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Abstract

High-resolution pollen records from the northern alpine foreland are used to evaluate the patterns of climate change during

the period between the late Eemian Interglacial (marine oxygen isotope stage OIS 5e) about 115 ky ago and the end of the St.

Germain II (OIS 5a, Dansgaard–Oeschger interstadial D/O IS21) about 75 ky ago. For the quantitative climate interpretation of

the fossil pollen assemblages, we compare two different methods, a modern analogue technique and a mutual climatic range

approach. The results not only reveal major climatic changes at the transition to stadials and interstadials, but also indicate short-

term oscillations which are followed by an almost full return to the preceding climate conditions, and components of gradual

trends resembling saw-tooth structures. Based on the pollen data, the climate reconstructions suggest that the optimum in St.

Germain II (OIS 5a, D/O IS21) in winter temperatures was about 0.8 to 1.4 jC and in summer temperatures about 0.7 to 1.2 jC
warmer than the optimum in St. Germain I (OIS 5c, D/O IS22 to IS24). The severe and short-time Montaigu cold event (iceberg

discharge event C23) clearly divided St. Germain I into two thermal periods. Thus, St. Germain Ia (D/O IS24) preceding the

Montaigu event is slightly more favourable than the following St. Germain Ic (D/O IS23). Since several climate oscillations

occurred during these interstadials, they show only limited stability. With respect to the stadial periods, the results reveal a

coherent pattern for all records. Winter temperatures during Melisey II (OIS 5b, C21) are about 1 to 4 jC lower than those

during Melisey I (OIS 5d, C24). As regards short-term climate changes during Melisey I and Melisey II, consistent amelioration

episodes may be distinguished during these intervals.
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1. Introduction

The climate history from the late Eemian at about

115 ky ago to the early Würmian is of particular

interest since the period is characterised by the tran-

sition from interglacial to glacial conditions with the

occurrence of a series of oscillations which may be of
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relevance to understand future climate change (Bond

et al., 1993; Van Andel and Tzedakis, 1996). Mainly

controlled by feedback mechanisms within the cou-

pled climate system, these considerable and some-

times rapid shifts are well documented in polar

regions from several high-resolution oxygen-isotope

records, for example the Greenland ice cores GRIP

(Dansgaard et al., 1993; Johnsen et al., 1995) and

GISP2 (Grootes et al., 1993), or the Antarctic ice core

of Vostok (Jouzel et al., 1987). Since the magnitudes

of the measured climate variations are considerably

larger than predicted from direct orbital forcing,

various other processes have been proposed to be

responsible for such amplifications. Particularly, the

roles of the oceanic thermohaline circulation, ice-sheet

response, ice-shelf destruction, sea-level changes,

freshwater flux, and variations in greenhouse gas

concentrations are suggested as potentially important

factors (Broecker, 2000; Buggisch and Walliser,

2001). Whereas most of the palaeoclimate results

derived from ice-core data or deep-sea drillings con-

cern changes in ocean currents and general atmo-

spheric flow, continental climate dynamics may also

have been affected by other factors such as land-sea

distribution or mountain ranges controlling air mass

flow. Therefore, quantitative climate analyses of con-

tinental time series are essential for an understanding

of the spatial patterns of Quaternary climate change,

for the comparison between oceanic and terrestrial

climate signals and thus for an understanding of the

coupling between oceans, atmosphere, and biosphere.

Furthermore, quantitative continental palaeoclimate

data also can be used for validating General Circula-

tion Models (GCM).

Concerning the reconstruction of the European

late-Pleistocene climate, most valuable information

is provided by fossil biological proxies such as plant

or insect remains which sensitively reflect ecological

changes through space and time. Particularly, pollen

records are recognised to be reliable to document the

marked climate changes during the transition from the

last interglacial into the early Würmian (Tzedakis et

al., 1997). Depending on biostratigraphy, several

characteristic episodes of the early Würmian have

been distinguished across Europe and roughly corre-

lated with deep-sea oxygen-isotope stages (Woillard,

1978; Grüger, 1979; Mangerud, 1989; Behre, 1989).

