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The Falsztynski valley, in the eastern part of Podhale, Poland includes a low terrace spanning the stream channel, the struc-
ture of which has been studied in nine profiles. Five gravel levels and five mud levels with plant and abundant mollusc re-
mains are described, temporally constrained by ten radiocarbon dates. The terrace deposits represent the terminal part of
the Atlantic Phase and all of the Late Holocene. The mollusc analysis helped identify phases of environmental change, nota-
bly one in the Middle Ages connected with intensive settlement activities in the area of Podhale. These include deforestation,
affecting mollusc communities with replacement of forest assemblages by open-country species. The gravel levels records
increased fluvial activity periods correlated with humid climate phases. It is possible to distinguish five such periods corre-
sponding to the transition of the Atlantic and Subboreal phases, the middle part of the Subboreal Phase, the transition of the
Subboreal and Subatlantic phases, the younger part of the Subatlantic Phase, and the last 200 years. These correspond to
the periods of increased fluvial activity in the valleys of other Carpathian rivers.
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INTRODUCTION

The Holocene represents an interglacial phase that fol-
lowed the recession of continental glaciers from Europe some
10,000 years ago. It is a phase of relatively warm climate fa-
vouring the expansion of forest communities, initially conifer-
ous, later mixed and deciduous, into the area of Central Europe.
Itis also the interval of the development of human economy and
the progression of anthropogenic pressure associated with it.
Human activities left their mark in various parts of the area and
with different intensities. In general, the mountain areas pro-
vided more difficult conditions for colonisation and economic
activities than the lowland and upland parts. Therefore, human
impact in the mountains appears significantly later, often even
during the most recent centuries. During the Holocene, the
warmer climatic phases were interspaced with cooler phases,
and more humid periods with drier ones. Those fluctuations sig-
nificantly affected the course and intensity of geological pro-
cesses. The cooler and more humid periods were marked by
phases of glacier invasions in the Alps (e.g., Patzelt, 1977;
Bortenschlager, 1982; Nussbaumer et al., 2011) and in Scandi-
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navia (Karlen, 1988; Nesje, 2009), by elevated water levels in
both in mountain lakes (e.g., Magny, 1993, 2004; Holzhauser et
al., 2005) and lowland lakes (e.g., Ralska-Jasiewiczowa and
Starkel, 1988; Wojciechowski, 1999; Alexandrowicz, 2013a),
as well as by phases of intensification of mass movements
(e.g., Alexandrowicz, 1997a, 2013b; Starkel, 1997;
Margielewski, 1998, 2006; Dapples et al., 2002). The record of
humid climatic phases is very evident in the profiles of alluvial
deposits, principally in the form of erosive surfaces and gravel
levels. In the Polish Carpathians, studies of these deposits and
processes have a long tradition. Numerous recorded profiles
have permitted the distinction of a number of periods with inten-
sified river activity and their correlation with phases of climate
humidity (e.g., Starkel et al., 2006, 2015; Gebica, 2011, 2013a,
b). However, the great majority of these analyses are concen-
trated in the valleys of major rivers, and the valleys of smaller
rivers and streams have not been studied so closely in this re-
spect.

The finer river deposits (sands and muds) often contain the
shells of subfossil molluscs. Within the gravels, shells occur
much more rarely, because they were rapidly crushed and re-
moved from the sediment. The presence of calcium carbonate
which limits the possibility of chemical dissolution of the shells,
chiefly by organic acids, is also essential (Alexandrowicz and
Alexandrowicz, 2011).

The present study is devoted to two major issues. Firstly,
the sequence of faunal assemblages provides a basis for re-
constructing palaeoenvironmental change within Falsztynski
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Fig. 1. Location of

Stream valley, particularly as regards the effect of climate
changes and human impact. Secondly, climatic phases are dis-
tinguished, particularly the periods of increased humidity show-
ing as increased intensities of fluvial processes, and correlated
with records of comparable events in other river valleys, includ-
ing analyses of lake sediments affected by landslides and of
changes of glacier ranges within Europe.

STUDY AREA

The study area is situated within the Podhale Basin. Itis an
intermontane depression surrounded by the elevated massifs
of the Beskidy Mountains to the north, and of the Tatra Moun-
tains to the south. The basin is filled with Paleogene flysch,
gently folded in the Lower Miocene. In the northern part of the
area there is a belt of strongly deformed Jurassic and Creta-
ceous limestones forming the Pieniny Klippen Belt
(Birkenmajer, 1977, 1986a; Golonka et al., 2018). The
Falsztynski Stream cuts through the formations of the Pieniny
Klippen Belt via the tectonic zone situated in its substrate
(Birkenmajer, 1986b). The valley studied is situated in the
eastern part of the Podhale region (Fig. 1). The Falsztynski
Stream is ~2 km long. Its sources are situated at ~650 m a.s.I.
in the Branisko massif. Originally, it was a right-bank tributary
of the Dunajec River. However, after a dam was built at
Niedzica, it now empties into Lake Czorsztyn (Figs. 1 and 2).
The stream channel is limited by a terrace up to 2 metres high,
but usually not exceeding 1.5 m. The valley itself has a rela-
tively wide, flat floodplain and only in its highest part assumes
the appearance of a V-shaped valley. Near the end of the 20th
century, the slopes and floor of the valley were deforested and
taken over by cultivated fields, grasslands, and pastures. In
the last ten years or so, farming activities have been much lim-
ited, and this has resulted in a marked expansion of forest
within the valley.

