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Összefoglalás 

A tanulmány az erdélyi Csornád-hegycsoport fiatal krátertavának, a Szent Anna-tónak a holocén 
üledékfeldolgozását tárgyalja. Pollen, növényi makrofosszflia, szilíciumvázas alga- és nyomelemvizs­
gálatok segítségével rekonstruáltuk a holocén környezetváltozásokat és a tó vízszintjének ingadozásait. 
Vizsgálataink alapján a kráterben mintegy 9800 és 8800 kai. BP évek közt sekély oligotróf tó alakult ki, 
melyet 8800 évvel ezelőtt a vízszint csökkenését követően tőzegmohaláp nőtt be. A szárazföldi vegetá­
cióban a mogyoró (Corylus avellana) dominanciája jellemezte ezt az időszakot. A diatóma- és makroflóra 
változásai alapján 7050 évtől a tó vízszintje fokozatos emelkedésnek indult és egészen 5500 évig sekély, 
vízimohákban gazdag oligotróf tavi állapot alakult ki. 5500 évvel ezelőtt a vízsszint jelentős emelkedése 
egybeesett a szárazföldi vegetációban a gyertyán (Carpinus betulus) terjedésével. A vízszint emelkedését 
a tó produktivitásának növekedése és gazdag makrofiton vegetáció kialakulása kísérte. A holocén 
folyamán a legmélyebb tavi állapot a bükk (Fagus sylvatica) dominanciájával egyidőben, kb. 2700 és 700 
évek közt alakult ki. A tópartot a makrofosszflia vizsgálatok alapján a kora-holocéntől kezdődően 
lucfenyves (Picea abies) erdősáv borította mely függetlenül a zonális erdőtársulások változásaitól 
mindvégig fennmaradt a tómedence hűvös mikroklímájának köszönhetően. 

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-tó) - 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 BP, 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 BP This was followed by the re-expansion of Fraxinus, Quercus and 
Tilia and the spread of Carpinus betulus from ca. 7500 cal yr BP The formation of a forest belt dominated 
by Carpinus betulus was dated to 5500 cal yr BP 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 Picea 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 ( F Ä R C A S et al. 1999, 2003; 
R Ö S C H & F I S C H E R 2000; W O H L F A R T H et al. 2001; B J Ö R K M A N et al. 2002a, b; B O D N A R I U C 

et al. 2002; T A N T A U et al. 2003; F E U R D E A N & B E N N I K E 2004; F E U R D E A N 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 at tempts at high-resolution Holocene palaeoclimate re­
construction using speleothelm stable-isotope records ( O N A C et al. 2002; T A M A S 2003 
and C O N S T A N T I N 2003 cited in F E U R D E A N 2004, K E R N et al. 2003) and testate amoebae 

from peat bogs ( S C H N I T C H E N et al. 2002,2003) . Most recently, F E U R D E A N and B E N N I K E 

(2004) published pollen and plant macrofossil data based on Late Glacial and 
Holocene palaeoclimate reconstruction for N W Romania. These data suggest that in 
the southern and nor thern 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 N W Romania ( F E U R D E A N & B E N N I K E 2004). The testate amoebae records point to 
a marked increase in precipitation from 2800 cal yr B P ( S C H N I T C H E N et al. 2002,2003) . 

Although small, closed lake basins are popular objects of palaeoenvironmental 
research ( L O T T E R 2003), and occur in a large number in the East Carpathians, so far 
little interest has been shown towards to them (eg. D I A C O N E A S A & M I T R O E S C U 1987). 
This is true in spite of the great variety of techniques that can be used to obtain 
palaeoecological reconstruction from lake sediments ( L A S T & S M O L 2001; S M O L 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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Fig. 1 Location of the study site in Europe and topographic map of the Ciomatu Massif showing the 
location of Lake Saint Ana. The grey-shaded area denotes closed forest and white colouring indicates 
grazed meadows 

1. ábra. A mintavételi terület helyzete Európában és a Csornád hegycsoport topográfiai térképe a Szent Anna-tóval. 
A szürkével árnyalt területek zárt erdővel borítottak, míg a fehér háttér legelőket jelöl. 

