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Abstract
Detailed knowledge about the history of vegetation, fire and land use is scarce in Northern Greece. We analysed lake sedi-
ments from Limni Zazari (Northern Greece) to reconstruct the past local vegetation and fire history with a special focus 
on land use and its impacts on erosion and lake eutrophication. Our data suggest a rather dense steppic vegetation after 
ca 20,000 cal bp (18050 cal bc). Forest expansion with Pinus sylvestris and admixed Quercus pubescens started around 
14,500 cal bp (12550 cal bc). After the onset of the Holocene, mixed deciduous sub-mediterranean oak forests expanded, 
accompanied by rapidly decreasing soil erosion rates and increasing aquatic biological productivity. Pollen of cereals and 
Plantago lanceolata suggests continuous farming activities in the region after 8,200 cal bp (6250 cal bc), in agreement with 
archaeological evidence. Fairly closed mixed pine-oak forests dominated the landscape until ca 3,500 cal bp (1550 cal bc) 
that were only temporarily reduced during the Neolithic around 7,100 and 6,500 cal bp (5150 and 4550 cal bc). Land cover 
changes and aquatic biogeochemistry were closely linked during this period. Forest phases corresponded to lake eutrophica-
tion and hypolimnetic anoxia (meromixis), whereas during periods of deforestation (e.g. around 8,200 cal bp/6250 cal bc) 
soil erosion rates and lake mixing increased, while aquatic productivity decreased. After 3,500 cal bp (1550 cal bc) humans 
disrupted forests and open land vegetation expanded (e.g. Artemisia, Rumex-type, Cichorioideae, Chenopodiaceae). With 
the onset of the Iron Age (ca. 3,050 cal bp/1100 cal bc) grassland communities expanded massively and pine-oak forests 
gradually declined. Anthropogenic pressure on forests increased even more during the past 500 years. Finally, forest recovery 
during the recent decades led to decreased erosion and increased lake productivity. We conclude that over the millennia, 
intense pastoral and arable activities shaped both aquatic and terrestrial environments, ultimately creating a humanized 
vegetation mosaic in which the original natural mixed deciduous oak forests only form relict stands. Future climate warm-
ing and decreasing anthropogenic pressure may release a rapid spread of mixed deciduous oak forests around Limni Zazari.
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Introduction

The linkages between climate, vegetation and land use 
during the past 20,000 years in lowland Northern Mac-
edonia, Greece, have been of scientific interest for decades 
(e.g. Wijmstra and Smit 1976; Willis 1992). However, in 
the study area, which includes the four lakes Chimaditis, 
Petron, Vegoritis and Zazari and is therefore denominated 
the Four Lake District or Amindeon Basin, vegetation 
records covering the entire time after the ice age (i.e. the 
past 20,000 years) are temporally rather coarsely resolved. 
This can be partly attributed to a focus on multi-millennial 
vegetation dynamics over long time scales, for instance 
for the two large lakes lying north-west of our study site, 
Ohrid and Prespa (> 500,000  years, e.g. Sadori et  al. 
2016). Major overview contributions to reconstructing past 
vegetational changes in our study area (e.g. Limni Chi-
maditis, Limni Vegoritis) were made by Bottema (1974, 
1982, 1995, 2003). Yet, the chronology for Limni Chima-
ditis (2 km from Limni Zazari) is based on 14C bulk dat-
ing and thus only tentative (i.e. influenced by hard-water 
effects, Bottema 2003).

From the Near East where farming originated in the Fer-
tile Crescent, Neolithisation rapidly spread via Anatolia to 
the Balkan region (Guilaine 2003; Schier 2009), possibly 
in two pathways northward to Central Europe (Ammer-
man and Cavalli-Sforza 1971; Hofmanová et al. 2016). 
Nonetheless, there are indications for a coeval emergence 
of Neolithisation patterns, suggesting that the dynamics 
of European Neolithisation are not yet fully understood 
(e.g. Reingruber 2008; Kotsakis 2014). For South-Western 
Europe for example, another pathway from Crete via the 
Ionian Sea towards Northern Italy and Southern France has 
recently been described by Guilaine (2018). Neolithisation 
dynamics in the Southern Balkans provide the basis for 
expansion of agriculture into Central and Northern Europe, 
because they preceded similar developments there by ca 
1,000–2,000 years. The introduction of farming in South 
Eastern Europe started around 8,500 cal bp (ca. 6550 cal 
bc, e.g. Hofmanová et al. 2016), triggering socio-economic 
shifts that led to increased land use and a resulting change 
in ecosystems and vegetation. The first early farming com-
munities in the Four Lakes District of Macedonia also 
appeared in the mid-7th millennium bc (Chrysostomou 
et al. 2015), therefore our study area in Northern Greece is 
regarded as a passage way between the Fertile Crescent and 
Central and Northern Europe (Tringham 2000).

Knowledge about Neolithisation and its possible cli-
matic triggers in the Four Lakes District in Macedonia and 
elsewhere in Europe is still fragmented. In particular it is 
unknown if Neolithisation involved gradual local adapta-
tion processes over centuries (e.g. of crops, husbandry, 

resources for material culture) or if people immigrated 
with a complete and rather rigid tool box that was instan-
taneously successful (Neolithic package, e.g. Budja 2004; 
Krauß et  al. 2018; Mathieson et  al. 2018). This latter 
model might have been successful in Mediterranean areas, 
where environmental conditions correspond to the region 
where farming developed, yet it seems very unlikely for 
cool-temperate and moist Europe north of the Alps. To 
further understand the dynamics and processes of Neoli-
thisation in the Southern Balkan region, an interdiscipli-
nary approach involving archaeology, dendrochronology 
and palaeoecology is necessary.

The principle aim of this study is to explore the linkages 
between climate, land use, vegetation and the fire regime at 
Limni Zazari. We use state-of-the-art multi-proxy palaeo-
ecological approaches covering the past 20,000 years from 
Limni Zazari in Macedonia, Northern Greece to (1) create 
a robust chronology unaffected by hard-water effects, (2) 
disentangle the main drivers of vegetation dynamics (cli-
mate vs. human impact), (3) identify the first signs of anthro-
pogenic land use linked to Neolithisation, (4) investigate 
anthropogenic ascendancy during periods of first advanced 
European civilizations from 3,500 cal bp onwards and (5) 
study human induced changes of the landscape, including 
soil erosion and biogeochemical processes in the lake.

