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commensurate excursions that imply the impact of short-
term climate oscillations, such as the 8.2 ka event and the 
Little Ice Age. This is the best-dated and highest resolution 
archive of past Late Glacial and Holocene climate from 
Lake Ohrid and confirms the overriding influence of the 
North Atlantic in the north-eastern Mediterranean. The data 
presented set the context for the International Continental 
scientific Drilling Program Scientific Collaboration On Past 
Speciation Conditions in Lake Ohrid project cores recov-
ered in spring–summer 2013, potentially dating back into 
the Lower Pleistocene, and will act as a recent calibration 
to reconstruct climate and hydrology over the entire lake 
history.

Keywords Lake Ohrid · Mediterranean · Holocene · 
Stable isotopes · Geochemistry · Rock Eval · 
Palaeolimnology

Introduction

Understanding past variation in climate and hydrology 
in the Mediterranean is vital for establishing future cli-
mate scenarios and assessing the potential impact on 
human populations, as changes in water resources and 
rainfall are predicted to have important social, eco-
nomic and political impacts across the region (Gian-
nakopoulos et al. 2009; García-Ruiz et al. 2011). It has 
been shown that local climate and hydrological change 
can be defined by stable isotope data from lacustrine 
carbonates and organic matter (OM) through time (i.e. 
Leng and Marshall 2004; Leng et al. 2013) and that a 
regional combination of lake isotope records can be used 
to assess the spatial coherency of climate change (Rob-
erts et al. 2008).

Abstract Lake Ohrid (Macedonia/Albania) is the oldest 
extant lake in Europe and exhibits an outstanding degree of 
endemic biodiversity. Here, we provide new high-resolu-
tion stable isotope and geochemical data from a 10 m core 
(Co1262) through the Late Glacial to Holocene and discuss 
past climate and lake hydrology (TIC, δ13Ccalcite, δ

18Ocalcite) 
as well as the terrestrial and aquatic vegetation response to 
climate (TOC, TOC/N, δ13Corganic, Rock Eval pyrolysis). 
The data identifies 3 main zones: (1) the Late Glacial–Hol-
ocene transition represented by low TIC and TOC contents, 
(2) the early to mid-Holocene characterised by high TOC 
and increasing TOC/N and (3) the Late Holocene–Present 
which shows a marked decrease in TIC and TOC. In gen-
eral, an overall trend of increasing δ18Ocalcite from 9 ka to 
present suggests progressive aridification through the Holo-
cene, consistent with previous records from Lake Ohrid 
and the wider Mediterranean region. Several proxies show 
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There are numerous stable isotope records from lakes 
in the Mediterranean (e.g. Zanchetta et al. 2012; Dean 
et al. 2013; Leng et al. 2013), and several sediment cores 
have been recovered and analysed from multiple locations 
within Lake Ohrid (Fig. 1; Roelofs and Kilham 1983; Bel-
mecheri et al. 2009; Wagner et al. 2009, 2012; Vogel et al. 
2010a). The records from Lake Ohrid have shown the lake 
to provide an archive of long-term climatic and environ-
mental change (e.g. Vogel et al. 2010a) and, in the recent 
sediments, of changes in nutrient supply from anthropo-
genic impact (Matzinger et al. 2007). However, high-res-
olution data are needed to better understand rapid climatic 
variability and anthropogenic activity across the region 

(Francke et al. 2013). Here, we present stable isotope and 
geochemical data from OM, including carbon isotope com-
position, Total Organic Carbon and Nitrogen (δ13Corganic, 
TOC, TOC/N), Rock Eval data including both Hydrogen 
Index (HI) and Oxygen Index (OI) and oxygen and carbon 
isotope composition of calcite (δ18Ocalcite and δ13Ccalcite) 
through the Late Glacial to Holocene. Using the combined 
dataset, an interpretation of past climate and environment 
is discussed and the data are compared with neighbouring 
lakes Prespa and Dojran, as well as other lakes across the 
Eastern Mediterranean. The data presented here is the best-
dated and highest resolution record from Lake Ohrid for 
the Late Glacial and Holocene period and sets the context 

Fig. 1  a, b Map of the north-eastern Mediterranean showing the 
location of Lake Ohrid, Lake Prespa and other key sites mentioned 
in the text, including 1 Lake Dojran, 2 Lake Gölhisar, 3 Lake Eski 
Acigöl, 4 Lake Zeribar. c Bathymetry of Lake Ohrid (defined by 50 m 
isolines) showing river input/output and the location of coring sites 

Co1202 (Vogel et al. 2010a), Core 9 (Roelofs and Kilham 1983), 
Co1262 (this study; Wagner et al. 2012), Lz1120 (Wagner et al. 
2009), and JO2004-1 (Belmecheri et al. 2009). c Modified from Vogel 
et al. (2010a, Fig. 2b)
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for the future work on the new International Continental 
scientific Drilling Program (ICDP) cores that potentially go 
back at least 1.2 million years (Wagner et al. 2014).

General setting

Lake Ohrid (40°54′–41°10′N, 20°38′–20°48′E) is a trans-
boundary lake located within the north-eastern Mediterra-
nean, spanning the border between Macedonia and Albania 
to the west of the Balkan Peninsula (Fig. 1). It is situated at 
an altitude of 693 m above sea level (asl) and is bounded to 
the west by the Mokra Mountain Chain (1,500 m asl) and 
to the east by the Galičica Mountain (2,262 m asl) and Mali 
Thate Mountain Chains (2,287 m asl; Albrecht and Wilke 
2008). Lake Ohrid formed in an approximately N–S trend-
ing graben towards the end of the Alpine orogeny during 
the Pliocene (Aliaj et al. 2001), as a result of extensional 
tectonics that are still active today (Reicherter et al. 2011; 
Hoffmann et al. 2012). The lake has a maximum N–S 
length of 30.8 km, a maximum E–W width of 14.8 km and 
covers an area of 358 km2 (Stankovic 1960). The basin has 
a bathtub-shaped morphology with a maximum water depth 
of 293 m and an estimated volume of 50.7 km3 (Fig. 1; 
Popovska and Bonacci 2007). In the deepest parts of the 
lake, sediment accumulation rates are ≈0.5 mm year−1 
(Wagner et al. 2008a).

