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Limestone rock walls of various inclination form a favourable substrate for the deposition of calcareous tufas that form
cone-shaped structures located at the foot of slopes or fill niches within them. Such carbonate deposits usually contain rich and
diversified molluscan assemblages, whose composition and structure closely correspond to the ambient environmental condi-
tions in the immediate vicinity. The study of the Pieniny Mountains area revealed ten sites with such deposits. The identified
malacofauna was subjected to detailed analysis. It enabled identification of three types of faunistic assemblages (Bythinella
austriaca assemblage, Pyramidula pusilla assemblage, and a shade-loving species assemblage), which are related to the con-
ditions prevailing during the deposition. Tufa cones found in the Pieniny Mountains represent the historic period (Late Holo-
cene). The deposits provide a record of two climatic phases: warmer and colder. The former (Medieval Warm Period) involved
the intensified deposition of carbonate material and the rapid growth of tufa cones. The latter — the Little Ice Age — entailed the
slow degradation of cones and slower sedimentation of tufas, while the intensified physical weathering led to the increase in the
clast material proportion (sharp-edged limestone fragments). Tufas accumulated in the zone unaffected by high anthropogenic

=

pressure and thus represent a record of natural environmental changes during the historic period.
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INTRODUCTION

Calcareous tufas are formed as a result of calcium carbon-
ate precipitation from water. Their formation and accumulation
processes are facilitated by alterations of carbon dioxide con-
tent in calcium carbonate-rich waters. Part of CO, dissolved in
water binds to water particles and, in the form of HCOj anion, it
reacts with Ca™ cations, producing water-soluble acidic cal-
cium carbonate (Ca(HCO3),). This compound is stable up to its
natural solubility limit, when CO; is in excess. The depletion of
CO, upsets the balance, thereby causing decomposition of
Ca(HCO3),. The product of this reaction is hardly water-soluble
calcium carbonate (CaCQOj3) which precipitates forming calcare-
ous tufas. The decrease in carbon dioxide concentration in wa-
ter can be caused by many factors, including physicochemical
processes, such as water turbulence and temperature
changes, as well as biological ones, i.e., CO, uptake and its use
by various groups of organisms for their life processes, mainly
photosynthesis. The most essential role is played by
bryophytes and algae. The nature of these processes and the
mechanisms of calcareous tufa sedimentation have been the

* E-mail: wpalex@geol.agh.edu.pl

Received: July 10, 2013; accepted: January 13, 2014; first
published online: February 20, 2014

subject of studies by numerous authors and described in many
publications (e.g., Lozek, 1959, 1961, 1963, 1964; Chafetz and
Folk, 1984; Pedley, 1990, 2009; Pentecost, 1991, 1995; Goudie
et al., 1993; Pentecost and Viles, 1994; Alexandrowicz, 2004).
Calcareous tufas are formed in different types of sedimentary
environments. A widely occurring type is calcium carbonate
precipitation in the immediate vicinity of springs, which usually
involves encrustations and coatings on rock clasts or plants,
and breccias composed of rock fragments cemented by cal-
cium carbonate. Fine-grained and silty calcareous tufas, some-
times interlayered by peat mud and peat, are a formation char-
acteristic of small water bodies and boggy depressions occur-
ring in flat valley bottoms or on floodplains. Calcareous tufas are
also often developed in the lower parts of slopes, where they
form flat cone structures composed of coarse-grained variants
with numerous blocks of compact tufas. The favourable condi-
tions for the accumulation of these deposits are also found in
stream valleys featuring only slight drops of altitude. Granular
tufas dominate there, often forming terrace benches. A highly
typical location of calcareous tufa is to fill small and shallow
lakes emerging behind rock barriers across river valleys, as well
as colluvial formations or dams. Classifications of calcareous
tufa have been presented by many authors in numerous studies
(e.g., Pedley, 1990, 2009; Pentecost, 1991, 1995; Goudie et al.,
1993; Pentecost and Viles, 1994).

The specific form of occurrence of calcareous tufas is a tufa
cone accumulating beneath vertical or overhanging rock walls
(types A and B; Fig. 1), as well as adjacent to inclined rock
slopes, where they fill niches and hollows (type C; Fig. 1). In wa-
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Fig. 1. Types of subhygropetric tufas cones in Pieniny Mts.

ter outflow sites and places where it dribbles down the rock,
bryophytes and algae grow in abundance. In hydrobiological
terminology, such habitats are known as hygropetric zones
(Mikulski, 1974). They are marked by considerable temperature
fluctuations, good exposure to light, and rapid water evapora-
tion. These factors facilitate calcium carbonate precipitation.
When precipitating, CaCO; forms encrustations on rocks,
which grow in thickness in the course of time and fall under their
own weight, accumulating at the foot of walls or inside hollows
in the form of tufa cones. They always contain scree fragments
crumbling away as a result of weathering. Such cones are dom-
inated by unconsolidated, usually fine-grained and silty tufa
variants. They are sometimes referred to as subhygropetric
tufas (Lozek, 1962, 1964, 1973; Alexandrowicz, 1988, 2004).

