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Editorial

Climate variability of the past millennium in Hungary

Due to recent environmental change issues, climate research of the past millennium has
gained special interest in the past few decades. Among other things, this is caused by the fact
that the process of making short- and medium-term climate projections requires much better
understanding of climate cycles and past climate processes. The growing relevance of
historical climate research can be seen as well in European climate studies. Within the
framework of the currently ongoing European project (FP-6) entitled Millennium — Climate
and Its Past Dynamics, significant efforts have been made, funded by the European Union, to
provide complex and precise multi-proxy reconstructions of the variability of the European
climate over the last thousand years. In a joint investigation by European scientists, studies
and records from various fields and different parts of Europe, including Hungary and the
Carpathian Basin are gathered.

Both in Hungary and the surrounding areas of the Carpathian Basin, either in the form
of medium- or long-term climate reconstructions or impact case studies of weather anomalies
and extremes, in the recent decades and especially in the last few years, a rapidly developing
interest among scientists and historians can be perceived. In this issue we will present new
results of long-term climate investigations in Hungary, provided by 16 scientists from various
fields like paleoecology, geology, geochemistry, dendroclimatology, geography, and
environmental history.

The paper of Siklosy et al. provides a reconstruction of climate variations that have
occurred in the past millennium. In their paper temperature, precipitation, as well as
vegetation changes in northeastern Hungary (Biikk Mountains), based on high-resolution
stable isotope (oxygen, carbon) and trace-element analyses for a 1100-year long stalagmite
record with decadal cycles, are discussed. While oxygen isotope content is mainly related to
temperature and carbon is related to precipitation, a combined trace-element (Mg, Sr, and P)
variation method was applied to detect changes in evapotranspiration. A significant result was
that the predominantly wet and warm Medieval Warm Period, after a transition period of
several dry spells, was followed by a colder, humid Little Ice Age.

In a study by Siimegi et al., based on geoarchacological methods (pollen, macrofossil,
sediment analyses), a palaeoecological and palaeoclimatological reconstruction for northern
Hungary was carried out for a period of two millennia. Also, based on the evidence derived
from sediment depositions, after the high water level of Nadas Lake, which lasted until the
mid-Holocene period, a 5000-year gap in deposits occurred due to the deepening of the lake
basin in the Imperial period. At the same time as the depth of the lake was increasing, around
200 AD the water level decreased, which caused an eutrophication of the water. This process
was followed by paludification, which occurred from ca. 1300 onwards. Their investigation
suggests that warm conditions prevailed in the Imperial period, and then in the late Migration
period. Once again, warm (and dry) conditions returned in the 8-12th centuries and ended
around the mid-1200s.

Kern et al. carried out an investigation on August-July precipitation, focusing on the
southern sections of the Bakony Mountains in west central Hungary, based on the ring widths
of oak trees. Their reconstruction covers a period of 258 years, starting from 1746 AD. The
reconstructed precipitation series suggests that very dry conditions occurred in the late 1740s,
while the wettest part of the period occurred in the late 1700s. This was followed by a



downward trend in precipitation, with short dry spells in the 1840s, 1860s, and 1940s.
However, the driest period of the last 258 years in west central Hungary occurred in the
period after the 1980s.

Following the three papers on data analysis, the review article of Andrea Kiss provides
a synthesis of research in historical climatology and a study of hydrometeorological extremes
in Hungary, based on documentary evidence, for the past millennium. In addition to
compilations and analyses of long-term climate variability, case studies on hydro-
meteorological extremes (e.g., droughts and floods) and their impact over the past thousand
years are also elaborated.

Andrea Kiss
Guest Editor
University of Szeged, Hungary

Acknowledgement—We would like to thank IDOJARAS for giving us the opportunity to present a
cross-sectional view of the multidisciplinary themes of historical climate changes, mainly occurred in
the last 1000 years, as well as for the support of the EU project called Millennium (No. 017008).
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Abstract—This paper presents the high-resolution stable isotope and trace element
records from a stalagmite from Hungary (Kiskéhat Shaft, Biikk Mts.). Based on the
variation of the isotopic and chemical composition of the carbonate deposit along the
growth axis, changes in temperature and precipitation amount are assumed.

Our first results on the younger part (ca. last 1100 years) of the deposit suggest that
not only major changes but several short period cycles can be recognized within the
stalagmite, which are partly caused by temperature, precipitation amount, and vegetation
changes. The oxygen isotope variation of the stalagmite can be explained mainly by the
changes of the temperature, while carbon isotope ratios mainly reflect the changes in
water recharge or precipitation amount. Combined trace element (Mg, Sr, and P)
variations were used to reconstruct evapotranspiration changes.

The stalagmite recorded a generally wet and warm Medieval Warm Period, a colder
but humid Little Ice Age, and several variably dry periods between.

Key-words: stalagmite, cave, paleoclimate, stable isotopes, trace elements, last
millennium, Hungary

" Corresponding author
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1. Introduction

During the past four decades, the majority of the palcoclimatological studies was
concerned either with investigating marine records and/or polar ice cores.
Efforts in reconstructing climate change from continental records have renewed
interest in the use of speleothems as climatic proxies (e.g., Gascoyne, 1992;
Lauritzen, 1995).

These deposits have specific advantages: stalagmites are widespread in
continental area, they develop in relatively protected environments, practically
free from re-deposition and alteration, and can be dated by absolute radiometric
methods at relatively high precision. TIMS or ICP-MS uranium series dating of
only a few 100 milligrams allow dating speleothem calcite with a precision
better than 1% (Shen et al., 2002).

Carbonate speleothems are formed when water saturated in CO, from the soil
zone enters a cave where the CO, degasses. If degassing proceeds slowly in a
stable-temperature environment, calcite can be precipitated in isotopic equilibrium
with the parent drip water (Hendy, 1971). In this case, the reconstruction of
environmental conditions existing during the formation of the calcite can be
possible mostly based on the stable isotope analyses of speleothems.

Recently published preliminary studies in Hungary have reported
significant isotopic and chemical variations within stalagmites related to
interglacial/glacial climate transitions (Marine Isotope Stage Se-5d; Sikldsy et
al., 2008a) or volcanically induced climate changes (Sikldsy et al., 2007; Siklosy
et al., 2009). Speleothems that record decadal-scale environmental changes in
the Carpathian Basin during the last millennium are of particular interest, as this
time range is not fully covered by historical and/or instrumental climate records
(e.g., Réthly, 1962; Racz, 1989; Kiss, 2009). Although tree-ring growth series
may preserve climatically induced climate proxy signals (Kern and Popa, 2007;
Kern et al., 2009) the lack of corresponding series further back in the past
prevents the establishment of detailed studies. Ground-surface temperature
(GST) may reflect past climate conditions, but the resolution and precision of
the reconstruction for Hungary (Bodri and Ddvényi, 2004) need to be improved
for direct comparison with other records. Biostratigraphic evidences for
Holocene climate changes (based on vertebrate paleontology) cover several
localities in northeast Hungary (Kordos, 1977; Kordos and Ringer, 1991),
however, the precise age control and the lack of continuous records prevent the
establishment of high-resolution reconstruction for the last thousands of years.

There is a need, therefore, for well-dated climate records from this
continental area to increase the input for general climate models. High-
resolution geochemical data on speleothems may fill the gap also for this period.

In this study, we conducted complex trace element and stable C and O isotope
analyses on a speleothem from Hungary (Fig. /) acquired at high spatial and
temporal resolution using various mass spectrometric techniques in order to test
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and validate independently recognized climate changes (e.g., Little Ice Age [LIA])
and to apply geochemical results as a climate driven proxies for future research.
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Fig. 1. Location of Kisk6hat Shaft in northeast Hungary (a) and vertical cross-section of
the Kiskohat Shaft with the sample location, indicated by a cross (mapped and created
by the BEAC cave explorer group) (b).

2. Site and sample

The speleothem analyzed in this study originates from the Kiskohat Shaft (Fig.
1), northeast Hungary (N 48°4.086” and E 20°29.422"). The cave is located at
the southern rim of the Biikk Highland, at 915 m a.s.l. The 117 m deep inactive
sinkhole opens up the cave with a total length of 479 m, situated in the Biikk
National Park, under the Kiskéhat peak (938 m) at 915 m elevation, in Triassic
limestone. The interior of the cave where the sample was located has a constant
temperature of 5.5 °C, with only a minor variability over a year, except the shaft,
close to the cave entrance, where freezing can occur during winter. In situ CO,
measurements at the site revealed that the air masses within the cave can only
change during wintertime because of the general, temperature dependent
atmospheric circulation of sacklike chambers. When cold and dry winter air
sinks into the cave, the environment may become totally dry and, therefore, the
growth rate of the deposits becomes practically zero.

The stalagmite consists of dense, well-laminated dark crystalline and
milky-colored calcite. Apparently, deposition has been continuous along the
length of the sample (ca. 250 mm), except the top part of the stalagmite where
hiatus in deposition are marked by small changes in crystal structure and layers
of detrital inclusions (Fig. 2, shown by dotted lines). A polished section of the
studied section of the stalagmite (ca. top 65 mm) was examined for calculating
the number of growth bands along the growth direction.
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Fig. 2. The determined U-Th data series vs. the depth (a) of the studied Kiskdhat Shaft
stalagmite (b), and the selected part for this study (c). Vertical gray bar shows the
position of the stable isotope profile (c). Position of the Multi Collector-Inductively
Coupled Plasma-Mass Spectrometry (MC-ICP-MS) age data are indicated by the black
regions (b and c). Dotted line represents textural changes and/or hiata during the
deposition of the stalagmite. Errors of the age data are also indicated.

3. Methodology

3.1. Age determination

To place the observed isotopic changes into a time frame for comparison with
other records, precise age determinations of the cave deposits is required. The
technique is based on the precipitation of small amounts of uranium at the
moment of deposition of natural samples (e.g., calcite speleothems) in the
absence of thorium. After carbonate deposition, a gradual increase of the i i/
concentration occurs in the speleothem through radioactive decay of ***U. The
ratio *Th/***U is a function of the speleothem age, which can be determined by
chemical separation of **Th and **'U from the sample and by measuring each
nuclide (Edwards et al., 1987 Richards and Dorale, 2003).
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Subsamples (ca. 0.1-0.3 g) were drilled for U-Th chemistry (Shen et al.,
2003) and " Th-dated isotopic measurements on a multi-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS), Thermo Electron Neptune in
the High-precision Mass Spectrometry and Environment Change Laboratory
(HISPEC), Department of Geosciences, National Taiwan University. A triple-
spike, **’ Th-*"U->*U, isotope dilution method was employed to correct mass
bias and determine uranium concentration (Shen et al., 2002). A protocol, using
one newly-developed MasCom secondary eclectron multiplier (SEM) with
repelling potential quadrupole (RPQ), was employed. Only 1-4 ng of U is
required to earn the 2-sigma reproducibility of 1-2%o. No significant difference
between measurements of standards and carbonate samples on ICP-sector-field-
MS (Shen et al., 2002) and on MC-ICP-MS certify the developed MC-ICP-MS
methodology.

Dating of the youngest part of the stalagmite was possible by applying the
U-Th method due to its low detrital Th content. Age corrections are applied
anyway, as even small amount of U-derived Th may have effect on the U/Th age
for young samples. Thus, we used the corrected values for all dated subsamples
(Table 1). The obtained ages are absolute ones and given as years BP (before
present; here: before the chemistry date 2007 AD).

3.2. Stable isotopes

Carbon and oxygen isotope compositions of drilled calcite samples at a spatial
resolution of ~0.5 mm were determined using the conventional H; PO, digestion
method (McCrea, 1950; Spitl and Venneman, 2003) at 72 °C and an automated
GasBench II preparation unit attached to a Thermo Finnigan delta plus XP
continuous flow mass spectrometer at the Institute for Geochemical Research in
Budapest. Standardization was conducted using laboratory calcite standards
calibrated against the NBS-19 standard. The results are expressed according to
the following equation:

Rsamplc b Rstandard
8'%0 or 8"”°C= 1000 (%o). (1)
Rstandard

The variations of stable 'O and '®O or *C and ">C are measures by a mass
spectrometer relative to a standard, therefore expressed in a ,,delta” (%o) notation,
here, relative to the carbonate standard named Vienna Pee Dee Belemnite (V-
PDB). Reproducibilities for C and O isotope analyses are better than + 0.15%eo.

In temperate regions, cave air is characterized by high-humidity (typically
95-99%), minimizing the evaporation that might otherwise cause kinetic
isotope fractionation by preferred loss of easier water molecules (H, '°0). In this
case the variations in 8'*O value of a carbonate reflects primarily the changes in
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oxygen isotopic composition of precipitation in the area (8'°Oyu) and the
temperature of formation (McDermott, 2004 and references therein). Since the
isotopic composition of dripping water is closely related to the meteoric
precipitation at the studied region (Harmon et al., 1979; Yonge et al., 1985) and
the cave temperature reflects the mean annual temperature at the surface
(Fairchild et al., 2006), the O isotope compositions of meteoric water that
infiltrates into the cave, and from which the carbonate precipitates, reflect
regional climate conditions. However, in order to interpret the 8'°O value of the
stalagmite correctly, the factors that may influence the O isotope compositions
of infiltrating water have to be listed here. As mentioned above, the 8'°O in cave
seepage waters reflect the 8O of the local precipitation but may reflect
evaporative processes that modify the 8O of the infiltrating water along the
flow path from the surface across the vadose zone into the cave. The oxygen
isotope composition of precipitation is temperature and site dependent.

Over the mid and high latitudes, Rozanski et al. (1993) calculated an average
modern-day ASIROPNC,,,,W,O“/AT of approximately +0.6%0/°C. This value may have
been different in the past, however, we may assume that the positive correlation
remained. The equilibrium fractionation (Friedman and O’Neil, 1977) that
accompanies calcite deposition from drip-waters inside the cave (AS'XOCmC“e /AT)
is approximately —0.24%0/°C at 25°C (O’Neill et al., 1969). Since the
temperature dependence of 8'°O in rainfall (ca. +0.6%0/°C) exceeds the calcite-
water fractionation (—0.24%o/°C), in principle the temperature dependency of
the O isotope compositions of meteoric water define the 8“0 value of the calcite
(i.e., a positive correlation between §'*0 in the calcite and temperature).

The 8"C values of the stalagmites can also provide important palacoen-
vironmental information. The carbon isotopic composition of the drip water is
the most important factor determining the 8”C of speleothem carbonates.
Carbon dissolved in drip water mainly derives from three sources: atmospheric
CO,, soil CO,, and dissolution of the karstic host rock. Among these, the amount
of soil CO, has a major factor. Thus, changes of the vegetation activity or in the
microbial activity within the oxidation process of soil organic matter plays a key
role in the CO, production. Part of the precipitation will penetrate plant cover
and pass through the soil and epikarst zone, where it takes up the CO,, produced
by plant respiration. The CO, uptake produces carbonic acid, which in turn
dissolves limestone (Eq. (2)). The 8"C value of soil CO, varies according to the
photosynthetic pathway of plants (C3 and C4-types), however, the C4-type
drought-adapted grasses can be ruled out for this region at the time range for this
study (Siimegi, 2007). The 8"°C values of the stalagmite may become more
positive also in case of above or within-cave phenomena, mostly related to rapid
outgassing of CO,, caused by stronger ventillation or evaporation which leads to
kinetic fractionation, thus the enrichment of calcite precipitation (i.e.,
stalagmite) in isotopically heavier carbon isotope.
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The carbon isotopic values, therefore, mainly reflect the influence of
biogenic activity of soil above the cave and the degree of limestone dissolution.
The driving force of karstification and speleothem deposition is the meteoric
water circulation system in combination with soil carbon dioxide production, as
expressed by the following equation:

CaCO;(s)+ CO,(g) +H,O()(precipitation) <=>(dissolution)CaZ+(aq) +2HCOs(aq). (2)

Table 1. U/Th isotopic compositions and *"Th ages for Kiskéhat Shaft on MC-ICP-MS

o Weight) 2*U [**Th | &%U 'Z:E“’ CoTh/| Age Age &MU (Growth
(cm) | Th] initial | rate

Sample | From b i Meas- | Activ- « | Uncor- E Correct- E Correct- Sm/

ID |thetop| B | PPPPPL eq? | iy” | PP™ | rected| " | ed” i =
Kiskohat

12. 0.1 0.298 [ 35.7 | 356 317 0.0051 8.5 427 + 86 327 & 132 317 16
Kiskohat

11. 0.4 0.249 | 33.9 | 334 335 0.0075 [ 12.5 614 | £108 516 + 146 336
Kiskohat

10.* 1.4 0.352 | 41.8 | 100 | 374.6 | 0.0060 41 477 £73 454 +76 375 43
Kiskohat

D, 3.1 0.222 | 38.7 58 349 0.0106 | 116.5 862 | +107 847 + 108 350 135
Kiskohat

8. 6.6 0.332 | 394 | 115 358 0.0140 | 79.8 1135 | £70 1106 7S 360 199
Kiskohat

T 8.1 0.221 | 340 | 60 349 0.0147 [ 137.3 [ 1199 [ +121 1181 &£ 122 350 71
Kiskoéhat

6. 9.3 0.159 | 27.1 171 366 0.0176 | 45.8 1412 | +240 1350 + 248 367 150
Kiskoéhat

S5 119 | 0416 | 354 47 374.6 | 0.0192 238 1537 | £98 1524 +99 376 52
Kiskohat

4. 148 | 0.116 | 37.4 | 177 | 3919 | 0.0268 | 93.4 | 2123 | +85 2078 + 96 394.2 260
Kiskohat

3 17:1 0.197 | 35.0 [ 98 396.0 | 0.0278 | 164.5 | 2193 | +56 2166 + 62 398.4 99
Kiskohat

2 19.8 | 0.171]128.1] 215 | 420.3 | 0.0316 | 310.2 | 2455 + 60 2439 + 62 423.2 88
Kiskohat

I 21.8 | 0.143 | 340.0| 2584 | 420.6 | 0.0352 [ 76.5 | 2737 | +43 2666 + 83 423.7

Analytical errors are 2s of the mean.
24PN = (PP W sy — 1) 1000.
b [230Th/238U]aclivil)' =l = e-xz.mr A (8234Umcasurcd/l000)[)\230/(;"330 ) [ ef(x:'.‘m —A234) T)! where T'is
the age.
Decay constants are 9.1577 x 10® yr™! for 2°Th, 2.8263 x 10 yr™' for **U, and 1.55125 x 107" yr”!

for 2*U (Cheng et al., 2000).

The degree of detrital **"Th contamination is indicated by the [**°Th/***Th] atomic ratio instead of
the activity ratio.

¢ Age corrections were calculated using an ***Th/***Th atomic ratio of 2 (+ 2) ppm.

¢ 8***Uinitial corrected was calculated based on *°Th age (7), i.e., 8 *Uinitial = 8**Umeasured X €%,
and 7 is corrected age.

*: U fraction lost during chemistry; estimate age using “Kiskoéhat 11.” U data.

251



3.3. Trace elements

As the speleothem grows, it incorporates trace elements into its structure, and
their concentrations and ratios reflect environmental conditions at the time of
deposition, e.g., temperature and water throughput (rainfall at the surface).

Trace element compositions were determined by laser-ablation (LA-)ICP-
MS technique using a Perkin-Elmer ELAN 6100 DRC ICP-MS coupled with a
LAMBDA PHYSICS excimer laser (193 nm) at the University of Lausanne. The
measurements were performed using the following settings: laser: 7 Hz, 28 kV,
energy ~170 mJ, fluency ~13 J/em’; spot size 60 pm, acquisition time: gas blank
~30s, data ~60s. Data were reduced using the CONVERT and LAMTRACE
programs. NIST612 glass was used as external standard and Ca electron
microprobe measurements served as an internal standard. BCR-2 glass was
monitored during all analytical sessions for phosphoros and treated as unknowns
during data reduction. The error is estimated to lie between 5—10% on a relative
basis. With the applied method, elements incorporated into the structure of the
calcite with low concentration and high spatial resolution could be followed
along the growth axis.

In this paper we focus on prominent changes and cycles of the following
trace elements: Mg, Sr, and P.

Mg can substitute Ca in the calcite lattice (Mucci and Morse, 1983). The
main factors that can modify the Mg-signal in stalagmites are the following:

e Experimental results have demonstrated that Mg partitioning into calcite
from water is temperature-dependent (Mucci, 1987; Burton and Walter,
1991). Gascoyne (1983, 1992) calculated that a 1°C increase would
increase the Mg content of the stalagmite with 7%, however, the long-
term (millennial) temperature control on Mg abundance have proved to
be over-simplified (Fairchild et al., 2006).

e Under isothermal conditions or during short-term changes (yearly or
decadal), variation in solution composition is much more important,
hence Mg variation on decadal time scales reflects variations in solution
Mg. This mostly reflect changes in hydrological parameters, with
solution Mg/ Ca tending to be lower under high flow-rate (i.e., wet)
conditions, as a result of dilution.

e Furthermore, the enrichment of Mg in cave waters can be explained by
prior low-Mg calcite precipitation from the cave waters along the flow
path, which are consequently enriched in Mg. The partition coefficients
(Kd) for Mg (and also for Sr) between cave waters and cave calcite are
<<l (Katz, 1973; Mucci and Morse, 1983), therefore, Mg/Ca and
Sr/Ca ratios increase in solutions that have precipitated calcite (*prior
calcite precipitation”). This can explain co-variations of Mg and Sr in
the seepage waters and consequently in the speleothem.
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e Prolonged water residence time in the vadose zone linked to the reduced
amount of precipitation may also enhance the Mg concentration in the
solution and stalagmite due to the dissolution of the host rocks.

