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Abstract

This paper presents the first lichenometric curve of Rhizocarpon geographicum for the southern slope of the
Tatra Mts (Slovak Tatras). The curve was developed based on measurements carried out in the years 2018-
2019. The curve was constructed using measurement results from 9 objects of known time of origin, situated
in the Tatra Mts. at an altitude of 1,250-1,900 m a.s.l. On each of them, the diameter of the 5 largest thalli
was measured. Their average diameter was assigned an age value and then the lichen factor was calculated
and a classical lichenometric curve was developed, as well as a modified curve taking into account the effect
of altitude on the rate of thallus growth. The lichen factor is in the range between approx. 34.5 mm/100 years
at 1,900 m a.s.l. and 44 mm/100 years at 1,250 m a.s.l. No significant differences were found in the rate
of thallus growth between the southern and northern slopes of the Tatra Mts.
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Introduction

Since the time when the work by R.E. Beschel
(1950), presenting the basics of the licheno-
metric dating method, appeared in the litera-
ture in the 1950s, many publications in this
field have been published, which have made
the principles of using this method more

detailed and increased the accuracy of dat-
ing (Beschel, 1961, 1973; Jochimsen, 1973;
Armstrong, 1976, 1978, 1981, 1983, 2002,
2006, 2013, 2015, 2016; Lock, Andrews,
& Webber, 1979; Innes, 1982, 1983, 1984,
1985a,b, 1988; Coxson & Kershaw, 1983;
Benedict, 1990, 1991, 2008, 2009; Karlen
& Black, 2002; Armstrong & Bradwell, 2001,
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2010a,b, 2015; Bradwell, 2004; Trenbirth
& Matthews, 2010). They have demon-
strated, among other things, that an essen-
tial precondition for the accuracy of dating
by this method is a properly constructed
lichenometric curve (Kedzia, 2015). Moreo-
ver, it has been proven that the lichenomet-
ric curve for a specific mountain area varies
depending on the altitudinal zones or with
respect to the individual parts of the area
(e.g. Beschel, 1961; Kotarba, 1988; Arm-
strong, 2016). Due to the low cost intensity
and simplicity of the method, lichenometric
dating is used in various sciences; it is par-
ticularly common in geomorphology (Den-
ton & Karlén, 1973; Karlén, 1973; Webber
& Andrews, 1973, Matthews, 1974; Birken-
majer, 1981, 1982, 19971; Innes, 1983, 1984,
1988; 1985b; Kotarba, 1988, 1989, 19971,
2001; Dgbski, 2002, 2007; Bradwell, 2009;
Armstrong & Bradwell, 2010q; Sotoming,
lvanov, & Bradwell, 2010).

Although more than half a century has
passed since the first applications of this
method, it is often disregard. The reason
for this is mainly the difficulty in developing
a lichenometric curve for a particular area.
It is not always possible to find a sufficient
number of objects that would meet the
requirements of this dating method and thus
guarantee its accuracy. Typically, it proves
impossible to meet the basic criteria for
such objects, i.e. known date of their forma-
tion, the presence of thalli with undisturbed
growth (e.g. by high vegetation or roof-
ing) and an appropriately large number
of objects having these features in a certain
range of altitudes (applies to mountains).
It is not uncommon that, only two or three
out of 50 pre-selected objects meet all the
requirements of this dating method.

In the Tatra Mts., the first growth curve
of Rhizocarpon geographicum thalli for their
northern slope was developed by A. Kotarba
over 30 years ago (Kotarba, 1988). The lichen
factor (thallus growth in mm in the first
100 years) determined at that time was
32.5 mm for the temperate cold zone (1,850-
2,200 m a.s.l) and 38.1 mm for the very cool
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zone (1,550-1,850 m a.s.l). In the following
years, based on the factors determined,
the first lichenometric dating of the debris
slopes in the Sucha Woda Valley was car-
ried out (Kotarba, 1989, 1991, 1992, 1997,
2001, 2004; Jonasson, Kot, & Kotarba, 1991;
Kotarba & Pech, 2002). Since then, this dat-
ing method has been used in many studies
in the field of geomorphology and cryo-
sphere research (Kedzia, 2010, 2011, 2013q,
b, 2014, 2015a,b; Gqgdek, Grabiec, Kedzig,
& Raczkowska, 2016). All these works con-
cerned exclusively the northern slope of the
Tatra Mts., i.e. mostly the Polish part of these
mountains. Due to the climatic differences
between the northern and southern parts
of the Tatra Mts., mainly with respect to the
distribution of temperature and precipitation
(Hess, 1965, 1974; Ustrnul, Walawender, Cze-
kierda, ét'ostn)?, Lapin, & Mikulovd, 2015), the
lichenometric curve developed by A. Kotarba
was not used for the southern slope of the
Tatra Mts.

