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ABSTRACT
Selected pigments, diatoms and diatom-inferred phosphorus (Di-TP) concentrations of a late glacial sediment core section of the

meromictic Längsee, Austria, were compared with tephra- and varve-dated pollen stratigraphic and geochemical results. A concep-
tual model was adopted for Längsee and evaluated using multi proxy data. During the unforested late Pleniglacial, a holomictic lake
stage with low primary productivity prevailed. Subsequent to the Lateglacial Betula expansion, at about 14,300 cal. y BP, okenone
and isorenieratene, pigments from purple and green sulphur bacteria, indicate the onset of anoxic conditions in the hypolimnion. The
formation of laminae coincides with this anoxic, meromictic period with high, though fluctuating, amounts of okenone that persisted
throughout the Lateglacial interstadial. The occurrence of unlaminated sediment sections of allochthonous origin, and concurrent
low concentrations of okenone, were related to cool and wet climate fluctuations during this period, probably coupled with a com-
plete mixing of the water column. Two of these oscillations of the Lateglacial interstadial have been correlated tentatively with the
Aegelsee and Gerzensee oscillations in the Alps. The latter climate fluctuation divides a period of enhanced anoxia and primary pro-
ductivity, correlated with the Alleröd chronozone. Continental climate conditions were assumed to be the main driving forces for
meromictic stability during Alleröd times. In addition, calcite dissolution due to severe hypolimnetic anoxia, appear to have sup-
ported meromictic stability. Increased pigment concentrations, which are in contrast to low diatom-inferred total phosphorus (Di-
TP), indicate the formation of a productive metalimnion during this period, probably due to a clear-water phase (low catchment ero-
sion), increased temperatures, and a steep gradient between the phosphorus enriched hypolimnion and the oligotrophic epilimnion.
Meltwater impacts from an extended snow-cover and a summer temperature decline, together with climate instability, are assumed to
be the main reasons for the lowering of the anoxic level during the following, climatically heterogeneous, Younger Dryas. Meromic-
tic stability was re-established with the termination of the Younger Dryas. The sequence of key pigments, Di-TP, calcite, siliciclas-
tics, and organic carbon, seem to be in accordance with the assumptions of the conceptual model.
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1. INTRODUCTION
Late glacial climate variability offers an excellent

opportunity to evaluate climate impacts on lake stratifi-
cation and trophic level of meromictic Längsee. The
term meromictic lake, based on investigations of Läng-
see in Carinthia, was first used by Findenegg (1937) for
stratified lakes without completely seasonal turn-over,
resulting in an anoxic hypo(monimo)limnion. Längsee
(548 m a.s.l.; 46°45'45"N/14°25'10"E) is a small (0.75
km2), 21.4 m deep, lake which is situated in the Carin-
thian lowland, Austria (Fig. 1). Findenegg (1935, 1947,
1953) proposed that Längsee is a dynamic type of
meromixis. During recent times, the depth of oxygen
depletion has varied from 15 m (1934) to 12 m (1991),
and in an extreme case (winter 1983/84) was close to
the lake surface (Sampl et al. 1992). The early onset of
an extended ice-cover during 1983/84 resulted in en-
hanced anoxia (Honsig-Erlenburg & Schulz 1989;
Honsig-Erlenburg 1995b).

Several publications dealed with the development of
meromixis in Längsee. Frey (1955) assumed the onset
of sapropel deposition as the approximate start of
meromixis. Based upon the disappearance of ostracods,
and the occurrence of Chaoborus, Löffler (1973, 1975)
pointed out that hypolimnetic oxygen depletion started
much earlier than the deposition of sapropel, namely
during late glacial. Löffler (1975) has shown that the
onset of meromixis in Austrian lakes is closely related
to climate warming during the late glacial or early
Holocene. The late glacial onset of meromixis in Läng-
see was verified by Harmsworth (1984) based on geo-
chemical data. According to Schultze (1988/89), the
concentrations of total carotenoids increased slightly
below a tephra layer, which he tentatively related to the
Laacher See tephra (LST), and culminated during early
Holocene. A multi proxy study of a long core (including
diatoms and diatom phosphorus inference) was per-
formed by Schmidt et al. (1998). Different anoxic levels
with respect to climate changes during the late glacial
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and Holocene underlined the dynamic type of mero-
mixis, as proposed by Findenegg (1947). Pollen and
geochemical analyses, with a higher time resolution
from a late glacial core section of Längsee, were pre-
sented by Schmidt et al. (2002).

Fig. 1. Location of Längsee, bathymetric map (Schulz & Kanz
1984) with sampling site (LG99), and morphometric data.