In the case of Sr variability, the increase in the speleothems can be
interpreted by:

e Increased water residence time in the vadose zone and /or by an increase
in prior calcite deposition caused by an increase in calcite saturation of
the waters.

e In addition to varying solution Sr/Ca, the growth rate, or more
specifically crystallographic changes can also influence Sr incorporation
at higher growth rates (Huang and Fairchild, 2001). Higher Sr at a
given Mg content represents faster growth rate of the stalagmite (Huang
etal.,2001).

Phosphate is one of the strongest adsorbents onto defect sites on the calcite
surface (Meyer, 1984). It is directly linked

e to the vegetation productivity and its decay (Fairchild et al., 2001), and

e the P incorporation into the calcite structure is sensitive to phosphate
concentration in seepage water and rate of supply of dripwater
(dilution).

Therefore, P concentrations can be used as an indipendent proxy together
with carbon isotope values to estimate the change of biogenic activity. A control
on P incorporation by rate of supply of inorganic P, rather than by defects
produced during faster growth, is inferred from the lack of correlation of P and
Sr in this case.

4. Results
4.1.7"Th-"*U results of age determinations

Uranium-series dating results indicate that the stalagmite growth started some
2700 years BP. We obtained a total of 12 U-Th series dating along the growth
direction (7able 1) and all subsamples were in stratigrapic order (Fig. 2a).
The section selected for this study (ca. top 65 mm of the stalagmite) cover ca.
1100 £75 years.

The age data demonstrate that the growth rate varied in time, from ca.
199 um/year at the bottom of the studied section to ca. 16 um/year at the top.
This change may be due to the (i) real decreased rate in continuous growth or
(ii) the presence of hiata. The visible laminae counts and width calculations
using the CAROTA software (Popa, 1999) revealed that regular, high-frequency
cycles can be recognized along the studied section (Fig. 3a) with a sum of 373
laminae within the determined age ranges for the studied section (from the
bottom to the top of the stalagmite, between 1106+ 75 and 327+ 132 years BP,
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respectively). For the majority of the deposition, therefore, the stalagmite suffers
from the lack of visible laminae. Fewer counted laminae than expected may
probably represents brake during the stalagmite deposition. The average
thickness of the bands is ca. 173 um (Fig. 3a).
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Fig. 3. Lamina thickness (upper) and 6"°C value (bottom) along the growth direction of
the stalagmite. Horizontal line represents the average lamina width of 173 um (a); Stable
oxygen isotope composition of the studied section (b); Mg (¢) and Sr-P (d) variations in
the studied section of the Kiskéhat stalagmite. The thick line in each case shows
smoothed data (3 running means). All data are plotted against the ages (calendar years or
AD), based on the U-Th data. Vertical dotted lines mark the recognized textural changes
and/or hiata (see Fig. 2).
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The slowest growth rate based on the age-depth relationship (Fig. 2a)
occurs at the top of the stalagmite, coinciding with the observed hiata. To put the
observed changes in the isotopic composition and trace element concentration
into the time-frame, U—Th ages along the growth direction were used to create
time dependent proxy rather than distance.

In most speleothems from Hungary, growth rate changes and hiata during
the deposition may indicate the occurrence of favorable (warm and humid) or
unfavorable (cold and/or dry) conditions for calcite precipitation (Siklosy et al.,
2008a), thus, the observed features may represent climate changes.

4.2. Stable isotopes

The stable oxygen and carbon isotopic values were plotted against the ages
(Figs. 4a and 4b) according to the determined U-Th data of the selected section
(ca. top 63 mm of the stalagmite). The profile consists of 125 samples obtained
at ca. 0.5 mm increments. 8'°O values range between —9%o and —6.7%o (V-
PDB) and 8" °C values range between —8.7%o and — 6%o (V-PDB). The correlation
between the two isotopes is very weak (0.13), and there is no systematic
variation along a single growth layer, that suggest the sample deposited in
isotopic equilibrium. However, distinct parts of the section studied (especially
between ca. 1250 and 1500 AD) are characterized by fluctuations in both 3'°0
and 8"C values with higher correlation coefficient in response of possible
kinetic fractionation. Processes including evaporation or rapid degassing of CO,
from the cave dripwaters may explain this isotopic signal. In the case of 8'°O
values (Fig. 3b), high-frequency cycles (with amplitudes of 1-1.5%o) are
superimposed on low-frequency signals. Calcite at the bottom of the section
exhibit 80 value of ca. —8%o (V-PDB) with rapid fluctuations. Within a short
period (at 1000 AD), a marked increase of >1%o can be observed towards to less
negative values of the section. These higher values remain and caracterize the
section between 1000 and 1150 AD. Furter up-section, towards the younger part,
lower averaged values were measured with some abrupt jumps towards higher
"0 values, from which some coincide with similar §"°C peaks. Between 1550
and 1680 AD there is a remarkable shift to lower 8'°0, while the very top of the
stalagmite (>1680 AD) shows slightly higher values again.

The carbon isotope composition of the stalagmite (Fig. 3a) is
characterized by similar high-frequency cycles with even more abrupt changes.
Smaller variability can be observed at the bottom part of the section (before
1200 AD), while more variable values of 8'"°C are present between ca. 1200
and 1500 AD. An abrupt change at ca. 1250—-1300 AD resulted the highest
8"°C value of the stalagmite. From this point to the top, a trend towards lower
values appear with another sharp peak at 1650 AD, which coincides with
darker calcite just below the observed hiata at the top of the section (dotted
lines in Figs. 2 and 4).
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Fig. 4. Stable oxygen (a) and carbon (b) isotope record plotted against the age-
relationship of the studied stalagmite. Vertical dotted line indicates hiata and/or marked
textural changes during the selected growth period (see Fig. 2). See text for details.

(a) Triangles represent higher oxygen isotope values and crosses represent lower oxygen
isotope values compared to the average of the total section.

(b) Triangles represent higher carbon isotope values and crosses represent lower carbon
isotope values compared to the average of the total section.

4.3. Trace elements

Trace element data are plotted against the ages (AD) from the top of the sample
(Fig. 3c and d). The stalagmite is practically free from detrital-derived
impurities as the textural and prelimintary chemical scanning showed, therefore,
they are not mentioned in this study or they are not responsible for the laminae
observed in the stalagmite. The selected trace elements (Mg, Sr, and P) display
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similar oscillations along the studied section of the stalagmite, although there are
some obvious differences (peaks and trends) at different parts of the
concentration profiles.

Magnesium exhibits short-time cycles along the growth direction
superimposed on a long-term increasing trend towards the top of the stalagmite
(Fig. 3¢). Low concentration appears between ca. 950 and 1100 AD, whereas
the top part (between 1600 and 1680 AD) is characterized with higher Mg
values. Mg shows no covariation with Sr or P.

Strontium displays high-frequency cycles superimposed on long-term
changes as well. The highly variable Sr concentration clearly reveals a similar
pattern as the 8"°C values in most of the section. The highest Sr values and
peaks between 1300 and 1500 AD coincide with elevated 8"C values, while
there is a general decreasing trend between 1650 and 1700 AD for both profiles
(Fig. 3d).

Phosphorus displays anticorrelation with Sr, but not with any other element
(Fig. 3d). The overall anticorrelation is 0.61. The lowest values are observed
between ca. 1150 and 1550 AD, with some troughs around 1600 AD. P peaks and
elevated values (1000—1150 AD) generally encompass the lower values of Mg.

5. Discussion on the stable isotopes and trace element records

Before discussing the temperature and precipitation amount information
obtained from the Kiskohat Shaft, stable isotope data points were separated and
colored according to their relative values to the averaged value of both (C and O
isotope) datasets (Fig. 4), and plotted against the age.

As shown in Fig. 2, the older part of the studied section (35-40 mm to ca.
65 mm, which value represents ages between 847 and 1106 years BP) is char-
acterized by faster growth rate (ca. 135 um/year), opposit to the top of the
stalagmite. In order to reconstruct the paleoenvironmental changes during this
period, the 80 values of the stalagmite was first investigated. 8O of the
seepage water is not controlled by the routing of the water but the composition
of the local precipitation, thus the climate of the region (Harmon et al., 1979;
Yonge et al., 1985). As abovementioned, higher 8'°0 values of the precipitated
carbonate primary reflect warmer climate. Evaporation may also have caused
elevated 8'%0 values, but this would be also indicated by the elevated Sr and Mg
concentration. This period (between ca. 1000 and 1150 AD) is characterized by
the highest values with positive shift of 8'°O (Fig. 4), indicating warmer and/or
arid climate conditions. This latter possibility can be ruled out, as the P and §"°C
show no systematic shifts towards low and high values, respectively, therefore
towards drier conditions (Fig. 3¢ and d). Instead, the high P and the slight shift
of 8"°C to more negative values imply increased soil biogenic activity, most
probably due to the increased precipitation amount. Low Mg and decreasing Sr
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values can be also explained by dilution effect related to the elevated infiltration
(i.e., wet conditions). According to the determined U-Th ages, this warmest
period with the highest oxygen isotope values around 10001150 years may
represent the Medieval Warm Period (MWP).

Just before this time period, the very bottom of the section (between ca. 900
and 1000 AD) represents colder and drier period, but the lack of interpretable
data preceeding this time prevent the precise comparison.

In contrast to the MWP, the next few hundred years (ca. 1150-1500 AD)
are characterized by highly variable geochemical parameters with sharp peaks of
8"C values and Sr concentrations. In the case of Kiskohat Shaft, the overall
8"C values are determined by the contribution of biogenic CO, (plant
respiration within the soil zone) and the degree of rock-water interaction. The
resulted overall value is then modified or obscured by secondary processes as
mentioned above (varying kinetic isotope effects, e.g., rapid degassing of CO,
caused mostly by increased ventilation). In the case of the Kiskéhat Shaft, the
p(COy) of cave air falls strongly in winter because of the more ventilated system
during cold seasons as a result of temperature dependent atmospheric circulation
in sacklike chambers. This leads to a strong degassing of CO,, therefore, a
kinetic effect and an increase of 8"°C values in cave water. As the dissolved CO,
degasses, the solution becomes supersaturated, and there is a tendency for
CaCO; to precipitate. The maximum rates of CaCOjs precipitation is, therefore,
generated in the winter or cold periods, but only if the hydrologic system
remains active for water infiltration.

As a result of slower flow rates within the karst system (i.e., dry climatic
period), enhanced prior calcite precipitation along the flow-path may occur from
waters due to Ca’" supersaturations by COs-degassing. This prior calcite
precipitation will lead to trace element enrichment (e.g., increased Sr and Mg
concentration) of the dripping water and consequently in the stalagmite.

Sr incorporation into the calcite structure is dependent on precipitation rate.
The overall good correlation between Sr, 8°C (Fig. 3a, d) and — interestingly —
also to lamina width, therefore, can be attributed to elevated precipitation rate
most probably due to the temporal variations (i.e., sharp decrease) in p(CO,) in
the cave air, which is mainly controlled by ventilation. We assume that both
above mentioned processes, i.e., rapid degassing of CO, caused mostly by
elevated, temperature dependent ventillation and prior calcite precipitation along
the flow-path as a result of reduced precipitation amount occurred. Therefore,
periods of low precipitation amount (dry conditions) and decrease in mean
annual temperature (or longer winters) recorded during the deposition between
ca. 1150 or 1200 and 1500 or 1550 AD. Low P concentration (Fig. 3d) supports
our assumption, since the drier conditions prevent soil activity and, therefore,
the biogenic production. Decreased soil biogenic CO, production via plant
respiration and microbial activity leads to less negative 8'°C values, which,
again record dry or drier conditions during the deposition of this part of the
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stalagmite. We assume that the increased 8'°O values may also represent drier
conditions as a result of kinetic effect of evaporation events (e.g., at around
1280, 1400, and 1480 AD).

The rapid decrease of 80 values and change in trace element composition
of the stalagmite imply remarkable change during the deposition at ca. 1500 AD.
P shows rapid increase paralel to the decrease in Sr concentration, while Mg
shifting towards more positive values. Textural studies indicate that there are
small, but obvious variations in the petrographical features along the studied part
of the stalagmite. The recognized hiata (vertical dotted lines in Figs. 2 and 4),
represent ceased growth, especially near the top of the stalagmite (younger part).
Non-uniform calcite growth rates were also shown by the age-depth relationship
(Fig. 2a) and by the variable lamina width values (Fig. 3a). The lack of
continuous growth reveals that the formation of the stalagmite suffer optimal
conditions (i.e., warm and/or wet) in certain time period(s). The most remarkable
hiatus can be seen close to the top of the stalagmite (ca. 1600—-1700 AD). As the
recent mean annual temperature in the cave interior is ca. 5.5°C, we could
exclude solely the temperature decrease for widespread freezing of the cave
system. A gradual cooling would inevitability resulted in significant 8'°O shift
for the deposited carbonate (Siklosy et al., 2008b), however, in the case of
Kiskéhat Shaft, only minor variability were observed before and after the
growth cessation. Restricted growth can be explained by reduced drip rate of
infiltrating water in dry periods, or because of heavy water flows in the wet
season within the cave, when the water is no longer supersaturated for CaCOs.
This latter option can be ruled out as the trace element composition (especially
Mg) exhibit higher values rather than the diluted, low values. The rapid increase
in Mg after between 1600 and 1700 AD is possibly due to an important increase
in water residence time followed by the cessation of speleothem growth as
indicated by hiata at the top. Decreasing Sr concentration values after 1500 AD
and especially after 1650 AD also suggest reduced growth rate. By the end of
this process, stalagmite growth ceased. Therefore, our data suggest that the lack
of infiltrated water would explain the marked growth break. It is important to
distinguish internal and external dryness, as the second option would definitely
imply regional climate variability, and the P concentration and §"C values
would reflect aridity induced changes in the vegetation and soil system. On the
contrary, P concentration increases and &8"C values decrease, representing
prosperous conditions in the soil zone. We, therefore, argued that internal
(’within cave”) dryness and, subsequently, the decrease in water availability
during this period were responsible for the pausa of the growth. Water deficit in
the interior can emerge by the advanced ventilation caused by enhanced winter
(cold and dry) air masses entering the cave. In situ seasonal changes in p(CO,)
were recorded and supported our assumptions. Therefore, we suggest that
elevated ventilation during this time period was caused by longer winters. Based
on the determined ages, this section of the studied stalagmite deposited during
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the LIA. As a consequence of external cooling, 8'°0 of the stalagmite during
this period exhibits lower values, while averaged growth rate decreased (to ca.
16 —40 um/year), according to the determied U-Th ages and distances (Fig. 2a).
As a first approach, the observed ca. 2%o isotopic shift between the MWP and
LIA can be translated into temperature change using the above mentioned
temperature dependency factor of the local precipitation (ca. +0.6%0/°C) and
the equilibrium fractionation that accompanies calcite deposition from drip-
waters (—0.24 %o/ °C) inside the cave. These two factors would result a range of
ca. 5°C cooling, which is higher than the realistic value. Thus, more complex
scenario required for the interpretation of the isotopic record, therefore, we need
to consider additional factors than solely the temperature dependency that may
modify the 8'°0 values of the calcite. We assume that a combination of the
following processes shifted the 8'°O values of the stalagmite towards less
negative values during the MWP:

e a slight evaporation of the local precipitation and the infiltrating water
resulted in elevated 8'°O value for the dripping water, thus for the
precipitated calcite as well, or

e the decrease of the ratio between winter/summer precipitation resulted
in positive shift of the annual infiltrating water.

To summarize, the coldest years (most probably longer or colder winters)
spans around from 1550 to ca. 1700 AD. The missing periods (hiata) and the
relatively bigger age errors around the top of the stalagmite prevent the better
resolution of the LIA, however, the minimum growth rate and the complex
geochemical record support our assumptions.

6. Conclusions

We investigated the textural characteristics, stable carbon and oxygen isotope
composition, and the trace element content of the subrecent part of a laminated
stalagmite from northeast Hungary (Kisk6hat Shaft) in order to reveal a climate
induced geochemical record for the last millennium. The high-resolution record
from the cave deposit revealed a number of paleoenvironmental proxy. We
interpreted the changes in this speleothem as a result of complex changes in the
environmental parameters:

1. Cold and/or arid years (lower annual mean temperature or longer
winter) reduce the average growth rate or even stop the growth of the
stalagmite, while warm and humid periods results in optimal conditions
for the accretion (faster growth rate).

2. More positive 8'°O values represent warmer periods (Medieval Warm
Period), with a favorable conditions (wet and warm) for biogenic
activity in the soil zone.
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3. Cooling at the end of the Medieval Warm Period resulted in a reduced
soil biogenic activity revealed by the increased stable carbon isotope
values.

4. The climate experienced several warmings and coolings and important
changes in the precipitation amount over the Medieval Warm Period —
Little Ice Age transition, both with slower and faster growth rates,
compared to the previous time period (MWP).

5. During the Little Ice Age, the cave was colder, the growth rate of the
deposits was practically zero (presence of hiata). In the case of growing,
stalagmite recorded colder but humid conditions.
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Abstract—Three programs of medieval environmental history research of fourteen sites
was undertaken between 1998 and 2008 as part of the “Evolution of the Hungarian mires,
peats and marshes”, “Environment history of Hungary”, and “Geoarcheological
investigations of Hungary” projects. This present study was to demonstrate the facilities
of paleoecological and paleoclimatological investigations (pollen, macrofossil, sediment
works) completed on the core sequence of the Nadas Lake at Nagybarkany (Hungary).
The Nadas Lake at Nagybarkany is a small peat-bog in the eastern Cserhat Mountains.
The formation of the lake can be traced back to the late Glacial. The sediments deposited
in the lakebed provide a record of climatic and hydrologic changes. A higher water level
could be demonstrated from the late Glacial to the mid-Holocene, when the reed-beds
covered a small area only. This was followed by a hiatus spanning about 5000 years,
caused by the deepening of the lakebed during the Imperial Age, around 20-50 AD. The
water level decreased and the water quality was more eutrophic. A reed-bed evolved
around the lake. Paludification started with a bulrush floating mat phase at the close of
the Middle Age, ca. 1300 AD. The initiation of the Sphagnum-bog underwent similar
phases as in the other Hungarian peat-bogs. Although some anthropogenic disturbances
can be reconstructed in the development of the peatland, some climatic effects and
authogenic processes might be separated by paleoecological analyses.

Key-words: peatland development, macrofossils, pollen, geochemistry, paleoclimate,
Holocene

* Corresponding author
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1. Introduction

The application of macrofossil analysis to peat and lacustrine deposits enables to
identify long-term vegetation changes in aquatic ecosystems. The composition
of aquatic plant communities is largely influenced by the hydrological
conditions prevailing in the basin harboring them. These, on the other hand, are
highly prone to centennial-scale fluctuations in the climate. Former studies
aimed at deciphering past climatic conditions via detailed analysis of peatland
deposits primarily focused on the investigation of Sphagnum-peats of so-called
ombrotrophic peatlands (Barber et al., 2000; Barber and Langdon, 2001;
Barber and Charman, 2005; Mauquoy and Barber, 1999). Due to various
methodological problems, high-resolution quantitative macrofossil studies on
the eutrophic peatlands of continental Europe were generally lacking so far. A
slight modification of the method proposed by Barber et al. (1994) enabled us to
retrieve proxy-climate data from the eutrophic peatlands of continental areas as
well (Jakab et al., 2004).

The total number of Sphagnum occurrences hardly exceeds 50, and in the
central driest areas of the Great Hungarian Plain they are completely absent.
Only sporadic Sphagnum-bogs are known in the country with a total number
well below 20, most of them being extremely small with an area of a mere
couple ha. Real raised bogs are completely missing. The majority of Sphagnum-
bogs is restricted to the western parts of the country enjoying oceanic climatic
influences, and to those of the areas of the Northern Mountains and the northern
part of the Great Hungarian Plain, enjoying montane-type climatic influences of
the Carpathians (Boros, 1968; Szurdoki and Nagy, 2002).

The present paper is discussing the findings regarding the development of
small eutropic peat-bog from northern Hungary. Autogenic succession
processes, climatic conditions, and anthropogenic influences largely contributed
to creating the modern view of the referred peatland. Other aim was to put the
reconstructed anthropogenic impacts and their changes to the context of the
settlement strategies and landscape usages in the central parts of the Carpathian
Basin.