This paper presents the first lichenometric
curve of Rhizocarpon geographicum for the
southern slope of the Tatra Mountains locat-
ed entirely in the territory of Slovakia, devel-
oped as a result of several years of research
in this area.

Study area

The study covered the southern slope of the
Tatra Mountain, located in the Velickd Valley,
the Velkd Studena Valley and the Skalnatd
Valley (Fig. 1). It is an area formed of granite
and granodiorites (Piotrowska et al., 2015),
with an alpine relief (Luknis, 1973), located
within the climate zones ranging from sub-
alpine to subnival (Hess 1965, 1974). The
mean annual temperature range from 3.6°C
at Strbské Pleso (1,360 m a.s.l) to 2.7°C
at Skalnaté Pleso (1,763 m a.s.l.) and mean
annual precipitation from 968 mm at Strbské
Pleso (1,360 m a.s.l.) to 1,421 mm at Skalnaté
Pleso (1,763 m a.s.l) (Hlavatd, Skvarenina,
& Cepéekovd, 2011; Bicdrovd & Holko, 2019).
The research was conducted on objects
whose location is marked in Figure 1.
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Figure 1. Location of study area. Map with measurement points: 1 - Vikend chata, 2 - Meteorological station (Skalnatd dolina), 3 -Skalnatd chata, 4 - Bilikova
chata, 5 - Rainerova chata, 6 - Chata Kamzik, 7 -Popradské pleso, 8 - Kvetnica, 10 - Bldsyho chata. Hillshade DEM is based on aerial laser scanning data; ALS

product
Source: UGKK SR.
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Methods

The measurements were carried out on Rhizo-
carpon geographicum lichens growing on the
surface of granitoid boulders. The study was
carried out in 2018 and 2019 on 50 objects,
of which only 9 met the requirements and
were used to construct the lichenometric
curve. All the objects were located in concave
forms, i.e. valley bottoms or on the lower parts
of valley slopes. The valleys with the studied
objects open out to the south or close to the
southern direction. The altitude of the objects
was determined using a Garmin Oregon GPS
unit and topographic maps.

On each studied object the diameters
of largest lichens were measured. The meth-
od of measuring of the largest lichen thal-
lus diameter, i.e. the diameter of circle cir-
cumscribed around the lichen thalus (Fig. 2)
was applied, as it had been in lichenometric
research in the Tatra Mts. since the begin-
ning. Measurements were made using
a transparent ruler. Thalli with a small diam-
eter (several millimetres) were measured with
an accuracy of approx. 0.5 mm while thalli
with a diameter of several tens of millimetres
were measured with an accuracy of approx.
1 mm. The accuracy of measurement was
determined by the shape. The small thalli had
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a more regular shape, which allowed more
accurate measurement. The shape of the
large thalli was less regular, which made it dif-
ficult to measure them. The measurement
error was between 2% and 10%.

Based on the measurements, the average
diameter of the five largest thalli (5LL) was
calculated for each object. The only exception
was the Bldsyho chata measurement object
where only 4 large thalli could be found, and
those were used to calculate the average
value. Knowing the age of the object, the
age of the thallus with the calculated aver-
age diameter was determined. The lichen fac-
tor was then determined based on the ratio
of the average diameter to the age.

Results and discussion

Characteristics of the study objects
and results of the measurements

1. Vikend chata
This wooden house was builtin 1936 for the
workers constructing the cable car to the
Lomnicky stit peak (Konieczniak, 2010)
and is situated at an altitude of 1,760 m
a.s.l. The study was carried out on sites
of rock surfaces exposed from under the
soil cover when the ground was being
levelled in preparation for construction

Figure 2. Measurement of the largest thallus diameter using the circumscribed circle method
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of the chalet. Some of the boulders uncov-
ered at that time were not overgrown with
vegetation so some thalli were preserved
on them, and those were used to create the
lichenometric curve. The largest thalli had
a diameter of approx. 31.5 mm (Tab. 1).

. Meteorological station (Skalnatd dolina)
Abrick building atan altitude of 1,778 ma.s.l.
in which there is a meteorological and astro-
nomical observatory. The construction was
completed in 1943. Prior to the construction
that was commenced in 1939, the surface
was levelled and railway tracks were laid
to transport building materials and equip-
ment from the railway station at Skalnaté
pleso (Skalnaté Lake) to the site. The thalli
were measured on boulders exposed during
the construction of the railway tracks. Their
maximum diameter was approx. 30 mm
(Tab. 1).

