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Abstract

A modern analogue technique is applied to two high-resolution pollen sequences from NW Romania to provide the first quantitative evidence
for winter, summer and annual temperatures and for precipitation across the Holocene in this region.

The pollen-based climate reconstructions allow the identification of four main intervals: i) an early, less stable period between 11,700 and
11,200 cal. yr BP; (ii) generally stable conditions between 11,200 and 8300 cal. yr BP with winter and annual temperatures and precipitation
higher than at present, and summer temperatures about the same; (iii) lower winter and annual temperatures, and higher summer temperatures and
precipitation between 8000 and 2400 cal. yr BP; (iv) warmer winter and annual temperatures and lower precipitation for the last 2400 years,
whereas summer temperatures became cooler at Steregoiu and remained stable at Preluca Tiganului.

The pollen-based climate reconstructions at the two sites show similar patterns in annual and winter temperatures and precipitation changes
during the Holocene, but the trends appear to be less consistent for summer temperatures.

Our pollen-based reconstructions revealed several short-term climatic oscillations during the Holocene, the strongest of which occur between
10,300–10,100, 8300–8000, 6800–6400, 5100–4900, 4000–3600 and 3200–3000 cal. yr BP.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The Holocene has generally been regarded as a period with
relatively warm and stable climatic conditions. New high-
resolution ice and marine records have revealed, however, that
Holocene climate was rather unstable and characterized by sev-
eral short-lived abrupt climatic oscillations (Alley et al., 1997;
Bond et al., 1997; Björck et al., 1997; Björck et al., 2001; Bond et

al., 2001). The causes for natural climate variability and
particularly of the short-term events during the Holocene are
generally thought to be associated with perturbations of the North
Atlantic thermohaline circulation (Alley et al., 1997; Bond et al.,
1997; Heiri et al., 2004; Wiersma and Renssen, 2006) or with
changes in solar forcing (Bond et al., 2001; van Geel et al., 2003;
Mayewski et al., 2004). Recently, various proxies have shown
that such short-term abrupt events have also occurred in conti-
nental Europe (von Grafenstein et al., 1999; Tinner and Lotter,
2001; Seppä and Birks, 2002; Magny et al., 2003; Heiri et al.,
2004; Kofler et al., 2005; Seppä et al., 2005; Tinner and
Kaltenrieder, 2005; Seppä et al., 2007). Since our detailed
knowledge of European Holocene climate variability is generally
restricted to central and northern Europe, new records are required
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from areas where there are less data in order to understand past
climate variability and its spatial patterns, and to provide support
in evaluating future climate scenarios (Mayewski et al., 2004).

Pollen and spores are one of the most suitable proxies for
quantitative palaeoclimatic reconstructions (Birks and Birks,
1980; Mosbrugger, 1999; Klotz, 1999; Seppä and Birks, 2001;
Davis et al., 2003; Klotz et al., 2003; Birks and Seppä, 2004).
Several methods using pollen and spores or plant and wood
remains for quantitative evaluation of Quaternary climate are
currently available: modern analogue techniques (Guiot, 1990;
Peyron et al., 1998, 2005; Ortu et al., 2006), pollen–climate
response surfaces (Cheddadi et al., 1997), the mutual climate
range method (Klotz, 1999), and transfer functions (Seppä and
Birks, 2001; Heiri et al., 2003; Birks and Seppä, 2004; Seppä et
al., 2005). These methods are designed to reconstruct past
climate parameters based on the relationship between pollen
distribution (and sometimes abundance) and climatic factors,
and each has strengths and limitations (Pross et al., 2000; Klotz
et al., 2003, 2004; Birks and Seppä, 2004; Birks and Birks,
2006). The advantage of using a quantitative approach is that it
allows a more direct comparison and integration of results
obtained from different geographical areas. In Romania, such
absolute reconstructions are absent and Holocene climate recon-
structions there rely largely on classical pollen-stratigraphical

features, although oxygen isotopes from speleothems (Onac et al.,
2002; Tamas et al., 2005; Constantin et al., 2007) and testate
amoebae assemblages (Schnitchen et al., 2006) have been used in
recent past years.

