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Abstract

Sedimentary basins such as Lake Balata in Southwestern Hungary provide information about the
development of lake-bog systems, the climate change through time and the environment of the
surrounding area. The present study provides combined palynological, anthracological and ma-
crobotanical data regarding climatic, vegetation and hydrological changes of a protected area for
the last 3000 years. Lake Balata is a sedimentary basin developed in a wind-blown yardang system
in Southwestern Hungary. Due to its deeper location and the higher groundwater-level, the boggy
lake functioned as a sediment catch. Geological drilling with an auger head drill provided an un-
disturbed sediment core. During the laboratory analysis different methods, such as sedimentolog-
ical, geochemical, macrofossil, pollen and charcoal analysis were applied. The different stages and
the evolution of the lake-bog system and the vegetation around the lake could be reconstructed
and human impact was detected for the last 3000 years. Human impact and the transformation of
vegetation was detected from the Early Iron Age (900/800 BC). Human impact reached its maxi-
mum during the 10th and 12th centuries when extent plant cultivation and grazing field zones
were created. Climate change, increasing precipitation and consequently forest regeneration
started in the 13th and 14th centuries. Parallel to this human impact decreased in the study area
that indicates the reduction of the population and agrarian activity. Later at the beginning of the
15th century human impact increased again and remained significant until to the 16th century.
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1. Introduction

On the basis of palaeoclimatological analysis, during the last 3000 years climatic changes became more intense
compared to the first part of the Holocene. Consequently, significant and cyclic changes of temperature and pre-
cipitation developed on a global and regional level. These former climatic changes had a strong effect on the
vegetation and human communities. At the same time, the undulating climatic change causes alterations in the
composition of cultivated plants and forest assemblages, in forest management and in the relationship of human
communities and arboreal vegetation. In order to detect the different climatic phases, vegetation changes and the
relationship between forest composition and human communities, a more complex elaboration is necessary
among disciples. By the comparative analysis of sedimentological, geochemical, macrobotanical, pollen and
athracological analysis, it is possible to reconstruct the natural development of an area and human impact on the
vegetation as well.

Anthracological, macrobotanical and pollen analytical study such that have not been conducted in the eastern
part of the Alps, in the Carpathian Basin. However, pollen analyses of sedimentary basins indicate deliberate
human impact on forest composition from the Neolithic and Copper age [1]-[4], anthracological analysis of
woody remains from archaeological sites was not performed in these studies so we have little information about
the human impact on forests and about the utilization of wood of prehistorical and historical cultures.

On the basis of the previous archaeological and palaeoecological analyses, in terms of the vegetation devel-
opment and the relationship of human populations and forests, the most interesting region is the southwestern
part of Transdanubia. This area is highly important since smaller lakes and peatlands are frequent in the region
that functioned as sedimentary basins. Around 1200 smaller and larger lakes are located; one of the largest is
Lake Balata.

In this area, populations of the earliest Iron Age culture (900/800 BC) [5]: people of the Hallstatt culture set-
tled down. After that inhabitant of the Celtic (450/400 BC-AD) and the Imperial period (40 BC-422 AD), Huns
from the migration period (400-454 BC), Germanic tribes (454-568 AD), Avar (568-794/829 AD) and Hunga-
rians (895/896 AD) [5] appeared. According to the settling down of these populations, human impact on the ve-
getation, including arboreal vegetation, could be reconstructed. The area has a transitional climate between
sub-mediterranean and continental type that is reflected in the diverse vegetation. The transition zone of Tilia
tomentosae-Quarcetum petraea-cerris with Castanea sativa, Querco petraea-Carpinetum saladiense, Querce-
tum robori-cerris, Viccio-Fagetum, and mixed pine forests of Erico-Pinion developed [6]-[9]. The above men-
tioned cultures that already used tools made of iron lived in different areas surrounded by dissimilar arboreal
vegetation so we had the opportunity to reconstruct the forest management of these different human populations.
We aimed to reconstruct the development and the environment of this unique, protected site, Lake Balata in the
Southwestern Transdanubian area through time and the consequences of climatic change on vegetation. Fur-
thermore, our goal was to determine the relationship of men and their environment and the development of ar-
boreal vegetation during the last 3000 years. This is a time period, where human techniques and the technical
development transformed the economic conditions, farming opportunities and forest management. We attempt
to give answer to the question that besides climatic change what sort of human impact evolved in the mosaic-
like environment due to the technical development, the change of the organization of communities and the cul-
tural traditions. In order to detect human impact on forest ecosystems we performed anthracological analysis of
samples deriving from archaeological sites besides the sedimentological, pollen analytical and macrobotanical
analysis of the sedimentary basin in the vicinity of the archaeological sites. Analysis of samples deriving from
the sedimentary basin gives information about the local, while charred wood remains deriving from the arc-
haeological sites (refuge pits, graves, residues of houses) indicate the local arboreal vegetation. So by combining
the different methods we can perform a complex palaeoecological reconstruction.

2. Study Area

The study area (46.311738 N, 17.206920 E) is located in the southwestern part of the Carpathian Basin in a hilly
and partly flatland environment (Figure 1). The highest point of the region is 338 m a.s.l. The base rock in the
hilly area is tertiary marine sediments with Pleistocene loess, sand and fluvial sediments above it. The climate of
the region is Atlantic-alpine, sub-Mediterranean and continental [9]. The precipitation is higher than evapo-
transpiration and despite of the higher annual temperature (9.8°C) the water balance of the area is positive. Be-
sides the geological, hydrogeological and geomorphological conditions this positive water balance plays an
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Figure 1. The location of Lake Balata in Southwestern Transdanubia, Hungary.

important role in the formation of lacustrine, boggy and marshy areas, including our study area, Lake Balata. As
a result of the base rock, climate, vegetation and water circulation hydromorp soil developed in the valley, while
in elevated areas brown forest soil evolved [10].