Study area 

Lake Saint Ana (Szent Anna-tó) is a young crater lake in the Ciomatu Massif 
(Csornád-hegycsoport) of the Harghita Mountains (Hargita-hegység) ( S Z A K Á C S & 
S E G H E D I 1995). It is located 3 km SE of Baile Tusnád (Tusnádfürdő), in the vicinity of 
the peaks Ciomatul Mic (Kis-csomád) and Ciomatul Mare (Nagy-csomád, Fig. 1). 

middle range of the East Carpathians in Romania (Fig. 1). Pollen, plant macrofossil, 
siliceous algae and trace element analyses were used to reconstruct Holocene en­
vironmental and water-depth changes. Our aim was to investigate the relationship 
between terrestrial vegetation, water depth fluctuation and soil development. In 
particular, the environmental changes which occurred during the transition from 
Fagus sylvatica to Carpinus betulus dominated forests have been given special 
attention. 
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The water in the lake is quite clear, but tourist guides often exaggerate when they 
describe the lake as the cleanest water-body in the world ( K R I S T Ó 1 9 9 4 ) . This is due 
to the lack of underground and riverine water inflows; the lake is fed only by 
rainwater and run-off from the surrounding slopes ( P Á L 2 0 0 0 , 2 0 0 1 ) . Lake Saint Ana 
is situated at 9 5 0 m asl, while the crater rim is 1 2 0 - 3 5 0 m above it. The perimeter of 
the lake is 1 . 7 5 km and the largest diameter 6 5 0 m (Fig. 2). The catchment area is 2 . 1 5 
km 2 . The area of the lake decreased rapidly at the beginning of the last century; in 
1 9 0 9 it was 0 . 2 1 4 km 2 , in 1 9 5 7 0 . 1 9 5 km 2 , while in 2 0 0 0 it was only 0 . 1 9 3 k m 2 ( K R I S T Ó 
1 9 9 5 , P Á L 2 0 0 0 ) . The water depth has also decreased; in 1 8 6 9 Orbán ( 1 8 6 9 ) recorded 
1 2 . 5 m, in 1 9 0 9 Gelei ( 1 9 0 9 ) measured it to be 8 .3 m, while in 2 0 0 0 the deepest point 
was 6 . 0 m ( P Á L 2 0 0 0 ) . During winter the lake is covered by thick ice. According to 
P A L ' S measurement ( 2 0 0 1 ) , the average thickness of the ice cover in January is 7 3 cm. 
The lake water is characterised by seasonal fluctuation in pH; in the summer 
months pH ranges 6 - 6 . 4 , while in autumn and spring it is 4 . 2 - 4 . 5 . 

Fig. 2 Core locations and bathymetric 
map of Lake Saint Ana. Note that the 
recorded depths on the bathymetric 
map are based on sondage echograms. 
Due to the presence of a ca. 1 m thick 
gelatinous stratum consisting of 
organic matter above the surface 
consolidated sediment, the echograms 
underestimate the depth of the lake 
(PÁL 2001) 

2. ábra. A Szent Anna-tó batimetriai 
térképe a fúráspontok helyzetével. A térkép 
által jelölt vízmélységek szonda echo-
gramok alapján becsültek. A konszolidált 
üledék felett lebegő zselatinszerű szerves 
anyag miatt az echogramok kb. 1 méterrel 
alulbecsülik a vízmélységet 

The geology of the Ciumatu Massif was influenced by volcanic activity along the 
inner arch of the Eastern Carpathians; this activity abated during the Late Tertiary 
and Quaternary (JuviGNÉ et al. 1 9 9 4 ; S Z A K Á C S & S E G H E D I 1 9 9 5 ; M O R I Y A et al. 1 9 9 6 ; 
K A R Á T S O N 1 9 9 9 ) . However, post-volcanic activity is still present in the forms of 
mineral water springs, and carbon dioxide and hydrogen sulphide gas-flows 
(mofettas and solfataras). Ciomatu is a single volcano with two craters: the well-
preserved Saint Ana and the older, more eroded, breached Mohos (Fig. 1). The base 
rock of the mountain comprises sandstone and conglomerate (flysch formation). 
This base was covered by a number of lava domes and, finally, by pyroclastic 
deposits of amphibole biotite dacite magma. The age of Lake Saint Ana, which was 
formed subsequent to the last eruption, is uncertain. The earliest eruption of the 
crater has been dated at 1 0 to 3 5 - 4 2 ka B P using charcoal from the eruption material 
(JuviGNÉ et al. 1 9 9 4 ) , and charcoal and paleosoil ( M O R I Y A et al. 1 9 9 6 ) . 

The climate is continental-temperate. The height of the mountain ( 1 3 0 1 m) and 
the frost retention in the Tusnad Gorge (Fig. 1) are the main factors that determine 
the climate in the Ciomatu Massif. The January mean temperature is around - 5 ° C . 
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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 
( K R I S T Ó 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 S H U R (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, N Y Á R Á D Y also reported a dense Ргсея-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 ( N Y Á R Á D Y 
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 N E corner of the lake a "floating fen" has developed (Fig. 2). Its extent has 
increased in the last couple of years ( P Á L 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, S H U R in 1858 reported 
the occurrence of Pedicularis palustris, Utricularia vulgaris and Phragmites australis. 
However, S H U R ' S observations were questioned by N Y Á R Á D Y (1929) and B O R O S (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 ( W R I G H T 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 laboratory, 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 m m sieve. Sample volume ranged 
between 10-21 cm 3 . For the determination of the organic content of the sediment 
the loss-on-ignition technique was used following D E A N (1974). Total organic carbon 
(TOC) was determined for 30 samples using the Rock Eval pyrolysis method 
( E S P I T A L I E et al. 1985). 

