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Osszefoglalés

A tanulmany az erdélyi Csomad-hegycsoport fiatal kratertavanak, a Szent Anna-ténak a holocén
aledékfeldolgozasat targyalja. Pollen, ndvényi makrofosszilia, sziliciumvézas alga- és nyomelemvizs-
gélatok segitségével rekonstrudltuk a holocén kérnyezetvéltozasokat és a t6 vizszintjének ingadozasait.
Vizsgalataink alapjan a kraterben mintegy 9800 és 8800 kal. BP évek kozt sekély oligotrof t6 alakult ki,
melyet 8800 évvel ezelStt a vizszint csokkenését kovetSen tdzegmohaldp nétt be. A szarazfoldi vegeta-
ciéban a mogyor6 (Corylus avellana) dominanciaja jellemezte ezt az idGszakot. A diatéma- és makrofléra
véltozasai alapjan 7050 évtol a té vizszintje fokozatos emelkedésnek indult és egészen 5500 évig sekély,
vizimohakban gazdag oligotréf tavi allapot alakult ki. 5500 évvel ezel6tt a vizsszint jelentss emelkedése
egybeesett a szarazfoldi vegetécidban a gyertyan (Carpinus betulus) terjedésével. A vizszint emelkedését
a t6 produktivitisanak novekedése és gazdag makrofiton vegetacié kialakulasa kisérte. A holocén
folyaman a legmélyebb tavi allapot a biikk (Fagus sylvatica) dominanciajéval egyid6ben, kb. 2700 és 700
évek kozt alakult ki. A tépartot a makrofosszilia vizsgalatok alapjén a kora-holocéntsl kezd6déen
lucfenyves (Picea abies) erddsdv boritotta mely fliggetleniil a zondlis erdétarsulasok véltozasaitol
mindvégig fennmaradt a témedence h{ivés mikroklimdjanak készonhetGen.

Abstract

In this study we present the results of a multi-proxy investigation carried out on the sediment of a
crater-lake — Saint Ana (Szent Anna-t6) — located in the Harghita Mts in the middle range of the East
Carpathians in Romania. Pollen, plant macrofossil, siliceous algae and trace element analyses were used
to reconstruct Holocene environmental and water-depth changes. Reconstruction of the Holocene lake-
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level changes was based on the diatom and plant macrofossil records. According to these, the water
depth showed considerable fluctuation during the Holocene, in most cases occurring coincidentally with
the terrestrial vegetation changes. It is significant that, low water depths characterised the early
Holocene until ca. 8800 cal yr, when the open water became overgrown with vegetation and the lake
turned into a Sphagnum bog. From ca. 7050 cal yr BP the water depth grew gradually and shallow water
conditions prevailed until ca. 5550 cal yr BE when a marked increase was detected and this was
accompanied by increasing productivity. The highest lake-levels were found between 2700 and 700 cal
yr BE The geochemical record points to the thermal stratification of the lake in this period. The early
Holocene terrestrial vegetation of the area was characterised by Ulmus — Fraxinus forests that were
replaced by Corylus at ca. 8800 cal yr BE This was followed by the re-expansion of Fraxinus, Quercus and
Tilin and the spread of Carpinus betulus from ca. 7500 cal yr B2 The formation of a forest belt dominated
by Carpinus betulus was dated to 5500 cal yr BE while the two-step expansion of Fagus sylvatica took place
between 3700 and 3300 cal yr BE From 3300 cal yr BP Fagus sylvatica became the dominant canopy tree in
the forests around the lake. Joint interpretation of the terrestrial pollen and plant macrofossil records also
highlights the difference between the lakeshore and hillslope vegetation throughout the Holocene. The
persistence of the lakeshore Picen abies forest belt can be explained by the cooler and moister microclimate
of the basin, leading to thermal inversion. The geochemical record shows high Fe and Mn concentrations
between 8150-6600 cal yr BP; from which reducing soil conditions and an oxygen rich sedimentary
environment have been inferred. Following the increase in lake-level at 7050 cal yr BE a gradually
increasing amount of P was deposited in the lake pointing to increasing productivity.

Introduction

In the past couple of years, several high-resolution, radiocarbon-dated pollen
diagrams were published with reference to the East and South Carpathians in
Romania. These studies pointed to diversified Late Glacial and Holocene vegetation
development along altitudinal and latitudinal gradients (FARCAs et al. 1999, 2003;
ROscH & FiscHER 2000; WOHLFARTH et al. 2001; BJORKMAN et al. 2002a, b; BODNARIUC
et al. 2002; TANTAU et al. 2003; FEURDEAN & BENNIKE 2004; FEURDEAN 2005). While the
Late Glacial and Holocene vegetation phases are well known, very few studies have
dealt with the climatic fluctuations and hydrological changes within the Holocene.
There have been attempts at high-resolution Holocene palaeoclimate re-
construction using speleothelm stable-isotope records (ONAC et al. 2002; Tamas 2003
and CONSTANTIN 2003 cited in FEURDEAN 2004, KERN et al. 2003) and testate amoebae
from peat bogs (SCHNITCHEN et al. 2002, 2003). Most recently, FEURDEAN and BENNIKE
(2004) published pollen and plant macrofossil data based on Late Glacial and
Holocene palaeoclimate reconstruction for NW Romania. These data suggest that in
the southern and northern parts of the Romanian Carpathians different
temperature regimes prevailed during the Holocene. Furthermore, the Early
Holocene climatic reversals of the North-Atlantic palaeo-records can also be traced
in NW Romania (FEURDEAN & BENNIKE 2004). The testate amoebae records point to
amarked increase in precipitation from 2800 cal yr BP (SCHNITCHEN et al. 2002, 2003).

Although small, closed lake basins are popular objects of palaeoenvironmental
research (LOTTER 2003), and occur in a large number in the East Carpathians, so far
little interest has been shown towards to them (eg. DIACONEASA & MITROESCU 1987).
This is true in spite of the great variety of techniques that can be used to obtain
palaeoecological reconstruction from lake sediments (LasT & SmoL 2001; SMOL et al.
2001). In this study we present the results of a multi-proxy investigation carried out
on the sediment of a crater-lake — Saint Ana — located in the Harghita Mts in the
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The warmest month is July; the mean temperature in Baile Tusnad is 18 °C, while in
the vicinity of Lake Saint Ana it is 15 °C. Annual precipitation is around 800 mm
(KrisTO 1995). An important characteristic of the Tusnad Gorge is thermal inversion
which results in the reverse order of the vegetation belts; deciduous forests of Fagus
sylvatica are normally located above Picea abies forests. According to the observation
of SHUR (1858), Lake Saint Ana was surrounded by dense Picea abies forest in the
middle of the 19th century. Picea trees were in contact with the lake water, while on
the slopes Fagus sylvatia formed a forest area with the scattered occurrence of Abies
alba. In 1929, NYARADY also reported a dense Picea-forest, but only a few metres
distance from the lakeshore. On the hillslopes he only found Picea abies, Juniperus
communis, Pinus sylvestris and scattered Fagus sylvatica. His observations are probably
related to the extensive forest fire at the beginning of the 20th century (NYARADY
1929). Today the slopes around the lake are covered again by dense Fagus sylvatica
forest and in some places Picea abies extends upslope well into the Fagus stands. In the
shallow NE corner of the lake a “floating fen” has developed (Fig. 2). Its extent has
increased in the last couple of years (PAL 2000). The matrix of the floating mat is
formed by Carex rostrata and C. lasiocarpa. Sphagnum species and Lysimachia thyrsifolia
appear on this mat. Botanical reports indicate that the extent of the floating mat and
the occurrence of more nutrient-demanding aquatic and telmatic macrophytes have
changed dramatically over the last two centuries. For example, SHUR in 1858 reported
the occurrence of Pedicularis palustris, Utricularia vulgaris and Phragmites australis.
However, SHUR's observations were questioned by NYARADY (1929) and Boros (1943)
since they failed to find these taxa on the lakeshore floating fen.

Methods

The lake was bored in the summer of 2001. Sediment profiles were obtained from
a boat using a 7 cm diameter Livingstone piston corer with a chamber length of 100
cm (WRIGHT 1967). Borings were made along two transects (Fig. 2). At the location of
core SZA-AB3 boring started at a water depth of 600 cm and reached 1023 cm. In
spite of repeated efforts, no further sediment could be retrieved and thus it ended
with a sharp boundary. This study will discuss core SZA-AB3.

In the Jaboratory, core sections were sub-sampled at every 4 cm for loss-on-
ignition and elemental analyses, and at 4 to 8 cm for pollen and diatom analyses
using a volumetric subsampler. Plant macrofossil samples were obtained by sieving
2—4 cm thick half-core sediment slices using a 300 mm sieve. Sample volume ranged
between 10-21 cm?®. For the determination of the organic content of the sediment
the loss-on-ignition technique was used following DEAN (1974). Total organic carbon
(TOC) was determined for 30 samples using the Rock Eval pyrolysis method
(ESPITALIE et al. 1985).