Lake Balata is a conservation area since 1942 and strictly protected since 1954. The lake system developed in
a sedimentary basin with Pleistocene fluvial alluvial fan and Pleistocene sand above it where long blowout-
yardang system evolved [10]. The lake system consisted of small patches of water table, floating mats, peatland
spots and lakeside marshlands. The surface of the water table is rather small because floating mat (Glycerietum
maximae, Scirpo-Phragmitetum, Thelypteridi-Typhetum augustifoliae), willow-swamp (Calamagrostio-Salicetum
cinereae), reed (Scirpo-Phragmitetum), swamp (Caricetum elatae) and different reed grasses (Spirode-
lo-Aldrovandetum, Nymphaeetum albo-luteae) cover it. The bog system is surrounded by alder fernwood (Alne-
tea glutinosae) and oak-ash-elm gallery forest (Fraxino pannonicae-Ulmetum). On sand-dunes, oak forest
(Quercetum-cerris) and on fresh areas oak-hornbeam forest (Quercetum-Carpinetum) developed [6]-[9].

One of the most important plants is waterwheel plant (Aldrovanda vesiculosa), but other plant curiosities oc-
cur as well, like purple marshlocks (Comarum palustre), small bur-reed (Sparganium minimum), marsh seedbox
(Ludwigia palustris), boghean (Menyanthes trifoliata) and caldesia (Caldesia parnassifolia). The diverse fauna
[11] typical in Central Europe is very significant and besides its significant bird fauna [12], the unique black
version of black European vipera (Vipera berus var. prester) is present that is very rare in the Carpathian Basin.

The archaeological sites are located in Zala County, in Southwestern Transdanubia to the north of Lake Balata
(Figure 2). The excavations started in 2002. Findings of several ancient cultures were found at the archaeologi-
cal excavations, the earliest belong to the Star¢evo culture, Middle Neolithic (5200-4790 cal BC) [13]. We fo-
cused on archaeological sites that anthracological material derive from Iron Age objects and younger in order to
compare our results to the pollen analytical and macrobotanical data of Lake Balata. Most of the sites are si-
tuated on the southern side of north-south oriented natural elevations. Two sites are located on the northern part
of the hilly area.

3. Methods
3.1. Sedimentological and Geochemical Analysis

The sampling of a 260 cm deep, undisturbed sedimentary sequence of the basin of Lake Balata was carried out
using a 5 cm-diameter Russian-type corer [14]. Overlapping cores were extracted conforming to the general
practice in Quaternary palaeoenvironmental studies [15]. Coring was carried out in the central part of the
lake-peatland system, now occupied by waterwheel (Spirodelo-Aldrovandetum) community. Samples taken be-
tween the depths of 260 and 4 cm were subjected to sedimentological, geochemical, plant macrofossil and pol-
len analyses. The Psimpoll program [16] was used for plotting the analytical results. The main lithostratigraphic
features of the sedimentary sequence were determined and analyzed. For the description of the cores, the
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Figure 2. The location of the archaeological sites in Southwestern Transdanubia, Hungary.

internationally accepted system and symbols of Troels-Smith, developed for unconsolidated sediments, was
adopted [17].

The organic content of the core samples were estimated by loss-on-ignition at 550°C for 5 hours and the car-
bonate content by the further loss-on-ignition at 900°C for 5 hours [18]. A new, so-called sequential extraction
method [19] [20] with a long established history in the analysis of geochemical composition of lacustrine sedi-
ments 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 [20] [21]. The most important pa-
laeohydrological and palaeoecological data originates from water extraction samples. Therefore the geochemical
results from water extraction samples are shown in this work. 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 [20] 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 [22]. The geochemical zones
were identified by cluster analysis of principal components [23] using squared Euclidean distance and Ward ag-
gregation method.

3.2. Macrofossil Analysis

For the description of macrofossils a modified version of the QLCMA technique (semi-quantitative quadrate and
leaf-count macrofossil analysis technique) of Barber et al. and Jakab et al. [24] [25] was used and the work of
Jakab and Siimegi [26]. To obtain concentrations for the macrofossil components, a known amount of marker
grains (0.5 g poppy seeds, ca. 960 pieces) were added to the samples. In the diagrams the total number of seeds
relates to 20 cm® sediment, while other macrofossil components are expressed as concentrations (piece cm™3).

3.3. Pollen Analysis

Imola Juhész presented the preliminary results of pollen analyses of the analyzed sequence [27] [28] for every
16 cm, but we continued the pollen analyses and at last the retrieved cores were also subsampled at 4-cm inter-
vals for pollen analysis in pollen lab of Hungarian Geological Survey at Budapest. A volumetric sampler was
used to obtain 1 cm® samples, which were then processed for pollen [29]. Lycopodium spore tablet was added to
each sample in order to determine the concentration of identified pollen grains [30]. A minimum count of 300
grains per sample (excluding exotics) was made in order to ensure a statistically significant sample size [31].
Charcoal abundances were determined using the point count method [32]. The pollen types were identified and
modified according [33]-[36], supplemented by examination of photographs [37]-[39] and of reference material
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held in the Hungarian Geological Institute, Budapest.

3.4. Macroscopic Charcoal Analysis in Archaeological Sites

During the anthracological sampling process sediment profiles were created at the archaeological sites and it
was possible to study the settlement levels of the individual cultures and soil horizons. The charcoal remains
collected in the site originate from different archaeological features, among which there are refuse pits, ex-
tremely large pits used for clay mining, diverse structural elements of houses such as postholes and foundation
trenches and also pits containing nothing but charcoal and ash. The archaeobotanical material was obtained from
uniformly 2.7 kg of samples [40] according to the German standards [41]. We used dual flotating method ac-
cording to Gyulai [42] using 0.5 and 0.25 mm @ sieves. The remains were then sorted for archaeological, arc-
haeozoological and archaeobotanical analysis. Charcoal samples were selected and counted. We represent the
charcoal fragment counts as after Chabal et al. [43] it makes no difference if we count or weight the amount of
charred wood remains in case of floated samples [44]. The age of the charcoal samples were obtained from the
archaeologists, according to the archaeological findings. Charcoals were identified using polarization micro-
scope with magnifications 100x, 200x and 500x. The taxon identification was carried out using the reference
books of Pal Greguss [45] [46] and Fritz Hans Schweingruber [47].