For the elemental analyses 1 c m 3 of dried samples were digested with 65% nitric-
acid and 2 5 % hydrogen-peroxide using the technique of B E N G T S S O N & E N E L L (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 ( E N G S T R O M & 
W R I G H T 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 D M LB2 was used (100 HCX PLAN APO). 
Scanning electron microscopy was performed with a Hitachi S-2600N. The nomen­
clature of K R A M M E R & L A N G E - B E R T A L O T (1986-1991) was followed, as well as the 
volumes of Diatoms of Europe ( K R A M M E R 2000, L A N G E - B E R T A L O T 2001), and L A N G E -
B E R T A L O T & M E T Z E L T I N (1996). The Eunotia taxa were checked following P E T E R S E N 

(1950) and A L L E S et al. (1991). Approximately 300 diatom valves were counted at 
each level. The percentage ratio of diatoms to Chrysophycean cysts follows S M O L 

(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 ( > 9 5 % of total diatom). 
Environmental reconstructions were made by locally-weighted averaging (LWWA; 
J U G G I N G S 1991). The number of common species between the best-performing 
training set and fossil samples were 25 for pH and 18 for TP Further details of the 
multivariate calibration are given in B U C Z K Ó et al. (in prep). 

Pretreatment for pollen analysis followed the standard chemical process 
described by B E R G L U N D & R A L S K A - J A S I E W I C Z O W A (1986). 1 c m 3 sediment samples were 
processed and microfossil concentrations were determined using Lyccrpodium tablets 
( S T O C K M A R R 1971). Pollen identifications are based on the descriptions and identifi-
ation keys given in M O O R E 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 version (JAKAB et al. 
2004a, b) of the semi-quantitative quadrate and leaf-count macrofossil analysis 
technique ( B A R B E R et al. 1994). For the identification of herbaceous plant tissues the 
textbook of J A K A B & S Ü M E G I (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 c m 3 ofsediment, while other macrofossil components are expressed as 
concentrations (piece cm" 3). 

Numerical and multivariate analyses were performed using PSIMPOLL 3.00 
( B E N N E T T 1992), SYN-TAX 5.0 ( P O D A N I 1993), and SPSS ( N O R U S I S 1990). 

The pollen, plant macrofossil and siliceous microfossil diagrams have been zoned 
using optimal splitting by information content ( B I R K S & G O R D O N 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). 

Tablet Lithological description of core SZA-AB3, Lake Saint Ana, Romania. The notation after the 
lithological description follows the key of TROELS-SMITH (1955) 

1. táblázat Az SZA-AB3 fúrásszelvény rétegtani leírása. Szent-Anna tó, Románia. A nevezéktan és szimbolikus 
jelölések TROELS-SMITH (1955) munkája alapján 

Depth (cm) Lithological characteristics 
1023-1016 Dark brown lake sediment (gyttja) rich in plant macrofossils and 

Caldocera remains; Ld 2Tb 1Th 1Dg +As + 

1016-980 Dark brown peaty lake sediment rich in Sphagnum-iesves; Acer sp. seed 
at 1014 cm; Tb 2Ld 1 Th 1 Dg +Dh +As + 

980-960 Dark brown lake sediment rich in macrofossils; abundant moss leaves, 
predominantly Warnstorfia fluitans; Eriophorum vaginatum remains 
L^Dg'Tb'Tr/Dt^As 4" 

960-600 Mid brown gyttja with Cladocera remains and occasional plant 
macrofossils; Ld 3Dg'Tb +Th +Dh +As + 

Radiocarbon measurements were done on five bulk sediment samples in the 
Laboratory of Environmental Sciences, Atomki, Hungary ( H E R T E L E N D I et al. 1 9 8 9 ) . 
Despite the given pollen stratigraphy, the measured radiocarbon ages were older 
than expected (Table 2); moreover, the 1 4 C date near the sediment surface was much 
older ( 2 0 4 0 ± 7 0 yr BP). Therefore, the presence of old, 1 4 C-depleted carbon 
( O L D F I E L D et al. 1 9 9 7 ) 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 1 4 C dated in the Poznan Radiocarbon 
Laboratory (Table 2). The results of these datings were stratigraphically coherent 
and, as is obvious from Tig. 3, they were considerably younger than the nearest bulk 
sediment 1 4 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 1 4 C-deple ted carbon, as it falls on the 
extrapolated age-depth line (Fig. 3) . It was noticed that this sample showed a low 
8 1 3 C value, pointing to a predominantly terrestrial origin of the dated material 
( B J Ö R C K et al. 1 9 9 8 ) . 