This study represents the first attempt to provide absolute
values for temperature and precipitation during the Holocene
using two pollen profiles from the Gutaiului Mountains, NW
Romania. The quantitative reconstruction is based on a ‘modern
analogue technique’ and the climatic output includes four
parameters: mean annual temperature (MAT), mean temperature
of the warmest month (MTW), mean temperature of the coldest
month (MTC) and mean annual precipitation (MAP). Two spe-
cific questions are addressed here: i) how is the general Holocene
climate history expressed in NW Romania? ii) are short-term
climatic oscillations also recognized in central-eastern Europe
some distance from the North Atlantic?

2. Site description and methods

PrelucaTiganului (47°48′83″N; 23°31′91″E; 730m a.s.l., 1 ha)
and Steregoiu (47°48′48″N; 23°32′41″E; 790 m a.s.l. 0.5 ha) are
former crater lakes (1 km apart) situated on the western extremity
of the Eastern Carpathians (Gutaiului Mountains), NW Romania
(Fig. 1, see details in Björkman et al., 2003; Feurdean, 2005). The

Fig. 1. Map showing the location of the study area in Europe and in NW Romania (A), and of the investigated sites in the Gutaiului Mountains (B). The position of the
sites is shown by the black square.
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Fig. 2. Summary pollen diagrams from Preluca Tiganului and Steregoiu presented on depth and calibrated-age scales.
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climate today is continental-temperate, slightly influenced by
western oceanic air masses. Mean annual temperature is ca. 8 °C,
mean January temperature fluctuates between −4 and −6 °C
(−2.5 °C average winter temperatures), whereas mean July
temperature is around 16–18 °C (Academia Româna, 2002,
2004). Annual precipitation is in the range of 800 to 1000mm; the
maximum precipitation is in June and July (~120–140 mm) and
the minimum is in February (~60–80 mm). With respect to
vegetation, the sites lie within the beech (Fagus sylvatica)
mountain sub-belt. In addition to beech forest, other deciduous
trees (Carpinus betulus, Tilia cordata, Corylus avellana, Quercus
petraea, Fraxinus excelsior, Ulmus minor and Ulmus glaba) and
stands of planted conifers (Picea abies and Pinus sylvestris) are
common.

The chronology for Steregoiu is based on fifteen AMS
radiocarbon dates derived from terrestrial plant macrofossils,
and the construction of the age–depth curve is outlined by
Björkman et al. (2003). For Preluca Tiganului seven AMS 14C
measurements were made on terrestrial plant macrofossils and
on peat, and the chronology follows the model presented by
Feurdean (2005). The fossil pollen data include 150 samples for

Preluca Tiganului taken at 2–4 cm intervals, and 209 pollen
samples for Steregoiu at ca. 2 cm intervals. The temporal
resolution varies from 12.4 to 3.8 years/cm at Preluca Tiganului
and from 15.2 to 41 years/cm at Steregoiu, providing a suitable
resolution for the identification of short climatic oscillations.

The pollen stratigraphies and vegetation sequences at both
sites have been fully described by Björkman et al. (2003) and
Feurdean (2005), and therefore only summary diagrams are
presented in Fig. 2.

3. “Modern analogue vegetation types” and the reliably of
inferred climate parameters

The “modern analogue vegetation types” method (MAV) de-
veloped by Klotz (1999) was applied to the two pollen records to
reconstruct the following parameters: mean annual temperature
(MAT), mean temperature of the coldest month (MTC), mean
temperature of the warmest month (MTW) and mean annual
precipitation (MAP). This method is based on the assumptions
that (i) pollen abundance and distribution are largely controlled by
climate; (ii) the relevant modern species distribution, and hence

Fig. 3. Mean annual temperature (MAT), temperature of the coldest month (MTC), temperature of the warmest month (MTW), and mean annual precipitation (MAP)
for Steregoiu. The black curve shows the mean values and the grey dashed curves show minimum and maximum values calculated for each sample based on eight
analogues. The black horizontal lines indicate the transitions between the four climatic phases as discussed in the text and the grey bars indicate the time interval of the
major short-term climatic changes. A simplified lithology is shown to the right of the graph.
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pollen assemblages, are largely in equilibrium with climate; (iii)
and that a sufficiently close palynological analogue exists from
which to infer the climate represented by a given fossil
assemblage.