Mostly, these episodes were referred to as the Melisey
I stadial (OIS 5d) which is followed by the St.

Germain I interstadial (OIS 5c), the Melisey II stadial

(OIS 5b) and the St. Germain II interstadial (OIS 5a).

According to more recent investigations (Broecker,

1998; Sanchez Goni et al., 2000; Kukla, 2000;

Shackleton et al., 2002), however, these correlations

have to be examined critically since the marine

climate development has been found to lead terrestrial

changes during some periods. In order to take these

results into account, this study correlates the biostrati-

graphic units with the more strictly defined Dans-

gaard–Oeschger (D/O) events and iceberg discharge

events (Bond et al., 1993).

Previous terrestrial palaeoclimate studies applied

different quantitative reconstruction methods based on

pollen or multi-proxy approaches, each of which has

their own merits and limitations. Only a few of these

studies, however, have used several methods contem-

poraneously in order to compare the reconstructed

climate signals (Guiot et al., 1993; Klotz, 1999; Klotz

et al., 2003). With respect to early Würmian climate

development, estimates from previous studies provide

information that suggests that the climate deterioration

from the Eemian into the Melisey I is about 11 to 14

jC in mean annual temperature, and linked with a

reduction in precipitation of more than 500 mm (Guiot

et al., 1989; Pons et al., 1992; Forsström and Punkari,

1997; Cheddadi et al., 1998). Other studies from

northern Europe conclude that the decrease in winter

temperatures was about 12 jC and in summer temper-

atures about 3 to 10 jC (Frenzel, 1991a; Zagwijn,

1996; Aalbersberg and Litt, 1998). With regard to the

important and unsolved question about early Würmian

climate characteristics in the Melisey I and II as well

the St. Germain I and II, however, the information

provided by most of the studies is sparse. Further-

more, some fundamental discrepancies occur between

most of the investigations, leaving the discussion still

open. For example, some reconstructions for Les

Echets/France and Grande Pile/France (Guiot et al.,

1989; Guiot, 1990) suggests that the climate optimum

of St. Germain I is similar or slightly cooler but shows

comparable humidity than St. Germain II. Other

studies suggest higher moisture during St. Germain

II (Fauquette et al., 1999). According to analyses of

the record from Gröbern/North-East Germany (Hoff-

mann et al., 1998), winter temperatures during Meli-

sey I and Melisey II are about 6 jC higher than those
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reconstructed from some western French pollen sites

(Cheddadi et al., 1998). Moreover, at Gröbern mean

annual temperatures during these periods are estimat-

ed to be considerably higher than those obtained from

other palynological studies (Guiot, 1987; Fauquette et

al., 1999).

Considering these discrepancies, the aim of this

paper is to provide a detailed analysis of early

Würmian climate characteristics concerning (a) the

general climate development, (b) the comparison of

Melisey I and Melisey II, (c) the comparison of St.

Germain I and St. Germain II, and (d) the stability of

these interstadials and stadials. For comparative

reconstructions, we use two different methods which

are applied to four high-resolution early Würmian

pollen records in the northern alpine foreland of

France and Germany. The climate development is

reconstructed on the basis of the parameters of mean

temperature of the coldest (MTC) and warmest
Fig. 1. Location map of the four sites
(MTW) month as well as of mean annual precipitation

(MAP), all of which are representing major limiting

factors for plant occurrences (Woodward, 1987).
2. Pollen records analysed

The early Würmian pollen records studied are Les

Echets (De Beaulieu and Reille, 1984; 1989), Jam-

mertal (Müller, 2000), Füramoos (Müller et al., 2003),

and Samerberg (Grüger, 1979) which are situated in

western and central Europe in the foreland of the Alps

(Fig. 1). They are at an altitude between 200 and 662

m a.s.l., ranging from 45j50VN to 48j3VN and from

4j59VE to 12j12VE (Table 1). The Les Echets mire is

situated northeast of Lyon in the southwest part of the

Dombes Plateau, lying in a closed basin which was

created by Pre-Würmian glacier erosion. The Jammer-

tal and adjacent Füramoos sites are located in the
studied in the alpine foreland.