In the present study, the pollen and geochemical re-
sults from Schmidt et al. (2002) were combined with
pigment and diatom analyses, and diatom-inferred
phosphorus data based on an Alpine diatom/phosphorus
calibration set (Wunsam 1995; Wunsam & Schmidt
1995; Wunsam et al. 1995; Battarbee et al. 2001). Pig-
ment analysis focused on indicator pigments of anoxic
conditions, such as the bacteriochlorophylls okenone
and isorenieratene, which are specific for purple and
green sulphur bacteria (Züllig 1985; Hodgson et al.
1998; Lami et al. 2000). The multi proxy results were
compared to a conceptual model of meromixis adopted
for Längsee.

2. CHRONOSTRATIGRAPHY

The regional chronostratigraphy was established by
Schmidt et al. (2002) by laminae counts and the pres-
ence of a tephra layer, which was correlated to the Nea-
politan Yellow Tuff (NYT), dated at 14,120 cal. BP.
The pollen record indicated three main pollen zones: A
zone rich in non-arboreal pollen (NAP) around 14,300
cal. y BP is followed by a birch-rich pollen zone, and at
ca 13,900 cal. y BP by a pine-dominated pollen zone.
The pine-dominated pollenzone was divided into two
Pinus sylvestris-rich subzones. The younger one is ac-

companied by sparse pollen occurrences of deciduous
trees. It probably correlates with the Alleröd chronozone
sensu Litt et al. (2001). The subsequent Younger Dryas
biozone is characterized only by a slight increase in
NAP and dominated by pine with visible variations only
in pine pollen types.

Differentiation of pine pollen types allowed Schmidt
et al. (2002) to distinguish three minor fluctuations
during the Lateglacial interstadial. Two of these oscilla-
tions tentatively have been correlated with the Aegelsee
(Lg-FL1) and Gerzensee (Lg-FL3) oscillations in Swit-
zerland (see Lotter et al. 1992) as well as with vegeta-
tion changes in NW Germany. Lg-FL2 has no parallel
up to now in the Alps.

3. CONCEPTUAL MODEL OF MEROMIXIS IN
LÄNGSEE

Based on the limnology of Längsee (Findenegg
1935, 1947, 1953; Berger 1973; Schulz et al. 1998;
Honsig-Erlenburg & Schulz 1989; Sampl et al. 1992,
2001; Honsig-Erlenburg 1995a; Honsig-Erlenburg
2000; and unpublished data of the Kärtner Institut für
Seenforschung, Klagenfurt), and on past palaeolim-
nological records (Frey 1955, 1956; Löffler 1973, 1975;
Harmsworth 1984; Schultze 1988/89; Schmidt et al.
1998), we developed the following conceptual model:

We assume that extended winter-ice cover, coupled
with warm, dry summers, mainly contributed to the
meromictic stability in Längsee. The importance of
winter ice-cover for meromixis in Längsee is supported
by remarkable changes in the oxygen budget of Längsee
which occurred during the interval 1996 to 2000 (Sampl
et al. 2001). During the warm winters 1997 and 1999,
and during early spring 1998 the lake was completely
mixed. During cold winter periods from 1984 to 1987
the lake was regularly ice-covered, resulting in stronger
anoxia (see Fig. 2).

Fig. 2. Interpolated O2-isoplethe of Längsee during the peri-
ods 1970-2000 (interpolation by krigging; unpublished data of
the Kärntner Institut für Seenforschung, Klagenfurt). Tick
marks indicate sampling intervals.

During warm periods, a more dense terrestrial
vegetation is supposed to reduce the input of inorganic
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nutrients from erosion and weathering, but to enhance
the concentration of dissolved organic matter (DOM),
thus reducing the penetration depth of UV radiation (as
shown by Sommaruga & Psenner 1997): the pelagic
zone becomes a more hospitable environment for phy-
toplankton. The DOM input is especially enhanced by
the expansion of broad-leafed trees. Warmer summers, a
probable decrease in lake level and flushing rates, will
lead to longer and more stable stratification periods and,
consequently, to anoxic conditions in the hypolimnion,
followed by the reductive release of phosphorus and
iron. The release of ions under anoxic conditions and
the dissolution of calcite, favoured by the increase in
pCO2, stabilize the stratification by enhancing the den-
sity of hypolimnetic waters, which may lead to mero-
mixis. At the same time, calcite precipitation from the
epilimnion and input from allochthonous sources is ex-
pected to decrease because of epilimnetic oligotrophy
and a drier climate. Although the lake becomes suppos-
edly more oligotrophic at the beginning of the mero-
mictic period - mainly because of a reduced flux of pho-
sporus-rich deep water into the epilimnion - accumula-
tion of dissolved phosphorus in the hypolimnion will
lead, on the long term, to an increase in the trophic level
of the lake with the progression of meromictic condi-
tions. Increased lake transparency, higher water tem-
peratures, and a phosphorus gradient favour the forma-
tion of a productive metalimnion.