The MAV method is based on the best-fit selection using
proportions and composition of eight modern surface samples
out of a data set of 2653 spectra (Europe, Asia, North Africa) for
a given fossil pollen assemblage (Peyron et al., 1998; Klotz,
1999; Klotz et al., 2003, 2004). As the surface data set provides
pollen spectra from different taphonomies and depositional
settings (e.g. moss polsters, core tops, soil samples), each of
which is representative to its local/regional vegetation,
comparisons with the fossil lacustrine pollen assemblages are
reasonable (Jackson, 1994; Sugita, 1994). The number of eight
analogues is used as it has been empirically shown to reproduce
stable climatic trends (e.g. Guiot, 1990; Wohlfarth et al., 2004).
Concerning proportions, the MAV method uses a logarithmic
transformed Euclidean distance to calculate dissimilarity
coefficients between each fossil assemblage and all modern
spectra in the reference modern pollen data set. Based on this
calculation, the most similar surface pollen spectra to the fossil
assemblage can be identified. Consideration of the pollen floral
composition is implemented by the characterization of the
pollen floras by means of the vegetation type they represent. In
contrast to broad-scale biomes, which can also be used as a
selection criterion (Peyron et al., 1998), vegetation types
(Aichinger, 1967; Ellenberg, 1986) reflect a more specific vege-
tation composition and are, therefore, more closely related to
regional environmental patterns. Vegetation types were deter-
mined by their constituent species and the relative abundance of
these species. The identification of vegetation types is based on
modern field observations. For technical handling, absent plants
in a vegetation type are rated 0, associated plants are rated 0 to 1,
and dominant plants which determine the basic climatic and
ecologic requirements of the flora are rated 1.

To validate the method, a leave-one-out cross-validation
(Birks, 1995; Ter Braak, 1995) has been applied to the modern
data set of 2653 surface pollen spectra. One modern pollen
spectrum was sequentially removed from the total modern data
set. The climate for the removed pollen spectrum was calculated
on the basis of the remaining modern data set, and results were
compared with the known climate of the pollen removed
spectrum. Performing this calculation for all modern pollen
spectra in the leave-one-out cross-validation, a statistic describ-
ing the quality of the reconstructions was established. A thresh-
old of 0.7 for the dissimilarity coefficient (logarithmic transformed
Euclidean distance), provided the lowest arithmetic mean of all
deviations in the leave-one-out cross-validation. Correspondingly,
the leave-one-out cross-validation gives correlation coefficients of
0.9 for MTC (root mean square error of 2.6 °C, mean average
absolute error 2.1 °C), 0.81 forMTW (1.8 °C, 1.3 °C), and 0.78 for
MAP (169 mm, 107 mm). MAV is, therefore, able to reproduce
major climatic trends. The main advantage of modern analogue
methods such as MAV is that they take into account both pollen
composition (what taxa are presented) and pollen abundance. The
main difficulty encountered with this method is the availability of
recent surface pollen spectra which are sufficiently unaffected by

anthropogenic factors and which provide good analogues to fossil
pollen floras.

4. Results and discussion

The vegetation composition and patterns (Fig. 2) as well as
the climate reconstruction results (Figs. 3 and 4) generally show
good consistency in both trends and values at the two sites. This
is, however, less good for MTW. At Preluca Tiganului, fluc-
tuation in the pollen percentages is larger than at Steregoiu and
thus the amplitude of the variation of the climate reconstruction
is bigger. Past anthropogenic influence upon the vegetation may
also have affected the climate reconstruction. Our reconstructed
values of MATandMTW for the uppermost sequence at Preluca
Tiganului and Steregoiu correspond well with modern observa-
tions, whereas the MTC reconstruction overestimates modern
temperatures by ~1 °C.

