed in the period 1955-1963. High eccentricity of
annual growth and, in turn, significant divergence of dendro-
grams for the slope-facing and opposite sides of the trunk
lasted until 1980. Another reaction wood zone began to form in
1997 and continued until the youngest ring of the sampled core
was collected in 2011. Within this zone, the years in which di-
vergence of the dendrochronological curves began (i.e. 1997
and 2008) could be considered diagnostic for ground move-
ment. The interpretation presented above was applied to all
samples analyses from the investigated landslide. Analysis of
dendrochronological curves also demonstrates that the graphs
for the landslide slope and stable areas are significantly differ-
ent. Graphs for the reference trees are devoid of considerable
periods of divergence from the dendrochronological curves.
Moreover, in most cases, there was no reaction wood. The
curves have similar and approximately parallel courses, in
which the periods of single years with very low eccentricity alter-
nate (Fig. 2).

A summary of the initial diagnostic periods (i.e. years for
which the dendrochronological curves of the opposite radii
drifted apart and reaction wood occurred), that indicate initial
displacement dates, was used to illustrate the movement inten-
sity in individual years (Fig. 3A). The graph clearly marks the
years for which many trees responded to ground movement.

Less data are available for the period prior to 1930, which is
probably the reason for the small number of trees showing a re-
action in the summary for those years. The oldest sampled tree
with a reaction within annual growth was dated to 1889. Figure
3A shows that the maximum number of tree reactions, visible
as a characteristic dendrogram divergence from the opposite
parts of the trunk, took place in 1981 (25 trees; 14% of those
growing on the landslide) and 1997 (23 trees; 13%). A large
number of trees responsive to ground movement was also ob-
served for 1971 (17 trees; 10%), 1977 (16 trees; 9%), 1961,
1973, 1986, 1988 (14 trees; 8%), 1951, 1965 (13 trees; 7%),
1953, 1993 (12 trees; 7%), 1989, 1998, and 2000 to 2002 (10
trees; 6%). After 2000, the number of responding trees is signif-
icantly smaller, but the landslide body is still not completely sta-
ble (Fig. 3A, B). In 2010-2011, none of the surveyed trees re-
corded an initiation of the reaction (i.e. divergence of curves).
However, the annual ring eccentricity of numerous trees could
be observed until the final analysis year (2011), which indicates
that these trees did not return to the equilibrium state.

The vast majority of reaction wood zones in the analysed
trees overlapped entirely or partly with the determined periods
of dendrogram divergence. These differently developed annual
growths occurred most frequently in the same years for which
the dendrochronological curve divergence was identified or with
one-year latency, and, less often, two years later. These results
demonstrate a definite delay in the process of developing reac-
tion wood within the annual rings. This may be associated with
the occasionally long process of tree’s return to the upright posi-
tion, from which it had been shifted due to ground movement.
The results also indicate that reaction wood is not always asso-
ciated with the eccentricity of annual growth.

The reactive trees (i.e. trees that exhibited deconcentric
tree ring growth over a given time period and/or the reaction
wood) are summarized on maps created for either decades or
individual years (Fig. 4). As a consequence, it has been possi-

ble to reconstruct landslide activity over the last 100-year pe-
riod. However, this landslide, as shown by both the oldest trees
examined in this study and data from the literature, was active
before this period. From the 1920s to 1940s, the upper part
(near the concave scarp) and the middle part of the landslide
were active. After 1951, movement was recorded over almost
the entire area of the landslide body covered by the forest, from
the scarp to its middle part. Movement of the bedrock in similar
zones continued until the end of the century. A clear decrease in
the number of reactive trees in the upper and especially in the
head parts of the landslide is noted to have occurred since 2000
when a decrease in landslide activity took place. By comparing
the maps, it can be seen that the middle part of the landslide
was the most active segment from which motion was recorded
over the entire study period. Generally, the highest activity was
recorded in the 1980s and 1990s.