The present Längsee indicates an inverse phospho-
rus water profile. The mean annual total phosphorus
concentration in the epilimnion during 1984 to 1987
was about 10 µg l-1, reaching a maximum of 29 µg l-1 at
12 m water depth (Sampl et al. 1992). The close rela-
tionship between total phosphorus (TP) in the hypolim-
nion and anoxic conditions characterized the years 1998
to 1999; TP increased markedly with the increase in an-
oxy during 1999, compared to a lower level during 1998
(Sampl et al. 2001).

When the lake reverts to holomixis in a cold and wet
climate, dissolved phosphorus and reduced iron accu-
mulated in the monimolimnion will be dispersed in the
whole water column. Thus, a TP peak with subsequent
phosphorus precipitation is expected immediately after
the onset of the holomictic state. Calcite accumulation
will be enhanced by redeposition of littoral calcite, be-
cause of the increase in water level and/or higher flush-
ing rates. Cool and wet periods with enhanced physical
weathering and higher flushing rates, as well as strong
meltwater episods, will result in periodic inputs of rock
debris and inorganic nutrients from the catchment.
These impacts are expected to increase when vegetation
becomes less dense during unfavourable climatic peri-
ods. The shift in redox potential (iron oxydation) and
the availability of minerogenic particles will then lead to
a precipitation and adsorption of phosphorus. Deep-
water sulphur bacteria will decrease in numbers or dis-
sappear. The formation of laminated sediments is pre-

vented by the oxygenation of the whole water column
and the reduced pelagic production, a consequence of
higher minerogenic turbidity and the lack of dissolved
phosphorus.

When we apply this conceptual model to both the
meromictic and holomictic stages of Längsee, as well as
the switching between those conditions, we can summa-
rize the impacts on significant parameters in a schematic
diagram (Fig. 3).

4. METHODS
4.1. Coring

The sediment core was taken during February 1999
with a modified Kullenberg piston sampler (Schultze &
Niederreiter 1990). The coring equipment consisted of
liners of 2 m length and 5.58 cm inside diameter, placed
within a steel chamber, and a hydraulic rubber-closing
system to avoid sediment losses. Coring was performed
from the ice cover at the lake`s maximum depth (21.4
m). For subsampling, the plastic tubes containing the
sediment were cut with a saw and divided into halves
with the use of two thin metal plates. Subsample inter-
vals were 1 cm for pigments, and 2 cm for diatoms.

4.2. Diatom analysis

Diatom samples were prepared with 30% H2O2 and
10% HCl according to Battarbee (1986). Aliquot-evapo-
rated suspensions were embedded in Naphrax. At least
500 valves were counted in the light microscope (Leitz
Diaplan) using phase contrast oil immersion objectives
(N.A. 1.32) with a magnification of 1250×. Taxonomy
and selection of morphotypes of Cyclotella taxa fol-
lowed Wunsam et al. (1995). To infer total phosphorus
from the fossil diatom assemblages (Di-TP), transfer
functions based on weigthed averaging (WA) with tol-
erance downweighting and classical deshrinking,
adapted by Wunsam (1995) and Wunsam et al. (1995)
from a training set of 86 Alpine and pre-alpine lakes
were used. For the diatom-inferred TP, the program
WACALIB (Line et al. 1994), version 3.4, was used.

4.3. Pigments analysis

The core was transported and stored at 4° C in dark-
ness to minimize pigment degradation. The core was
opened 10 days after the collection in a 4 °C chamber
under dim light. Pigment analysis was done on 1-2 g
fresh sediment transferred to polypropylene tubes, snap
frozen using liquid nitrogen, and stored at –22 °C until
extraction. Extraction was done with 90% HPLC-grade
Acetone (Mantoura & Llewellyn 1983) for about 15
hours at 4 °C. After centrifugation, the extract was
measured with a UV-VIS-Spectrophotometer (UV-1202
Shimadzu) at 450 nm for crude carotenoids, and at 665
and 750 nm for total chlorophylls (Züllig 1989). The
separation of the single carotenoid was obtained by 45
minutes adapted gradient program (Wright et al. 1991)
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HPLC system (HP-1100) equipped with an HP LiChro-
Cart Supersphere RP-18 250-4 (250 mm, 4 mm, 4 µm,
non-encapped, reversed phase) column (Schmid & Stich
1995). Methanol, acetonitrile, ethyl acetate (>99.9%,
Rotisolv HPLC-grade) were used as solvents; ammo-
nium acetate (Merck) as ion-paring reagent. Carotenoids
and chlorophylls were identified with the use of pigment
standards, algae and bacterial cultures, as well as litera-
ture data (Züllig 1985; Borrego & Garcia-Gil 1994; Jef-
frey et al. 1997; Hodgson et al. 1998). Pigment concen-
trations were reported as nanogram (ng) per gram or-
ganic matter (LOI550°C).