The climate in the region surrounding Lake Ohrid 
is controlled by both sub-Mediterranean and continen-
tal influences (Panagiotopoulos et al. 2013), owing to the 
lake’s position in a deep valley sheltered by the surround-
ing mountains and its proximity to the Adriatic Sea (Vogel 
et al. 2010a). Average annual rainfall within the Lake Ohrid 
watershed is 907 mm and average annual air temperature 
is +11.1 °C, ranging from −5.7 to +31.5 °C (Popovska 
and Bonacci 2007). North–south winds dominate (>75 %) 
and trace the Ohrid valley, with northerly winds prevailing 
in autumn–winter and southerly winds in spring–summer 
(Stankovic 1960).

The Lake Ohrid catchment covers an area of around 
1,002 km2 (Popovska and Bonacci 2007), which increases 
to 2,600 km2 when aquifer input from neighbouring Lake 
Prespa is included (Matzinger et al. 2006b). Lake Prespa, 
situated 10 km to the east and 150 m above Lake Ohrid at 
849 m asl (Leng et al. 2013), feeds Lake Ohrid through a 
network of karst aquifers which account for 55 % of water 
input into the lake (Matzinger et al. 2006a); the remain-
ing 45 % of overall input comes from direct precipitation 
on the lake’s surface and river inflow (Albrecht and Wilke 
2008). The karst aquifer input comprises 49 % sub-lacus-
trine karst springs and 51 % surface springs (Matzinger 
et al. 2006a; Matter et al. 2010). The main hydrological 
output from Lake Ohrid is through the River Crn Drim 

(66 %) to the northern shore, and the residual third is lost 
through evaporation and seepage (Matzinger et al. 2006b). 
The upper 150 m of the lake water is thermally stratified 
in summer months and mixed through winter; below 150 m 
the lake is stratified by salinity, only mixing on a sub-dec-
adal cycle (Hadzisce 1966; Matzinger et al. 2006b). Pres-
ently, Lake Ohrid is oligotrophic with an average Secchi 
depth of approximately 14 m (Matzinger et al. 2006b).

Materials and methods

Core recovery

A ca. 10-m sediment core (Co1262) was recovered from 
a locality to the east of the Lini Peninsula (41°03′56.9″N, 
020°40′21.9″E) in 260 m water depth during June 2011. 
The core was retrieved in 2 m long sections from a float-
ing platform using a gravity corer for shallower sediments 
and a percussion piston corer for deeper sediments, where 
core recovery approached 100 %. The coring location 
was selected based on hydro-acoustic surveys conducted 
over the period 2004–2009, primarily to study the link 
between ‘mass wasting’ deposits (MWD) and earthquakes 
(Reicherter et al. 2011). Lindhorst et al. (2014) describe the 
hydro-acoustic surveys that record information on the sedi-
mentary architecture and bathymetry of Lake Ohrid. These 
show prominent faults and half-graben structures, where 
successions of MWD are present (Wagner et al. 2012). 
Post-recovery, the core was split into roughly 1 m long sec-
tions and stored in darkness at 4 °C. Subsequently, the core 
segments were opened, halved lengthwise, described mac-
roscopically, split into 2 cm segments (total correlated core 
depth = 10.05 m) and then freeze dried. The concentration 
of total inorganic carbon (TIC) was determined using a 
DIMATOC 200 (DIMATEC Co.; Wagner et al. 2012).

Geochemistry of organic matter

Core Co1262 was sampled for organic geochemistry 
from the surface to 119 cm (correlated depth) every 2 cm, 
beneath which a 202 cm thick MWD occurs (Wagner et al. 
2012). Samples were then taken at 2 cm intervals from 321 
to 963 cm to a second MWD (18 cm); below 981 cm sam-
pling continued to the base of the core at 1,005 cm. The 
MWD material is homogenous with no significant changes 
in TIC or organic content (Wagner et al. 2012) and was not 
analysed as the horizons represent short-term events that 
can be considered instantaneous.

For the δ13Corganic of OM, TOC and N, around 500 mg 
sample was added to 5 % HCl to remove calcite, rinsed in 
deionised water, dried at 40 °C and then transferred to a 
vial after being ground to a fine powder and homogenised. 
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The samples were combusted using a Costech ECS4010 
elemental analyser at approximately 1,400 °C, and then 
analysed using a VG Optima dual inlet mass spectrometer. 
δ13Corganic are reported as per mil (‰) deviations of the 
13C/12C ratio calculated to the Vienna Pee Dee Belemnite 
(VPDB) scale, utilising within-run laboratory and interna-
tional standards. Analytical reproducibility for the within-
run standards was <0.1 ‰ for δ13Corganic, <0.7 % for TOC 
and <0.2 % for N.

For Rock Eval analysis, approximately 60 mg of sedi-
ment was used. Each sample was heated at 25 °C min−1 
in an inert atmosphere of N2 from 300 up to 650 °C, after 
which the residual carbon was oxidised at 20 °C min−1 
from 300 to 850 °C. A flame ionisation detector measured 
the release of hydrocarbons during the two-stage pyrolysis 
and an infrared cell monitored CO and CO2 release during 
thermal cracking of the bound OM. The performance of 
the instrument was assessed against IFP 160000 and S/N1 
5-081840. Rock Eval analysis gives 13 acquisition param-
eters which are determined by integrating the amounts of 
OM, CO and CO2; including S1 (hydrocarbons previously 
generated, distilled out upon heating to 300 °C) and S2 
(hydrocarbons generated through cracking of bound OM, 
upon temperature increase to 850 °C). This paper presents 
the HI (S2*100/TOC) and OI (S3*100/TOC), with analyti-
cal reproducibility for the within-run standards of HI ± 16 
and OI ± 3.

Stable isotope analysis of carbonates

The sediments of Co1262 were sampled for δ18Ocalcite 
and δ13Ccalcite at the same resolution as the organic sam-
ples to 729 cm. Below 729 cm, TIC content decreases 
to <0.1 % (apart from a spike at 775 cm; Wagner et al. 
2012) to 813 cm and sampling was thereafter carried out 
at 4 cm intervals. There are small TIC spikes (0.2–2 %) at 
965–981 cm, where a MWD horizon is observed (Wagner 
et al. 2012). Samples from two previous Lake Ohrid cores 
(Co1202 and Lz1120) were analysed by XRD to determine 
mineralogy of the carbonate (cf. Leng et al. 2010), the TIC 
was confirmed to be calcite, which is in agreement with 
observations that have been made using SEM (Lézine et al. 
2010; Matter et al. 2010).