The origin of the old carbon in the sediment has not yet been investigated. C 0 2 

upwellings were reported from the crater by G E L E I ( 1 9 0 9 ) . 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 1 4 C-depleted C 0 2 passes through 
the aquatic food chain, and this can lead to anomalously old ages when measured 
by radiocarbon. A similar phenomenon was found by H U N T L E Y et al. ( 1 9 9 9 ) 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 1 4 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. táblázat. A UC mérések eredményei. SZA-AB3 fúrás, Szent-Anna tő, Románia. A koradatokat az INTCAL98 

kalibrációs adatsort (STUVIER et al. 1998) felhasználva kalibráltuk 
a CALIB v.4.4.2 számítógépes szoftver segítségével 

Laboratory 
code 

Dated material Method of 
1 4 C 

measurement 

Depth below 
water 

surface (cm) 

8 1 3C(PDB) 
±0,15[%o] 

H C ages 
BP 

Calibrated BP 
age ranges 

( l a ) 
deb-11316 bulk sediment bulk 625-630 -24,16 2040±70 1923-2066 
deb-11341 bulk sediment bulk 730-740 -26,34 1860160 1715-1834 
deb-11342 bulk sediment bulk 825-830 -24,96 5200+90 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 - 1185130 1062-1141 

leaf fragments 
Poz-9980 Fagus sp. budscale, AMS 870-874 - 2970+35 3077-3131 

leaf fragments 
Poz-9979 Picea abies seed AMS 908-910 - 3475130 3691-3728 

3790-3825 
Poz-9978 Picea abies seed AMS 958-960 - 4830140 5579-5606 

5486-5512 
Poz-9976 Acer seed AMS 1012-1014 - 8050150 8977-9029 

600 700 800 900 1000 
Depth (cm) 

Fig. 3 Calibrated radiocarbon age ranges (lcr) and suggested age-depth curve for core SZA-AB3 (Lake 
Saint Ana). Note that both bulk sediment and terrestrial macrofossil based AMS 1 4 C dates are shown, but 
only the AMS I 4 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. ábra. Kalibrált radiokarbon időtartományok (la) és az SZA-AB3 üledékszelvényre alkalmazott kor/mélység 
függvény (Szent-Anna tó). Az ábrán a teljes üledéken és a szárazföldi makrofosszíliákon végzett AMS radiokarbon 
mérések eredményeit egyaránt feltüntettük, a korskála számításában viszont csak az utóbbiakat vettük figyelembe. A 
radiokarbon adatokat a STUVIER et al. (1998) által közölt 1NTCAL98 adatsor felhasználásával kalibráltuk a CALIB 
v.4.4.2 program alkalmazásával. Lásd még 2. táblázat 
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The age-depth model was established 
by linear interpolation between the 
terrestrial macrofossil dates (Fig. 3). Sedi­
mentation rates are shown in Table 3. The 
bottom part of the core, between 9 6 0 -
1026 cm, is characterised by very low 
values (0.12-0.15 m m y r 1 ) ; the sediment­
ation rate increases gradually between 
960-725 cm (from 0.15 to 0.75 m m yr"1), 
and attains the highest values in the top 
80 cm of the core (1.08 m m y r 1 ) . 

Table 3 Sediment accumulation rates for core 
SZA-AB3, Saint Ana Lake, Romania 

3 . táblázat Az ülepedést ráta változásai a Szent Anna-
tó (Románia) SZA-AB3 fúrásszelvényében 

Depth range 
(cm) 

Sedimentation rate 
(mm/yr) 

1 0 2 6 - 1 0 1 4 0.12 
1 0 1 4 - 9 6 0 0.15 
9 6 0 - 9 1 0 0.27 
9 1 0 - 8 7 4 0.61 
8 7 4 - 7 2 5 0.75 
7 2 5 - 6 0 0 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 

Fig. 4 Frequency distribution of selected trace elements in core SZA-AB3, Lake Saint Ana. Note 
thedifferent scales 

4. ábra A fontosabb nyomelemek koncentrációváltozásai az SZA-AB3 üledékszelvényben, Szent Anna-tó. Figyelem! 
A koncentrációskálák 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. táblázat A főkomponens analízis eredményei. Az adatokat logaritmikus transzformációnak vetettük alá 
i főkomponens analízist megelőzőé m. A szignifikáns főkomponens értékeket kiemeltük 

Element PCA1 PCA2 PCA3 PCA4 
Li 0.9406 -0.1345 0.0094 0.0730 
Си 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 
к 0.5075 -0.7185 0.0913 0.2323 
AI 0.0927 -0.6384 -0.3663 0.5723 
s 0.2828 0.6244 0.3133 0.1056 