. Skalnatd chata
The shelter is situated at an altitude
of 1,725 m a.s.l, it was the first shelter for
tourists climbing Lomnicky stit. Initially,
it was a rock shelter, which was repeatedly
extended in subsequent periods (Koniecz-
niak, 2010). In 1877, during extension
work, some large boulders were moved
and are now located on the western side
of the chalet. The rock surfaced uncovered
at that time became overgrown with thalli,

Table 1. Description of measurementpoints
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the largest of which reached a diameter
of approx. 50 mm (Tab. 1).

. Bilikova chata

The shelter was built in 1934 and then
extended in 1935-1936 (Konieczniak, 2010).
Unfortunately, the chalet itself, like other
facilities of this type, is not suitable for
lichenometric dating due to the lack
of a surface with thalli meeting the require-
ments of this dating method. The thalli were
measured just outside the chalet, on boul-
ders lying at an altitude of 1,255 m a.s.l.,
the surface of which was unearthed
in 1936 during restoration of the tourist
route. The diameter of the largest thalli
was approx. 32 mm. It is the lowest-lying
of all the objects based on which the
lichenometric curve was created (Tab. 1).

. Rainerova chata

One of the oldest shelters and at the
same time the smallest one; it was built
in 1865 at an altitude of 1,305 m a.s.l.
(Konieczniak, 2010). Thalli were measured
on some boulders marking the path built
in 1997 and leading to the chalet. Their
maximum diameters ranged from 9 to
10 mm (Tab. 1).

. Chata Kamzik

A large shelter right next to the Rainerova
chata shelter, built in 1884 and demol-
ished in 1980. The foundations of this

Number| Measurement points {;\T:ti;fﬁ of forren(:ti.on/ [yAeg(:s] di?ﬁi?e?{%ﬁ) [rr%i:w?ig(goycggrrs]
construction [mm]
1 Chata Vikend 1760 1936 83 31.5 37.8
2 Meteorological station 1778 1939 80 30.0 37.5
(Skalnatd dolina)
3 Skalnatd chata 1725 1877 142 50.0 35.0
4 Bilikova chata 1255 1946 73 320 43.8
5 Rainerova chata 1305 1997 22 9.5 42.7
6 Chata Kamzik 1303 2007 12 5.0 41.7
7 Popradské Pleso 1520 1922 89 34.5 38.6
8 Kvetnica 1900 2002 16 5.5 34.4
9 Bldsyho chata 1670 1929 90 34.0 37.7
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shelter were dismantled and taken away
only in 2006 (Konieczniak, 2010). Howev-
er, some of the boulders were left around
the chalet, and it was on their surfaces,
exposed during the demolition, that thalli
were measured. The maximum diameter
of these thalli was approx. 5 mm (Tab. 1).

. Popradské pleso
The first shelter was built there in 1879.
It was repeatedly extended and rebuilt e.g.
in 1922, and is the mountain hotel now
(Konieczniak, 2010). Thalli were measured
on boulders situated just by the retaining
wall surrounding the square in front of the
chalet. Their maximum diameter ranged
between 34 and 35 mm (Tab. 1).

. Kvetnica
Debris flows with known age are some
of the best objects for measuring purpos-
es. The studied debris flow track is located
in Velickd dolina (Velickd Valley) at a place
called Kvetnica, at an altitude of approx.
1,900 m a.s.l. (Kapusta, 2015). The levée
of debris flow from 2002 were identi-
fied. The diameters of the largest thalli
on this levée were in the range of 5-6 mm.
The larger thalli also occur in several parts
of this debris flow tracks, on landforms
of older debris flows, but of unknown date
of formation (Tab. 1).
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9. Blasyho chata

This shelter was built in 1871-1872 at
Velické pleso lake at an altitude of 1,670 m
a.s.l. Unfortunately it was destroyed
by a snow avalanche in 1874, and in lat-
er years demolished (Konieczniak, 2010).
At present, only some fragments of the
boulders from which it was built are left.
The diameters of the largest thalli were
in the range of 33-35 mm (Tab. 1).

Lichen curves for southern slopes
of the Tatra Mountains

The first measurements of thalli on objects
with a known date of origin based on which
A. Kotarba determined the first lichenomet-
ric curves for the Tatra Mts. showed that the
lichen factor changes with altitude. As the alti-
tude increases, the thallus growth decreases.
Therefore, A. Kotarba (1988) developed two
lichenometric curves for the northern slope
of the Tatra Mts., one for the very cool zone
and one for the temperate cold zone (Fig. 3).