Besides the radiocarbon-dated (Table 1) results (Tables 2—-5) presenting
some similarities and differences between local strategies in adopting and using
marginal landscapes, this project will contribute to future research in Hungary
on similar topics. In order to shed light onto the interrelations of vegetation
changes and climate change, the model of Davis et al. (2001, 2003) was adopted
in our work (Table 6). In our model the plants inferred from the palynological
and plant macrofossil records were assigned to groups of plant functional types
(Prentice et al., 1998; Peyron et al., 1998).
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2. Study site

The Nadas Lake (360 m a.s.l.) at Nagybarkany lies on the northern side of Mt.
Harmas-Hatarhegy, rising to a height of 516 m in the eastern Cserhat Mountains
(Fig. I). There are two other lakebeds in its vicinity, but these are smaller than
the Nadas Lake. The lakebed has an elongated, north-west oriented form, with a
strongly narrowing extension in the south. Its length is roughly 100 m, its
greatest width is 40 m, and it covers an area of roughly 2000 m°. The narrowing
section is about 5—10 m wide. Accumulation in the catchment basin of the lake
started in the late Glacial, when a mass movement (exactly rotation landslide)
process was formed on the slope of the Miocene sandy and silty sediment
covered land surface. A slump hollow formed in the source area between the
landslide toe, and the scarp which was filled up by water forming a small round-
form lake. This mass movement process is characteristic in the analyzed region.
The annual rainfall is between 600 —700 mm. The origin of the peat-bog’s water
is ombrotrophic and topogenic. There is not any visible watercourse in the
drainage area.

1959 2003 Nédas Lake,

+ = Coring point

-= Salici cinereae-Sphagnetum
-= Scirpo-Phragmitetum
-= Sparganietum

= Caricetum ripariae

Fig. 1. Site location of the Nadas Lake and core location on the vegetation map in 1959
(after Madthé and Kovdcs (1959)) and in 2003 Jakab-Siimegi (2005).

The lakebed is fringed by a sessile oak forest. Three plant communities can
be distinguished in the recent bog (Fig. 7). The central part of the bog is covered
with Sphagnum willow swamp (Salici cinereae-Sphagnetum recurvi). This
community is rather poor in species; it is characterized by a dominance of Salix
cinerea and a carpet of Sphagnum squarrosum. This association is rather rare in
Hungary, occurring in the well watered, undrained valleys of the Great
Hungarian Plain and the Northern Mountains, as well as in smaller local



hollows. The willow swamp is fringed by reed-beds (Scirpo-Phragmitetum),
except on the western side. The reed-beds are similarly poor in species; the
presence of Lythrum salicaria, Lycopus europaeus, and Utricularia vulgaris can
be noted. Tall sedge communities (Caricetum ripariae) line the reed-beds. These
communities are dominated by Carex riparia.

3. Methods

Overlapping cores were extracted using a Russian corer conforming to the
general practice in quaternary paleoenvironmental studies. The samples
submitted to lithological analyses were identical with the ones used for the
paleobotanical, macrobotanical, and radiocarbon analyses. Results of pollen
analyses of the peat-bog sequence were presented in Juhdsz, (2005) and Juhdas:z
etal (2004).

The sampling of the 340-cm-deep, undisturbed sedimentary sequences
from basin of the Nadas Lake was carried out using a 5-cm-diameter Russian
type corer. The main lithostratigraphic features of the sedimentary sequence
were determined and analyzed. For the description of the cores, the inter-
nationally accepted system and symbols of Troels-Smith method developed for
unconsolidated sediments were adopted (7roels-Smith, 1955).

Radiocarbon dating of the sequence was obtained by both bulk and AMS
(accelerator mass spectrometry) analyses. Four bulk samples of sediment were
analyzed for radiocarbon ages at the Nuclear Research Centre of the Hungarian
Academy of Sciences, Debrecen, Hungary, and one sample of plant macrofossils
was analyzed for AMS date at the radiocarbon dating facility in Poznan, Poland.
In order to allow comparison with other archaeological data, the dates were
calibrated using the Oxcal v.3.9 calibration program (Bronk Ramsey, 2001),
using atmospheric data of Stuiver et al. (1998). The original dates are indicated
as uncal BP, while the calibrated dates are indicated as cal BC, cal BP, or cal
AD (Table 1). Depth-age modeling and determination of the age of the samples
were constructed by using radiocarbon data and sedimentation rate (Bennett,
1994; Valanus, 2008).

The core was divided into 4 cm samples. The organic content of the core
samples was estimated by loss-on-ignition at 550°C for 5 hours and the
carbonate content by the further loss-on-ignition at 900 °C for 5 hours (Dean,
1974). The inorganic content was further analyzed using the sequential
extraction method. Mackereth (1966) was the first to recognize the potential of
geochemical investigations on the sediments of the catchment basin for the
purpose of environmental reconstructions in his review of bulk chemical
analyses on deposits from the Lake District. The application of bulk analysis,
however, is quite problematic since it does not shed light unequivocally onto the
origin of the chemical constituents (Engstrom and Wright, 1984). Mackereth’
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work was later enhanced by researchers working on the combination of
chemical analyses with palynological investigations.

Table 1. Radiocarbon dates for the lake Nadas at Nagybarkany. Calibrated with
Radiocarbon Calibration Program 4.4.2

Sample Depth Sediment §“C(PDB) '‘C age cal AD/BC
number (cm) type + 0.2 [%o] (uncal BP) 20)

deb-11110  NB-45 Peat -28.02 100% + 0.40 pM '*C 19501960 cal AD
deb-11098  NB-100  Peat -27.73 740 + 60 1230 -1300 cal AD
deb-11009  NB-180  Peat -28.49 1600 + 60 400 540 cal AD
deb-11100  NB-250  Charcoal -27.52 6090 + 60 4956 —5146 cal BC
Beta-194559 NB-280  Charcoal — —24.90 8050 + 40 6875-7061 cal BC

A new, so-called sequential extraction method (Ddaniel, 2004) with a long
established history in the analysis of geochemical composition of lacustrine
sediments was adopted in our work. From the full procedure, the step of water
extraction for unseparated samples was sufficient to suit our analytical needs. As
it was shown by previous works (Ddniel, 2004), the most important paleo-
hydrological and paleoecological data originate from water extraction samples.
Distilled water was purified using a Millipore 5 Plus water purification system
for water extraction samples. 100 ml distilled and purified water was added to
1.0 g sample and was shaken for 1 hour (Ddniel, 2004), and then the water
extract elements of Na, K, Ca, Mg, Fe were analyzed using a Perkin-Elmer AAS
spectrometer. The results from the geochemical analyses are plotted against
depth. Statistical procedures were used to zone the data. Principal components
analyses computed on correlation matrices were preformed after logarithmic
transformation of the geochemical data (Rollinson, 1993). The geochemical
zones were identified by cluster analysis of principal components (Dowdeswell,
1982) using squared Euclidean distance and Ward aggregation method.

For the description of macrofossils, we used a modified version of the
QLCMA technique (semi-quantitative quadrat and leaf-count macrofossil
analysis technique) of Barber et al. (1994). Organic remains from peat and
lacustrine sediments rich in organic matter can be divided into two major
groups. Some remains can be identified with lower ranking taxa (specific peat
components), while others cannot be identified using this approach (non-specific
peat components). The most important specific peat components are seeds,
fruits, sporogons, mosses, rhizomes, and epidermis (e.g., Carex species), leaf
epidermis, other tissues and organs (hairs, tracheids, etc.), insect remains, and
Ostracoda shells. The identification of herbaceous plant tissues was based on the
procedure described by Jakab and Siimegi (2004). We defined the amount of
peat components on the 1 em’ level, and the amount of seeds on the 3 cm’ level.
The samples were washed through a sieve with a 300 pm mesh size.
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Concentration levels were determined by adding a known amount of indicator
grains (0.5 g poppy seed, ca. 960 pieces) and by counting the poppy seeds and the
remains using a stereo microscope in ten 10 mm by 10 mm quadrates in a Petri
dish. Similarly to mosses, rhizomes can only be identified with a light microscope.

We removed a hundred monocotyledon remains and mounted them in
water on microscopic slides for determining the percentages of individual taxa
and of Monocot. undiff. The values for different moss species and UBF were
determined using a similar procedure. We used the Psimpoll (Bennett, 1992) and
Syn-Tax (Podani, 1993 ) programmes for plotting the analytical results.

4. Results
4.1. Chronology and sediment stratigraphy

Coring was carried out in the north-western part of the bog, now occupied by a
willow swamp (Fig. 7). We found peat down to a depth of 110 ecm, with an
underlying water pocket (floating mat) down to 130 cm. Between 130-300 cm,
we found peat and peat-mud with varying organic content. Between 300340 cm,
there was a silty lacustrine sediment layer (7able 1). The radiocarbon dates
indicate a hiatus of roughly 4400 years (from 4970 BC to ca. 20 50 AD)
between 248 240 cm, meaning that we have no data of any kind for this period.
The results of the radiocarbon measurements analyses of the sequence described
in this study are shown in 7able 2.

Table 2. The lithological description of the sequence of Nadas Lake (Jakab and Siimegi, 2005)

Depth (ecm)  Troel-Smith (1955) system Description
0-40 Tb4 (Sphag.) Sphagnum peat
Sphagnum peat mixed with limus detritus,
40-110 Dg2Th1Tbl(Sphag.) made up mostly of Phragmites (40 —80 cm)
and 7ypha rhizomes (80100 cm)
110130 - Water
Burnt, charcoal rich peat layer with Phragmites

130134 Dg2Tb1Thl ;
rhizomes

Dark brown eutrophic lacustrine deposits
134-255 Ld3Sh1 Tb+(Sphag.)Th+TIl+ (clayey silt) with varying organic content, large
amount of wood fragments at 225 cm

Pale yellow, brownish-grey slightly laminated

=9 i
i ARELAL T Tind- i) silty clay with yellow spots

Brownish-grey and pale yellow clayey silt with
yellow spots

295-300 As3Ld1Gs+ (min.) Transitional layer

Greenish-grey, clayey silt with frost marks
(oligotrophic lacustrine deposists)

277-295 Ld3Sh1Tb+(Sphag.)Th + Gs + (min.)

300-340 As3AglGs+ (min.)
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4.2. Geochemistry

A distinctive elemental and lithological stratigraphy was identified in the studied
core sequence, which can serve as a potential record of paleohydrological and
paleoecological history of the catchment basin of the Nadas Lake. According to
the retrieved geochemical data (Majkut, 2009), 6 geochemical zones (7able 3)
developed in the sediment profile of the core at Nagybarkany (Fig. 2).

Table 3. The geochemical zones and results from core sequence of the Nadas Lake
(based on Majkut (2009))

Zone cm cal BP years Geochemical changes

The lake basin is characterized by the deposition of non-
calcareous and low-organic content sediment. This sediment
was predominantly inorganic (90—95%) and contained a
high amount of water soluble Fe and K

15,260 — 8800
NBC-1  340-280  |ate Glacial and

early Holocene

The inorganic content (80—90%) decreased and there was a
gradual increase in carbonate (5%) and organic (10—15%)
8800 — 6000 content. The water soluble Fe, K content decreased, while
early Holocene  the level of water soluble Ca, Mg input prior to this
increase, indicating that the transformation of the vegetation
continued and deciduous forest spread around the lake basin

NBC-2  280-240

There is a sudden upward decrease in the inorganic content
of the deposits from the depth of 240 cm upwards, with an
NBC-3 240_190 2000-1500 increase of the organic matter from the previous 10-15% to
Antiquity 70-80%. Elements to increase the level of included water
soluble Ca and Mg suggest authigenic changes within the
catchment (Daniel, 2004).

There is a gradual decrease in the organic content and water
soluble Ca, Mg content accompanied by an increase in the

[I)Sa(:g _AZO(z)md inorganic content with water soluble Na content between
NBC-4  190-130 4 M%g i 190130 cm of the core profile. Previous studies (Ddniel,
Agey 2004) have indicated that an increase of the abundance of

these elements is indicative of both physical and chemical
weatherings associated with soil erosion and human impact

A gradual increase in the organic content indicates
700 -0 decreasing soil erosion and human influences around the
late Middle Age lake catchment basin. The water soluble Na, K, Ca, Mg
and Industrial content increased gradually in this zone. The observed
Age composition of these elements may refer to the development

of a floating mat, or a moss blanket on the water surface

NBC-5 110-40

There is a rapid increase in the amount of water soluble Ca,
Mg. K, and Na, as well as the organic content in this zone
with peak values in the entire profile. According to the
observed chemical composition of this zone, the emergence
of a closed peat layer with mosses and the formation of a
small peat-bog could have been inferred for the last 50 years

NBC-6 40-0 Last 50 years
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Fig. 2. Results of geochemical analyses (Majkut, 2009).

4.3. Macrofossils

The macrofossil zones are shown in Table 4. The profile was divided into nine
zones on the basis of the analyses. The distribution of 15 most important peat
components in the studied samples was evaluated using multivariate statistical
methods in order to elucidate the major ecological, hydrological gradients of the
individual macrofossil zones (Jakab and Siimegi, 2005). The ordination of variables
(peat components) and objects (sediment samples) are depicted in Figs. 3 and 4.

Table 4. Macrobotanical zones and results from core sequence of Nadas Lake (based on
Jakab and Siimegi (2005))

Zone cm cal BP years Macrobotanical changes

The macrofossil concentration was rather low in the

15,260 — 10,000 lower silty sediment which is poor in organic matter,
NBM-1 340-288 late Glacial and suggesting high water level, oligo-mesotrophic water
early Holocene quality, and low vegetation cover. A narrow belt or

patches of reed-beds probably lined the lakebed
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Table 4 (continued)

Zone

cm

cal BP years

Macrobotanical changes

NBM-2

288-272

10,000 — 8000
early Holocene

The macrofossil concentration increased from 288 cm
and reflected lower water level and mesotrophic
water quality. The reed-bed at the edge of the
lakebed probably formed a continuous belt by this
period

NBM-3

272-247

8000 — 6000
mid-Holocene

The macrofossil concentration and the number of
Phragmites decreased at 270 ¢cm, marshland and bog
species disappeared, suggesting a rise in the water
level. In the second part of the zone, after 7000 cal BP,
the macrofossil concentrations and the amount of
Phragmites again increased, parallel to the renewed
appearance of various Sphagna and moss species.
These changes reflect another decrease in the water
level and the spread of wetland vegetation

NBM-4

247-193

2000 — 1500
Antiquity

The radiocarbon measurements of the sediment
samples between 187-176 cm indicated a hiatus of
roughly 4400 years at the beginning of the zone. The
extrapolation of the measurements suggest that this
sediment hiatus developed around 2000 cal BP,
during the Imperial Age, when the area was probably
settled by Celtic man, who probably deepened the
bog which had evolved by then

NBM-35

193 -103

1500 - 700
Dark Age and

early Middle Age

The concentration of Phragmites rhizomes was quite
high at the beginning of the zone, but declined
continuously, parallel to the spread of Typha. The
transition is marked by the lakebed’s brief
desiccation at 160 c¢m, with the significant increase
of Sphagnum squarrosum peat-moss. The water
quality was meso-eutrophic, changing to eutrophic
from 160 cm. Between 130-110 cm there was a
water pocket

NBM-6

103 -78

700 — 400
late Middle Age

The macrofossil concentration in this zone was
extremely high. Many trees fell into the lakebed. The
charcoal concentration also shows high values,
reflecting the intensive exploitation of the
environment. Thus, this zone represents the lake/bog
transition

NBM-7

78-68

400 —200
late Middle Age

A genuine floating mat phase

NBM-8

58-33

200-0
Industrial Age

A Sphagnum  bog  (Phragmiti ~ communis-
Sphagnetum)  developed in  consequence of
oligotrophication in the sampling area

NBM-9

33-0

Last 50 years

The Sphagnum-bog is replaced by a Sphagnum
willow swamp in the last zone
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4.4. Pollen analysis

Samples taken between the depths of 340 and 0 cm yielded material suitable for
evaluation. A summary of pollen analytical results is depicted in Fig. 5. Table 5
shows the pollen zones of the lake Nadas.
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Fig. 5. Pollen zones and results from core sequence of Nadas Lake (based on Juhdsz
(2005) and Juhdsz et al. (2004) (selected taxa)).
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Table 5. Pollen zones and results from core sequence of Nadas Lake (based on Juhdsz

(2005) and Juhdsz et al. (2004))

cal BP years

Pollen composition changes

15,260 — 12,000

late Glacial

During the late Glacial, the surrounding hill slopes were
covered by a mixed taiga vegetation with scattered
patches of forest and steppe

12,000 — 10,000
transition

Open mixed taiga forest developed within Pinus, Picea,
Betula, Juniperus, Quercus trees and Corylus scrub

10,000 — 9000
early Holocene

A species-rich mixed oak woodland appears early in
this zone. There is a major decrease in the amount of
pine at the beginning of the zone

9000 — 8000
carly Holocene

A rapid spreading of Fagus and Ulmus can be traced
within the newly developed mixed oak woodland
accompanied by a gradual retreat of coniferous and
steppe elements. The arboreal flora is dominated by oak
and hazel with minor amounts of conifers and birch

8000 — 6000
mid-Holocene

The dominant elements of the flora in this zone are oak
and hazel together with beech. Elm comprises the
minor component of the flora. Evidence of the first
human impacts was found in this zone. Selective
logging of the woodlands is responsible for the change
in the forest

2000 — 1600
Antiquity

In this zone, a mixed oak woodland was reestablished
containing elements of hazelnut and scattered stands of
Fagus and Carpinus. However, this woodland is
characterized by a more closed canopy than the one
present in the previous zone

1600 — 1000
Migration
(Dark) Age

Besides the general dominance of oak, there is a sudden
increase in the proportion of beech and hornbeam. The
increased abundance of NAPs marks the gradual
opening of the canopy from about 168 cm upwards. The
presence of numerous weeds and cereals marks an
intensive human activity in the analyzed area

900 — 300
Middle Age

The pollen profile points to the development of a closed
canopy woodland with such dominant elements as Salix
(40%) and Quercus (30—-40%), together with Fagus
and Carpinus. Other arboreal pollen (AP) types are
rare. The presence of numerous weeds (Plantago
lanceolata and Centaurea cyanus) and cereals marks an
intensified human activity in the area

300-0
Industrial Age

The top of the pollen profile by Juhasz (2005) is
characterized by the development of an altered closed
oak woodland with a presence of such AP species as
beech and Carpinus

Zone cm
NBP-1 340-312
NBP-2 312-304
NBP-3  304-292
NBP-4 292-272
NBP-5 272-248
NBP-6 248-192
NBP-7 192-136
NBP-8 10472
NBP-9 72-40
NBP-10 40-0

Last 50 years

Every 0.8 cm interval was analyzed for pollen. The
pollen composition suggests forest regeneration process
started around the peat-bog system
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4.5. Paleoecological zones

According to the retrieved sedimentological, geochemical, pollen,

and

macrobotanical data, 6 paleoecological evolution phases developed in the
sediment profile of the core at the lake Nadas (Fig. 6).
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Fig. 6. Results of sedimentological, geochemical, pollen, and macrobotanical analyses.

4.5.1. The first paleoecological phase, from late Glacial to early Holocene
periods

The lake base sediment is characterized by the deposition of non-calcareous and
low-organic content sediment during the late Glacial and early Holocene
periods. This sediment was predominantly inorganic (90—95%) and contained a
high concentration of the water soluble Fe and K, and low concentration of
water soluble Ca and Na.

The macrofossil concentration was rather low in the lower silty sediment
which is poor in organic matter, suggesting high water level, oligo-mesotrophic
water quality, and low vegetation cover. A narrow belt or patches of reed-beds
probably lined the lakebed. The radiocarbon measurements indicated that this
zone evolved at the time of the late Glacial up to the Pleistocene/Holocene
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transition. Rough peat-moss, Sphagnum squarrosum, a characteristic feature of
the bog’s recent vegetation, was already present at this time, even if in minimal
amounts. The presence of peat-moss belonging to the Acutifolia section is
noteworthy, coming from the damp soil of the surrounding coniferous forests.

During the late glacial and up until 10,000 cal BC, a coniferous forest
steppe of Scots pine, spruce, and birch (Pinus, Picea, Betula) with several steppe
elements surrounded the Nadas Lake at Nagybarkany. Pollen from the trees
accounted for >50-60% of the total pollen with the remaining percentage
composed of steppe elements such as the grasses (Gramineae), Chenopodiaceae,
and Artemisia. The pollen compositions suggest that a cool climate phase
developed around the catchment basin of Nadas Lake during the last phase of
the Ice Age. Between 10,000 —7000 cal BC, a dramatic change developed in the
late-glacial boreal, type forest around the lake. There was a rapid decline in all
dominant needle-leaved trees (Pinus, Picea) and an increase in the deciduous
woodland elements. This deciduous woodland was composed of Quercus, Tilia,
Fraxinus, Alnus, Ulmus, and Corylus and occurred for more 80% of the total
pollen. This early postglacial diverse deciduous forest then persisted until
anthropogenic activity effected the woodland at about 6000 cal BC. This pollen
composition change indicates that a drastic climatic change developed during
the early postglacial phase and the relative warm — rainy climatic Holocene
climate was stabilized in the analyzed region.