Study site

Limni Zazari is a small, shallow lake located in the Eordea 
basin in Macedonia, Northern Greece, close to the border with 
Albania and the Republic of North Macedonia (40°37′31″N, 
21°32′50″E, 606 m a.s.l., Fig. 1). The Eordea basin is part of 
the Pelagonian Plain, to the east of the Pindus range, domi-
nated by calcareous bedrock and framed by mountains towards 
the north-west. Climate conditions are temperate continental 
with generally dry and cool conditions in summer and cold 
winters. Average annual precipitation amounts to 516.7 mm 
and the mean annual air temperature is 12.3 °C, while the 
mean monthly air temperatures for January and July are 2.6 
and 22 °C, respectively (Seferlis et al. 2009). Vegetation 
around the lake mostly consists of grassland and shrubs, as 
well as scattered deciduous trees such as Quercus pubescens, 
Carpinus orientalis and Fraxinus excelsior (Fig. 1). In close 
proximity to the lake shore, reeds and herbs are prevalent, e.g. 
Phragmites australis, Poaceae, and Artemisia. The shores 
of Limni Zazari are confined by arable land to the East and 
West with a few Populus trees, whereas shrubby hills with 
single Q. pubescens and Rosaceae define the north-western 
shore. Towards the south of the lake the village of Limnochori 
reaches the water front. The south-facing hills approximately 
2 km to the north-west of the lake consist of lowland forests, 
including mainly broadleaved taxa dominated by Q. pubescens 
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and Q. cerris, together with Fagus sylvatica, admixed Acer as 
well as Hedera helix. At higher elevations, forest composi-
tion shifts to beech maple forests with Corylus avellana above 
1,300 m a.s.l., while different pine species predominate above 
1,500 m a.s.l.

The lake covers over 2 km2 and has a mean and maximum 
water depth of 4.3 m and 6.3 m, respectively. An inlet at the 
north-eastern shore can be regulated through a floodgate, 
while in the south a ditch constructed in the 1960s transports 
excess water from Limni Zazari to Limni Chimaditis. Limni 
Zazari is considered a eutrophic lake, which can be related 
to anthropogenic influence, i.e. agricultural run-off (Skou-
likidis et al. 1998). Several archaeological excavation sites are 
located close to Limni Zazari and Limni Chimaditis (Limno-
chori, Anarghiri), and another one is situated next to Limni 
Vegoritis (Agios Panteleimon), all located in the Four Lakes 
District or Amindeon Basin. Further important archaeological 
sites (Dispilió, Mavropigi) are situated within a 20 km radius 
of Limni Zazari, outside the Amindeon Basin. In this region 
the archaeological sites show comparable archaeological 
evidence, suggesting that in the past the settlements of both 
regions shared cultural characteristics (Karkanas et al. 2011; 
Chrysostomou et al. 2015).

Methods

Fieldwork

We retrieved two parallel sediment cores from Limni 
Zazari (40°37′31″N, 21°32′50″E) at a water depth of 5.3 m 

using a UWITEC piston corer (6 cm diameter, Fig. 1) in 
April 2016. The two parallel cores (ZAZ-1, ZAZ-2) were 
matched to a composite sequence of 6 m, by means of 
visual parallelization based on lithological marker hori-
zons. Bathymetric data from Rosenmeier (2005) was used 
for the bottom left of Fig. 1. Modern pollen assemblages in 
surface sediments are related to the observable vegetation 
composition in the landscape (Davis 1963), based on an 
overview field survey of modern vegetation in the pollen 
catchment of Limni Zazari.

Chronology

The age-depth model relies on dated terrestrial plant mac-
rofossils, which have been obtained through sediment siev-
ing with a mesh size of 200 µm. All sediment subsamples 
were 2 cm thick, had a volume of 8–20 cm3 and were 
frozen prior to sieving. Due to low macrofossil concen-
trations, the lower 141 cm were sampled contiguously. In 
total, 135 subsamples were sieved and analysed under a 
binocular microscope using a magnification between 6 and 
50× and plant macrofossils were identified with standard 
plant morphology keys (e.g. Cappers et al. 2006). A total 
of 12 macrofossil samples were dated using accelerator 
mass spectrometry (AMS) at the LARA AMS Labora-
tory, Bern (Table 1). The obtained 14C dates (bp) were then 
calibrated (cal bp) using CALIB 7.1 (Stuiver et al. 2017) 
with the IntCal13 calibration curve (Reimer et al. 2013). 
The final age-depth model (Fig. 2) was calculated with 
the program clam using a smooth spline (Blaauw 2010). 

Fig. 1  Study site. Overview 
(top left), bathymetric map 
with white figures indicating 
water depth in m (bottom left), 
topographic view of study site 
and neighbouring lakes (top 
right, adjusted from Google 
Earth, 2017), photograph of 
Limni Zazari (bottom right; A. 
Lotter 2016)
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A 95% probability distribution envelope was added using 
the GAM model by Heegaard et al. (2005). 

Pollen and charcoal analysis

61 subsamples of 1 cm3 were taken at 10 cm intervals from 
the sediment cores and prepared for pollen and charcoal 
analysis. Due to variable sedimentation rates, subsampling 
resolution was increased to 5 cm at the base of the core 

between 490 and 550 cm and decreased at the top 100 cm. 
Sediment subsamples were treated chemically (KOH, HCl, 
HF and acetolysis) and physically (0.5 mm sieving and 
decanting) and stored in glycerine following standard pro-
cedures (Moore et al. 1991). Prior to treatment, Lycopodium 
tablets were added to estimate pollen and microscopic char-
coal concentrations (particles  cm−3) and influx (particles 
 cm−2  year−1; Stockmarr 1971). Pollen was identified and 
counted under a light microscope with a magnification of 
400×, using the reference collection of the Institute of Plant 
Sciences of the University of Bern and palynological keys 
(e.g. Moore et al. 1991; Reille 1992; Beug 2004). Oak pol-
len was differentiated between the two pollen types Quercus 
frainetto-type (corresponding to Q. pubescens-type else-
where in southern Europe) and Q. cerris-type, while the Q. 
ilex-type was not found. Q. robur is presumably not native 
to the study region (Eaton et al. 2016), albeit its occurrence 
cannot be excluded fully and has been recorded at Lake 
Ohrid for the Eemian interglacial (Sinopoli et al. 2018). 
However, we assume that most pollen of Q. frainetto-type 
derives from Q. frainetto, Q. pubescens and somewhat less 
likely, from Q. petraea. The Q. cerris-type includes pollen 
of Q. cerris, Q. suber, Q. macrolepis and Q. trojana. Most 
of the species within the Q. cerris-type are deciduous or 
semi-deciduous, except for evergreen Q. suber, which we 
assume is not native locally. Abies poses similar problems, 
since Abies alba grows with A. borisii-regis in the region, 
while A. cephalonica reaches here its northernmost extent 
(Lang 1994b; Caudullo and Tinner 2016). Thus, it is impos-
sible to assign the pollen exclusively to one of these Abies 
species, although it most likely originated from A. alba 
(Lang 1994b). Generally, a minimum pollen count of 500 
terrestrial pollen grains per subsample was achieved for the 

Table 1  Radiocarbon dates, calibrated and modelled ages

Sample code Depth (cm) 14C age (bp) Age (cal bp, 2σ range) Age in dia-
gram (cal bp)

Dry 
weight 
(mg)