For the elemental analyses 1 cm? of dried samples were digested with 65% nitric-
acid and 25% hydrogen-peroxide using the technique of BENGTSSON & ENELL (1986).
This procedure enables the extraction of the loosely-bound cations derived from the
surface of the clastic mineral and organic components of the sediment (ENGSTROM &
WRIGHT 1984). Acid-soluble concentrations were measured by inductively-coupled
plasma atomic emission spectrometry (ICP-AES).
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Samples for siliceous microfossil analysis were treated with hot 30% hydrogen
peroxide and sulphuric acid, after which the residues were embedded in Zrax. For
light microscope analysis LEICA DM 1LB2 was used (100 HCX PLAN APO).
Scanning electron microscopy was performed with a Hitachi S-2600N. The nomen-
clature of KRAMMER & LANGE-BERTALOT (1986-1991) was followed, as well as the
volumes of Diatoms of Europe (KRAMMER 2000, LANGE-BERTALOT 2001), and LANGE-
BERTALOT & METZELIIN (1996). The Eunotia taxa were checked following PETERSEN
(1950) and ALLEs et al. (1991). Approximately 300 diatom valves were counted at
each level. The percentage ratio of diatoms to Chrysophycean cysts follows SMOL
(1985). Environmental variables, the pH and the epilimnetic total phosphorous (TP),
were inferred using diatom-water chemistry transfer functions. Training sets from
the European Diatom Database (EDDI) were compared to the fossil assemblages,
and in this way 44 species were selected for further analysis (>95% of total diatom).
Environmental reconstructions were made by locally-weighted averaging (LWWA;
JucGINGs 1991). The number of common species between the best-performing
training set and fossil samples were 25 for pH and 18 for TR Further details of the
multivariate calibration are given in BUCZKO et al. (in prep).

Pretreatment for pollen analysis followed the standard chemical process
described by BERGLUND & RALSKA-JASIEWICZOWA (1986). 1 cm? sediment samples were
processed and microfossil concentrations were determined using Lycopodium tablets
(STOCKMARR 1971). Pollen identifications are based on the descriptions and identifi-
ation keys given in MOORE et al. (1992). Counting was continued until a terrestrial
pollen sum of 500 was attained. The main pollen sum (M) includes trees, shrubs,
dwarf shrubs and terrestrial herbs. Taxonomic nomenclature follows the pollen
taxon list of the European Pollen Database.

Plant macrofossil analysis was carried out using the modified versjon (Jakas et al.
2004a, b) of the semi-quantitative quadrate and leaf-count macrofossil analysis
technique (BARBER et al. 1994). For the identification of herbaceous plant tissues the
textbook of JakaB & SUMEGI (2004) was used. 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 em? ofsediment, while other macrofossil components are expressed as
concentrations (piece cm3).

Numerical and multivariate analyses were performed using PSIMPOLL 3.00
(BENNETT 1992), SYN-TAX 5.0 (PopaNI 1993), and SPSS (Norusis 1990).

The pollen, plant macrofossil and siliceous microfossil diagrams have been zoned
using optimal splitting by information content (BiRks & GORDON 1985). The
element-concentration diagram was zoned by clustering the principal component
sample scores (see below).
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Results
Sediment stratigraphy and radiocarbon chronology

Sediment colour was recorded in the field followed by a more detailed textural
analysis in the laboratory. Based on these observations four stratigraphic units were
distinguished (Table 1).

Tablel Lithological description of core SZA-AB3, Lake Saint Ana, Romania. The notation after the
lithological description follows the key of TROELS-SMITH (1955)
1. tablazat Az SZA-AB3 fiirdsszelvény rétegtani lefrdsa. Szent-Anna t6, Romdnia. A nevezékian és szimbolikus
jelolések TROELS-SMITH (1955) munkdja alapjin

Depth (cm)  Lithological characteristics

1023-1016  Dark brown lake sediment (gyttja) rich in plant macrofossils and
Caldocera remains; Ld*Tb'Th'Dg"As*

1016-980 Dark brown peaty lake sediment rich in Sphagnum-leaves; Acer sp. seed
at 1014 cm; Tb’Ld'Th'Dg Dh*As"

980-960 Dark brown lake sediment rich in macrofossils; abundant moss leaves,
predominantly Warnstorfia fluitans; Eriophorum vaginatum remains
Ld’Dg'Tb'Th*Dh*As*

960-600 Mid brown gyttja with Cladocera remains and occasional plant
macrofossils; Ld&*Dg! Tb ' Th'Dh*As"

Radiocarbon measurements were done on five bulk sediment samples in the
Laboratory of Environmental Sciences, Atomki, Hungary (HERTELENDI et al. 1989).
Despite the given pollen stratigraphy, the measured radiocarbon ages were older
than expected (Table 2); moreover, the 14C date near the sediment surface was much
older (2040+70 yr BP). Therefore, the presence of old, “C-depleted carbon
(OLDEELD et al. 1997) was suspected. In an attempt to resolve the problem, a search
was carried out for datable terrestrial plant macrofossils in the sediment. Five
macrofossil samples were selected and AMS #C dated in the Poznan Radiocarbon
Laboratory (Table 2). The results of these datings were stratigraphically coherent
and, as is obvious from Fig. 3, they were considerably younger than the nearest bulk
sediment “C dates. However, the age offset of the bulk sediment and macrofossil
dates was quite variable. Furthermore, it seems that the core-bottom bulk sediment
radiocarbon date is not affected by #C-depleted carbon, as it falls on the
extrapolated age-depth line (Fig. 3). It was noticed that this sample showed a low
313C value, pointing to a predominantly terrestrial origin of the dated material
(BJORCK et al. 1998).

The origin of the old carbon in the sediment has not yet been investigated. CO,
upwellings were reported from the crater by GELEI (1909). Therefore, it can be
suggested that these could have been the source of old carbon in the lake
ecosystem. Taken up by photosynthetic algae, the **C-depleted CO, passes through
the aquatic food chain, and this can lead to anomalously old ages when measured
by radiocarbon. A similar phenomenon was found by HUNTLEY et al. (1999) in Italian
crater lakes. In such cases, the reliable determination of ages could only be obtained
from terrestrial macrofossils.
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Table 2 Results of the C measurements, core SZA-AB3, lake Saint Ana, Romania. All dates were
converted into calendar years BP using the INTCAL98 dataset of STUVIER et al. (1998) and
the CALIB v.4.4.2 program
2. tabldzat. A 1*C mérések eredményei. SZA-AB3 firds, Szent-Anna t6, Romdnia. A koradatokat az INTCAL98
kalibrdciés adatsort (STUVIER et al. 1998) felhasznélva kalibraltuk

a CALIB v.4.4.2 szdmitdgép

szoftver segitség

Laboratory ~ Dated material Method of ~ Depth below  §1C(PDB) 1C ages Calibrated BP
code c water £0,15[%] BP age ranges
measurement  surface (cm) (1s)
deb-11316 bulk sediment bulk 625-630 24,16 204070 1923-2066
deb-11341 bulk sediment bulk 730-740 —-26,34 1860260 1715-1834
deb-11342 bulk sediment bulk 825-830 -24,96 520090 5889-6002
deb-11318 bulk sediment bulk 925-930 —26,48 4610+90 5275-5469
deb-11317 bulk sediment bulk 1020-1026 -28,68 8460+110 9710-9950
Poz-9981 Fagus sp. budscale, AMS 720-725 - 1185430 1062-1141
leaf fragments
Poz-9980 Fagus sp. budscale, AMS 870-874 - 2970435 3077-3131
leaf fragments
Poz-9979 Picea abies seed AMS 908-910 - 3475430 3691-3728
3790-3825
Poz-9978 Picea abies seed AMS 958-960 - 4830+40 5579-5606
5486-5512
Poz-9976 Acer seed AMS 1012-1014 = 8050+50 8977-9029
0 %= ——— extrapolated range

1000 e AMS “C

2000 =bulk “C bU|=k "o

3000
s AMS “C
o
o 4000
._
> 5000
E bulk “C¢ AMS "C
- 6000 =bulk “C
& 7000
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Fig. 3 Calibrated radiocarbon age ranges (16) and suggested age-depth curve for core SZA-AB3 (Lake
Saint Ana). Note that both bulk sediment and terrestrial macrofossil based AMS C dates are shown, but
only the AMS C dates were used in constructing the age-depth curve. All dates were converted into
calendar years BP using the INTCAL98 dataset of STUVIER et al. (1998) and the CALIB v.4.4.2 program. See

also Table 2

3. dbra. Kalibrdlt radiokarbon idtartomdinyok (1c) és az SZA-AB3 iiledékszelvényre alkalmazott kor/mélység
fiigguény (Szent-Anna t6). Az dbrdn a teljes iiledéken és a szdrazfoldi makrofosszilidkon végzett AMS radiokarbon
mérések eredményeit egyardnt feltintettiik, a korskdla szémitdsdban viszont csak az utébbiakat vettiik figyelembe. A
radiokarbon adatokat a STUVIER et al. (1998) dltal kozolt INTCAL8 adatsor felhaszndldsdval kalibrdltuk a CALIB
v.4.4.2 program alkalmazdsdval. Lisd még 2. tdbldzat
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The age-depth model was established Table 3 Sediment accumulation rates for core
by linear interpolation between the t‘blfisztA,;:?fl S;{n_‘ 1’}:‘& ];;ke; Réﬂ?niat B
. . . i . taolaza uiepeaest rata vaitozasai a Szen nna-
terrestr.lal macrofossil dates‘ (Fig. 3). Sedi £6 (Rominia) SZA-AB3 firdssaeloényében
mentation rates are shown in Table 3. The

bottom part of the core, between 960- Depth range Sedimentation rate
1026 cm, is characterised by very low (em) (mm/yr)
values (0.12-0.15 mm yr%); the sediment- }g?j’;gé“ 8@

ation rate increases gradually between 960»510 027
960~725 cm (from 0.15 to 0.75 mm yrl), 910-874 061

and attains the highest values in the top 874-725 0.75

80 cm of the core (1.08 mm yrY). 725-600 1.08
Chemical stratigraphy

Element concentrations were measured between 1000-600 cm. The results of the
analyses are presented in Fig. 4. To evaluate changes in the diagram, data were
subjected to principal component analysis following logarithmic transformation
(Table 4). The resultant first four principal components explained 81.7% of the total
variance. The distribution of the explained variance between these components was
relatively even (23.7, 23.2, 21.2 and 13.6%). This suggests that although several
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Fig. 4 Frequency distribution of selected trace elements in core SZA-AB3, Lake Saint Ana. Note
thedifferent scales