ECCENTRICITY INDEX EVALUATION

The eccentricity in millimetres, calculated for coniferous
trees growing on the landslide, ranged from —125.46 mm to
138.45 mm, and from —-37.63 mm to 70.14 mm for the
benchmarks. The eccentricity index calculated for the entire
tree trunk varied from —114.29% to 113.06% for trees growing
on the landslide, and from —16.88% to 33.34% for trees growing
in a stable area.

Movement indicators were observed in 33 conifers from the
Sawicki Landslide based on the formerly calculated thresholds.
The oldest signal of the motion occurred in 1900. A total of 536
signals were dated; 265 (49.4%) were related to the upslope ec-
centricity and 271 (50.6%) to the downslope eccentricity. Index
values for the benchmark trees growing on a stable surface os-
cillate around 0%, rarely exceeding 100%. Index values are
high for trees growing on the landslide, which confirms that they
grew on unstable ground. The maximum eccentricity index val-
ues are 2588.9% (landslide) and 339% (benchmarks) for the
upslope eccentricity —2200%, and —463.6% for the downslope
eccentricity.

Variability of the number of dated signals related to gravita-
tional mass movements for individual years in the entire period
of 1900-2011 was analysed (Fig. 3B and Table 2). The greatest
number of activity signals recorded in tree rings was seen in the
years 1997, 1998 (14 specimens, about 42% of the analysed
trees) and 1968 (13 specimens, about 39% of the analysed
trees). A large number of signals was also observed for 1975,
1977, 1978, 1979 and 1988 (12 specimens, 36% of the ana-
lysed trees) and 1983, 1984, 1985 and 1989 (11 specimens,
~33% of trees).

DISCUSSION

Periods of gravitational ground movement, as determined
using dendrochronological methods, were correlated with cli-
matic data, such as precipitation records in the vicinity of the
Sawicki landslide. The humid years were designated based on
precipitation and temperature data from 1968-2011 obtained
from the Polish Academy of Science Meteorological Field Sta-
tion in Szymbark. The highest total precipitation, exceeding
1000 mm, was recorded in Szymbark five times during that pe-
riod, with the highest values in 1974 (1164 mm) and in 2010
(1137 mm). Only some of the years of strong tree reaction
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Fig. 4. Distribution of trees on the landslide area, showing the response to the ground movement

could be directly related to high rainfall years or those follow-
ing high rainfall years in the vicinity of Szymbark. For instance,
1981 was characterized by a strong tree response that may
have been connected with extreme total rainfalls recorded in
1980, during which the total vegetation period rainfall amoun-
ted to 910.5 mm. Although heavy rains caused flooding in
1997 in southern Poland, that year was only slightly more hu-

mid than average. However, a clear response of trees from
that year was noted, indicating intensification of gravitational
movements of the ground. Our results demonstrate that the di-
rect impact of landslide activity is reflected in trees almost im-
mediately in years of high total rainfall (e.g., 1973, 1997,
1998), or with a delay of one year (e.g., 1971, 1981, 1986,
2011; Fig. 4 and Table 2).
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Table 2

Comparison of the years with the highest numbers of trees exhibiting

diagnostic changes identified by the analysis of pairs
of dendrochronological curves of opposite radii
and by the eccentricity index method

that cause transformation of internal mechanical
properties of rock massifs, such as, e.g., shear
strength (Brunsden, 1979). Besides the sudden in-
crease in moisture of rocks, these factors include
drying of bedrock and lowering of groundwater table.

Abrupt drying can cause rapid shrinkage of the rock
medium (mainly clays and silts, in which cracking oc-

curs due to drying; Brunsden, 1979). The most con-
ducive to the formation of mass movements is the

successive spreading (expansion) and contraction

of the substrate rocks as a result of changes in hu-

midity such as intense precipitation, followed by ex-

tremely dry periods (Brunsden, 1979; Selby, 1993).