Calcareous tufas of such features and origin often contain
numerous and well-preserved molluscan shells which repre-
sent malacocoenoses living on rock walls directly above the ac-
cumulating carbonate deposits. Profiles of such tufas with
abundant molluscan shells have been described in the Czech
Republic and Slovakia (Lozek, 1959, 1961, 1962, 1963, 1964),
as well as in the Polish part of the Pieniny (Alexandrowicz et al.,
1985;  Alexandrowicz, 1988) and Tatra Mountains
(Alexandrowicz, 1988, 2001, 2004; Gradzinski et al., 2001;
Smieja and Smieja-Krol, 2007). Due to their low resistance to
eroding factors, these sites represent almost exclusively the
Late Holocene and historic period (Alexandrowicz, 1997, 2004,
2009, 2010).

The current malacofauna of the Pieniny Mountains has
been the subject of numerous studies, and can be considered
to have been thoroughly explored. Detailed descriptions of spe-
cies and their assemblages, together with ecological coverage,
can be found in extensive publications (e.g., Urbanski, 1939;
Riedel, 1982, 1988; Alexandrowicz, 1997), as well as more
wide-ranging published material concerning the occurrence of
individual species in Poland (Riedel, 1982, 1988).

Malacological research of Quaternary deposits in the
Pieniny Mountains has been undertaken since the second half
of the 20th century. A few tens of sites of subfossil malacofauna
have been described to date in this area, which mainly repre-
sent the Late Glacial and Holocene. The results of these analy-
ses, including origin and age, have been presented in numer-
ous papers concerning different sites (e.g., Alexandrowicz,
1990, 1993), as well as more extensive publications pertaining
to the subfossil malacofauna of entire groups of profiles, typi-
cally formed of deposits of similar origin (e.g., Alexandrowicz,
1997, 2004, 2013a). Against this background, the malacofauna
of tufa cones is a subject that has not been thoroughly explored

yet. The fauna of these sites is mentioned in several general
studies only (Alexandrowicz et al., 1985; Alexandrowicz, 1988,
2004; Alexandrowicz and Alexandrowicz, 1995), hence the
need to describe the sites in more detail, especially as they rep-
resent a unique and exceptional type of deposits containing
characteristic molluscan assemblages with a specific composi-
tion, structure and sequence. The main aim of this paper is
therefore to describe subfossil molluscan assemblages occur-
ring in tufa cones, as a basis for stratigraphic interpretations and
palaeogeographical reconstructions. The results of such analy-
sis concerning very young deposits may, and should be used in
the studies of older formations and, as such, can be considered
uniformitarian. A separate issue raised in this paper is the use of
malacological analysis in the reconstruction of short-term clima-
tic changes. Such studies were conducted several times, both
in the Pieniny Mountains (Alexandrowicz, 1990, 1993, 2010,
2013a) and neighbouring areas, although they concerned
mostly fluvial deposits (e.g., Alexandrowicz, 1997, 2009, 2010,
2013b). Considering the specificity of tufa sedimentation in the
cones, these deposits are suitable for such analyses.

GEOLOGICAL SETTING

The Pieniny Mountains are part of the Pieniny Klippen Belt
which extends in an arc reaching 600 km in length and ranging
from several hundred metres to 20 km in width from near Vi-
enna in Austria to the Carpathian Maramures Mountains in Ro-
mania. It does not form a solid mountain massif, but rather a se-
ries of isolated rocks that have emerged by denudation pro-
cesses from beneath Paleogene, Neogene and Quaternary de-
posits. In Poland and Slovakia, it occurs as a small and low,
compact mountain range. The Pieniny Mountains have a highly
complex geological structure, with the most prominent role of
Mesozoic limestone. A characteristic feature of the Pieniny re-
lief is the Dunajec River Gorge, reaching 300 m depth in some
places. Numerous side valleys enter the Dunajec River valley,
many of which have the form of vertical-sided canyons. Such
areas create favourable conditions for the accumulation of
subhygropetric calcareous tufas. These deposits were found in
ten locations during the field study. They have been grouped
into four sites: Zawiasy (Zw) — three profiles, Sobczanski Gorge
(Ws) — three profiles, Gorczynski Gorge (Wg) — two profiles,
and Limbargowy Stream (Li) — two profiles (Fig. 2).