3.5. Radiocarbon Analysis

Dating of the sequence was carried out by conventional radiocarbon dating at the radiocarbon dating facility in
Poland. Five samples (6 - 10 g peat) of sediment were analyzed for radiocarbon ages. In order to allow compar-
ison with other archaeological data, the dates were calibrated using the Calib 7.0.0. calibration programme [48].
The original dates (14C) are indicated as BP, while the calibrated dates are indicated as cal BC/AD. For a more
accurate dating of the lower part of the core, additional radiocarbon measurements are under way.

4. Results
4.1. Radiocarbon Analysis

On the basis of AMS analysis (Table 1) the sub-Atlantic period comprises the time horizon from the Iron Age to
the end of the middle ages due to the Hungarian archeostratigraphy [5]. The sedimentation rate (Figure 3) was
typical in the profile at the beginning of the Iron Age, 0.6 - 0.2 mm/year that complies with the sedimentation
rate of the Holocene eutrophic-mesotrophic lakes in Hungary [49].

The sedimentation rate increased significantly, almost doubled (0.7 - 1.0 mm/year) at the boundary of the or-
ganic material rich lacustrine and peat formation layer. This is not fortuitous since during the formation of float-
ing mat sedimentation become faster [49] due to the fast vertical and horizontal growing of macrophita vegeta-
tion [51] [52]. In this way floating mat occupied the surface of the shallow lake in a relatively short time [53].
On the basis of radiocarbon analysis the organic material rich formations were deposited at the end of the Holo-
cene, from the Iron Age. So there is a 7000 - 8000 years long hiatus between the minerorganic, silt rich layers
above the sand that evolved at the end of the Pleistocene and the late Holocene layers. On the basis of the geo-
logical results there was not sedimentation from the end of the Pleistocene until to the sub-Boreal chronozone,
the beginning of the Iron Age in the study area. The reason for that is there was not water cover, nor lake-bog
environment between these time periods.

Table 1. Radiocarbon ages of the core profile of Lake Balata.

Depth (centimeter) Sample UnCal BP years Cal BC/AD years (20) Cal BP years (20) Laboratory code
21-25 reed 375+ 30 1446-1632 AD 318 - 504 Poz-7989
41-45 reed 645 + 30 1282-1395 AD 555 - 668 Poz-8071
61-65 redd 995 + 30 987-1151 AD 799 - 963 P0z-7988
81-85 reed 2140 + 30 353-56 BC 2005 - 2302 P0z-8092

101 - 105 reed 2425 + 30 749-404 BC 2353 - 2698 Poz-7991
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4.2. Sedimentological and Geochemical Analysis

We could separate 9 sedimentological zones macroscopically in the profile (Table 2) using the Troel-Smith
system. Besides this core we analyzed 17 more cores in respect of sedimentological point of view. The presented
core characterized most completely the sequence. In case of the other cores the development of the sediment
layers was thin, and the organic material rich layers that are very important in respect of macrofossils were
poorly developed as well. According to the transect profile (Figure 4) that was created on the basis of all cores,
this core profile contain the most complete stratigraphy. The total length of the profile is 2.6 m and samples
were taken by 4 cm so the total number of samples is 85.

On the basis of geochemical analysis we could separate 7 zones in the profile (Table 3) that were developed
roughly in the same geochemical environment.

The base rock (108 - 260 cm) is rich in silt and sand, accumulated during the Pleistocene, and weathered sili-
cate and calcite material dominates in it (Figure 5, BGK-1-5: 260 - 110 cm). Above the base rock a carbonate
rich, organic material free clayey silt layer developed. This sediment accumulated in an oligothrophic lake envi-
ronment and is very similar to the minerorganic siltation lakes in other part of the Carpathian Basin [54]-[56]
that accumulated at the end of the Pleistocene. On the basis of the alteration of iron and potassium content it can
be correlated to the final, wetland type phase of minerorganic siltation. On these Pleistocene sediments, with
significant hiatus, lacustrine-boggy-marshy sediment that accumulated during the last 3000 years deposited
(BGK-6-7).

cal BP year
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Figure 3. Late Holocene sedimentation rate of the analyzed core sequence
from Lake Balata.

Table 2. Sedimentological description of the core profile of Lake Balata (after [50]).

Depth (centimeter) Age (Cal BC/AD years) Troel-Smith category Lithostratigraphy
0-40 1300-1200 Cal AD Th4 Light brown peat
40 - 45 1200-1300 Cal AD As2 Sh2 Blackish brown mud
45-70 700-1200 Cal AD Th2 Th2 Light brown peat
70 - 100 400 cal BC-700 Cal AD As3 Thl Brownish grey Holocene lacustrine mud
100 - 108 900-400 cal BC As3 Shl Yellow-brown Holocene lake sediment
108 - 140 Lateglacial period Ag2 As2 Grey-green Pleistocene lake-marshy sediment
140 - 240 Lateglacial period Ag3 Asl Grey-green Pleistocene lake sediment
240 - 250 Lateglacial period Gal Yellow-brown Pleistocene sand drift layer
250 - 260 Lateglacial period Ag3 Gal Grey-green Pleistocene lake sediment
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Figure 4. The geological dross-section of the southern basin of Lake Balata.

Table 3. Geochemical zones and water-soluble element content of the core taken from Lake Balata.

Depth (centimeter) Age (Cal BC/AD years) Geochemical zones Character of geochemical zone
0-60 900-2000 Cal AD BGK-7 O_rganlc material, _Ca-, Ne_i-, Mg-content maximum

with a burned K-rich horizon

60 - 110 1000 Cal BC-900 Cal AD BGK-6 Orga_mlc material, Na-, K-content and mineral calcite
maximum

110 - 150 Lateglacial period BGK-5 Inorganic material maximum, increasing organic
material, K- and Na-content

150 - 210 Lateglacial period BGK-4 S_|gn_|f_|cant inorganic substance, Ca-, Mg-, Fe-content
significant
Maximum inorganic substance, no organic material,

210 - 240 Lateglacial period BGK-3 significant water-soluble Ca-, Fe-, Mg-content,
carbonate content significant

240 - 250 Lateglacial period BGK-2 Maximum inorganic substance, no organic material,
significant mineral carbonate content

250 - 260 Lateglacial period BGK-1 Maximum inorganic substance, minimal organic material

content

In BGK-6 (110 - 60 cm) the organic material content abruptly increased and organic material rich eutotrophic
lake sediment accumulated. The carbonate, water-soluble iron, natrium and potassium content of the sediment
are high and there is a mineral calcite maximum. On the basis of peat patches floating mat became dominant in
the lacustrine environment in this time horizon and eutotrophic lake environment evolved during the Iron Age
based on radiocarbon data.