4.5.2. The second paleoecological phase, mid-Holocene period

Up to the mid-Holocene, the inorganic content (80—-90%) decreased and there
was a gradual increase in carbonate (about 5%) and organic (10-15%) content.
The water soluble Fe, K content decreased, while the level of water soluble Ca,
Mg input prior to this increase indicates that the transformation of the vegetation
continued and deciduous forest elements spread around the lake basin.

The macrofossil concentration increased from 288 cm. The number of
Phragmites communis thizomes and Sphagnum squarrosum leaves increased.
Typha angustifolia and Typha latifolia made their appearance, together with the
seeds of plants typical for reed-beds (Ranunculus sceleratus, Rorippa amphibia,
Alisma plantago-aquatica) and Daphnia ephippiums. Bryophytes include the
peatmoss Sphagnum palustre and other various mosses (Drepanocladus aducus,
Meesia ct. hexasticha). The macrofossils reflect lower water level and
mesotrophic water quality. The reed-bed at the edge of the lakebed probably
formed a continuous belt by this period. The macrofossil concentration and the
number of Phragmites decreased at 270 cm, and marshland and bog species
disappeared, suggesting a rise in water level. In the second part of this zone,
after 7000 cal BP, the macrofossil concentrations and the amount of Phragmites
again increased, parallel to the renewed appearance of various Sphagna
(Sphagnum  squarrosum, S. cuspidata, S. palustre) and moss species
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(Drepanocladus aducus). These changes reflect another decrease in the water
level and the spread of wetland vegetation.

At approximately 5500 cal BC, the structure of the woodland altered once
again with a large decline in the woodland pollen diversity, parallel with an
increase of open gorund herbaceous types and an occurrence of cereal pollen.
This change usually associated with anthropogenic activity. These results are
consistent with archaeological data that has indicated development of Liner
Pottery Culture within the Carpathian Basin at this time (Kalicz and Makkay,
1977). Some localities of this culture can be found around the analyzed region
(Bdacsmegi and Fabian, 2005).

4.5.3. The third paleoecological phase, Imperial Age

There is a sudden upward decrease in the inorganic content of the deposits from
the depth of 240 cm upwards, with an increase of the organic matter from the
previous 10-15% to 70—-80%. Elements to increase the level of included water
soluble Ca and Mg suggest authigenic changes within the catchment (Ddniel,
2004). Probably Ca, Mg acceptor water plants, such as 7Typha and Phragmites
colonized the analyzed catchment basin and the increase of the content water
soluble Ca, Mg originated from the remains of these plants.

The macrofossil concentration suddenly increased at the beginning of the
zone, with strikingly high UOM values, indicating an eutrophic marshland
environment. The Phragmites cover expanded significantly over the lakebed.
The zone contained high amounts of the leaf sheat epidermis of bogbean
(Menyanthes trifoliata), which probably grew at the edge of the reed-bed facing
the open water or in hollows. This section of the zone contained Sphagnum
squarrosum. Reed declined in the second half of the zone, parallel to the
expansion of bulrush (7Typha latifolia and Typha angustifolia). This period is
characterized by Carex vesicaria and various moss species (Amblystegium serpens,
Calliergonella cuspidata, Drepanocladus aduncus). Daphnia ephippiums occurred
in high numbers, and the spread of cutrophic marshland species, such as
Lycopus europaeus, Rorippa amphibia, Alisma plantago-aquatica, and Urtica
dioica could be noted. The macrofossils indicate lower water level and meso-
eutrophic conditions at the beginning of the zone, and eutrophic conditions from
ca. 1700 cal BP.

The radiocarbon measurements of the sediment samples between 187-176 cm
indicated a hiatus of roughly 5000 years at the beginning of the zone. The
extrapolation of the measurements suggest that this sediment hiatus developed
around 1700 cal BP, during the Imperial Age, when the area was probably
settled by Celtic or/and German groups, who probably deepened the peat-bog,
which had evolved by then.

The closing of the forest canopy can be linked to the sudden increase of
hazel (Corylus) from 15 to 30% and to the constantly high values of oak



(Quercus) in the first part of the zone. This is followed by the decline of hazel,
while lime (7ilia) and elm (Ulmus) maintain a continuous presence, parallel to
the re-appearance of Fagus and Carpinus at the end of the zone. The herbaceous
vegetation has very low values, with a low amount of pollen grains. However,
almost all taxa of the previous zone are present, even if only sporadically, but
only grasses (Poaceae) and mugwort (Arfemisia) have a continuous curve.
Typical species of the wet zones, such as Ranunculus, Lysimachia, Apiaceae,
can also be noted. The most important change in the local vegetation is the
disappearance of Sphagnum moss with a very sharp decrease in the species of
the earlier bogland vegetation, such as 7Typha/Sparganium, the Pteridophytes
with Monolete spores (7Thelyptheris palustris) and aquatic species (Nuphar,
Butomus, Potamogeton).

4.5.4. The forth paleoecological phase, Migration Age

There is a gradual decrease in the organic content and water soluble Ca, Mg
content accompanied by an increase in the inorganic content with water soluble
Na content between 190 —130 cm of the core profile. Previous studies (Mackereth,
1966; Engstrom and Whright, 1984; Daniel, 2004) have indicated that an
increase of the abundance of these elements is indicative of both physical and
chemical weatherings associated with soil erosion and human impact. The
increase of the water soluble Na may indicate a drop in lake level as well during
this phase.

The macrofossil concentration declined slightly in this zone. The
concentration of Phragmites rhizomes was relatively low. Various pondweed
species (Potamogeton natans, Batrachium sp., Polygonum lapathifolium) made
their appearance, suggesting a relatively higher water level. Sparganium
erectum became typical. The reed-bed was quite species rich, with species such
as Lycopus europaeus, Lythrum sp., Ranunculus sceleratus, Rorippa amphibia,
Alisma plantago-aquatica, Oenanthe aquatica, and Urtica dioica.

The concentration of Phragmites rthizomes was quite high at the beginning
of the zone, but declined continuously, parallel to the spread of 7ypha. The
transition is marked by the lakebed’s brief desiccation at 160 cm, with the
significant increase of Sphagnum squarrosum peat-moss. The water quality was
meso-eutrophic, changing to eutrophic from 160 cm. Between 130110 cm there
was a water pocket. Between 110-100 cm, the number of Phragmites rhizomes
increased significantly, suggesting that the extent of the open water diminished
and that reed-beds also covered the sampling location. 7ypha (rhizome)
appeared at the sampling location, although to a lesser degree only. The peak of
Rorippa amphibia similarly indicates the decrease of the water level.

This zone is characterized by the opening up of the forest canopy and the
increase of herbaceous elements. Quercus shows relatively constant values
throughout the zone, while 7ilia and Ulmus decline to very low values, parallel
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to the sudden rise of beech (Fagus) and hornbeam (Carpinus) at the beginning
of the zone. Betula develops again in the forest with a constant level, except for
a temporary minimum at 168 cm, while Corylus has a temporary maximum,
followed by a decline to its previous level. A/nus, the typical taxa for the
marginal zone of the peat-bog, is continuously present with low values, while
Fraxinus shows a sporadic presence. Agricultural activity is reflected by the
presence of cereals, Plantago lanceolata, Centaurea cyanus, and some
nitrophilous taxa (Urtica) in this zone.

4.5.5. The fifth paleoecological phase, from Middle Age until 20th century AD

A gradual increase in the organic content indicates decreasing soil erosion and
human influences around the lake catchment basin. The water soluble Na, K, Ca,
Mg content increased gradually in this zone. The observed composition of these
elements may refer to the development of a floating mat, or a moss blanket on
the water surface.

The macrofossil concentration in this zone was extremely high. Many trees
fell into the lakebed. The charcoal concentration also shows high values,
reflecting the intensive exploitation of the environment. The expansion of
bulrush at the sampling location can be noted (increase of 7ypha rhizomes), and
the proportion of Typha angustifolia was higher than previously. Typha
angustifolia gradually replaces Typha latifolia, indicating paludification and
higher water level. This zone can be regarded as the first stage in the
development of the present-day bog, when its central part was covered by
floating bulrush mat at the expense of pondweed communities. It seems that the
reed-bed broke loose from the sediment in consequence of rising water levels,
leading to the formation of a floating mat. As a result of intensive
oligotrophication, a floating reed swamp (Phragmitetum communis
thelypteridetosum), then a Sphagnum bog (Phragmiti communis-Sphagnetum)
developed in the sampling location with Carex riparia and Carex
appropinquata. The zone is characterized by abrupt changes, reflecting further
oligotrophication. There is a large-scale increase in marsh fern (Thelypteris
palustris), which later decreases, parallel to the cxpansion of a rare moss,
Meesia longiseta. Following the decline of the latter, the values of peat-mosses,
especially of Sphagnum palustris, Sphagnum squarrosum increases. The high
values of Juncus effusus are also characteristic for this zone.

According to the pollen composition (Juhdasz, 2005), this zone is
characterized by a relatively closed vegetation cover. Salix is the dominant
taxon, accounting for 40% of the total pollens. Quercus has high values too and
shows a rise parallel to the decline of willow. Other tree taxa show a sporadic
presence, except for beech (Fagus) and hornbeam (Carpinus), which are present
with minor, but continuous curves, together with Betula and Corylus.
Anthropogenic taxa are also present: the pollen grains of Plantago lanceolata,

281



Rumex, and cereals (Triticum and also Secale) were identified. Cyperaceae,
Typha/Sparganium, and aquatic species (Lemna, Potamogeton, Butomus) are
present sporadically. The closing up of the forest canopy can be noted, with a
dominance of Quercus and Betula.

4.5.6. The sixth paleoecological phase, 20th century

There is a rapid increase in the amount of water soluble Ca, Mg, K, and Na, as
well as the organic content in this zone with peak values in the entire profile.
According to the observed chemical composition of this zone, the emergence of
a closed peat layer with mosses and the formation of a small peat-bog could
have been inferred for the last 50 years.

The uppermost section of the pollen sequence is also dominated by oak,
with some beech and hornbeam. Willow (Salix) is present and rises towards the
end of the zone; the herbaceous vegetation (Poaceae and anthropogenic taxa)
increases and dominates the landscape. The Sphagnum-bog is replaced by a
Sphagnum willow swamp in the last zone. The recent expansion of Salix cinerea
could be noted in the area (see Fig. /). The number of reed species and reed-
beds decreases, parallel to the increase of wood remains (wood, ULF). Salix
cinerea remains (leaves, roots) are quite frequent. The values of Sphagnum
squarrosum increase significantly.

Plantago lanceolata, Cerealia, Urtica, and Rumex have relatively high
values. Phragmites, Typha/Sparganium are present in the local vegetation,
together with Thelypteris palustris, although Sphagnum moss has lower values
than in the previous zones. The very end of the pollen sequence was dated to
0+60 uncalBP (1955 +/—5 calAD), indicating a strong human impact on the
vegetation cover, with high proportions of cereals, Rumex, and Plantago
lanceolata among the herbaceous taxa. The size of the oak forest decreases and
willow re-appears.

5. Discussion

5.1. Initial pond phase (late Glacial to mid-Holocene: 15,000—5000 cal BC yr)

The first phase of the analyzed region development, lasting until the mid-
Holocene, was determined by relatively stable trophic conditions and smaller
fluctuations in the water level. The water level somewhat decreased at ca.
6800 cal BC and the start of peat-bog initiation can be noted, probably in
consequence of the onset of a warmer and drier climate. Species referring to
paludification like Sphagnum squarrosum and S. palustre also turn up here. On
the testimony of the pollen profiles (Juhdsz et al. 2004), this phase coincided
with the appearance of thermophilous species rich oak forests. The water level
again rose at 6000 cal BC and decreased after 5000 cal BC, enabling the
cxpansion of reed-beds.
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Between 15,000—-5000 cal BC, inputs of K and Mg into the basin suggest
that erosion of the slopes surrounding the lake basin was occurring and trophic
conditions of the formed lake was oligotrophic (Mackereth, 1966; Engstrém and
Whright, 1984; Engstrom and Hansen, 1985). The high content of water soluble
Fe suggests that a combination of acidic silicate rich bedrock, coniferous trees
and cool late Glacial climatic conditions resulted in podzol soil formation
around the catchment basin. The deposited lacustrine sediments embedded
minor pebbles as well till around 6000 cal BP in varying quantities. These must
indicate abrasion of the shore in the lack of a closed reed belt.

According to the findings of geochemical analysis, the early Holocene
lacustrine phase differed significantly from the previous pond stage in
sedimentary, chemical composition and temperature conditions. While the
earlier, late Glacial and lateglacial/postglacial transition lake environment can be
characterized by sedimentation in a cold and oligotrophic water lacking Ca
content and low vegetation cover, the early Holocene paleohydrological stage
can be described as being relatively rich in Ca, with high carbonate and organic
content and with a vegetation typical of ecasily warming water. The amount of
Ca increased from about 100 to 200 ppm. Changes in the chemical composition
refer to intensified erosion around the catchment basin and the transformation of
the late Glacial oligotrophic lake into an open mesotropic lake phase. The
increasing level of overland soil erosion into the catchment basin must have
developed under increasing human impacts (e.g., woodland grazing). As shown
by archeological data (Bacsmegi, 2005; Bacsmegi and Fabian, 2005), Neolithic
Age communities settled around the analyzed region between 5500-5000 cal
BC. These prehistoric human communities transformed their forested
environment to open surface for arables and pasturelands. This type of human
disturbance might trigger intensified soil erosion into the catchment basin.

5.2. Climate-driven mire phase (late Holocene: 0—1300 cal AD)

Abrupt geochemical changes indicate the emergence of a sedimentary hiatus in
the catchment basin. It seems to us that this geological layer discordance formed
by human impact. Results of the radiocarbon measurements are presented in
Table 1, from which a sedimentary hiatus is apparent between 187176 cm. This
hiatus associated with a thin layer of burnt macrocharcoals. This, and a
subsequent change in lacustrine stratigraphy from mesotrophic lake to reed peat
show ca. 4000 years difference in age between adjacent samples. According to
radiocarbon and sedimentological data of the core profile, this event coincides
with a peat cutting in the Imperial Age when Barbarian groups (Celts, German
tribes) occurred around the lake catchment basin (Vaday, 2005). Probably, one
of these antique tribes cleaned the analyzed pond around 20-30 cal AD (Figs. 5
and 6). Then, after this cleaning procedure, a mass of water plants covered the
artificially transformed pond surface (Fig. 6).



The Phragmites concentration in the sediment decreased during warmer
periods in the Imperial Age and Middle Ages, parallel with an increase of Typha
seeds and Daphnia ephippia. This reflects a competitive situation, characterized
by alternating dominances of reed and bulrush in the lakebed. Reed and bulrush
are both competitive species under favorable conditions.

In the pollen record, this phase is characterized by the opening up of the
forest canopy and the increase of herbaceous elements (Juhdsz, 2005). It would
appear that during periods of greater solar activity, the lake received more light,
in part owing to the retreat of species forming higher and more closed forest
canopy, like Fagus or Carpinus.

In order to shed light onto the interrelations of vegetation changes and
climate change, the model of Davis et al. (2001, 2003) was adopted in our work.
According to this model, some climatic changes, drier, wetter and warmer
(Table 6), and cooler phases developed during last 2000 years (Figs. 7 and 8).
One of the most important warmer climatic phases formed in the Imperial Age,
then in the late Migration Age, and early Middle Age. The lake is fringed by
high, steep slopes in the south and south-east, from where the high trees cast a
shadow over the greater part of the lake. The expansion of phyto-planktons at
the time of greater solar activity is indicated by an increase of Daphnia feeding
on them. The expansion of phytoplankton leads to the development of looser
sediments, encouraging the spread of 7ypha. The beginning and close of the
Medieval Warm Period saw the maximum of solar activity (Bradley et al.,
2003). The end of this warm period at about 1250 AD was marked by the so-
called medieval solar activity maximum, which caused serious droughts in
Europe and North America. The sudden expansion of Sphagnum squarrosum
can be noted at the time of the two maximums. Phragmites and Typha both
declined at around 800 AD, suggesting the brief desiccation of the bed, when
peat-moss temporarily covered the entire lakebed .

In the pollen record at ca. 600 cal AD, Cyperaceae and aquatic species
(Nuphar, Nymphea, Lemna, Butomus) have a temporary minimum as well
(Juhasz, 2005). The water level decreased for a longer period of time around
1200-1300 cal AD, enabling the expansion of the reed-bed over the lake’s
entire surface and causing the reduction of open water. According to the
geochemical data between 500—-1300 cal AD, a drier and maybe a warmer phase
formed (Fig. 4). The increase of the water soluble Na content shows that a
decrease of the pond water level might have developed during this phase.

The referred period was coeval with one of the major crisis periods of
medieval Hungary, the invasion of Mongolian tribes dated between 1241 and
1242. From the written record we do know that some chronicle writers blamed
the Mongolian invasion of the country on the severe cold weather, while others
related it to the unusual droughts hampering Europe during the summers of the
13th century. Barber et al. (2000) declared this period as the driest of the past
2000 years in the history of Europe. In Hungary, the extremely cold winter of
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1241 was devastating regarding the political and economic fate of the country,
when the river Danube was completely frozen enabling the Mongol tribes to
safely cross the river and destroy the settlements of Transdanubia as well. As
Kiss (2000, 2003) clearly stated, the controversies lying in the contrast of the
extremely cold winters and summer droughts can easily be resolved. A complete
freezing of the river Danube was not an unusual event in Hungary preceding the
river regulations on the one hand. On the other hand, the summer droughts
which might have struck Hungary as well at the time must have reinforced the
devastating effects of famine attributable to the war itself as well. This warm
and dry weather must have contributed to a complete desiccation of the Nadas
Lake of Nagybarkany, when reed coverage must have extended to the entire
lacustrine basin.

Table 6. Climatic parameters changes according to the pollen-based paleoclimatic
reconstruction (used by pollen data based paleoclimatic reconstruciton methods of Davis
etal (2001))

Climatic 100- 200- | 300- | 400- | 500- | 600- | 700- | 800- | 900- | 1000-
parameters/Age AD 200 300 400 500 600 700 800 900 1000 | 1100
MTCO (°C)

The mean temperature -2.0 -1.8 | -2.1 -27 | 30 | 22 | -19 | -1.8 [ -1.9 -1.8
of the coldest month

MTWA (°C)

The mean temperature +19.5 | +19.7 | +19:6 | +19.5 | 192 | +19.7 | +19:6 | +19.8 | +19.7 | +19:7
of the warmest month
TANN (°C)

Annual temperature
PANN (mm)
Annula precipitation
Continentality (°C)

+9.0: | +92 | 9.1 +89 | 489 | +92 | F93 |94 | #92 | F95

610 620 650 600 680 660 620 | 630 620 550

9 2 9 99 559 | o
MTCO - MTWA 21.5 21.5 21.6 22.0 222 | 219 | 218 | 2156 21.6 21.5
Water level of the pound o = el

based on macrobotanical | low low .+ | lowest | high | high i b low | lowest
e high low | high

Climatic 1100- | 1200- | 1300- [ 1400- | 1500- | 1600- | 1700- | 1800- | 1900-

parameters/Age AD 1200 1300 | 1400 | 1500 | 1600 | 1700 | 1800 | 1900 | 2000 Sodiy

MTCO (°C)
The mean temperature -2.5 -1.8 -2.2 -3.0 | 2.
of the coldest month
MTWA (°C)

The mean temperature +19.2 | +19.9 [ +19.4 | +18.5 | +19.7 | +18.2 | +18.5 | +19.0 | +19.1 |+ 19.0
of the warmest month
TANN (°C)

Annual temperature

[\5)
o

-33 | 3.5 | -39 | -36 -3.5

+92 | +96 |+92 | +88 | +92 [ +83 | +85 | +82 | +87 | +88

PANN (mm)
Annula precipitation
Continentality (°C)
MTCO - MTWA
Water level of the pound

rel regu-

based on macrobotanical ; ; ; . : ; : :
s low lowest | low high low | high | high | high [ highest lnted

570 550 600 620 600 650 650 | 650 660 620

21.7 217 | 216 | 215 | 219 | 218 || 22.0 | 2219 | 227 225
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In the next part of the profile, there is major depositional hiatus spanning
about 4400 —-4700 years. This must have emerged during the terminal part of the
Iron Age, beginning of the Imperial Age around 20-30 AD, preserving the signs
of immense human impact. According to the available archeological record from
the wider surroundings of the site, the area must have been controlled by Celtic
herds at the time. The remains of Late Iron Age fortresses near Matrasz6l0s and
Kerekbikk are clear proof (Vaday, 2005). The area of Nadas Lake at Nagybarkany,
which was a peatland at the time of the referred period, must have been
systematically exploited by Celtic tribes. Peat must have been utilized in various
forms ranging from fuel to litter, similarly to modern day utilizations observable
in many parts of rural Ireland or Scotland (Seymour, 1984). An additional
alternative might have been the use of the newly created ditches, which were the
side-effects of peat mining, as water cisterns or reservoirs. Signs of similar
activities could have been attested by Celtic tribes in the case of the Mohos
Marshland at Kelemér and the Nyires marshland of Csaroda for the periods of
the late Iron Age — early Imperial Age (Willis et al., 1998; Siimegi, 1999).