A preliminary malacological analysis was conducted in the
Zawiasy (Alexandrowicz, 2004) and Sobczanski Gorge
(Alexandrowicz et al.,1985; Alexandrowicz, 1988, 2004) sites.
The material studied at that time included only single samples
and should be considered primarily as exploratory research.
Studies conducted after the publication of these preliminary re-
sults have made it possible to collect further malacological sam-
ples and obtain material for radiocarbon dating, leading in turn
to the much more detailed results and conclusions presented
below. The sites in the Gorczynski Gorge and Limbargowy
Stream are new profiles that have never been described before.

Zawiasy site (Zw) is located on the left bank of the Dunajec
River, approx. 700 m south-west of the centre of Kroscienko
(GPS: 49°25'36"N; 20°26'25"E; Fig. 2). In small niches in the
rock slope with 45-50° inclination, three tufa cones (Zw-I-Zw-IIl)
were found, represented by fine-grained, silty calcareous tufas
containing an admixture of sharp-edged limestone clasts. The
thickness of exposed tufas in Zw-l and Zw-III profiles is 0.5 m,
and in Zw-Il profile — 0.8 m. A sample for radiocarbon dating was
obtained from the bottom part of section Zw-I (sample C-1:
320 + 40 ™C BP (MKL-1353); 1496—1646 cal AD; Fig. 3).
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Fig. 2. Location of profiles of subhygropetric tufas cones in Pieniny Mts.

Li — Limbargowy Stream, Wg — Gorczynski Gorge, Ws — Sobczanski Gorge, Zw — Zawiasy

Tufa cone profiles have also been found in the Sobczanski
Gorge (Ws) at the foot of vertical rock walls in the central part of
the ravine (GPS: 49°24’'41"N; 20°24’24"E). This ravine borders
the highest massif of the Pieniny Mountains, the Trzy Korony
Mountain (982 m a.s.l.). The largest profile (Ws-I) is approx. 1 m
high, and the other two are 0.75 m (Ws-Il) and 0.40 m (Ws-lll)
high. The age of two samples collected from profile Ws-I was
established by radiocarbon dating. The first sample was taken
from the lowermost part of the section (sample C-3: 620 + 80
“C BP (MKL-1352); 1253-1431 cal AD). The second sample
was taken from the top interval of the profile (sample C-2:
60 + 30 "“C BP (MKL-1350); 1697—1916 cal AD; Fig. 3).

The next two tufa cone profiles have been found in the rocky
part of the Gorczynski Gorge (Wg) located north of Sromowce
Nizne (GPS: 49°24'32"N; 20°23'19"E; Fig. 2). Two small cones of

white and yellowish silty calcareous tufas were formed adjacent to
the vertical walls of the western flank of the ravine, reaching
0.50 m (Wg-I) and 0.40 m (Wg-ll) in height. The age of the middle
part of section Wg-l was determined by radiocarbon dating to be
140 + 70 *C BP (MKL-1351); 1650—1937 cal AD (Fig. 4).

The last site is situated in the rocky section of the Limbar-
gowy Stream valley (Li) within the massif of Rabsztyn, north of
Sromowce Wyzne (GPS: 49°24°59.3"N; 20°21'51.5"E; Fig. 2).
Yellowish calcareous tufas with numerous limestone fragments
fill a niche carved out of a rock slope inclined at 30° (Li-l) and at
the foot of a vertical and partly overhanging rock wall in the nar-
rowest part of the valley (Li-ll). The cones are 0.9 m (Li-l) and
0.4 m (Li-Il) high.

All profiles show a distinctly larger proportion of sharp-
edged limestone clasts in the uppermost sections.
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Composition of malacofauna from tufas cones in Pieniny Mts.

Table 1
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Tab. 1 cont.

M Carychium tridentatum (Risso) R N C S S N

M Cochlicopa lubnica (Mll.) S S R S S S R S
M Succinella oblonga Drap. S R

M Columella edentula (Drap.) S S R R

M Vertigo alpestris Ald. R S N N N R N S
M Vertigo substriata (Jeffr.) S R S N N S
M Punctum pygmaeum (Drap.) S S S R R R S S R S
M Vitrea contracta (West.) R S S

M Vitrina pellucida (Mdll.) S S S S S R

M Perpolita hammonis (Strém) S S S S

M Perpilita petronella (L.Pfe.) S S

M Limacidae S S S S S S R R
M Euconulus fulvus (Mll.) S S S R S S S S R S
M Clausilia dubia Drap. R S C N C N R N N
M Trichulus villosulus (Rossm.) S