Mti 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 8 4 2 and 6 5 0 cm ( 2 7 0 0 - 4 4 0 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 2 = - 0 . 8 2 ) 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 ( E N G S T R O M 
& W R I G H T 1 9 8 4 ) . S concentrations are high in the sediment and this can be 
connec ted to high organic content and lake productivity. The highest S 
concentrations were measured in S Z A - G 1 ( 8 0 0 0 - 5 5 0 0 cal yr BP; 1 0 0 0 - 9 5 8 cm). This 
zone is also characterised by high Ca, Sr, Fe, Mn, Mg and low AI, К and P values. 
Taking into account the particularly high organic content ( 7 5 - 8 8 % ; Fig. 4 ) , we can 
assume that Ca, Sr and partly M g 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 ( M A C K E R E T H 1 9 6 6 ) . Above 9 7 2 cm ( 6 4 0 0 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; 5 5 0 0 - 2 7 0 0 cal yr BP; 9 5 8 - 8 4 2 cm) is characterised by 
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gradually increasing Al and P con­
centrations. Fe displayed a small-scale 
decrease, while M n fluctuated im­
mensely with peak values (936- 932cm: 
4730-4600; 896-892cm: 3 5 0 0 - 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 composi t ion 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; 2 7 0 0 - 4 2 0 cal yr BP; 
842-650 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 

fluctuate considerably (Fig. 11). Increasing Pb content in the sedimentary profiles is 
often interpreted as representing atmospheric accumulation ( B O Y L E 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 AI, Fe and M n 
that are superimposed by the above mentioned erosion cycles. 

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. ábra A nyomelem adatsor első négy főkomponens 
értékein végzett klaszter analízis eredményei. A nyom­
elem koncentrációkat a főkomponens analízist 
megelőzően logaritmikus transzformációnak vetettük 
alá. Lásd még 4. táblázat 
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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 6a, b, c, 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; 7 5 0 0 -
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 Picea, 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. O n 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 1.7x 106 to 9.51 X 1 0 5 grains cm ' 3 

between 7400-6350 cal yr BP (987- 971 cm). A similar trend can be seen in the 
organic content (Fig. 6c) that declined from 80 to 75%. By 5500 cal yr BP, 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; 9 5 7 - 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 4700-4200 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. 6b and 8). In addition, Betula 
begaan to increase from ca. 4200 cal yr BE suggesting that secondary forest 



Fig. 6a Percentage pollen diagram from Lake Saint Ana (core SZA-AB3) with selected arboreal pollen types. Both depth and timescales are shown on the left 
Lines without filling are exaggerated (xlO). 

6a. ábra. A Szent Anna-tó százalékos pollen diagramja a legfontosabb fásszárú pollentípusokkal (SZA-AB3 fúrás). A diagram mélység és időskála mentén ábrázolja a 
változásokat. A segédvonalak (kitöltetlen háttér) 10-el felszorzott százalékos értékeket jelölnek. 
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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 (xlO) 

6b. ábra A Szent Anna-tó százalékos pollen diagramja a legfontosabb lágyszárú pollentípusokkal (SZA-AB3 fúrás). A diagram mélység és időskála mentén ábrázolja a 
változásokat. A segédvonalak (kitöltetlen háttér) 10-el felszorzott százalékos értékeket jelölnek. 
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Fig. 6c Percentage pollen diagram from Lake Saint Ana (core SZA-АВЗ) with selected wetland and aquatic pollen types and algae. Both depth and timescale 
are shown on the left. On the right sediment organic content (measured by LOI) and total organic carbon (TOC) and local pollen assemblage zones (SZA-P1-
7) are displayed. Lines without filling are exaggerated (xlO) 

6c. ábra A Szent Anna-tó százalékos pollen diagramja a legfontosabb vízi és mocsári pollen-, spóra- és algataxonokkal (SZA-АВЗ fúrás). A diagram mélység és időskála mentén 
ábrázolja a változásokat. A diagram jobb oldalán a szerves anyag tartalom (izzítási veszteség alapján számított), teljes szerves széntartalom (TOC) görbéi, valamint a lokálisan 

~ í pollenegyüttes zónák (SZA-P1-7) szerepelnek. A segédvonalak (kitöltetlen háttér) 10-el felszorzott százalékos értékeket jelölnek. 
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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. ábra A Szent Anna-tó SZA-AB3 fúrás makrofosszília koncentráció diagramja, mely a legfontosabb 
makromaradványokat ábrázolja mélység- és korskála mentén. UOM: szerves törmelék; UBF: azonosíthatatlan 
mohamaradvány; ULF: azonosíthatatlan levél töredék; Monocot. undiff.: azonosíthatatlan egyszikű maradvány 