4. dbra A fontosabb nyomelemek koncentrdcidvdltozdsai az SZA-AB3 iiledékszelvényben, Szent Anna-té. Figyelem!
A koncentrdcioskdlik az egyes elemek esetében eltérnek
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Table 4 Results of the Principal component analysis. Data were log transformed before the analysis.
Significant eigenvalues for the first four principal components are highlighted
4. tabldzat A fékomponens analizis eredményei. Az adatokat logaritmikus transzformdcionak vetettiik ald
a fékomponens analizist megel6zben. A szignifikdns fékomponens értékeket kiemeltiik

Element PCA1 PCA2 PCA3 PCA4
Li 0.9406 -0.1345 0.0094 0.0730
Cu 0.9314 0.1513 0.1359 0.1247
v 0.8327 0.2952 0.0685 0.2557
P 0.5495 0.3967 -0.4099 0.4644
Sr 0.1584 0.8439 0.1492 0.1184
Pb -0.1440 -0.8194 0.2957 -0.1648
K 0.5075 -0.7185 0.0913 0.2323
Al 0.0927 -0.6384 -0.3663 0.5723
S 0.2828 0.6244 0.3133 0.1056
Mn 0.2243 0.0557 0.8661 0.1514
Ca 0.0723 0.3360 0.8462 0.0514
Fe -0.1792 -0.3287 0.8234 0.1871
Mg 0.2324 0.0270 0.2708 0.8495
Ba 0.1808 0.2054 0.4495 0.6197

elements or elemental groups showed variability throughout the sequence, there
was not an element or elemental group with a decisively high variability. By
clustering these components and plotting the results according to depth, five
groups were distinguished (Fig. 5). These show clear stratigraphic separation with
the exception of groups 3 and 4. Between 842 and 650 cm (2700440 cal yr BP),
samples appear randomly in groups 3 or 4 suggesting alteration between two states.
Using the results of these statistical analyses the chemical diagram was divided into
four zones (Fig. 4).

The chemical record is characterised by a significant negative correlation between
Al and organic content (r? = -0.82) indicating the attachment of Al to inorganic
sediment components, i.e. clastic silicate minerals. Concentration changes of Al in
the sediment therefore indicate changes in soil erosion/hillslope inwash (ENGSTROM
& WRIGHT 1984). S concentrations are high in the sediment and this can be
connected to high organic content and lake productivity. The highest S
concentrations were measured in SZA-G1 (8000-5500 cal yr BP; 1000-958 cm). This
zone is also characterised by high Ca, St, Fe, Mn, Mg and low Al K and P values.
Taking into account the particularly high organic content (75-88%; Fig. 4), we can
assume that Ca, Sr and partly Mg are bound to organic substances. High Fe and Mn
concentrations suggest reduction of soils in the catchment, and an oxygen rich
environment in the sediment surface; the latter resulted in the precipitation of iron
and manganese oxides (MACKERETH 1966). Above 972 cm (6400 cal yr BP), the
respective concentrations of Mn, Fe and Mg decline, while those of Al and P
increase. Taking into account the coincident decline in organic content (Fig. 4), we
can infer increasing inorganic inwash from the surrounding slopes. The second
geochemical zone (SZA-G2; 5500 2700 cal yr BP; 958-842 cm) is characterised by
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gradually increasing Al and P con-
centrations. Fe displayed a small-scale
decrease, while Mn fluctuated im-
mensely with peak values (936- 932cm:
4730-4600; 896-892cm: 3500~ 3430 cal yr
BP) followed by non-detectable con-
centrations (Fig. 4). The increase in P can
probably be con-nected to the change in
the composition of the sediment;
Sphagnum-peat was replaced by organic
lake sediment at around 960 cm (Table
2). The increase in Al also correlates
with the increasing water depth (see
below) and points to gradually in-
creasing inorganic inwash. The third
zone (SZA-G3; 2700-420 cal yr BP;
842650 cm) commenced with a sharp
decline in P and coincident increases in
Fe and Mn. In addition, Pb is detectable
in the sediment above 842 cm and
without interruption. The cluster analy-
sis indicated oscillation between two
distinctive element-compositions (Fig.
5). The concentration curves of Fe and
Mg in this zone run parallel with Al,
thus suggesting that Fe and Mg are pre-
dominately bound to silicate minerals.
This is also confirmed by the molar
ratios of Al:Fe. These show nearly
constant values above 840 cm (2700 cal
yr BP), while below 840 cm molar ratios
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Fig. 5 Results of the cluster analysis made on the
component scores of the first four principal
components. Trace element concentrations were
log transformed before PCA. See also Table 4

5. dbra A nyomelem adatsor elsé négy fékomponens
értékein végzett klaszter analizis eredményei. A nyom-
elem koncentricickat a fSkomponens analizist
megeldzben logaritmikus transzformdciénak vetettiik
ald, Ldsd még 4. tébldzat

fluctuate considerably (Fig. 11). Increasing Pb content in the sedimentary profiles is
often interpreted as representing atmospheric accumulation (BoyLe 2001). The
sharp increase at 2700 cal yr BP (840 cm), therefore most likely indicates a boost in
metallurgy from the Iron Age. The upper part of the third zone, between 707-695
cm (960-510 cal yr BP) is characterised by episodic increases in Mg, Al and Fe
followed by steep declines (Fig. 4). The concentration minima of these elements
couple with organic content maxima. The same cycle occurs repeatedly further up
in the sequence (Fig. 4). Tese processes can be interpreted as soil erosion leading to
nutrient enrichment and eutrophication in the lake. The fourth zone (SZA-G4:
650-600 cm; 420-0 cal yr BP) is characterised by general increases in Al, Fe and Mn
that are superimposed by the above mentioned erosion cycles.
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Pollen analysis - terrestrial vegetation development

For the reconstruction of the terrestrial vegetation development, the percentage
pollen and macrofossil diagrams were used (Figs 64, b, ¢, 8). On the basis of these
records, the slopes around the lake were covered by mixed Ulmus and Fraxinus
excelsior forests between 9830-8800 cal yr BP (1023-1010 cm; SZA-P1) with Quercus,
Tilia and Corylus as admixtures. On the basis of the dominant tree species low-built
mesic forest stands can be inferred. Although in the pollen spectra Picea shows low
percentages, its abundant macroremains in the sediment indicate the growth of
Picea abies on the lakeshore (Fig. 6a, 8) together with Acer sp. (Fig. 7), and point to the
wetter and cooler microclimate of the lake basin. This feature of the vegetation
zonation can be connected to a thermal inversion, as is present in the area today;
our data suggest its prevalence during the Early Holocene. Towards the end of this
phase, from ca. 9000 cal yr BE Corylus started to spread in the forest. The second
pollen zone (1010-989 cm; 8800-7500 cal yr BP) is characterised by a further increase
in Corylus and declining Fraxinus, Ulmus, Quercus and Tilia pollen percentages. On
the basis of these details the development of Corylus dominated forests can be
inferred. Corylus attained dominance by ca. 7600 cal yr BP (995 cm). The changing
character of the forest is also suggested by the occurrence of thermophil shrubs,
such as Euonymus and Viburnum. Increasing pollen percentages and high
macrofossil concentrations of Picea abies provide evidence for the persistence and
possible expansion of the lakeshore Picea forest belt. Picea probably also grew on the
peat bog that occupied most of the basin in this phase (see below). High pollen con-
centrations, especially during the Corylus maximum (ca. 7600 cal yr BP), suggest
extremely low sediment accumulation. The third pollen zone (989-957 cm; 7500—
5500 cal yr BP) indicates the expansion of Carpinus betulus. From 7500 cal yr BP (989
cm) the abundance of mesophil broad-leaved trees (Fraxinus, Tilia, Quercus and
Ulmus) increases gradually in the pollen diagram which suggests the resurgence of
the mixed broad-leaved forests. The lakeshore Picea belt receded and Alnus probably
advanced at the expense of Pices, although no macrofossils were found in the
sediment. From ca. 6100 cal yr BE Picea expanded again, and Carpinus spread rapidly
in the mixed deciduous forest. On the whole, this phase is characterised by gradual
change in the forest composition. Another element showing changes comprises the
terrestrial pollen concentrations that declined from 1.7x106 to 9.51 X105 grains cm™
between 7400-6350 cal yr BP (987- 971 cm). A similar trend can be seen in the
organic content (Fig. 6¢) that declined from 80 to 75%. By 5500 cal yr BE Carpinus
betulus became the major forest tree and between ca. 5250 and 3300 cal yr BP high
pollen percentages point to the development of a distinctive forest belt formed by
Carpinus betulus (SZA-P4; 957- 886 cm; 5500-3300 cal yr BP). Picea pollen percentages
were high through this phase and its macrofossils are also present in the sediment,
suggesting the continued presence of the lakeshore Picea stands. On the basis of the
high pollen percentages, it can be assumed that Picea expanded uphill and probably
mixed with Carpinus betulus in this phase. Between 47004200 cal yr BP (935-923 cm)
several disturbance-indicator herbaceous plants appeared (e.g. Rumex acetosella/
acetosa, Plantago major/media) with concomitant declines in the organic content and
the occurrence of macrocharcoal in the sediment (Fig. 60 and 8). In addition, Betula
begaan to increase from ca. 4200 cal yr BE suggesting that secondary forest
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Fig. 6b Percentage pollen diagram from Lake Saint Ana (core SZA-AB3 core) with selected herbaceous pollen types. Both depth and timescale are shown on
the left. Lines without filling are exaggerated (x10)