Some proxies from the referred period indicate a warming climate with
perhaps a slight aridification, as seen by a concomitant increase in the amount of
hazel, elm, and oak pollen grains accompanied by a retreat of lime (Fig. 5). In
the light of this paleoenvironmental information one may assume, that the
initiating peat exploitation and the artificial creation of cisterns must have been a
feedback for this climatic change. Nevertheless, these activities might have been
triggered by other factors as well, like a significant population growth or the
foundation of a new settlement in the vicinity, not to mention a serious increase
in livestock. The large proportions of macro- and micro-charcoal particles
identified in the profile refer to intentional deforestation via burning, resulting in
new open areas suitable for animal farming. These impacts can generally be
connected to foundations of new settlements or the initiating construction of
fortified settlements, around which woodland clearance was inevitable for
defensive reasons (Figs. 5 and 6).

In the following part of the profile corresponding to the terminal part of
Antiquity and the opening of the Age of Great Migrations, there is a gradual
deceleration in the accumulation of organic matter in a continuously increasing
trend, which was followed by alternating sudden increases and drops (Fig. 2).
The growth period is characterized by an increase in Ca, followed by similar
rises in Fe and Na. Nevertheless, when there is an increase in Fe and Na in the
deposits, the ratio of Ca reaches a low. In the first part of the referred zone, there
is an extremely rapid increase in the proportion of hazel pollen grains parallel
with high values for oak pollen grains. Conversely, this is accompanied by a
decrease in the amount of elm pollen grains and reed fragments preserved in the
sediments. Afterwards, there is a very rapid decrease in the amount of oak
pollen grains, reaching about two-third of their original value. Parallel with this
phenomenon, large amounts of arboreal organic matter and unidentifiable
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organic matter appear in the deposits, accompanied by an increase in dissolved
Ca as well. In the following part, oak seems to witness a slow recovery with a
sudden increase in hazel pollen grains displaying a slow decrease afterwards till
the end of the referred zone. All these biotic and chemical proxies seem to refer
to rapid and very intensive human activities in the area. The large-scale rapid
drop in oak pollen grains accompanied by an advent of lime and elm in the
profile refers to selective deforestation, which must have been targeted the wood
raw material itself as an ideal construction material and was not focusing on
creating open areas for livestock primarily.

If the amount of available wood is proportional to changes seen in the
pollen record, then one must assume a one-third decrease in the natural oak
woodlands as a result of selective deforestation during the referred period, which
is a very high number. Former environmental historical works speculated about
the use of exploited wood in creating artificial objects within the lakebed or the
exploited peatland area. This model assumes the construction of wood walls within
the lakebed itself to give support to the newly formed cisterns, which seems
plausible. Nevertheless, as it is seen from hard data depicted on the diagrams of
Figs. 5 and 0, the majority of the oak stands logged down were 150-year-old at
least, with a predicted volume of 800 m’/hectar, assuming an annual growth of
8 m’, which is a standard in forest management. This much log following the
removal of branches and slicing by saw must have provided about 360 m’ timber.
The relatively small size and large proportion of retrieved timber remains call
for the use of saw. If the logs were sawed into 10 ¢m thick, 30 cm wide and
1.5 m long timber pieces, ideal for construction of supporting walls, then for this
purpose in case of a lakebed with a perimeter of 300 m, a volume of 45 m’
timber must have been sufficient. As seen from the archeological record saw
was known and utilized by late Iron Age Celtic tribes as well (Caselli, 1981).

The referred amount of timber could have been retrieved from an area of
1/8 hectars alone. Making predictions about the spatial extension of areas
affected by logging is not an easy task. Nevertheless, the small size of the
studied catchment basin (less than 100 m) and the origin of the preserved pollen
grains in the deposits may help us to solve this conundrum. According to the
findings of modern palynological studies in catchment basins, when the size of
the basin is below 100 meters, 90% of the preserved pollen grains are of local
origin with a small proportion of extralocal pollen grains (Fig. 5). As the largest
radius of the studied catchment basin of Nadas Lake is well below this limit
value, this might be rather promising in solving the above mentioned question.
According to our model, the areas affected by deforestation during the referred
period must have covered a radius of 300 m around the lake, reaching a
maximum area of 2030 hectars. This would suit both the spatial needs and the
raw material demands of a smaller settlement with log houses and orchards,
meadows, etc. As it is seen in the archeological record (Bdcsmegi and Guba,
2007), people of the settlement must have been composed of Celtic groups
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surviving German, Dacian, and Roman attacks showing affinities to newly
arriving German tribes as well. Moreover, based on the available absolute dates,
the emerging settlement at the terminal part of the 4th and beginning of the 5th
centuries AD might have been linked to the first appearance of Hun tribes in
Central Europe, triggering the movement of lowland people to highland areas
offering more safety.

After the formation of the settlement, the early period of the Age of Great
Migrations (between the turn of the 4th—5th centuries AD and the terminal part
of the 6th century AD) was characterized by a slow increase in the amount of
oak pollen grains accompanied by the uniform accumulation of wood remains
and a slow decrease in dissolved Ca in the deposits. All these imply the
emergence of planned woodland management and the influences of a human
group with a well-established economy for about two centuries. The use of oak
woodlands in animal fodder and husbandry was a well-known established
agricultural method offering efficient, cost-effective, and risk-free solutions in
contrast to growing plants in arables used as fodder. Acorn has a relatively high
nutrition value, with a high annual production rate of 15 tons/hectar, enabling
efficient and cost-effective animal husbandry without the need of fodder plant
production. As it can be seen in the pollen diagram (Fig.5), there is a minor peak
of cereals at 200 cm corresponding to the opening of the 5th century AD, which
further corroborates the permanent presence of human settlements and activities
in the study area.

The next prominent change in the profile is observable at the depths of 190
and 130 cm corresponding to the period between the 6th and 9th centuries AD
(Fig. 6). This zone is characterized by a decrease in organic and increase in
inorganic components of the deposits (Fig. 6). The geochemical parameters also
tend to be constant lacking any sudden transformations or outliers. These
changes must have been triggered by a gradual retreat of reed fringing the
lakebed. Nevertheless, the large amounts of wood remains as well as flue-ash in
the initial part of the zone, as well as the inferred decrease in the amount of oak,
hazel, lime, and elm pollen grains may indicate a smaller deforestation activity.

The presence of buttercups, known to carry toxics, can be clearly attested
during the second half of the Age of Great Migrations. An increase of these
plants may indicate the appearance of large livestock grazing meadows besides
the survival of woodland grazing. The peak in the pollen ration of buttercups
was noticed at a depth of 160 cm, followed by a gradual decrease, which must
be attributed to an aridification of the climate on the one hand. On the other
hand, a decrease in the importance of animal husbandry may be assumed as
well. Based on the available plant macrofossils, this period is characterized by a
decrease in the area of the peatland, which must be attributed to drier climatic
endowments (Figs. 7, 8). This transformation, however, was by no means drastic,
as peat-mosses managed to survive in the area, suffering only a minor decrease.
Peat-mosses are capable to thrive in areas of the Carpathian Basin, where the
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rate of average annual rainfall is above 550 mm. So we may assume a similar
value for the referred period in our study area, corroborated by results of pollen
analysis as well (Fig. §8), assuming a rainfall value of 630—650 mm for the
period between the 6th and 9th centuries. This value is well above the average of
the past two millennia (620 mm).

Conversely, as it is clearly observable in the paleoclimate diagram based on
pollen data (Fig. 5), the referred period is characterized by elevated mean
annual, January, and July temperatures. Thus, as a result of higher temperatures,
evaporation must have been higher as well during the second half of the Age of
Great Migrations, between the 6th and 9th centuries. As a result of the elevated
evaporation rate, drier conditions must have emerged with varying intensities
related to micro-morphological and geographical setting. Conversely, the higher
100-year-long environmental historical data do not refer to such a drastic
climatic change during the collapse of the Avar Empire, which might be blamed
for its fall, e.g., famine following an extremely dry period. This question
becomes even more exciting, when our data from the referred period of the Late
Age of Great Migrations is compared with those for the periods of the
Hungarian Conquest, the Arpadian Age, the late Middle Ages, or the New Age.

At a depth of 144 cm there is a rapid and considerable increase in the
amount of willow pollen grains, overlain by layers embedding large proportions
of wood remains, flue-ash, and burnt peatland mud. This overlying horizon is
characterized by a drop in willow pollen grains implying a rapid burnt-down of
the area of the peatland. The advent of acidic, toxic plants and those tolerating
treading as seen in the pollen record during this horizon refers to an increasing
importance of animal husbandry, implying human origin of the transformation.
This horizon was dated to the 10th century, possibly marking a large demand for
meat produce as a result of higher population densities following the foundation
of the Hungarian state. In the zone between 130 and 110 cm there is an aquatic
horizon implying the emergence of floating mats in the area (Fig. 6). The hollow
stem of reed leaning over the lakebed must have served as a natural raft for
successive plant generations, providing them habitat and sufficient nutrition,
enabling the emergence of floating mats. The thickness of this layered plant
complex may reach such proportions, which enables the advent of trees onto the
mats as well as time passes, as was the case of Nadas Lake as well.

Based on chronometric data, the emergence of floating mats must be dated
between the 11th and 16th centuries, seen in the continuous and steady increase
in organic components and the advent of reed, willow, and bulrush to the area
connected to the natural succession of the marshland. Nevertheless, two ash and
wood remain peaks in this part of the profile can clearly be correlated with a
significant drop in the amount of oak pollen grains. The ash peaks correspond to
drops in reed fragments implying the development of natural or artificial fires in
the reed zone fringing the lakebed. The second ash peak at 96 cm with a parallel
increase in the ratio of weed and cereal pollen grains indicate a larger
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deforestation again attributable to mixed agriculture of crop cultivation and
animal husbandry in the area. As shown by the archeological record (Zatyko,
2005), this period was characterized by multiple periods of plot shifts, deserting
population, and revivals.

The first written record of the settlement of Nagybarkany can be dated to
this period at around 1220, when it was the property of the Zach clade. The
climate is characterized by natural cycles with a temperature maximum and a
precipitation minimum during the 13th century. This climatic transformation
resulted in real dry conditions yielding the extermination of peat-mosses from
the area of the lake. Peat-mosses managed to conquer the lakebed only during
the 16th century. When pollen-based paleoclimatic data for the 8th and 13th
centuries are compared, it becomes clear that the 13th century transformations
are much more pronounced. The aridity index must have been 4 times of that
inferred for the 8th century as a result of the elevated temperatures and a drastic
drop of annual rainfall. Yet as it was recorded in the written historical
documents, the 13th century collapse of the Hungarian Kingdom were by no
means the outcome of environmental changes, but rather political ones; the
military defeat of the Hungarian troops by the Mongol tribes. The inland
political fights and restructuring of the feudal social and political system is
explained by historians by not the extreme dry conditions characterizing the
period, but rather the loss of royal power, financial problems, and the collapse of
the traditional latifundium system.

Conversely, several authors emphasize the role of extreme dry climate in
the collapse of the Avar Empire and the resulting inland political tensions in a
period, when the aridity index was much lower, relatively negligible compared
to the 13th century conditions. Some papers postulated a ,,devastating drought”
accompaniced by famine waves which must have affected ,,the warrior nation of
the half-nomadic Avars” (Racz, 2008, pp. 54-55). Conversely, the statement
according to which ,.the more drought tolerant Slavic tribes could have been
better suited to eliminate the hardships of draughts by withdrawing near oak
woodlands and using acorn as fodder in the hard times” (Rdcz, 2008), was
turned down by our paleoenvironmental data from the Nadas Lake, as this type
of landscape use was present since the Age of Great Migrations in the area.
Thus, this type of landscape economy must have emerged preceding the arrival
of the Slavs to the area. Our paleoenvironmental data also calls for the re-
evaluation of postulations made regarding the collapse of the Avar Empire. Since
social processes and disturbances can only be linked to natural catastrophes if
and only if there were such catastrophes in the referred area during the referred
period. Based on our data, this problem must be treated with great caution, as
highly different climatic conditions must have emerged in the area than stated by
numerous recent paleoenvironmental studies (Magny et al., 2008).

In contrast to the previous periods, the one starting from the 16th century
till today is characterized by intensified rainfall and cooler conditions, resulting
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in a thriving of peatland conditions in the area of the Nadas Lake at
Nagybarkany. The floating mats were turned into peatmossy reeds and willow
peatland. This is the period when the highest organic content (around 80 —85%)
was recorded. Nevertheless, several inorganic peaks are observable as well
reflecting soil erosion from the neighboring areas as a result of recurring
deforestation activities. These transformations are observable at a regular
centennial scale, which can be tracked to intentional forest management.
Numerous ash peaks are observable in the lower part of the zone coinciding with
a halt in the expansion of reed-beds. The continuous presence of weed,
buttercup, and plantain pollen grains in the record refer to permanent human
activities in the area and continuous disturbances. The most dynamic advent of
peat-mosses is observable in the most recent periods attributable to a deserting
population in the area.

5.3. Autogenous peat-bog phase (after 1300 cal BP)

The development of the present-day bog and the commencement of peat
accumulation can be dated to the end of the early Middle Age. At around 1300 AD,
the number of Typha rhizomes increases significantly, indicating a rise in the
water level and the formation of a floating mat. The hydroseries of the bog was
from this point on characterized by autogenic processes, with a tendency
towards a gradual oligotrophication.

Based on detailed phytogeographical studies, floating mats of Phragmites
and Typha are frequent components of lake shore vegetation in Hungary. The
first signs of peat-bog formation from these floating mats can be seen in a
massive expansion of Thelypteris palustris. As time goes by, peat-mosses also
turn up on the mats (Borhidi and Balogh, 1970; Balogh, 2000a, b). Based on the
paleobotanical investigations, the bog development passed through phases
characterized by Tvpha — Thelypteris palustris — Meesia longiseta— Sphagnum
spp.. This development shares numerous similarities with the formation of two
other Sphagnum-bogs at the Csaroda—Bab Lake (Jakab and Magyari, 2000) and
Kelemér-Nagy-Mohos (Magyari et al., 2001), suggesting some sort of regularity
in the formation of Hungarian Sphagnum-bogs. Meesia longiseta preceding the
expansion of Sphagna is highly interesting. The taxon Meesia longiseta is a
unique component of the flora of the Carpathian Basin with a single occurrence
recorded in Hungary from 1885 (Boros, 1968). According to Hall (1979), the
appearance of Meesia longiseta can be linked to a distinct phase of wetland
succession, characterized by the transformation of the brown moss sedge
floating mat into acidic Sphagnum-bog. This species was observed during the
secondary succession of abandoned lakes used for retting hemp. Odgaard
(1988) reported the same for Meesia triquetra.

Representatives of Sphagna seemed to have appeared in similar quantities
during the middle part of the 17th century as today, followed by a complete drop
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till 0 BP. Surprisingly, the taxon Sphagnum palustre, indicating mesotrophic
conditions, was present in the largest numbers. In the pollen record Sphagnum
reaches a maximum peak at 70%, at the same time (Juhdsz, 2005). This
expansion of Sphagnum coincides with the coldest period of the Little Ice Age
(Rdcz, 2001), which was also the coldest time of the past 2000 years (Fig. 7).
The Little Ice Age dates from the middle part of the 16th till the middle part of
the 19th centuries (Bradley et al., 2003). The most significant cooling is put to
the terminal part of the 16th century, when a major drop in the average
temperatures is traceable across entire Europe (Pfister, 1999; Pfister and
Brazdil, 1999).

As shown by archeological data (Zatyko, 2005), the traditional Medieval
Age settlement system collapsed followed by the emergence of unpopulated
areas in the analyzed region during the Ottoman occupation and scattered
farmstead-like settlements from the 16th century onwards. The geochemical
composition and the increasing amount of charcoal indicate that the human
disturbance decreased around the analyzed catchment basin in the 18th century.
According to the pollen analytical data, human impact on the vegetation became
more intensive (Juhdsz, 2005). There was a rapid decrease in the amount of
Sphagnum palustre preferring mesotrophic conditions (Daniels and Eddy, 1985).
A rapid expansion of Juncus effusus indicates eutrophication, and the quick
spread of weeds. Forest management, accompanied by increased soil erosion in
the study area resulted in an enrichment of plant type nutrients on the marsh.
The steady expansion of Sphagnum squarrosum refers to the emergence of an
acidophil but eutrophic peatland in the area. Sphagnum squarrosum relatively
tolerant to high Ca, bicarbonate levels, and pH (Clymo, 1973), and in mineral
rich habitat with a high nutrient supply grow very fast (Kooijman, 1993). The
expanding beds of Sphagnum squarrosum are capable of capturing and
accumulating Ca via ion exchange (Anschutz and Gessner, 1954; Clymo, 1963;
Kooijman, 1993). The recorded Ca content of the embedding sediments seems to
display a strong correlation with the amount of peat-moss, which is a clear sign
of the excellent Ca ion bonding capacity of peat-moss. Reed is also capable of
accumulating Ca in its rhizomes similarly to peat-mosses (Kovdcs et al., 1978;
Penksza et al., 1994; Podani et al., 1979; Toth and Szabo, 1958).

A smaller drop in the water-level can be dated to the turn of the 15th—16th
centuries, reflected by the expansion of green algae and the retreat of alder, and
the rise of aquatic species and reed. A secondary reforestation following forest
clearance is reflected by the expansion of hornbeam around 1500. A slight rise
in the water-level and a gradual reforestation can be noted during the Ottoman
period. The warmer and drier climate observed at the paleoecological sites from
Oth to 14th centuries coincides with the so-called Medieval Warm Period
(MWP) in Europe, which is supposed to have been characterized by a warmer
and wetter climate (Lamb, 1977). The opening of this period can be placed
between the 9th and 11th centuries with differences regarding the applied
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analytical methods, sources of dating, and regions (Bradley et al., 2003). On the
contrary to the widely accepted idea of the warmer and wetter climate of MWP,
in the cases of 14 Hungarian paleoecological sites, drier climate can be noted, in
spite of high amount of precipitation. It appears that the increasing evapo-
transpiration, following the higher temperature led to a drier climate and a drop
in the water-level of the lakes. These results concerning medieval (pre-15th-
century) climatic processes are among the first data derived from the medieval
layer of a sediment core extracted at the Hungarian sites and call the attention to
the great importance of regional studies in order to refine further the local
variations of climate conditions.

6. Conclusions

The development of the bog can be divided into three main phases in the light of
macrofossil analysis. The first phase spanned the late Glacial to the mid-
Holocene layers. The trophic conditions in this phase were oligo-mesotrophic
and mesotrophic. The water level was high, although with minor fluctuations. A
hiatus of roughly 4400 years can be noted in the sediment after this phase,
owing to pcat-cutting during the Imperial Age. The water level decrcased
slightly, the trophic conditions became eutrophic, and the lake was fringed by
macrophyte vegetation. This period was characterized by the fluctuation of the
lake’s trophic conditions. This phase can be dated to the late Holocene, lasting
until the end of the early Middle Age, at the beginning of the 14th century. The
last phase, spanning the period up to the present, saw the paludification of the
lake and the cessation of the open water surface.

The hydroseries was characterized by autogenic processes, with taxa
Thelypteris palusris and Meesia longiseta playing a key role. Peat-mosses
appeared in the same quantities during the coldest period of the Little Ice Age
dated to the middle part of the 17th century as today. The subsequent periods
saw a temporary decrcase in their amounts. Forest management, accompanied
by increased soil erosion in the study area resulted in an enrichment of plant
type nutrients on the marsh during the past 200 years. The steady expansion of
Sphagnum squarrosum refers to the emergence of an acidophil but eutrophic
peatland in the area. Based on our findings, changes in the paleohydrology and
aquatic vegetation of the bog were mainly driven by climatic changes and
autogenic processes. Recurring human influences have also significantly
modified the natural path of succession in the studied area.

