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This paper provides quantitative reconstructions of the Lateglacial changes in four climate parameters from
two fine-resolution pollen profiles in the Gutaiului Mountains, NW Romania. Climate estimates are based on
two modern analogue techniques (with and without considering vegetation types) and weighted averaging
partial least squares regression (WA-PLS), giving evidence for several climatic fluctuations during the period
from N14,700 to 11,500 cal. yr BP. The comparative results of the two modern analogue techniques show
consistent trends of climate changes that are also coherent at both sites, but these results appear to largely
disagree compared with climate reconstruction provided by WA-PLS.
The modern analogue techniques revealed four intervals with low temperatures: prior to 14,700 cal. yr BP,
between 13,950 and 13,800; 13,400 and 13,200; and 12,700 and 11,700 cal. yr BP. The temperature declines
were more pronounced for winter than for summer, suggesting an intensification of seasonality, which
together with a drop in precipitation indicates an increase in continentality. The Younger Dryas is the most
pronounced cooling phase with winter temperatures ~14–16 °C colder than modern conditions, annual
and summer temperatures ~2–5 °C and ~2 °C, respectively below present ones. Precipitation was ~400–
500 mm, half that of present. During the Bølling and Allerød, summer temperatures were close to modern
values (13 to 17 °C), whereas winter (−6 to −12 °C) and annual temperatures (0.5 to 6 °C) as well as
precipitation were (550 to 700 mm) lower, indicating more continental conditions compared to the
present-day climate.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

An increasing number of fine-resolution studies of ice-core, marine
and terrestrial sediments demonstrate that the Weichselian Lategla-
cial (ca. 15,000–11,500 cal. yr BP) was a period of particularly strong
global climatic change on millennial to centennial time-scales
(Dansgaard et al., 1993; Bond et al., 1997, 2001). Much attention has
been given to quantifying the magnitude of these climatic oscillations
in order to understand the most likely range in palaeotemperature
and palaeoprecipitation changes (Atkinson et al., 1987; Guiot, 1990;
Birks, 1998; Isarin et al., 1998; Vandenberghe et al., 1998; Ammann
et al., 2000; Birks and Ammann, 2000; Renssen and Isarin, 2001; Heiri
andMillet, 2005; Peyron et al., 2005). A number of methods have been

developed to provide quantitative estimates of palaeoclimatic changes
based on biotic and abiotic proxies such as pollen, plant macrofossils,
chironomids, Cladocera, diatoms, Coleoptera, δ18O, δ13C, or periglacial
features such as ice-wedge casts and fossil frost mounds (e.g. Iversen,
1944; Atkinson et al., 1987; Klotz, 1999; von Grafenstein, 1999;
Ammann et al., 2000; Birks and Ammann, 2000; Lemdahl, 2000; Pross
et al., 2000; Renssen and Isarin, 2001; Seppä and Birks, 2001; Kühl
et al 2002; Birks and Seppä, 2004; Heiri andMillet, 2005; Peyron et al.,
2005; Birks and Birks, 2006). Pollen and spores have an advantage for
quantitative palaeoclimatic and biome reconstructions as they can be
used to derive information about various climate parameters, e.g.
summer, winter, and annual temperatures, mean annual precipitation,
potential and actual evapotranspiration, growing degree days above
0 °C and 5 °C, respectively (Birks and Birks, 1980; Woodward, 1988;
Guiot, 1990; Prentice et al., 1993; Sykes et al., 1996; Mosbrugger, 1999;
Pross et al., 2000; Klotz et al., 2003; Peyron et al., 2005). Moreover,
pollen and spores are produced in large numbers, have good
dispersion capabilities and are easily deposited in lakes or peat,
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therefore providing high temporal and spatial resolution records of
vegetation and climate dynamics. However, differences in pollen
production, dispersal and deposition between species represent the
main drawback of pollen analysis as a measure of past vegetation
development and climate (Sugita, 1994; Broström, 2002).

Many pollen diagrams have been produced for northwestern and
central Europe, offering insights into vegetation and climate dynamics
during the Lateglacial. Some of these pollen diagrams were also used
for quantitative climate reconstructions (e.g., Isarin et al., 1998;
Ammann et al., 2000; Birks and Ammann, 2000; Lotter et al., 2000;
Renssen and Isarin, 2001; Seppä and Birks, 2001; Peyron et al., 2005;
Magny et al., 2006; Ortu et al., 2006). These reconstructions show
similar patterns in temperature and precipitation curves, though the
actual values of the parameters differ from site to site and also in
comparison to other organisms used to derive climate signals (e.g.,
Cladocera, Coleoptera, chironomids). However, due to a large spatial
variability of natural climate, studies on different geographical areas
are necessary to obtain a realistic picture of how and why climate
varied in the past.

New radiocarbon-dated pollen diagrams from Romania allow
reconstructions of the Lateglacial vegetation history (Farcas et al.,
1999; Wohlfarth et al., 2001; Björkman et al., 2002, 2003; Tantau et al.,
2003, 2006; Feurdean, 2004) and tentative estimations of the climate
conditions (e.g.,warm/cold,wet/dry), butnoquantitative reconstruction
has been attempted so far. Independent records of Lateglacial climate in
NW Romania are provided by δ18O and δ13C signatures in speleothems
(Tămaş et al., 2005), but these records do not give information on the
absolute values of temperature and precipitation changes. They may,
however, be used to estimate variations in relative temperature,
precipitation and soil CO2 production (e.g., McDermott, 2004).