the study area

MATERIAL AND METHODS

Field studies over several years established profiles within
the low terrace stretching along the bed of the Falsztynski
Stream. Initially, the analyses covered five profiles, with prelimi-
nary results included in a monograph on the Quaternary
molluscs of the Podhale region (Alexandrowicz, 1997b). Stud-
ies conducted subsequently included a detailed analysis of the
structure of the lower terrace of the Falsztyriski Stream, obtain-
ing further mollusc remains (in four more profiles), and material
for radiocarbon dating (10 dates). In all, the studies were based
on nine profiles (including one situated in the lowest part of the
valley, now flooded by the waters of the Czorsztyn Lake; Fig. 2).
The mollusc samples were collected in particular profiles in cor-
respondence with lithology. Their mass was ~2-3 kg. In total,
with 100 samples were collected. Gravel samples were devoid
of molluscan shells or contained at most crushed and unidentifi-
able shell fragments. Within the muds, the molluscs were abun-
dant and well-preserved. Laboratory procedures included
washing the material through sieves with a 5.0 mesh size. After
drying, the mollusc shells and their fragments were removed.
Identification was made with the use of published guides
(Kerney et al., 1983; Wiktor, 2004; Welter-Schultes, 2012;
Horsak et al., 2013) and reference collections. In each sample,
the numbers of particular taxa were determined. Individual spe-
cies were allocated to ecological groups in accordance with the
scheme proposed by Lozek (1964), Alexandrowicz and
Alexandrowicz (2011) and Jufickova et al. (2014a). The per-
centage shares of species and ecological groups provided the
basis for the construction of mollusc spectra (Lozek, 1964;
Alexandrowicz and Alexandrowicz, 2011). The use of a
dendrogram of similarities involved the PAST statistical pack-
age (Hammer et al., 2001) combined with the use of the formula
developed by Morisita (1959), enabling the identification of
three principal types of fauna. The stratigraphic position of the
deposits was determined using the mollusc analyses and
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Fig. 2. Location of profiles of alluvial deposits in the Falsztynski valley and a longitudinal section of the valley

through radiocarbon age dating of plant remains in the deposits.
The results of age determinations were calibrated using the
OxCal software package (Bronk Ramsey, 2017). The radiomet-
ric analyses (conventional dates) were conducted in the Abso-
lute Dating Methods Centre, Institute of Physics, Silesian Uni-
versity of Technology in Gliwice (laboratory code Gd).

RESULTS

LITHOLOGY

The geological structure of the deposits shaping the low ter-
race along the Falsztyniski valley is relatively uniform. The un-
derlying rocks are exposed on its floor and comprise thinly lay-
ered strongly calcareous sandstones and grey calcareous
shales. The top of the bedrock is up to ten centimetres above
the present stream level. The overlying alluvial deposits are
from 0.9 m (profile Fp-1) to 2.40 m (profile Fp-VI) thick (Figs. 3
and 4). They are of two facies. The first includes fine- and me-
dium-grained gravels made of sandstone cobbles in a sparse
sandy matrix. The cobbles are only slightly rounded and usually
discoidal. Their long axes are 5-15 cm long, most often
6—10 cm. Sporadically, larger clasts (up to 25 cm) occur. There
are few sedimentary structures except for traces of imbrication.

Within the terrace, gravels form 3-5 beds from 0.1 to 0.45 m
thick in the profiles (Figs. 3 and 4). They are interbedded with
strongly calcareous dark grey muds that locally include thin lay-
ers or lenses of fine-grained sands. These muds also include
many plant remains, locally in larger accumulations. The plant
detritus is mostly comminuted, although there are also some
fragments of branches. This material, collected from some of
the profiles, provided the basis for radiocarbon dating (Figs. 3
and 4). In the muds, numerous and well-preserved mollusc
shells were found. The number of muddy layers in particular
profiles varied from three to five and their thickness ranges from
0.1to 0.5 m (Figs. 3 and 4). The top of the terrace is made of a
thin layer of recent soil.

MOLLUSC FAUNA

The mollusc fauna identified in the muds was rich and abun-
dant. In 54 samples, there were 53 taxa of terrestrial snails, 2 of
water snails, and 2 species of bivalves, as well as calcareous
plates of slugs (Limacidae). The numbers of taxa in particular
samples fluctuated from 9 to 44, and the number of specimens
from 100 to 593. Nearly 13,000 specimens were identified in to-
tal. The material also contained unidentifiable broken frag-
ments of shells (more than 1200; Table 1).
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Fig. 3. Lithology and mollusc fauna of alluvial deposits of the Falsztynski valley (profiles Fp-I-Fp-V)

Pr — profiles; Sp — samples; ecological groups of molluscs (according to Lozek, 1964; Alexandrowicz and Alexandrowicz, 2011; Jufickova et
al., 2014a); Fe — shade-loving, forest species, Fg — shade-loving species living in light forests and bushy areas, F — shade-loving species of
humid habitats, O — open-country species, M, — mesophilous species of moderately wet habitats, My — mesophilous species of wet habitats,
H — hygrophilous species, W — water species
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Fig. 4. Lithology and mollusc fauna of alluvial deposits of the Falsztynski valley (profiles Fp-I-Fp-V)