6b. dbra A Szent Anna-to szdzalékos pollen diagramja a legfontosabb ligyszdril pollentipusokkal (SZA-AB3 firds). A diagram mélység és iddskdla mentén dbrdzolja a
wvdltozdsokat. A segédvonalak (kitoltetlen hdttér) 10-el felszorzott szdzalékos értékeket jeldlnek.
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6c. dbra A Szent Anna-t6 szizalékos pollen diagramja a legfontosabb vizi és mocsiri pollen-, spora- és algataxonokkal (SZA-AB3 fiirds). A diagram mélység és iddskdla mentén
dbrdzolja a viltozdsokat. A diagram jobb oldaldn a szerves anyag tartalom (izzitdsi veszteség alapjin szimitott), teljes szerves széntartalom (TOC) gorbéi, valamint a lokdlisan
eldforduld pollenegyiittes zondk (SZA-P1-7) szerepelnek. A segédvonalak (kitoltetlen hittér) 10-el felszorzott szdzalékos értékeket jelolnek.
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Fig. 7 Macrofossil concentration diagram for SZA-AB3, Lake Saint Ana with selected macrofossil remains

presented on depth and calibrated BP age scales. UOM: unidentifiable organic matter; UBF:

unidentifiable bryophyte fragment; ULF: unidentifiable leaf fragment; Monocot. undiff.: unidentifiable

monocotyledon remains

7. dbra A Szent Anna-t6 SZA-AB3 firds makrofosszilia koncentrdcid diagramja, mely a legfontosabb

makromaradvinyokat dbrdzolja mélység- és korskila mentén. UOM: szerves térmelék; UBF: azonosithatatlan
h advdny; ULF: ithatatlan levél toredék; Monocot. undiff.: azonosithatatlan egyszikid maradviny
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8. dbra A minta és taxon fokomponens értékek egyiittes szérdsdiagramja. A makrofosszilia zénidk a mdsodik
fokomponens mentén rendezédnek, mely egyben hidroligiai gradiensként is értelmezhetd. A gradiens a tézegmoha-
lap irdnydbol (a Sphagnum sec. Acutifolia, Sphagnum magellanicum és Eriophorum vaginatum magas pozitiv
értékeivel jellemzhet6) a mélyvizi t6 felé halad (a Cladocera maradvinyok és a téparti lisz6ldp fajainak, mint pl. Carex
rostrata és C. lasiocarpa, erGsen negativ értékeivel jellemezhetd).
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succession followed the forest disturbance. These processes point to low-intensity
human impact around the lake. Fagus sylvatica appeared locally around 3700 cal yr
BE when an increase in its pollen frequency was accompanied by the occurrence of
its macroremains in the sediment (Fig. 6a, b and 8). On the basis of the accom-
panying changes in the pollen diagram, it appears that the temporary spread of
Fagus sylvatica was facilitated by forest disturbance. The fifth pollen zone (886-690
cm; 3300-800 cal yr BP) commenced with a sharp increase in Fagus pollen. The
replacement of Carpinus by Fagus also affected the mesophil broad-leaved trees —
Ulmus, Fraxinus excelsior, Tilia and Quercus; these all declined to background level
around 3300 cal yr BP Carpinus betulus remained relatively abundant until ca. 3150
cal yr BP This was probably related to the occurrence of some disturbance-indicator
herbaceous pollen types (e.g. Chenopodiaceae and Plantago lanceolata; see Fig. 6 a and
b), pointing to low intensity human impact. Taxus pollen was present between
3000-2200 cal yr BP (867- 803 cm). The overall expansion of Fagus, together with the
occurrence of Taxus, imply decreasing continentality and mild winters. Fagus
sylvatica extended down the lakeshore by ca. 2700 cal yr BE from which date its
macrofossils appear in the sediment together with Picea abies. The Picea belt around
the margin of the lake was probably partially replaced by Fagus in this phase. The
first distinct forest clearance can be traced in the pollen diagram around 1100 cal yr
BP (723 cm: Carpinus, Fagus, Alnus and Betula decline). At this point soil erosion and
temporary nutrient enrichment can also be inferred from changes in the organic
content, elemental composition and aquatic vegetation (Fig. 4 and éc). For example,
note the occurrence of Nuphar and Nymphaea pollen (Fig. 6c).

In the sixth pollen zone (690-650 cm; 800-440 cal yr BP), a decrease in the forest
is attested by the declining arboreal pollen frequencies. Forest clearance initially
affected the respective tree populations of hillslope Fagus, Carpinus and Quercus. In
the forest openings, Betula, Juniperus and Abies alba appeared, followed later by
Fagus. The occurrence of cereal pollen together with the increasing diversity of
herbaceous pollen types indicate intensified disturbance such as grazing, forest
felling, and hay cutting in this period. In the lakeshore vegetation Fagus
disappeared while Picea became more abundant. This inference is based on the
change in the macrofossil composition; note, however, that Picea pollen did not
increase coincidentally. The final vegetation phase commenced ca. 440 cal yr BP
(SZA-P7; 650-600 cm; 440-0 cal yr BP) with the spread of Fagus and Picea abies.
Although the area covered by forest increased at this time, disturbance-indicator
herbaceous plants were present throughout the pase e.g. Plantago lanceolata,
Chenopodiaceae, Rumex acetosella, Polygonum aviculare) together with macrocharcoal.
The diversity of the arboreal flora also increased, especially shrubs — e.g. Sambucus,
Juniperus, Cornus mas, Euonymus. The greater abundance of shrubs suggests that
there was persistent forest disturbance.

Macrofossil analysis — stages of the wetland succession

The results of the macrofossil analysis are shown in Figs 7, 8. The 20 most frequent
components shown in Fig. 7 were subjected to principal component analysis (PCA)
in order to investigate the ecological and hydrological characteristics of the
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macrofossil zones. Ordination of the variables (macrofossil components) and
objects (sediment samples) resulted in a biplot (Fig. 8) in which the sediment
samples are clearly spread along the 2nd principal component axis. Lower values
are shown by open-water taxa such as Cladocera. In the vicinity of the latter are
sediment samples which were examined in order to record high water depths.
Higher values along the 2nd PC axis are represented by typical Sphagnum-bog
macrofossil components such as Sphagnum magellanicum, Sphagnum sec. Cuspidata
and Eriophorum vaginatum. Near to these are sediment samples which were used to
record low water depths. In between are typical shallow-water species and
sediment samples that are characterised by their abundance (Warnstorfia fluitans,
U.B.E: unidentifiable bryophyte fragments). The stratigraphic plot of the com-
ponent scores for the 2nd principal component is also shown along the macrofossil
diagram (Fig. 7). In light of the PCA biplot it has been assumed that this reflects
changes in the water depth. Using binary splitting on the basis of information
content (BIRKS & GORDON 1985), the macrofossil diagram was divided into 5 zones.