The use of two lichenometric curves
increases the accuracy of the measure-
ment, but creates a problem when measur-
ing objects with high vertical extension, e.g.
debris flows, because two growth curves can-
not be used for one object. For this reason,
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Figure 3. Lichenometric curves for the temperate cold and very cool climatic belts (Kotarba, 1988)
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when developing the lichenometric curve for
the southern slope of the Tatra Mts., it was
decided to determine two curves.

The first curve was created in the tra-
ditional way, i.e. based on thalli measured
on objects located at different altitudes, from
approx. 1,250 m to approx. 1,900 m a.s.l.
(Fig. 4). It is described by the equation:

y =-0.0007x* + 0.4618x - 0.7383

where: R?=0.9928.

As can be seen in Figure 4, not all aver-
age diameters of the largest thalli of o par-
ticular object lie exactly on the lichenometric
curve. This is not only due to the accuracy
of the measurements of the thalli but also
to the altitude and the associated different
rate of thallus growth. When determining the
lichenometric curve, the highest accuracy
is achieved if objects of different ages and
at different altitudes available. Unfortunately,
this is rarely the case. The course of the upper
part of lichenometric curve for the southern
slope of the Tatra Mts. (Fig. 4) was strongly
affected by the thalli measured on boulders
at the Skalnata chata station (the highest
point on the lichenometric curve), i.e. located
on one object only. In order to increase the
accuracy of the lichenometric curve, there
should be more such objects, as is the case

in its central and lower course. Unfortunately,
it was not possible to find more objects older
than 100 years and with thalli that would
meet the requirements of this dating method.
Therefore, the rate of lichens growth, deter-
mined by course of the lichenometric curve
shown in Figure 4, may slightly differ from
the actual rate of their growth at individual
heights and age ranges.

When using this curve for lichenometric
dating, it should also be borne in mind that
all objects used for its construction were
located in the bottom of valleys or on the low-
er parts of their slopes. In the case of dating
objects situated on convex landforms (ridges
or peaks) characterised by climatic conditions
different from valley bottoms, the growth
rate of thallus on such landforms may differ
from the growth rate determined from the
lichenometric curve (Kedzia & Parzdch, 2016).
Thus, the accuracy of dating with this method
will be reduced. The same applies to objects
located significantly below or above the alti-
tudinal range for which the lichenometric
curve was constructed.

When lichenometric dating is used for
objects at low altitude (below the range
for which the curve was constructed), the
effect of air pollution on thallus growth must
also be taken into account (Haffner, Lom-
sky, Hynek, Hallgren, Batic, & Pfanz, 2001).
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Figure 4. Lichenometric curve for the southern slope of the Tatra Mts. constructed based on the average

of the largest thallus diameters
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It was not possible to find Rhizocarpon geo-
graphicum thalli below an altitude of approx.
1,000 m a.s.l. when the first lichenometric
curves for the Polish part of the Tatra Mts.
was elaborated. The reason was the high air
pollution that persisted in the inversion layer
over the town of Zakopane (Kotarba, oral
information). A similar situation may occur
in the Slovak part of the Tatra Mts. where
there are numerous localities also at the foot
of the mountains.

Figure 5 presents the lichenometric curve
for the northern slope of the Tatra Mts. devel-
oped by S. Kedzia (2015) and the curve for
their southern slope. A comparison of both
curves demonstrates that the rate of growth
of Rhizocarpon geographicum thalli on both
sides of the Tatra Mts. is very similar. Unfortu-
nately, it cannot be clearly stated whether the
differences visible in the course of the curves,
especially their upper parts, are the result
of inaccuracy of measurements or climatic
differentiation. In order to do so, it would
be necessary to carry out detailed research
aimed at finding objects formed in the
same period on both sides of the Tatra Mts,,
situated at the same altitude and in similar
terrain forms.

Animportant problem in lichenometric dat-
ing, which has been demonstrated in many

55
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studies, is the decrease in the rate of thallus
growth, resulting from the changes in climatic
conditions with increasing altitude (Beschel,
1961; Coxson & Kershaw, 1983; Benedict,
1990, 1991; Armstrong, 2002, 2005, 2006,
2013, 2015, 2016; Solomina & Calkin, 2003;
Armstrong & Bradwell, 2010b, 2015; Hansen,
2010; Trenbirth & Matthews, 2010). There-
fore, another curve was constructed based
on the collected data, showing the variability
of the lichen factor depending on the altitude
(Fig. 6). It is described by the equation:

y =-1.9485x* + 83.36x - 1,297.3

where R? = 0.8975.