For explanations see Figure 3
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Table 1
List of species recognized in profiles of alluvial deposits in the Falsztynski valley
E Taxon Fp-l | Fp-ll | Fp-lll | Fp-IV | Fp-V | Fp-VI | Fp-VII | Fp-VIII | Fp-IX
Acicula parcelineata (Cless.) 7 7 1 — 8 28 13 2 —
Platylla polita (Hartm.) 16 10 49 1 18 48 32 15 9
Argna bielzi (Rossm.) 4 21 6 - - 16 - - -
Acanthinula aculeata (Mull.) 5 3 2 — 7 31 4 — -
Vertigo pusilla MUll. 6 - - - 4 12 6 - -
Ena montana (Drap.) 2 14 13 4 8 35 11 3 9
Cochlodina laminata (Mont.) 1 2 1 3 - 3 4 - -
Cochlodina orthostoma (Menke) - 2 - — - 3 — 2
Ruthenica filograna (Rossm.) 11 7 19 10 43 31 23 - -
Macrogastra plicatula (Drap.) - - 1 — 8 4 - -
Fe Discus ruderatus (Hart.) 9 6 5 23 40 25 10 15
Discus perspectivus (von Mihl.) 24 17 10 31 28 30 6 13
Vitrea diaphana (Stud.) 72 90 59 12 58| 286 107 37 30
Vitrea transsylvanica (Cless.) 26 10 13 7 51 56 15 19 7
Vitrea subrimata (Reinh.) 16 10 18 - — 71 — 1 3
Mediterranea depressa (Sterki) - 7 - - - 44 18 - -
Aegopinella pura (Ald.) 97 88 62 11 54| 238 101 36 18
Eucobresia nivalis (Dum.& Mort.) 5 20 11 2 29 85 49 - 9
Petasina unidentata (Drap.) 17 24 6 - 2 56 13 1 5
Faustina faustina (Rossm.) 2 26 11 — 11 36 29 - -
Isognomostoma isognomostomos (Schr.) 15 23 38 5 25 112 30 1 15
Vertigo ronnebyensis (West.) 1 1 - - - 7 2 - -
Discus rotundatus (Mdll.) 11 8 - - - 46 - - -
Aegopinella minor (Stabile) 29 18 18 — 3 108 37 6 -
Fe Semilimax kotulae (Drap.) 6 4 5 - 2 18 15 2| -
Fruticicola fruticum (Mull.) 9 13 15| - - 23 8 2 -
Monachoides incarnatus (Mull.) 10 3 7 6 7 41 2 - 15
Vestia turgida (Rossm.) - 4 5 - - 16 3 -
Vestia gulo (Bielz) - 11 4 2 2 6 — — 23
Fu Vitrea crystallina (Mill.) 75| 226 169 1 106 | 596 282 24 54
Monachoides vicinus (Rossm.) 202 57 77 17 17 75 19 17 40
Urticicola umbrosus (Pfeiffer) 1 - - - - 12 — 3 -
Vallonia costata (Mll.) 106 172 186 105 97 37 53 40 90
0o Vallonia pulchella (Mill.) 264 | 346 128 78 152 129 51 33 76
Pupilla muscorum (L.) 57 52 65 36 22 12 13 13 -
Vertigo pygmaea (Drap.) 22 26 6 17 8 4 6 9 -
Cochlicopa lubrica (Mull.) 59 30 49 5 70 100 47 34 81
Clausilia dubia Drap. - 2 3 - - 4 3 1 3
Punctum pygmaeum (Drap.) 46 28 52 - 77 9 52 39 24
Vitrea contracta (West.) 4 5 10 12 - 2 - 8 20
M, Euconulus fulvus (Mill.) 47 9 14| - 4 14 45 40| -
Perpolita hammonis (Strém) 48 14 35| - 10 24 15 57 1
Vitrina pellucida (Mull.) 4 1 1 - - - - - -
Limacidae 12 6 21 3 11 3 - 7 11
Carychium tridentatum (Risso) 53 129 75 9 101 306 174 34 55
Succinella oblonga (Drap.) 3 - 63 6| - 13 - - -
Vertigo substriata (Jeff.) 4 3 - - 22 41 34 - -
My Vertigo angustior Jeff. - 10 67| - - - - - -
Trochulus villosulus (Rossm.) 1 5 9 - - 15 4 - -
Perforatella bidentata (Gmel.) 27 37 119 16 28 48 23 2 32
Arianta arbustorum (L.) 39 35 101 25 47 94 15 75 67
Carychium minimum Mull. 1 18 1 8 36 54 26 8 40
H Succinea putris (L.) 11 5 42 4 28 19 11 5 23
Vertigo geyeri Lindh. - - - - - 8 3 - -
Galba truncatula (Mill.) 8 19 89 5 24 49 25 6| -
W Anisus leucostoma Standb. - 3 48 22 - — — - 4
Pisidium casertanum (Poli) - - 18 - 9 - - -
Pisidium personatum Malm 5 5 6 — 17 35 20 — —
Total species 48 52 50 28 40 63 50 34 31
Total individuals 1274 | 1697 | 1840 | 431 | 1275| 3293 | 1515 597 | 802
Indeterminate shells fragments 157 | 201 | 197 63| 112| 233 122 88 75