In BGK-7 (60 - 0 cm) the organic material content remained significant and closed peat layers accumulated
during this horizon. Between 41 and 45 cm the peat burnt and this layer is appeared as a black ash and soot layer
in the peat. This horizon corresponds to the 13th century on the basis of radiocarbon analysis. Its development
can be linked to the extremely hot and dry summers in the 13th century [57], although anthropogenic burning
cannot be excluded as well. Apart from the potassium peak of the burnt layer, calcium, sodium and magnesium
rich peat layer developed in the surface of the flatted lake. On the basis of element content reed-grass, reed
(Phragmites), bulrush (Typha) and sedge (Carex) plants were present in a peat forming amount in the sedimen-
tary basin.

4.3. Macrobotanical Analysis

Macrobotanical fossils turned up only from 105 cm towards the surface. The macrobotanical composition of the

zones is as follows.
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Figure 5. Results of LOI and geochemical analysis of the core from Lake Baléta.

BTM-1 (105 - 90 cm):

The macrofossil concentration was very low (Figure 6). As a result, a clear water lake environment could
develop in the Early Iron Age between 2800 - 2500 bp.

BTM-2 (90 - 70 cm):

The increasing macrofossil content, the rhizomes of common reed (Phragmites) and tussock sedge (Carex
elata), and the increasing number of eggs of water flea (Dalphnia) indicates eutrophication in the zone. A closed
marshy zone evolved around the lake, but the water surface could exceed the present state. Broad-leaved pond-
weed (Potamogeton natans) and water-lily (Nymphaea alba) represent the floating and rooted reed-grass species.
The presence of buttercup (Batrachium) indicates that the open water surface was shallow, only 1 - 2 m deep
and probably was warm during the growing period. The occurrence of stonewort (Chara) indicates that the car-
bonate content of the water was relatively high.

BTM-3 (70 - 60 cm):

The macrofossil concentration increased in this zone and parallel to it the ratio of reed increased as well. In
reed covered parts of the lake the amount of lakeshore bulrush (Schoenoplectus lacustris) and mosses (Bryo-
phyta) were growing. The expansion of water flea (Daphnia sp.) points to intensive eutrophication. Other plant
remains are typical in this zone, such as brown flatsedge (Cyperus fuscus), spotted ladysthumb (Polygonum cf.
persicaria), large grey willow (Salix cinerea), water mint (Mentha aquatica), broadleaf cattail (Typha latifolia),
water dropwort (Oenanthe aquatica) and purple marshlocks (Comarum palustre). Active peat formation, marshy

lake environment developed in the lake bed.
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Figure 6. Macrobotanical results from the analyzed core sequence from Lake Balata. Cirlcles mean sporadic data.

BTM-4 (60 - 45 cm):

The spread of tussock sedge (Carex elata) and the decrease of reed (Phragmites) and rush (Schoenoplectus)
indicate the significant drop of water level. This aridity process reached its peak in the 13th century AD when
reed (Phragmites) and rush (Schoenoplectus) disappeared from the profile. The high amount of brown flatsedge
(Cyperus fuscus) and spikerush (Eleocharis) remains indicate the parched fen windows as well. The presence of
sphagnum (Sphagnum sec. cuspidata) proves the advanced stage of paludification. The surface of this peat layer
burned in the 13th century.

BTM-5 (45 - 20 cm):

A burned layer occurred with low amount of black-brown lacustrine mud between 40 and 45 cm. The low
water level at the end of the previous zone concluded with a small burning that is indicated by charred
broad-leaved pondweed (Potamogeton natans) and curlytop knotweed (Polygonum lapathifolium) seeds and
high concentration of ash. The fire intensity could be low since the seeds were only charred and the fire did not
cause hiatus that can be seen from the radiocarbon ages. After that the water level increased and different mud
dwelling organism settled on the mud and on the peat surface such as brown flatsedge (Cyperus fuscus), great
yellowcress (Rorippa amphibia), spotted ladysthumb (Polygonum persicaria), curlytop knotweed (Polygonum
lapathifolium) and cursed buttercup (Ranunculus sceleratus). In the transitional shallow lake broad-leaved
pondweed (Potamogeton natans) lived. After that as a consequence of the absence of mud dwelling species,
reeds (Phragmites) became more closed. So at the end of the Middle ages, beginning of the modern times, called
the Ottoman occupation of Hungary in the Hungarian archaeological periodisation, the evolvement of a closed
reed bog and the spread of willow-swamp (Calamagrostio-Salicetum cinereae) characterised the area.

BTM-6 (20 - 0 cm):

During the last 300 years reed (Phragmites), bulrush (Typha latifolia), willow (Salix), rush (Schoenoplectus)

and sedge (Carex) remains accumulated.

4.4. Pollen Analysis

Pollen analysis was carried out in more steps. In 2007 Imola Juh&sz performed pollen analysis in 16 cm intervals
[58], after that a palynological team independently analyzed the samples in 4 cm intervals. During pollen analysis
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69 pollen taxa were identified. The dominance of the most important and most frequent taxa and the pollen
zones (BTP) obtained from the statistical analysis are presented (Figure 7).

BTP-1 (260 - 130 cm) and BTP-2 (130 - 108 cm):

At the end of the Pleistocene arboreal taxa, above all pines dominate (60% - 85%). On the basis of the per-
centage value pines trees were clearly dominant around the sedimentary basin. The low, but continuous presence
of Quercus, Ulmus, Carpinus, Betula and Alnus pollen a mixed taiga forest surrounded the basin. The taiga was
closed and it is possible that the taiga forest lived on the wet surface of the basin.