4.1. Early Holocene climate general trends (11,700–8000 cal. yr
BP)

The pollen-based climate reconstruction for Steregoiu shows
a steep rise in MAT, MTC and MTW, but with strongly fluc-
tuating values between 11,700 and 11,200 cal. yr BP (Fig. 3). In
the pollen diagram the Younger Dryas (GS-1)/Holocene
transition is marked by increasing values for Betula, Picea
and Alnus occurring at 11,500 cal yr BP (Fig. 2). At Preluca
Tiganului this transition could not be distinguished due to the
presence of a hiatus (Feurdean, 2005). The inferred magnitude
of temperature changes between 11,500 and 11,200 cal. yr BP is
on average ~7 °C higher for MAT; ~15 °C for MTC; and ~2 °C
for MTW compared to the previous interval (Younger Dryas)
(Fig. 3). This pattern suggests that the overall warmer
conditions were primarily the result of increased winter
temperatures. Thus a reduced difference between summer and
winter temperatures indicates a decrease in seasonality, which
together with the rise in precipitation (~200 mm) at 11,200 cal.
yr BP, points to a reduction in continentality. These values are in
agreement with reconstructed temperature increase for July
(3°C) and January (14C°) for central-eastern Europe (Renssen
and Isarin, 2001). This trend is also close to the colder winter
anomalies inferred from pollen for central-eastern Europe
(Davis et al., 2003), though the amplitude of temperature
changes in our record is much higher.

After the steep temperature increase at 11,200 cal. yr BP, the
temperature reconstruction for Steregoiu (Fig. 3) shows rather
stable values in all climate variables (~7 °C for MAT, ~−2 °C
for MTC, and ~16–17 °C MTW), which are roughly compa-
rable to the modern data. The inferred abrupt rise in temper-
atures coincides with the reduction in Pinus and Betula tree
cover and with a marked expansion of Ulmus (Fig. 2). At
Preluca Tiganului the temperatures continuously increase until
ca. 10,200 cal. yr BP, when they reach values close to Steregoiu
(Figs. 3 and 4). MAP shows a continuously increasing trend at
both sites from ~700 mm at 11,200 cal. yr BP to ~950 mm at
10,200 cal. yr BP (Figs. 3 and 4). The significantly lower values
reconstructed for MTC at Preluca Tiganului between 11,200
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and 10,200 cal. yr BP may result from the interpretation of our
method of the composition and abundance of fossil pollen
assemblages. For example pollen percentages of Pinus, Betula
and Alnus show higher values and larger fluctuations and Ul-
mus displays distinctively lower values at Preluca Tiganului,
than at Steregoiu (Fig. 2). Although the size of both sedimentary
basins is small and should provide local vegetation reconstruction
up to several kilometers radius, the pollen catchment area can
change from more regionally to more local with transitions from
limnic to terrestrial deposition (Jacobson and Bradshaw, 1981;
Sugita, 2007). At Steregoiu the depositional basin was a lake
during the period in discussion, meaning that a more regional
pollen rain was received, whereas at Preluca Tiganului the
depositional basin was a peat bog, with higher income of pollen of
more locally represented trees such as Alnus and Betula. The
reconstructed temperature increase becomes smoother from
10,700 cal. yr BP and coincides with the replacement of boreal
trees by mixed-deciduous woodlands including Quercus, Tilia,
Fraxinus and Acer (Fig. 2). The substantial decline of Betula
pollen in parallel with a change from carr peat to fen peat in

lithology indicates that Betula was no longer important locally.
The above corroborates that the reconstructed trends at the two
sites do reflect change in climatic conditions but the magnitude of
these estimates was affected by factors that were not climatic (e.g.
depositional environment).

The pollen-based reconstruction of rising temperatures and
precipitation in the Gutaiului Mountains matches the increasing
trend in δ18O values of speleothems in NW (Tamas et al., 2005)
and SW Romania (Constantin et al., 2007), suggesting a strong
connection between vegetation and regional climate development.