The subsamples were processed to oxidise reactive 
organic material by disaggregating around 500 mg of sam-
ple in 100 ml of 5 % sodium hypochlorite solution for 24 h. 
Following this, the samples were sieved at 63 μm, which 
is usually assumed to remove any potential biogenic car-
bonate (Leng et al. 2013). The <63 μm fraction was rinsed 
three times in deionised water, dried at 40 °C and pow-
dered. Once prepared, the subsamples were reacted over-
night in a vacuum with anhydrous phosphoric acid at a con-
stant 25 °C, to evolve the CO2 for analysis. The CO2 was 

analysed using a VG Optima dual inlet mass spectrometer. 
The mineral-gas fractionation factor used for calcite was 
1.01025 (derived from Rosenbaum and Sheppard 1986). 
δ18Ocalcite and δ13Ccalcite are reported as per mil (‰) devia-
tions of the isotopic ratios (18O/16O and 13C/12C) calculated 
to the Vienna Pee Dee Belemnite (VPDB) scale, utilising 
within-run laboratory and international standards (MCS 
and CCS). Analytical reproducibility for the within-run 
standards was <0.1 ‰ for δ18Ocalcite and δ13Ccalcite.

Results

Chronology

The age model for Co1262 is based on 6 radiocarbon ages, 
3 tephras and cross-correlation with published records 
from Lake Ohrid and nearby Lake Prespa (Table 1; Fig. 2). 
Wagner et al. (2012) give an expanded discussion for each 
dating point and a summary of chronological control. The 
age-depth model (Fig. 2) for the pelagic sediments of core 
Co1262 was calculated with the software package CLAM 

Table 1  Calibrated radiocarbon and tephra ages used in the age 
model for core Co1262

The calibration of radiocarbon ages is based on Calib 6.1.1 (Stuiver 
and Reimer 1993) and INTCAL09 (Reimer et al. 2009) and on a 2σ 
uncertainty (Wagner et al. 2012)
a Vogel et al. (2010b), b  Coltelli et al. (2000), c  Zanchetta et al. (2011)

Core depth (cm) Material Age (cal. yr BP)

17 Terrestrial plant 140 ± 145

320 Somma-Vesuvius AD 472/512 
tephra

1,478/1,438a

442 Terrestrial plant 2,190 ± 140

517 Etna FL tephra 3,370 ± 70b

520 Terrestrial plant 3,510 ± 110

537 Terrestrial plant 3,850 ± 130

574 Terrestrial plant 5,030 ± 190

709 Mercato tephra (glass shards) 8,530 ± 100c

754 Fish bone 12,400 ± 190

Table 2  R2 values for cross-plots shown in Fig. 4 calculated within 
Zone I = 0–2 ka, Zone II = 2–8 ka, Zone III = 8–12.3 ka and whole 
core = 0–12.3 ka

Figure 4 Proxy Zone I Zone II Zone III Whole core

a TOC/N–HI 0.23 0.84 0.86 0.64

b TOC/N–OI 0.25 0.72 0.59 0.51

c TOC/N–δ13Corganic 0.20 0.63 0.06 0.17

d TOC–HI 0.70 0.91 0.92 0.92

e HI–OI 0.69 0.55 0.65 0.48

f δ18Ocalcite–δ
13Ccalcite 0.35 0.00 0.05 0.02
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v.2.2 (Blaauw 2010), operating with the IntCal 13 calibra-
tion curve (Reimer et al. 2013). The age model was inter-
polated between the radiocarbon ages, the tephras and 
cross-correlation points using a smooth spline function 
(smoothing = 0.1). MWD were not included in the calcula-
tions and subtracted from the composite profile.

Six radiocarbon ages have been obtained, 5 from ter-
restrial plant material and 1 using fish remains. The 
fish remains produce a radiocarbon date of 12,400 cal. 
yr. BP indicating a much older age than expected 
(754 cm depth = 9,433 cal. yr. BP). A reservoir effect of 
>1,500 years has been documented in previous Lake Ohrid 
cores (Wagner et al. 2008a; Vogel et al. 2010a), however, 
a discrepancy of 3,000 years is most likely explained by 
a combined scenario of reservoir effect and re-deposition. 
The three tephras, distinguished in horizons marked by 
high levels of K and Sr, have been previously well dated 

in Lake Ohrid (Table 1; Sulpizio et al. 2010; Vogel et al. 
2010b). Wagner et al. (2012) describes the major element 
composition of the tephra and cryptotephra for Co1262.

The age model for core Co1262 shows a high sedimenta-
tion rate of 1.1 mm year−1 within the upper and lower sec-
tions, reducing to 0.6 mm year−1 between 450 and 650 cm, 
and gives a basal age of ca. 12.3 ka (Fig. 2). The base of the 
core reaches back into the last glacial period, which is con-
firmed by the presence of coarse-grained material (thought 
to represent ice-rafted debris) and low TIC (Wagner et al. 
2009, 2012; Vogel et al. 2010a). Due to the variable sedi-
mentation rate (Fig. 2), the constant sample size of 2 cm 
incorporates differing amounts of climate signal providing 
a resolution (per centimetre) of approximately 20–40 years 
in the middle part of the core and a greater resolution of 
10–20 years in the lower and upper parts of the core 
(Fig. 2).

Accum. Rate
(cm yr  )

C
or

e 
D

ep
th

 (
cm

)
0

100

200

300

400

500

600

700

800

900

0

1000

0.2 0 2000 4000 6000 8000 10000 12000

Age (cal. yr. BP)

correlation point

radiocarbon age

tephra 

mass movement deposit

Fig. 2  Age-depth model of core Co1262 based on 3 tephra geochem-
ical correlations, six calibrated radiocarbon ages derived from terres-
trial plant and fish material and cross-correlation of physical param-
eters, such as TIC, with previous Lake Ohrid and Lake Prespa cores. 
Accumulation rate (cm year−1) was calculated between known dates 
using correlated core depths (cm). Wagner et al. (2012) describes the 

correlation to other Lake Ohrid and Lake Prespa cores in full. Blue 
radiocarbon curves represent the most probable distribution of cali-
brated ages. Green tephra markers display a Gaussian distribution 
of calibrated age error (Table 1). MWD found at 121–319, 346–350, 
545–549 and 960–980 cm are shown as light grey bands
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Organic geochemistry and stable isotope analysis