7. Summary

The profile of the Nadas Lake at Nagybarkany speaks about continuous
sedimentation from the Paleolithic till the opening of the Copper Age. Then
during the opening of the Imperial Period, a major depositional hiatus emerged
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in the deposits attributable to the creation of a water reservoir system by Celtic
tribes in the lakebed. This initiated a secondary succession which enabled us to
make inferences about the environmental historical evolution of the area for the
past two millennia at a scale of centuries alone. With the help of paleoecological
and geological data, a better reconstruction of climatic fluctuations was made
from the Imperial Age up to modern times. As it was shown by our data, one
must exercise caution in interpreting the correlations of environmental and
social crises, e.g., in the case of the fall of the Avar Empire. An objective and
correct approach is the careful and most elaborate utilization of available
paleoenvironmental data from the arca of the Carpathian Basin.
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Abstract—This paper presents a 258-year long precipitation reconstruction for the
Balaton Highlands and the southern Bakony Mountains region. The reconstruction based
on 22 living and 32 historical tree-ring width series from oak (Quercus sp.). Ring width
series were standardized by regional curve standardization technique to preserve the low
frequency information. Precipitation from August of the year preceding the formation of
tree ring to the current July positively stimulates the growth of oaks, albeit May-June
precipitation emerges as main growth regulator factor. Very dry period occurred in the
late 1740s. Studied region has experienced the wettest period during the late 18th century
since 1746. Since that time, a steady decreasing trend prevails over the fluctuations of
regional precipitation. From this overall trend, the 1840s, 1860s, and 1940s stand out as
drier periods. The post-1980s dry period was placed into a ~250 years context and found
to be an unprecedented drought at the Balaton Highlands and the southern Bakony
Mountains region.

Key-words: dendroclimatology, tree ring, Central Europe, drought, Balaton

1. Introduction

The only way to decide whether the 20th century climate is extreme or not is to
investigate long records stretching well before the anthropogenically forced
instrumental period (e.g., Bradley, 1999; Bradley et al., 2003).
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Bradley et al. (1987) analyzed 1487 instrumental precipitation series
covering the northern Hemispheric land areas and pointed out significant
regional differences in the fluctuation of past precipitation. They have already
emphasized the dire necessity of investigations of past fluctuation of moisture
regime on local-to-regional spatial scale. To fill this pronounced research need,
paleoclimatic studies dealing with reconstruction of precipitation regime have
taken enormous headway during the past decade. Amongst main sources of
information on this field like documentary evidences (e.g., Rodrigo et al., 1999;
Racz, 1999; Garcia et al., 2003; Diodato, 2007) and speleothems (e.g., Proctor
et al., 2000; Siklosy et al., 2009), tree rings play a leading part (e.g., Brazdil et
al., 2002; Oberhuber and Kofler, 2002; Buckley et al., 2004; Linderholm and
Chen, 2005; Wilson et al., 2005; Touchan et al., 2005, 2007; ngfar et al., 2008).

The earliest sporadic instrumental rainfall data were recorded at Buda
(1782), but the first continuous observations launched only in the mid-1800s
(Buda 1841, Nagyszeben 1851) in the Carpathian Basin (Hegyfoky, 1910).
These confirm that proxy based precipitation reconstructions have prominent
importance also in the entire area girt with the arc of the Carpathians.

In addition, future continuation of warming on a global level is expected to
procure reduction of annual precipitation in Hungary (Bartholy et al., 2004,
Mika, 2004, 2007) and, especially, the lake Balaton, prime tourist resource of
Hungary, will be in risk, if precipitation declines in the future over the
watershed (Bartholy et al., 1995). So the knowledge about natural variability of
moisture over its watershed is interesting not only from scientific but also from
social and economical point of view.

This paper presents secular fluctuation of precipitation at the northern hilly
part of the catchment area of the Lake Balaton. Variability of precipitation is
reconstructed from tree-ring width variations of oak trees between 1746 and
2003. The low-frequency variability of present reconstruction is to be verified
against longer instrumental record from the boarder vicinity of the study site. In
addition, the tree-ring based reconstruction was compared to two other
precipitation reconstructions, which are thought to have relevancy for the past
fluctuation of the precipitation regime of the studied area.

2. Materials and methods
2.1. Tree-ring data

Fifteen mature oak trees (Quercus petrea, Quercus pubescens) were sampled by
increment borer in November 2003. One or two cores were extracted from each
tree. Due to exclusion of low quality samples, finally fourteen living oak trees
(22 series) from Balaton Highland and southern Bakony Mts. (Fig. /) developed
a local oak chronology (Kern, 2007), and 32 historical timber samples derived
from old buildings completed the 309 years long tree-ring width (TRW)
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chronology (1694—-2003). Old timbers were collected from four villages close
to the site of living trees, namely, Vorostd, Nagyvazsony, Vigantpetend, and
Orvényes (Fig. 1).
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Fig. 1. Location of the study area (grey rectangle) and the precipitation gauge stations
(marked by open circles and italics). Villages, from which historical wood samples
originated, are marked by filled circles and bolds. From Nagyvéazsony, both gauge
records and historical timbers were used.

Living trees cover the 1766-2003 period, while historical samples
distribute between 1694 and 1944.

Climate signal in raw ring width series are often biased by non-climatic
effects (e.g., Douglass, 1919; Cook, 1985). To find the adequate method to
eliminate non-climatic trends (e.g., age trend) from raw TRW series, the so-
called standardization is always crucial in any dendroclimatological study.

Mean segment length (MSL) was 124 years in the data set. Applying any
traditional standardization techniques (negative exponential function or digital
filtering), frequencies lower than ~3/MSL could hardly be retained (Cook et al.,
1995). To avoid the loss of low frequency information, regional curve
standardization (RCS) was applied (Briffa et al., 1992; Esper et al., 2003).
Utilizing RCS technique, multi-centennial trends could be captured even though
the mean sample length is below 50 years (Wilson et al., 2004).

RCS uses the estimated biological growth curve of the studied species in
the standardization. The estimated biological growth, regional curve (RC) of oak
was determined as follows: first calculating the bi-weight robust mean (Cook,
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1985) of the age-aligned series, after that fitting a cubic smoothing spline (Cook
and Peters, 1981) with a 50% frequency-response cut-off at 10% of the series
length (Esper et al., 2003) (Fig. 2).

Cambial age (years)
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1 21 4 61 81 101 121 141 161 181 201
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Fig. 2. Biological growth curve of oak. Upper graphics: thin black line: mean of age
aligned series; thick black curve: regional curve (RC) obtained by fitting a cubic
smoothing spline (50% frequency-response cut-off at 10% length); grey curves: 95%
confidence intervals. Lower graph shows replication.

Twenty-five trees had the pith. In the other cases, missing rings to pith (pith
offset) were estimated by the aid of graphics of concentric circles. Pith offset values
for ten trees were less than 15, and the highest estimated pith offset was 50.

Indices were calculated as ratio of the measured ring width and the RC
predicted value. Standardized series were rearranged by calendar date and
average index was determined by bi-weight robust mean (Cook, 1985).

Uncertainty of the built chronology is represented by the 95% confidence
interval calculated by bootstrap procedure (Efron, 1987). Stability of climate
related signal preserved in the index series was controlled by the expressed
population signal (EPS) statistic. Its widely accepted threshold is 0.85 (Wigley et
al., 1984). Mean interseries correlation (Rbar) and EPS were calculated for
50 years moving window with 25 years steps. Standardization and index
calculation procedure was carried out using the ARSTAN software (Cook and
Krusic, 2006). Variance adjustment was applied on the derived TRW chronology
to minimize variance bias due to changing sample replication and the effect of
fluctuating interseries correlation (Osborn et al., 1997; Frank et al., 2007).
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2.2. Precipitation data

Monthly average precipitation totals were available from four nearby gauge-
stations (Nagyvazsony 1901-2005, Tapolca 1901-2005, Mencshely 1960—-1996
and 2001-2005, Szentantalfa 1900—1991 and 1998-2000) (Fig. 1). Since the use
of averaged meteorological series yield better statistical connections in dendro-
climatological analysis than individual stations (Blasing et al., 1981; Yeh et al.,
2000), regional average precipitation series were estimated from these
instrumental data. Monthly data were transformed to percentages of average
monthly total of the 1961-1990 reference period (WMQO, 1989). To accentuate
the effect related to individual moisture regime of particular stations, monthly
regional mean precipitation index series were calculated as non-weighted
average percentage from the individual station-indices. Indices of May-June
(MJ) and an annualized series were also determined. The annualized series were
calculated as percentage of summarized monthly precipitation totals from the
previous August to the current July.

These average percentage series were converted back to ‘“absolute”
precipitation values by multiplying each individual percentage data by the
corresponding monthly, bimonthly, or annualized grand mean (mean of all
stations” mean) calculated for the 1961-1990 reference period.

The longest continuous instrumental precipitation record in the region exists
from the near-by Keszthely (Fig. 7). Early data (1861-1977) are available from
Climate Explorer (van Oldenborgh et al., 2005) and this series was updated to 2001.

2.3. Relationship between tree growth and precipitation, precipitation
reconstruction

Relationship between annual increment of oak and precipitation was evaluated
by computing Pearson’s correlation coefficients from May of the previous year
to October of the current year of formation of tree rings. In addition, MJ and
annualized precipitation series were also involved into the correlation analysis.
To prevent the loss of natural amplitude due to the linear regression (von Storch
et al., 2005), rescaling technique was applied in reconstruction (Esper et al.,
2005). Period of instrumental precipitation data was divided into two
subperiods: P1 (1901-1952) and P2 (1953-2003). Temporal stability of the
reconstruction was tested in a split period calibration/verification procedure
(Fritts, 1976). At first, mean and standard deviation of oak index for P1 were
replaced by mean and standard deviation of instrumental data for P2, at second,
role of subperiods was reversed.

Skill of reconstruction was tested by R’ (explained variance), RE
(reduction of error) and CE (coefficient of efficiency) statistics (Cook et al.,
1994). Values of R are between 0 and 1. Higher value indicates more similarity,
1 means one series is the function of the others and vice versa. Potential values
arc -0 <RE, CE<I1. If RE>0 (CE>0) it means that reconstruction better
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approximates data of the verification period than the mean of the calibration
(verification) period. Obviously, CE is the more rigorous statistics.
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Fig. 3. Standardized oak index (a) and some signal strength statistics. (b) 20 years low
pass filtered (cubic smoothing spline) indices. Light grey curves denote the bootstrapped
95% confidence interval. (c) Mean interseries correlation (Rbar). (d) Expressed
population signal (EPS). Dashed horizontal grey line indicates the 0.85 level. (¢) Sample
depth. Dash dotted vertical line indicates 1745 AD. Before this date less than five trees
build the chronology.
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Two types of error were assigned as source of uncertainty (Esper et al.,
2007). On the one hand, chronology error was converted from the 95%
confidence interval of the chronology (Fig. 3b). On the other hand, two standard
error ranges derived from regression of 20 years smoothed reconstruction vs.
instrumental data were regarded to quantify the 95% uncertainty designated as
calibration error. Error terms were determined separately.

2.4. Independent precipitation reconstructions

Seven-graded monthly, seasonal, and annual precipitation indices were developed
from documentary evidences for the Hungarian Kingdom (Rdcz, 1999, hereafter
R99) and available in printed form (Rdcz, 2001). From the European gridded
multi-proxy precipitation reconstruction (Pauling et al., 2006, hereafter P06)
seasonal totals could be extracted for the grid-cell (46.25°N; 17.25 x46.75°N;
17.75°E) covering the studied area via internet (Climate Explorer (van
Oldenborgh et al., 2005)). R99 spans 15001850, while R06 spans 1500-2000.

3. Results

3.1. Characteristics of the TRW data

Chronology is still based on less than five trees before 1745. To avoid unreliable
signal due to low replication, reconstruction is restricted to the well replicated
period. Maximum replication is 29. Replication reaches its maximum level in
three short periods, namely, 1903 —04, 185255, and 1848 —49 (Fig. 3¢). Mean
Rbar is 0.42 and mean EPS is 0.94 over the 17462003 period. Minimum Rbar
is 0.306 during the 1925 —1960 period. A parting point (1875) appears in the Rbar
statistics. Before this date, Rbar values are much higher than after. It indicates
stronger common signal in the earlier part of the chronology when role of
historical series is more dominant. This finding confirms the strict and excellent
crossdate of the historical TRW series. EPS is steadily over the signal acceptance
threshold (0.85) over the entire observation indicating robust chronology (Fig. 3d).

3.2. Relationship between oak index and precipitation

Correlation analysis revealed highly significant positive relationship between
oak growth and May—June monthly precipitation of the year of tree-ring growth.
The correlation coefficients are 0.36 and 0.41, respectively, exceeding the
99.9% significance level (Fig. 4). Calculating bimonthly (MJ) cumulated
precipitation, the correlation coefficient reached 0.57 for the 19002003 period.
All remaining months developed coefficients below 99% significance level.
However, it is worthy to note that from August of previous year (pAug) to July,
each coefficient is positive. Some of them (e.g., pDec, July) are above or (e.g.,
pAug, pSep) just slightly below the 90% significance level. This perception
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motivated the calculation of an annualized total precipitation summing monthly
totals from previous August to current July. Involving this annualized precipitation
into the analysis, correlation coefficient has even further improved (0.62). We can
conclude that precipitation of May and June is the main growth regulator factor for
oak growth in the southern Bakony Mts. and the Balaton Highlands, but moisture
regime of complementary part of the previous August—current July period has
also important effect. In the further steps, oak indices are to be calibrated against
the annualized (i.e., previous August—current July) precipitation totals.
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Fig. 4. Correlation coefficients computed between monthly precipitation and oak tree-
ring index. Dashed horizontal lines denote 90%, 99%, and 99.9% significance levels for
n=104 (1900 -2003). Abbreviated months with ‘p’ mark months in the preceding year to
formation of tree ring. ‘“MJ” means May—June bimonthly precipitation total. *Ann’ means
annualized precipitation total summed from August of the previous year of growth to
July of the current year. In the case of “Ann’ and months of previous year, comparison
was restricted to 1901-2003.

3.3. Calibration and reconstruction

Split period calibration/verification procedure ensured the stability of
reconstruction utilizing the rescaling technique (Fig. 5). RE and CE statistics
yield above zero values in each case. In addition, verification statistics are fairly
high, and squared correlation (R”) exceeds the RE value settling any doubts
about spurious significance (McIntyre and McKitrick, 2005).

As rescaling technique was well verified, final reconstruction (hereafter
called OAK) has been prepared as mean and variance of oak index for the entire
instrumental period (1901-2003) were set equal to mean and variance of
regional precipitation (£ig. 6a).

The wettest and driest reconstructed years are 1795 (1033 mm) and 1768
(396 mm), respectively. The wettest decade in the OAK reconstruction is 1795 —
1804 (785 mm/yr). Driest decade on record is 174655 (613 mm/yr) and the
second one is 1855 —64 (620 mm/yr) (Table 1, Fig. 6a).
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In general, a gradual long-term decreasing trend emerges as the dominant
pattern of past changes. The trend seems to accelerate since the 1970s.
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Fig. 5. Temporal stability of reconstruction by rescaling technique was tested. Dotted
line: regional August-July precipitation. Grey line: estimated August-July precipitation
rescaled by P1 period. Black line: estimated August-July precipitation rescaled by P2
period. Inset table: Split period calibration/verification statistics. r: Pearson’s correlation
coefficient, sig: significance of ‘r’, R2: explained variance, RE: reduction of error, CE:
coefficient of efficiency.

4. Discussion

4.1. Extreme events and trends of past precipitation

On interannual scale, weak similarity can be found in extremes between
instrumental and tree ring derived record (7able 1). Solely the driest
instrumental year (1968) appeared and ranked third among the extremes of the
modern part of OAK. Much more concurrences were found in the set of extreme
decades. The driest rescaled decade is practically corresponding to the second
driest instrumental one. Third driest decade is the same, but the driest decade
from the instrumental period has also prominent place, ranked fourth, in the
rescaled record. In addition, the wettest instrumental decade agrees, within a
year shift, with the second one from the modern part of the rescaled record.
Finally, the wettest rescaled decade significantly overlaps the third wettest
instrumental one. Same as the instrumental data, each of the three rescaled driest
decades appears in the second half of the century and practically the total post-
mid-1980s period, covered by two non-overlapping decades, ranked into the
drought top three. These correspondences further confirm the successful
preservation of low-frequency precipitation signals in the OAK.
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Table 1. Three most extreme years and non-overlapping decades are listed from the
instrumental and reconstructed era. Date in the ‘year’ column refers to the period from
the previous August to the current July (i.e., 1968 means the period from August 1967 to
July 1968). Date in the ‘decade’ column refers to the period from August ten years
before to the current July (i.e., 1976 means the period from August 1965 to July 1976).
‘Instrumental” means regional mean precipitation calculated from gauge records (see
Section 2 for details)

Instrumental Rescaled Reconstruction
(1901-2003) (1901-2003) (1746-1900)
Year Decade Year Decade Year Decade
1 1968 1976 1981 1994 1768 1755
Dry 2 1949 1993 1908 1950 1779 1864
3 2002 2003 1968 2003 1835 1842
1 1951 1945 1936 1927 1795 1804
Wet 2 1916 1919 1914 1944 1803 1766
3 1965 1932 1926 1973 1762 1821

Peering the extreme years in the reconstructed period, 1835 is nicely
coinciding with the driest detected summer since 1800 in the eastern sector of
Alps (van der Schrier et al., 2006). The second driest (wettest) year was found
as strong negative (positive) anomaly in reconstructed June aridity in southeast
Slovenia (Cufar et al., 2008).

The first studied decade was reconstructed as the driest one, but due to the
larger uncertainty (mostly due to the widening chronology error (Fig. 6d)),
absolute values are still less reliable. However, the second driest decade on
record is a prominent dry period in the Alps (Casty et al., 2005), especially in
the eastern Alps (Auer and Bohm, 1994; van der Schrier et al., 2006). Extreme
Transdanubian drought from the late 1850s to the mid-1860s is nicely
corroborated by documented desiccation of the lake Fert6 (Kiss, 2001, 2004).

The wettest and the third wettest decades are in line with the statements of
van der Schrier et al. (2006), as the first two decades of the 19th century was
exceptionally wet periods also in the eastern part of the European Alps.

Fig. 6. (a) Reconstructed August-July precipitation of the Balaton Highlands and the
southern Bakony Mts. over 17462003 based on oak ring widths (black line) and
autumn-summer (previous September —current August) precipitation of the correspond-
ing grid-cell of the P06 (Pauling et al., 2006) reconstruction. (b) Coefficients of 31 years
sliding window correlation computed between tree-rings based reconstruction and P06
(black) and R99 (grey). Dashed horizontal line denotes the 99% significance level. (c)
Columns represent indices of the R99 reconstruction (Racz, 1999). (d) Low-pass filtered
(20 years cubic smoothing spline) reconstruction (black) and Keszthely gauge record
(dark grey). The 95% uncertainty interval is presented as two separate bands related to
chronology error (white) and to calibration error (grey). (e) Low-pass filtered (20 years
cubic smoothing spline) tree-ring based reconstruction (black) and P06 (grey).
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The longest continuous gauge record (Keszthely) was smoothed by a
20 years low-pass filter to verify the low-frequency signal of TRW based
reconstruction (Fig. 6d). The independent record fits very well the fluctuation of
OAK. Keszthely record excurses out from the range of uncertainty, solely,
during its early decade. Though the ‘low value’ patterns are coherent between
the records, it might be suspected that extreme low early gauge records are
suffered from some negatively biasing homogeneity problem. Nevertheless, the
similarity found with this independent record further confirms the fidelity of the
oak ring width based precipitation reconstruction from the Balaton Highlands
and the southern Bakony Mts.

4.2. Comparison with independent data

For the sake of better comparability of OAK, representing previous August—
current July precipitation total as discussed above, with the seasonally resolved
R99 and P06 ones were also annualized. Seasonal precipitation totals for P06
and indices for R99 were summed over the autumn-summer periods,
respectively. By this way R99 and P06, in this study, differ from the original
annual values of the reconstructions. Here they, indeed, represent the previous
September— current August period. The one month shift in the theoretical time
window of the reconstructions compared to OAK is unlikely to significantly
affect their similarity or dissimilarity. Note that from 1800 to 1808 and before
1776, gaps are present in R99.

Sliding window correlation analysis revealed that OAK reconstruction and
R99 shows significant similarity back to ~1800 (Fig. 6b). Similarity declines
abruptly before. Observed worsening of rclationship partially could be a
consequence of gaps in R99. But we are to note that R99 gathered written
evidences, practically, from the entire Carpathian Basin, so inherently and
artificially reduced the ability to mirror reliably past changes on smaller spatial
scales. For instance, 1786 designated as the wettest year in the observed period
of R99 (Fig. 6¢), based strongly on written evidences from the region of
Miskolc and Sarospatak (northeast Hungary) (Rdcz, 2001) and, in contrast,
ranked seventh driest year by OAK during the reconstructed period in the
southern Bakony Mts. (Fig. 6a, b).