In this study, we apply twomodern analoguemethods andWA-PLS
to two high resolution pollen sequences from the Gutaiului Moun-
tains, NW Romania to provide quantitative information on annual,
winter and summer temperatures, and on precipitation during the

Lateglacial in NW Romania. This comparative approach will enable us
to assess the most likely palaeoclimate development. We also discuss
our results in light of other quantitative reconstruction in order to test
the limitation/performance of our methods.

2. Methodology

2.1. Site descriptions

The fossil pollen records were obtained from the central part of
two adjacent (1 km apart) sites situated in the Gutaiului Mountains,
northwest Romania (Fig. 1; Jarvis et al., 2006). This massif is part of the
Eastern Carpathian mountain chain with peaks rising up to 1200–
1400 masl. Preluca Tiganului (47°48′83″N; 23°31′91″E) has a surface
area of 1 ha and is situated at 730 masl and Steregoiu (47°48′48″N;
23°32′41″E) has a surface area of 0.5 ha and is located at 790 masl
(Björkman et al., 2002). Both sites are infilled former crater lakes that
became overgrown during Weichselian Lateglacial and Holocene. The
sedimentary sequence analysed at Preluca Tiganului varies between
different types of gyttja, clay gyttja, peaty gyttja and peat (Fig. 2A),
while at Steregoiu it contains silty-clay and clay gyttja (Fig. 2B).

The present-day mean January temperature is between −4
and −6 °C, mean July temperature is ~16–18 °C and mean annual
temperature is ~8 °C (Academia Româna, 2002, 2004). Annual
precipitation is in the range of 800 to 1000 mm; the highest amounts
fall in June and July (~120–140 mm) and the lowest in February (~60–
80 mm). The current vegetation consists mainly of young Fagus
sylvatica dominated woodlands.

2.2. Fossil pollen data

At Preluca Tiganului, samples for pollen analysis were taken at
intervals varying between 2.5 and 4 cm, and at Steregoiu between 1
and 2.5 cm (ca. 2 cm on average).

Fig. 1.Map showing the locationof our study sites and thoseused for comparisons.1 = study sites; 2 =ApuseniMountains, Romania (Tămaş et al., 2005); 3 = SouthernCarpathians, Romania
(Constantin et al., 2007); 4 = Hungary (Magyari, 2002); 5 = Switzerland (Lotter et al., 2000; Lemdahl et al., 2000); 6 = Lac Lautry, France (Peyron et al., 2005; Heiri and Millet, 2005).
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Five 14C AMS measurements were performed on terrestrial plant
macrofossils from the Lateglacial/onset of the Holocene part of the
Steregoiu core, and ten at Preluca Tiganului (Fig. 2). Radiocarbon dates
were calibrated with CALIB 5 0.2 (Stuiver et al., 2005), using the
IntCal04 data set (Reimer et al., 2004). Although the new calibrations
give smaller standard deviation errors than the IntCal98 data set
(Stuiver et al., 1998), some of the dates fall within the plateau at ca.
12,600 and therefore have resulted in large errors. The dates used to
construct the age–depth model were determined in a similar way to
those discussed by Björkman et al. (2002) and are either themid-point
of the calibrated interval at 2σ or an adjusted age (Fig. 2). This adjusted
age takes into consideration biostratigraphic correlation between
sites, the dates that fall in uncomplicated parts of the calibration
curve, and dates that have smaller standard errors. A hiatus occurs at
6.5 m at Preluca Tiganului, indicated by a sharp rise in pollen of Ulmus
and Picea, and a corresponding sudden drop in Artemisia, Poaceae and
Chenopodiaceae (Figs. 2, 4). The sand erosive layer occurring at 5.26 m
at Steregoiu may also point to a hiatus (Figs. 2, 3).

The Lateglacial pollen stratigraphies and vegetation developments
at Preluca Tiganului and Steregoiu are presented in detail by Björkman

et al. (2002) and by Feurdean and Bennike (2004). A short description
of the main trends in the pollen composition of these sites is given
below and is illustrated in the synthesised pollen diagrams (Figs. 3, 4).
The composition and dynamics of vegetation at the two sites are
largely similar to other Lateglacial records in the Carpathians showing
that herbs and open woodlands with Pinus, Betula and some Larix,
Salix and Alnus, alternated with the expansion of woodlands that
also included Picea, Ulmus and Populus and a corresponding reduction
of steppe elements (Feurdean et al., 2007).

Prior to 14,700 cal. yr BP, the pollen record at Steregoiu shows high
pollen percentages for non-arboreal pollen (NAP), including Artemisia,
Cyperaceae, Poaceae, Chenopodiaceae but also for Salix and Juniperus,
and comparatively high percentages for Pinus. The Glacial/Lateglacial
boundary (GS-2/GI-1e) is characterised by an increase in arboreal
percentages (AP), in particular of Pinus, Alnus, and Betula, together
with a decline in NAP, mostly of Artemisia, Cyperaceae, and Poaceae. A
subsequent decline in AP (mainly of Betula and Pinus) in parallel with
the rise in NAP (notably Juniperus, Artemisia, and Cyperaceae) between
13,950 and 13,800 cal. yr BP is only recorded at Preluca Tiganului and
represents a short cold episode correlated with GI-1d (Older Dryas).