5. RESULTS

5.1.Diatoms
5.1.1. Diatom stratigraphy

Five main diatom zones (Fig. 4) were distinguished:
The lowermost zone 1, from 388 to 373 cm, is domi-
nated by small, benthic Fragilaria spp. High abundance

of Campylodiscus noricus (1/1) are followed by a slight
increase of Cyclotella taxa (see zone 2), and by a peak
of Fragilaria construens var. venter (maximum 72%).
In the subsequent zone 2, from 373 to 361 cm, the Cy-
clotella comensis complex, C. distinguenda var. uni-
punctata, and C. cyclopuncta, increased in relative fre-
quence. A marked peak of Cyclotella praetermissa/-
quadrijuncta (at maximum 60%) divides this zone.
Cyclotella ocellata increased during the upper part (2/2)
and dominated during zone 3 (361 to 353 cm; maximum
74%). Cyclotella aff. ocellata increased at the transition
to the following zone 4. During zone 4, from 353 to 345
cm, Stephanodiscus alpinus increased, as did Cyclotella
comensis (morphotype 1) (maximum 50%). Cyclotella
aff. plitvicensis ocurred in low numbers. During the
following zone 5, from 345 to 320 cm, C. ocellata and
F. construens var. venter increased again in abundance,
however with less abundances than during the zones 1
and 3 (C. ocellata). A peak of Stephanodiscus minutulus
in the middle of the zone (5/2; 30%), the increased im-

Fig. 3. Conceptual model of catchment-lake interactions during climate change at Längsee. Boxes in the flux diagram relate to
biological and sedimentological parameters, which, in addition to diatom-inferred total phosphorus, were reconstructed by the multi
proxy studies (pollen, Corg, siliciclastics, calcite, key-pigments, laminae).
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portance of Amphora ovalis in the lower part, and the
expansion of C. cyclopuncta and C. praetermis-
sa/quadrijuncta towards top, divide this zone 5.

5.1.2. Diatom inferred total phosphorus

Diatoms with unknown TP-optima accounted for
27% on average and 34 % at maximum (385 cm). Di-TP
levels <15 µg l-1 were inferred for the section 352 to 340
cm, and for 320 cm. The samples 387 to 367, and 328
were within 15 to 30 µg l-1. Peaks of Di-TP >100 µg l-1

occurred at 357 and 332 cm (Fig. 4).

5.1.3. Pigment stratigraphy

The pigment concentrations (Fig. 5a) divide the core
section into the following zones: The zone below 373
cm with less than 0.1 ng of total carotenoids per gram
organic matter (OM); the zone from 373 to 344 cm with
higher (0.5 – 5 ng g-1 OM), although fluctuating, values
of okenone and isorenieratene; lower concentration of
both occur between 365 to 363 cm, at 353 cm, and at
347 cm; marked peaks of lutein, canthaxanthin, and ze-
axanthin occur between 352 to 350 cm, and at 345 cm.
The zone from 344 to 325 cm, with low pigment con-
centrations, showed a slight pigment increase in the
middle of the zone (1 – 2.5 ng g-1 OM). At the top (325
to 320 cm), all pigments increased again. The oke-
none/isorenieratene ratio showed higher values between
370 to 360 cm than between 360 to 320 cm. The latter,

however, was interupted by three 3 less prominent
peaks (343, 333, 328 cm). The pigments are compared
with the geochemical data in figure 5b, modified from
Schmidt et al. (2002).

6. DISCUSSION

6.1. Impacts of long-term climate changes on lake
stratification and trophy

6.1.1. Late Pleniglacial (>375 cm, >14,300 cal. y BP)

The diatom assemblages of the unlaminated minero-
genic sediments of the Late Pleniglacial are dominated
by Fragilaria spp. According to Wunsam (1995) they
are more frequent in cold water lakes, resulting in in-
ferred summer surface water temperatures below 12 °C
for this biozone (Schmidt et al. 1998). An average Di-
TP of about 20 µg l-1 was inferred. However, higher
abundances of small, benthic Fragilaria taxa might
have been caused by other environmental parameters
than nutrients, e.g. ice-cover (e.g. Smol 1988; Douglas
& Smol 1999). Therefore, TP-inference of Fragilaria-
rich layers should be approaced with caution (Bennion
et al. 2001). Low total organic carbon (Corg) together
with low pigment concentrations indicate low primary
production. Low summer surface water temperatures
coupled with minerogenic matter originating from
catchment erosion may have been the reasons for low
primary production. Cool summers and enhanced melt-
water fluxes from the catchment may have prevented

Fig. 4. Percentage diagram of selected diatoms of the Längsee core LG99, diatom zones, diatom-inferred phosphorus (Di-TP) with
estimated standard errors of prediction, and main pollen zones (YD = Younger Dryas). Calibrated years according to the tephra- and
laminae-based chronostratigraphy (Schmidt et al. 2002) are added.
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Längsee to establish a stable stratification after ice-
cover, as was suggested in the conceptual model.

