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Lake Ohrid with its Tertiary origin and outstanding biodiversity and endemism represents a unique
ecosystem containing valuable data for palacoenvironmental reconstruction. Investigation of the
time sequence of the Last glacial-interglacial transition and the Holocene epoch in the sediment
core Co1202 (359—17 cm depth, ca. 14.6-0.3 ka BP) was performed. Diatom proxies were used
to reconstruct environmental and climate changes preserved in the investigated time interval. Two
major diatom biostratigraphic zones were recognized, comprising DZ 1 (359-158 cm depth, ca.
14.6-3.9 ka) and DZ 2 (158-17 cm depth, ca. 3.9-0.3 ka). Evidence for rapid climate events within
these zones was also explored. The diatom response to the colder climate intervals is evidenced by
the domination of the hypolimnetic, endemic species Cyclotella fottii. Warmer climate conditions
are represented by increased dominance of the thermophilic taxon Cyclotella ocellata. The analysis
is currently made at a relatively low temporal resolution; we also present evidence for short-lived
shifts in diatom species assemblage composition which may represent climate disruptions between
ca. 9-8 ka BP and ca. 6-5 ka BP, possibly linked to abrupt global climate events. Finally, evidence
of increased phosphorus levels compared to the Last Interglacial is suggested by the first appearance
during the Holocene of mesotrophic Stephanodiscus taxa.

Key words: Lake Ohrid, diatoms, Holocene, Rapid Climate Change, eutrophication.

Oxpunckoro E3epo co mpernocraBenara TepuuepHa CTapocT W HCKITyIHTETHHOT OHOJUBEP3UTET
U SHIEMH3aM KOU T MOCeIyBa, IPETCTaByBa yHUKATEH EKOCHCTEM BO KOj Ce 3adyBaHH ITOJAaTOLH,
3HAYHUTETHH 32 CHPOBEIyBamhe Ha PEKOHCTPYKIIHMja MAJCOCKOJIOMIKUTE TPOMEHH. VcTpaxyBameTo
€ peann3upaHO Ha BPEMEHCKaTa CEKBEHIa Koja ro omndaka [locaenHHOT IManujaieH — HHTepIa-
yjajeH mpeMuH u XonolneHckara emoxa Bo kopoT Col1202 (359-17 cm mmabounna, 14.6-0.3 ka
TIC). Ilputoa, nujatomente (Bacillariophyceae) ce KOpUCTEHH KakO MHANKATOPH 32 PEKOHCTPYK-
I1ja Ha €KOJIOIIKUTE U KINMAaTCKUTE MPOMEHH BO HCTPaXXyBaHHOT BPEMEHCKH HHTEpBal. Bo TekoT
Ha aHAJIU3HTE, YTBPJCHH Ce JBe IIABHU JAujaToMejcku onoctparurpadekn 3ouu I3 1 (359-158 cm
iabounHa, 14.6-3.9 ka I1C) u [I3 2 (158-17 cm anabounna, 3.9-0.3 ka [1C). [lononHuTenHO, BO
pPaMKH Ha OBHE 30HH € aHAIM3HPAHO U €BEHTYaIHO MPHCYCTBO HA JOKA3U 33 PANHMIHUTE KINMAT-
CKH ITPOMEHH KOH C€ CIIydyBajle BO HCTPaXKyBaHUOT reprof. OAroBopoT Ha JHjaTOMEjCKHUTE 3ae/l-
HHIY KOH KJIMMAaTCKUTE HHTEPBAJIK CO MOHUCKH TEMIIEPaTypH € eBUACHTUPAHO TIPEKy TOMHHAIM]a-
Ta Ha XUIOJUMHETHUIKHOT, ennemudeH Bun Cyclotella fottii. CHpoTHBHO, KINMATCKUTE HHTEPBAIN
CO MOBUCOKHU TEMIIEPATypH Ce IPETCTABEHH CO 3roieMeHa abyHIaHTHOCT Ha TepMO(MITHIOT TAKCOH
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Cyclotella ocellata. VicTpaxxyBameTo € CO pelIaTHBHO HUCKA BPEMEHCKA PE30JTyIIHja; TOMOTHUTEI-
HO MPETCTaBeHH C€ JIOKa3H 3a KPaTKOTPajHH MPOMEHH BO COCTABOT Ha [IMjATOMEjCKUTE 3aCAHHIM
KoM OM MOJKeJIe Jia MPeTCTaByBaar pe3yiTar Ha KIMMaTcKka HeCTAOMITHOCT BO BPEMEHCKUTE HHTEp-
Basu o7t 9-8 ka I1C u ox 6-5 ka IIC, xou ce HajBepojaTHO BO KOpelalfja co PanuIHUTe KINMATCKH
MPOMEHU Ha II00AJHO HUBO. 3a Kpaj, 3roieMeHO HHBO Ha (ochop BO €3epoTo, BO cropeada co
MOCJICHUOT HHTEPIVIAINjaJICH PO/ € HHUIUPAHO CO MPHCYCTBOTO HA ME30TPO(HN TAKCOHH OJL
ponort Stephanodiscus, Kou 3a TIPB MaT ce MojaByBaaT BO TEKOT Ha XOJOIICH.