Fig. 2. Calibrated radiocarbon dates (black squares) and suggested age–depth (grey triangles and curve) for Preluca Tiganului (A) and for Steregoiu (B). The corresponding 14C AMS
measurements and their laboratory code number are given beside the curve. A simplified lithology of the sediment of both sites is also shown. 1 = clay gyttja; 2 = gyttja peat; 3 =
peaty gyttja.
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The strong rise in AP (Picea, Pinus, Betula, and Alnus) and the
occurrence of Ulmus at 13,800 cal. yr BP mark the beginning of the
Allerød (GI-1c-1a). A short-term decrease in Picea, the disappearance
of Ulmus, and increasing pollen values of Artemisia, Chenopodiaceae,
and Poaceae observed at Preluca Tiganului between 13,300 and
13,100 cal. yr BP is taken as a possible response to the GI-1b cold
episode. Around 12,900 cal. yr BP, a significant drop in Picea pollen, a
slight reduction in Betula, and a distinct rise in NAP point to the
beginning of the GS-1 stadial (Younger Dryas). The Lateglacial/

Holocene boundary (11,500 cal. yr BP) is marked by a rise in AP
(Betula, Picea, Alnus, and Ulmus) and a distinct reduction in NAP and of
Pinus.

2.3. Reconstruction techniques used

Three reconstruction methods have been applied to calculate
palaeoclimate data for the parameters: mean annual temperature
(MAT), mean temperature of the coldest month (MTC), mean

Fig. 3. Percentages of selected trees (triangles) and herbaceous (dots) pollen taxa and of mean annual temperature (MAT), temperature of the coldest month (MTC), temperature of
the warmest month (MTW), and mean annual precipitation (MAP) for Steregoiu. The dashed curves show the average values reconstructed with MAV considering vegetation types,
and black curves show the average values reconstructed with MAA without vegetation types. Pollen zones and the correlation to GRIP events are also indicated.

Fig. 4. Percentages of selected trees (triangles) and herbaceous (dots) pollen taxa and of 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 dashed curves show the average values reconstructed with MAV considering vegetation
types, and black curves show the average values reconstructed with MAA without vegetation types. Pollen zones and the correlation to GRIP events are also indicated.
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temperature of the warmest month (MTW) and mean annual
precipitation (MAP). These are: (1a) modern analogue vegetation
types (MAV); (1b) an alternative modern analogue technique (MAA);
and 2) the weighted averaging partial least squares regression (WA-
PLS). All these methods are based on the assumptions that: (i) plant

species abundance and distribution are largely controlled by climate;
(ii) the relevant modern species distribution is largely in equilibrium
with climate; (iii) and that a sufficiently close biological analogue
exists from which to infer the climate represented by a given fossil
assemblage.

Fig. 5. Map showing the distribution of modern analogues data set (A). Maps showing the origin of modern analogues for Steregoiu for selected periods: 11,700 cal. yr BP (B);
13,900 cal. yr BP (C), and N14,700 cal. yr BP (D).
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2.3.1. Modern analogue vegetation types methods (MAV)
The modern analogue vegetation types method (MAV) developed

by Klotz (1999) is based on the best-fit selection of modern surface
samples (here, a number of 8 is chosen, see Figs. 5, 6) out of a data set
of 2653 spectra (from 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). By taking into account the
proportions of each taxon as a first selection criterion, the method
uses weighted squared log-transformed Euclidean distances to
calculate dissimilarity coefficients between each fossil sample and

Fig. 6.Maps showing the origin of the modern analogues for Preluca Tiganului for selected periods: 11,380 cal. yr BP (A), 12,000 cal. yr BP (B), 13,400 cal. yr BP (C), 13,950 cal. yr BP (D)
14,400 cal. yr BP (E).
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all modern spectra in the reference pollen data set (on the basis of 43
taxa considered).Weighting factors are calculated for each taxon by an
eigenvalue analysis to consider the climatic predictive power of that
taxon. Taking into account the composition of the pollen floras given
by the vegetation type they represent, as a second selection criterion
themethod uses squared Euclidean distances to calculate dissimilarity
coefficients between the vegetation type of each fossil sample and all
modern spectra. In the discussion chapter we refer to this procedure
as MAV. In contrast to broad-scale biomes, which are also often used
as a selection criterion (e.g. Peyron et al., 1998), vegetation types
reflect a more specific vegetation composition and are, therefore,
more closely related to regional environmental patterns. Vegetation
types are basically determined by their constituent species and the
relative abundance of these species. The identification of vegetation
types is based onmodern field observations as is described in detail by
Klotz et al. (2003). For technical handling, plants that are absent from a
vegetation type are rated 0, associated plants are rated between 0 and
1, and dominant plants, which determine the basic climatic and
ecologic requirements of the flora are rated 1.

2.3.2. An alternative modern analogue technique (MAA)
The alternativemodern analogue technique used (MAA) is based on

the best-fit selection of modern surface samples (also a number of 8 is
chosen) calculated by squared log-transformed Euclidean distances,
considering no weighting and no vegetation types. It should be
mentioned that calculating only dissimilarity coefficients between
proportions yields the information about the similarity between the
fossil and modern pollen spectra, but actually does not consider the
climatic predictive power of the taxa participating in the pollen floras.

The quality of both modern analogue techniques have been tested
applying aMonte-Carlo leave-one-out cross-validation on themodern
pollen data set (ter Braak, 1995; Birks, 1995). Climate data from the
closest available climate stationwas used for correlating each modern
pollen data set, yielding coefficients for the MAV of 0.9 for MTC (RMSE
2.6 °C), 0.88 for MAT (2.1 °C), 0.81 for MTW (1.8 °C), and 0.78 for MAP
(169 mm) between actual and predicted climate data. Concerning the
alternative MAA, correlation coefficients are 0.9 for MTC (RMSE
3.18 °C), 0.88 for MAT (2.15 °C), 0.8 for MTW (1.93 °C), and 0.77 for
MAP (169 mm). Therefore, we argue that both techniques are
sufficient in reproducing climatic trends.

The main advantage of modern analogue methods is that pollen
abundance is considered as important to provide palaeoclimatic
information. The main difficulty encountered with these methods is the
availability of recent data sets that are sufficiently unbiased by anthro-
pogenic factors and which offer good analogues to pollen fossil floras.