4.1.1. Short-term climate oscillations
The general early Holocene warming was interrupted by

several centennial-scale oscillations, two of which were of higher
magnitude. The first event (1) occurred between 10,350 and
10,100 cal. yr BP at Preluca Tiganului and is seen by a decline of
~2 °C in MAT and ~2–5 °C in MTC (Fig. 4). At Steregoiu this
event is detected between 10,350 and 10,200 cal. yr BP by a
lowering of 0.5–2 °C inMATand ~1–4 °C inMTC (Fig. 4). Both
records consistently indicate a decrease of ~100 mm in

Fig. 4. Mean annual temperature (MAT), temperature of the coldest month (MTC), temperature of the warmest month (MTW), and mean annual precipitation (MAP)
for Preluca Tiganului. The black curve shows the mean values and the grey dashed curves show the minimum and maximum values calculated for each sample based
on eight analogues. The black horizontal lines indicate the transitions between the four climatic phases as discussed in the text and the grey bars indicate the time
interval of the major short-term climatic changes. A simplified lithology is shown to the right of the graph.
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precipitation (Figs. 3 and 4). The second centennial-scale event
(2) occurred between 8350 and 8000 cal. yr BP and is similarly
recorded in both reconstructions by a drop of ~1.5–2 °C in MAT
and ~2–4 °C in MTC. Precipitation shows a decrease of
~200 mm, whereas MTW increased in both sequences (Figs. 3
and 4). Our reconstructed rise in summer temperatures is rather
surprising, and if correct, suggests an intensification of
seasonality and continentality. A very recent synthesis of
pollen-based quantitative July and MAT reconstructions in
northern Europe also suggest that the cooling during the 8200
event took place mostly in winter and spring damaging the flower
and male catkin and consequently reducing populations of
deciduous trees in particular ofCorylus,Ulmus and Alnus (Seppä
et al., 2007).

Independent evidence for shorter colder phases are recorded
between 10,500 and 10,200, around 9300, and between 7800
and 7600 cal. yr BP by a decrease of ca. 1‰ in δ18O values in
speleothems from the Apuseni Mountains, NW Romania
(Tamas et al., 2005). Our earliest short-lived cooling event is
also consistent with the climatic reversal documented by several
proxies in central Europe (Haas et al., 1998; von Grafenstein et
al., 1999; Heiri et al., 2004; Tinner and Kaltenrieder, 2005)
between 10,700 and 10,300 cal. yr BP. The timing of the second
climate reversal may correlate with the well-known 8.2 ka event
considered to be the most prominent cool episode of the
Holocene in the North Atlantic region, north-western Europe
and central Europe, in both occurrence and magnitude (Haas et
al., 1998; von Grafenstein et al., 1998, 1999; Tinner and Lotter,
2001; Magny et al., 2003; Kofler et al., 2005; Seppä et al., 2005;
Prasad et al., 2006; Wiersma and Renssen, 2006; Seppä et al.,
2007). According to the model-data comparison presented by
Wiersma and Renssen (2006), the temperature drop during the
8.2 ka event was up to 7.4 °C around the North Atlantic and
ranged between 0.5 and 1 °C in central Europe.

4.2. Mid to late Holocene general climatic trends (8000–3000
cal. yr BP)

From ca. 8000 cal. yr BP to 5500 cal. yr BP, the climate
reconstruction in the Gutaiului Mountains shows lower values
for MTC and MAT than in the previous interval and today, and
generally more stable conditions than during the early part of
the Holocene. The decline in MTC is ~2 °C stronger at Preluca
Tiganului than at Steregoiu (Figs. 3 and 4). It closely follows the
marked rise in Picea pollen, which is most likely derived from
the local development of Picea. Thus the magnitude of winter
cooling at Preluca Tiganului may be overestimated. MTW
shows contrasting patterns between sites, with an increasing
trend seen only at Preluca Tiganului between 6800 and
5000 cal. yr BP. The overall decline in winter temperatures
between 8000 and 5500 cal. yr BP coincides with the replace-
ment of Quercus, Tilia and Fraxinus by Picea and Corylus
dominated woodlands (Fig. 2). Lower temperatures between
7100 and 6800 cal. yr BP, followed by similar to modern ones
between 6800 and 4800 cal. yr BP, are shown independently by
δ18O values of stalagmites in north-western Romania (Onac et
al., 2002).

Between 5500 and 3200 cal. yr BP, MTC and MAT values
remain somewhat stable, MAP gradually declines at both sites,
whereas MTW increases by ~2 °C at Steregoiu (Figs. 3 and 4).
In the pollen diagram these climate trends are coincident with
increasing pollen percentages for C. betulus and from about
4500 cal. yr BP of F. sylvatica (Fig. 2). In the Apuseni Mountains
the inferred temperatures between 4200 and 3800 cal. yr BP
were colder than during the previous interval (Onac et al.,
2002).