The Lake Ohrid core Co1262 covers the last 12.3 ka, and 
therefore spans the transition from the Late Glacial through 
to the Holocene. In general, the sediments comprise greyish-
olive homogenous clay to silt grade mud, with minor changes 
in colour associated with varying TIC and TOC (Fig. 3, Wag-
ner et al. 2012). The sediments are massive and structure-
less, similar to other Lake Ohrid Holocene sequences, which 
can be attributed to bioturbation (Wagner et al. 2009; Vogel 
et al. 2010a). The core features several horizons of increased 
grain size (sand to gravel) and decreased water content that 
are thought to represent MWD (Wagner et al. 2012). TOC is 
minimal (<1 %) in the lower part of the core. Higher TOC 
occurs between 8 and 3.5 ka, with a maximum of 7.3 % at 
5.2 ka. Thereafter, TOC decreases to around 3 %. Over the 
majority of the core TOC results are tracked by TOC/N ratios, 
where TOC/N ranges from 5.5 to 11.2, excluding a rapid 
increase at 12 ka and a large excursion to higher values around 

0.5 ka. δ13Corganic averages −27.5 ‰ over the entire record, 
has elevated values in the upper and lower core sections and 
decreases to a minimum of −29.0 ‰ through the central unit. 
δ13Corganic is generally opposed to TOC and TOC/N. HI val-
ues from Rock Eval analysis track changes in TOC/N, having 
lower values in the upper and lower parts of the core, reaching 
a maximum of 470 at 5.2 ka and a minimum of 57 at 2.0 ka. 
OI broadly opposes HI but is by comparison relatively con-
stant, except from a spike at 2.0 ka, commensurate with the HI 
minimum. At the base of the core, there are two zones of mini-
mum TIC (below 10.3 ka and between 9.8 and 9.1 ka) where 
TIC < 0.5 % was difficult to analyse for stable isotopes. Maxi-
mum TIC (7.1 %) occurs at 4.9 ka, approximately at the same 
time as maximum TOC, and mirrors high TOC values through 
the section until 2 ka. From the base of the core to 8.5 ka, 
δ18Ocalcite values are erratic but generally decrease, fluctuating 
between −6.5 and +1.9 ‰, then gradually increase by +2 ‰ 
through the main body of core to the current value of −4.5 ‰. 
δ13Ccalcite values show a similar range, the maximum value of 
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+1.8 ‰ being towards the base of the core and the minimum 
of −3.1 ‰ at 8.6 ka, where after δ13Ccalcite remains relatively 
constant through to present averaging +0.4 ‰ apart from 
one prevalent positive excursion from 2 to 1.5 ka of +0.9 ‰. 
There are several short-term excursions shown across multiple 
proxies (e.g. 8.2, 3.4, 2.0 and 0.5 ka; Fig. 3).

Discussion

Sources of organic matter in the Lake Ohrid sedimentary 
record based on TOC/N and Rock Eval data

The Lake Ohrid sediments show fluctuations in TOC, 
TOC/N and HI, which generally have an inverse 

relationship with OI and δ13Corganic (Fig. 4). These relation-
ships are seen during both short-term events (e.g. at ≈8.2 
or 2.0 ka) and as broad changes that define three main 
zones (Fig. 3).

The OM contained within a lake sediment record repre-
sents past changes in organic production, catchment vege-
tation and the amount of particulate and dissolved material 
transferred to the lake, as well as degradation and dilution 
effects resulting from differing abundances of inorganic 
components (Meyers and Teranes 2001). OM is made up of 
a compound mixture of lipids, carbohydrates and proteins, 
amongst other constituents produced by organisms that 
lived both within the lake and in the surrounding catchment 
(Meyers 2003). The total autochthonous and allochthonous 
OM in the sedimentary record may only represent a small 
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fraction of that originally produced due to oxidation dur-
ing settling prior to its incorporation into the sediment. It 
is suggested that bulk organic content still retains impor-
tant source information even if over 90 % is lost through 
degradation (Meyers and Eadie 1993; Meyers et al. 1995; 
Hodell and Schelske 1998). The TOC/N ratio and the HI–
OI data especially are used to estimate the origin of OM 
and ultimately establish whether organic sedimentation was 
dominated by endogenic or exogenic processes (Talbot and 
Livingstone 1989; Meyers and Teranes 2001).

The TOC/N ratio of OM is used to distinguish primary 
source location differentiated by the separation of vascular 
and non-vascular plant compositions, and TOC/N is lower 
(generally <10) in aquatic plants (Talbot and Johannessen 
1992), whereas TOC/N is higher (>20) in vascular plants 
(Meyers and Teranes 2001; Leng and Marshall 2004). The 
TOC/N ratio of Co1262 fluctuates but in general is below 
10 (Fig. 3), with a mean = 8.8 (± 1.2, 1σ) ranging between 
5.5 and 11.2. TOC/N suggests that aquatic plants (prob-
ably phytoplankton) comprise the predominance of OM 
through the core. However, the lowest TOC/N could be due 
to selective decomposition (Leng et al. 2010).

Rock Eval pyrolysis is used here to identify and char-
acterise potential source components. The most useful 
derived measurements from Rock Eval pyrolysis for lake 
studies are the HI and the OI, which are thought to reflect 
the origin of sedimentary OM (Meyers and Teranes 2001) 
and compliment TOC/N data. Three main types of OM 
(Types I, II and III) are distinguished using a van Krevelen-
type HI–OI diagram, but these types are also controlled by 
the degree of oxidation and alteration during thermal matu-
ration (Talbot and Livingstone 1989). Type I sediments 
arise from material that is rich in hydrocarbons from micro-
bial biomass or waxy land plants, Type II from algal OM 
and Type III from woody plant material (Meyers and Ter-
anes 2001). The data from Co1262 show both Type II and 
Type III OM, which fall on a curve of changing OI suggest-
ing a differential amount of oxidation either as a product of 
source changes or degradation (Fig. 4e). The curve is not 
temporally disturbed, so the changes are the result of cli-
mate or environmental change at the time of deposition and 
are not due to a progressive variation (Leng et al. 2013). 
In general, HI and OI are indirectly correlated (R2 = 0.5, 
Fig. 4e) and mostly represent Type II sediments (higher HI 
and lower OI). Zones III and I have a small fraction of Type 
III dominated (low HI and high OI) sediments. HI exhibits 
much greater variation than OI and also is positively cor-
related with changes in TOC/N (R2 = 0.6, Fig. 4a), which 
suggests a dominantly algal source of OM. If organic prox-
ies tracked variations in the amounts of aquatic and terrige-
nous material in the sediment, due to the compositional var-
iation a positive correlation between TOC/N and OI would 
be expected and a negative correlation between TOC/N 

and HI. Major excursions are therefore the likely product 
of selective degradation, as with low TOC/N (Fig. 4a, b), 
rather than being caused by OM source changes.