2.3.3. Weighted averaging partial least squares regression (WA-PLS)
WA-PLS is a reconstruction technique that is basedon the construction

of response models between taxa abundances and an environmental
gradient (ter Braakand Juggins,1993).Weightedaveraging is used tobuild
unimodal responsemodels. TheWA-PLS estimates are based on amodern
data set of 2053 samples covering western Europe up to 60° East.
Unimodal responsemodels are constructed byweighted averaging of the
taxa abundance against the environmental parameter, and the width of
the response curves gives an indication of the strength of the control of

that parameter on the taxon. The use of partial least squares allows extra
covariance between the taxa and the environment to be taken into
account. The PLS components are chosen to be orthogonal to the main
environmental gradient, and are therefore uncorrelated, representing
unknown environmental factors that control the response of the taxon.
The goal is to produce the most parsimonious model, and the number of
components is chosen as an iterative process, where components are
added until there is little or no improvement in the model. The quality of
the models was tested by bootstrapping (n=999) (Efron and Tibshirani,
1993), and the change in theR2 andRMSEofpredictionwereused to judge
the models (see Table 1). All models used here are 3-component models.

3. Results and discussion

3.1. Validity of the pollen data

Since the trends in frequency of the main pollen types are
consistent in both sites (as described in section Fossil pollen data),
we are confident that the shifts displayed by the pollen data are
representative of broader scale climatic changes and not local
conditions (Figs. 3, 4). As a result, we are able to apply the modern
analogues vegetation and WA-PLS methods to investigate the four
climatic parameters during the Lateglacial.

Table 1
Results of the bootstrapped tests of the WA-PLS models. The values given are:
parameter name, calibration R2, prediction R2, root mean squared error (RMSE) and root
mean squared error of prediction (RMSEp)

Parameter R2 R2p RMSE RMSEp

MTWA 0.775 0.758 2.24 2.36
MTCO 0.838 0.825 2.94 3.1
TANN 0.829 0.816 2.45 2.58
PANN 0.643 0.62 131.43 137.66
GDD5 0.773 0.756 652 686

Table 2
Quantitative reconstruction of the climate parameters at Preluca Tiganului and
Steregoiu presented as an average values rounded to neatest values of 0.50 for each
period. The abbreviations are as follows: MAT = mean annual temperatures; MTC =
mean temperature of the coldest month; MTW = mean temperature of the warmest
month; and MAP = mean annual precipitations. MAV = modern analogue vegetation
considering vegetation types; MAA = modern analogue vegetation with no vegetation
types. Note that, at Steregoiu the temperature is given for the whole period GI-1c-1a
(Allerød)

Period Parameter Steregoiu MAV
and MAA

Preluca Tiganului
MAV and MAA

Present day values MAT (°C) 8 8
MTC (°C) −4 and −6 −4 and −6
MAW (°C) 16 and 18 16 and 18
MAP (mm) 800–1000 800–1000

GS-1 (Younger Dryas) MAT (°C) −1 +3 +0.5 +3
MTC (°C) −15 −14 −17 −10
MAW (°C) 14.5 18 15 +16
MAP (mm) 500 550 550 600

GI-1a (Allerød) MAT (°C) +3.5 +3
MTC (°C) −8 −10
MAW (°C) 16 16
MAP (mm) 650 600

GI-1b (Allerød) MAT (°C) −1 +2
MTC (°C) −17 −12
MAW (°C) 16 16
MAP (mm) 550 550

GI-1c (Allerød) MAT (°C) +4.5 +4 +3 +3
MTC (°C) −8 −9 −11.5 −10
MAW (°C) 17 17 16 16
MAP (mm) 600 600 600 600

GI-1d (Older Dryas) MAT (°C) +1 +2.5
MTC (°C) −15 −11
MAW (°C) 17 16
MAP (mm) 600 600

GI-1e (Bølling) MAT (°C) +4 +3 +5 +3
MTC (°C) −9 −10 −5.5 −7
MAW (°C) 16 17 15.5 14
MAP (mm) 550 600 700 600

GS-2 (Oldest Dryas) MAT (°C) +2 +4
MTC (°C) −13 −11
MAW (°C) 16.5 18
MAP (mm) 550 550

−13
16.5
550
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The pollen stratigraphy itself may be, however, biased by a number
of factors (e.g., sedimentation processes, chronology, pollen deposi-
tion, misidentification of taxa), which can affect the accuracy of the
vegetation reconstruction. For instance, both sites have experienced
hiatuses but at different depths (see sites description). Also, higher
sediment accumulation rates at Preluca Tiganului allow a more
detailed consideration of the Lateglacial vegetation dynamics than at
Steregoiu (e.g., detection of centennial-scale changes in vegetation).
Furthermore, the number of highly suitable modern analogues differs
for each time interval and each fossil flora, which influences the
reconstructions.

3.2. Validity of the statistical methods

The results from climate estimates (Figs. 3, 4, 7, 9; Table 2) show
consistent trends at the two sites using modern analogue methods
with both statistical calculations i.e., weighted log-transformed
Euclidean distances considering vegetation types (MAV) and log-
transformed Euclidean distances not including vegetation types
(MAA). The estimated values are, however, slightly different due to
inherent differences of the statistical interpretation of the data set
(Birks and Seppä, 2004). To constrain our reconstruction we compare
the inferred climatic values with changes in lake level and peat surface
condition derived from macrofossils and lithostratigraphy from the
same cores (Feurdean and Bennike, 2004).