Material

BE-6440.1.1 110–108 725 ± 40 565–730 680 1.1 Bud, seed, leaf fragments
BE-6725.1.1 212–210 2,770 ± 20 2,792–2,925 2,860 3.3 Leaf fragments
BE-6439.1.1 279–277 4,495 ± 40 4,980–5,301 5,160 1.4 Betula seed, leaf fragments, 2 bud scales
BE-6438.1.1 311–309 5,405 ± 20 6,189–6,278 6,240 2.6 Pinus seed, 1/2 seed, leaf fragment
BE-6724.1.1 378–376 6,305 ± 20 7,173–7,268 7,230 3 Twig, epidermis, leaf fragments
BE-6979.1.1 402–400 6,920 ± 120 7,572–7,968 7,770 0.4 Charcoal
BE-6978.1.1 410–406 7,370 ± 150 7,874–8,447 8,190 0.4 Leaf fragments, bud scale
BE-6980.1.1 441–439 8,300 ± 130 9,007–9,529 9,280 0.4 Leaf fragment
BE-6977.1.1 471–467 7,730 ± 50 8,419–8,592 Rejected 1 Leaf fragments, charcoal
BE-6437.1.1 476–472 9,560 ± 50 10,711–11,106 10,930 1.4 Asteraceae seed, bud, leaf fragments
BE-6976.1.1 515–505 3,830 ± 90 3,977–4,511 Rejected 1.6 Bud scale, charcoal
BE-6346.1.1 565–560 15,830 ± 40 18,934–19,226 19,080 49.9 Twigs, bud

Fig. 2  Age-depth model for Limni Zazari. Black dots represent cali-
brated ages of plant macrofossils with 2 sigma error bars (IntCal13, 
Reimer et al. 2013). Connecting black line shows the modelled chro-
nology (smooth spline, smoothing factor 0.3; Clam 2.2, Blaauw 
2010). Blue envelope represents the 95% confidence interval (GAM, 
Heegaard et al. 2005)
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largest part of the core (160–500 cm), while a pollen sum of 
200 could be achieved in subsamples with very low pollen 
concentrations. Microscopic charcoal particles (> 10 µm) 
were counted following the procedure outlined in Finsinger 
and Tinner (2005) and Tinner and Hu (2003). We identified 
local pollen assemblage zones (LPAZ) using optimal sum 
of squares partitioning (Birks and Gordon 1985) with the 
program ZONE 1.2. We used the program BSTICK (Bennett 
1996) to define statistically relevant zones.

Statistical analysis

To identify gradients in the species and sample distribu-
tion, we performed ordination analysis on pollen percentages 
with the program Canoco 4.5 (ter Braak and Smilauer 2002). 
First, a detrended correspondence analysis (DCA) was per-
formed, to select the optimal response model. A gradient 
length of the first DCA axis of 2.727 indicates that both 
linear and unimodal methods can be applied (Legendre and 
Birks 2012). We decided on a principal component analysis 
(PCA) for the following ordination analysis (Birks and Gor-
don 1985; ter Braak and Prentice 1988).

Geobiochemical analysis

Geochemical compositions were assessed by means of 
XRF-scanning at the Institute of Geological Sciences of 
the University of Bern using an ITRAX XRF scanner (Cox 
Ltd., Sweden) equipped with a Cr X-ray tube. Analysed ele-
ments include bromine (Br), titanium (Ti) and zirconium 
(Zr) at a resolution of 0.5 cm and integration time of 50 s at 
30 kV and 50 mA. Element intensities/relative concentration 
changes are reported as counts. According to Ziegler et al. 
(2008), Br is often enriched in organic matter and can be 
used as an approximation for sedimentary organic carbon. 
We use Ti and Zr as markers of terrigenous sediment deliv-
ery from the watershed (e.g. Haug et al. 2001). Ti and Zr 
values are reflecting sediment grain size, with high values 
pointing towards a higher grain size fraction due to sediment 
mobilization, e.g. by wave action at receding shorelines. 
Hence, they may indicate low lake-level stands (Haberzettl 
et al. 2007).

Hyperspectral Imaging (HSI) scans were performed 
on the fresh sediment half-cores using a Specim PFD-xx-
V10E hyperspectral single core scanning system (Butz et al. 
2015; 68 μm/pixel, spectral resolution of 2.8 nm; camera 
slit width 30 μm; spectral sampling 1.57 nm). Data post-
processing followed Butz et al. (2015) using ENVI/IDL 
5.4/8.6. Sedimentary photopigments (chlorophyll-a and 
derivatives, bacteriopheophytin-a) and clay minerals (illite, 
chlorite, biotite) were diagnosed with well-established spec-
tral indices (Rein and Sirocko 2002; Trachsel et al. 2010) 

and modified with the continuum removal according to Butz 
et al. (2015, 2017). We used three spectral indices: (1) The 
relative absorption band depth with the minimum reflectance 
at 673 nm (RABD673; Eq. 1) indicative of ‘green pigments’ 
(chlorophyll-a and diagenetic products; Rein and Sirocko 
2002; Butz et al. 2017) and aquatic productivity, (2) the 
RABD845 (Eq. 2) which is indicative of bacteriopheophy-
tin-a and meromixis (Bphe-a; Butz et al. 2015, 2017) and (3) 
the spectral index R570/R630 (slope between reflectance at 
570 nm and 630 nm; Rein and Sirocko 2002; Trachsel et al. 
2010; Butz et al. 2015) for clay minerals (illite, chlorite, 
biotite; reflectance minimum at R690 nm here referred to as 
‘lithogenic influx’).

Results and interpretation

Chronology, lithology, XRF and HSI

We constructed the age-depth model (Fig. 2) on the basis 
of 10 terrestrial macrofossil radiocarbon dates (Table 1). 
Two further dates did not fit into the modelled GAM 
envelope of the 95% confidence interval and were there-
fore rejected. Sedimentation rates are mostly constant 
(0.01–0.05 cm year−1), apart from higher sedimentation 
rates between 8,000 and 6,000 cal bp (6050–4050 cal bc; 
Fig. 2) and at the top (500 cal bp–present). The oldest mac-
rofossil in our record dates to 19,100 cal bp (17150 cal 
bc), at 560–565 cm core depth. Linear extrapolation of 
the age-depth model was performed down to 20,000 cal bp 
(18050 cal bc) only.