H Carychium minimum Mull. S S R S

H Succinea putris (L.) S

W Bythinella austriaca (Frfld.) \Y R S M

w Galba truncatula (Mull.) R S

E — ecological groups of molluscs (after Lozek, 1964; Alexandrowicz, 1987; Alexandrowicz and Alexandrowicz, 2011): F —
shade-loving species, H — hygrophilous species, M — mesophilous species, O —open-country species (meadow species), W —
water species; frequency of species: A —abundant, C — common, N —few, R —rare, S — single, V — very abundant; localities: Li
— Limbargowy Stream, Wg — Gorczynski Gorge, Ws — Sobczanski Gorge, Zw — Zawiasy

MATERIAL AND METHOD

A total of 52 samples were collected from the above-pre-
sented sites for malacological investigation (Table 1). Each
weighed 1.5-2.0 kg and represented a 10-20 cm interval, de-
pending on the lithological features of sediments. The labora-
tory processing of the materials included maceration and flush-
ing of rocks, followed by the collection of all complete molluscan
shells and their identifiable fragments. The identification of shell
material was done vis-a-vis classification keys and comparative
collections. The numbers of species and specimens were de-
termined for each sample. The pieces of shells were calculated
into whole specimens according to the formula proposed by
Lozek (1964) and Alexandrowicz (1987; 1-3f = 1s, 4-7f = 2s,
8-20f = 4s, 20-50f = 6s, 50-75f = 10s, 75-100f = 12s,
>100f = 14s: f — fragments of shells, s — specimens). The num-
ber of species per sample varied from 12 to 54, whereas the
number of specimens ranged from 116 to 843, respectively.
The entire material studied comprised 14,660 specimens of 72
taxa (69 terrestrial and 2 aquatic snail taxa). Additionally, the
calcareous plates of slugs were included under the collective
name Limacidae (Table 1). The molluscan fauna represents as
much as 79% of all terrestrial species (excluding slugs) pres-
ently occurring in the Pieniny Mts. (Urbanski, 1939; Riedel,
1982, 1988). All species identified in the presented profiles can
currently be found living in the Pieniny Mountains.

The malacological analysis was performed using the meth-
ods described by Lozek (1964), Alexandrowicz (1987) and
Alexandrowicz and Alexandrowicz (2011). The species were
classified into ecological groups: F — shade-loving species, O —
open-country species (meadow species), M — mesophilous
species, H — hygrophilous species, and W — water species. The
results of ecological analyses performed in numerous Holo-
cene deposit sites show explicitly that ecological preferences of
individual species did not undergo any significant change
throughout this period. The percentage shares of the ecological

groups, as well as of the selected most typical species, enabled
us to construct malacological diagrams. The latter provided a
basis for palaeoenvironmental interpretations. The ratios be-
tween ecological groups were used as a basis to construct a ter-
nary diagram and therefore distinguish the major types of
fauna. The taxonomic analysis made it possible to determine
similarities between particular samples and to mark the groups
of samples with molluscan assemblages of similar composition
and structure. A dendrogram was developed with the use of the
method described by Morisita (1959). Statistical calculations
were completed using the PAST statistical software package
(Hammer et al., 2001). The age of the described deposits was
determined on the basis of malacological data and by perform-
ing four radiocarbon dating. The objects of the analysis were the
shells of large snails from the Helicidae family. The radiocarbon
analysis was carried out at the Radiocarbon Laboratory in Skata
(laboratory reference number: MKL). The results were cali-
brated using OxCal software (Bronk Ramsey, 2003).