Carbon isotope composition of organic matter from Lake 
Ohrid

As TOC/N and Rock Eval data suggest the sediment OM to 
be mostly pure algal material, δ13Corganic should record past 
variations in the aquatic carbon cycle (Leng et al. 2010). 
Even after degradation, as with TOC/N, bulk sediments are 
thought to retain primary signatures and preserve relative 
isotope variations (Meyers et al. 1995; Hodell and Schel-
ske 1998). Within hard water lakes, such as Lake Ohrid, 
algae utilise dissolved HCO3

− and therefore δ13Corganic will 
likely be a product of changes in the isotopic composi-
tion of the dissolved bicarbonate; changes due to fluctua-
tions in productivity rates and surface nutrient availability 
are also possible (Leng et al. 2013). Secondary effects may 
be a mixture of variations in pH, temperature and growth 
rate (Meyers and Teranes 2001). Phytoplankton within the 
lake will preferentially use 12C to form OM that averages 
20 ‰ lighter than the dissolved inorganic carbon source, 
and so changes in carbon supply can have a significant 
effect on δ13Corganic (Leng et al. 2005). One major carbon 
source is likely to be isotopically light soil-derived CO2 
(δ13C = −32 to −20 ‰) formed by the decay of terres-
trial organic matter, however, as HCO3

− is the dominant 
carbon species (δ13C ≈ +10 ‰ higher than CO2; Meyers 
and Teranes 2001), the dissolved HCO3

− δ13C should be in 
the region of −22 to −10 ‰ (Leng and Marshall 2004). 
Values from Co1262 imply a lake water δ13CDIC source of 
approximately −9 to −5 ‰ as δ13Corganic ranges between 
−29 and −25 ‰ (Fig. 3), which suggests the bicarbonate 
pool may have had a secondary more enriched carbon 
source. A probable origin for the heavier carbon is from the 
dissolution of the karst aquifer rocks, known to have aver-
age δ13C = +1 ‰ (Leng et al. 2010). Therefore, excursions 
in δ13Corganic through the core most probably correspond to 
periods of enhanced or reduced soil-derived carbon deliv-
ery to the lake. In general, δ13Corganic is higher in Zone III, 
decreases through Zone II to a minimum between approxi-
mately 5 and 3.5 ka, then becomes more variable through 
Zone I. δ13Corganic broadly follows a diversification in 
catchment arboreal pollen types (expansion of woodland) 
through the early Holocene and the associated development 
of rich organic soils (Panagiotopoulos et al. 2013).

Oxygen isotope composition of calcite from Lake Ohrid

During the spring–summer, when lake surface temperatures 
reach up to 27 °C, (Matzinger et al. 2006b) calcite will be 
precipitated in the epilimnion by photoautotrophic organisms 



1631Int J Earth Sci (Geol Rundsch) (2015) 104:1623–1638 

1 3

that capture the oxygen isotope composition of lake water 
(δ18Olakewater) at a given temperature. Thus, δ18Ocalcite is a 
function of both the temperature and δ18Olakewater in which 
it formed (Leng and Marshall 2004). The variation in iso-
topic composition over time records the evolution of the 
water body (Talbot 1990). Calcite precipitation requires an 
adequate supply of Ca2+ and HCO3

−, which in Lake Ohrid 
is mainly replenished by springs fed from Lake Prespa and 
concentrated by evaporation (Leng et al. 2013). SEM inves-
tigations of the calcite in Lake Ohrid have reported <30 μm 
idiomorphic calcite crystals (Matter et al. 2010) that are typi-
cal of endogenic-type precipitation (Belmecheri et al. 2009; 
Leng et al. 2010; Lézine et al. 2010).

The present day isotopic composition of waters from 
Lake Ohrid and of springs within the catchment has δ18O 
ranging between −10.2 and +1.2 ‰ and δD between −69.9 
and −12.9 ‰ (Fig. 5). These data define a local evaporation 
line (LEL) which is distinct from the global meteoric water 
line (GMWL) and indicates Lake Ohrid water is evaporat-
ing. δ18Olakewater is therefore a function of inflow (from the 
karst springs and direct rainfall) and water loss through 
evaporation, meaning any lower magnitude temperature 
or source variation signal will be unquantifiable (Leng and 
Marshall 2004). Lake Ohrid has a large water volume of 
55 km3 and a long residence time of 70 years (Matzinger 
et al. 2006b), which means it has likely reached a steady 
state where short-term variations in the input and output are 
subdued. Any changes in lake water isotope composition 
are therefore the most likely result of low-frequency (cen-
tennial) climate variations (Leng et al. 2010). In general, 
within Lake Ohrid, high TIC phases have higher δ18Ocalcite 

representing a reduced input/evaporation (I/E) ratio, while 
low TIC phases have lower δ18Ocalcite from an increased 
I/E ratio. The amount of climate signal captured within the 
endogenic calcites is directly a function of the temporal res-
olution of the sample size, higher frequency variations will 
be recorded where sedimentation rates are higher.

Carbon isotope composition of calcite from Lake Ohrid

Modern water data (Fig. 5) show Lake Ohrid to be sensi-
tive to moisture balance (I/E), however, the lake displays 
little covariance between δ18Ocalcite and δ13Ccalcite (R

2 ≤ 0.1, 
Fig. 4f) which is normally associated with (open) water 
bodies that have shorter residence times (Talbot 1990). 
Generally, in evaporating (closed) lakes, δ18O variations 
are primarily related to water balance fluctuations and 
δ13C variations are influenced by the preferential outgas-
sing of 12C-rich CO2 and exchange with atmospheric CO2 
(Talbot and Kelts 1990). Hence, it has been suggested that 
the degree of palaeohydrological closure can be estimated 
by the extent of δ18O and δ13C covariance (Talbot 1990). 
However, this trend is not evident in Co1262 and is unclear 
across Mediterranean palaeo-lake datasets indicating that 
covariance is an unreliable gauge of hydrological balance 
within the region (Roberts et al. 2008; Leng et al. 2010).