For explanations see Figure 3; Fp-I-Fp-IX profiles described in text
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The taxa in the material analysed represented all principal
ecological groups. The most numerous were shade-loving spe-
cies (32 taxa). The forest species (ecological group Fg) include
both species preferring the high proportion of coniferous trees
(Discus ruderatus), as well as snails typical of mixed and decid-
uous forests (Discus perspectivus, Ruthenica filograna,
Aegopinella pura). The presence of taxa which prefer a rela-
tively humid substrate (Vitrea diaphana) is a characteristic fea-
ture (Table 1). Slightly less numerous are taxa typical of sparse
forests and shrubs (ecological group Fg). The presence of Ver-
tigo ronnebyensis and Semilimax kotulae warrants particular at-
tention. The first was recorded in several Late Glacial and Early
Holocene localities within the Polish part of the Carpathians
(Alexandrowicz, 1997b, 2004, 2013c; Alexandrowicz et al.,
2014, 2016). It went extinct in the area, probably during the Mid-
dle Holocene. Semilimax kotulae is often found in the
Carpathians, and it is common in Early Holocene deposits.
Nowadays, it can be regarded as a glacial relict (Alexandrowicz,
1997b, 2004, 2013c; Wiktor, 2004; Alexandrowicz et al., 2014,
2016; Jufickova et al., 2014b; Horackova et al., 2015; Table 1).
The third group of shade-loving snails consists of species char-
acteristic of humid and very humid habitats (ecological group
Fu): Vitrea crystallina and Monachoides vicinus (Table 1). The
shade-loving species are most numerous in the lower parts of
the profiles, and rare in their tops (Figs. 3, 4 and Table 1). Four
species are forms typical of open, forest-free habitats (ecologi-
cal group Op). Two of the species (Vallonia pulchella and
Vallonia costata) appear in very great numbers high in the pro-
files where they are predominant (Figs. 3, 4 and Table 1). Spe-
cies of wide ecological tolerance (mesophilous) occur in all
samples, but usually only as a supplementary component of the
fauna. Taxa requiring moderate levels of moisture (ecological
group M)) as well as taxa preferring humid substrates (ecologi-
cal group My) are present here. The first group includes com-
mon and widely distributed snails such as Punctum pygmaeum,
Perpolita hammonis, and Euconulus fulvus. The characteristic
component of the second group comprises two species often
found in overshadowed and very humid habitats on the
floodplains of rivers and streams (Perforatella bidentata and
Arianta arbustorum; Figs. 3, 4 and Table 1). Hygrophilous spe-
cies (ecological group H) occur only rarely. Of note is the pres-
ence of the cold-loving tundra taxon Vertigo geyeri. This snail is
known to occur in the Pleistocene, Late Glacial, and Early Holo-
cene successions of the Podhale Basin (Alexandrowicz, 1997b,
2004, 2013c, 2015; Alexandrowicz et al., 2014). It has recently
been reported from this area as a glacial relict (Pokryszko,
1990, 2003; Limondin-Lozouet, 1992; Krolopp and Sumegi,
1993; Schénkova et al., 2012; Figs. 3, 4 and Table 1). Aquatic
molluscs (ecological group W) are represented by only four
taxa, and they play only a secondary role in the assemblage
(Figs. 3, 4 and Table 1).

FAUNAL ASSEMBLAGES

The use of a similarity dendrogram permitted the recogni-
tion of three types of mollusc assemblages (Fig. 5). The first
type includes major proportions of shade-loving species (often
exceeding 60% of the assemblage; S-L, Fig. 5). Faunas of this
nature are present in the lower intervals of all profiles analysed.
Mesophilous snails supplement the assemblages and the rep-
resentatives of other ecological groups constitute only a small
admixture. This fauna characterises a strongly overshadowed
environment of mixed and coniferous forests growing on a rela-
tively humid substrate. Rich and species-diverse assemblages
with a relatively large proportion of shade-loving taxa have been
described from Quaternary deposits of the Podhale Basin

(Alexandrowicz, 1997b, 2001, 2004, 2013c, 2015, 2017;
Alexandrowicz and Rybska, 2013; Alexandrowicz et al., 2014,
2016). Their occurrence is usually associated with a warm and
humid climate, here corresponding to the Middle Holocene cli-
matic optimum (Atlantic Phase). It is most probable that, after
that phase, during the Subboreal Phase, the diversity of the
shade-loving component in the assemblages decreased as a
result of adverse climatic changes. This is particularly clearly
seen in a remarkable decrease in the frequency of species with
high habitat and thermal requirements. This tendency is also
clearly seen in the Falsztynski valley profies. While shells of
Discus perspectivus, Ruthenica filograna and several other
species are present in the lower parts of the profiles, they disap-
pear upwards being replaced by forms with lower ecological re-
quirements. These observations indicate that the deposition of
the terrace deposits in the Falsztynski valley started in the final
part of the Atlantic Phase and persisted through the entire Late
Holocene (Subboreal and Atlantic phases). Such conclusions
are supported by the results of radiocarbon dating (dates C-1,
C-2,C-5,C-6, C-7 and C-9; Figs. 3, 4 and Table 2). The second
type of fauna (O-C, Fig. 5) is characterized by a predominance
of open-country snails (Vallonia pulchella, Vallonia costata)
whose proportion in the assemblages usually exceeds 60%. It
is also characterized by a poor species composition, and in par-
ticular, by a very low proportion of shade-loving taxa. This as-
semblage indicates the existence of open-country, grassland
habitats, and a relatively dry substrate. Faunas of similar type
were reported from the area of the Podhale Basin at a number
calcareous tufa and alluvial deposit localities (Alexandrowicz,
1997b, 2013c; Alexandrowicz and Rybska, 2013; Alexandro-
wicz et al., 2014) that accumulated during the last several cen-
turies. The top parts of the profiles in the Falsztynski valley may
be associated with the same period. The links between the de-
posits and the historical period are also constrained by the ra-
diocarbon dates (dates C-3, C-4, C-8 and C-10; Figs. 3, 4 and
Table 2). The emergence of the assemblages dominated by the
species of open habitats and the rapid disappearance of
shade-loving assemblages was undoubtedly associated with
the anthropogenic deforestation of large areas of the Podhale
region. The occurrence of a number of mesophilous species is
characteristic of the last assemblage type (MI, Fig. 5). It was
found only in a few samples. This assemblage can be regarded
as a transitional type between those described above.