RESULTS

The profiles contain abundant and diverse malacofauna rep-
resenting all ecological groups, although their significance is var-
ied. Shade-loving species (ecological group F) occur in the great-
est numbers (a total of 44 taxa). This group includes both snails
inhabiting forest habitats, mainly deciduous forests (Platyla
polita, Aegopinella pura, Ruthenica filograna, Clausilia cruciata,
Isognomostoma isognomostomos), and forms typical of shaded
rocks (Eucobresia nivalis, Oxychilus depressus, Cochlodina
orthostoma, Faustina faustina), as well as shrubland species
(Vitrea crystallina, Arianta arbustorum), whereas shade-loving
taxa preferring habitats with higher humidity are relatively scarce
(Monachoides vicinus; Table 1). A majority of the taxa identified
are common forms, spread in large areas of Poland. Rare spe-
cies of narrow geographical ranges, Carpathian endemics
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(Acicula parcelineata, Pseudalinda stabilis, Vestia gulo, Vestia
turgida), have also been found. Shade-loving species occur in
particularly large numbers in the deposits from profiles Zw-I,
Zw-Ill and Wg-I, where they represent the dominant component
of the assemblage. Their proportion can reach up to 90% (Figs. 3
and 4). These sites contain mostly tufas accumulating inside
niches and hollows formed in slanting rock walls (type C; Fig. 1).
The second ecological group of considerable importance is rep-
resented by open-country species (ecological group O, 9 taxa).
The dominant role in this group is played by petrophilous snails
living on bare limestone rocks (Pyramidula pusilla, Truncatellina
cylindrica, Chondrina clienta). Forms typical of grass biotopes
are of much less significance (Pupilla muscorum, Vallonia
pulchella, Vallonia costata). Open-country taxa (largely
petrophilous) constitute the dominant group in the deposits accu-
mulating at the foot of vertical rock sides or in the cones formed
underneath overhangs (types A and B; Fig. 1). The proportion of
shade-loving species in some of the profiles can reach even
90%. Such malacocoenoses have been identified in sites Ws-l,
Ws-Il, Ws-lIl, Wg-Il and Li-Il (Figs. 3 and 4). Mesophilous spe-
cies (ecological group M, 15 taxa) occur in all samples (Table 1).
However, they are always a supplementary element, and never
the dominant component of the assemblage (Figs. 3 and 4).
These forms may occur in biotopes of different shading and hu-
midity levels. Nonetheless, these species often prefer a rocky
substrate. They can be found in all types of the deposits.
Hygrophilous snails (ecological group H) occur very rarely and
constitute merely an accessory component of assemblages (Ta-
ble 1), while most samples lack them completely (Figs. 3 and 4).
Water species (ecological group W) are represented by two taxa
only. However, one of them, Bythinella austriaca, constitutes an
essential, locally even dominant component of the malaco-
coenoses (Table 1). This form is typical of spring zones and oc-
curs in great abundance in these biotopes. The species is found
in very large numbers in near-spring calcareous tufas which are
currently in the process of precipitation, described in the Pieniny
Mountains and Podhale region (Alexandrowicz, 1997, 2004,
2010, 2013a), as well as the Flysch Carpathians (Alexandrowicz,
2004, 2009). The high frequency of Bythinella austriaca is typical
of tufas that have accumulated in niches and hollows formed in
slanting rock walls in the direct vicinity of springs (type C; Fig. 1)
and it was observed in sites Zw-Il and Li-l (Figs. 3 and 4).

The presented calcareous tufa profiles forming cones adja-
cent to rock walls are marked by fairly similar lithological fea-
tures. The variability of the composition and structure of
malacocoenoses in vertical profiles is also relatively low (Figs. 3
and 4). Furthermore, the tufas are a uniform group in terms of
the sedimentation mechanism. It was therefore possible to de-
termine the constancy and dominance of structures for the en-
tire material collected, and consequently to indicate the most
important and most numerous species.

DISCUSSION

The malacofauna of calcareous tufas accumulating beside
rock walls contains species living exclusively in the direct vicin-
ity of the sediments. The diversity of habitats is thus strongly re-
flected in the composition and structure of malacocoenoses.
The differences in the composition and structure of
malacocoenoses noted in the individual samples can be suit-
ably illustrated in a ternary diagram and in a dendrogram
(Figs. 5 and 6). The projection points are clearly clustered in
three areas. Based on this, three main types of fauna from the
tufa cones can be distinguished. The individual assemblages
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Fauna with
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Fauna with
Pyramidula rupestris

Open-country
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species

Hygrophilous
and water
species

Fig. 5. Ecological differentiation of molluscan assemblages
from tufas cones in Pieniny Mts.
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represent environmental conditions that prevailed during the
deposition.

The Bythinella austriaca assemblage is marked by the pre-
dominant proportion of the nominal species that can be very nu-
merous. This form is characteristic of sediments deposited in
the immediate vicinity of springs. This is the main component of
the malacocoenoses of Late Holocene calcareous tufas, and
has been reported in numerous sites of such deposits in the
Podhale Basin, Pieniny Mountains, and Flysch Carpathians
(Alexandrowicz, 1997, 2004, 2009, 2010, 2013a). The supple-
mentary components are mesophilous and shade-loving spe-
cies, while forms typical of open spaces are usually rare. This
malacocoenosis was identified in samples representing profiles
Zw-Il and Li-I (Figs. 5 and 6; Table 1). It is mostly associated
with tufas accumulating nearby springs and filling hollows in
rock slopes inclined at a relatively small angle (type C; Fig. 1).