Fig. 8 PCA biplot showing the 
position of the macrofossil zones 
and taxon scores together. The 
macrofossil zones are spread 
along the second principal 
component axis that is identified 
as a hydrological gradient from 
peat bog (represented by high 
positive scores for Sphagnum sec. 
Acutifolia, Sphagnum magella-
nicum and Eriophorum vaginatum) 
to deep water (represented by 
high negative scores for Clado-
cera and the lake marginal 
floating fen formed by Carex 
rostrata and C. iasiocarpa) 

8. ábra A minta és taxon főkomponens értékek együttes szórásdiagramja. A makrofosszttia zónák a második 
főkomponens mentén rendeződnek, mély egyben hidrológiai gradiensként is értelmezhető. A gradiens a tőzegmoha­
láp irányából (a Sphagnum sec. Acutifolia, Sphagnum magellanicum és Eriophorum vaginatum magas pozitív 
értékeivel jellemzhető) a mélyvízi tó felé halad (a Cladocera maradványok és a tóparti úszóláp fajainak, mint pl. Carex 
rostrata és C. Iasiocarpa, erősen negatív értékeivel jellemezhető). 
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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 
BP when an increase in its pollen frequency was accompanied by the occurrence of 
its macroremains in the sediment (Fig. 6a, b and 8). O n 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 B p 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 6c). 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 cutt ing in this period. In the lakeshore vegetat ion 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; 4 4 0 - 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 ( B I R K S & G O R D O N 1985), the macrofossil diagram was divided into 5 zones. 

The bot tom 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-M1: 1017-982 cm; 9350-7050 cal yr BP) 
Sphagnum-hog 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. 6c). O n 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; K O M Á R E K & 

J A N K O V S K Á 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 ( P L Ä M A D Ä 
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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: 680-603 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 B U C Z K Ó et al. (in prep). 
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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 (xlO). Here abbreviated species names 
are given in full for the Pinnularia microstauron var. nonfasciculata and Kobayasiella subtilissima groups. D:C 
stands for Chrysophycean stomatocyst abundances relative to diatoms 

9. ábra A kovamoszatvázak százalékos eloszlása a Szent Anna-tó üledékében (SZA-AB3 fúrás). A segédvonalak 
(kitöltetlen háttér) 10-el felszorzott százalékos értékeket jelölnek. Rövidített taxonnevek: Pinnularia microstauron 
var. nonfasciculata és Kobayasiella subtilissima csoport. D:C = A Chrysophyta sztomatociszták kovamoszatokra 
vonatkoztatott relatív gyakorisága 
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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-hogs and bog pools in N 
Europe and the Alps ( K R A M M E R & L A N G E - B E R T A L O T 1986). Also characteristic is the 
occurrence of Pinnularia nodosa; this is a species which indicates low pH ( < 5 . 5 ) and 
Sphagnum-hogs ( K R A M M E R & L A N G E - B E R T A L O T 1986). The relative abundance of 
diatoms (D) to chrysophycean cysts (C) - that is, the D:C ratio - is around 4 0 % , 
pointing to mesotrophic conditions and/or low water depth ( S M O L 1985). These 
results confirm the existence of a Sphagnum bog in the basin be tween 9830 and 
8800 cal yr BP 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. 8 8 0 0 - 6900 cal 
yr BP (SZA-D2; 1010-980 cm). On the basis of the species composit ion (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 ( K R A M M E R & L A N G E - B E R T A L O T 1986) and indicates ol igo-
dys t rophic water. Poor preservat ion of the diatoms suggests t emporary 
desiccation of the bog pool, diatom dissolution triggered by organic acids,and oxic 
conditions at the sediment surface ( L A W S O N et al. 1978; B E N N E T T et al. 1991; G E L L 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 - 8 0 % - 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 K O M Á R E K & J A N K O V S K Á (2001) and J A N K O V S K Á (2001) the presence of 
Botryococcus pila indicates that there was dystrophic water in small peaty lakes. Its 
good quanti ty can possibly be correlated with the poor preservation of the 
diatoms. The oil compounds stored by these algae break up and produce organic 
acids dur ing 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 ralfsii. 
This euplanktonic species is abundant in acidic lakes and is a well-known 
indica tor-organism of pH changes ( G E N S E M E R et al. 1995). The max imum 
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 ( 2 0 - 4 0 % ) 
suggesting a shift from mesotrophic to oligo/mesotrophic conditions. In SZA-D3/c 
( 5 0 0 0 - 4 5 5 0 cal yr BP; 9 4 3 - 9 3 1 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; 4 5 5 0 - 2 6 5 0 cal yr BP; 9 3 1 - 8 3 9 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. S Z A - D 4 was divided into four subzones. In S Z A - D 4 / a ( 4 5 5 0 - 4 2 0 0 cal yr 
BP; 9 3 1 - 9 2 3 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 ( K R A M M E R 2 0 0 0 ) . S Z A - D 4 / b ( 4 2 0 0 - 3 8 0 0 cal yr BP; 9 2 3 - 9 1 1 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 S Z A - D 4 / c ( 3 8 0 0 - 3 6 0 0 cal yr BP; 9 1 1 - 9 0 3 cm) Stenopterobia delica-
tissima attains its maximum presence ( 4 0 % ) and also characteristic is Navicula 
leptostriata; both indicate high humic acid concentrations and greater water depth. 
S Z A - D 4 / d ( 3 6 0 0 - 2 6 5 0 cal yr BP; 9 0 3 - 8 3 9 cm) is characterised by an increase in the 
abundance of Pinnularia rhombarea. In addition, several Kobayasiella species appear 
and replace each other. All k n o w n species of the Kobayasiella genus are 
characteristic of oligotrophic or dystrophic water bodies ( V A N H O U T T E et al. 2 0 0 4 ) ; 
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 2 6 5 0 cal yr BP 
( 8 3 9 cm), when the presence of Tabellaria flocculosa increases and attains the highest 
values in the sequence ( 2 3 % ) . This marks the onset of the fifth zone (SZA-D5; 
2 6 5 0 - 1 6 0 0 cal yr BP; 8 3 9 - 7 5 9 cm). In addition to T. flocculosa, Pinnularia rhombarea is 
also abundant in this zone. D : C values are very low ( 1 0 % ) 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 1 6 0 0 cal yr BP, T. flocculasa 
declined markedly, while Pinnularia microstuaron var. nonfasciata increased. This 
change denotes the beginning of S Z A - D 6 ( 1 6 0 0 - 6 5 0 cal yr BP; 7 5 9 - 6 7 1 cm) 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, S Z A - D 7 ( 6 5 0 - 0 cal yr BP; 
6 7 1 - 6 0 3 cm) is characterised by the dominance of P. rhombarea 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 ( B I R K S & G O R D O N 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 ( B I R K S & G O R D O N 
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 benthkylittoral species (Fig. 
IT). 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 ( S M O L 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-hog 
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 concentrat ion 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. 