The taiga forest was replaced then by a shallow hummock-hollow complex with sedge (Carex) and water-lily
(Nymphaea alba). The ratio of grass and goosefoot (Chenopodaceae) covered areas was minimal compared to
other sites in the Carpathian Basin at the end of the Pleistocene On the basis of pollen composition large grassy
areas were not present in the study area. Thus, the development of vegetation in the analyzed site widely differs
from the greater part of other Hungarian pollen profiles.

BTP-3 (from 108 cm towards the surface):

In contradiction to the statements of Juhasz [58] we could separate one pollen zone in the Holocene phase of
the profile, although this zone is not homogeneous and can be divided into subzones based on small changes.
The evolvement of these subzones, their pollen composition, the presence or absence of the different taxa show
significant difference compared to the study of Juhasz [58].

BTP-3a subzone (108 - 92 cm):

Arboreal species dominate (above 80%), the ratio of thermophillous species such as Tilia, Ulmus, Quercus
and Corylus is secondary in the pollen material. The amount of Fagus, Betula and Alnus is significant in this ho-
rizon. Based on the radiocarbon ages this horizon corresponds to the Middle Iron Age, between the 9th and 3rd
century BC [5]. On the basis of archaeological and historical sources the Hallstadt culture, after that Pannonian
and Celtic communities were present in the study area in this period of time. A relatively humid and cold cli-
mate phase can be reconstructed in this phase. Probably the Oceanic climate impact could be more intense in
this period, the differences between the summer and winter temperatures declined, the amount of heat of the ve-
getation period and the fluctuation of temperature decreased. Cereal pollen already appeared in this subzone.
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Figure 7. Percentage pollen and spore diagram of selected taxa from the analysed core sequence of Lake Balata.
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BTP-3b subzone (92 - 72 cm):

Arboreal species still dominate (above 80%). Tilia, Ulmus, Quercus and Corylus emerge while the ratio of
Fagus, Carpinus, Betula and Alnus decrease. Based on radiocarbon ages the horizon corresponds to the time pe-
riod between the 2nd B.C. and 5th AD centuries that cover the Late Iron Age and Imperial period in the Carpa-
thian Basin [5].

In this time span Pannonian, Celtic, Roman and romanizated communities lived in the study area. On the ba-
sis of the pollen assemblage a relatively smooth and a possibly drier climatic phase can be reconstructed. Proba-
bly the sub-Mediterranean climatic impact that is characteristic in the study area nowadays as well, amplified
and combined with the continental climatic impact. Parallel to it, the impact of the oceanic climate decreased.
As a result, a climatic phase with mild and dry vegetation periods can be reconstructed. Pollen of weeds and ce-
real indicate plant cultivation but of secondary importance because the pollen material of arboreal taxa with
more than 80% point to deciduous forest in the surrounding area. Considering the size of the sedimentary basin
the deciduous forest may covered a 10 km? area.

BTP-3c subzone (72 - 60 cm):

The ratio of arboreal species decreased (below 60%) but still predominated. Species indicating mild climate
such as Tilia, Ulmus, Quercus and Corylus decline while the ratio of Betula increase significantly. Based on ra-
diocarbon dates between the time period of the 3rd and 10th AD centuries the horizon corresponds to the Migra-
tion period [5].

In this time horizon romanizated population, after that the presence of Germanic tribes, Avar and Frankish
communities are probable based on historical sources. The pollen assemblage indicates forest destruction, while
on the cleared woodland Betula trees spread. This assumption is affirmed by the presence of goosefoot (Cheno-
podaceae) and sedge (Carex) and the formation of open areas and meadows. Furthermore, these cut-over areas
were used for animal husbandry, as grasslands and hayfields. However, the slight increase of cereal pollen
grains indicate that plant cultivation became stronger. Climatological conditions can be reconstructed by the in-
crease of the ratio of water lily (Nymphaea) that favors aquatic environment. Based on it a wetter period can be
reconstructed for the Migration period and a reforestation process observable at the end of the the Migration pe-
riod (8th-10th centuries). Thus, a growing cycle with more precipitation can be reconstructed. At the same time
the increase of the ratio of weeds, sedge, and cereal pollen indicate that plant cultivation, but above all animal
husbandry became vigorous in the study area. The ratio of arboreal pollen decreased significantly (from 80% to
60%). At the end of the Migration period in the 9th century arboreal pollen increased again above 80%.

BTP-3d subzone (60 - 40 cm):

The most intensive human impact evolved after the conquest of Hungary (Arpadian Age from the 9th century
to the beginning of thel4th century), after the 9th century on the basis of radiocarbon ages. Arboreal pollen de-
creased below 40% - 50% for centuries (between the 11th and 15th century). Cereal pollen reaches its maximum
value, pollen of weeds, sedge (Carex), reed (Phragmites) and bulrush (Typha) increased as well. The lacustrine
environment became a marshy lake and active peat formation was characteristic during the Arpadian Age. It is
probable that forest disturbance and as a consequence the intensive soil erosion had a major role in the devel-
opment of the marshy lake and peat formation.

BTP-3e subzone (40 - 22 cm):

The pollen assemblage changed significantly from the 15th century. Pollen of cereal, weeds and other plants
indicating attenuated human activity and the ratio of arboreal pollen increased above 80%. The ratio of Alnus,
Betula, Fagus and Carpinus are rising. So a colder and wetter climatic phase can be drawn between the 15th and
18th century.

BTP-3f subzone (22 - 12 cm):

The subzone corresponds to the 18th century on the basis of sedimentation rate and the depth-age model. At
the beginning of the subzone a burning level can be seen between 22 and 20 cm with the incensement and do-
minance of cereals and weeds indicating grasslands and treading. Probably on the cleared areas the heliophillous
Corylus, Tilia and Alnus spread. The study area was under strong human impact.