By contrast, the climate estimates derived from WA-PLS are
considerably warmer that those reconstructed by modern analogues.
They show an extremely low variability on the Lateglacial climate, and
most importantly they are inconsistent with trends in the fossil pollen
assemblages (Fig. 7). The data set used for the calibration is limited
geographically to 60°E, but with few samples east of approximately
50°E. The overestimation of the temperatures may be due to incom-
plete sampling of the climatic gradient, in particular an insufficient

number of samples from highly continental regions. Examination of
the residuals shows a consistent overestimation of colder samples,
which correspond roughly to the climate of the Lateglacial period.
The extrapolation of the WA-PLS response models into colder climate
space may therefore be limited by insufficient samples, causing this
overestimation. However, WA-PLS does performwell on the Holocene
sequences revealing patterns that are consistent with modern an-
alogue techniques (Feurdean et al., 2008; unpublished data). We
therefore exclude the reconstructed climate parameters using the
WA-PLS from the interpretation, however, for comparison with
modern analogues, these values are shown in Fig. 7.

3.3. Climate reconstruction using MAV and MAA

3.3.1. N14,700 cal. yr BP, Oldest Dryas (GS-2)
Our pollen-based climate reconstruction for Steregoiu, potentially

dating back to N14,700 cal. yr BP (end of the last glacial), indicates
similar estimates for MTC using both methods (MAV and MAA), but
slightly disagree on MTW and MAT. Mean temperature of the coldest
month fluctuated between −10 and −14 °C (ca. 4–10 °C colder),
whereas temperatures of the warmest month were around 16.5 °C
(2 °C lower) usingMAV (with vegetation types) and ca.18 °C withMAA
(no vegetation types). Mean annual temperatures were about 2–5 °C
(ca. 3 to 6 °C lower than today) (Fig. 3). A minimum mean July
temperature of at least 12 °C (Iversen, 1954) is suggested by the local
presence of Pinus sylvestris (pollen values 45–50%). Both statistical
methods consistently indicate precipitation of ca. 550 mm, half of the
modern value (Fig. 3, Table 2).

Reconstructed July temperatures during GS-2a performed by
Renssen and Isarin, (2001) using climate indicator plant species
were ~15 °C (at sea level) in central-eastern Europe (~11 °C adjusted to
site elevation, assuming a 0.55 °C decrease per 100 m after Pop, 1988).
Mean annual temperatures estimated from periglacial evidence were

Fig. 7. Summarised pollen-inferred climatic estimates from Steregoiu and Preluca Tiganului using MAV (dashed line), MAA (black line) and WA-PLS (dot-dashed line). The light grey
horizontal bars indicate cold episodes. Pollen zones and the correlation to GRIP events are also indicated.

128 A. Feurdean et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 265 (2008) 121–133



Author's personal copy

below −6 °C and January temperature was −19 °C (Renssen and Isarin,
2001). In the same study, simulated temperatures (from the ECHAM4
atmospheric general circulation model) suggest warmer conditions
than those derived from palaeoclimate reconstructions i.e. July
temperatures ~16 °C (adjusted) and January temperatures −14 °C
(adjusted). Generally our reconstructions are closer to Renssen and
Isarin's (2001) simulation and also to the July temperatures estima-
tion, but appear to be toowarmwhen compared to January and annual
estimates (Table 3). The discrepancy between the two January and
annual temperatures reconstructions may be the consequence of the
limited data available in Renssen and Isarin's (2001) reconstruction
and a low quality of modern analogue in our pollen-based climatic
reconstruction. Similarly, warmer summers and very cold winters in
Hungary were quantitatively reconstructed but with abnormally
higher precipitation (Magyari, 2002). At Lac Lautry, eastern France
(similar elevation and present-day temperatures to our sites), pollen
and chironomid-based data give summer temperatures of 10 to
12.5 °C and precipitation of 200–300 mm (Peyron et al., 2005). The
pronounced continental climate in our reconstruction is also sup-
ported by Kutzbach et al. (1998), whose simulation results for Europe
yielded colder winters and drier climatic conditions, while summers
were less affected.

3.3.2. 14,700 cal. yr BP, Bølling (GI-1e)
At around 14,700 cal. yr BP, coinciding with the beginning of the

Lateglacial interstadial (GI-1e or Bølling), both modern analogue
methods show ca. 3–4 °C for MAT, ca. −9 °C for MTC, 16 °C for MTW
and 550 mm for precipitation for Steregoiu (Fig. 3). These values were
relatively low during the whole Bølling period (Fig. 3). At Preluca
Tiganului the record starts around 14,400 cal. yr BP and the
reconstructed temperatures and precipitation using MAA are rather
similar to those from Steregoiu, but are generally higher (except for the
MWT14 °C) consideringvegetation types (5 °C forMAT; −5.5 °C forMTC;
750mm forMAP (Figs. 4, 7 Table 2). The discrepancy between sites may
result from the interpretation of differences in the pollen percentages
between the sites (e.g. scarce pollen grains of Picea at Steregoiu and
more conspicuous at Preluca Tiganului; higher pollen percentages of
Artemisia and Betula at Steregoiu than at Preluca Tiganului) by both
methods. The presence of macroremains for Pinus, Betula and for cold
deciduous trees (Populus tremula, Prunus padus) implieswarmer climate
conditions and the reduced abundance of steppe elements suggest
increased effective moisture compared to the previous interval (Fig. 8).