Kayunn 360pou: Oxpuocko Ezepo, oujamomeu, Xonoyen, panuonu Kiumamcku npomenu, eympopura-

yuja.

Introduction

The Quaternary geological period, convention-
ally thought of as the last ca. 2.5 million years, has
been dominated by cycles of glaciation with a pe-
riodicity of approximately 23 ka, 41 ka and 100 ka
(Imbrie et al. 1993). These cycles appear to be large-
ly determined by astronomical forcing, as first pro-
posed by Milankovitch (Coope 2004). 100 ka of or-
bital eccentricity has dominated the climate varia-
tions in the high latitude North Atlantic during the
Brunhes magnetic chron (0.000-0.735 Ma BP) and
earlier, during the Matuyama chron (0.735-2.400
Ma BP) the climate variations in this region were
lower in amplitude and concentrated mainly at a 41
ka rhythm of orbital obliquity (Ruddiman & Raymo
1988). The start of the Last glacial—interglacial tran-
sition (LGIT) and the Holocene, as a current epoch
within the Quaternary, are dated at approximately
14.7 and 11.7 ka, respectively (Walker et al. 2009).

Initially, the Holocene was thought to be the most
complacent epoch, regarding the climate variabili-
ty, but high resolution research has revealed climat-
ic oscillations, similar to the Dansgaard—Oeschger
cycles of climate instability which occurred during
the Last interglaciation (Maslin et al. 2001). Evi-
dence for several widespread climate change events
have now been recognized in sediment cores from
different localities of the Northern and the South-
ern Hemisphere, for which Mayewski et al. (2004)
use the term Rapid Climate Changes (‘RCC”). The
first event occurs at 8.2 ka and is the most strik-
ing and regionally significant cooling event during
the Holocene. After that the second event of a sud-
den and widespread shift to drier or wet conditions
happened in the mid-Holocene at approximately
5.5 ka (Maslin et al. 2001). Another event of rap-
id climate change with decreased temperatures over
North America and Eurasia is marked between 4.2—
3.8 ka (Mayewski et al. 2004). The most recent Ho-
locene cold event is the Little Ice Age which lasted
from the middle of the 18" to the end of the 19" cen-
tury in temperate NW Europe (Maslin et al. 2001)
and follows a warm period in NW Europe termed
the Medieval Warm Period. Further on, it is implied
that these RCC events had significant effects on eco-

systems and humans. For example, the short-lived
1200-1000 cal yr B.P. RCC event coincided with
the drought-related collapse of Mayan civilization
(Hodell et al. 2001).

In order to understand the environmental change
of the present interglacial, but also to understand
their impact on human populations and vice versa,
the human impact over the environment, we must
focus our attention on detailed Holocene palaecoen-
vironmental reconstruction. In addition to the poten-
tial for studying long—term Quaternary environmen-
tal change, sediment records recovered from ancient
lakes provide enough data for high resolution recon-
struction of changes that took place during the Ho-
locene. A prime example for this type of investiga-
tions is Lake Baikal (Siberia), as the oldest fresh-
water lake on the Earth, where beside the number
of palaeo-studies focusing the long—term Quaterna-
ry changes, there are also proxy studies targeting the
post—glacial period (Bradbury et al. 1994, Prokopen-
ko et al. 2007). Selecting the most appropriate bi-
ological proxy, the diatoms (single—celled siliceous
algae; Bacillariophyceae) have proven to be one of
the strongest indicator groups used to interpret the
Quaternary glacial-interglacial climate change (Ed-
Iund & Stoermer 2000; Karabanov et al. 2004; Cher-
apanova et al. 2007; Felton et al. 2007; Reed et al.
2010). They are often well preserved and the most
abundant group of fossils in the sediment record.
This is due to the presence of the siliceous wall and
moreover because of their short life cycle, the dia-
tom assemblages can be considered to respond al-
most instantaneously to changes in the lacustrine en-
vironment (Rioual et al. 2007). Additionally, they are
an abundant, diverse and important component of al-
gal assemblages in freshwater lakes that often play
an important role in aquatic food web and structure
(Hall & Smol 2010). Equally, they are sensitive indi-
cators of many limnological parameters such as sa-
linity, water level fluctuations, pH and nutrient lev-
els (Smol 1988).