BTP-3g subzone (from 12 cm towards the surface):

From the beginning of the 19th century, a Quercus-Betula-Carpinus-Fagus dominated forest evolved in the
area, with Tilia and Ulmus. Ratio of arboreal pollen grains exceeded 90%. The pollen assemblage indicates that
a colder, wetter period developed in the 19th century. During the 20th century the ratio of Alnus decreased,

Quercus, Ulmus, Carpinus and Fagus spread.
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4.5. Charcoal Analysis

We present the results of charcoal analyses from the Late Iron Age. The total number of the analysed charcoal
fragments is 2500. The number of anthracological samples collected from Early Iron Age archaeological fea-
tures is very low (Table 4). Only a few pieces of Quercus, Prunus, Fraxinus, Acer, Salix/Populus and Juniperus
were found. Charcoal samples from Late-lron Age features indicate Quercus dominance; besides Alnus and
Fraxinus fragments represent the charcoal assemblage.

Only low amount of charcoal fragments were found from the objects of the Imperial period but they show he-
terogeneity. Pinus, Fagus, Fraxinus, Quercus, Ulmus, Acer and Alnus remains were found. Fraxinus dominance
can be reconstructed during the migration period. Quercus is also present, in addition Fagus, Salix/Populus,
Acer, Alnus and Ulmus. The archaeological features of the Arpadian age signify Quercus dominance, over and
above Ulmus, Alnus, Acer, Fraxinus, Fagus, Prunus, Salix/Populus, Corylus and Juniperus. Charcoal material
of middle ages is very similar to the charred wood samples of the Arpadian age with Quercus prevalence and
edge vegetation indicator species.

5. Discussion

On the basis of sedimentological, geochemical, macrobotanical and pollen analysis we could reconstruct the
system of Lake Balata. Environment historical analysis indicates two different palacoecological states in the se-
dimentary basin.

5.1. Pleistocene Environment

The section between 260 and 108 cm probably evolved at the end of the Pleistocene, during the Late Glacial
between 18 and 12 thousand yr cal BP on the basis of sedimentation and pollen data (Figure 8). The pollen ma-
terial is well preserved. Arboreal pollen, above all pines dominate with 60% - 85%. Based on this taiga forest
existed in the deepest part of the basin. The presence of broad-leaved and narrow-leaved deciduous trees, such
as Quercus, Ulmus, Fagus, Carpinus, Betula and Alnus pollen indicate that mixed taiga forest surrounded and
covered the basin.

5.2. Late Holocene Environment

The lacustrine environment developed at the beginning of the 1st millennia BC is problematic, as well as the

Table 4. Summary of fragment counts of charcoal fragments.

Charcoal taxa Early Iron age Late Iron age  Imperial period Migration period Arpadian age and Middle ages  total

(900/800-700 BC) (450 BC-AD) (40 BC-422 AD)  (400-895 AD) (1000-1526 AD) number
Acer 1 1 2 10 14
Alnus - 23 1 1 14 39
Carpinus 1 1
Corylus 2 2
Fagus - - 7 51 5 63
Fraxinus 1 23 6 1203 8 1241
Juniperus 1 - - 1 2
Pinus - - 8 - - 8
Populus/Salix 1 - - 5 2 8
Prunus 2 - - - 6 8
Quercus 11 221 4 351 498 1085
Ulmus - - 1 1 27 29
?:;‘g“n:’s;tgf identified 17 267 28 1614 574 2500
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Figure 8. Description of geochemical, molluscan and pollen zones of Lake Balata sedimentary sequence.

supposed desiccation of the basin at the end of the Pleistocene. We could not reveal lake or marshy sediments
accumulated during the Early Holocene in none of the 20 cores, neither at the north nor at the south part of the
basin. At the same time eutotrophic and marshy lake sediments that accumulated during the Late Holocene were
found in almost all parts of the basin.

5.3. Early and Middle Iron Age

Lake and marshy lake sediments started to accumulate during the 1st millennia BC, during the Early Iron Age
(Figure 9). On the basis of geochemical and sedimentological parameters shallow lake conditions developed
during this period of time. The 2 meter deep, clear and open surface of the lake basin was surrounded by Betu-
la-Carpinus-Alnus-Fagus dominated forest; however pollen of cereals were relatively significant as well. The
dissolved iron, potassium and sodium content of the lake are high and rich in organic material; so the lake could
be mesotrophic. The pollen composition indicate that the lake-shore was covered by reed (Phragmites) and bu-
Irush (Typha); at some places it appeared mixed with floating and rooted reed-grass associations such as Nym-
phaea alba, Myriophyllum and Nuphar lutea.

This stage of the lake during the Early Iron Age can be well synchronized with the global climatic trend of
this time period, i.e. with the colder, wetter horizons reconstructed from ice sheet analysis, with the rise of lake
water levels in Switzerland [59] and with the expansion of glaciers in the Alps [60]. At the same time, it is un-
ambiguous that our proxy data do not reflect such high degree water level changes in Lake Balata during the
Early Iron Age that is observable in case of the Swiss lakes (Figure 10).

This phase of the lake environment subsisted until to the second half of the Imperial period, after the 3rd cen-
tury AD. Based on our results the Early Iron Age Hallstadt culture settled down in a relatively colder and wetter
climatic phase in the study area. Despite of that, only a few charcoal pieces were found from this period of time.
A higher precipitation input characterized the time period of the settling down of the Pannonian and Celtic pop-
ulations as well, but the temperature changed significantly.

5.4. Late Iron Age

Due to the eutrophication of the lake narrow-leaved bulrush (Typha latifolia) and floating mat with sweet-grass
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Figure 9. Plant association and water level changes during the last 3000 years based on macrobotanical data.