The reconstructed warming at the beginning of the Lateglacial
interstadial for Steregoiu is not prominent, and with the exception of
summer temperatures, annual and winter temperatures are signifi-
cantly lower than present-day values (Fig. 3). In contrast, an abrupt
increase in temperatures and precipitation at the GS-2/GI-1e transi-

tion is documented in other records from central Europe (von
Grafenstein et al., 1999; Lowe, 2000; Peyron et al., 2005). A notable
warming and increase in soil CO2 production is also suggested by
increasing δ18O values with ca. 1.2‰ at ca. 14,800–14,500 yr BP in
speleothems from the Apuseni Mountains (Tămaş et al., 2005). The
pollen-based climate reconstructions for central-eastern Europe
(Renssen and Isarin, 2001), indicate that January temperatures
increase from −19 °C to b−4 °C and July temperatures from 11 °C to
14 °C (Table 1). Their simulated temperatures are 7 °C higher for
January and 5 °C for July. TheMTC values at Preluca Tiganului are close
to those in the Renssen and Isarin (2001) reconstruction, whereas
those at Steregoiu appear too low. The MTW at both our sites lie
within the range of the reconstructed and simulated July values of
Renssen and Isarin (2001), who concluded that the true value of July
temperatures lay somewhere between these two points. In addition,
pollen (~16 °C) and chironomid (~14–14.5 °C) inferred summer
temperatures in France also increased at the beginning of the Bølling
to values close to the present-day ones (Heiri andMillet, 2005; Peyron
et al., 2005).

3.3.3. 13,950–13,800 cal. yr BP, Older Dryas (GI-1d)
Adecline of ~4 °C inMTC, ~2 °C inMATand 100mm in precipitation,

and a concomitant increase of ~1–2 °C in MTW is recorded in seven
consecutive samples (between 13,950 and 13,800 cal. yr BP) at Preluca
Tiganului withMAA (Figs. 4, 7). The climate estimates usingMAV follow
a similar pattern but the amplitude of temperature and precipitation
drop is considerably higher (~5–10 °C for MTC; ~2–4 °C for MAT and
200 mm for MAP). This oscillation is not recorded at Steregoiu and we
suggest that this is due to a sedimentary hiatus (Fig. 3). For this interval
we find good correspondence between modern analogues and fossil
pollen data. Reconstructed drops in MTC and MAT with MAV (with
vegetation types) are, however, considerably high as compared to
variations observed in pollen percentages and MAA (no vegetation
types). This may be explained by the fact that, although the changes in
the pollen assemblages are not that pronounced, a switch to a
different vegetation type (or ecosystem) is indicated. As a result,
stronger variations in the climate parameters are obtained. Recon-
structed winter temperatures that seem to be too cold and lower
precipitation may also be the consequence of the selection of the
modern analogue from the northern Russian taiga (Fig. 6D).
Palaeobotanically, this climate change is evidenced by slightly higher
values of herbaceous pollen (mainly Artemisia and Cyperaceae), and
Betula, a marked reduction in the occurrence of Pinus needles and
increase in those of Larix decidua, and macroremains of Betula sect.
Albae (Figs. 4, 8). The quantitative estimation is in excellent
agreement with the abundant record of L. decidua needles. Modern
ecological studies show that L. decidua is more adapted to summer

Table 3
Comparison of the quantitative climate reconstruction of MTW (mean temperatures of the warmest month) and MTC (mean temperature of the warmest month) in the eastearn and
central Europe using different techniques and proxies. MAT (modern analogue technique), IF (inference models), PFT (plant functional type), MCR (mutual climatic range analysis), TF
(transfer function)

Sites Method Parameter GS-2
(Oldest Dryas)

GI-1e
(Bølling)

GI-1d
(Older Dryas)

GI-1 a-1c
(Allerød)

GS-1
(Younger Dryas)

References

Eastearn Europe Geological and
botanical data

MTW 11 °C 13 °C 16 °C for Renssen and Isarin (2001),
Isarin and Bohncke (1999)MTC −19 °C −4 °C −15 °C

MAT 6 °C 8 °C −1 °C
AGCM simulation MTW −14 °C +3 °C 20 °C

MTC −10 °C
Hungary MAT (pollen) MTW 13.5 °C Magyari (2002)

MTC −7 °C
Gerzensee IF (pollen) MTW 11–12 °C 10 °C Lotter et al. (2000)

IF (cladoceran) MTW 11–13 °C 9.5 °C
MCR (coleopteran) MTC 18 °C 10–13 °C Lemdahl (2000)

−5 °C −10–12 °C
Lac Lautry Pollen (MAT) MTW 11–12 °C 18 °C 17 °C 18 °C 13 °C Peyron et al. (2005),

Heiri and Millet (2005)Chironomids (TF) MTW 10.5–12 °C 15–16 14–15 °C 17 °C 16 °C
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drought and cold winters than other boreal species (Grime et al.,
1986; Nikolov andHelmisaari,1992). A different temperature pattern,
with lower summer temperatures (ca. 0.75–1 °C lower) and a 5–10%
decline inevapotranspiration,was reconstructedat around13,900 cal. yr
BP using a modern analogue method and plant functional types at Lac
Lautrey, France (Peyron et al., 2005).