Table 1

Site information for the pollen records included in the study

Name Elevation

(m a.s.l.)

Latitude

(j)
Longitude

(j)
MTC

(jC)
MAT

(jC)
MTW

(jC)
MAP

(mm)

Pollen Analysis

Les Echets 200 45j50VN 4j59VE 1.90 10.50 19.70 900 De Beaulieu and

Reille (1984)

Jammertal 578 48j3VN 9j32VE � 1.40 8.10 17.30 838 Müller (2000)

Füramoos 662 47j55VN 9j57VE � 0.80 8.50 17.80 964 Müller et al. (2003)

Samerberg 660 47j45VN 12j12VE � 2.80 6.70 15.70 1172 Grüger (1979)

Present-day climate data are represented by the mean temperature of the coldest (MTC) and warmest month (MTW) and the mean annual

temperature (MAT) in jC and the mean annual precipitation (MAP) in mm.
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southwest of Germany within small subglacial basins

which are bordered by terminal moraines of the

Rissian Rhine glacier. Similarly for Les Echets, Jam-

mertal and Füramoos, these locations were unglaci-

ated during the Würmian. The Samerberg site which is

situated in southeast Germany at the fringe of the

northern Alps in a basin deepened in large Pleistocene

deposits, was glaciated at least during the last glacial

maximum. In contrast to the other records, the Samer-

berg pollen record represents a composite where

biostratigraphy, sedimentologic proxies (i.e. grain

size, changes in colour), as well as additional pollen

samples have been used to derive a complete se-

quence (Grüger, 1979). On the basis of biostratigra-

phy and inferred from vegetation history, similar

pollen zones have been identified in all records during

the late Eemian and the early Würmian, taking into

account the more continental influence to the east of

the study area.

Consistently with the classification used by Aal-

bersberg and Litt (1998), three main vegetation

periods during the late Eemian have been distin-

guished in all the pollen sequences. During the first

phase, Carpinus is the most common thermophilous

species accompanied by Corylus, Quercus, Ilex, and

Buxus in the west and Corylus, Picea, and Abies are

more prominent in the east of the study area. This

vegetation pattern reflects a climate which is char-

acterised by warm conditions and a high degree of

oceanicity. During the second phase, Picea and

Pinus dominated woodland coincided with reduced

proportions of Abies, indicating an increase of con-

tinental conditions at this time. Finally, during the

termination of the Eemian interglacial, the vegetation

was dominated by Pinus, Picea, Betula, and non-

arboreal taxa.
During the subsequent Würmian stadial Melisey I

(OIS 5d, C24), remarkable environmental changes

with major deforestation occurred. Steppe assemb-

lages rich in Poaceae, Artemisia and accompanying

Pinus and Betula, support the view of open steppe-

tundra-like ecosystems. During the following Wür-

mian interstadial St. Germain I (OIS 5c, D/O IS22 to

IS24), a partial return to warm conditions is observ-

able from the pollen floras. In comparison to the

Carpinus phase of the late Eemian interglacial, how-

ever, the proportions of thermophilous taxa are di-

minished, especially to a greater extent at the more

easterly sites. Since some characteristic climate oscil-

lations occurred during St. Germain I, a subdivision of

this interstadial is feasible. The first phase St. Germain

Ia (D/O IS24) is characterised by the remarkable

spread of Quercus, Corylus and Carpinus at Les

Echets (De Beaulieu and Reille, 1984). At the more

northern and eastern sites of Jammertal (Müller,

2000), Füramoos (Müller et al., 2003) and Samerberg

(Grüger, 1979), however, this thermal episode is less

pronounced in the pollen records. Nevertheless, a

change from tundra-steppe vegetation to Pinus or

Picea dominated woodlands accompanied by minor

percentages of Quercus, Corylus and Carpinus is

recorded. At Samerberg, a higher proportion of ther-

mophilous species can be found than at Jammertal and

Füramoos, possibly indicating its proximity to plant

refuges. Following St. Germain Ia, all the pollen

records consistently record a noticeable climate dete-

rioration which is mainly characterised by the decline

of thermophilous trees at Les Echets and of Picea at

the more northern and eastern sites. At all sites, a

considerable expansion of Pinus, Betula, and, to a

lesser extent, NAP, can also be noticed. This abrupt

cooling is addressed as the Montaigu event (Woillard,
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1978) or St. Germain Ib (C23) and is most pro-