DISCUSSION

Within the terrace, the analysis of the gravel and mud suc-
cessions, supported by mollusc assemblage analyses and age
determinations, allowed the identification of five levels of gravel
separated by mud deposits (Fig. 6). These levels can be corre-
lated with periods of intensified fluvial activity seen flood
phases. The presence of many mollusc shells in the muds al-
lows reconstruction of the habitats existing between these
phases.

DEVELOPMENT OF THE FALSZTYNSKI VALLEY DURING
THE LATE HOLOCENE

The chronologically oldest deposits are exposed in the pro-
file Fp-IV, and they are represented by a mud unit with abun-
dant fauna. These rest directly on bedrock (M-1, Figs. 6 and 7).
The molluscs within that part of the profile comprise chiefly
shade-loving species among which are some with high ecologi-
cal requirements (particularly thermal;, e.g.,, Discus
perspectivus, Ruthenica filograna). The ecological structure of
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O-C, MI, S-L — types of mollusc fauna described in text, sp — samples

Table 2

Radiocarbon dates

Date | Age (BP) Lab. code Age (cal BC/AD) Material
2472-2189 cal BC (90.0%)
2182-2141 cal BC (5.4%)
1279-993 cal BC (95.0%)
987-980 cal BC (0.4%)
1318-1352 cal AD (14.7%)
1390-1450 cal AD (80.7%)
1679-1765 cal AD (32.6%)
1800-1940 cal AD (62.8%)
C-5 2780 +50 Gd-19185 1049-820 cal BC (95.4%) plant remains
47844229 cal BC (94.6%)
4197-4173 cal BC (0.8%)
1741-1711 cal BC (8.8%)
1700-1529 cal BC (86.6%)
1666-1785 cal AD (45.7%)
C-8 150 +40 Gd-5754 1795-1893 cal AD (32.3%) | plant remains
1907-.... cal AD (17.4%)
3339-3206 cal BC (23.6%)
3196-2897 cal BC (71.8%)
1327-1343 cal AD (2.6%)
1394-1476 cal AD (92.8%)

C-1 3850 +60 Gd-12178 plant remains

C-2 2930 50 Gd-5106 plant remains

C-3 510 £40 Gd-10026 plant remains

C-4 120 £30 Gd-19046 plant remains

C-6 5610 £130 Gd-2316 plant remains

Cc-7 3350 +40 Gd-17353 plant remains

C-9 4400 +80 Gd-8052 plant remains

C-10 480 +40 Gd-5269 plant remains
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this fauna indicates a predominance of forest communities with
major proportions of deciduous trees growing on a relatively hu-
mid substrate, persisting throughout this period (Fig. 7). The
small proportion of species from the remaining ecological group
indicates the low importance of other types of habitats. Radio-
carbon dating of this layer yielded the following results:
5610 +130 BP (4784—4229 cal BC and 41974173 cal BC —
date C-6; Figs. 6, 7 and Table 2). This indicates that this part of
the succession was deposited close to the end of the Atlantic
Phase. The mollusc analyses lead to similar conclusions. In the
Podhale Basin, the period of the Holocene Climatic Optimum
was characteriedz by the development of deciduous and mixed
forest communities. This is well-documented in the
palynological profiles of the peatbogs in the western part of the
Podhale Basin (Orawa Basin; pollen zones: Uimus-Tilia—Quer-
cus—Fraxinus and Corylus; Obidowicz, 1990; Rybnicek and
Rybnickova, 2002) as well as in many mollusc profiles
(Alexandrowicz, 1997b, 2001, 2004, 2013c, 2015, 2017;
Alexandrowicz and Rybska, 2013; Alexandrowicz et al., 2014,
2016). In profile Fp-VI, these muds are overlain by the oldest
gravel layer (G-1). In the remaining profiles, it rests directly on
bedrock (Figs. 6 and 7), and it probably represents the older
part of the Subboreal Phase. The sequence above it includes
three layers of mud (M-2, M-3 and M-4) separated by two layers
of gravel (G-2 and G-3; Figs. 6 and 7). The mollusc assemblage
identified within the muddy levels has a major proportion of
shade-loving forms, but its species structure is very different
from that described above (of layer M-1). There is a disappear-
ance of species with high thermal requirements, and their place
is taken by snails of greater ecological tolerance. The propor-
tion of mesophilous forms also increases. These changes are
the consequences of worsened climatic conditions. The effects
included impoverishment of forest biocoenoses as well as the
increased importance of coniferous trees, particularly Abies
and Picea (Obidowicz, 1990; Rybni¢ek and Rybnickova, 2002),
and, in some places, replacement of these by scrub vegetation.
The emergence of such plant communities significantly de-
creased the diversity of the mollusc assemblages. Such a ten-
dency is characteristic of the deposits associated with the
Subboreal Phase. Itis marked in many mollusc-bearing profiles
within the Carpathians (Alexandrowicz, 1997b, 2001, 2004,
2014, 2017; Alexandrowicz et al., 2014, 2016; Jurickova et al.,
2014b; Horackova et al., 2015). This age interpretation is sup-
ported by the results of radiocarbon dating of plant remains
from layer M-2 as follows: 4400 +80 years BP (3339-3206 cal
BC and 3196-2897 cal BC; C-9 and 3850 60 years BP
(2472-2189 cal BC and 2182-2141 cal BC; C-1), from layer
M-3: 3350 +40 years BP (1741-1711 cal BC and 1700-1529
cal BC; C-7), and from layer M-4: 2930 +50 years BP
(1279-993 cal BC and 987-980 cal BC; C-2), and 2780 +50
years BP (1049-820 cal BC; C-5; Figs. 6, 7 and Table 2). In the
top part of the terrace, two layers of gravel can be distinguished
(G-4 and G-5) separated by the youngest layer of muds (M-5)
and covered by contemporary soil (Figs. 6 and 7). The first of
these levels of gravel (G-4) is relatively thick at up to 0.4 m, but
it appears only in the lower part of the valley (Figs. 6 and 7). The
higher level (G-5) extends along the whole length of the terrace
studied, but it is thin (Figs. 6 and 7). The layer of mud separat-
ing the gravel beds decribed above is characterized by particu-
larly high amounts of plant remains (layer M-5). Fragments of
charcoal are also found there, and, at the top, there are sporadi-
cally occurring ceramic fragments. Relatively numerous
molluscs also occur there. Their composition and structure are
entirely different from the assemblages present in layers
M-1-M-4; the most characteristic feature is the disappearance
of shade-loving species. The predominant ecological group is
that of the snails of open grassland habitats, accompanied by