The bottom sediment sample (1017 cm: ca. 9300 cal yr BP) shows the dominance
of Cladoceran remains (mainly Bosmina sp.) from which shallow water conditions
can be inferred. Above 1013 cm (SZA-MI1: 1017-982 cm; 9350-7050 cal yr BP)
Sphagnum-bog species (Sphagnum magellanicum, Sphagnum sec. Acutifolia, S. sec.
Cuspidata, Eriophorum vaginatum, Straminergon stramineum and Polytrichum strictum)
gain dominance and the number of Cladoceran remains decreases. The pollen
slides above 1003 cm (ca. 8400 cal yr BP) are characterised by large quantities of
Botryococcus pila alga (Fig. 6¢). On the basis of these results it can be assumed that the
shallow lake present in the crater before 9000 cal yr BP was overgrown with a
Sphagnum-bog. Only in the deepest part of the former lake can we assume the
persistence of open water (i.e. bog pools rich in Botryococcus pila; KOMAREK &
JANKOVSKA 2001). At 982 cm (SZA-M2: 982-956 cm; 7050-5500 cal yr BP) the quantity
of the remains of Sphagnum and Eriophorum decreased in the sediment, but this was
counterbalanced by an increase in a shallow water moss species, Warnstorfia fluitans.
At the same time, the quantity of Cladoceran remains also increased, and between
972 and 974 cm (ca. 6500 cal yr BP) the macroremains of eutrophic mire plants —
Phragmites australis and Carex elata — were found in the sediment. The wetland
microfossil assemblages (Fig. 6c) also suggests at the presence of meso-eutrophic
mire plants, such as Saggitaria and Typha angustifolia. These data point to increasing
water depth and pH in SZA-M2. In the shallow north-eastern part of the basin the
increase in the water depth probably initiated the formation of a Phragmitetum
swamp and tall herb, fen vegetation. The third macrofossil zone (SZAM-3: 956-887
cm; 5500-3350 cal yr BP) is characterised by the abundance of heavily decomposed
organic fragments (U.O.M.: unidentifiable organic matter). This indicates high
macrophyte production and an oxygen rich sedimentary environment. In the lower
part of the zone, between 956 and 954 cm (ca. 5450 cal yr BP), the quantity of
Eriophorum vaginatum increased temporarily, suggesting a decrease in water depth.
A coincident increase in organic content also supports this inference (Fig. 6c). This
was followed by an increase in Phragmites australis and Sphagnum species. Among
them, Sphagnum compactum var. squarrosum is a rare submerged moss of mountain
lakes. Recently it was found in Lake Bucura in the Romanian Carpathians (PLAMADA
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1998). Above 939 cm (ca. 4850 cal yr BP) Carex rostrata and C. lasiocarpa also
appeared. A considerable increase in water depth is suggested by the increasing
quantity of Cladoceran remains from 923 cm (ca. 4250 cal yr BP). Complemented by
the wetland microfossil record — Potamogeton, Hottonia palustris, Lemna — it can be
inferred that an extensive, shallow, open water body existed with rich submerged
and floating aquatic vegetation, as well as the presence of a lake-marginal
Phragmitetum swamp. According to the hydrological reconstruction (see PCA results
on Fig. 7) the increasing trend in the water depth in the upper part of the zone was
interrupted twice in this zone: at 931 cm (ca. 4500 cal yr BP) and between 913 and
907 cm (ca. 3860-3680 cal yr BP). The first coincide with the occurrence of
disturbance-indicator herbs; while the second was coeval with a decline in arboreal
pollen percentages, suggesting human-induced water depth fluctuation. The
fourth zone (SZA-M4: 887-680 cm; 3350-700 cal yr BP) commenced with a repeated
increase in Cladoceran remains and a marked decline in the concentration of
organic detritus (U.O.M.). An important change was the overall decrease of the
macroremains as compared to the previous zones. The aquatic microflora changed
at 883 cm (3300 cal yr BP). An increase in Scenedesmus green algae took place,
accompanied by the occurrence of Cladoceran mandible fragments (as shown on
the pollen slides — Fig. 6c). The matrix of the sediment was formed by Scenedesmus
cell walls. These changes imply a considerable increase in water depth. During the
Holocene the water depth must have been at its highest in this phase. A remarkable
feature of this zone is the periodic replacement of Scenedesmus by Botryococcus pila
at 835 cm and 795 cm that may indicate temporary water depth declines or the
expansion of the lakeshore Sphagnum carpet. In the fifth zone (SZA-M5: 680603 cm;
700-0 cal yr BP) the macrofossil composition changed coincidentally with the
terrestrial pollen assemblages. Warnstorfia fluitans occurred temporarily, followed by
Phragmites australis and the species of the present floating fen association of the
lakeshore (Carex rostrata, C. lasiocarpa, Sphagnum squarrosum, S. palustre). The micro-
fossil assemblages indicate a gradual increase in Botryococcus pila and Cyperaceae. All
these changes suggest a small decrease in water depth and the eutrophication
which entailed the formation of the floating fen vegetation on the margin of the
lake.

Siliceous algae

Two groups of siliceous algae were investigated: diatoms and chrysophycean
stomatocysts. The latter were tallied but the cyst-types were not identified.
Therefore, in Fig. 9 only total stomatocyst frequencies are shown. Most diatom
species identified in the sediment are acidobiontic or acidophilous and they are
characteristic for oligo-dystrophic water. Euplanktonic diatoms were represented
by Asterionella ralfsii and Stenopterobia delicatissima. In addition, the tychoplanktonic
Tabellaria flocculosa was abundant in several samples. This species can occur in the
plankton and benthos as well. The most diverse and abundant genera were
Pinnularia and Eunotia. The description of the results below concentrates on species
with distinct ecological indicator values. For a more detailed review of the diatom
flora see BUCZKO et al. (in prep).



268 Foldtani Kazlony 136/2

& @ PENS <
o & \«é\h o o e &2
\ )
&*‘ \)\e &\'b \\q \\»\@ 6‘“ (\(,o“‘ N \%ﬂ? *5\‘,,00 vg\\:((@“ R 2 %@\@
> f\ @'
Depth N SGES PR S
szaor
700
1000 |~ - oo
2000
800 |- s2n0s
3000
soace
900 [
4000
5000
6000~ 5ZA-D3
7000 & rres -
1000 8000 f- poor diato - ] = Imrm
| A= &

Cole bl t Lo bedatobot ol boba bt Lot Lot Gotube bt et bt ta
010 0 10200 0 102030 0 O 0 1020 0 1020 0 10 0 1020 0 1020 0 1020

®
S0 \Q“ Y %
o @ 2 L &
o \\&6 0\,,: 2 \ S & @\o‘p 0&"’% o
8 Sy
Dseth 0«\*\6” e &S SE S
sonor
700 -
1000 sza-06
2000
800 ' 5205
r Jid
3000 3’
/7 < |s2a.04
w0l N4
4000 e
I 5000 . Stomatocysts
8000 /t o
7000 -
1000} 8000 5ZA-07
9000 52801
10000l m: Jooxon]

[ D T T T S TN AT ST ST TAN S IO I A8 A S S SRy SO AT T O WO S S SR DV IE SE DU I TR 0
0 102030405060 0 102030405060 © 102030 0 O 1020 0 10 10 30 50 70 90

Fig. 9 Diatom abundance diagram of selected species expressed as a percentage of the total diatoms. Core
SZA-AB3, Lake Saint Ana. Lines without filling are exaggerated (x10). Here abbreviated species names
are given in full for the Pinnularia microstauron var. nonfasciculata and Kot jella subtilissima groups. D:C
stands for Chrysophycean stomatocyst abundances relative to diatoms

9. dbra A k dzak szdzalékos eloszldsa a Szent Anna-t6 iiledékében (SZA-AB3 fiirds). A segédvonalak
(kitiltetlen hdttér) 10-el felszorzott szdzalékos értékeket jelolnek. Roviditett taxonnevek: Pinnularia microstauron
var. nonfasciculata és Kobayasiella subtilissima csoport. D:C = A Chrysophyta isztik ko okra
vonatkoztatott relativ gyakorisign




MAGYARI, E. et al.; Holocene palacohydrology and envir I history in the South Harghita Mts 269

The lowermost zone of the diagram (SZA-D1; 9830-8800 cal yr BP; 1023-1010
cm) is characterised by acidophilous species: Pinnularia macilenta, Brachysira
brebissonii, Eunotia paludosa and E. exigua. High humic acid concentrations are
indicated by Frustulia saxonica. Oligotrophic conditions are suggested by Cymbella
gauemannii. Today this species is abundant in Sphagnum-bogs and bog pools in N
Europe and the Alps (KRAMMER & LANGE-BERTALOT 1986). Also characteristic is the
occurrence of Pinnularia nodosa; this is a species which indicates low pH (<5.5) and
Sphagnum-bogs (KRAMMER & LANGE-BERTALOT 1986). The relative abundance of
diatoms (D) to chrysophycean cysts (C) — that is, the D:C ratio - is around 40%,
pointing to mesotrophic conditions and/or low water depth (SMOL 1985). These
results confirm the existence of a Sphagnum bog in the basin between 9830 and
8800 cal yr BE Above 1007 cm (8600 cal yr BP) diatom valves are heavily damaged,
being partially dissolved and fragmented. Therefore, only limited inferences can
be made with respect to the environmental conditions between ca. 8800- 6900 cal
yr BP (SZA-D2; 1010-980 cm). On the basis of the species composition (e.g.
Pinnularia, Frustulia), it can be assumed that the water remained acidic. The most
characteristic species is Eunotia jemtlandica which is described as a variant of
Eunotia monodon (KRAMMER & LANGE-BERTALOT 1986) and indicates oligo-
dystrophic water. Poor preservation of the diatoms suggests temporary
desiccation of the bog pool, diatom dissolution triggered by organic acids,and oxic
conditions at the sediment surface (LAWSON et al. 1978; BENNETT et al. 1991; GELL et
al. 1994). Any of these factors or their combination can lead to the dissolution of
the valves. D:C values are high in this zone — 80% - suggesting mesotrophic
conditions. An interesting feature of the proxy-records is the coincidence of the
poorly preserved diatom layers with the maxima of Botryococcus pila (Fig. 6c).
According to KOMAREK & JANKOVSKA (2001) and JaANKOVSKA (2001) the presence of
Botryococcus pila indicates that there was dystrophic water in small peaty lakes. Its
good quantity can possibly be correlated with the poor preservation of the
diatoms. The oil compounds stored by these algae break up and produce organic
acids during decay, and in turn this triggers the dissolution of siliceous
compounds. In this phase, the calculated sediment accumulation rates were very
low (0.15 mm/yr). Furthermore, the pollen concentration maximum at 1003 cm (ca.
8400 cal yr BP) suggests the temporary stagnation of the sediment accumulation
and so provides further evidence for the temporary desiccation of the lake basin
caused by diatoms. Diatom preservation improves considerably above 980 cm
(6900 cal yr BP). This level marks the onset of the third zone (SZA-D3; 6900-4550
cal yr BP). Both Brachisera brebissonii and Tabellaria flocculosa increase; the latter
indicates a gradual increase in the water depth. This zone was divided into 3
subzones on the basis of frequent species composition changes (see Fig. 9). In
addition to the increase in T flocculosa, SZA-D3/a (6900-5450 cal yr BP; 980-955 cm)
is characterised by the abundance of Eunotia implicata. This species indicates acidic
water and low nutrient content. In SZA-D3/b (5450-5000 cal yr BP; 955-943 cm) a
further water depth increase is suggested by the occurrence of Asterionella raifsii.
This euplanktonic species is abundant in acidic lakes and is a well-known
indicator-organism of pH changes (GENSEMER et al. 1995). The maximum
frequency of T flocculosa is also attained in SZA-D3/b, in agreement with the
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inferred water depth increase. D:C values decrease in this subzone (20-40%)
suggesting a shift from mesotrophic to oligo/mesotrophic conditions. In SZA-D3/c
(5000-4550 cal yr BP; 943-931 cm) Asterionella ralfsii disappears. There is a decrease
in Tabellaria flocculosa which is counterbalanced by an increase in Pinnularia
subanglica. All these changes point to a decreasing water depth.