3.3.4. ~13,800–12,700 cal. yr BP, Allerød (GI-1c-1a)
During the Allerød (13,800 and 12,700 cal. yr BP), the pollen-based

climate reconstructions are consistent between both analogue
techniques. Slightly warmer conditions with MAT of ~2–5 °C; MTC
were between −6 and −12 °C; and ~16,5 °C ofMTW, and a precipitation
increase from ca. 550 to 600 mm are reconstructed at Steregoiu.
(Figs. 3, 7). At Preluca Tiganului, the inferred climate parameters show
strongly fluctuating values particularly when vegetation types are
considered (Figs. 3, 4). Since MAV is very sensitive to the change in
abundances of a fossil taxon, these pronounced climate oscillations
are certainly derived from the large fluctuations in the tree pollen
percentages (particularly for Picea) and therefore may amplify the real
palaeoclimatic variability (Fig. 4). At the beginning of this interval, the
depositional basin became overgrown by peat, and it is therefore
possible that a component of the Picea pollen originated from trees
growing around the basin or over the peat surface. The inferred
precipitation rise matches the reconstructed wetter peat bog condi-
tion between 13,500 and 12,700 cal. yr BP based on aquatic plant
successions from the same cores (Feurdean and Bennike, 2004). This
interval was assumed to be thewarmest period of the Lateglacial in the
Gutaiului Mountains due to the maximum extent of Picea abies
dominated woodlands with Betula, Pinus, Alnus, and Ulmus (Feurdean
et al., 2007). The climate estimation shows that the Allerødwas indeed
the warmest interval of the Lateglacial, when summer temperatures
were close to modern values, but annual and winter temperatures
were significantly lower than at present. Mean annual precipitation

was also lower than today, implyingmore continental conditions (Figs.
3, 4).

In central Europe, the quantitative climate estimates during the
Allerød show divergent values depending on the organism and
techniques used (Table 3). For instance, pollen and cladocera-inferred
summer temperatures (transfer functions method) at Gerzensee,
Switzerland lie between 11 and 13 °C, which is ca. 5 °C lower than at
present (Lotter et al., 2000). Coleopteran-inferred summer tempera-
tures vary from 10 to 18 °C (mutual climate rangemethod) at different
elevation sites in the Swiss Alps (Lemdahl, 2000). The July tempera-
tures reconstructed from pollen were ca. 16–17 °C (modern analogue
vegetation) and from chironomids were ca. 16.5–18 °C (air inference
model) at Lac Lautry, France (Peyron et al., 2005). Reconstructed
winter temperatures in the Swiss Alps were ca. 5 °C colder than at
present (Lemdahl, 2000), also close to our values.

Both modern analogue methods reveal a four sample event
between 13,400 and 13,200 cal. yr BP at Preluca Tiganului (Fig. 4).
The decline is of ~4 °C inMTC and of ~2 °C inMAT, using no vegetation
types and significantly stronger (of ~7–9 °C in MTC and of ~3 °C in
MAT) using vegetation types (Figs. 4, 7). Although the quality of the
analogues is rather good, the strong temperature decline may be
subject to the factors encountered on the interval between 13,950 and
13,800 cal. yr BP (GI-1d). In the pollen and macrofossil record this
cooling is expressed by a reduction in pollen and needles of Picea, the
disappearance of Ulmus, and an increase in Artemisia, Chenopodiaceae
and Poaceae (Figs. 3, 4, 8).

3.3.5. 12,700–11,500 cal. yr BP, Younger Dryas (GS-1)
At the Allerød/Younger Dryas (YD) transition, around 12,700 cal. yr

BP, the pollen-based climate reconstructions from both sites show a
rapid and strong cooling, although the amplitude of this cooling is
stronger when using MAV with vegetation types (Figs. 3, 4). At Preluca
Tiganului, MAT decreased by ~2–5 °C andwere between +1 and −0.5 °C;

Fig. 8. Simplified macrofossil diagram from Steregoiu and Preluca Tiganului (after Feurdean and Bennike, 2004). Macrofossils are presented as concentration/100 ml sediment.
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MTC dropped by ~10 °C and ranged from −15 to −18 °C; and MTW
declined by ~2 °C to around 14–16 °C. The average reconstructed values
with MAA are slightly warmer (~2 °C for MAT; ~−14 °C for MTC),
whereas MTW shows a contrasting trend and rise to ~18 °C. The
estimates for Steregoiu are consistent with the pattern inferred from
Preluca Tiganului (Figs. 3, 7). Precipitation decreases from ~600 mm to
550 mm at both sites (Figs. 3, 4). In the pollen and macrofossil
assemblages this cool episode is reflected by the replacement of Picea by
Pinus open forest with large proportions of herbaceous steppe elements
(Figs. 3, 4, 8). The inferred precipitation trends match a lower lake level
reconstructed at Steregoiu and drier peat bog surface at Preluca
Tiganului (Feurdean and Bennike, 2004). Macrofossils and pollen of Pi-
cea abies, and pollen of Pinus, Typha angustifolia and T. latifolia at the two
sites (Figs. 3, 4, 8, Feurdean and Bennike, 2004) imply minimum mean
July temperatures of 12–13 °C (Isarin and Bohncke,1999) or even N14 °C
(Iversen, 1954), which are only slightly below the pollen-based
quantitative reconstruction. Several distinct individual sample maxima,
more pronounced for annual and winter temperatures, are seen at both
sites during YD, but only when using MAV. The pollen curves are quite
smooth but show the presence of a few scattered pollen grains of
deciduous trees that coincide with the abnormally high temperatures.
The correspondence between the modern analogues and fossil pollen
assemblage from Steregoiu is low. This aspect, and the over-interpreta-
tion of pollen of deciduous trees may explain the reconstructed peaks
with excessive warm temperatures. Both reconstructions fail to record
the slightly increasing trend in temperatures towards the end of the YD
episode, which is often apparent in other records (Björck et al., 1998;
Isarin et al., 1998; Isarin and Bohncke,1999; Ammann et al., 2000; Birks
andAmmann, 2000; Braueret al., 2000;Magnyet al., 2006). This pattern
is somewhat consistent with the speleothem oxygen record of Tămaş
et al. (2005),which showwarmer peaks at around11,200 and 11,000 cal.
yr BP. The general warming trend is recorded later in the Apuseni
Mountains area, from 10,200 cal. yr BP onwards, as in other Romanian
EarlyHolocene stalagmite records (Constantinet al., 2007). In contrast, the