During the last few years, a number of palaeo—
studies have focused on Lake Ohrid (Macedonia/Al-
bania), not just as the oldest tectonic lake on Europe-
an territory, but also as one of the most diverse lake
ecosystems in the world. Since the first diatom—based
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palacolimnological data were generated (Roelofs &
Kilham 1983), palacolimnological investigations of
Lake Ohrid were stagnating until the next century,
when in the period between 2005 and 2007 several
short and one long sediment sequence were recov-
ered from the lake. A number of multi—proxy studies
were conducted on these sequences, mostly with a
primary aim of investigating long—term Quaternary
climate changes (Wagner 2008b, 2009, Vogel et al.
2009, 2010a, 2010b). Directing towards the commu-
nity response to the glacial-interglacial transitions,
Reed et al. (2010) demonstrated again the strong di-
atom response to climate change.

This paper presents an initial attempt to focus
our attention towards the Last glacial-interglacial
transition and the Holocene period in Lake Ohrid,
using the diatom stratigraphy, in order to explore
evidence for environmental change, and the potential
for reconstructing RCC events from analysis of the
sediment record.

Material and methods

Geographical and limnological setting of Lake
Ohrid

Lake Ohrid Basin is the largest of a number of
basins in the Dinaride—Alpine mountain belt that
stretches along the western shore of the Balkan Pen-
insula (Hoffmann et al. 2010), located in a tecton-
ically active graben system of the Western Mace-
donian geotectonic zone. The lake itself (41°01°N,
20°430°E) is part of the Dessarets, a European group
consisting of four lakes: Lake Ohrid, Prespa, Mikri
Prespa and Lake Maliq, located in Macedonia, Alba-
nia and Greece. It is believed that a geological con-
nection existed between these lakes until the late
Pliocene or early Pleistocene, when tectonic events
occurred which closed the connections (Roelofs &
Kilham 1983).

The exact limnological age of the lake is still un-
certain; estimates vary between 2 Ma (Cvijic, 1911)
to 10 Ma (Sprirkovski et al. 2001). Four hypothe-
ses exist about the limnological origin of the lake,
but two of them seem most accurate. The first one
supports the theory of “de novo” formation of Lake
Ohrid in a dry polje with a spring or river hydrog-
raphy, and the second hypothesis presumes a pa-
lacogeographical connection of Lake Ohrid with the
brackish waters on the Balkan Peninsula (Albrecht
& Wilke, 2008). Beside its great age, Lake Ohrid is
probably the most diverse lake in the world, taking
the surface area into account, with a number of 212
known endemic species (Albrecht & Wilke, 2008).

Topographically, Lake Ohrid is located on the
border between Macedonia and Albania at 693 m a.
s. I. With an approximate length of 30 km and 15

km width, the surface area of the lake is 358 km?,
the maximum water depth, 289 m, the mean water
depth, 155 m, and the total volume of the lake is 55.4
km3. The total watershed of Lake Ohrid is 2610 km?,
when including the catchment area of Lake Prespa,
to which it is connected via a major aquifer running
below the Galicica Mountain. The hydrological re-
gime of the lake is regulated through the inflow from
the carst aquifers, 50 % of which are sublacustrine,
and the outflow, through the river Crni Drim (~ 60%)
and evaporation (~ 40 %) (Matzinger et al. 2006).
The authors calculated water residence time of ~ 70
years. Stankovic (1960) defined Lake Ohrid as an
oligomictic lake with occasional complete overturn
of the water column at every seventh year.

Lake Ohrid is oligotrophic and phosphorus lim-
ited (Allen and Ocevski, 1977), with a Secchi disc
depth of 14m (Matzinger et al. 2006). Recent investi-
gations revealed that the mean total phosphorus con-
centration has risen to 4.5 mg P m> as a result of
the global warming and local anthropogenic impact
(Matzinger et al. 2006, 2007). The maintenance of
the oligotrophic status of the lake is the basic prereq-
uisite for survival of its unique flora and fauna.

Core recovery and diatom analysis

During autumn 2007, a sediment sequence, core
Co1202, was recovered at a coring location in the
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Fig. 1. Map showing the location of core Co1202.
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northeastern part of the lake basin, from a water
depth of 145 m (Figure 1). The surface sediments
and deeper sediments were collected using a 0.6 m
gravity corer and a 3 m long percussion piston corer,
respectively, both UWITEC Co. (Vogel et al. 2010a).
The complete sediment sequence extends from 17 to
1489 cm depth and according the age model adopted
from Vogel et al. (2010a) it spans between ca. 135 ka
and 0.280 ka BP. Samples for diatom analysis were
taken at every ca. 24 cm (ca. 0.6 to >3 ka resolution).
For the purpose of this investigation, these samples,
stored in small Sterilin tubes, were received from
Hull, UK.