(Glyceria) appeared at the south part of the lake as a result of currents created by the north wind, so an increas-
ing marshy zone developed in the lake basin. By the evolvement of the marshy zone around the lake, reed and
sedge associations spread and divided the open surface of the lake. Probably the mosaic-like vegetation stage
developed during this period of time. Vegetation change from the 3rd century BC was climatic and succession
induced spatial displacements. On the basis of pollen data a smooth climatic phase can be reconstructed from the
3rd century BC to the 3rd century AD Tilia-Ulmus-Quercus-Corylus dominated forest evolved around Lake
Balata and the amount of precipitation was still higher at the end of the Iron Age. Charcoal assemblage indicates
Quercus dominance, besides Fraxinus and Alnus occurred. Tilia and Corylus are missing that probably suggest
that the wood of Tilia was not utilized for burning and construction activity. So it is necessary to eliminate the
selection of wood. Quercus and Fraxinus can be used as firewood due to their good heating power [64]. In con-
tradiction, Tilia is unsuitable for firewood (Kreuz, 1992). So it may be a reason for its missing in the charcoal
assemblage here and in the case of other archaeological sites as well [65] [66].

The mild climate is well synchronized with the oxygen isotope changes of ice sheet [67] [68] analysis, with
the water level drop of Swiss lakes [69] and with the retreat of glaciers in the Alps [60]. The annual temperature
was higher than that of today, 9.8°C based on pollen analysis. Parallel to it the amount of precipitation de-
creased.

5.5. Imperial Period

From the end of the Imperial period and during the migration period the sweet-grass-bulrush-reed covered the
surface of Lake Balata. The development of a closed peat bog can be explained by succession processes, but it is
outstanding that at the beginning of the Imperial period the sedimentary basin was surrounded by a Tilia-UIlmus-
Corylus and Quercus dominated forest. At the same time, between the 3rd and 5th century, at the beginning
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Figure 10. Environmental historical data changes in the basin of Lake Balata and its environment during the last 3000 years
[61]-[63].

of the formation of the marshy lake, the ratio of arboreal pollen decreased drastically. A little amount of char-
coals were found in the archaeological sites. Among that Pinus occurred, that may indicate its slight spread on
the cut-off areas. The presence of Fagus is not due to climate change rather it indicates anthropogenic effect.
Namely, the beginning of the spread of floating mat and the drop of arboreal pollen clearly correlates and based
on this we assume that due to deforestation soil erosion and the eutrophication of the lake became stronger. This
process was promoted by the decrease of precipitation at the beginning of the Imperial period compared to the
Early Iron Age precipitation maximum. After deforestation the ratio of cereal pollen increase, but on the basis of
the growth of its ratio we cannot suppose that it was grown in the vicinity of the bog, rather it indicates regional
origin. At the same time pollen weeds typical for grasslands and the pollen ratio of pungent and poisonous plants
did not increase after forest clearance. So the purpose of deforestation is may be wood cutting that was not fol-
lowed by plant cultivation or grazing in the close vicinity of the bog during the Imperial period. At the begin-
ning of the Migration period trampling tolerant weeds (Chenopodiaceae) appear that indicate that land use
changed from the 5th-6th centuries AD.

5.6. Migration Period

The closed reed-bulrush-sedge vegetation still existed in the basin of Lake Balata. An open, grass covered area
surrounded the bog and the pollen ratio of arboreal species was the lowest in the profile in this level, despite that
a wetter and colder climatic phase developed. Among arboreal species the pollen amount of Betula and Alnus
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that spread easily on cleared surfaces is noteworthy, so we can assume that a significant grassland and stock-
breeder zone were created in the milieu of the bog. This animal keeping zone was later utilized by Germanic and
Avar populations as well. This kind of land use came to an end in the 8th century AD and fast forest regenera-
tion evolved. Fagus-Carpinus-Alnus and Betula trees dominated in the forest assemblage at the end of this pe-
riod of time. Charred wood remains indicate Fraxinus dominance. Almost 75% of charcoal belongs to the genus
that derives from this time period. This raises more questions, such as was Fraxinus dominant in the forest more
than Quercus? Or the high amount of Fraxinus is caused by the fragmentation of samples, or the selection of
wood as it has good heating power? The climate for this time period reconstructed from macrobotanical and
pollen analysis indicate that a colder and wetter climatic phase developed. Since Fraxinus is thermophillous and
high amount of Fraxinus occurred from one object (more than 1000 pieces) it is obvious that the sample frag-
mentized and this caused the high fragment number of the genus. Thus Fraxinus was probably selected but not
dominant in the forest assemblage.

At the end of the period due to the increase of precipitation the bog broke out and a boggy lake environment
developed with floating mat with bulrush (Typha latifolia) and water-lily (Nymphaea alba) patches.

5.7. Arpadian Age and Middle Ages

During the Arpadian Age a cut-off area was created around the bog between the 11th and 13th centuries and ex-
tent plant cultivation and grazing field zones were worked up. Parallel to the significant forest destruction the
boggy lake that evolved before the Arpadian Age transformed and a close, bog developed covered by reeds with
broad-leaved pondweed (Potamogeton natans) and tussock sedge (Carex elata). The creation of the agricultural
area happened in a mild and dry climatic phase. These data indicate the rise of the continental and the dry medi-
terranean climatic effect in the study area.

The charcoal material indicates Quercus dominance; in addition Ulmus, Alnus, Acer, Fagus, Fraxinus and
Prunus and Carpinus occurred. The few pieces of Corylus and Juniperus indicate edge vegetation owing to the
fact that they are light demanding species. The presence of thermophillous and heliophyte plant types such as
Quercus, Acer, Ulmus, Fraxinus and Prunus correlates well with the drier climate and their ratio with the result
of pollen analysis, that is Quercus and Ulmus were the dominant tree in the forest assemblage. The diversity of
charcoal material compared to the previous time periods might strengthen the forest destruction activity. Namely,
all of the felled woods were utilized as firewood, however, Quercus and Ulmus were probably selected as well
as these types of wood are the best for construction purposes [58].