4.2.1. Short-term climate oscillations
Several short-term climate excursions were recorded between

8000 and 3000 cal. yr BP and, although some of these excursions
are of the same magnitude as the early Holocene ones, they do
not always overlap and are not always replicated in both records.
This may be caused by age model uncertainties, and some of
these deviations probably do not represent the true climate
signal.

At Preluca Tiganului the most notable events are observed
between 6800–6400 cal. yr BP (3), 5100–4800 cal. yr BP (4) and
4000–3600 cal. yr BP (5) by a decline in all temperatures (~2 °C
in MAT; ~3 °C in MTC; and ~1 °C in MTW (Figs. 4)). At
Steregoiu the cooling amplitude is much lower and events are
recorded between 6900–6700 cal. yr BP (3); 6100–5900 cal. yr
BP (?); 4900–4700 cal. yr BP (4), 4100–3700 cal. yr BP (5). Both
profiles show a clear cooling excursion (this is strongly influenced
by a single sample at Steregoiu) between 3200 and 3000 cal. yr
BP (6) manifested as a decline of ~2 °C inMAT; ~4 °CMTC and
~1 °C inMTW (Figs. 3 and 4). Precipitation shows an increase of
~100 mm at Preluca Tiganului and an inconsistent pattern at
Steregoiu (Figs. 3 and 4).

Our age–depth model suggests that short-term climate
change 4 and 5 may be coherent to the cool spikes at 5200
and 4000 cal. yr BP respectively, indicated by a depletion in
δ18O values from speleothems in NW Romania (Onac et al.,
2002; Tamas et al., 2005). The event 4 may be also coincident
with a decline in MTC and an increase in MAP in the French
pre-Alps between 5600 and 5200 cal. yr BP (Magny et al.,
2006). Highly speculative, due to a lower chronological control,
the events 3 and 5may be coincident with the North Atlantic IRD
events recorded around 5900 and 4200 cal. yr BP respectively
(Bond et al., 2001).

4.3. Late Holocene general and short climate trends (3000–0
cal. yr BP)

During the last 3000 years, a contrasting pattern is displayed
by some of the reconstructed climate variables at the two
records. The MTC and MAT remain similar to the previous
interval at Preluca Tiganului, whereas at Steregoiu they increase
by ~2 °C between 3000 and 2400 cal. yr BP (Figs. 3 and 4). The
warmer winter temperature estimates at Steregoiu may result
from a sharp reduction in pollen of Picea and a marked increase
of Carpinus (Fig. 2). From about 2400 cal. yr BP onwards both
sequences agree, showing warmer MTC (between ~0 °C and
−1 °C) and MAT (~7–8 °C). Precipitation fluctuates strongly
but shows an overall decreasing trend of ~100 mm (Figs. 3 and
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4). The two records disagree, however, in reconstructed MTW,
which displays rather similar values (15–16 °C) as in the
previous interval at Preluca Tiganului, and shows a decreasing
trend (~2 °C colder) at Steregoiu. This discrepancy may result
from features of our MAV approach on how differences in F.
sylvatica pollen percentages between sites are treated (i.e., 60%
at Steregoiu and significantly lower and fluctuating around 30–
50% at Preluca Tiganului). It also substantiated the influence of
local depositional environment on pollen assemblages, as the
low pollen values for F. sylvatica at Preluca Tiganului is a result
of over-representation of open fen vegetation such as
Cyperaceae, Salix and Lysimachia (Feurdean, 2005). The
overall reconstructed increase in winter temperatures, accom-
panied by a decrease in precipitation, and constant values (at
Preluca Tiganului) or a slight decrease (at Steregoiu) in summer
temperatures, during the last 2400 cal. yr BP suggests some
intensification of seasonality and continentality. Our recon-
structed decline in precipitation correlates with trends towards
drier condition for the last 1000 years inferred from testate
amoebae in our study area (Schnitchen et al., 2006).