Since the primary aim of this investigation is
the Last glacial-interglacial transition and the Holo-
cene period in Lake Ohrid, we focus here on the rel-
evant section of core Col1202 between 17 and 360
cm, which spans the last ca. 14 ka. Samples for the
diatom analysis were treated with cold H,O, to ox-
idize organics and 10% HCI for removing the car-
bonates (Renberg 1990). Permanent microscope
diatom slides were prepared using Naphrax™ as a
mountant. Diatom assemblages were analyzed under
oil immersion at x1500 magnification with a Nikon
Eclipse 801 microscope, and the diatom images were
produced using Nikon Coolpix P6000 camera.

A total number of ca. 400 diatom valves were
counted per slide, according the standard transect—
based method for counting diatom slides (Battarbee
1986). Diatom taxa were identified using standard
texts (Krammer and Lange—Bertalot, 1986, 1988,
1991a, b, 2000), and the dedicated Ohrid work of
Levkov et al. (2007).

Final counts of diatom taxa were converted
to percentage data and displayed using Tilia and
TGView v. 2.0.2. (Grimm 1991) and the zone bound-
aries were defined with Constrained Incremental
Sum of Squares cluster analysis (Grimm 1987). Ad-
ditionally, the preservation status was assessed using
the simple F index (Mackay et al. 1998)

Results
Diatom zones

Following the diatom assemblages stratigra-
phy, the summary diagram reflects the distribution
of a total number of 38 taxa in the core sequence
(Figure 2). The diatom zone boundaries defined
with CONISS are further correlated with the rele-
vant Marine isotope stage boundaries (Imbrie et al.
2007) and the Rapid climate changes (Mayewski et
al. 2004).

According the CONISS results the sediment
sequence was divided in two diatom zones, conse-
quently marked as Diatom zone 1 (DZ 1) and Dia-
tom zone 2 (DZ 2). The first diatom zone was further

divided into two subzones DZ 1a and DZ 1b.

Diatom zone DZ 1 (359-158 cm depth, ca. 14.6—
3.9 ka)

This diatom zone is further divided in two sub-
zones DZ 1a (359-230 cm depth, ca. 14.6-6.9 ka)
and DZ 1b (230-158 cm depth, ca. 6.9-3.9 ka). The
diatom assemblages in the first subzone DZ 1la are
completely dominated by the planktonic Cyclotel-
la fottii Hustedt, an endemic taxon for Lake Ohrid.
Other planktonic taxa present in the lower part of
this subzone are Aulacoseira granulata (Ehrenberg)
Simonsen, Aulacoseira sp. Thwaites and Actinocy-
clus sp. Ehrenberg. Further on, the diatom samples
at 290 cm depth, ca. 9.8 ka, are marked by the first
appearance of Cyclotella ocellata Pantocsek and
Stephanodiscus transilvanicus Pantocsek, both taxa
present with a very low relative abundance, e.g. 0.4
and 0.7 %, respectively. The group of benthic taxa is
presented with Cocconeis placentula var. euglypta
(Ehrenberg) Grunow and Pinnularia sp. Ehrenberg.
The facultative planktonic taxa Fragilaria capuci-
na Desmaziéres, Staurosira construens Ehrenberg,
Staurosira sp. Ehrenberg and Staurosirella pinnata
(Ehrenberg) Williams & Round are present at very
low abundance.

The second subzone DZ 1b is marked by a rel-
ative increase in C. ocellata and S. transilvanicus,
which are constantly present in the diatom assem-
blages from this subzone, at the expense of C. fottii.
Another planktonic taxon present with a low abun-
dance is Aulacoseira sp. The proportion of faculta-
tive planktonic taxa is also increased in this part of
the sequence, and represented by S. construens and
S. pinnata. The second taxon reaches up to 9 % rel-
ative abundance at 217 cm depth, ca. 7.4 ka. The
group of benthic taxa consists of Karayevia clevei
(Grunow) Bukhtiyarova, Amphora pediculus (Kiit-
zing) Grunow, Amphora sp. Ehrenberg ex Kiitzing
and Epithemia ohridana Levkov & Metzeltin, again
present with a low abundance.

Additionally, Vogel et al. (2009) recognized two
tephra layers in the part of the sediment sequence
which corresponds to DZ 1. The first volcanic ash
layer (OTO702-3) is deposited between 277.5 and
269 cm depth and the second one (OTO702-2) was
identified between 145.5 and 144 cm depth. The
Mercato eruption of the Somma—Vesuvius volcano
(8.890+£0.090 ka BP) and the FL eruption of Etna
volcano (3370+70 cal. yrs BP) are being correlat-
ed with the deposition of these tephra layers, respec-
tively (Vogel et al. 2010b).