δ13C in speleothems shows a strong shift towardsmore negative values at
~11,700 yr BP, indicating higher precipitation and soil productivity.
Generally, the pollen-based climate curves for the Gutaiului Mountains
indicate that the most pronounced cooling during the YD (GS-1) was in
winterwith temperatures ~14–16 °C colder than at present,whilst annual
temperatures were ~6–7 °C cooler, and summer temperatures ~2–6 °C
lower then today. This pattern agrees well with the reconstructed and
simulated temperature trends for Europe, which suggest that the overall
cold character of the YD was mainly due to decreased winter
temperatures (Isarin et al., 1998). The YD isotherm reconstructed using
geographical distribution of indicator species and geological proxy
evidence west of our study area shows values rather close to our
estimates (~−1 °C forMAT; ~−15 °C forMTC; and 16 °C forMTW (Isarin et
al., 1998). A similar pattern with stronger cooling during the coldest
month (ca. 10–12 °C) as compared to the warmest month (ca. 5–8 °C
cooler) is seen ina reconstruction frombeetles in the SwissAlps (Lemdahl,
2000). Summer temperatures comparable to our records (ca. 13–14 °C)
were inferred from pollen and chironomids at Lac Lautry in France
(Peyron et al., 2005; Heiri and Millet, 2005), but significantly colder
temperatures (ca. 9–10 °C) are reported from Switzerland using pollen
and cladocerans (Lotter et al., 2000). Overall, temperature trends are in
agreement, but dissimilarity exists in the absolute reconstructed values
as a result of the methods employed and organisms used (Table 3).

3.3.6. 11,700–11,200 cal. yr BP, Younger Dryas/Early Holocene
The climate estimates for Steregoiu show higher but strongly

fluctuating values between 11,700 and 11,300 cal. yr BP (Figs. 3, 4).
These values have increased further between 11,500 and 11,200 cal. yr
BP and the inferred magnitude of temperature rise is on average ~7 °C
higher for MAT; ~15 °C for MTC; and ~2 °C for MTW when compared
to the previous interval (Feurdean et al., 2008). The climate change
coincides with increased abundances in pollen and macrofossil
remains of several trees (Pinus, Betula, and Picea), and the reduction
of steppe elements. The appearance of Ceratophyllum demersum

Fig. 9. Error bars for s-MAT (black line), s-MTC (black line with triangles), s-MTW (black line with dots), s-MAP (black line) represent the standard deviations for modern analogues
using no weighting and no vegetation types for Preluca Tiganului and Steregoiu.
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remains around 11,500 cal. yr BP at Steregoiu (Feurdean and Bennike,
2004) suggest that minimum summer temperatures reached 15 °C
(Iversen, 1954), and this value agrees with the pollen-based
reconstruction in this paper. The occurrence of a hiatus at Preluca
Tiganului hampers the estimation of the amplitude of the palaeocli-
matic changes and the timing of LG/Holocene transition (Figs. 4, 7).

4. Conclusions

Two modern analogue reconstruction techniques and WA-PLS,
applied on two pollen sequences in the Gutaiului Mountains, provide
new quantitative climate estimates (annual, winter and summer
temperatures as well as on precipitation) for the GS-2/GI-1e transition
and the Lateglacial, in NW Romania.

Our pollen data provide valuable information for MTC, a climate
parameter that can rarely be reconstructed usingother climate proxies.
By combining data from two adjacent, small basins we attempt to
reduce taphonomic problems and the reconstructed climatic patterns
might therefore more confidently represent ‘true’ climate signals.

The results of the two modern analogue methods (with and
without considering vegetation types) show that they provide
consistent trends of climate changes that are coherent at both sites.
The inferred estimates with MAV (considering vegetation types),
however, display higher fluctuation, particularly during the cold
phases, than the reconstruction with the MAA (no vegetation types).
This suggests that the MAV method reacts much more sensitively to
vegetation changes. The comparative methods allow us to more
confidently assess the likely palaeoclimate development.

The comparison of the results from modern analogues with WA-
PLS shows that they neither provide consistent reconstructed values,
nor a coherent pattern. WA-PLS shows a consistent overestimation
in colder samples of the Lateglacial period, which may be due to
incomplete sampling of the climatic gradient, in particular an insuf-
ficient number of samples from highly continental regions.

The reconstructions show that climate oscillations were more
pronounced for winter and annual temperatures than for summer
temperatures. Cold intervals were characterised by stronger climate
variability than warmer intervals and the strong decreases in winter
temperature and precipitation were accompanied by a slight change
in summer temperature, which suggest an intensification of season-
ality and continentality.

The comparison of the results from the two adjacent sites
emphasizes some differences in trends and magnitude of individual
climate reconstruction. These discrepancies can largely be explained
by the consideration of the modern analogue technique of the pollen
assemblages at the two sites, which sometimes show a slightly
different picture of changes in vegetation. Furthermore, the higher
rate of sedimentation at Preluca Tiganului allows detection of
centennial-scale changes in vegetation, and thus in climate.

The vegetation pattern and pollen-based climate reconstruction in
the Gutaiului Mountains largely follows changes observed in other
pollen diagrams in Romania and the trend of the oxygen-isotope
curves from the Apuseni Mountains. Our climate estimations are in
good agreement with the various records from western and central
Europe during warm intervals but show some differences in summer
temperatures during short-term cold episodes (i.e. GI-1d and GI-1b).
The regional consistency in the temperature and precipitation pattern
as derived from individual records in Romania can be assumed to
originate from a commonmechanism. Furthermore, themove into the
Holocene warm period is represented by a less abrupt transition as
compared to more westerly located European sites.
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