6.1.2. Lateglacial interstadial (375 to 343 cm; 14,300
to 13,900 cal. y BP)

Slightly after the mass expansion of birch, at about
14,200 cal. BP, the onset of okenone and isorenieratene,
produced by purple sulphur and green sulphur bacteria
(Züllig 1986; Hodgson et al. 1998; Lami et al. 2000),
indicate the development of an anoxic hypolimnion.
Laminae formation started as a result of anoxic condi-

tions. The relative increase of okenone, compared to
isorenieratene, towards the top of the Betula-rich zone
can be interpreted – as suggested by Brown et al. (1984)
- as an increase in dissolved organic matter (DOM), and
decrease in water transparency. The dominant C. prae-
termissa/quadrijuncta has, according to Wunsam et al.
(1995), a TP-optimum of 24.5 µg l-1, and hence relates
to mesotrophic conditions. This taxon probably reflects
the higher concentration of nutrients in deciduous litter
and a temperature increase that would enhance nutrient
mineralization (Smol & Boucherle 1985).
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Fig. 5. (a) total carotenoids (TC) and selected pigments of the Längsee core (LG99), and (b) geochemistry (modified from Schmidt
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The pollen-based division of the pine-dominated
zone into two subzones (Schmidt et al. 2002) is sup-
ported by the diatom record. The older P. sylvestris-rich
subzone 1 correlates with the diatom zone dominated by
Cyclotella ocellata. This taxon in the Alpine calibration
data set relates, according to Wunsam et al. (1995), to a
TP-optimum of 38.0 µg l-1 (valves with 3 ocellae), al-
though occurrences span a wide range from oligotrophic
to hypertrophic conditions. Compared with the amount
of total carotenoids, which are only slightly higher than
during the former period, diatom-inferred total phospho-
rus, however, appears to be overestimated, probably due
to the dominance of C. ocellata (74%). This taxon was
listed by Teubner (1995) as occurring in shallow lakes
of the Berlin-Brandenburg area which are enriched in
total phosphorus, total nitrogen, and dissolved reactive
silica. C. ocellata occurrs also in running waters
(Krammer & Lange-Bertalot 1991). Silica and probably
nitrogen which have favoured this taxon in Längsee
have originated from the catchment. The increase in the
abundance of C. ocellata in the Längsee core corre-
sponds to that of layer silicates, indicating soil erosion.
Soil erosion may have occurred during wet epi-
sods/seasons. This is supported by the form and size of
calcite crystals which were observed in the Längsee
varves. That indicate allochthonous sources and en-
trainment, probably during late autumn or spring
(Schmidt et al. 2002), rather than in situ biogenic calcite
precipitation (Niessen & Sturm 1987; Raidt & Koschel
1993). C. ocellata is known to bloom predominantly
during late autumn and spring (Pantocsek 1901; Klee &
Steinberg 1987; Teubner 1995). In the case of the mod-
ern climate in Carinthia, heavy rain falls, as possible
sources of catchment erosion and water level fluctua-
tions, occurr during late autumn and spring due to the
influence of Adriatic cyclones (Gressel 1976). In the
area of Längsee (metereological station Drasendorf
1974-1992) the average snow-cover, another potential
source for catchment erosion by meltwater fluxes, lasts
89 days (Honsig-Erlenburg 1995b). Sparse vegetation
cover on the floor of Lateglacial P. sylvestris forests
may not have completely prevented catchment erosion.
The decline in the okenone to isorenieratene ratio indi-
cates a decrease in DOM, which could be explained by
the change in vegetation from broad-leafed Betula for-
ests, rich in herbs, to Pinus sylvestris forests poor in un-
dergrowth. Coniferous litter generally was assumed to
be a relative poor source of nutrients for algal growth
(Rodin & Bazilevich 1967). Because of the discrepancy
between vegetation cover (pine forests) and increased
Di-TP, we conclude for Längsee that phosphorus may
have originated mainly from the hypolimnion, due to
temporarily mixing of the water column. Mixing was
also suggested as the main source of phosphorus in the
conceptual model of Längsee.

The younger Pinus sylvestris-rich subzone 2 is char-
acterized by the expansion of Cyclotella comensis and

Stephanodiscus alpinus. These diatoms are found in Al-
pine lakes with oligotrophic to slightly mesotrophic
conditions (Wunsam et al. 1995). Their abundance dis-
tribution results in a lower Di-TP-value when compared
with the former C. ocellata-rich zone. Oligotrophic
conditions indicate also the ocurrences of C. aff. plit-
vicensis. This taxon was described by Hustedt (1945)
from the highly oligotrophic, and transparent, karstic
lakes of Plitvice, Croatia. More frequent pollen of de-
ciduous trees, especially Quercus, than during the Pinus
sylvestris-rich subzone1 indicates an increase in summer
temperature (Schmidt et al. 2002). The curve of
isorenieratene culminated during the lower P. sylvestris-
rich subzone 2. Together with okenone, it indicates
strong oxygen depletion. Warming and drier climate
conditions (see below) probably lowered nutrients
originating from catchment erosion, and anoxic stability
caused phosphorus trapping in the hypolimnion. Both
processes can explain the low Di-TP values.