Diatom zone DZ 2 (158-17 cm depth, ca. 3.9-0.3 ka)

The second diatom zone DZ 2 is again dominat-
ed by the group of planktonic taxa in which the en-
demic C. fottii and the cosmopolitan C. ocellata pre-
dominate over the other taxa. But, it is important to
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note that C. ocellata in this part of the sediment se-
quence is constantly present and reaches up to 30 %
relative abundance. Also, the relative proportions of
S. transilvanicus increases and reaches a maximum
of 16 % abundance at 145.5 cm depth, ca. 3.4 ka. An-
other interesting remark for the same sample (145.5
cm depth, ca. 3.4 ka) is the appearance of the more
mesotrophic taxon, S. minutulus (Kiitzing) Cleve
& Moller, which with an abundance of 24.6 % is
present only in this part of the sequence. The group
of facultative planktonic taxa increases in diversity
and abundance and it’s represented with Pseudos-
taurosira brevistriata (Grunow) Williams & Round,
FE capucina, S. construens, Staurosira sp., Stauro-
sirella pinnata and Staurosirella sp. Although with
a low relative abundance, the group of benthic taxa
is also more diverse and consists of Achnanthidium
minutissimum (Kitzing) Czarnecki, Cocconeis dis-
culus (Schumann) Cleve, K. clevei, Placoneis bal-
canica (Hustedt) Lange—Bertalot, Metzeltin & Levk-
ov, Navicula spp. Bory, N. rotunda Hustedt, Cavinu-
la scutelloides (W. Smith) Lange—Bertalot, Luticola
spp. Mann, A. pediculus, Diploneis spp. (Ehrenberg)
Cleve, Epithemia spp. Kutzing, Gomphonema pumi-
lum (Grunow) Reichardt & Lange—Bertalot, G. mi-
cropus Kiitzing and Nitzschia spp. Hassall.

Additionally, Vogel et al. (2009) identified one
tephra layer in this part of the sequence, marked as
OTO702-1, between 77.5-74.5 cm depth, and sup-
posed to originate from two distinct eruptions of the
Somma—Vesuvius volcano.

Tracing nutrient levels and evidence for Rapid
climate changes (RCC)

In the following section diatom assemblages are
represented in order to assess evidence for the six
periods of major climate variations during the Holo-
cene period, after the Last glacial-interglacial tran-
sition. The dates of the Rapid Climate Changes are
according to Mayewski et al. (2004).

The Last glacial-interglacial transition (14.6—
11.5 ka) is presented by diatom assemblages dom-
inated by planktonic taxa, the facultative plankton-
ic species are present with very low diversity and
abundance and the benthic taxa are almost absent
in the samples. The diatom samples are dominated
by the endemic, oligotrophic species C. fottii, which
reaches a relative abundance of ~ 20%, while the
dissolved category is present with ~ 80 %. However,
the further interpretation of this period is influenced
by the possible compromising of the relevant part of
the sediment sequence.

The first rapid climate change during the Holo-
cene (ca. 9-8 ka BP), also named as “Glacial Af-
termath” (Mayewski et al. 2004) cannot be assessed
due to the current low resolution of diatom sam-
ple analysis which does not include diatom samples

from this period. However, the first appearance of
the more thermophilic taxa including C. ocellata and
S. transylvanicus is recorded in the diatom samples
after this period of climate cooling.

The second event of climate disruption (ca. 65
ka BP) in Ohrid Lake sediment record is represent-
ed with a single diatom sample. Compared with the
previous phase, the planktonic C. fottii increases in
abundance, while the abundance of S. transylva-
nucus decreases. C. ocellata is also present in the
section, and together with the first two taxa com-
prises the major proportion of the diatom commu-
nity. The benthic taxa are almost absent in the sam-
ple, and represented only with the low abundant Ep-
ithemia sp.

A less widespread climate event of severe cool-
ing occurred between ca. 4.2 and 3.8 ka BP (Mayevs-
ki et al. 2004), but, again, cannot yet be assessed in
full. However, in the diatom sample analysed rep-
resenting the period between this and the next RCC
event which occurred between ca. 2.5 and 3.5 ka
BP, the relative abundance of the more thermophilic
planktonic taxa increases (C. ocellata, S. transilvan-
icus) at the expense of the decreased proportion of
C. fottii. Another planktonic, more mesotrophic spe-
cies which occurs only in this sample is S. minutu-
lus. The benthic diatom community is also more di-
verse compared to the previous section. The RCC
event between ca. 2. 5 and 3.5 ka BP is characterized
by a very slight decrease in the relative abundance of
C. ocellata, and also a decrease of the proportion of
the mesotrophic S. transilvanicus, while S. minutu-
lus is absent in the diatom samples from this point
forward. Again, C. fottii increases its abundance,
such as the facultative planktonic taxon S. pinnata.
After this event of cooler climate conditions, the dia-
tom samples from the sediment record became more
diverse. Although, C. fottii and C. ocellata remain
dominant in the planktonic diatom community, oth-
er taxa such as Aulacoseira sp., Discostella sp. and
Stephanodiscus sp. appear in the samples. The com-
munity of facultative planktonic taxa is also more di-
verse, such as the benthic community in which dom-
inates the group of Naviculoid taxa.