Humans may have had some weak influence on woodlands
in the region as early as 7900 cal. yr BP, but only from about
1500 cal. yr BP did this influence become more evident
(Björkman et al., 2003; Feurdean and Astalos, 2005). For the
last 300 years this is indicated by a strong reduction in forest
diversity and density. Written sources point to the emergence of
numerous villages in the lowland areas surrounding the
mountains at the beginning of the last millennium (Velcea,
1964). In this part of the profile, therefore, it is difficult to assess
to what extent our climate estimates are true records of the
climate or rather representation of the responses to local factors
and/or human activity.

Most proxies indicate cooling trends from about 4000 cal. yr
BP in the Northern Hemisphere (Johnsen et al., 2001; Davis et
al., 2003), yet some proxies indicate otherwise. For example,
warmer July temperatures are reported from chironomid-based
reconstructions for the last 1000 years in the Swiss Alps (Heiri
et al., 2003), for the last 3000 years in northern-central Sweden
(Seppä et al., 2005), and from δ18O values of speleothems for
the last 2400 years in the Italian Alps (Frisia et al., 2006). Tree-
line depression is inferred in the Alps from about 4500 cal. yr
BP, but this is interpreted to be the result of human activities and
not due solely to cooler conditions (Tinner and Ammann, 2001).
Conversely, a simulated higher tree-line position (using the
FORCLIM model) contrasts with palaeobotanical investiga-
tions, and supports the hypothesis that human activities have
played an important role in lowering the tree-line (Heiri et al.,
2006). This artificial drop in tree-line results in the selection of
modern analogue pollen samples from lower elevations and
hence to an overestimation of temperature (Ortu et al., 2006).
Warmer conditions are also revealed by δ18O excursions from a
speleothem in NW Romania between 3800–3200 and 2100–
1320 cal. yr BP, with a maximum at 1400 cal. yr BP (Onac et al.,
2002).

The last 2400 years are also characterized by high frequency
variability in the reconstructed climatic parameters, which is
more distinct at Preluca Tiganului than at Steregoiu. The mag-

nitude of these events is, however, smaller compared to those of
the early/mid Holocene (Figs. 3 and 4). The more pronounced
climate oscillations for Preluca Tiganului coincide with large
fluctuations in the pollen percentages of Salix and F. sylvatica
and, therefore, they may not necessarily represent true varia-
tions in climate.

4.4. Regional comparison of the main trends in climate pattern

The pollen-based temperature and precipitation estimates
from the Gutaiului Mountains show a marked rise from
11,700 cal. yr BP reaching maxima and stabilizing between
10,200–8300 cal. yr BP (Figs. 3 and 4). This is in good
agreement with most of the δ18O values from the Greenland ice-
cores, indicating maximum values before 8000 cal. yr BP
(Dansgaard et al., 1993; Björck et al., 1998; Johnsen et al.,
2001), or even earlier (between 10,000 and 9000 cal. yr BP) in
the GRIP and GISP ice-cores (Dansgaard et al., 1993). The
same climate pattern with maximum annual temperatures
during the early–mid Holocene was recorded in central Europe
(von Grafenstein et al., 1999), but this is much earlier than the
temperature maxima estimated between 8000 and 6000 cal. yr
BP based on pollen in central-east Europe (Davis et al., 2003).

A slight cooling trend is recorded in most of the oxygen
profiles from the Greenland ice-cores stratigraphy from about
8000 cal. yr BP and relatively moist conditions are inferred for
central Europe (Tinner and Lotter, 2001, 2006). Contrasting
patterns are observed throughout Scandinavia, where pollen and
δ18O data indicate cooler and more humid conditions between
10,000 and 8000 cal. yr BP, followed by a stable period with
warm and dry conditions between 8000 and 4300 cal. yr BP
(Seppä et al., 2005). Similarmoist conditions as in central Europe
are reconstructed for the GutaiuluiMountains, and a cooling trend
is shown in winter and annual temperatures. Summer tempera-
tures show different patterns, namely an increase between 6800
and 5000 cal. yr BP for Preluca Tiganului, and between 5500 and
3200 cal yr BP for Steregoiu. The contrasting precipitation
patterns between north-western and central Europe before and
after 8000 cal. yr BP are explained by the re-arrangement of the
regional atmospheric circulation subsequent to freshwater
influxes from the Laurentide glacial lakes into the North Atlantic
(c.f. Seppä and Birks, 2001; Seppä et al., 2005).Weakening of the
high-pressure system and intensification of westerly airflow at
mid-latitudes in Europe after 8000 cal. yr BP led to wetter
conditions in central Europe while northern Europe became drier
(Johnsen et al., 2001; Seppä et al., 2005; Tinner and Lotter, 2006).
Contrasting, patterns occurred before 8000 cal. yr BP, leading to a
drier climate in central Europe and a moister and cooler climate
over Scandinavia.