markedly fewer mesophilous forms (Figs. 6 and 7). Such a sig-
nificant remodelling of the mollusc assemblage structure was
associated with a rapid disappearance of forest communities.
The dating of the basal part of this layer (510 +40 years BP;
1318-1352 cal AD and 1390-1450 cal AD; C-3 and 480 +40
years BP; 1327-1343 cal AD and 1394-1476 cal AD; C-10;
Figs. 6, 7 and Table 2) indicate that initiation of mud deposition
was in the second part of the 14th century. This period was as-
sociated with a phase of intense settlement activities. The influx
of human groups into the Podhale region as well as to neigh-
bouring lands resulted, inter alia, in extensive deforestation and
the replacing of the original forest communities by grasslands
and, in some areas, by cultivated fields. These processes are
well-documented in palynological profiles of Podhale peatbogs
(NAP phase; Obidowicz, 1990), as well as at many mol-
lusc-bearing locations (Alexandrowicz, 1997b, 2004, 2013d).
Similar phenomena are seen in large areas of the Carpathians
(Alexandrowicz, 2004, 2013d; Horsak et al, 2007;
Alexandrowicz et al., 2014, 2016). The basal layer of the grav-
els is associated with a period of intensified fluvial activity occur-
ring in the most recent 100-200 years. The age determinations
performed in the top part of layer M-5 gave the following results:
150 +40 years BP: 1666—1785 cal AD, 1795-1893 cal AD and
1907-.... cal AD; C-8 and 120 +30 years BP; 1679-1765 cal
AD and 1800-1940 cal AD; C-4 (Figs. 6, 7 and Table 2), sup-
porting this interpretation.

As follows from the observations presented above, the evo-
lution of the Falsztynski valley in the Late Holocene proceeded
in stages. Periods of intensified fluvial activity, recorded in the
form of gravel levels, were interspersed with phases typified by
quieter sedimentation. In the latter periods, chiefly fine-grained
sediments containing the remains of plants and snails were de-
posited. The mollusc assemblages described above indicate
that, near the end of the Atlantic Phase and during the
Subboreal Phase as well as during the older part of the
Subatlantic Phase, the Falsztynski valley was overgrown by
compact forests. Initially, these were mixed communities with a
major proportion of deciduous trees. Later, with the worsening
of climatic conditions, coniferous forests with Abies and Picea
as their main components, as well as shrub vegetation, as-
sumed increasingly important roles. A sudden change in the na-
ture of habitats is marked in the younger part of the Subatlantic
Phase, and it is associated with the development of settlement
activities, extensive deforestation, and the subsequent emer-
gence of open grassland biotopes. Similar environmental ten-
dencies within the Podhale region and neighbouring lands are
documented in palynological (Obidowicz, 1990; Rybnic¢ek and
Rybnickova, 2002) and mollusc-bearing profiles (Horsak et al.,
2007; Alexandrowicz, 2013d; Alexandrowicz et al., 2014, 2016).

CHRONOLOGY OF FLOOD PHASES

The presence of gravel levels within the Falsztynski ter-
race can be linked to the periods of intensified fluvial activity of
the stream. Studies conducted for many years in the
Carpathian valleys (e.g., Starkel et al., 2006, 2015; Gebica,
2011, 2013a, b) suggest that these phases close relate to cli-
mate fluctuations, particularly corresponding to periods of in-
creased humidity. Detailed studies of the internal structure of
the Falsztynski terrace, of the palaeoenvironmental character-
istics based on enclosed mollusc remains, and radiocarbon
dates, help establish the age and duration of flood phases and
to link these data with the results of studies carried out in other
areas of the Carpathians (Fig. 8).