There are no diatom samples representing the
most recent RCC event (ca. 1.2—1 ka BP), but the in-
triguing feature of the diatom sample correlated with
the period afterwards is the total predomination of
C. fottii, while C. ocellata is present at very low rel-
ative abundance, even less than 0.5 %. It’s also inter-
esting to note that the proportion of Aulacoseira sp.
is highest in this sample compared with its presence
in the other diatom samples from the sequence. Al-
though with a smaller number of taxa, the benthic di-
atom community seems to preserve its diversity.

Additionally, in order to access the preserva-
tion status of the diatom assemblages, we adopted
the simple F index (Mackay et al. 1998) of count-
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ing the dissolved valves of the dominant plankton-
ic taxa in the sequence. The obtained results marked
the last glacial-interglacial transition as a zone with
low preservation and high percent of dissolved C.
fottii valves. Better preservation follows during the
warmer Holocene period.

Disscusion

Last glacial-interglacial transition (ca. 14.6-11.5
ka BP) and the “Glacial Aftermath” (ca. 9-8 ka
BP)

The first diatom subzone DZ la (359-230 cm
depth, ca. 14.6-6.9 ka) correlates with the period of
the last glacial-interglacial transition and the first
rapid climate change which occurred during the Ho-
locene. The complete domination of planktonic dia-
tom taxa and the low abundance of benthic taxa sug-
gest deep, oligotrophic water conditions. The dom-
inant planktonic species, Cyclotella fottii is an olig-
otrophic, hypolimnetic taxon. In recent diatom sam-
ples this taxon reaches maximum abundance at 30
m water depth, although its relatively high abun-
dance is maintained down to 200 m depth (Stank-
ovic 1960). The diatom profile is well in accordance
to the geochemical record (Vogel et al. 2010) and the
indication that the period between 14.7 and 11 ka is
distinguished by cold winters and partial ice cover.
Although, the Younger Dryas cooling between 12.7
and 11.6 ka was not clearly inferred from the calcite
profile of Co1202, we could speculate here that the
diatom profile and the domination of the hypolim-
netic C. fottii reflects decreased productivity and low
temperatures during this time interval. The time in-
terval (ca. 9—8 ka BP) of the first Holocene climate
deterioration is probably one of the most striking
events during the present interglacial. During that
time the Aegean Sea was exposed to more frequent
polar north—west outbreaks (Mayewski et al. 2004).
Although, we could not refer to this climate event
since the lack of diatom samples from this part of
the sequence, we could hypothesize about the pos-
sible effect of this RCC on Lake Ohrid. The first ap-
pearance of Cyclotella ocellata and Stephanodiscus
transilvanicus although with a very low abundance
is before this RCC event (e. g. at ca. 9.8 ka) and
again the increased relative abundance, especially of
S. transylvanicus occurs much latter (at ca. 6.9 ka
BP), after the termination of this event. Similar pat-
tern is observed in Lake loannina (Greece), where
the Pleistocene—Holocene boundary is dominated by
Cyclotella spp. (Wilson et al. 2008). C. ocellata is a
more thermophilic species occurring in oligotrophic
to eutrophic waters (Cremer et al. 2005) and S. tran-
sylvanicus is also more termophilic taxon. Accord-
ing to Jurilj (1954), Stephanodiscus taxa inhabit the

littoral and the sublittoral zone of the lake and they
are often considered as higher nutrient level indica-
tors that become dominant in low light conditions
and increased phosphorus concentrations (Kilham
et al. 1986). Based on this, we hypothesize that the
RCC event between ca. 9-8 ka BP had probably af-
fected the lake, and the increase in the relative abun-
dance of the more termophilic taxa reflects more sta-
ble and warmer climate conditions afterwards. Addi-
tionally, the presence of S. transylvanicus and its in-
creased proportion probably reflects increased nutri-
ent level and production of the lake. The 8.2 ka cool-
ing event was recognized in another core from Lake
Ohrid (Lz1120) by the decreased carbonate concen-
tration (Wagner et al. 2009). Beside the lower tem-
peratures, the authors suggest decreased nutrient
loads in the lake, more arid climate and additional-
ly significantly lower level of Lake Prespa. Reed et
al. (2010) considered that probably the sediments in
the core sequence in the period of the Last Glacial
warming were mixed and that was reflected in the
low diatom response towards the increased temper-
atures. However, at this point we can only speculate
about a possible RCC diatom response, but this hy-
pothesis needs future testing when high resolution
diatom samples will be obtained for the relevant se-
quence.

Holocene period and the RCC events (8-0.3 ka
BP)

The second diatom subzone DZ 1b (230-158 cm
depth, ca. 6.9-3.9 ka) and diatom zone DZ 2 (158—
17 cm depth, ca. 3.9-0.3 ka) correlate with the Holo-
cene period after ca. 6.9 ka and four climate change
events, although only two of these periods are repre-
sented directly by diatom samples.