The fourth zone (SZA-D4; 4550-2650 cal yr BP; 931-839 cm) is characterised by
swift changes in the diatom flora. Pinnularia rhombarea still dominates, but its
abundance fluctuates considerably within the zone, occasionally giving place to
other taxa. SZA-D4 was divided into four subzones. In SZA-D4/a (4550-4200 cal yr
BP; 931-923 cm) a low water depth can be assumed due to the abundance of
Pinnularia microstauron var. nonfasciata; the latter is a species characteristic of
Sphagnum-bogs (KRAMMER 2000). SZA-D4/b (4200-3800 cal yr BP; 923-911 cm) is
characterised by the dominance of Tabellaria flocculosa and decreasing D:C values;
both species suggest an increase in water depth and enhanced oligotrophy. Boreal
and alpine species are also better represented (Cymbella gauemanni, Kobayasiella
subtilissima). In SZA-D4/c (3800-3600 cal yr BP; 911-903 cm) Stenopterobia delica-
tissima attains its maximum presence (40%) and also characteristic is Navicula
leptostriata; both indicate high humic acid concentrations and greater water depth.
SZA-D4/d (3600-2650 cal yr BP; 903-839 cm) is characterised by an increase in the
abundance of Pinnularia rhombarea. In addition, several Kobayasiella species appear
and replace each other. All known species of the Kobayasiella genus are
characteristic of oligotrophic or dystrophic water bodies (VANHOUTTE et al. 2004);
their high amplitude fluctuation suggests frequently changing environmental
conditions. The higher abundance of chrysophycean cysts points to increasing
oligotrophy.

A significant increase in the water depth can be inferred around 2650 cal yr BP
(839 cm), when the presence of Tuabellaria flocculosa increases and attains the highest
values in the sequence (23%). This marks the onset of the fifth zone (SZA-D5;
2650-1600 cal yr BP; 839-759 cm). In addition to T. flocculosa, Pinnularia rhombarea is
also abundant in this zone. D:C values are very low (10%) suggesting a low trophic
level. Frustulia saxonica and Eunotia paludosa are also well represented, and probably
indicate the presence of a lakeshore Sphagnum-mire. On the basis of the diatom
flora, the lake was at its deepest in this phase. Around 1600 cal yr BE T. flocculasa
declined markedly, while Pinnularia microstuaron var. nonfasciata increased. This
change denotes the beginning of SZA-D6 (1600650 cal yr BP; 759-671 c¢m) and
points to decreasing water depth. This inference is also supported by the increasing
abundance of Frustulia saxonica and Brachiseira brebissonii. D:C values, however,
remain low suggesting oligotrophy. The uppermost zone, SZA-D7 (650-0 cal yr BP;
671-603 cm) is characterised by the dominance of P rhombaren and P macilenta.
Eunotia rhomboidea and E. paludosa are also abundant and together with the Pinnu-
laria species suggest an increase in the lakeshore Sphagnum-carpet and probably a
further water-level decline. In recent decades, Lake Saint Ana has become a tourist
attraction with bathers in the summer months. This is clearly reflected in the
declining abundance of chrysophycean cysts which indicates nutrient enrichment
and thus a shift to mesotrophic conditions.
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Discussion

In this section an attempt is made to achieve a synthesis of the various
environmental proxy records. In particular, an examination is made of the extent to
which the recorded environmental changes are coincident. A consistent and
comparable zonation scheme of all stratigraphies may help to distinguish between
phases of stability and phases of change (BIRKs & GORDON 1985). If the zone
boundaries of different proxies coincide, it can be assumed that a substantial and
overriding change in a major environmental factor was the common cause. Zone
boundaries which only occur in individual proxies may be the result of the passing
of a threshold which was only important for that individual proxy and may thus
signify environmental change at a lower level. The numerical zonations of all the
proxies are shown on Fig. 10, together with the major inferences (BIRks & GORDON
1985).

Reconstruction of the Holocene water depth changes in Lake Saint Ana

For the reconstruction of the water depth changes the results of the diatom, D:C
ratio and macrofossil analyses were used. In the case of the diatoms, a water depth
increase was inferred from the spread of tycho- and euplanktonic species, whilst a
decreasing water depth was indicated by the expansion of benthic/littoral species (Fig.
11). In addition, changes in the relative abundance of Chrysophycean stomatocysts
were taken to represent changes in the trophic status and also in the water depth. In
lakes such as Saint Ana an increase in the water depth (and volume) will inevitably
lead to the decrease of available nutrients and this in turn would trigger the spread of
planktonic chrysophyceans (SMOL 1985). For the macrofossil record, the stratigraphic
plot of the 2nd principal component was used to infer water depth changes (Fig. 10).
Here, low values indicate an increase in the water depth, and vice versa.

9830-8800 cal yr BP — shallow lake and Sphagnum-bog

At the core location, the numerous Cladoceran remains point to the presence of a
puddle in the middle of the crater. This was surrounded by Sphagnum-bog. The high
humic acid concentration of the water and the acidophilus bog conditions
suggested by the diatoms are in good agreement with the abundant macroremains
of Sphagnum and Eriophorum vaginatum.

88007050 cal yr BP — Sphagnum-bog and bog pools

The decrease of Cladoceran remains and the alteration of the diatom flora suggest
a decrease in water depth. The two records are offset by ca. 200 years. The com-
positional change of the macrofossil record at 9000 cal yr BP (Fig. 10) is followed by
the damage and partial dissolution of the diatom frustules from ca. 8800 cal yr BR
The oxidative surface conditionsindicated by the presence of diatoms and the
possible temporary drying out of the bog pools (BENNETT et al. 1991) are also
coincident with a major terrestrial vegetation change, i.e. the spread of Corylus
avellana. Since the lake basin is fed exclusively by rainwater, the reconstructed water
depth decrease can most likely be connected to a regional climate change, i.e. a
decrease in available moisture during the vegetation season.
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7050-5800 cal yr BP — shallow mesotrophic lake with a gradual water depth increase

Both the diatom and macro records denote an increase in the water depth, but
due to the slightly different position of the zone boundaries, there is a ca. 150 years
delay in the diatom record (6900 cal yr BP). Also delayed is the decline of Botryo-
coccus pila, at 6800 cal yr B and the decrease in organic content (Fig. 11), both
stressing that the increase in the water depth was gradual. The trophic status of the
water also increased in this phase. There is no coincident change in the terrestrial
vegetation; there was a change about 300 years earlier with the decline of Corylus
and the repeated spread of mesophilous trees. However, 6800 cal yr BP does mark
the spread of Carpinus betulus in the forests dominated by Corylus-Fraxinus—Ulmus
(Fig. 11), and on the basis of this it can be assumed that the reconstructed gradual
increase in the lake depth can be correlated with a change in the macroclimate.

5800-5500 cal yr BP — water depth decline or increase? Temporary widening of the lake
marginal Sphagnum-mat

The macrofossil record signals a short-term decrease in the water depth around
5800 cal yr BP (Fig. 10), although statistically significant zone boundaries were not
found. This change is also apparent in the siliceous microfossil record. The relative
abundance of chrysophycean stomatocysts decreases temporarily together with the
tychoplanctonic T flocculosa (Figs 10, 11).

5500-2700 cal yr BP — mesotrophic shallow and deep lake phase

All three proxies — diatom, D:C ratio, macrofossil — denote a swift water depth
increase between 5550 and 5250 cal yr BP with statistically significant zone
boundaries in the pollen, macrofossil and chemical records. In the diatom record
the occurrence of the euplanktonic Asterionella ralfsii also indicates an increase in
water depth (Fig. 10). Due to its low frequency, this part of SZA-D3 could only be
differentiated as an ecologically important subzone. The inferred water depth
increase is coincident with a significant (10%) decrease in the organic content of the
sediment (Fig. 11). Moreover, the maximal coverage of Carpinus betulus on the slopes
surrounding the lake also commenced at 5500 cal yr BE suggesting a climate-
induced environmental change, i.e. an increase in the available moisture in the
growing season.