Sliding window correlation analysis revealed that OAK reconstruction and
P06 shows stable and significant similarity between ~1810 and ~1870 and quite
well similarity (fluctuating around the 99% significance level) back to ~1920
(Fig. 6b). P06 lacks similarity in their interannual variability from the 1780s to
1810s and from the 1870s to the 1910s. Same periods present also the largest
discrepancy in the low-frequency variability. In the latter case, the Keszthely
gauge record verifies the fluctuation of OAK reconstruction. So we dare to
conclude that P06 poorly reconstruct the fluctuation of precipitation during the
above mentioned periods over the Balaton Highlands and the southern Bakony
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Mts. region. After the 1910s, P06 presents similar fluctuations as OAK, but
absolute values are consecutively below OAK (Fig. 6¢). Another strange feature
with P06 is that the trend for the recent decades is opponent with OAK. This
sharply decreasing trend of OAK is verified by the local gauge records (Fig. 4,
Fig. 6d). Since P06 also based on station data in recent century, an inadequate
interpolation technique or non-representative station selection problem might be
suspected.

However, the low precipitation at the earliest part of the record is coherent
with P06 confirming the existence of the dry conditions during the late 1740s. In
addition, the secular record of wet in the 1760s and the gradual decreasing trend
since that time also agree in these independent precipitation reconstructions
from the Balaton Highlands and the southern Bakony Mts. region.

5. Conclusion

We have presented a dendroclimatological reconstruction of August-July
precipitation for the Balaton Highlands and the southern Bakony Mountains
region since 1746. The reconstruction based on 22 living and 32 historical tree-
ring width series from oak (Quercus sp.) samples. Ring width series were
standardized by regional curve standardization technique (Briffa et al., 1992;
Esper et al., 2003), regarding the biological character of oak’s growth in the
standardization procedure. By this way the low frequency climatic information
was also effectively preserved in the tree-ring index.

A steady decrement has been appeared as an overall trend in the
precipitation fluctuation since the mid-1700s. From this main pattern the 1840s,
1860s, and 1940s stand out as drier periods. The 1740s preceding the onset of this
decreasing trend likely was also very dry. Derived precipitation reconstruction
placed the late-20th century dry period into a secular context and suggests that
the post-1980 drought period is unprecedented since 1746 at least. The low-
frequency trend of the reconstruction from the mid-1800s century was verified
by comparison with the longest nearby gauge record (Keszthely 1861-2001).

Present study pointed out weaknesses of two earlier precipitation recon-
structions for the investigated region. A reconstruction developed on the base of
written evidences (R99) aggregated documentary data over wide spatial
distance, namely the entire Carpathian Basin, so owing to this methodological
step, peculiarly in the case of precipitation, potential of R99 to detect past
climate changes in local to regional scales has significantly reduced.

Data extracted from the corresponding grid from the European multi-proxy
precipitation reconstruction (P06) showed poor similarity with this local
reconstruction from the 1780s to the 1810s and from the 1870s to the 1910s. In
addition, some problem (inadequate interpolation, non-appropriate station
selection) during the instrumental era also might be suspected.
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Reconstructed long-term gradual reduction of the precipitation associated
with a changing seasonality (i.e., enhancing Mediterranean character (Fogarasi,
2004)) underlines that the climate of the Balaton Highlands and the southern
Bakony Mts. significantly changed during the past centuries. Scenarios predict
increasing aridity for Hungary (Bartholy et al., 2004, Galos et al., 2007),
especially over Transdanubia (Szalai and Mika, 2007) in future decades. Present
results call the attention that agriculture and forestry have to face with this
altered moisture regime by heavily depleted groundwater reservoirs.

Presented precipitation reconstruction also serves an objective basis to
assess climatic conditions related to past historical events. Finally, we note that
further improvements (e.g., extending the reconstructed time-span and reducing
uncertainty) are possible and in progress.
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Abstract—In the present paper, an overview of studies and investigations, related to the
field of historical climatology and impact of hydrometeorological extremes based on
documentary evidence, is presented. In addition to this, earlier investigations as well as
the present stage of historical climatology in Hungary are discussed, based on research
studies of climatologists, meteorologists, historians, and geographers. Besides compilations
and analyses on long-term climate change, case studies on weather-related extreme events
and anomalies of the last thousand years (such as droughts and floods) are also included.
As regards climate variability and change, an overview is provided on the research based
on lake water-level changes.

Key-words: historical climatology, climate reconstructions, extreme weather events,
hydrometeorological extremes, climate anomalies, impact studies

1. Introduction

In the last decade, recent climate change issues and global warming have
elicited deeper investigation of not only short, but also long-term changes and
variability of climate, with special attention paid to extreme weather events and
their consequences. In this respect, studying the climate variability of the last
thousand years, historical climatology has begun to play a more important role,
not only in other parts of Europe (Brdzdil, 2000, 2003; Pfister, 2001; for the
latest overview of European literature, see Brdzdil et al., 2005b and Brazdil,
2009), but also in Hungary. While there is an obvious general interest, especially
among historians, related to environmental history and climatic changes in
historical periods, and also a growing demand for a better understanding of the
environment where human interactions took place, the climate and climate
variability of the last thousand years are still relatively underinvestigated in the
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Carpathian Basin and Hungary as well. In 1986, historical climatology was
already listed as a separate field of higher education (Draskoczy, 1986);
nowadays, it is treated among historians as a part of historical ecology and
environmental history (R. Varkonyi, 2001). Nevertheless, while in the 1980s the
actual research on historical climatology related topics played a somewhat
marginal role in Hungary, attention was soon drawn towards this field as a result
of conference presentations and publications of L. Racz in Hungarian and
international scientific journals and textbooks (Racz, 1987, 1988, 1989, 1994,
1995, 1998, 1999a, 2001a, 2003a, 2003b, 2007 etc.).

Investigations that have some connection with historical climatology and
topics are quite dependent on the databases and/or source collections available.
The usual practice among scientists analyzing historical evidence is to take an
existing database, regardless of the source quality, translation, or copying
mistakes; as such, source criticism is still of marginal importance. In fact, due to
these problems, most scientists do not dare to 'touch' historical databases at all.
Since the building process of a database for detecting long-term changes may
take decades and bring forth less attractive results in the period in between,
historians usually concentrate on a specific event or series of events, with a
special emphasis on the effects of extreme events or anomalies on human
society. Another area of research, mainly carried out by motivated climatologists
and meteorologists, is database enlargement. Among these databases the Réthly-
collection, with its four volumes (Réthly, 1962, 1970, 1998, 1999), doubtlessly
contains the most useful information.

2. Antal Réthly and beyond: Compilations, data publishing, and
reporting findings

2.1. The role of scientific journals

The positivistic 19th century was the heyday of heroic collectors, whereas in the
scientific literature of the 20th century, most of the historical data-collection
efforts were carried out by climatologists and meteorologists. In the quarterly
journal of the Hungarian Meteorological Service (IDOJARAS), from the
beginning of the 20th century up to the 1970s, there was a separate section
entitled “Régi magyar megfigyelések™ (Early Hungarian observations), intended
for publishing texts on historical weather events, early meteorological
observations, and measurements. Though it was mainly Antal Réthly who
published his concrete findings, there were other authors such as Barna (1960)
with his Sarospatak observations, and early instrumental measurements from the
mid-19th century and the Slovak -climatologist, Koncek (1972) on early
instrumental measurements taken in late 18th century in Bratislava. Most of the
evidence was extracted from the original sources; while in many cases Latin or
German texts were published in Hungarian in translated excerpts; in some cases
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transcriptions in the original language (e.g., in Latin) were provided as well
(e.g., Csikmadarasi Bogats, 1943).

From 1952 onwards, there was another journal, called Légkdr (Atmosphere),
which published reviews and descriptions on historical weather observations
that were source related, and even if most of those reports were mainly of a
short, descriptive nature, they succeeded in drawing attention to the topic and
the field (Csomor, 1988, 1991, 1992; Justyak, 1991, 1992; Ambrozy, 1995;
Simon, 1999). Much less in quantity and better in source-quality, local historians
occasionally published sources for further climatological investigation. From
these efforts, the importance of the Sopron archives and publication series in the
local history journal of the Soproni Szemle, amongst others, should be
mentioned, where contemporary sources were published, mainly (Hegyi, 1966;
Tirnitz, 1974) or partly for the purpose of further climatological investigations
(Csatkai, 1940; Heimler, 1942).

Besides the publishing works of journals and the Réthly-series, another
compilation for the Kecskemét area was published as well. Although the
Kecskemét-compilation of Szildgyi (1993, 1999) in part contains data taken
from the Réthly-series, several additional, local history pieces of evidence were
also included. Concerning criticism of historical sources, Szilagyi followed the
Réthly-style; thus, including both contemporary and non-contemporary evidence
in his compilation.

2.2. Role of the Réthly-collection in climate history analysis

Early weather reports, descriptions, observations, and measurements mostly
mentioned in the IDOJARAS were later included in the four volumes of Antal
Réthly’s well-known compilation on weather events, extremes, and natural
disasters of historical Hungary, for periods before 1900 (Réthly, 1962, 1970,
1998, 1999). This work, without any doubt, is of the utmost importance and
provides a firm basis for further studies. Although Réthly as a meteorologist
clearly did ask for the help of archivists and historians for collection,
transcription, and translation works in several cases, data selection was clearly
his own personal choice throughout the long and fruitful decades of his life. It is
a notable fact that his selection criteria, source-quality judgements primarily
formed, and provided the basis of evaluation for the existing Hungarian long-
term climate reconstructions, descriptions, and most of the short-term surveys as
well. As a motivated meteorologist and climatologist, Antal Réthly collected and
included in his series all sorts of written information concerning the weather
prior to 1900, regardless of the quality of these written materials as a historical
source. Thus, contemporary, non-contemporary, and secondary-literature
references were all included without much source criticism and validation. As he
said in the Introduction of the first volume (Réthly, 1962, p. 13): “I included all
the old weather data collected...”
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Although in some particularly problematic cases and with clear
contradictions, he did give his opinion, and thus, criticized some of the sources
included in his series from the viewpoint of dating mistakes or general
credibility of points, the vast majority of non-contemporary evidence as well as
secondary literature references were included in exactly the same way as
primary sources. Furthermore, we need to make distinction between the various
volumes. While the first three books mainly contain texts or text-summaries
taken from contemporary and non-contemporary sources as well as from
secondary literature, originally written either in Latin, German, or Hungarian (or
occasionally in other languages), in the fourth volume chiefly direct transcriptions
of contemporary daily weather observations and early instrumental measurements
of the 19th century, originally written in Hungarian, were gathered (Réthly,
1999). As such, there is a source-quality difference compared to the earlier,
translated extracts, which in many cases were based on non-contemporary
evidence. Unfortunately, in this last volume of 19th century daily observations,
no clear reference on the availability of original sources are provided for each
case, which makes proper investigations in some cases quite difficult.

In conclusion, when making use of the Réthly-series in any climatological
analysis, we should enumerate the following sets of problems, which largely
affect and concern the complete database included in the first three volumes of
the Réthly-compilation:

(1) Up to the late 18th century, significant part of evidence included in the
Réthly-collection is non-contemporary, which makes the Réthly-based analysis
of the period rather problematic, due to the fact that non-contemporary evidence
often contains the wrong dating of events, doubling or tripling events, etc. At the
level of data analysis, another crucial problem is that while filtering out the non-
contemporary evidence, in periods prior to the 17th century a significant part
needs to be removed, and the same goes for some of the 18th century sources.
This is especially true for the Middle Ages, whose part of the first volume
contains information of acceptable source quality only in exceptional cases. For
example, secondary literature without source references (Bagi, 1896;
Szentklaray, 1880—1882; Tory, 1952, etc.), as well as foreign source compilations
like the one by Hennig (1904) or those by Weikinn (1958 -1963), and texts of
popular journals, newspapers (Hasznos Mulatsagok) about curiosities which
happened hundreds of years earlier, were included as well. In this respect,
volumes of the Réthly-collection show clear similarities to other European
compilations: none of them can be properly utilized without prior source
validation (Bell and Ogilvie, 1978).

(2) Regarding the majority of the 16th—18th centuries and a part of the 19th
century, sources (both contemporary and non-contemporary) were originally
written not in Hungarian, but mainly in Latin or German, and rarely in other
languages such as Turkish. Hungarian texts are mainly well extracted and
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German texts were usually well translated and well extracted too. In some cases,
however, there are clear problems (misinterpretations, gaps), for example, with
texts taken from Latin, which without the help of other corresponding material
can affect some of the index values (e.g., monthly reports taken from the
volumes of Svdenham, 1769; or texts taken from the Jesuit diary of Levoca (in
Hungarian: Ldcse), see Hungarian National Archives p. 478).

(3) In many cases, there are clear contradictions between the intervals
provided by Réthly at the beginning of the actual source entry and the duration
of a period mentioned in the actual text (e.g., an unknown length of time before
a wine harvest is imprecisely recorded as the whole of October); similarly, some
of the often equivalent events are misdated (problems of dating winter weather;
or the huge amount of misdated materials, taken from secondary literature or
from recent, unpublished private compilations or text collections, such the one by
Florian Holovics or Gottlieb Bruckner — without mentioning original sources).

(4) Another dating problem especially of the late 16th century is that,
although in the introduction Réthly draws attention to the question of proper dating
due to the switch between Julian and Gregorian calendars occurring in different
years in various parts of the Carpathian Basin, he clearly did not take it into
consideration when providing the dates of events or periods in the actual text
entries (see parts before and around late 16th—early 17th centuries in Réthly, 1962).

(5) Contemporary evidence is very much scattered in space, type, and time:
observations or descriptions are rarely available from one place or even one
region for a period of at least several decades, and even in these cases it is rare
that one type of evidence (e.g., a family diary) contains a lot of detailed (monthly
level) data for longer periods (for several decades at least). Hence the available
data may be quite patchy; that is, it may have a low level of homogeneity.

(6) Parallel observations and descriptions would be of special importance
to specify and check the credibility and quality of indices provided. Since in the
majority of cases no parallel observation of appropriate quality on monthly or
seasonal level is available in the Réthly-volumes, and contemporary indirect
evidence, where it exists, often does not provide enough additional information,
in many cases it is not possible to provide good-quality indices. Thus, the
sources allow us to provide indices (i.e., the stage of deviations from normal
values) only with some uncertainty in relatively clear cases without using further
control evidence (independent, reliable sources).

As regards the temperature and precipitation indices of monthly or seasonal
level, a great deal of evidence included in the Réthly collection is non-
contemporary. Since non-contemporary evidence cannot form the main basis of
analysis for further investigations, just the contemporary evidence entries should
be used. These circumstances lead us to conclude that large portions of the
materials should be excluded from a primary analysis. The remaining
contemporary documentary evidence, on the other hand, does not provide a
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source that is large and detailed enough to draw long-term conclusions in
appropriate quality and detail.

In summary, based on the above-mentioned main points, the Réthly-
collection by itself cannot form the basis of an adequate long-term historical
climatological reconstruction of the past 500 years, or longer. Therefore,
significant and systematic database enlargement based on contemporary
evidence, not only for the Middle Ages and early modern times but for the 19th
century as well, is required.

3. Long-term reconstructions of historical climate
3.1. Index-based climate reconstructions of the last 500—1000 years

Apart from his studies in collecting weather and weather-related data, Antal
Réthly carried out some basic analyses of selected evidence, such as the series of
daily observations combined with early instrumental measurements, later
published in the 18th century volume of his compilations (Réthly, 1970). Despite
this, Réthly did not provide any further, long-term analysis based on his
compiled database. Instead, somewhat earlier Berkes (1940) carried out some
investigations on the long-term fluctuations of climate, first based on
instrumental measurements, and then on the early-spring temperature-related
evidence of the K6szeg Book of Vinesprouts (Berkes, 1942). On a local scale,
for the Kecskemét area in the central part of the Great Hungarian Plain, Szilagyi
(1987, 1988a, 1988b, 1988c), besides his catalogue of weather events, mainly
described extremes and anomalies reported from 1600 to 1873, highlighting
winter temperature extremes as well as extremely dry periods.

The first and still most widely known and applied (7-scale) index-based
temperature and precipitation reconstruction along with a description of weather
conditions, for the past five hundred years, focusing on the regions of the former
Hungarian kingdom, were published and analyzed by Rdcz (1999b). In addition
to the revised indices and historical investigations, in the extended textual
analysis a clear attempt towards separating major regions can be seen (see also
Rdcz, 2001a, 2003c). Another concise statistical analysis of long-term
temperature and precipitation conditions as well as of the frequency of strong
winds were carried out for a thousand-year period, based on the documentary
data included in the Réthly-compilation by Bartholy et al. (2004).

In the case of both existing long-term reconstructions and investigations of
written weather records, the text data of the Réthly-series formed the basis of
further research. Nevertheless, while Lajos Racz did not include the analysis of
medieval parts due to the strikingly low source quality of non-contemporary
evidence, in the second reconstruction the complete Réthly-database of weather
events, namely documentary evidence of the entire last millennium, was included.
Although authors of the second reconstruction (Bartholy et al., 2004) did
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distinguish between quality value classes of information (based on quantity-
analysis), they only provided data for 50-year intervals: in this sense they
concluded that the data for the entire 16th century and partly for the first half of the
17th century was of low quality; while from the quantity aspect, only the period
of 1700 —1850 was regarded as highly reliable (Bartholy et al., 2003, 2004).

In essence, these reconstructions were carried out for historical Hungary,
hence, practically, for the entire Carpathian Basin. In the last decade, however,
there has been an increasing demand for high-resolution long-term temperature
and precipitation information, divided on a (sub)regional basis, in fields such as
landscape research or geomorphology (e.g., Stankoviansky, 2003; Kovdcs and
Rakonczai, 2003; Kovdcs, 2004; Kiss et al., 2006a), and this has a potential use
in other well-established or emerging research fields, in the Carpathian Basin,
like borehole climatology, dendroclimatology, speleology (Bodri and Dévényi,
2004; Kern et al., 2004, 2009; Siklosy et al., 2006, 2009; Popa and Kern, 2009),
or fields of historical science that apply the results of historical climatology
(e.g., Laszlovszky, 1994, Kiss and Paszternak, 2000; R. Varkonyi, 2001;
Szabados, 2004). Furthermore, some interest from a climatology aspect can be
seen as well, which can provide a climatological background to historical
climate investigations (e.g., Mika et al., 2000; Mika and Lakatos, 2008).

In Romania, Cernovodeanu and Binder (1993) provided a description of
historical evidence taken from the Middle Ages onwards, based partly on source
materials mentioned in the Réthly-series and partly on other, mainly
contemporary written evidence related to the eastern parts of historical Hungary,
namely Transylvania and the historical Partium (which today make up the
western Romanian lowlands). In their investigations, the historical Romanian
principalities (Walachia and Moldova) were also included. In the most westerly
areas of the Carpathian Basin, a historical analysis of weather-related evidence
was performed by Strommer (2003) for the period of 1700—-1830 for eastern
Austria. In his recent investigations, Rohr (2007) provided a detailed account
and a concise historical analysis of high and late medieval as well as early
modern extremes that occurred in the eastern regions of the Alps.

Climate reconstructions of shorter periods are also available in Hungary,
mostly in the form of case studies. From a climatological aspect, as early as in
1918, Antal Réthly carried out some statistical analyses, for example, on the
early instrumental measurements and daily weather observations of Timisoara
(in Hungarian: Temesvar) for the period of 1780—1803. Tables of results of
this study were later included in his compilation (Réthly, 1970), together with a
basic statistical analysis of other observations and early instrumental
measurements of the same type (e.g., for Miskolc and Kezmarok (in Hungarian:
Késmark). This work, together with the digitalization process of the complete
Timisoara-manuscript, was continued by Csernus-Molnar and Kiss (2008). A
detailed historical and climatological analysis of well-documented periods,
based on daily observations and early instrumental measurements was carried
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out in certain selected cases, in the present eastern parts of Slovakia, for some
periods of the late 17th and early 18th centuries (Brdzdil and Kiss, 2001; Brdzdil
et al., 2008).

3.2. Phenological evidence and harvest results: The role of indirect information

As regards documentary sources containing regular observations of phenological
data of a longer duration, up to now in Hungary the information content of the
Koészeg Book of vinesprouts has without doubt gained much interest. Looking
for long-term evidence of climate fluctuation and change, Berkes (1942) was the
first who investigated the connection between early spring temperature values
and the length of vinesprouts illustrated each year on April 24. His evaluation
was extended by Péczely (1982), who also raised an awareness of the connection
between the quality of wine as another possible temperature indicator. Their
works on Készeg vinesprouts were continued and a temperature reconstruction
model, based on the length of vinesprouts, was developed by Strestik and Verd
(2000). Studying 20th-century data series, the connection between wine quality,
quantity and climate is the topic of a recent investigation referring to the Tokaj
wine region (Makra et al., 2009).