8800-7050 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 B P (Fig. 10) is followed by 
the damage and partial dissolution of the diatom frustules from ca. 8800 cal yr B P 
The oxidative surface conditionsindicated by the presence of diatoms and the 
possible temporary drying out of the bog pools ( B E N N E T T 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 BP 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 BP 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 M n 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). 

<—Eig. 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. ábra A kovamoszat, makrofosszília, -pollen és nyomelem sztraiigráfiák összefoglaló ábrája. Az ábra 
következtetéseket tartalmaz a holocén vízmélységváltozásokra, erdőtörténeti fázisokra és az üledékgyűjtőben/tóban 
végbement kémiai változásokra vonatkozóan. SZA-AB3 fúrás, Szent Anna-tó, Románia 



274 Földtani Közlöny 136/2 



MAGYARI, Е. et al: Holocene palaeohydrology and environmental history in the South Harghita Mts 275 

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 composit ion 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 BP 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 ( V O R R E N et al. 
1988). It is noteworthy that the relative abundance of Scenedesmus fluctuated 
considerably be tween 2700 and 700 cal yr BP, 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 
BP, 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 B P timescale. Core SZA-АВЗ, 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 ( 1 9 9 8 ) and JUGGINGS ( 2 0 0 1 ) . Details of the analysis are given in BUCZKÓ et al. 
(in prep). Dashed lines indicate the reconstructed water depth phases 

11. ábra A legfontosabb őskörnyezeti proxi-adatok kalibrált időskála mentén. SZA-АВЗ fúrás, Szent Anna-tó, 
Románia. UOM: szerves törmelék; (p): pollen; (m): makrofosszüia; (d) kovamoszat; (a): algamaradvány. Az 
epilimnetíkus foszfortratalom változásainak rekonstrukciójához a fosszilis kovamoszat adatsort használtuk fel. A 
fosszilis spektrumokat az EDDI adatbázisban szereplő modern mintákkal vetettük össze transzfer funkciók 
alkalmazásával (LWWA). A mószer részletes leírását lásd BIRKS (1998) és JUGGINGS (2001) munkáiban. A 
statisztikai analízis részleteit BUCZKÓ et al. (in prep) tanulmánya tartalmazza. A szaggatott vonalak a rekonstruált 
vízménység-fázisokat jelölik 
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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 7 0 0 cal yr BE 