The continuous presence of C. ocellata starting
at DZ 1b (ca. 6.9 ka BP) reflects the complete tran-
sition towards the warmer Holocene temperatures.
Additionally, the higher abundance of taxa belong-
ing to the group of facultative planktonics could pos-
sibly reflect increased annual temperatures. The peak
abundance of S. pinnata at the beginning of diatom
subzone DZ 1b could be a possible explanation for
ice cover melting and increased temperatures. Ac-
cording to Schmidt et al. (2004) the distribution of
taxa belonging to the group of Fragilariaceae appears
to be highly sensitive to climate—driven variables,
mainly the duration of ice cover and the mean sum-
mer water temperature. When taking into account the
distribution of S. pinnata, which is described as a lit-
toral and sublittoral species occurring in waters with
higher pH Schmidt et al. (2004), the diatom profile in
this part of the sequence matches well with the oth-
er proxies which suggested increased temperatures,
lower effective moisture and ice—free winters from
ca. 7.5 ka to present (Vogel et al. 2010b).
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The single sample correlated to the RCC event
between ca. 6 and 5 ka could lead us to an assump-
tion of a possible diatom response caused by this
event, indicated by the increased abundance of the
hypolimnetic C. fottii and its dissolved category at
the expense of the decreased proportion of S. tran-
silvanicus, C. ocellata and additionally the absence
of benthic taxa. However, a single sample is not
enough to support our assumptions, since the oth-
er proxies (Wagner et al. 2009, Vogel et al. 2010b)
suggest warm, stable temperatures for the period be-
tween ca. 6.4 and 2.4 ka BP.

The second diatom zone DZ 2 (158—17 cm depth,
ca. 3.9-0.3 ka) corresponds to the period following
another RCC event (4.2-3.8 ka BP), but since there
are no diatom samples which directly correspond to
the event the possible effect of this event on diatom
communities in Lake Ohrid sediment sequence can-
not be assessed here. However the presence of the
more thermophilic taxa C. ocellata and S. transil-
vanicus, and additionally the higher abundance and
diversity of facultative planktonic and benthic spe-
cies compared with the two previous sections re-
flects stable warm conditions.

A slight decrease in the relative abundance
of C. ocellata and S. transilvanicus and increased
abundance of poorly preserved C. fottii valves
corresponds with the RCC event between ca.
2.5 and 3.5 ka BP. A similar zone of poor diatom
preservation and abrupt decrease in the carbonate
concentration was recorded in core Lz 1120 around
ca. 2.4 ka BP (Wagner et al. 2009) and correlated
with a possible human—induced erosion. In core
Co01202 the decreased calcite and organic matter
concentrations recorded in the period between ca.
4.3 and 3.0 ka BP were interpreted as an indication of
lower productivity as a result of lower temperatures
(Vogel et al. 2010), while in the period between 3.0
and 2.4 ka the calcite concentrations increased, but
the organic content remained relatively low (Vogel
et al. 2010). Although the diatom data after 2.5 ka
indicates increased productivity, at this point one
may only speculate about the possible effect of this
climate event. A further study with higher resolution
is necessary to determinate the diatom response and
the possible effect of the rapid climate changes on
Lake Ohrid.

A second aspect in the diatom response is the
appearance of the mesotrophic Stephanodiscus spe-
cies in the assemblages. The first appearance of S.
transilvanicus with higher abundance occurs in the
diatom sample at 158 cm depth, ca. 6.9 ka BP. Al-
though it is well in accord with the start of more sta-
ble diatom—inferred temperatures, its appearance
in the sediment record also reflects increased nutri-
ent and especially phosphorus input in the lake. An-
other interesting feature is the occurrence and at the
same time the domination of another mesotrophic

taxon S. minutulus in a single sample at 145.5 cm
depth, ca. 3.4 ka BP. To become dominant in the di-
atom communities, Stephanodiscus species need
high concentration levels of phosphorus and addi-
tionally they need low light conditions and Si con-
centrations for successful growth, as for example S.
minutulus which is considered as a good competitor
on Si (Kilham et al. 1986). Therefore, the appear-
ance of Stephanodiscus species can be interpreted as
a result of nutrient enrichment of Lake Ohrid, with
peak phosphorus concentrations which probably oc-
curred around ca. 3.4 ka. The explanation about the
single occurrence of S. minutulus may be additional-
ly correlated with the volcanic eruption events of the
Somma—Vesuvius and Etna volcano and consequent-
ly the deposition of a tephra layer between 145.5 and
144 cm depth. The lowered solar radiation and the
increased input of aerosols in the lake have probably
influenced the development of a diatom flora domi-
nated by good competitor species in low light condi-
tions, such as S. minutulus. However, a further more
detailed study on a longer time scale is needed in or-
der to investigate other possible occurrences of this
taxon in the sediment record of Lake Ohrid.