Between 5000 and 2700 cal yr BP the diatom, macrofossil and chemical records
indicate several fluctuations in the water depth (see the Mn peaks and coincident
Tabellaria flocculosa minima on Fig. 11) and this can probably be connected to short-
term anthropogenic disturbances as evidenced by the pollen record (Fig. 11).

<—Fig. 10 Summary of the diatom, macrofossil, pollen and chemical stratigraphies with inferences for the
Holocene water depth changes, forest development and catchment/within lake processes. Core SZA-
AB3, Lake Saint Ana, Romania

10. dbra A kovamoszat, makrofosszilia, polien és nyomelem sztratigrafiak Gsszefoglals dbrdja. Az dbra
kovetkeztetéseket tartalmaz a holocén vizmélységudltozdsokra, erddtorténeti fazisokra és az iiledékgydjtoben/toban
végbement kémiai viltozdsokra vonatkozéan. SZA-AB3 filrds, Szent Anna-t6, Romdnia
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2700-700 cal yr BP — oligotrophic deep lake phase

During the Carpinus/Fagus forest change (ca. 3300 cal yr BP), aquatic organisms
experienced diversified reactions. The macrofossil composition of the sediment
changed coincidentally with the terrestrial vegetation, but this does not imply any
significant increase in water depth (Fig. 10). The diatom flora, on the other hand,
indicates a marked increase in the water depth at 2700 cal yr BE i.e. 500 years later
than the forest change. In the microfossil record, Scenedesmus remains first
appeared around 3300 cal yr BP; however, they only occurred en masse from ca.
2700 cal yr BP (Fig. 11). Scenedesmus species are planktonic and their occurrence in
the sedimentary records usually indicates increasing water depth (VORREN et al.
1988). It is noteworthy that the relative abundance of Scenedesmus fluctuated
considerably between 2700 and 700 cal yr BD and it occurred antagonistically with
Botryococcus pila. This process was also accompanied by fluctuations of the organic
content (Fig. 11). Comparing these changes with the pollen record, they cannot
unequivocally be connected to anthropogenic disturbance (Fig. 11); it is clear,
however, that the aquatic environment changed frequently even within this
relatively stable deep-water phase. The coincidence of the major zone boundaries
around 3300 and 2700 cal yr BP suggests that the reconstructed water depth
increase was invoked by a major environmental change between 3300 and 2700 cal
yr BP From these data a considerable increase in precipitation can be inferred
around 2700 cal yr BP

At 1600 cal yr BP the diatom flora suggests a decrease in the water depth (Figs 10,
11). The small-scale increase of the D:C ratio also supports this notion, but there is
no coincident change in the macrofossil and chemical records. In the terrestrial
vegetation, the relative abundance of Carpinus betulus increases around 1600 cal yr
BE together with anthropogenic indicators; therefore, the forest change can
probably be related to human disturbance. The first clearly anthropogenic forest
clearance and soil erosion was detected between ca. 1050 and 900 cal yr BP From this
date changes in the macrofossil and diatom records indicate human induced
eutrophication and related water depth decreases.

<—Fig. 11 Selected palaeo-proxies plotted against a calibrated BP timescale. Core SZA-AB3, Lake Saint
Ana, Romania. Note the different scales. UOM: unidentifiable organic matter; (p):pollen; (m):
macrofossil; (d): diatom; (a): algal remains. To estimate total epilimnetic P and pH from diatoms, the
training dataset in the EDDI database was used. Water chemistry parameters were obtained by
comparing the fossil and recent diatom assemblages using the transfer function (LWWA,). Details of this
technique are given by BIRKs (1998) and JUGGINGS (2001). Details of the analysis are given in BUCZKO et al.
(in prep). Dashed lines indicate the reconstructed water depth phases

11. dbra A legfontosabb dskirnyezeti proxi-adatok kalibrdlt iddskdla mentén. SZA-AB3 firds, Szent Anna-t6,
Rominia. UOM: szerves tormelék; (p): pollen; (m): makrofosszilia; (d) kovamoszat; (a): algamaradviny. Az
epilimnetikus foszfortratalom vdltozdsainak kcidjiahoz a fosszilis ko t adatsort haszndltuk fel. A
fosszilis spektrumokat az EDDI adatbizisban szerepls modern mintdkkal vetettik Gssze transzfer funkcick
alkaimazdsival (LWWA). A mbszer részletes leirdsit lasd BIRKS (1998) és JUGGINGS (2001) munkdiban. A
statisztikai analizis részleteit BUCZKO et al. (in prep) tanulmdnya tartalmazza. A szaggatott vonalak a rekonstrudlt
vizménység-fizisokat jelolik
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700-0 cal yr BP - oligotrophic lake phase
Both the diatom and the macrofossil records denote decreasing water depth and
an increasing trophic status from 700 cal yr BR

Relationship between chemical composition, water depth, terrestrial vegetation
and diatom-based environmental reconstruction

Element concentrations were measured above 1000 cm (ca. 8150 cal yr BP);
therefore, comparison with other proxies can only be made above this level. The
interpretation of the chemical diagram is complicated by the collective meas-
urement of the different sediment components (ENGSTROM & WRIGHT 1984); in
addition to the allochtonous organic matter and inorganic clastic particles, the
followind — among others —have to be considered: autochthonous organic material
(e.g. macrophytes and algae), dust precipitation and dissolved ions from soil
solutions. From the diatom and macrofossil records it is clear that Lake Saint Ana
was a low pH, oligo-mesotrophic water body both in its lake and mire phases.
Today, the dissolved ion content of the water is very low (GELEl 1909, Péter SomMAY
pers comm.). In the formation of the sediment an important role is played by
allochtonous organic material (leaves, pollen),this beeing due to overhanging trees.
Taking into account these factors, changes in the chemical composition of the
sediment have most likely been triggered by one of the following processes: 1) soil
change in the catchment area; 2) changes in the aquatic/wetland flora and fauna;
and 3) changes in the redox condition at the sediment/water interface.

If the chemical record is considered in light of the above relationships and
together with the terrestrial vegetation and water depth records, it can be said that
between 8150 and 6600 cal yr BP the high Mn and Fe content-based inference of an
oxidative sedimentary environment and reducing soil conditions is good in
agreement with the reconstructed Sphagnum-bog and extensive Picea abies forest.
The abundance of Picea on the lakeshore persisted until ca. 6600 cal yr BP (see the
macro curve in Fig. 11). It is known from recent experiments that Picea needles can
cause acidification in the soil and this leads to the reduction and mobilisation of the
Fe and Mn compounds (ROTHE et al. 2002; HAGEN-THORN et al. 2004). The diatom-
inferred pH is also in agreement with these inferences; it shows consistently low
values of around 5.5.

During the decline of the respective Fe and Mn concentrations, around 6600 cal
yr BE there was also a temporary decrease in the quantity of Picea macrofossils (Fig.
11), whilst the water depth increased. The decrease in the organic content indicates
that there was an accelerated clastic input. At the same time, there was a massive
increase in sedimentary P, coincident with the expansion of Carpinus betulus and the
occurrence of Phragmites australis macrofossils (Fig. 11). Note also that diatom-
inferred epilimnetic P declined at the same time along with an increase in pH (Fig.
11). Taking into account the results of several other sedimentary phosphorous
studies (for summaries see LERMAN 1978; ENGSTROM & WRIGHT 1984; GIBSON 1997), it
seems likely that the increased concentration of P in the sediment can be connected
to the increasing productivity of the lake and the intense accumulation of P-rich
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macrophytes between 6600 and 3300 cal yr BR The applied technique does not make
it possible us to determine in what form it is present in the sediment, but the lack of
correlation with the traditionally clastic elements (Al, K) suggests that it is bound to
organic compounds, and most likely originates from the lakeshore Phragmites-swamp.

Between 3300 and 2700 cal yr BP several marked changes took place in the
chemical record: the concentration of Fe decreased, Mn disappeared, whilst
sedimentary P increased further (Figs 5 and 11). At the same time, the abundance of
Picea decreased on the lakeshore and Fagus sylvatica became dominant on the uphill
forest. However, the macrofossil record contained only a very few Fagus macro-
remains. The water depth increased slightly but with considerable fluctuation (see
the Chrysophycean frequency and PCA curves in Fig. 10). In the sediment, the Al:Fe
molar ratio increased above 30 in several samples suggesting intense Fe reduction
and dissolution at the sediment/water interface. Given the inferred Fe reduction, it
is very difficult to interpret the increasing quantity of P Note also that the diatom-
inferred epilimnetic P shows a peak around 3400 cal yr BP — that is, it preceded the
sedimentary P rise. This infers an accelerated P input and availability in the lake,
probably in connection with the ongoing terrestrial and aquatic vegetation change
(for example note the coincident disappearance of Phragmites australis). As pointed
out in several studies (GIBSON 1997, BOYLE 2001), anoxic conditions at the
sediment/water interface favour the dissolution of E but here the opposite trend
was found. This is only conceivable if the P molecules were bound to organic
substances at the time of deposition and thus could not be released. Therefore the
increasing concentration can probably be interpreted as a result of slackening
decomposition, most likely in relation to the redox changes at the sediment/water
interface. The possibility of a further increase in lake productivity was not
considedred, because both the macrofossil and diatom records provided evidence
against this (Fig. 11).