The oldest gravel layer (G-1) rests directly on bedrock ex-
cept in Profile Fp-VI, where it is underlain by the oldest mud
layer (M-1) dated at 5610 +130 years BP (4784—4229 cal BC
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Subatlantic Phase; Li — general lithology of alluvial deposits of the Falsztynski valley: G-1-G-5 — gravel units, M-1-M-5 —
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matic phases: IACE — Iron Age Cold Epoch, DA — Dark Ages Cold Epoch, LIA —Little Ice Age (after Grove, 1988; Briffa, 2000;

Bradley, 2000; Mayewski et al., 2004)

and 4197—4173 cal BC; C-6). The age determinations of the
base of the mud layer covering this gravel (layer M-2) yielded
the following ages: 4400 +80 years BP (3339-3206 cal BC and
3196-2897 cal BC; C-9; Figs. 6-8 and Table 2). The time
frames so established allow linking of this phase to the period of
increased climate humidity at the boundary between the Atlan-
tic and Subboreal phases and/or the oldest part of the
Subboreal Phase (Fig. 8). The humidification and cooling of the
climate in that period brought about, apart from increased flow
in the Carpathian rivers (e.g., Starkel et al., 2006, 2015; Gebica,
2011, 2013a, b), an increased intensity and frequency of mass
movements (Alexandrowicz, 1997a, 2013b; Starkel, 1997;

Margielewski, 1998, 2006; Dapples et al., 2002). The same cli-
matic phase is also marked in other parts of Europe. This is re-
flected in an increase in water levels in lakes both in European
lowlands and the Alpine region (Ralska-Jasiewiczowa and
Starkel, 1988; Magny, 1993, 2004; Wojciechowski, 1999;
Holzhauser et al., 2005; Alexandrowicz, 2013a) as well as by
the advance of glaciers in the Alps and Scandinavia (e.g.,
Patzelt, 1977; Bortenschlager, 1982; Karlén, 1988; Nesje,
2009; Nussbaumer et al., 2011; Fig. 8). The age range of the
second layer of gravel (G-2) is constrained by radiocarbon
dates within two muddy intercalations, which limit it, as indi-
cated by the following: M-2 (3850 +60 years BP, 2472—-2189 cal
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BC and 2182-2141 cal BC; C-1), as well as M-3 (3350 +40
years BP, 1741-1711 cal BC and 1700-1529 cal BC; C-7;
Figs. 6-8 and Table 2); the dates link these gravels with the
middle part of the Subboreal Phase. Intensification of
Carpathian fluvial activity took place at this time (e.g., Starkel et
al., 2006, 2015; Gebica, 2011, 2013a, b), while the increased
humidity also likely caused a number of landslides within the
Carpathians (Starkel, 1997; Margielewski, 1998, 2006;
Alexandrowicz, 1997a, 2013b). Advance of Alpine and Scandi-
navian glaciers (e.g., Patzelt, 1977; Bortenschlager, 1982;
Karlén, 1988; Nesje, 2009; Nussbaumer et al., 2011) and an in-
crease in water levels are also associated with this climatic
phase (Ralska-Jasiewiczowa and Starkel, 1988; Wojcie-
chowski, 1999; Magny, 1993, 2004; Holzhauser et al., 2005;
Alexandrowicz, 2013a). The third gravel level (G-3) corre-
sponds to the boundary between the Subboreal and
Subatlantic phases, and it is constrained by the following dates:
C-7 (layer M-3) — 3350 40 years BP (1741-1711 cal BC and
1700-1529 cal BC) and C-2 (layer M-4) — 2930 +50 years BP
(1279-993 cal BC and 987-980 cal BC; Figs. 6-8 and Table 2).
That period corresponds to the phase of cooler and more humid
climate (Birks, 1990; Mackay et al., 2003; Mayewski et al.,
2004) associated with an evident decrease in solar activity (van
Geel et al., 1999). As a consequence, gravel accumulated in
the Carpathian river valleys. Due to the presence of tree trunks
within the deposits, this period is also well-documented via
dendrochronological analyses (Krgpiec, 1996, 2001; Gebica
and Krgpiec, 2009). The humidification of climate observed at
the boundary between the Subboreal and Subatlantic phases is
also indicated by the intensification of mass movements
(Alexandrowicz, 1997a, 2013b; Starkel, 1997; Margielewski,
1998, 2006), river activity (e.g., Starkel et al., 2006, 2015;
Gebica, 2011, 2013a, b), an increase in lake levels (Ralska-
Jasiewiczowa and Starkel, 1988; Wojciechowski, 1999; Magny,
1993, 2004; Holzhauser et al., 2005; Alexandrowicz, 2013a), as
well as glacial advances in the Alps and on the Scandinavian
Peninsula (Patzelt, 1977; Bortenschlager, 1982; Karlén, 1988;
Nesje, 2009; Nussbaumer et al., 2011). The phase is termed
the Iron Age Cold Epoch (Birks, 1990; Mackay et al., 2003;
Mayewski et al., 2004). The next, fourth gravel level (G-4), is
thick, but appears only in the lower part of the valley (Fig. 8).
The age determinations (2780 +50 years BP (1049-820 cal BC;
layer M-4, date C-5) and 510 +40 years BP; 1318-1352 cal AD
and 1390-1450 cal AD and 480 +40 years BP; 1327—-1343 cal
AD and 1394-1476 cal AD (layer M-5, dates C-3 and C-10))
point to the younger part of the Subatlantic Phase. That period
is probably associated with several climatic fluctuations of
which the most prominent corresponds to the early Dark Ages
Cold Period; (Birks, 1990; Mackay et al., 2003; Mayewski et al.,
2004; Helama et al., 2017). In the Carpathian valleys, several
flood phases are recorded (e.g., Starkel et al., 2006, 2015;
Gebica, 2011, 2013a, b) that are separated by periods of slower
sedimentation. These brief cool periods are also reflected in ad-
vances of the Alpine glaciers as well as in the periods of high
lake levels (Patzelt, 1977; Bortenschlager, 1982; Ralska-Jasie-
wiczowa and Starkel, 1988; Magny, 1993, 2004; Wojcie-
chowski, 1999; Holzhauser et al., 2005; Nussbaumer et al.,
2011; Alexandrowicz, 2013a). In the Falsztyniski valley, it is im-
possible to distinguish these minor climatic fluctuations. There
is only one gravel layer, of remarkable thickness but with a ho-
mogeneous internal structure. The top of the low Falsztynski
terrace is composed of the youngest gravel unit (G-5). It ex-
tends along the whole valley, but is thin (Fig. 8). It represents
the most recent 200 years. The radiocarbon dates made of the
top of the youngest mud unit (layer M-5) gave the following re-
sults: 150 +40 years BP: 1666—1785 cal AD, 1795-1893 cal AD