Decade denéArQSHrf)irS]ocl)I)gi?:glsggrves Eccentricity index
1950-1960 1951
1960-1970 1961, 1965 1968
1970-1980 1971, 1973, 1977 1975, 1977, 1978, 1979
1980-1990 1981, 1986, 1988, 1989 | 1983, 1984, 1985, 1988, 1989
1990-2000 1993, 1997,1998 1997
2000-2011 2000-2002

Owing to the complex geological structure of the

The years with the highest number of diagnostic episodes for ground movement

are in bold

In other cases, slope activity can be triggered under the in-
fluence of other factors, which are difficult to interpret based on
climate data. If favourable, these factors may lead to the re-
newal of mass movement precipitation over a wider area, in and
around the Beskid Niski and Beskid Sadecki Mountains, as oc-
curred in 1897, 1906, 1934, 1955, 1958, 1970, 1973, 1983,
1997, 1999 and 2002. Also in this case, ground movement oc-
curred only in some of the years, in 1973, 1997 (with a one-year
delay) and 1970 (movement episode in 1971), as registered in
annual growths.

In the following “humid” years (during which great precipita-
tion was recorded) the ground gravitational displacements were
reflected in tree rings (Table 2):

— 1980 was reflected with a one-year delay, very strongly in
the analysis of pairs of dendrochronological curves, but less
distinctly in the eccentricity index method,

— 1985 was reflected in the eccentricity index evaluation, and
with a one-year delay in the analysis of pairs of dendro-
chronological curves,

— 1970 was reflected with a delay of one year, very strongly in
the analysis of the curves, less distinctly in the eccentricity
index method,

— 1974 was the year of record total rainfall, although it was re-
flected with a one-year delay only in the eccentricity index
method,

— 2001 was not reflected in any of the methods used.

Numerical modelling of the slope of Mt. Maslana Gora
(Raczkowski and Zabuski, 2008) demonstrated that even a
slight increase in rainfall could trigger movement in the upper
part of the landslide, subsequently intensifying and covering
wider parts of the landslide body. Our results seem to confirm
that hypothesis — in humid and very humid years and in the im-
mediately following ones, as displayed by the annual growths of
trees growing on the entire surface of the landslide (e.g., 1981).
However, the strong reaction of the tree rings in “dry” years oc-
curring after equally dry ones (e.g., 1977), or in years with low
total annual rainfall after the average ones, is puzzling.

The mass movement activity was usually associated with
strong precipitation (e.g., Dikau et al., 1996; Turner and
Schuster, 1996; Starkel, 1997). Nevertheless, formation of a
landslide is associated with a drastic, abrupt change of factors

Sawicki Landslide bedrock (shales interbedded by
sandstones), dehydration could have played an im-
portant role in the initiation of mass movements. It is
also possible that landslide activity in dry periods
could be related to a low-magnitude earthquake (see
Wistuba et al., 2018) in the Beskid Niski Mts. (Guterch and
Lewandowska-Marciniak, 2002).

CONCLUSIONS

An increase in the activity of particular parts of the land-
slide, registered in the annual increments of trees in periods of
high rainfall, among others in 1934, 1970, 1972, 1980, 1997
and 2010 (often recorded in the annual increments one year
later), seems unambiguous. However, dendrochronological
signals indicate that the onset of ground movements also oc-
curs in dry years (e.g., in 1977) or low-rainfall years, which im-
plies a significant susceptibility of this specific slope-valley
geosystem (Sawicki Landslide transforms the creek up-valley
to its sources) to slide movements, even upon minor hydrolog-
ical changes. Among the external factors currently discussed
in the literature, initiation of the mass movements could also
be related to quick drying of the ground, resulting in changes in
rock strength parameters. Due to the occurrence of landslides
in hydrologically active zones (spring areas, creek valley with
minor tributaries), even a small amount of rainfall can result in
disequilibration of the dynamic balance between landslide
masses and the ground.

The dendrogeomorphological analysis, carried out with
three independent methods (eccentricity of annual growth rings,
eccentricity indices, and analysis of reaction wood), highlights
their complementarity for the reconstruction of periods of
ground transformation resulting from mass movements. Com-
parable results obtained using dendrogeomorphological analy-
sis carried out for various tree species extend the possibilities of
using dendrochronological methods for dating secondary gravi-
tational movements.
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