From 2700 cal yr BP P concentrations declined steeply, whilst Fe and Mn
increased slightly. In addition, between 2700 and 600 cal yr BE several elements —
Mn, Li, K, V, Cu - showed high-amplitude fluctuation (Fig. 4), whilst the diatom-
inferred pH indicated the acidification of the lake water. For the interpretation of
these changes it is important to note that 2700 cal yr BP marks a large increase in the
water depth and the establishment of a thick Fagus sylvatica forest on the lakeshore.
The P decline could be explained by several mechanisms: (1) decreasing input from
the catchment area; (2) increased mobilisation of P due to enhanced bacterial
decomposition and seasonal anoxia at the sediment/water interface; and (3) the
increased volume of the water in which the unchanged influx of allochtonous P
became diluted. These latter two mechanisms seem to have acted together since,
beside the inferred oligotrophy of the lake, there were several algal blooms which
suggest periodic increases in the phytoplankton productivity (Fig. 11). In the
background of the periodic Fe and Mn increases it is assumed that there was an
increasing allochtonous input. From 2700 cal yr BE the concentration curves of Fe
and Mn show a positive correlation with Al (see molar ratios on Fig. 11), suggesting
that these elements arrived into the lake by clastic inwash. Their concentration
changes in the sediment ant this reflects the intensity of the soil erosion in this
period.
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The frequent changes in the concentration of several elements from 2700 cal yr BP
can probably be connected with the establishment of the dimictic thermal
stratification of the lake (LERMAN 1978). In the case of small lakes like Saint Ana, it is
possible to calculate the water depth at which the lake becomes stratified. Using
RAGOTZKIE's (1978) formula and the present perimeter of the lake, the position of the
thermocline is estimated at 5-5.3 m. Although measurements have not yet been
made on the possible existence of a thermocline, it seems unlikely that the lake is
stratified today, since the largest water depth is 6 m, and this is limited to a very
small area (Fig. 2). Nonetheless, if the measured maximal water depth in the 17th
century (12 m) is considered and the calculated increase in the perimeter of the lake
is taken into account (ca. 1.9-2 km using 3D digital basin-elevation model; see PAL
2001), the position of the thermocline can be estimated at 5.65 m - i.e. the lake was
certainly stratified at that time. Around 2700 cal yr BP the lake level increased to
well above the 19th century level, and therefore it is feasible to assume that the lake
became stratified in this period.

Regional pattern of lake-level change during the Holocene

Recent syntheses of Holocene lake-level records by HARRISON et al. (1996) and
MAaGNY et al. (2002) focus on the NW, Baltic, Mediterranean and central zones of
Europe, but there is no discussion about SE Europe, including Hungary, Romania
and Bulgaria. Except for Lake Balaton in western Hungary (Cserny 1993, 2002;
CserNY & NAGY-BODOR 2000), this area appears blank on the lake data source maps
(MAGNY et al. 2002) and this signifies to the paucity of available Holocene lake-level
records in this region.

In NW Romania, the pollen and plant macrofossil-based palaeohydrological
reconstruction of FEURDEAN & BENNIKE (2004) suggests that around 8600 cal yr BP
synchronous changes in two peat bogs (Steregoiu and Preluca Tiganului) took
place, these being associated with drier conditions. The authors argue that
regionally and climatically driven changes occurred. In Lake Saint Ana, the first
decrease in the water depth was dated to ca. 8800 cal yr BP — that is, about 200 years
earlier — but still within error of dating with respect to the NW Romanian records.
In Poland, STARKEL et al. (1996) found higher lake-levels between 9500 and 8600 cal
yr BD in agreement with the higher lake-level phase in Lake Saint Ana. In the
Vistula Valley, ca. 8600 cal yr BP there was a considerable decline in lake-levels
(STARKEL et al. 1996). A lengthy dry phase was also established in the lowland areas
of S and NW Hungary, this being on the basis of the plant macrofossil records
(Csészartoltés, Szélmez6 Mire). JAKAB et al. (2004b) and JakaB (2005) recorded drier
mire conditions from 9000 cal yr BP at SzélmezS and from 8500 cal yr BP at
Csaszértoltés. In both places the dry period was followed by increasing water
depths around 4400 cal yr BE In the Szigliget Basin of Lake Balaton, high lake levels
were recorded at 8400 cal yr BE but subsequently the lake level decreased gradually
until ca. 7600 cal yr BP (JakaB 2005; JaKaB et al. 2005). It can be concluded that a large
number of palaeo-records in the region suggest lower water depths and so drier
conditions probably commenced around 8600 cal yr BE In this respect, the 200 years
deviation of the records referring to Saint Ana might be attributable to the
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uncertainty of the radiocarbon timescale in this part of the core. Note that pollen
concentration varies considerably between 9000 and 5500 cal yr BE these being two
endpoints of the interpolated age range (Fig. 3). This suggests varying sediment
accumulation rates.

The moderate lake-level rise from ca. 7050 cal yr BP in Saint Ana is also detectable
in Lake Balaton (Jakas et al. 2005), while in the NW Romanian peat bogs, a two-step
return to cooler and moister conditions was shown by FEURDEAN (2005) from ca.
8000 and 6800 cal yr BR Furthermore, climatic signals recorded by oxygen isotopes
in a stalagmite in NW Romania indicated a cooler period between 7100 and 6800 cal
yr BP (ONAC et al. 2002). These data are in sharp contrast with the Western
Mediterranean, where the Early Holocene was generally moister (HARRISON et al.
1996; MAGNY et al. 2002). In contrast, the Carpathian Region was characterised by a
more complex climate regime, with dry conditions between ca. 8600 and 7100 cal yr
BE followed by a gradual increase in the regional lake-levels; this indicates that
there was available moisture from ca. 7100-7000 cal yr BR

The moderate increase in the lake-level of Saint Ana between 7050-5500 cal yr BR
punctuated by short-term decreases (Fig. 10 and 11), was followed by a marked
increase around 5500 cal yr BP It is worth mentioning that Lake Balaton also
displayed a considerable lake-level rise at the same time and attained its largest
surface area (CSERNY & NAGY-BODOR 2000; TULLNER & CSERNY 2003; JAKAB 2005; JAKAB
et al. 2005; SUMEGI et al. in press). Withespect to the terrestrial vegetation Fagus, Tilia
and Carpinus spread. Around Lake Saint Ana, Carpinus betulus had attained
maximum abundance by 5500 cal yr BP In contrast with these records, in NW
Romania FEURDEAN (2005) inferred warmer and possibly drier conditions between
5750-4800 cal yr B his assumptions resting on the basis of the lower frequency of
wetland indicator pollen taxa and lower peat accumulation rates. The accompany-
ing terrestrial vegetation change — i.e. expansion of Carpinus betulus and Fagus
sylvatica — however, corresponds with the Saint Ana pollen record, suggesting a
regional and so probably climatically driven vegetation change.

A further substantial lake-level rise ca. 2700 cal yr BP resulted in the stratification of
the water in Lake Saint Ana. A synchronous change took place in NW Romania,
where increasing mire surface wetness was demonstrated from ca. 2800 cal yr BP
using testate amoebae and peat humification records (SCHNITCHEN et al. 2003; in
press). In the Gutin Mountains BJORKMAN et al. (2002a, b) noted the development of
open fen vegetation along with the expansion of Fagus sylvatica after 3400 cal yr BR In
Hungary, several lake basins showed renewed sediment accumulation from ca. 3000
cal yr BP following early and mid-Holocene hiatuses — e.g. Lake Balata near Szenta
(JaxaB 2005, JuHAsz 2005) and Lake Nadas near Nagybarkany (Jakas 2005; JAKAB &
SUMEGI 2006). On the whole these data suggest increasing moisture availability in the
Romanian Carpathians and the adjoining Carpathian basin from ca. 3400 cal yr BB
with maximum moisture availability occurring around 2700-2800 cal yr BR

Conclusions

From the above discussion the following conclusions can be made concerning the
Holocene environmental history of Lake Saint Ana:



280 Foldtani Kozlony 136/2

The early Holocene Ulmus—Fraxinus forests of the hillslopes around the lake were
replaced by Corylus ca. 8800 cal yr BE followed by the re-expansion of Fraxinus,
Quercus and Tilia and the spread of Carpinus betulus from ca. 7500 cal yr BE The
formation of a forest belt dominated by Carpinus betulus was dated to 5500 cal yr BB
while the two-step expansion of Fagus sylvatica took place between 3700 and 3300
cal yr BE From 3300 cal yr BP Fagus sylvatica became the dominant canopy tree in
the forests around the lake.

Joint interpretation of the terrestrial pollen and plant macrofossil records also
highlighted the difference between the lakeshore and hillslope vegetation
throughout the Holocene. The persistence of the lakeshore Picea abies belt can be
explained by the cooler and moister microclimate of the basin; the latter led to
thermal inversion.

The reconstruction of the Holocene lake-level changes was based on the diatom
and plant macrofossil records. According to these, the water depth showed
considerable fluctuation during the Holocene and in most cases this was
coincidental with the terrestrial vegetation changes. This is significant that low
water depths characterised the early Holocene until ca. 8800 cal yr when the open
water became overgrown by a raised bog. From ca. 7050 cal yr BP the water depth
increased gradually and shallow water conditions prevailed until ca. 5500 cal yr BB
when a marked increase was detected, accompanied by increasing trophic status.
The highest lake-levels were found between 2700 and 700 cal yr BE The geochemical
record pointed to the thermal stratification of the lake in this period.
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