The bottom of the sediment core, from 603.5 to 484 cm 
(ca. 20,000–11,800 cal bp/18050–9850 cal bc), consists of 
sandy clay (Figs. 2, 3, 4, 5). There Ti, Zr and lithogenic clay 
amounts (R570/R630) are low, ‘green pigments’ at moder-
ate levels and Bphe-a values are high (Fig. 5), all together 
suggesting a fairly stable landscape with low erosion rates 
and a deep lake with meromictic conditions and moder-
ate primary productivity. Above 590 cm sediment depth, 
primary productivity (RABD673) decreases, Br values are 
low and meromixis disappears (low RABD845, Fig. 5). 
Peaks in Zr, Ti and ‘lithogenic components’ (R570/R630) 
suggest enhanced soil erosion. The lithostratigraphy from 
484 cm upwards changes from sandy clay to silty gyttja 
(Figs. 3, 4), also comprises the predominant lithology in 
the remainder of the core upwards. Br and ‘green pigments’ 

(1)

RABD673 nm

=

(

36 ∗ R587.09 nm + 54 ∗ R730.66 nm

90

)/

R671.85 nm

(2)

RABD845 nm

=

(

34 ∗ R789.83 nm + 34 ∗ R900.34 nm

68

)/

R845.91 nm
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increase from ~ 11,500 cal bp (9550 cal bc) onwards, mirror-
ing the change from clastic sediment to gyttja and indicating 
a highly productive lake system with generally low erosion 
rates (low Zr, Ti and R570/R630). Two 2 mm wide sand 
layers occur at a depth of 473 and 474 cm, which may have 
formed either due to low lake levels, landslips from the 
shoreline, or erosional input, e.g. through increased surface 
runoff in response to higher precipitation (Haberzettl et al. 
2007). Although this middle part (480–248 cm) is generally 
characterized by high primary productivity (high Br and 
‘green pigments’), frequent meromixis (high RABD845) 
and low erosion rates (low Ti, Zr and R570/R630), several 
distinct maxima in Ti, Zr and lithogenics occur between 
430 and 400 cm (9,000–7,700 cal bp/7050–5750 cal bc) 
and 370–310 cm (7,100–6,200 cal bp/5150–4250 cal bc). 
These maxima suggest erosion pulses, which coincided 
with a decrease in aquatic productivity and temporary 
breakdowns of meromixis and, possibly, lower lake levels 
(Haberzettl et al. 2007). In the upper part of the core, from 
248 to 97.5 cm (4,150–550 cal bp/2200 cal bc–cal ad 1400), 
increasing trends in Zr, Ti and lithogenics suggest increas-
ing catchment erosion while aquatic productivity decreased 
at the same time. The uppermost part of the sediment core 
(97.5–0 cm) consists of brown silty gyttja, regularly inter-
rupted by dark brown gyttja. The lake was well oxygenated 
(low RABD845) and aquatic productivity was intermediate 
to high (RABD673 values; distinctive peak in the upper-
most part); erosion rates remained high (high Zr, Ti and 
lithics, Fig. 5) with a sharp drop of R570/R630 at the very 
top.

Vegetation and fire history

We determined five statistically significant local pollen 
assemblage zones (LPAZ) in the Zazari record (Fig.  3, 
ZAZ-1-ZAZ-5). Our vegetation survey is consistent with 
the surface pollen assemblage, indicating an open landscape 
with meadows (non-arboreal pollen, NAP such as Achillea-
type, Centaurea jacea-type and Poaceae), and isolated oak 
forest patches (Q. frainetto-type, Q. cerris-type). In general, 
arboreal pollen (AP, including trees and shrubs) percent-
age, concentration and influx values have similar trends, 
whereas the NAP percentage trend agrees with NAP influx 
but differs from NAP concentrations (Fig. 4), probably as a 

Fig. 3  Pollen diagram of Limni Zazari showing selected pollen taxa 
as percentages of the terrestrial pollen sum (i.e. aquatic pollen and 
all spores excluded). White curves show a ×10 exaggeration. Micro-
scopic charcoal concentration and influx curves are shown as frag-
ments  cm−3 and fragments  cm−2  year−1 (Analysis S. Gassner 2017). 
Archaeological context column showing Iron Age (IA) and Bronze 
Age (BA) for nearby archaeological sites

▸
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consequence of fast sediment accumulation during phases 
of erosional input such as in the last 500 years.

ZAZ‑1: 20,000–16,300 cal bp (18050–14350 cal bc)

The Zazari record shows high pollen percentages for 
herbs (80–90%), dominated by Artemisia, Chenopodi-
aceae and Poaceae, indicating steppic conditions during 
the transition from the Last Glacial Maximum (LGM, ca 
23,000–19,000 cal bp/21050–17050 cal bc; Kaltenrieder 
et al. 2009) to the early Late Glacial period at the onset of 
the Oldest Dryas (Fig. 3). Artemisia has the highest pol-
len percentages (> 40%), pointing to its prevalence in the 
steppe. Chenopodiaceae became increasingly important, 
perhaps in response to declining moisture availability at ca 
19,000–16,000 cal bp (17050–14050 cal bc; El-Moslimany 
1987). Pollen grains of the pioneer shrub Hippophaë were 
found in this zone, along with first occurrences of pollen 
from pioneer arboreal taxa like Betula, Pinus, Salix, but also 
mid to late successional thermophilous trees such as Fraxi-
nus excelsior-type, F. ornus, Q. frainetto-type and Carpinus 
betulus. AP does not exceed 10% but confirms the close 
proximity of refugia during the LGM (Bottema 1974; Willis 
1992). The finding of twigs that date to an age of 19,100 cal 
bp (17150 cal bc) is evidence for woody species close to 
the lake at that time. The continuous presence of Junipe-
rus pollen until approximately 17,500 cal bp (15550 cal 
bc) indicates the local occurrence of this light-demanding 
shrub or small tree (Ellenberg 1996). Charcoal concentration 
(particles  cm−3) and influx (particles  cm−2  year−1) are low 
throughout ZAZ-1, indicating low fire activity in the region 
during this time.

ZAZ‑2: 16,300–11,100 cal bp (14350–9150 cal bc)

At around 16,000 years ago, Artemisia markedly declined 
to ca 20%, whereas Chenopodiaceae expanded in the 
steppes (> 30%, NAP > 80%), with Poaceae (ca 15%) 
as another important component. The first continuous 
appearance of Cyperaceae pollen at ca 16,000  cal bp 
(14050  cal bc) together with pollen of aquatic plants 
such as Sparganium may point to increasing moisture 
availability, lake level changes or increased nutrients in 
the lake (Rodwell 1998). At approximately 14,500 cal 
bp (12550 cal bc), at the onset of the Bølling-Allerød 
interstadial (Ammann et al. 2013), AP strongly increase 
(percentages, concentration and influx values), peaking 

Fig. 4  Concentration (particles  cm−3) and influx (particles  cm−2  year−1) 
values for selected pollen taxa. White curves show a ×10 exaggeration of 
actual values