The peaks in okenone and isorenieratene correlate
with those of lutein, zeaxanthin, and canthaxanthin.
Lutein is a class-specific signature pigment found in
Chlorophyceae and trachaeophytes, whereas zeaxanthin
and canthaxanthin occurr in cyanobacteria (Züllig 1985,
1986; Hodgson et al. 1998; Lami et al. 2000); Addition-
ally, canthaxanthin occurrs in invertebrate herbivores
(Leavitt 1994).

There are several possibilities to explain the discrep-
ancy between low Di-TP and increased pigment con-
centrations during the Pinus sylvestris-rich subzone 2.
One possible explanation is that pigment concentrations
may have originated from buoyancy regulated cyano-
bacteria. Since oscillaxanthin was, however, not de-
tected, other cyanobacteria than the filamentous Plank-
tothrix rubescens, specified as an eutrophic taxon
(Feuillade et al. 1995), may have occurred. The lack of
P. rubescens would fit to the finding of Schultze
(1988/89) who did not observe oscillaxanthin before the
time of sapropel formation in Längsee (which began
with neolithic forest clearing, Schmidt et al. 1998). For
the recent Längsee, Honsig-Erlenburg (2000) docu-
mented taxa of the genera Anabaena, Aphanocapsa,
Chroococcus, Coelosphaerium, Microcystis, and Snow-
ella. Bormans et al. (1999) suggested that buoyancy
regulation in Anabaena and Microcystis depends much
more on light than on nutrients. Another possible expla-
nation is that picoplankton without buoyancy regulation
was stratified within a water density gradient. Accord-
ing to Berger (1973), calcium-enriched waters are re-
sponsible for the formation of a density gradient in
Längsee. A metalimnion can form in meromictic lakes
when nutrient enrichment of the superficial waters
ceases and its transperancy increases (Feuillade 1994).
The highest phytoplankton biomasses in recent Längsee
are observed between 8 and 12 m (Sampl et al. 1992;
Honsig-Erlenburg 2000).
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Peaks in lutein during the Pinus sylvestris subzone 2
may have derived from blooms of Chlorophyceae
(Honsig-Erlenburg 2000, mentions for the present
Längsee the following genera: Oocystis, Pediastum,
Willea, Golenkinia), or from debris of littoral terrestrial
vegetation or from water plants which was deposited in
the profundal. A productive metalimnion in the Lategla-
cial would have increased oxygen depletion in the hy-
polimnion. Peaks in okenone and isorenieratene, con-
current with those of algal groups indicating high lake
productivity, were also observed for supposedly anoxic
stages in the development of the central Italian crater
lakes (Ryves et al. 1996; Lami et al. 1997).

The whole Pinus sylvestris-rich subzone 2 shows a
marked decrease in calcite. Because the calcite decline
is decoupled from pigments and Corg, which form dis-
tinct peaks, calcite dissolution was assumed. Calcite
dissolution occurrs in lakes with bottom water anoxia
due to enhanced bacterial respiration and mineralization
processes lowering the pH of the hypolimnetic water; in
addition, low calcite precipitation and accumulation
rates can force calcite dissolution (Ohlendorf & Sturm
2001). Berger (1973) assumed that in Längsee both
biological and "physical precipitation" have contributed
to the formation of meromixis. The latter he concluded
from the influx of oversaturated hydrogen-carbonate
waters originating from the calcareous underground.
During the late glacial Pinus sylvestris-rich subzone 2 of
Längsee, the epilimnion most probably was less pro-
ductive than the metalimnion. Because of the warm and
dry climate conditions, influx of calcium-enriched
waters from the catchment might have been low. The
calcite dissolution during this period corresponds with
the conceptual model: CO2 oversaturation under strong
hypolimnetic anoxia caused calcite dissolution, thus en-
hancing meromictic stability. Dissolution of only a
small fraction (a few %) of the precipitated calcite in the
hypolimnion, according to Wüest et al. (1992), is suffi-
cient to stabilize the water column. Calcite dissolution
must have altered the proportions of the other minerals
calculated as percentages of the total. Percentages of
layer silicates were, however, at lowest during the Pinus
sylvestris subzone 2. This finding was explained by low
weathering and erosional features.

In terms of climate, the culmination of meromixis
concurrent with the pollen and sedimentological records
are suggested as indicators of warm and dry summers
coupled with cold winters poor in snow. These assump-
tions of continental climate conditions during the Pinus
sylvestris-rich subzone 2, which was correlated with the
Alleröd chronozone, are in agreement with the concep-
tual model.