A clear decrease in temperatures and an increase in pre-
cipitation over Europe are recorded from about 4000 cal. yr BP
and become more pronounced during the last 2000 years (Seppä
et al., 2005). In contrast, our pollen-based reconstruction
displays warmer winter temperatures, and a divergent pattern
for summer temperatures (i.e., it shows clearly decreasing
values at Steregoiu and constant values at Preluca Tiganului) for
the last 2400 years.
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Modern climate in NWRomania is influenced by the Atlantic
Current with winter temperatures positively correlated to
positive NAO phases and enhanced westerly airflow, and pre-
cipitation negatively correlated to positive NAO phases (Bojariu
and Paliu, 2001). This leads to warmer winters, but reduced
amounts of precipitation over the Romanian territory as
compared to more western areas of Europe. If our reconstructed
increases in winter temperature and decreases in precipitation
equally recorded at both sites for the last 2400 cal. yr BP are
correct, this may potentially be related to an enhanced positive
phase of NAO and westerly airflow towards central and Eastern
Europe. Analysis of observation of NAO pattern over the last
40 years indicates that it operates on shorter time periods i.e.,
inter-annual and decadal (Bojariu and Paliu, 2001; Bojariu and
Giorgi, 2005). There are, however, reconstructions to suggest a
similar periodicity to modern NAO patterns during the last
2000 years but also over longer times such as the multi-
centennial scale (Lamy et al., 2006).

5. Conclusions

The modern analogue technique applied to pollen data from
Steregoiu and Preluca Tiganului in the Gutaiului Mountains
provides the first estimates of the Holocene climate dynamics in
NW Romania.

The pollen-based climate reconstructions allowed identifica-
tion of four main intervals: i) an early, less stable period between
11,700 and 11,200 cal. yr BP; (ii) generally stable conditions
between 11,200 and 8300 cal. yr BP with winter and annual
temperatures and precipitation at levels higher than at present,
and summer temperatures about the same; (iii) lower winter and
annual temperatures, and higher summer temperatures and
precipitation between 8000 and 2400 cal. yr BP; (iv) warmer
winter and annual temperatures and lower precipitation for the
last 2400 years, with cooler summer temperatures at Steregoiu
and stable at Preluca Tiganului.

Reconstructed warmer and moister climatic conditions from
11,700 cal. yr BP are reflected in the pollen diagrams by the
reduction of Pinus–Betula woodlands and a marked expansion
of Ulmus. The stable conditions between 10,200 and 8300 cal.
yr. BP coincide with the development of Ulmus, Quercus, Tilia
and Fraxinus woodland. Cooler winters and rather high
precipitation between 8300 and 2400 cal. yr BP are reflected
in the pollen diagram by the replacement of mixed-deciduous
woodlands by Picea–Corylus dominated woodlands and from
about 4500 cal. yr BP by the development of F. sylvatica
woodlands.

The pollen-based climate reconstructions at the two sites
show similar patterns in annual and winter temperatures and
precipitation changes during the Holocene. The trends are less
consistent for summer temperatures. The overall climate recon-
struction for the last 1500 years may be biased by human-
induced changes in the surrounding vegetation.

Apart from the general climatic trends, our pollen-based
climatic reconstructions also reveal several short-term climate
variations during the Holocene. These oscillations occurred
approximately between 10,300–10,100, 8300–8000, 6800–

6400, 5100–4900, 4000–3600 and around 3200 cal. yr BP.
These climatic excursions correlate to other centennial-scale
oscillations recorded in NW Romania, Europe and elsewhere.
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