The Pyramidula pusilla assemblage contains a major pro-
portion of forms living in open space habitats. Particularly signif-
icant components of this malacocoenosis are petrophilous and
xerophilous snails occurring on limestone rocks: Pyramidula
pusilla, Chondrina clienta. Locally, xerophilous forms typical of
highly insulated and dry limestone outcrops (Pupilla sterri,
Truncatellina cylindrica) also play a significant role. Other eco-
logical groups are found in relatively small proportions, typically
below 20%. The Pyramidula pusilla assemblage was identified
in the samples from outcrops in the Sobczanski Gorge
(Ws-1-Ws-lll), as well as in profiles Li-Il and Wg-II (Figs. 5 and
6; Table 1). This fauna is typical of calcareous tufas that accu-
mulate at the foot of vertical, bare rock walls under overhangs
(types A and B; Fig. 1). It also often occurs in talus cones form-
ing at the mouth of wide rock crevices, and has been reported
both in the Krakéow—Czestochowa Upland (Alexandrowicz,
S.W., 2000; Alexandrowicz, W.P., 2000) and the Podhale re-
gion (Alexandrowicz, 1997; Alexandrowicz and Stworzewicz,
2003; Alexandrowicz and Rudzka, 2006). Numerous sites with
these deposits, some representing the entire Holocene, have
been found in the Czech Republic and Slovakia (Lozek, 1959,
1961, 1962, 1963, 1964).

The shade-loving species assemblage is the most diverse
malacocoenosis in terms of species composition. The domi-
nantrole is played by shade-loving snails, including forest forms
(e.g., Platyla polita, Ruthenica filograna, Clausilia cruciata,
Isognomostoma isognomostomos), species occurring on
shaded limestone rocks (e.g., Eucobresia nivalis, Argna bielzi),
and taxa typical of shrubland areas (e.g., Arianta arbustorum,
Vitrea crystallina). The supplementation is comprised of
mesophilous snails, and the remaining ecological groups are of
lesser significance. The proportion of shade-loving forms is
usually very high, reaching up to 90%. An assemblage with
such composition was found in samples from profiles Zw-I,
Zw-lIl and Wg-I (Figs. 5 and 6; Table 1), which represented A-
and C-type tufas (Fig. 1) forming in highly shaded locations.
Similar malacocoenoses were described in talus cone sites in
the Tatra Mountains (Alexandrowicz, 1988, 2001; Gradzinski et
al., 2001; Smieja and Smieja-Krol, 2007), Podhale region
(Alexandrowicz, 1997; Alexandrowicz and Stworzewicz, 2003;
Alexandrowicz and Rudzka, 2006), Krakéw—Czestochowa Up-
land (Alexandrowicz, S.W., 1983, 2000; Alexandrowicz, W.P.,
2000), and numerous Czech and Slovakian sites (Lozek, 1959,
1961, 1962, 1963, 1964).

Dendrogram analysis makes it possible to distinguish iden-
tical assemblages as those described above (Fig. 6), and to in-
dicate the samples and profiles in which these assemblages
occur. It should be stressed that samples collected from each
profile show a high degree of resemblance. It suggests that
fairly minor environmental changes took place during the depo-

sition of the tufas. This is probably due to the short stratigraphic
ranges of the profiles, which is supported by the dating results
and the characteristics of the malacocoenoses.

Subhygropetric tufas identified in the Pieniny Mountains can
be considered as deposits of largely uniform origin and age.
Their location type and lithological similarity, as well as their
fauna, with a composition resembling the assemblages cur-
rently occurring in the direct vicinity, support this fact. Climatic
conditions prevailing in the deposition zones are very important
for the formation of these deposits. All the sites are located at an
elevation of 550-620 m a.s.l. The average annual temperature
in this zone is 5.5-6°C, total precipitation is 700—800 mm and
the number of snow-cover days is 100-120 (Kostrakiewicz,
1982). However, it should be noted that the presented profiles
are located in deeply carved ravines, which undoubtedly affects
the climate conditions. It certainly favours the decrease in aver-
age annual temperatures and a longer snow-cover season,
thus shortening the vegetation period. Observations continued
over the last several years have shown a slow degradation of
the cones. Hence, a conclusion can be drawn that denudation
factors leading to the destruction of these forms outrun the de-
position of tufas. A similar process has also been observed in
the Tatra Mountains. A tufa cone described by Alexandrowicz
(1988) in the Krakéw Gorge was approx. 2 m high, and over a
decade later (Alexandrowicz, 2004) only 1.5 m high. Studies
conducted in the Slovakian Carpathians and the Czech Karst
(Lozek, 1959, 1961, 1962, 1963, 1964), as well as the Polish
Tatra Mountains (Alexandrowicz, 1988, 2001; Gradzinski et al.,
2001; Smieja and Smieja-Krol, 2007), have shown that in many
sites the cones are covered by limestone rubble, only occasion-
ally cemented with tufa material. It implies a highly restricted
calcium carbonate precipitation or even the halted deposition of
the tufas. In the analysed profiles, it is manifested by a rapid in-
crease in the number of rock clasts at the top of the sections.