▸
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at 14,000 cal bp (12050 cal bc; 50% of total pollen sum), 
indicating the spread of tree stands or open forests in the 
region. Indeed, the ratio of AP to NAP is comparable 
to the surface pollen sample (Fig. 3) reflecting a rather 
open landscape. The spread of tree stands ca 14,500 years 
ago strongly disfavoured Chenopodiaceae, while Poaceae 
increased. This points to a reorganization of open land 
vegetation with a marked reduction of dry steppe habi-
tats around 14,500 cal bp (12550 cal bc). The increase of 
Pinus sylvestris-type around 14,500 cal bp (12550 cal bc) 
is simultaneous with the first continuous presence of Q. 
frainetto-type. Subsequently, Q. frainetto-type increases 
to 10–20% towards the end of ZAZ-2 at ca 12,000 cal bp 
(10050 cal bc). This suggests that mixed pine oak forests 
had established locally already during the Late Glacial. 
Temperate tree taxa such as e.g. Alnus glutinosa and Abies 
were also growing in the catchment of the lake between 
14,000 and 11,500 cal bp (12050–9550 cal bc), as well 
as Corylus avellana. Tree pollen percentages decline to 
below 40% around 12,500 cal bp (10550 cal bc), whereas 
steppic herb and shrub pollen (e.g. Chenopodiaceae, 
Ephedra fragilis) increase, pointing to a shift in vege-
tation composition, possibly as a result of the Younger 
Dryas cooling, when climate conditions became drier 
(e.g. Ammann et al. 2000). A rise in charcoal particle 
influx occurred at approximately 14,300 cal bp (12350 cal 

bc), suggesting an increase of fire activity in the region 
together with the spread of Pinus.

ZAZ‑3: 11,100–8,200 cal bp (9150–6250 cal bc)

High AP (up to 80%) indicates a forested landscape at the 
onset of the Holocene. Dominance of Q. frainetto-type (up to 
40%) and Q. cerris-type (peaking at 9,000 cal bp/7050 cal bc 
with 20%) suggests the occurrence of mixed deciduous oak 
forests in the area. Poaceae pollen around 10–20% as well 
as the occurrence of Sanguisorba minor, Rumex-type and 
Centaurea jacea-type indicate the presence of local open 
grassland communities, coinciding with first occurrence 
of Sporormiella fungal spores at 10,250 cal bp (8300 cal 
bc). Around 9,500 cal bp (7550 cal bc) Cerealia-type pol-
len occurred. Right before the end of the zone, forests were 
disrupted around 8,600 cal bp (6650 cal bc). The AP decline 
(below 70%) is mainly driven by Q. cerris-type together 
with an increase of Artemisia (14%) and a prominent peak 
of Centaurea jacea-type. At the same time, Fraxinus ornus 
pollen passes the empirical limit and Tilia increases to 4%. 
Both taxa are insect-pollinated and thus underrepresented 
in pollen records. Of special interest is the expansion of 
Tilia, which is significantly more moisture-demanding than 
Q. cerris (Pignatti 2005) as well as sub-mediterranean Q. 
frainetto or Q. pubescens (> 40%). Distinct anthropogenic 

Fig. 5  Comparison of summary pollen diagram with selected taxa from Limni Zazari with XRF (Zirconium (Zr), Titanium (Ti), Bromine (Br); 
Analysis: H. Vogel 2017) as well as HSI data (R570R630, RABD673, RABD845; Analysis: S. Makri 2017)
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indicators such as Cerealia-type or Plantago lanceolata-
type are missing or low, therefore this first Holocene forest 
disruption cannot be unambiguously attributed to anthro-
pogenic activities such as e.g. forest clearance for farming. 
The pollen percentage curve of the water plant Sparganium 
remains stable and is interrupted only at the very end of the 
zone at ca 8,200 cal bp (6250 cal bc), possibly in response 
to Zazari lake level changes. The forest disruption at around 
8,600 cal bp (6650 cal bc) coincided with a strong peak in 
charcoal concentration and influx (735,000 particles per 
 cm3; 19,300 particles per  cm2/yr), suggesting a marked 
increase in regional fire activity.

ZAZ‑4: 8,200–3,000 cal bp (6250–1050 cal bc)

After the decline of tree pollen to below 70% and an 
increase of shrub pollen (Corylus avellana and Junipe-
rus) to above 8% around 8,100 cal bp (6150 cal bc), tree 
pollen percentages recovered. Pinus (peaking at 7,500 cal 
bp/5550 cal bc with 40% of the total pollen sum) and Q. 
frainetto-type were driving this new forest expansion. The 
first continuous occurrence of Cerealia-type and Plantago 
lanceolata-type pollen, the recurrence of Sporormiella as 
well as an increase of Poaceae and Polygonum aviculare (a 
perennial ruderal plant) suggest the establishment of farm-
ing after 8,200 cal bp (6250 cal bc). The occurrence of the 
arboreal taxa Carpinus betulus and Ostrya-type (7,500 cal 
bp/5550 cal bc) may also indicate the use of woods (Gobet 
et al. 2000). During the time period 7,400 to 6,500 cal bp 
(5450–4550 cal bc), which can be attributed to the Late 
Neolithic in the Amindeon basin (Chrysostomou et al. 
2015), forests reached their maximum density over the 
whole 20,000-year record, with tree pollen percentages 
close to 90%. The striking peak in Vitis pollen percentage 
around 6,000 cal bp (4050 cal bc) indicates the cultivation 
of grapes in this region as documented from archaeobot-
anical findings (6,400 to 6,000 cal bp/4450–4050 cal bc; 
Valamoti and Kotsakis 2007). At approximately 5,300 cal 
bp (3350 cal bc) the highest charcoal influx suggests a 
peak in regional fire activity, which preceded the spread 
of Fagus sylvatica, accompanied by Pistacia, a mediter-
ranean shrub. Open land taxa (e.g. Poaceae, Chenopodi-
aceae, Artemisia) were not very abundant (under 10% of 
the total pollen sum) until ~ 4,200 cal bp (2250 cal bc), 
when they increased after a distinct rise of Plantago lan-
ceolata-type, most likely in response to increased farming 
activities. Towards the end of this zone around 3,100 cal 
bp (1150 cal bc) AP declines (70%) and NAP (e.g. Cheno-
podiaceae, Rumex-type) increases markedly, most likely 
as a result of farming at the onset of the Greek Iron Age 
(1100 cal bc; Chrysostomou et al. 2015). This vegetational 
shift occurred contemporaneously with the spread of Spar-
ganium in the lake or at the shore, possibly in response 

to changing lake levels. Several strong peaks in charcoal 
concentration and influx point to increased fire activity 
(mainly frequency; e.g. Tinner et al. 1998) in this zone. 
The two most prominent charcoal peaks at 7,000 cal bp and 
5,300 cal bp (5050 cal bc and 3350 cal bc) are accompa-
nied by low anthropogenic indicator values (e.g. Cerealia-
type pollen) but correspond to short term openings of the 
mixed oak forests.