δ13Ccalcite within Lake Ohrid is relatively sta-
ble through the majority of the core (<9 ka; average 
δ13Ccalcite = +0.4 ± 0.5 ‰, 1σ) with higher and more vari-
able values in the Early Holocene up to +1.8 ‰. δ13Ccalcite 
ranges between −3.1 and +1.8 ‰ and implies past lake 
water δ13CTDIC between −4.1 and +0.8 ‰ (due to a +1 ‰ 
enrichment between calcite and TDIC; Romanek et al. 
1992). The extended residence time of lake water in Lake 
Ohrid and the relatively invariant δ13Ccalcite suggest that 
the bicarbonate has likely reached a steady state indicating 
long-term stability between source and utilisation (Talbot 
and Kelts 1990; Leng et al. 2013). We might expect some 
photosynthetic control on the isotopic composition of the 
carbon pool due to removal of 12C by aquatic organisms 
during times of heightened productivity, causing an increase 
in the isotopic composition of the carbon pool (assum-
ing burial of organic matter; Andrews et al. 1993; Leng 
et al. 2013). However, as there is no substantial correlation 
between higher δ13Ccalcite (or δ13Corganic) and higher TIC and 
TOC content, changes in primary productivity are thought 
to have little effect on δ13CTDIC which is common for lakes 
with long residence times (Talbot and Kelts 1990). Other 
processes that could lower δ13CTDIC are limited in karstic 
region lakes to primarily the oxidation of OM and the input 
of soil-derived carbon (Leng et al. 2013). Oxidation of OM 
may be responsible for short-term changes in δ13CTDIC (e.g. 
between 8.5 and 8 ka) where OI increases coincident with 
lower δ13Ccalcite and a reduction in both TIC and TOC.
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Fig. 5  The isotope composition (δ18O and δD) of modern waters 
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Late Glacial–Holocene organic matter and hydrological 
variability from Lake Ohrid

Late Glacial to early Holocene (Zone III)

In the first ca. 0.5 ka of Zone III at the base of the core 
TOC, TOC/N and HI are all low and OI is high commen-
surate with the presence of gravel-sized grains which most 
likely represent ice-rafted debris (Wagner et al. 2009, 
2012), suggesting that winter temperatures were low, pro-
ductivity was at a minimum, and therefore, sedimentation 
was dominated by clastic input. A hiatus occurs around this 
time in a previous core (Lz1120) which is thought to be the 
result of subaquatic currents causing continuous erosion or 
the prevention of fine-grained sediment accumulation dur-
ing low lake levels (Wagner et al. 2009). The low quanti-
ties of OM and TIC in the lowermost section of the core 
are therefore likely to be the result of a combined scenario 
of low productivity and dilution due to high clastic input. 
Enhanced lakewater circulation would also act to oxygen-
ate lake waters, thereby increasing OM degradation and 
lead to higher OI values and lower HI and TOC/N which 
represent altered plant material (Talbot and Livingstone 
1989). Less oxidation and higher productivity is suggested 
from 12 ka by decreasing OI and increases in TOC, TOC/N 
and HI indicating the onset of warmer temperatures.

Zone III shows a consistent positive increase across 
organic proxies (except OI which decreases), although 
there is a short-term reversal after 10.4 ka which might 
be due to the dilution of OM components from increased 
TIC. A rise from 9.8 ka in TOC, TOC/N and HI potentially 
indicates increased productivity and enhanced preserva-
tion of OM; during this period negligible TIC content could 
be linked to increased organic content and the addition of 
fresh water to the lake.

The interval between 8,500 and 8,000 cal. year BP (tran-
sition from Zone III to Zone II) is characterised by minima 
in TOC, TOC/N and HI and a peak in OI, alongside higher 
δ13Corganic and relatively low TIC (<2 %). Lower TIC, TOC 
and HI implies a reduction in primary productivity and car-
bonate precipitation and/or a higher potential for degrada-
tion and dissolution in a more oxygenated water column 
shown by higher OI. The excursions of proxies through 
this time approach values that are similar to the end of the 
core during the Late Glacial, where enhanced mixing and 
colder conditions prevailed (Wagner et al. 2009). Alongside 
cooling, aridity is suggested by higher δ13Corganic possibly 
the result of a reduction in run-off and the amount of soil-
derived carbon delivered to the lake. Increased aridity is 
also reported from pollen-based reconstructions from Lake 
Maliq (Albania; Bordon et al. 2009) and Tenaghi Philip-
pon (Greece; Pross et al. 2009), where annual precipitation 
may have decreased by up to 250 mm through this time. 

The aridity and cooling documented in Lake Ohrid occurs 
concomitant with negative excursions in Greenland ice core 
records (indicating cooling; Rasmussen et al. 2007), which 
are suggested to be the product of a perturbation to the 
North Atlantic meridional overturning circulation caused 
by the final drainage of Lake Agassiz into the North Atlan-
tic (‘8.2 kyr event’; Törnqvist and Hijma 2012). The record 
from Lake Ohrid is consistent with previous spatial recon-
structions that infer much drier climate conditions for the 
Balkan Peninsula during a cooling phase in the Northern 
Hemisphere (Alley et al. 1997; Magny et al. 2003).

Middle Holocene (Zone II)

Within Zone II, TOC and HI have maximum values (at 
5.2 ka) where a parallel rise is most likely due to a sig-
nificant increase in aquatic algal productivity (Lojka et al. 
2009). This is more typical of HI–OI Type II sediments 
(Fig. 4e) and TOC/N > 10 suggests a greater preservation 
of OM or potentially the incorporation of a minor amount 
of allochthonous material (high TOC/N). Increased rain-
fall and lakewater freshening is suggested by decreasing 
δ18Ocalcite, leading to enhanced inwash which is supported 
by progressively lower δ13Corganic resulting from enhanced 
delivery of soil-derived carbon.

An overall decrease is seen in many of the proxies 
through to Zone I, where TOC becomes increasingly vari-
able after 4.5 ka. The decline in TOC, TOC/N and HI is 
most likely associated with lower temperatures and increas-
ing aridity after 4 ka, which has been described previously 
in other Lake Ohrid cores (Wagner et al. 2008b, 2009; 
Vogel et al. 2010a) and in records from the wider Mediter-
ranean region (e.g. Bar-Matthews et al. 1999; Magny et al. 
2009). A short-term rapid decrease in TIC, TOC, TOC/N 
and HI occurs shortly after 3.4 ka, which is correlated with 
elevated K and low H2O content (Wagner et al. 2012) and 
is likely associated to the deposition of the Etna FL tephra 
at 3.37 ka (Coltelli et al. 2000).