In the 13th century AD the bog dried up and burnt down. The cause of the drying up of the bog is the repeti-
tion of dry-sub-Mediterranean years, the increase of the continental effect that is observable nowadays as well
and the combination of the two climatic effects. This time period is the “Viking climatic optimum” (between
1000-1300 AD) [70] when the climate of Europe became warmer. The global trend of this warmer period is
proved by the oxygen isotopic analysis of ice cores in Greenland [71]. Since similar trends were observable in
the Late Iron Age and at the beginning of the Imperial period, it is probable that similar climatic influence de-
veloped in the “Roman optimum” as well. At the same time these mild and dry phases correlate well with the
global warming up phases if we take into consideration the aspects of a question regarding the sedimentation
rate and the chronological correlation of the climatic phases [72]. However, on the basis of proxy data there are
significant deviations relating to the climatic development of the Carpathian Basin and the palaeoecological
evolvement of Lake Balata compared to West- and North-European areas.

After the 13th century a boggy lake environment evolved, later a closed, tussock sedge (Carex elata) and reed
(Phragmites) dominated bog developed in the second part of the 15th century. Parallel to this human impact de-
creased in the study area that indicates the reduction of the population and agrarian activity. The depopulation
process and the decrease of economic activity started before the Ottoman occupation of Hungary in the 16th
century and it is not the consequence of the conquering Ottoman campaign.

5.8. Ottoman Occupation of Hungary

In the 16th century the environment of the lake transformed. Human impact decreased and in a cold-wet climat-
ic phase a closed Fagus-Carpinus-Alnus-Betula dominated forest developed around the deeper flatted area. Due
to the significant amount of precipitation the bog reopened and a boggy lake stage formed. This is related to the
colder and moist climatic phase of the Little Ice Age. The spatial extension of Phragmites, Typha latifolia,
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Carex elata and floating mat covered areas changed depending on the fluctuation of precipitation until to the
river and groundwater controls of the 20th century. From this time anthropogenic impact is determinant in the
development of the bog.

5.9. Modern Ages

The boggy lake with different bog and open water surface ratio remained during the modern ages as well. In the
18th century a significant warming up started and the annual temperature increased by 0.5°C in 100 years and
exceeded 10°C for 30 - 50 years on the basis of proxy data. During the 18th century forest destruction started in
the vicinity if lake Balata, and besides the results of pollen analysis recorded sources support this activity [73]
[74]. After deforestation Tilia-UImus-Corylus dominated forest developed under mild and drier climatic condi-
tions. But it is not clear if the forest covered the cut-off areas or developed due to climatic change. In the second
part of the 18th century arboreal pollen was higher than 90% and it is a significant rise compared to its ratio of
50% that was characteristic during the first part of the 18th century. At the beginning of the 19th century Quer-
cus-Carpinus-Alnus-Betula-Fagus dominated forest developed in which the ratio of Quercus became more cha-
racteristic in the 20th century.

6. Conclusions

Complex environment historical analysis including sedimentological geochemical, macrobotanical, pollen and
anthracological analysis was obtained for the last 3000 years in Southwestern Hungary. The results show that
shallow lake conditions developed during the Early Iron Age. The clear and open surface of the mesotrophic
lake was surrounded by Betula-Carpinus-Alnus-Fagus dominated forest and pollen of cereals were significant as
well. The lake-shore was covered by Phragmites and Typha latifolia; at some places it appeared mixed with
floating and rooted reed-grass associations. This phase of the lake environment subsisted until to the second half
of the Imperial period, after the 3rd century AD. This environment developed in a colder and wetter climatic
phase. During the Late Iron Age an increasing marshy zone developed where reedy and sedge associations
spread and divided the open surface of the lake. On the basis of pollen data a smooth climatic phase can be re-
constructed from the 3rd century BC to the 3rd century AD when Tilia-Ulmus-Quercus-Corylus dominated for-
est evolved and the amount of precipitation was higher.

At the beginning of the Imperial period the sedimentary basin was surrounded by a Tilia-Ulmus-Corylus and
Quercus dominated forest; however the ratio of arboreal pollen decreased drastically. Pinus charcoals turned up
from this time period that might indicate its spread on the cut-off areas. Due to forest destruction, soil erosion
and the eutrophication of the lake became stronger, and the area of bog increased. The ratio of cereals increased,
but it indicates regional origin based on the growth of its ratio.

At the beginning of the Migration period the closed Phragmites-Typha-Carex covered bog still existed in the
basin of Lake Baldta. An open, grass covered area surrounded the bog and the pollen ratio of arboreal species
was the lowest in the profile, despite the wetter and colder climate. Pollen data indicate that a significant grass-
land and stock-breeder zone were created in the milieu of the bog. This kind of land use ended in the 8th century
AD and fast forest regeneration started. Fagus-Carpinus-Alnus and Betula trees dominated in the forest assem-
blage at the end of this period of time due to the increasing precipitation.

During the Arpadian Age the climate became mild and dry. Cleared areas were created around the bog be-
tween the 11th and 13th centuries and extent plant cultivation and grazing field zones were created. The bog
closed, and was covered by Potamogeton natans and Carex elata. Charcoal assemblage indicates Quercus do-
minance with Ulmus, Acer, Fraxinus and Prunus that correlate well with the drier climate and their ratio with
the result of pollen analysis, namely that Quercus and Ulmus were the dominant trees in the forest assemblage.
The diversity of charcoal taxa compared to the previous time periods indicates that felled wood of different taxa
is utilized as firewood; however Quercus and Ulmus were probably selected for construction purposes (Juhasz,
2007) as well.

During the “Viking climatic optimum” (between 1000-1300 AD) [70] the bog burnt down due to the repeti-
tion of dry-sub-Mediterranean years. After that a boggy lake environment evolved, that was followed by the de-
velopment of a closed Carex elata and Phragmites dominated bog in the second part of the 15th century. In the
16th century the area depopulated and human activity decreased. During the Little Ice Age, due to the cold and
wet climatic phase, a closed Fagus-Carpinus-Alnus-Betula dominated forest developed around the sedimentary
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basin. At the same time the bog reopened and a boggy lake evolved with different bog-open water surface ratios.
In the 18th century warming up started and the annual temperature increased by 0.5°C in 100 years. Due to the
drier climatic conditions and forest destruction in the first part of the 18th century a Tilia-Ulmus-Corylus domi-
nated forest evolved. At the end of this century reforestation started and at the beginning of the 19th century a
Quercus-Carpinus-Alnus-Betula-Fagus dominated forest developed.
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