ZAZ‑5: 3,000–66 cal bp (1050 cal bc—cal ad 2016)

The increase in NAP (> 60%, e.g. Poaceae) and the decrease 
of AP (< 40%, e.g. Pinus, Q. cerris-type, but not Fagus) 
during this zone suggests a further intensification of agri-
cultural activities. Mesophilous and rather disturbance 
resistant Fagus may have increased in response to increas-
ing moisture availability and/or increasing disturbance. The 
spread of open land taxa during this time was mostly driven 
by grasslands (Poaceae > 40%) and Cerealia-type as well 
as other minor taxa (e.g. Sanguisorba minor and Humu-
lus/Cannabis-type). Arboreal taxa associated with land 
use such as Juniperus, Ostrya, Olea and Castanea sativa 
occurred, and at 1,700 cal bp (cal ad 250) also Juglans 
expanded. From ca 600 cal bp (cal ad 1350) onwards, NAP 
values abruptly increase to ca 70%, suggesting a further 
intensification of land use. Towards the end of the record 
(during the last century), Juniperus and Urtica expanded 
markedly. Charcoal concentrations and influx suggest 
high regional fire activity, peaking at around 2,500 cal bp 
(550 cal bc) and 600 cal bp (cal ad 1350). The fire activity 
increase coincided with strong AP declines and thus, forest 
disruptions (Fig. 3).

Ordination

PCA axis 1 explains 55.9%, while axis 2 explains 18.1% 
of the data variance. The species plot suggests that axis 
1 is associated with vegetation openness, showing a clear 
gradient from open, steppic environments (e.g. Artemisia, 
Achillea-type, Chenopodiaceae) to closed sub-mediterranean 
mixed oak forests (Fig. 6). High axis 2 values are associ-
ated with human activities, with taxa indicative of anthro-
pogenic environments such as Poaceae, Juglans, Fagus and 
Cerealia-type. Low axis 2 values are mainly linked to conif-
erous species (e.g. Pinus, Abies), that are often affected by 
disturbance (e.g. A. alba; Tinner et al. 2000) or less competi-
tive than deciduous species (Pinus; Ellenberg 1996). The 
clusters formed by the sample scores are following the LPAZ 
zonation for Limni Zazari, with high axis1 values for the 
oldest zone ZAZ-1 including highest NAP (purple circles, 
Fig. 6) and low axis1 values for ZAZ-3 and ZAZ-4 with 
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lowest NAP (yellow diamonds and red triangles, Fig. 6). 
Conversely, ZAZ-5 shows highest and ZAZ-4 lowest axis 2 
values, mirroring anthropogenic impact (Fig. 6).

Discussion

Climate driven vegetation changes

Climate is widely regarded as the main driver for vegeta-
tional change on millennial to centennial timescales (e.g. 
Tinner and Lotter 2001; Williams et al. 2002), specifically 
before the introduction of farming. In agreement, the pol-
len record of Limni Zazari suggests that during the Late 
Glacial, vegetation dynamics were mainly driven by cli-
matic changes. Chronological uncertainties impede a thor-
ough discussion of the time preceding the first 14C date at 
19,230–18,930 cal bp (17280–16980 cal bc). However, HSI 
data suggest that during this period when Artemisia domi-
nated in the steppes, the lake was deep and meromictic and 
catchment erosion was low. The first marked vegetation 
change after the LGM was the expansion of drought-adapted 
Chenopodiaceae into the Artemisia dominated steppe at 
19,000–18,000 cal bp (17050–16050 cal bc). The expansion 
of Chenopodiaceae coincided with a first substantial climate 
warming at the end of the LGM, as recorded in Southern 
Europe, the Mediterranean realm (Fig. 7; Samartin et al. 
2016) and in other regions of the northern hemisphere (e.g. 
North Atlantic; Bond et al. 1992). Interestingly our Zr record 

suggests lower lake levels and/or enhanced catchment ero-
sion, which we interpret as locally drier conditions, possibly 
in response to climate warming at the onset of the Late Gla-
cial at 19,000–18,000 cal bp (17050–16050 cal bc; Samartin 
et al. 2016). We therefore assume that drought-tolerant Che-
nopodiaceae expanded on dry habitats, e.g. on south-facing 
slopes, while less drought-tolerant Artemisia continued to 
dominate on slightly moister locations (e.g. lake shores, 
north-facing slopes, the plain east of the lake). Possibly, 
differences in seasonal moisture availability also played a 
role (El-Moslimany 1987), given that summer insolation 
rapidly increased at 20,000–16,000 cal bp (18050–14050 cal 
bc; Fig.  7). Twigs dated at 19,230–18,930  cal bp 
(17280–16980 cal bc) unambiguously prove the occurrence 
of woody plants in the proximity of Zazari (Table 1), even 
if they were very rare (NAP ca 80%). In agreement, Lawson 
et al. (2005) reconstructed cold and dry steppic conditions 
for Nisi Fen (475 m a.s.l.), located 20 km north of Limni 
Zazari. Similarily, dry and cold climatic conditions for this 
period were reconstructed by multi-proxy investigations 
(δ18O, biogeochemistry, palynology) from lakes Prespa and 
Ohrid, two large and well-examined lakes in the proximity 
of our study area (ca. 40 km; Vogel et al. 2010; Aufgebauer 
et al. 2012). Overall, quantitative climate reconstructions 
(e.g. Peyron et al. 1998; Samartin et al. 2012, 2016) suggest 
cool and dry conditions, with an annual average air tempera-
ture anomaly compared to today of around − 10 ± 5 °C and a 
precipitation anomaly of around -600 ± 200 mm compared 
to today for Italy and Greece.

Fig. 6  Ordination analysis. PCA scatterplot of selected species (left) 
and samples (right). Axis 1 explains 55.9% of the variance in the veg-
etation data and likely represents a gradient from cold, steppic envi-
ronments to thermophilous forests. Axis 2 explains 18.1% of variance 

and is probably related to forest cover and human impact. Samples 
are grouped (different colours) according to the local pollen assem-
blage zones (ZAZ 1–5)
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The expansion of arboreal pioneer species such as Salix 
was interrupted around lake Zazari between 17,500 and 
16,000 cal bp (15550–14050 cal bc), when climate became 
colder (Heinrich Event 1) in Southern Europe and the Medi-
terranean realm (Combourieu Nebout et al. 2009; Samar-
tin et al. 2012), the Arabian Sea (Pattan et al. 2017) and 
the North Atlantic (Bond et al. 1992). At Zazari, increases 
in Zr, Ti and lithogenics (R570/R630) fall into this period 
(17,000 to 16,000 cal bp; 15050–14050 cal bc), suggesting 
that climate cooling affected soil stability (Fig. 7). At the 
end of the Heinrich Event 1, summer temperatures became 
ca 2 °C warmer in Northern Italy close to the Adriatic Sea 
(Samartin et al. 2012). This warming released an expansion 
of forests in Northern Italy and Southern Switzerland (e.g. 
Lago Piccolo di Avigliana) up to ca 800 m a.s.l. (Vescovi 
et al. 2007). No similar woodland expansion occurred at 
our site (AP < 30%), however, vegetation changed signifi-
cantly also in Northern Greece, with a strong expansion of 
Poaceae-dominated grasslands at the expense of Artemisia 
(statistically significant zone boundary).