At 2 ka, there is a pronounced and rapid excursion 
within the Co1262 data where TOC drops to <1 %, TOC/N 
to <6, HI to <60 and OI rises to >550. A maxima in OI indi-
cate more extensive oxidation of OM, which is supported 
by minimum values for TOC/N and HI being the result 
of decompositional processes rather than source variation 
(Talbot and Livingstone 1989; Meyers and Ishiwatari 1995) 
and decreasing δ13Ccalcite from the recycling of autochtho-
nous OM. At this time, anthropogenic impact in the catch-
ment is thought to be enhanced, including significant forest 
clearance and greater agricultural activity leading to higher 
erosion rates (Vogel et al. 2010a; Aufgebauer et al. 2012). 
Greater erosion would lead to an increased delivery of fine-
grained clastic material to the lake, seen as a K and sedi-
mentation rate peak in Co1262 (Wagner et al. 2012), and 
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also to an enhanced supply of nutrients and OM. This OM 
would be readily oxidised, causing the release of CO2 and a 
decrease in bottom water pH.

Late Holocene to Present (Zone I)

Following the transition from Zone II to Zone I, TIC and 
TOC are generally higher through to roughly 0.5 ka, which 
suggests an increase in productivity and a reduction in both 
mixing and decomposition of OM. Around this time, there 
was a substantial lake level drop in nearby Lake Prespa, 
which could have had a profound effect on Lake Ohrid’s 
productivity as waters delivered through karstic springs 
contain significant amounts of bioavailable elements such 
as phosphorous (Matzinger et al. 2006a). Reduction of the 
water level of Lake Prespa may lead to an increased trophic 
state in Lake Ohrid and the potential for an enhanced phos-
phorous load to be transferred (Matzinger et al. 2006a; 
Wagner et al. 2009). There is an associated K decrease in 
Co1262 through this interval (Wagner et al. 2012), which 
could be related to increased catchment vegetation reduc-
ing erosion; as shown by higher AP percentages in pollen 
data from Lz1120 (Lake Ohrid; Wagner et al. 2009) and 
Co1215 (Lake Prespa; Aufgebauer et al. 2012). This may 
also be related to a decrease in recharge and increased arid-
ity associated with a minor elevation in summer tempera-
tures, indicated by pollen-based reconstructions from Lake 
Maliq (Bordon et al. 2009), which can be correlated to a 
warmer climate during the Medieval Warm Period (≈1–
0.7 ka; Crowley and Lowery 2000). Lower values for TIC 
and TOC after 0.5 ka indicate reduced primary productiv-
ity and a slight elevation in OI suggests a return to more 
oxygenating conditions and an associated increase in OM 
decomposition. These observations correlate with colder 
temperatures attributed to the Little Ice Age, observed in 
other records from Lake Ohrid and the surrounding region 
(Wagner et al. 2009; Aufgebauer et al. 2012; Francke et al. 
2013).

In recent years (<0.15 ka), OM concentrations have 
started to increase, which may be the result of anthropo-
genic eutrophication (Matzinger et al. 2007). However, the 
changes seen during the Late Holocene show that a signal 
of natural climate variability is preserved within the lake 
sediments and has not been completely overridden by 
anthropogenic activity.

Comparison of oxygen isotope composition between Lake 
Ohrid and other eastern Mediterranean lakes

Late Glacial to Holocene transition

High δ18Ocalcite through the Younger Dryas is seen across 
Mediterranean lake records (e.g. Lake Van, Wick et al. 

2003; Lake Frassino, Baroni et al. 2006), which may be 
linked to aridity associated with North Atlantic Heinrich 
events (Roberts et al. 2008). In Lake Ohrid, previous stud-
ies have suggested low lake levels coincident with stronger 
wind intensities (Vogel et al. 2010a) and higher δ18Ocalcite 
is seen both Lake Ohrid and Lake Prespa (Fig. 6a). This 
is interpreted as a reduction in winter rainfall and greater 
summer aridity, conditions characteristic of the Younger 
Dryas where annual precipitation decreased by up to 50 % 
across the Aegean region (Kotthoff et al. 2011).

Early Holocene

After the Younger Dryas high δ18Ocalcite phase (post-10 ka), 
δ18Ocalcite are at a minimum. This change is common across 
almost all Mediterranean lakes (e.g. Lake Eski Acigöl and 
Lake Zeribar; Fig. 6b) and is probably linked to increased 
freshwater input due to warmer and wetter conditions dur-
ing the early Holocene, also recorded as a negative shift 
of ca. 4 ‰ in Soreq cave speleothems (Bar-Matthews 
et al. 2003). This is also seen as a maximum lake level in 
the Dead Sea (Frumkin 1997) and wetter conditions as 
recorded in δ18O of land snail shells (Goodfriend 1991). 
This low δ18O phase is coincident with the formation of 
marine sapropel I in the Mediterranean Sea, which is con-
sidered to originate from greater precipitation rates causing 
freshening of surface waters (Kallel et al. 1997; Kotthoff 
et al. 2008) combined with increased inflow from the river 
Nile both acting to create a freshwater surface layer and 
subsequent bottom water anoxia between 9.5 and 6.5 ka 
in the Mediterranean Sea (Rohling 1994; Ariztegui et al. 
2000). During this time, other lakes from around the Medi-
terranean remain isotopically fresh shown by relatively sus-
tained low δ18O values (Fig. 6b; Roberts et al. 2008).

There is a shift to more positive δ18Ocalcite values in Lake 
Ohrid between 8.6 and 8 ka suggesting increased aridity; at 
this time, lakes Prespa, Gölhisar and Zeribar show exempli-
fied shifts likely due to their shorter lake water residence 
times and lower lake water volumes (Stevens et al. 2001; 
Eastwood et al. 2007; Leng et al. 2013). These positive 
δ18Ocalcite are most likely linked to a drier climate in north-
ern and southern Europe during the North Atlantic ‘8.2 
event’ (Alley et al. 1997), as part of a hydrological tri-parti-
tion at the time (Magny et al. 2003).