By the early 1970s, Bendefy (1972a) in a conference report pointed out the
possible reconstruction potential of wine harvest data series in town council
protocols such as those in Kdszeg, Sopron, Szombathely, and Kecskemét. In a
preliminary report he considered a 36-year periodicity in Hungarian vintage
dates (Bendefy, 1972a); no information is, however, available for a continuation
of this investigation. While some dates of Kecskemét vintages from the late 17th
to the early 19th centuries were already published by that time (Szabd, 1934),
the Kdszeg vintage dates, for the period of 1649—1820 (with gaps), were
published a few decades later (Szovényi, 1965). Nevertheless, in both cases the
actual series of dates formed a relatively less-important, additional part of two
local history investigations. As a result, both sets of data have never been
analyzed from a climatological point of view, or the later remarks on their
significance. Moreover, in both cases it can be seen that they often provide not
the date of beginning but a date 2-3 days after, or only one date during the wine
harvest in general; thus, they did not concentrate on providing data for the
beginning of an event. Following these early investigations, based on the
original sources, a new interpretation of vine- and grain-related historical
evidence (see Fig. 1) has been initiated within the framework of the EU project
called Millennium (Kiss, 2008 Kiss and Wilson, 2009).

By looking for possible causes of economic wealth, crises, or periods of
decline, economic historians can play an important role in identifying weather
extremes or climate anomalies. Based on grain tithe accounts, for the bad
harvest years of the late 16th century in the Zitny ostrov (in Hungarian:
Csallokoz) area, the principal causes of a rainy period and Danube floods as well
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as wars were highlighted by Zimanyi (1984). Using tithe series, Landsteiner
(1999) studied vine harvest results of selected Central European towns,
including Sopron, at the end of the 16th and the beginning of the 17th centuries
and demonstrated, that similarly to other wine producing areas of Central
Europe, the Sopron area had to face a decline in wine production in the late 16th
century, mainly caused by adverse weather conditions.
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Fig. 1. Temporal coverage of recently available historical phenology evidence in Készeg
(Kiss, 2008).

In the recent years, great interest has been shown in the possible
agricultural consequences of climate change: based on evidence obtained from
the Réthly-compilation, an analysis of phenological dates was done and
phenophases information was examined (Surdnyi, 2006). However, owing to the
quality and frequency of the data available in the Réthly-collection it is rather
difficult to draw firm conclusions on this topic.

4. Analysis of hydrometeorological extremes
4.1. Causes and consequences: Impact studies based on extreme events

Series and combinations of extreme events and their consequences on the
agriculture sector have, in some cases, gained more interest among agrarian and
local historians. Some of the local history monographs, published in the period
of the Austro-Hungarian Empire, contain particularly detailed accounts of
natural disasters, induced by climate anomalies and weather extremes and their
impact on local societies. Among others, a good example is the early monograph
series by Reizner (1899—-1900) about the local history of Szeged, where the
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great flood events of the Tisza in the Szeged area are described in an unusually
detailed form, similar to the famine years, caused by a severe, prolonged
drought of the late 1710s and 1720s. For instance in 1728, when the spring was
particularly dry, and later this weather was combined with a great hailstorm over
the plain, this caused the famous Szeged accusation case of witches. This witch-
hunt, together with the historical background, was elaborated on in the first
volume, together with primary sources (for a Central European context of
witchcraft and weather, e.g., Behringer, 1999). This is of special importance,
since the later monograph series of Szeged paid less attention to such issues
(Kristo, 1985).

Droughts combined with extremely wet or cold periods caused the series of
appealingly bad harvests in the Great Hungarian Plain, Transylvania, as well as
in the Romanian principalities, which resulted in the great famine years of
1814—1817 in Bihar county (today, in Hungary and Romania), discussed by
Hodgyai (1991). Also, the occurrence of the Maunder Minimum anomaly
(1675-1715), as well as the cool summers of the 1830s and their adverse
consequences on society in historical Hungary were discussed by Rdacz (1994,
2001b). According to the author, as a consequence of cool summers there were
bad harvests: these unfavorable conditions had an indirect influence on the
decision-making policies of the contemporary Hungarian reform parliaments.

4.2. Droughts

In the central and eastern parts of the Carpathian Basin, especially in its lowland
parts, mainly in the short-term but sometimes even in the long-term, severe
droughts or a series of dry years probably had the most marked effects on the
economy. Therefore, due to the well-known drought sensitivity of the semi-arid
Great Hungarian Plain, droughts, said to be responsible for 22 known famines
between 1790 and 1863 (Erké'vy, 1863), have become a focal point of research.
In historical research, the fields of local history and historical ethnography took
a principal role in the study, description, and analysis of the effects of droughts
on society, social relationships, economy, activities, and campaigns by the state
and local authorities in finding solutions for crises which arose as a result of
long dry spells. Since droughts had the greatest impact (greater than any flood
event) in the aridification-endangered Great Hungarian Plain, studies usually
concentrated on the most significant famines and mass extinction of cattle
related to prolonged droughts of the late 18th and 19th centuries (Gyadrffy, 1978;
Bellon, 1996), but in some cases attention has also turned to the 1710s and
1720s (Reizner, 1899 -1900).

Whereas floods caused problems in the previous decades but especially in
the 1770s, the 1790s was without doubt the decade of droughts: investigating the
great droughts of 1790 and 1794 (whose droughts also touched Moravia and
Silesia — see Brdzdil et al., 2007), followed by famines, Szabo (1991)
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emphasized the significance of defence mechanisms developed by the society in
1791-1795 at both the local and regional levels in the north-central part of the
Great Hungarian Plain, namely in Greater Cumania. Apart from the over-
whelming importance of local history and historical ethnography research,
looking for historical parallels of present drought events, to some extent
environmental scientists also turned their attention towards this question (Palfai,
1994). Nonetheless, without doubt great interest arose in the most influential
drought of 1863, which is believed to have been primarily responsible for the
fundamental and irreversible structural changes of Hungarian agriculture and as
such, was widely discussed at both the regional and local level (Reizner, 1899;
Gyorffy, 1978; Bellon, 1996; Sipos, 2001). In recent years, the possible
connection between drought and the early 18th-century rise of witch accusations
also became a topic of discussion among social historians (see, e.g., Toth, 2008).

In two studies, mostly investigating the occurrence of famines in historical
Hungary, the economic background, social consequences of droughts, and the
response of the state are topics of discussion (Gunst, 1984a, 1984b). In his first
article, the author suggests that due to the relatively low importance of crop
production and consumption, and also due to the relatively low population
density of the Carpathian Basin, droughts did not cause severe famines prior to
the 18th century. Still, the number of famines caused by droughts increased from
the early 18th century, when a great number of new settlers arrived in the
country (Gunst, 1984a). Similar conclusions were reached in historical
ethnography and local history studies, and he concluded that droughts of the
Great Hungarian Plain and Transylvania in the 1850s and 1860s, and especially
the well-known drought event of 1863 had probably the greatest impact on the
long-term development and changes in agriculture, agricultural management,
and economic development in Hungary. Moreover, this great drought event
acted as a catalyst for the establishment of an independent Hungarian
meteorological institute (Gunst, 1984b).

4.3. Floods

In Hungary another direction of historical research, which is also quite important
in Central European investigations (e.g., Brazdil et al., 2005a, 2007; Glaser and
Stangl, 2004; concerning the Danube in Austria with emphasis on human
response — see Rohr, 2005, 2007), focused on destructive historical floods:
similar to well-known droughts, some of the especially destructive flood events
were of especial interest and, as such, historians, hydrologists, as well as
meteorologists studied them in great detail (in a European context, it is also
reflected in the definition of historical hydrology — see Brdazdil et al., 2006). One
of the early investigations was carried out by Zawadovski (1891). Apart from a
detailed catalogue of data on water regulation, he listed the most destructive
flood events that took place on larger rivers of the Carpathian Basin, especially
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from 1732 onwards, and sometimes he even gave a short overview on selected
early modern floods as well. Although in most cases he did not provide clear
evidence of his sources, in several cases he did refer to contemporary archival
evidence. In addition, the author discussed some consequences (especially of
material damage) of the greatest Danube floods in the late 18th and 19th century
in the twin-town of Pest-Buda and Pest-Pilis-Solt County, like those of 1768,
1775, 1838, and 1876. Divided into small chapters, the author provided
statistical information about damage in tabular form. Even if it is not completely
free of errors, owing to the fact that no other comprehensive study of larger
historical floods (Vol. 1) of the Carpathian Basin was carried out, this work
became especially influential. Later investigations of hydrologists, usually
including the obligatory short passages of a historical introduction, were largely
based on the Zawadowski-catalogue.

Among the studies on individual flood events, most of the early studies
were carried out on the 1838 ice flood at Pest-Buda (Németh, 1938; Laszloffy,
1955), and the 1879 great Tisza flood at Szeged (for a concise overview of an
early bibliography, see Dégen et al., 1969; for a recent overview, see 706th,
2009). These two events, together with their other consequences gained and still
gain attention, and thus, separate chapters on several concise urban local history
series, both old and new ones of Budapest and Szeged are usually devoted to the
floods of great importance from the viewpoint of later urban development
(Gerevich, 1975; Kristo, 1985). Furthermore, separate issues of the Hidrologiai
Kozlony (Hydrological Bulletin) (1979: 59/6, 1988: 68/2) were published for the
anniversaries of the great Pest-Buda and Szeged floods. In the past few decades,
a new wave of analyses from both historians and environmental scientists were
published for probably the most destructive flood event, namely the great 1838
Danube ice flood (Farago, 1988; Boldvay, 1988; Létay, 1991 etc.), which
practically destroyed the towns of Pest and Obuda together with their suburbs.
In this latter case, the meteorological conditions were also studied in detail
(Bodolainé Jakus, 1988).

Based on data obtained from the Réthly-collection and the Zawadowski-
catalogue, the connection between hard winters, ice cover, and ice floods of the
Danube over a thousand year period are topics of discussion in the article by
Déri (1989): due to the plentiful information available mostly for the period
after 1820 and the impact of water regulations on ice cover, they were analyzed
in more detail. Déri also emphasized the fact that, while significant efforts of
water regulation works markedly reduced the chance of a looming destructive
ice flood, still the danger was not over and, in the case of a hard winter, ice
floods could cause significant damage even today. Mostly relying on the
Zawadowski-catalogue, P. Kdrolyi (1970) studied the main periods and major
consequences of significant flood events from the 18th century onwards of the
Tisza valley from a hydrological viewpoint, with special emphasis on their
impact on the later regulation works.
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Other case studies on flood events are available in several individual
articles, mainly done by local historians. Historical flood marks in Budapest
were, for example, systematically described and investigated by Rajna (1979).
Based on contemporary local history evidence, the most destructive flash floods
and their impact on urban development were discussed in several local history
articles (Boronkai, 1965; Dobrossy and Veress, 1978). In other studies, flood
events of the River Maros (in Romanian: Mures) in the 18th century (Palfai,
1997; Kiss et al., 2006b, 2008), those of the Drava river in the 16th—18th
centuries (Petri¢, 2007), and the main ice floods of the Danube between 1768
and 1799 together with related problems in the late 18th century development of
Pest suburbs were discussed (Kiss, 2007). In a recent case study, the European
aspects of great flood events in the winter and spring of 1784, including the
Carpathian Basin, were also examined (Brdzdil et al., 2009).

5. Lake water-level changes: An interdisciplinary topic applying documentary
evidence

As regards the lake-level variations related to climate variability, the investigations
for Lake Balaton and Lake Fertd (in German: Neusiedlersee) should be
emphasized.

By studying the water-level fluctuations of Lake Balaton, a great advantage
can be detected in its shallowness as well as in the small, well-defined
catchment situated at the west-central part of the Transdanubia in Hungary. In a
book by Bendefy and V. Nagy (1969) on the water-level changes of Lake
Balaton on a millennial scale, there is a clear attempt to apply contemporary
medieval, early modern and modern documentary evidence. Although the book
is still widely-accepted and used by scientists, the authors’ interpretation of
historical, cartographic, and archaeological evidence is often problematic and
conclusions drawn are sometimes conceptual, and mostly related to the possible
importance of human activity versus climate variability. As in some cases their
results clearly contradict the other existing reconstruction, better accepted
amongst historians and archaeologists (Sdgi, 1968: see also Fig. 2), a well-
known, long-lasting debate (the so-called Balaton-debate), concerning medieval
and early modern water levels, developed in the ecarly 1970s (Sdgi, 1970;
Bendefy, 1972b; Sagi and Fiizes, 1973). Another important difference was that,
while in the case of the first water-level reconstruction human influence played
an important role in the medieval and early-modern periods (Bendefy and V.
Nagy, 1969; Bendefy, 1973), the other reconstruction viewed climate fluctuation
as the factor primarily responsible for the historical water levels of Lake Balaton
(Sagi, 1968; Sdgi and Fiizes, 1973).

On the other hand, in both papers there was a consensus on the fact that the
average water-level of the Balaton underwent a slow rise in the high and later
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Middle Ages, then this increase speeded up from the 16th century onwards. The
changing human impact on the only natural outflow of the lake by itself,
however, cannot be blamed for this significant increase, since the 14th century
up to the mid-15th century contemporary sources show a survival of earlier
utilization and management practices (mainly mills) of the waterflow (Fok/Sar
river), even if in the 16th century, only the mills of the lower river sections (Sar
river) were documented (Kiss, 2009). In the past few years, a multidisciplinary
study, which included historical documentary evidence, was carried out by
Siimegi et al. (2009a), and a comparison between the above-mentioned first
water-level reconstruction and the available tree-ring evidence, connected to the
19th and 20th centuries, was published by Kern (2009).
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Fig. 2. The water-level changes of Lake Balaton in the past millennium, given by Sdgi
and Fiizes (1973).

Allegedly based on written evidence, the historical water-level changes of
another lake, the Fertd (Neusiedlersee), which is even more sensitive to climate
variability, was published by Kopf'(1963). His extended reconstruction (Fig. 3),
presumably based on documentary evidence, was widely accepted in the
Hungarian scientific literature (Zorkoczy, 1975). Application possibilities are,
however, strongly limited by the fact that Kopf made no mention at all of the
sources used in the reconstruction (Kiss, 2004a).

In a similar way, although there was great interest and dozens of previous
and later studies were carried out concerning the historical water-level changes
of Lake Fert6 (Neusiedlersee) and the Hansag (in German: Wasen) wetlands,
most of the data wags presented with no direct source-reference (Nagy, 1869;
Kaver, 1930; Haller, 1941; Karolyi, 1955). They referred to earlier studies
where, likewise, no reference concerning the source of information was
provided (Balsay et al., 1975; Kovats, 1982). As such, it is rarely possible to
trace back all the original sources, based on literature entries. Other problems
may occur when taking indirect written evidence into account: reconstruction
attempts concerning medieval and early modern conditions often have
interpretation problems of contemporary terminology (Kiss, 2004b). Quite
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similar problems have arisen in the scientific literature (Bendefv and V. Nagy,
1969) for the only natural outflow of Lake Balaton; namely the medieval Fok or
Sar river (Kiss, 2009).
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Fig. 3. Water-level changes of Lake Fert6 (Neusiedlersee) in the last 400 years,
elaborated by Kopf (1963), extended by Zorkoczy (1975).

6. Medieval weather and climate: Sources and analysis

From both medievalists and archaeologists, a growing interest could be seen to
some extent from the 1960s (Sagi, 1968), but especially from the 1990s
onwards, with a particular emphasis on the Medieval Warm Epoch and the Little
Ice Age transition (e.g., Fiigedi, 1992; Gyorffy and Zolvomi, 1994, 1996;
Laszlovszky, 1994; Balint, 2003).

For the early Middle Ages, rather questionable attempts were made to
relate the very scarce and problematic documentary evidence to a probable
drought anomaly in the 8th century (Gyorffy and Zolyomi, 1994, 1996).
Conversely, recent paleoenvironmental investigations suggest that droughts
were more severe in the 13th century than in the 8th century (Siimegi et al.,
2009a; referring to 13th century conditions, see also Siimegi et al., 2009b,
2009c¢). Concerning written sources, even much later, in the 11th—12th centuries
only sporadic evidence is available (e.g., the battle of Ménf6: Négyesi, 1994),
and these rarely provide the opportunity to draw some conclusions (Kiss,
2000a). Due to the growing amount of evidence a few more detailed case
studies have been occasionally carried out for particular, well-documented
events of the 13th century like the hard winter conditions during the great or first
Mongol invasion (Kiss, 2000b, 2003).

With the increasing amount of accurately dated 14th century legal
evidence, in certain cases such as the 1340s, some great floods and presumed
higher flood frequencies may be observed (Kiss, 1999). Concerning long-term
changes, primarily based on archaeological and partly documentary evidence of
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the Visegrad royal palace and settlement, an interesting, carly case study
suggests that a significant increase of the average water level of the Danube
began in the late medieval-early modern period (Héjj, 1988).

As regards the great subsistent crisis of 1315-1322 in Western Europe
(Kershaw, 1973; Jordan, 1996), Szanto (2005, 2007) concluded that no
contemporary evidence suggests that the crisis would have reached and had a
significant impact in medieval Hungary. A recent investigation based on
contemporary documents indicated that the European crisis of the mid-1310s
reached and caused some problems in Hungary (Vadas, 2008).

Owing to the generally increasing amount of available medieval evidence,
a review article was recently published on the medieval climate of Hungary
(Racz, 2007). Since very few studies have been published that directly analyze
medieval weather and climate, it is a difficult task to provide any reliable
conclusions on this subject. Therefore, database extension is of primary
importance; up to now even key periods, like the 15th century with the most
potential, have clearly been underinvestigated. Moreover, some contemporary
legal documents (charters) suggest that not only direct but some indirect,
landscape and hydrological evidence, for example the water-level conditions of
larger lakes such as the Fertd (Neusiedlersee) in certain years, can also provide
more useful information (Kiss, 2001; Kiss and Piti, 2005).

7. Conclusions and outlook

As we have seen, in Hungary climatologists and historians turned towards the
study of climatic fluctuations and weather-related natural extremes at a
relatively early period in history. This was partly due to the excellent potential
arising from the immense amount of documentary evidence, largely available in
present-day Hungary, but for historical reasons, for almost all of the Carpathian
Basin as well. In this respect, it is clearly a positive point that the area of
historical Hungary, meaning mainly Hungary, Slovakia, western Romania,
northern Serbia, and the Transcarpathian region in Ukraine, is one of the areas in
Central Europe with relatively early long-term historical climate reconstructions
for the early-modern period (Racz, 1999b, 2001a).

As a comparison, long-term (500-year or 1000-year) reconstructions on a
monthly, seasonal basis (temperature, precipitation) are available in such areas
of Central Europe as Switzerland (Pfister, 1988), the Czech Lands (Brazdil and
Kotyza, 1995; Dobrovolny et al., 2009a), and Germany (Glaser, 2001, 2008;
Glaser and Riemann, 2009). A joint 500-year Central European seasonal
temperature reconstruction, including the Czech Lands, Germany, and
Switzerland, was recently carried out within the framework of the EU project
called Millennium (Dobrovolny et al., 2009b). Thus, an important future task
will be to provide new index-based reconstructions, both for temperature and
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precipitation, based on an enlarged database of contemporary source evidence
and a critical evaluation of sources.

Another promising direction for obtaining other long-term (mainly
temperature-related) reconstructions is related to historical phenology evidence
and other data series concerning agricultural activities (e.g., harvested amounts).
Vine and grain phenology-based investigations, covering 500 years or more,
have already been carried out in Central Europe (Meier et al., 2007), which may
eventually provide a good methodological background for the analysis of
evidence either belonging to Hungary or other areas of the Carpathian Basin.

In spite of the good potential of contemporary documentary evidence,
covering not just the early-modern period, but also the Middle Ages, in Hungary
relatively little has been done on the systematic analysis of hydrometeorological
extremes. This is especially true for flood evidence; even if dozens of more or
less detailed case studies are available on one or another destructive drought or
flood event, no systematic investigations have been carried out, unlike some
other parts of Central Europe (see references in sub-chapter 4.3). Hence, another
possible future direction of research is the systematic collection and analysis
(e.g., frequency, classification, seasonality, causes, impact) of hydro-
meteorological extremes. Short- and long-term effects of extremes and
anomalies on society had a further importance and have gained increasing
interest in the past decade: impact studies and the role of human response have
become a significant issue for environmental historians in Central Europe (e.g.,
Behringer et al., 2005; Pfister, 1999, 2002; Pfister and Brdzdil, 2006). As we
saw earlier, in the form of individual events, in Hungary historical
ethnographers and local historians played an important role in analyses,
especially on droughts, and also on other hydrometeorological events like
floods. As regards other types of impact, studies on the relationship between
climatic fluctuations, frequency of extremes and landscape development might
also be an interesting direction of further research (for Central European
parallels, see, e.g., Bork et al., 1998).

While no systematic collection and analysis of events have been carried out
yet, after the source validation process the vast amount of contemporary
evidence included in the Réthly-compilation could form a good starting point for
systematic investigations covering a period of four hundred years or more. In
this respect, the Middle Ages need to be treated differently: a completely new
documentary source collection process has to be launched.
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tion. E.g., in the case of one author: Miller
(1989); in the case of two authors: Gamov
and Cleveland (1973): and if there are more
than two authors: Smith et al. (1990). If the
name of the author cannot be fitted into the
text: (Miller, 1989); etc. When referring pa-
pers published in the same year by the same
author, letters a, b, c. etc. should follow the
year of publication.

Tables should be marked by Arabic
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