With this curve, the error resulting from
using the same value of lichen factor for
objects located at different altitude can
be avoided. Consequently, the accuracy
of the lichenometric dating is increased.
Unfortunately, even this curve has its disad-
vantages. As the research to date has shown,
the growth rate of thalli is related to their age
(e.g. Bradwell & Armstrong, 2007; Bradwell,
2010). For thalli that reached a diameter
of approx. 40 mm, the growth rate decreas-
es. In the case of the curve in question, it was
only on one object that the average diameter
of the largest 5 thalli exceeded 40 mm.
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Figure 5. Lichenometric curve for the northern and southern slopes of the Tatra Mts. based on the

average of the largest thallus diameters
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The differences in matching the mean val-
ues of the largest thallus measured on individ-
ual objects to the lichenometric curve at Fig-
ure 6 result from the accuracy of the thallus
measurement. Small thalli with a diameter
of e.g. 5 mm were measured with an accuracy
of approx. 0.5 mm, which gives an error of 10%.
On the other hand, large thalli, e.g. with a diam-
eter of 50 mm, were measured with a slightly
greater inaccuracy of approx. 1 mm, which
is only 2% error regarding their diameter.
The conclusion is the younger the thalli were
measured, the greater error in determining the
lichen factor were.

When comparing the lichenometric curve
for the southern slope of the Tatra Mts with
the curves developed for different parts of the
Alps, it can be concluded that in terms of the
thallus growth rate, the differences between
the Tatra Mts. and some parts of the Alps are
rather small. Lichen factor of approx. 43 mm
was determined for the southern flanks of the
Mont Blanc massif (Orombelli & Porter, 1983).
P. Pech et al. (2003) developed a curve for the
Massif des Ecrins (French Alps) with a lichen
factor of approx. 30 mm, using a large num-
ber of measuring points situated well above
2,000 m a.s.l,, while H. Blijenberg (1998), who
also carried out research in the French Alps
determined a lichen factor of approx. 38 mm.
M. Czempinski and M. Dgbski(2017) obtained
a curve with a lichen factor of approx. 28 mm

2200

in Otztal Alps at an altitude of approx.
2,000 m a.s.l. O. Sass (2010), on the other
hand, determined a curve with a lichen factor
of approx. 34 mm for the Stubai Alps (Austri-
an Alps). Also in the Austrian Alps, S. Winkler
and R.A. Shakesby (1995) obtained an even
greater lichen factor of approx. 38 mm. How-
ever the above demonstrates not only simi-
larities in the thalus growth rates, but also the
relatively great local variability of these rates
among particular parts of Alps.

Conclusions

The lichenometric curve developed for the
southern slope of the Tatra Mts. is applica-
ble for lichenometric dating in the altitude
range from 1,250 to 1,900 m a.s.l. When
dating objects outside this range, reduced
dating accuracy must be taken into account.
Lichen factor decreases with altitude.
At an altitude of 1,250 m a.s.l. it is almost
44 mm/100 years, while at 1,900 m a.s.l. it is
approx. 34.5 mm/100 years. Despite the cli-
matic differences between the southern and
northern slopes of the Tatra Mts., the growth
rate of Rhizocarpon geographicum thallus
on both sides of the Tatra Mts. is almost
equal. Slight differences occur at higher
altitudes.

All of the thalli used to determine the
lichenometric curve grew on rock surfaces

2000
— y=-1.9485x2+ 83.36x + 1297.3
— 1800 —~— ;
= ~—— R2=0.8975
o M — —~
E 1600 ~——
3 \
2 \
2 1300 S~
< \\
\\
1200
1000
34 35 36 37 38 39 40 41 42 43 44

Lichen factor [mm/100 years]

Figure 6. Lichenometric curve for the southern slope of the Tatra Mts. determined based on the lichen

factor
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of granitoids; therefore, the curve can only
be used to date objects built of granitoids.
There is a need for further research to pro-
vide new data to refine the developed licheno-
metric curves, and to determine the thallus

Stanistaw Kedzia ¢ Juraj Hresko e Gabriel Bugar
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Alicja Kotodziejczyk for their help in field
research. The research was conducted under
projects of NAWA no. PPN/BIL/2018/00050/
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growth rate on the other types of rocks.

Editors’ note:

Unless otherwise stated, the sources of tables and
figures are the authors’, on the basis of their own
research.
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