6.1.3. Younger Dryas (343 to 323 cm)

The decrease in pigment concentrations during this
biozone indicates lowering of primary productivity, pre-
sumably caused by lower water temperatures. This is

indicated by the re-appearance of small, benthic Fragi-
laria taxa which occur, however, at lower abundances
than during the late Pleniglacial period. Peaks in Di-TP
mainly correspond to higher abundances of C. ocellata.
The re-appearance of C. ocellata during the Younger
Dryas supports the idea (see chapter 6.1.2) that this
taxon is more competitive than other planktonic diatoms
in turbulente waters with suspended minerogenic matter
(silica, nitrogen?) or water column mixing (phospho-
rus). During the middle and upper part of the Younger
Dryas, C. ocellata is accompanied by Asterionella for-
mosa. A. formosa is known to be an opportunistic alga
that responds rapidly to disturbance and nutrient en-
richment, especially nitrogen (McKnight et al. 1990). A.
formosa blooms mainly during early summer; secundary
peaks were observed during autumn (Dokulil & Skolaut
1986).

Okenone follows the decrease of the other pigments
with a slight delay. The deepest part of the hypolimnion
may have remained anoxic slightly longer. The follow-
ing low amounts of okenone and isorenieratene indicate
weak anoxic conditions. The changing preservation of
laminae (Schmidt et al. 2002) supports the idea that the
hypolimnion was temporarily oxygenated.

A longer lasting and thicker snow cover causing
strong meltwater impacts from the catchment, cooler
summer temperatures, and climate instability (see be-
low), are supposed to be the main reasons for the low-
ering of the anoxic level during Younger Dryas – which
is in accordance with the conceptual model.

6.1.4. Younger Dryas/Holocene transition

This period is characterized by the decoupling be-
tween peaks in Corg and all pigments, and calcite, which
declines to non-detectable levels. Lake environmental
conditions comparable with the younger P. sylvestris
subzone 2 of the Lateglacial interstadial may have es-
tablished. The absence of calcite in the Längsee core
(LAENG1) during early Holocene was attributed by
Schmidt et al. (1998) to calcite dissolution in a strongly
reduced monimolimnion, as was suggested in the con-
ceptual model.

6.2. Impacts of late glacial climate fluctuations on lake
stratification and trophy

During the three minor climate fluctuations of the
Lateglacial interstadial (Lg-FL1-3), changes in sediment
composition indicate catchment erosion or sediment re-
deposition by lake level change (Schmidt et al. 2002).
The corresponding decline in okenone and isorenier-
atene in the unlaminated layers may be due to a fluctu-
ating oxygenation of the hypolimnion and/or pigment
dilution during enhanced sediment accumulation.

If calcite dissolution is the reason for low calcite
during Lg-FL3 (probably Gerzensee), the mechanism
may be different from that discussed for strong mero-
mixis of Alleröd time. Ohlendorf & Sturm (2001) men-
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tion calcite dissolution in a Swiss high alpine lake
which they relate to the formation of anoxia during pe-
riods with extended ice-cover. For the karstic Lake
Vrana, Isle of Cres, Croatia, Schmidt et al. (2000) as-
sumed that cold, CO2-oversaturated waters during a
pluvial period with enhanced catchment runoff were re-
sponsible for calcite dissolution, explaining the relative
increase in siliciclastics in the sediments. Since calcite
dissolution is not the rule during the late glacial climate
fluctuations of Längsee, this hydrological aspect would
more likely explain calcite dissolution during the cli-
mate fluctuation of Lg-FL3.

During Younger Dryas, a slight increase of okenone
in the middle of this biozone indicates a return to anoxic
conditions. The following slight increase in total carote-
noids and Corg, and a short peak of St. minutulus re-
sulting in a Di-TP increase, indicates a short-term in-
crease in-lake productivity. Since these findings are
concurrent with increased pollen of P. sylvestris and
Betula as was observed by Schmidt et al. (2002), they
may reflect a phase of moderate short-term climate
amelioration. Since the marked peak in lutein at 331.5
cm at Längsee, however, corresponds with an unlami-
nated layer and a quartz peak, it may originate from al-
lochthonous sources (possibly littoral leaf litter?) rather
than reflecting increased productivity. The interphase of
Younger Dryas climate amelioration at Längsee most
likely correlates with minor variations in the oxygen
isotope curves of Gerzensee, Switzerland (Eicher &
Siegenthaler 1976; Lotter et al. 2000), and GISP2
Greenland ice-core data (e.g. Stuiver et al. 1995). How-
ever, these minor variations are not significantly re-
flected in the pollen-inferred summer temperatures of
the Gerzensee profile as reported by Lotter et al. (2000).
Possible, the interphase of the Younger Dryas is better
pronounced south of the Alps than at north.