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

Element concentrations were measured above 1 0 0 0 cm (ca. 8 1 5 0 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 ( E N G S T R O M & W R I G H T 1 9 8 4 ) ; 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 ( G E L E I 1 9 0 9 , Péter S O M A Y 
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 8 1 5 0 and 6 6 0 0 cal yr BP the high M n and Fe content-based inference of an 
oxidative sedimentary environment and reducing soil conditions is good in 
agreement with the reconstructed Sphagnum-hog and extensive Picea abies forest. 
The abundance of Picea on the lakeshore persisted until ca. 6 6 0 0 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 ( R O T H E et al. 2 0 0 2 ; H A G E N - T H O R N et al. 2 0 0 4 ) . 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 6 6 0 0 cal 
yr BP, 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 L E R M A N 1 9 7 8 ; E N G S T R O M & W R I G H T 1 9 8 4 ; G I B S O N 1 9 9 7 ) , 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 BB 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 (AI, 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, M n 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 ( G I B S O N 1997; B O Y L E 2001), anoxic conditions at the 
sediment/water interface favour the dissolution of P 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 Bp several elements -
Mn, Li, К, У 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 BP 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 ( L E R M A N 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 
R A G O T Z K I E ' 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 PÁL 
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 H A R R I S O N et al. (1996) and 
M A G N Y et al. (2002) focus on the N W , 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 ( C S E R N Y 1993, 2002; 
C S E R N Y & N A G Y - B O D O R 2000), this area appears blank on the lake data source maps 
( M A G N Y et al. 2002) and this signifies to the paucity of available Holocene lake-level 
records in this region. 

In N W Romania, the pollen and plant macrofossil-based palaeohydrological 
reconstruction of F E U R D E A N & B E N N I K E (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 N W Romanian records. 
In Poland, S T A R K E L et al. (1996) found higher lake-levels between 9500 and 8600 cal 
yr BP, 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 
( S T A R K E L et al. 1996). A lengthy dry phase was also established in the lowland areas 
of S and N W Hungary, this being on the basis of the plant macrofossil records 
(Császártöltés, Szélmező Mire). J A K A B et al. (2004b) and J A K A B (2005) recorded drier 
mire conditions from 9000 cal yr BP at Szélmező and from 8500 cal yr BP at 
Császártöltés. In both places the dry period was followed by increasing water 
depths around 4400 cal yr BP In the Szigliget Basin of Lake Balaton, high lake levels 
were recorded at 8400 cal yr BP, but subsequently the lake level decreased gradually 
until ca. 7600 cal yr BP ( J A K A B 2005; J A K A B 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 BP 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 ( JAKAB et al. 2005), while in the N W Romanian peat bogs, a two-step 
return to cooler and moister conditions was shown by F E U R D E A N (2005) from ca. 
8000 and 6800 cal yr BR Furthermore, climatic signals recorded by oxygen isotopes 
in a stalagmite in N W Romania indicated a cooler period between 7100 and 6800 cal 
yr BP ( O N A C et al. 2002). These data are in sharp contrast with the Western 
Mediterranean, where the Early Holocene was generally moister ( H A R R I S O N et al. 
1996; M A G N Y 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 BE 

The moderate increase in the lake-level of Saint Ana between 7050-5500 cal yr BE 
punctuated by short-term decreases (Fig. 10 and 11), was followed by a marked 
increase around 5500 cal yr BE It is worth mentioning that Lake Balaton also 
displayed a considerable lake-level rise at the same time and attained its largest 
surface area ( C S E R N Y & N A G Y - B O D O R 2000; T U L L N E R & C S E R N Y 2003; J A K A B 2005; J A K A B 

et al. 2005; S Ü M E G I 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 BR In contrast with these records, in N W 
Romania F E U R D E A N (2005) inferred warmer and possibly drier conditions between 
5750-4800 cal yr BE 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 N W Romania, 
where increasing mire surface wetness was demonstrated from ca. 2800 cal yr BP 
using testate amoebae and peat humification records ( S C H N I T C H E N et al. 2003; in 
press). In the Gutin Mountains B J Ö R K M A N et al. (2002a, b) noted the development of 
open fen vegetation along with the expansion of Fagus sylvatica after 3400 cal yr BP In 
Hungary, several lake basins showed renewed sediment accumulation from ca. 3000 
cal yr BP following early and mid-Holocene hiatuses - e.g. Lake Baláta near Szenta 
( J A K A B 2005, J U H Á S Z 2005) and Lake Nádas near Nagybárkány (JAKAB 2005; J A K A B & 
S Ü M E G I 2006). On the whole these data suggest increasing moisture availability in the 
Romanian Carpathians and the adjoining Carpathian basin from ca. 3400 cal yr BR 
with maximum moisture availability occurring around 2700-2800 cal yr BP 

Conclusions 

From the above discussion the following conclusions can be made concerning the 
Holocene environmental history of Lake Saint Ana: 
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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 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 
highlighted the difference be tween 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 BE 
when a marked increase was detected, accompanied by increasing trophic status. 
The highest lake-levels were found between 2700 and 700 cal yr BP The geochemical 
record pointed to the thermal stratification of the lake in this period. 
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