The analysis of age and distribution of calcareous tufas in
Europe demonstrates that the warm period during a climatic op-
timum (the Atlantic Phase) was particularly favourable for cal-
careous tufa deposition. The greatest number of sites repre-
senting these deposits correspond to this period (e.g., Jager
and Lozek, 1968; Alexandrowicz, 1983; Pazdur et al., 1988a, b;
Pentecost, 1991, 1995; Alexandrowicz and Alexandrowicz,
1995; Fiikdh, 1995; Alexandrowicz, 1997, 2004, 2009, 2010;
Meyrick and Preece, 2001; Gedda, 2001, 2006; Z3k et al.,
2002; Meyrick, 2002: Gradzinski et al., 2013).

The age of the presented sites can be determined both di-
rectly, via the radiocarbon dating of four samples, and indirectly.
The major indirect evidence includes: location type, the compo-
sition and structure of faunistic assemblages with their vertical
profile variability, and the comparison to other sites of similar
deposits with an established stratigraphic position. Elements
such as: weak resistance of the cones to erosion agents, and
the strong similarity of the molluscan assemblages of the tufas
to malacocoenoses currently inhabiting the deposition zones,
indicate that the discussed deposits were formed in the historic
period (during the last few centuries).

Several climate fluctuations occurred at that time. A major
warming took place in the 13—14th centuries, referred to as the
Medieval Warm Period (Grove and Switsur, 1994; Huges and
Diaz, 1994; Bradley, 2000; Briffa, 2000; Jones and Mann,
2004). This phase involved favourable conditions for the depo-
sition of carbonate sediments (Alexandrowicz, 2004, 2009,
2010, 2013a). A cooling period which fell between the 14—19th
centuries (the Little Ice Age; e.g., Bradley, 2000; Briffa, 2000;
Mayewski et al., 2004; Matthews and Briffa, 2005) facilitated, in
turn, the intense physical weathering processes, while reducing
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the rate of carbonate deposition in the Polish Carpathians
(Alexandrowicz, 2004, 2009, 2010, 2013a).

At all the sites, the process of tufa sedimentation is currently
still underway. It marks the uppermost stratigraphic boundaries
of the profiles. The bottom boundaries are drawn on the basis of
the radiocarbon results (profiles Ws-I and Zw-1) or malacofauna
assemblages in the deposits. This evidence serves also as a
basis for deriving a stratigraphic correlation between the pro-
files. The stratigraphic ranges of the profiles are presented in
Figure 7. The oldest deposits are located in the bottom sections
of profiles Ws-I and Zw-II. A radiocarbon analysis performed in
profile Ws-I gave the result 620 + 80 "“C BP (MKL-1352);
1253—-1431 cal AD (sample C-3), which shows that the sedi-
mentation of calcareous tufas began towards the close of the
warm phase of the Medieval Warm Period (Fig. 7). This date
coincides with a considerable proportion of shade-loving spe-
cies found in both profiles, which suggests favourable condi-
tions for the development of forests in this period.
Malacocoenoses with a similar composition and of similar age
have been reported in many sites in the Pieniny Mountains
(Alexandrowicz, 1990, 2004, 2010, 2013a), Podhale region
(Alexandrowicz, 1997, 2004, 2010, 2013b; Alexandrowicz and
Rudzka, 2006), Tatra Mountains (Alexandrowicz, 1988, 2001),
and Flysch Carpathians (Alexandrowicz, 2004, 2009). It is im-
portant to say that the large proportion of forest communities in
this period is typical only of areas unaffected by human impact.
The discussed profiles of tufa cones are located in areas hardly
accessible and unattractive for settlement, cultivation and ani-
mal breeding. Therefore, human impact on the environment in
their direct vicinity is negligible. The cooling brought on by the
Little Ice Age is demonstrated by the reduced proportion of the
shade-loving component in malacocoenoses. Its place was
taken by more abundant mesophilous, and sometimes also
hygrophilous forms. Petrophilous species play a dominant role
in the profiles situated at the foot of rock walls. The aforemen-
tioned cooling and the resultant alteration of malacocoenoses
are documented by radiocarbon dating performed in profiles
Zw-l (320 + 40 14C BP (MKL-1353); 1496—1646 cal AD; sam-
ple C-1) and Wg-I (140 + 70 "C BP (MKL-1351); 1650-1937
cal AD; sample C-4). The significant reduction in the proportion
of shade-loving species in the deposits representing the Little
Ice Age cold phase has been very clearly identified in several
profiles of tufa talus cones in the Tatra Mountains
(Alexandrowicz, 1988, 2001). The tufa cones in the Pieniny
area are located at a much lower elevation (550-620 m a.s.l.).
Therefore, the deterioration in conditions for forest growth dur-
ing climate fluctuations towards the cold is much less visible,
and the structure of vertical profiles is much more stable. Simi-
lar regularities have also been reported in many calcareous tufa
sites and fluvial deposits in the Pieniny Mts., Podhale region
and Flysch Carpathians (Alexandrowicz, 1990, 1993, 1997,
2004, 2009, 2010, 2013b). Cooling of the climate also caused
the tufa sedimentation to slow down, while simultaneously in-
tensifying physical weathering processes. An indication of
these processes is an increase in the proportion of scree mate-
rial noted in the profiles. It is evident mainly in the profiles of de-
posits accumulating at the foot of rock walls. The deposits asso-
ciated with the Little lce Age period are represented in all pro-
files, forming their lower and middle sections (profiles Zw-l, I,
Ws-Il, Ill, Wg, |, Il, and Li-I, ) and their middle sections (profiles
Zw-Il and Ws-I; Fig. 7). The topmost intervals of all profiles cor-
respond to the warming phase following the Little Ice Age (ra-
diocarbon date — top section of profile Ws-I: 60 + 30 "C BP
(MKL-1350); 1697-1916 cal AD; C-2; Fig. 7). This warming is
reflected in the slowly increasing role played by shade-loving
species in malacocoenoses. The disappearance of the forms
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Fig. 7. Stratigraphy and correlation between profiles
of subhygropetric tufas cones in Pieniny Mts.