The lower part of the Younger Dryas which is char-
acterized by increased allochthonous influx (peaks in
quartz and layer silicates) was assumed by Schmidt et
al. (2002) to have been wetter than the upper part. Also
the homogeneous, 2 cm thick, calcareous layer, which
occurred at the lower part of the Younger Dryas, is of
allochthonous origin. Benthic diatoms originating from
the littoral, such as Amphora ovalis, support the idea of
a redeposition of the homogeneous calcareous material
from littoral lake marl, possible by changes in the water
level.

Climate heterogeneity of the Younger Dryas re-
flected by the Längsee sediment core is supported by
findings in the northern Adriatic. In a sediment profile
from the Valun Bay, Isle of Cres, Croatia, the pollen
distribution of P. mugo-types and foraminifers (Schmidt
et al. 2001) support the climatic subdivision of the
Younger Dryas of Längsee into three phases. Two
phases of temperature decline, indicated by increased
pollen of P. mugo-types at the beginning and the end of
the Younger Dryas, are divided by a phase of climate

amelioration. The lower part indicated freshwater incur-
sions affecting the foraminifer distribution in the Bay of
Valun. In Lake Vrana, close to the Bay of Valun, at
10,600 14C y BP, the lake level increased again, sug-
gesting higher humidity during the lower Younger
Dryas (Schmidt et al. 2000).

During these climate fluctuations, and in accordance
with the conceptual model, summer cool and wet peri-
ods, probably together with snow-melt episodes, appear
at Längsee to have resulted in a lowering of the anoxic
level or even in short periods with complete mixing.

7. CONCLUSIONS
- The unforested period of the late Pleniglacial is

characterized by low primary production and a
holomictic lake stage.

- The onset of anoxic conditions in the hypolimnion
of Längsee, at about 14,300 cal. y BP follows the
mass expansion of birch which indicates Lateglacial
climate amelioration. Concurrent with the onset of
anoxic conditions, laminae started to form. This an-
oxic, meromictic situation, indicated by high, though
fluctuating, amounts of okenone, persisted through-
out the Lateglacial interstadial.

- The sequence of diatom assemblages supports the
pollen-based division of the Lateglacial interstadial
into an early Betula-rich, and a subsequent Pinus-
rich, Lateglacial interstadial. The latter is divided
into a less temperate, probably snow-rich, older
Pinus sylvestris subzone 1 (< 13,900 cal. yrs. BP),
and into a summer warmer and probably drier
younger Pinus sylvestris subzone 2 prior to the
Younger Dryas. Continental climate conditions and
a more dense vegetation cover may have favoured
meromictic stability during the latter subzone. This
subzone probably correlates with the Alleröd chro-
nozone in the sense of the NW German chro-
nostratigraphy.

- Lamination is interrupted by unlaminated al-
lochthonous sediment sections with lowered pigment
concentrations. They were related to cool and wet
(snow-rich?) climate fluctuations, coupled with en-
hanced allochthonous sediment accumulation and
probably hypolimnetic oxygenation. Two of these
oscillations of the Lateglacial interstadial have ten-
tatively been correlated with the Aegelsee und Ger-
zensee oscillations in the Alps.

- Temperature decline, meltwater impacts from an
extended snow-cover, and climate instability are as-
sumed as the main reasons for the lowering of the
anoxic level during the Younger Dryas. This period,
however, was climatically heterogeneous. The lower
part was probably wetter than the upper one. A
slight return of increased anoxic conditions and pri-
mary productivity during an interphase of the
Younger Dryas reflects a brief period of moderate
climate amelioration. With the end of the Younger
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Dryas perturbations, meromictic stability established
again.
The results of five significant parameters based on

the conceptual model are summarized as following:
- Okenone and isorenieratene correspond closely to

our assumption of a climate-driven meromixis.
- The trend of diatom-inferred epilimnetic total phos-

phorus (Di-TP) behaves as expected. To explain the
discrepancy between pigment peaks and low epilim-
netic Di-TP during enhanced meromixis of the Al-
leröd chronozone, however, the formation of a pro-
ductive metalimnion is assumed.

- The calcite curve is more difficult to predict because
calcite concentrations in the sediment depend on ter-
restrial and in-lake processes, such as redeposition,
dissolution and precipitation. For calcite dissolution,
two mechanism were proposed; the first one was
related to increased pCO2 in the hypolimnion during
enhanced anoxia of Alleröd time; the second one to
CO2 enriched waters derived from the catchment
during the climate oscillation of Gerzensee. Non-
theless, calcite seems to decrease during prolonged
warm periods (e. g. during Pinus subzone 2) and
shows peak concentrations during or at the end of
holomictic episodes.

- Siliciclastics, used as an indicator of physical weath-
ering in the catchment, and the curve of organic car-
bon (Corg), mostly fit the concept quite well.

In sum, meromixis and trophy are closely related to
late glacial climate forces. Our findings based on a multi
proxy approach generally support the predictions of the
conceptual model.
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