Subsequently, Pinus expanded massively around 
14,500 cal bp (12550 cal bc) and oak stands established in 
the Four Lakes District, likely creating parklands. Gradual 

(summer) warming in Southern and Central Europe ca 
14,500–12,600 cal bp (12550–10650 cal bc; e.g. Vescovi 
et al. 2007; Heiri et al. 2015) was most probably responsi-
ble for the forest expansion. Zr and Ti values drop during 
that time, indicating enhanced soil stability. At Limni Zazari 
boreal tree species such as pine and birch expanded together 
with temperate trees (e.g. Q. frainetto-type, Abies, Fraxinus, 
Alnus glutinosa-type). A similar vegetational shift is docu-
mented in other palynological records from Northern Greece 
(e.g. Bottema 1974; Lawson et al. 2005), Northern Italy and 
Southern Switzerland (e.g. Vescovi et al. 2007). Our results 
contrast with the interpretation of Bottema (2003) that open 
steppic conditions prevailed until ca 10,500 cal bp (8550 cal 
bc) in the Four Lakes District. However, Bottema’s records 
do not cover the Bølling–Allerød interstadial and are based 
on bulk dating of sediments (likely affected by hard water 
and old carbon errors; Grimm et al. 2009). Our record relies 
on a robust chronology with AMS radiocarbon dating of ter-
restrial macrofossils and is consistent with other well-dated 
palynological studies from the Mediterranean region (e.g. 
Hofstetter et al. 2006; Vescovi et al. 2007). The increase 
in fire activity during the Bølling-Allerød interstadial was 
likely the result of increasing fuel availability and warmer 

Fig. 7  Comparison of summary pollen diagram with selected taxa 
from Limni Zazari with XRF data and climatic reconstructions. a 
reconstructed July air temperatures at sea level based on chironomid 
data from the Mediterranean region (lilac and pink curves: Lago 
Gemini and Lago Verdarolo; Samartin et  al. 2017; turquoise curve: 
Lago di Origlio; Samartin et  al. 2012; light blue curve: Lago della 

Costa; Samartin et  al. 2016) as well as NGRIP (dark blue curve; 
NGRIP members 2004), b insolation curve for July (red curve) and 
January (blue curve) in W m−2 for 40°N (Laskar et al. 2004), c pollen 
data, d XRF counts for Zirconium (Zr), Titanium (Ti) and Bromine 
(Br) (Analysis: H. Vogel 2017)
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summer air temperatures in response to higher summer inso-
lation (Fig. 7; Kutzbach and Webb 1993). Gradual (summer) 
warming came to an end during the Younger Dryas cooling 
(~ 12,600–11,700 cal bp/~ 10650–9750 cal bc), when forest 
cover transiently declined at Limni Zazari and elsewhere 
in Southern and Central Europe (e.g. Ammann et al. 2000; 
Vescovi et al. 2007).

Climate warming of 2–4 °C at the beginning of the Holo-
cene at 11,650 cal bp (9700 cal bc; Heiri et al. 2015; Samar-
tin et al. 2017) caused the expansion of sub-mediterranean 
mixed oak forests that replaced the pine dominated forests of 
the Bølling-Allerød interstadial around Limni Zazari. Asso-
ciated with the expansion of oaks was the expansion of other 
temperate trees such as Abies, Tilia and Ulmus. Warmer 
temperatures in combination with reduced moisture avail-
ability due to changes in the precipitation regime (Kotthoff 
et al. 2008) probably favoured the spread of drought-tolerant 
deciduous oak species during that time.

8,200 years ago, air temperatures declined in Europe and 
elsewhere in the northern hemisphere by ~ 2 °C (von Grafen-
stein et al. 1998; Tinner and Lotter 2001) and precipitation 
regimes were strongly altered (e.g. Seppä and Birks 2001). 
This transient climatic event most likely contributed to a 
temporary decline of forests and expansion of Artemisia 
dominated grasslands at Limni Zazari. The vegetational 
response to the climate reversal at ca 8,200 cal bp (6250 cal 
bc) is well documented in other pollen records from South-
ern Europe, e.g. in Sicily (Tinner et al. 2009) and Greece 
(e.g. Tenaghi Philippon; Pross et al. 2009). In the Mediter-
ranean, forest declines were primarily a result of declining 
moisture availability (Kotthoff et al. 2008). Although forest 
openings culminated at around 8,200 cal bp (6250 cal bc) at 
our study site (statistically significant zone boundary), veg-
etation changes had already started at 8,600 cal bp (6650 cal 
bc; e.g. expansion of Artemisia). Geochemical proxies from 
Limni Zazari (Zr, Ti) suggest increased erosion and a break-
down of meromixis, possibly in response to low lake levels 
and greater wind fetch as well as weaker soil protection as a 
result of declining forest cover (temporary decrease in AP). 
At Tenaghi Philippon in north-eastern Greece, relatively dry 
conditions occurred 8,700–8,200 cal bp (6750–6250 cal bc), 
followed by more humid ones. Interestingly, in Sicily Arte-
misia and Asteraceae as well as Eupatorium also expanded 
at 8,600–8,500 cal bp (6650–6550 cal bc), ca 300–400 years 
before climate cooling around 8,200 years ago (Tinner et al. 
2009).

Another striking feature of the Limni Zazari pollen record 
is the late expansion of Fagus sylvatica (Figs. 3 and 7). The 
tree species had already spread in the Mediterranean region 
between 10,000 and 7,000 years cal bp (8050–5050 cal bc; 
Tinner et al. 2016; de Beaulieu et al. 2017). First pollen 
grains of F. sylvatica occur in our record at approximately 
11,500 cal bp (9550 cal bc) at the onset of the Holocene. 

However, F. sylvatica disappeared almost completely around 
10,700 cal bp (8750 cal bc) to reappear at 6,000–5,000 cal 
bp (4050–3050 cal bc), before finally expanding around 
2,800 cal bp (850 cal bc). Mesophilous F. sylvatica clas-
sifies as a late successional or climax species, with a wide 
ecological range preferring mild winters without late frosts 
and moist summers, while being indifferent to browsing 
(Ellenberg 1996; Packham et al. 2012). Early palynological 
studies suggested that postglacial climate change played a 
key role in the late expansion of beech (e.g. Firbas 1949). 
Fagus expansions in pollen records across Europe have also 
been related to climate change, in particular to an increase 
of moisture availability and a decrease of frost occurrence, 
in the modern literature (e.g. Tinner and Lotter 2006; Magri 
2008). The expansions occurred pulse-wise across the con-
tinent and were connected to cold-humid climate spells, e.g. 
at 2,800 cal bp (850 cal bc) in northern Central Europe (Tin-
ner and Lotter 2006). However, in some areas of Europe 
including Southern Europe, the expansion of F. sylvatica 
was associated with human impact and small-scale forest 
openings (e.g. Valsecchi et al. 2008). Similarly, at Limni 
Zazari the expansion of this tree species is connected to land 
use activities, as e.g. indicated by the continuous occurrence 
of cereal pollen grains. Abundance peaked at 2,800 cal bp 
(850 cal bc), when climate became particularly cold and/or 
moist in Europe and elsewhere in the northern hemisphere 
(van Geel et al. 1998; Tinner et al. 2015). We conclude that 
the F. sylvatica dynamics at our site probably resulted from a 
combination of factors, with moisture availability and human 
impact being the most important ones.