typical of shaded environments noted in the uppermost sec-
tions of profiles Zw-l and Ws-IIl may indicate an initial phase of
anthropogenic deforestation that occurred, however, much
more faintly than in inner mountain basins (e.g., Podhale Basin;
Alexandrowicz, 1997, 2010, 2013b), in the Carpathian foreland
(Alexandrowicz and Alexandrowicz, 1995) and in the Mid-Polish
Uplands (Alexandrowicz, 1983; Alexandrowicz et al., 1997).

CONCLUSIONS

Subhygropetric tufa sites found in the Pieniny Mountains
contain abundant and diversified malacofauna. The molluscan
assemblages distinguished during the malacological analysis
clearly correspond to the main location types of the studied de-
posits. Malacocoenoses dominated by Bythinella austriaca are
typical of tufas accumulated in the direct vicinity of springs, usu-
ally on rocky slopes inclined at a relatively small angle. They
typically fill niches and hollows. A considerable admixture of
shade-loving species is also usually observed in this case. Tufa
cones adjacent to vertical rock sides or under overhangs con-
tain faunas either dominated by petrophilous species or with a
large proportion of shade-loving forms. The former is typical of
open space sites, while the latter is characteristic of areas over-
grown with dense shrubs or forest associations.

The tufas represent the historic period. The results of radio-
carbon analyses and the characteristics of molluscan assem-
blages show that the sedimentation of tufas began towards the
end of the warm phase of the Medieval Warm Period. The ma-
jor phase of deposition falls within a cooler period correspond-
ing to the Little Ice Age. This phase is documented both by ra-
diocarbon dating results and the change observed in the struc-
ture of malacocoenoses, marked by the decrease in shade-lov-
ing species frequency. The top portions of the profiles corre-
spond to a period of gradual climate warming that occurred in
the 20th century. Calcium carbonate is currently being precipi-
tated in all profiles. Alterations in the proportion of shade-loving
species in malacocoenoses show a strong relationship to clima-
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tic changes. In cool phases, the frequency of shade-loving
forms drops, while it rises in warmer phases. This phenomenon
has been reported in numerous profiles in the Polish
Carpathians (e.g., Alexandrowicz and Alexandrowicz, 1995;
Alexandrowicz, 1997, 2004, 2009, 2010, 2013b), and particu-
larly the Tatra Mountains (Alexandrowicz, 1988, 2001).

The examined tufa cones were formed during a period of in-
tensified settlement in the Pieniny region and neighbouring ar-
eas (e.g., Kolodziejski et al., 1982; Obidowicz, 1990;
Alexandrowicz, 1997, 2013b), and the ensuing anthropogenic
pressure. The tufa cones, however, are located in areas unfa-
vourable for exploitation by humans, and the profiles do not
bear any sign of human activity. Therefore, the presented sites

provide a record of natural changes in the environment, deter-
mined mostly by the climate. The comparison of the fauna
found in the tufa cones located in the Pieniny and Tatra Moun-
tains shows that their molluscan assemblages and sequences
correspond to climatic changes. These structures can therefore
be successfully used in palaesogeographical and stratigraphic
reconstructions. They will also contribute to extending the inter-
pretational capacities of the malacological method.
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