and 1907-.... cal AD C-8 and 120 30 years BP; 1679-1765
cal AD and 1800-1940 cal AD; C-4 (Figs. 6-8 and Table 2).
These results indicate that the G-5 layer formed during the cold
and humid climate of the Little Ice Age. Within the most recent
200 years, there were two marked cooling periods that corre-
lated with phases of decreased solar activity: the Maunder and
Dalton minima (Lamb, 1977; Grove, 1988; Briffa, 2000; Brad-
ley, 2000; Mayewski et al., 2004; Matthews and Briffa, 2005).
The major intensification of floods in this period led to gravel ac-
cumulation, and also to the erosive deepening of river beds and
cutting through older alluvial covers, widely described in the
Carpathian river valleys (e.g., Starkel et al., 2006, 2015; Gebica,
2011, 2013a, b). This was also followed by the activation of land-
slides (Alexandrowicz, 1997a, 2013b; Starkel 1997;
Margielewski, 1998, 2006). The Little Ice Age is also associated
with involving Alpine glacier advance (Patzelt, 1977;
Bortenschlager, 1982; Nussbaumer et al., 2011) and a rise in
lake level (Ralska-Jasiewiczowa and Starkel, 1988; Wojcie-
chowski, 1999; Magny, 1993, 2004; Holzhauser et al., 2005;
Alexandrowicz, 2013a). In the Falsztynski valley, this period is
associated with the accumulation of the youngest gravels as well
as with the latest erosion of the terrace down to bedrock (Fig. 8).

CONCLUSIONS

Studies of the low terrace deposits of the Falsztynski valley
have reconstruction of environmental changes on the basis of
mollusc assemblage analysis, constraining the chronology of
phases of increased fluvial activity in the Late Holocene. Analy-
sis of rich mollusc material preserved in mud layers (layers
M-1-M-5), showed a general persistence of shaded habitat.
These were compact, initially mixed forests; however, with
worsening conditions for vegetation during the Subboreal
Phase, they showed an increasing proportion of coniferous
trees, chiefly Abies and Picea. Such changes in vegetation
brought about a gradual decrease in mollusc species diversity,
particularly the disappearance of taxa with higher ecological re-
quirements. Faunal assemblages associated with the Atlantic
and Subatlantic phases are described from a number of loca-
tions in the Podhale region, but those corresponding to the
Subboreal Phase are known only to a small extent. In this re-
spect, the Falsztynski river profiles are exceptional. Rapid
change in habitat took place in the Middle Ages. This correlates
with the warm period of the Medieval Climatic Optimum (Grove
and Switsur, 1994; Bradley, 2000; Briffa, 2000; Jones and
Mann, 2004), when large human groups appeared in the
Podhale area (Ralska-Jasiewiczowa and Starkel, 1988;
Czepiel, 1999). The need for cultivated fields and pastures led
to extended deforestation, mainly in areas of low relief and wide
river valleys (Alexandrowicz, 1997b, 2013d). The Falsztynski
valley was among such deforested areas. The record of these
processes is easily readable in mollusc-bearing profiles, re-
flected by the disappearance of rich assemblages dominated
by shade-loving species and their replacement by species-poor
assemblages composed chiefly of taxa typical of open habitats.

The Late Holocene included characteristic climate fluctua-
tions. During the humid periods, intensified fluvial activity took
place over large areas of Europe, with enhanced gravel accu-
mulation. Within the Falsztynski terrace, five levels of gravels
can be distinguished (G-1-G-5), their chronology constrained
by radiocarbon dating. Particular phases encompass the end of
the Atlantic Phase and the oldest part of the Subboreal Phase
(F-1), the middle part of the Subboreal Phase (F-2), as well as
the boundary interval between the Subboreal and Subatlantic
phases (F-3), the younger part of the Subatlantic Phase (F-4),
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and the most recent 200 years (F-5). The chronology of these
phases correlates well with similar schemes worked out in stud-
ies of rivers, landslides, glaciers and lakes in other Carpathian
and Alpine zones, with local variations resulting from individual
valley characteristics and the morphological and climatic condi-
tions across the whole Podhale Basin.
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