Finally, the indication for nutrient enrichment
of the lake can be correlated with the human influ-
ence during the last 5.5 ka. Similar indication for hu-
man disturbance was evidenced in the pollen record
in core Lz1120 (Wagner et al. 2009) which start-
ed at ca. 5 ka BP and distinctly increased after ca.
2.5 ka BP. The first human populations around Lake
Ohrid appeared in the early Holocene, even before
the abrupt climatic event at 8.2 ka, e.g. according
to Holvoeth et al. (2010) there is an indication of
early human populations development at ca. 8.5 ka
BP. Today, the number of inhabitants only in the
city of Ohrid is estimated at approximately 200 000,
and even more during the summer season, when the
number of tourists is added. Thus the human induced
eutrophication, together with the change of the wa-
ter balance and the global warming, is among the
three main factors that nowadays affect the ecologi-
cal balance of the lake. Concerns over the possible
anthropogenically—induced eutrophication of Lake
Ohrid have already been raised in several studies
(Allen & Ocevski 1977, Ocevski & Allen 1977, Mit-
ic 1985, Watzin et al. 2002). Most convincingly, the
process of recent eutrophication of the lake has been
argued for in a study of short (<1m depth) gravity
cores (Matzinger et al. 2007). The linear model of P
concentration demonstrated increased values, from
historic, 1.3 mg m~to current, 4.5 mg m~P. The au-
thors state that the eutrophication is relatively slow
but there is evidence for its onset 0.15 to 0.20 ka ago,
with acceleration since the late 1940s.

Although, avalue of4.5 mgm=>Pislowcompared
to the measured average concentration of 31 mg P/
m?in its sister lake Prespa, (Matzinger et al. 2006),
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and Lake Ohrid is still classified as oligotrophic
freshwater ecosystem, the main problem emerging
with the accelerating human pressure is the possible
loss of the oligotrophic status of the lake, which is
the main factor dictating its high level of diversity
and endemism. Thus, the maintenance of lower
nutrient levels and human pressure control are the
basic steps towards preventing the possible loss of
the many endemic and relict species in Lake Ohrid.
Finally, this study is only an initial attempt
for recognizing climate and other environmental
changes that took place during the Holocene
epoch. A further, more detailed, high resolution
study is necessary to better understand the effects
of the rapid climate changes and investigate the
history of the anthropogenic influence, not only
on this extraordinary ecosystem, but also its sister
Lake Prespa in order to recognize the possible
interconnections between both lakes.

Conclusions

Because of the lack of higher temporal resolu-
tion of diatom samples, the investigated Holocene
section and the last glacial-interglacial transition in
core Co1202 provided only basic data about the di-
atom response for the reconstructed time interval in
Lake Ohrid.

In regard to diatom stratigraphy, diatom samples
dominated by the endemic Cyclotella fottii are in-
ferred to represent lower temperatures and colder cli-
mate conditions. At the opposite extreme, the domi-
nation of C. ocellata represents higher temperatures
and warmer climate intervals. Additionally, Stepha-
nodiscus taxa are considered to represent increased
productivity intervals and consequently higher nu-
trient levels. Thus, their presence and even more in-
creased relative abundance in the samples are con-
sidered as an indication for a possible process of eu-
trophication.

Although the onset of the Holocene is marked
at ca. 11.5 ka, the diatom profile does not indicate
warmer temperatures and stable interglacial condi-
tions until ca. 6.9 ka. A possible explanation about
the low diatom response is sediment mixing in that
part of the sequence as it is also stated by Reed et
al. (2010). Another aspect is the events of climate
disruption during the Holocene. Although the time
resolution of the diatom samples is not enough for
a detailed reconstruction; a preliminary hypothe-
sis is that some of the RCC events affected the dia-
tom community in Lake Ohrid. The increased rela-
tive abundance of C. fottii after the time intervals be-
tween ca. 9—8 ka BP and ca. 6-5 ka BP is interpret-
ed as a possible indication for colder climate con-
ditions e.g. the RCC events in these time intervals.
However, a more detailed study is necessary to con-

firm our hypothesis and further investigate the cli-
mate change events in Lake Ohrid.

Finally, changes in diatom communities are an
indirect reflection of climate change. It is not tem-
perature per se which drives change—it is limnologi-
cal change influenced by climate. This could include
pH, physical habitat restructuring and productivi-
ty and we still need to disentangle human—induced
change from this package. Thus, the increased pro-
portion of mesotrophic taxa since ca. 6.9 ka BP and
more over their domination at ca. 3.4 ka BP, followed
with the appearance of Stephanodiscus minutulus, is
indicated as nutrient level increase. Finally, it is nec-
essary to point out the need of a higher temporal pa-
lacoenvironmental study in order to closely recon-
struct Holocene environment and determinate the
human pressure in Lake Ohrid.
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