Middle Holocene

Lake Ohrid had less winter recharge from 7 ka, suggested 
by a general increase in δ18Ocalcite assuming summer evap-
oration was not counteracted. This is in contrast to Lake 
Prespa where recharge was sufficient due to a lower lake-
water volume to catchment area ratio (Leng et al. 2010). At 
Lake Gölhisar, δ18Ocalcite also increases through this time 
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Fig. 6  a Comparison of δ18Ocalcite between core Co1262 and previ-
ous records from Lake Ohrid and Lake Prespa. b Comparison of 
δ18Ocalcite between Co1262 and other records from the eastern Medi-
terranean region (Fig. 1; Ohrid Co1202, Vogel et al. 2010a; Ohrid 

Lz1120, Wagner et al. 2010; Prespa Co1215, Leng et al. 2013; 
Dojran, Francke et al. 2013; Gölhisar, Eastwood et al. 2007; Eski 
Acigöl, Roberts et al. 2001; Zeribar, Stevens et al. 2001); dashed 
lines indicate zones described in this paper (Fig. 3)
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period, however, there is also a higher degree of variabil-
ity as the lake responds very rapidly to moisture balance 
changes (Eastwood et al. 2007). Lake Eski Acigöl and Lake 
Zeribar shift to higher δ18Ocalcite values from around 7 ka 
(Roberts et al. 2001; Stevens et al. 2001). At Lake Dojran 
δ18Ocalcite values remain relatively constant from 7 ka 
(Francke et al. 2013), but have lower δ18Ocalcite prior to this, 
which is most likely due to the shallow bathymetry of the 
lake. A minor drop in lake level results in a large drop in 
surface area greatly reducing evaporation leading to lower 
δ18Ocalcite (Francke et al. 2013). Overall though, eastern 
Mediterranean lakes have low and stable δ18Ocalcite values 
through the middle Holocene, with variable δ18Ocalcite due 
to site-specific variations (Fig. 6; Zanchetta et al. 2007a; 
Roberts et al. 2008; Develle et al. 2010; Leng et al. 2013).

Generally, high δ18Ocalcite values are seen between 6 
and 4 ka in Lake Gölhisar and Lake Zeribar (Stevens et al. 
2001; Eastwood et al. 2007), with a shorter-term event 
recorded in Lake Prespa, Dojran and Eski Acigöl between 
4.3 and 3.9 ka (Roberts et al. 2001; Francke et al. 2013; 
Leng et al. 2013). This might correlate to the 4.2 ka event, 
described previously from the OM data in Lake Ohrid 
(Sect. 5.5.2), which has been interpreted as a short period 
of cooler temperatures and more arid conditions compa-
rable to other Mediterranean records (e.g. Bar-Matthews 
et al. 1999; Magny et al. 2009; Vogel et al. 2010a). Tem-
perature reconstructions from the surrounding Aegean 
(Rohling et al. 2002) and Adriatic Seas (Sangiorgi et al. 
2003) concur with cooling, whilst dry conditions are pro-
moted by reduced moisture availability from the Atlan-
tic during positive North Atlantic Oscillation (Lamy et al. 
2006) which is correlated with a strong drop in African lake 
levels resulting from a weakening of the African monsoon 
(Kröpelin et al. 2008; Magny et al. 2009).

Late Holocene

Lake Ohrid shows sustained high δ18Ocalcite from 2 ka until 
around 0.5 ka which is also recorded across a range of 
Mediterranean lakes (Roberts et al. 2008) and speleothems 
(Bar-Matthews et al. 2000; Zanchetta et al. 2007b). Nota-
ble, is the large positive excursion in Lake Prespa inter-
preted as the result of a significant lake level drop (see Sect. 
5.5.3; Leng et al. 2010). Leading up to and through this 
time period Northern Europe was cooler due to a decrease 
in solar insolation (Van Geel et al. 2000; Wanner et al. 
2008), which may have caused the pattern of regional aridi-
fication by reducing moisture advection from the Atlantic 
(Leng et al. 2013). This is also seen in a weakening of the 
African monsoon and the onset of dry conditions in the 
Sahara (Gasse 2000).

Fresher lake water conditions are suggested from 0.5 ka 
by lower δ18Ocalcite in Co1262, however, not to the extent 

of other Lake Ohrid and Lake Prespa records (Vogel et al. 
2010a; Wagner et al. 2010; Leng et al. 2013). The degree 
of freshening may in part be related to changes in Lake 
Prespa, which for this time had δ18Ocalcite of ≈−7 ‰; these 
waters would have been transferred to Lake Ohrid through 
the karst aquifer network. An overall freshening of the lake 
might also be associated with forest clearance and anthro-
pogenic change (Wagner et al. 2009), where a more direct 
route for rainfall from catchment to lake would result in 
lake waters reflecting lower δ18Orainfall. In recent years, 
apparent freshening has been enhanced where changes in 
water balance have been anthropogenically controlled by 
the use of tributaries for agricultural irrigation (Matzinger 
et al. 2006b) and the 1962 diversion of the River Sateska 
into Lake Ohrid (Leng et al. 2010).

Conclusions

Here, new stable isotope and geochemical data from core 
Co1262 (the highest resolution and best-dated record from 
Lake Ohrid to date) provides valuable information on local 
climate and hydrological variations through the Late Gla-
cial to Holocene.

The sedimentary sequence from Lake Ohrid have been 
divided into three main zones based mainly on changes in 
the organic and inorganic content of the sediments. The 
lowermost part of Zone III (>12 ka) suggests low produc-
tivity and reduced groundwater recharge. The lake water 
would have been well oxygenated promoting OM degra-
dation. Warmer temperatures through the rest of this zone 
might have been the cause of increased lacustrine and 
catchment productivity. At the transition from Zone III to 
Zone II, an event between 8.6 and 8.0 ka suggests a return 
to colder conditions and lower productivity, most likely the 
response in Lake Ohrid to the 8.2 ka cooling event. Zone II 
shows an initial increase in aquatic productivity and terres-
trial input through a warm and stable period. From 4.5 ka, 
OM content becomes more variable following lower tem-
peratures and aridity, a prevalent negative excursion occurs 
after 3.4 ka coincident with the deposition of the Etna FL 
tephra. Within an overall change to more positive δ18Ocalcite 
(greater aridity) through the Holocene are several rapid 
arid events, which due to confidence in the dating, appear 
to match temporally with concomitant excursions in Lake 
Prespa. A significant short-term excursion is recorded 
at 2 ka across all datasets to pre-Holocene levels. At this 
time, anthropogenic activity is documented to have had a 
widespread influence on catchment vegetation through for-
est clearance leading to higher erosion. Short-term climate 
variations are seen in the most recent record, in particu-
lar increased productivity around 1 ka and the subsequent 
decrease likely represents the response to the Medieval 
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Warm Period and the Little Ice Age. Recent increases in 
OM concentrations are probably linked to anthropogenic 
eutrophication.

The data from Co1262 fits both temporally and spatially 
into what is known about Late Glacial to Holocene climate 
across the Mediterranean but both at a higher resolution and 
with a better chronology. The data and interpretations will 
give context for a reconstruction of climate and hydrology 
for the Scientific Collaboration On Past Speciation Condi-
tions in Lake Ohrid (SCOPSCO) cores over the entire lake 
history, which likely goes back to the Lower Pleistocene 
(Wagner et al. 2014).
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