The role of humans

Greece and the Balkans were crucial for the Neolithisation 
of Europe, given that technological innovations originating 
from the Levant, Upper Mesopotamia and Anatolia includ-
ing plant crops such as cereals or linen were transmitted 
to the rest of the continent by first adoptions in this region 
(Lang 1994a). Our pollen record suggests that in the Zazari 
area relevant farming activities started ca 8,200 years ago 
(continuous presence of Cerealia-type pollen, coinciding 
with Sporormiella spores). This finding is in good agree-
ment with first Early Neolithic archaeological evidence 
at 11 excavation sites in the Four Lakes District (dated to 
6500–5800 cal bc; Chrysostomou et al. 2015), as well as 
from Mavropigi at ~ 20 km distance (Karamitrou-Mentessidi 
et al. 2013, 2015) at about 6550 cal bc. A marked increase in 
fire activity (charcoal influx 19,300 particles  cm−2  year−1) 
at approximately 8,600 cal bp (6650 cal bc) might be related 
to first burning of forests for agricultural purposes, although 
this interpretation remains speculative because there is no 
clear evidence for human impact (e.g. pollen of crops and 
weeds) and given the linkage of vegetational change with 
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climate impacts (see discussion above) this issue remains 
ambiguous. It is likely that human and climate impacts 
acted together on vegetation and fire regime, exacerbating 
the opening signal (e.g. forest clearings with fire during 
dry climate phases). Early Neolithic pottery findings in the 
Amindeon basin suggest a gradual Neolithisation process 
(Chrysostomou et al. 2015), a result which is in agreement 
with our data. Similarly, ancient DNA samples of early farm-
ers from Europe and Asia suggest only moderate migration 
from Asia Minor (Hofmanová et al. 2016).

Somewhat paradoxically, forests recovered after 8,200 cal 
bp (6250 cal bc), when farming established in the region. A 
similar pattern has been found in coastal Sicily (Tinner et al. 
2009) and has been associated there with increasing mid and 
late Holocene moisture availability (Curry et al. 2016) that 
increased forest resilience to human impact, an explanation 
which may also apply to Zazari. However, on the basis of 
the pollen record (e.g. Cerealia-type) we assume continuous 
settlement activities close to Limni Zazari after 8,200 cal bp 
(6250 cal bc), which is in agreement with archaeological evi-
dence in Western Macedonia (Kokkinidou and Trantalidou 
1991). Our non-continuous findings of Sporormiella might 
lead to the conclusion that rearing of herbivores close to the 
lake might only have played a minor role, however, archaeo-
logical evidence (i.e. animal bones) suggests the opposite 
(Limnochori excavation; Giagkoulis personal communica-
tion 2018). Increased anthropogenic burning after 7,000 cal 
bp (5050 cal bc) was likely applied to open the landscape 
and produce fertile soils for agriculture, a slash-and-burn 
economy type which was characteristic for other areas in 
Europe (e.g. Clark et al. 1989; Rey et al. 2017) until the 
Iron Age, when it peaked at ca 2,600 cal bp (650 cal bc; e.g. 
Tinner et al. 2009), before being replaced by more advanced 
land use approaches (e.g. large-scale timber and fruit tree 
production) during and after the Roman epoch (Conedera 
et al. 2004).

Linkages and interactions between climate 
and societal systems

Prehistorical societal dynamics may have been controlled by 
climate, as suggested for the arid period around 8,200 years 
ago, which possibly triggered socio-economic movement 
from Anatolia to Macedonia (e.g. Weninger et al. 2006). 
This hypothesis was put forward to explain cultural inno-
vations such as the introduction of agriculture in Northern 
Greece, which likely came from Anatolia (e.g. Özdoğan 
2011). On the other hand, it has been argued that a change 
in climate, even one with a large impact such as the dry 
spell ca 8,200 years ago, may not necessarily trigger popu-
lation movements (Lespez et al. 2013). The archaeologi-
cal evidence suggests that local adaptation processes were 
important (Dikili Tash, Eastern Macedonia, Greece) and 

that it is highly unlikely that the onset of Neolithic settle-
ments in Greece was triggered by the climate reversal around 
8,200 cal bp (6250 cal bc), since by that time early settle-
ments had already been established (Lespez et al. 2013; 
Gkouma and Karkanas 2018). Another hypothesis assumes 
that growing population density in the Levant or Eastern 
Mediterranean led to the spread of Neolithic farmers to cen-
tral Anatolia and Cyprus (Belfer-Cohen and Goring-Morris 
2011), suggesting that social conflict and an increasing 
need for land was the main driver of change. It is difficult 
to address these competing hypotheses (gradual local adap-
tation of innovations versus climate-driven migration ver-
sus economy-driven migration) by palaeoecological means 
alone. To disentangle environmental and social forcing on 
human population dynamics in the Neolithic, an integrative 
approach using high-resolution palaeoecological proxies as 
well as precisely dated archaeological findings is urgently 
needed.

Conclusions

Modern multiproxy palaeoecological studies from North-
ern Greece allow novel insights into the vegetation and fire 
history, landscape evolution, geomorphic activity (erosion), 
and aquatic productivity over the past 20,000 years. After 
vegetation reorganizations in response to climate warming at 
ca 19,000 and 16,000 cal bp (17050 and 14050 cal bc), fur-
ther warming around 14,500 cal bp (12550 cal bc) promoted 
the expansion of boreo-nemoral pine-oak forests in which 
temperate trees such as Abies formed isolated patches. Simi-
larly, climate change during the early Holocene allowed the 
establishment of sub-mediterranean deciduous oak forests 
(e.g. Quercus frainetto, Q. pubescens, Q. trojana, Q. cer-
ris) with temperate taxa (e.g. Abies, Corylus, Tilia, Ulmus, 
Fraxinus, Acer) at the expense of pine forests or stands. 
Reconstructed first farming activities around 8,200 years ago 
at Limni Zazari are in good agreement with the archaeologi-
cal evidence. We conclude that, until the onset of the Neo-
lithic ca 8,600–8,200 years ago, vegetation was in dynamic 
equilibrium with climate. The rather gradual pollen-inferred 
increase of farming activities during the early Neolithic 
argues for local adaptation processes instead of a Neolithic 
“revolution” as e.g. released by mass movements of people. 
Our results imply that heat and drought-adapted Q. pube-
scens, Q. frainetto and Q. trojana may benefit from global 
warming given that they dominated the vegetation in the 
Early Holocene in Northern Greece, when summer tempera-
tures were higher and the climate was drier than today.
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