nounced at Les Echets. Subsequent to St. Germain

Ib, all pollen records indicate a recovery of woodland

during St. Germain Ic (D/O IS22 and IS23). At Les

Echets, the vegetation succession is characterised by

the spread of Pinus, Quercus, Corylus, Carpinus,

Fagus, Picea and a final re-expansion of Pinus. At

Jammertal, Füramoos and Samerberg, however, the

thermophilous taxa reached only minor proportions.

There, after an initial spread of Pinus, Picea became

the dominant taxon until the re-expansion of Pinus at

the end of St. Germain Ic. The Melisey II stadial (OIS

5b, C21) following St. Germain I is documented by a

considerable increase in NAP, especially in Poaceae

and Artemisia. Pinus and Betula, however, are still

abundant. In comparison to Melisey I, the proportion

of some NAP such as Artemisia is higher in all

records during Melisey II, suggesting open steppe-

like ecosystems and more continental climate condi-

tions. Vegetation development following Melisey II is

characterised by a re-expansion of Pinus and Betula,

commencing in the St. Germain II interstadial (OIS

5a, D/O IS21). During St. Germain II, deciduous taxa

such as Quercus, Corylus or Carpinus become dom-

inant at Les Echets whereas they are hardly present at

the more easterly sites. Since coniferous woods main-

ly composed of Picea and Pinus are abundant there,

the northern boundary of deciduous trees is located

somewhere between Les Echets and Füramoos

(Grüger, 1979; Müller, 2000). When compared to St.

Germain I, at all sites the proportions of pollen from

thermophilous trees are somewhat higher during St.

Germain II, possibly reflecting more favourable ther-

mal conditions. Towards the end of the period, colder

conditions are indicated by increased proportions not

only of NAP but also of Pinus, Betula or Picea.

Finally, the following stadial period is characterised

by a strong increase in NAP, especially Poaceae,

Artemisia and Cyperaceae, suggesting a considerable

climate deterioration.
3. Methods used for palaeoclimate analysis

For the climate interpretation of Late Pleistocene

pollen records, a number of reconstruction methods

have been developed so far which may be classified

into numerical approaches (e.g. Bartlein et al., 1986;
Guiot, 1987, 1990; Prentice et al., 1991; Huntley,

1992; Peyron et al., 1998; Klotz, 1999) and mutual

climate range approaches (e.g. Iversen, 1944; Gri-

chuk, 1969; Atkinson et al., 1986; Mosbrugger and

Utescher, 1997; Fauquette et al., 1999; Klotz and

Pross, 1999; Pross et al., 2000). Both types of

approaches are based on the taxonomic and evolu-

tionary assumption that the climatic preferences of

fossil plants are similar to those of their nearest living

relatives. Numerical approaches establish a relation-

ship between present-day climate parameters and the

proportions of pollen in modern pollen assemblages

that are collected in different environments. In order

to obtain palaeoclimate information on the basis of

fossil pollen floras, the same relationship between

climate and relative pollen abundance is assumed to

be valid in the past. In contrast, mutual climate range

approaches determine the climatic ranges of the tol-

erances of fossil floras by means of the present-day

ranges of tolerances of the plants which are repre-

sented in the fossil assemblages. Since the methodol-

ogies and the underlying calibration data bases used,

as well as the preconditions of application are quite

different for the numerical and mutual climatic range

approaches, the application of the two techniques to

the same pollen records may provide different results.

In combination, however, the weaknesses of both

approaches can be avoided.

Concerning the applicability of the numerical

approaches, important limitations occur when no or

very few present-day analogues are available for fossil

pollen floras. This problem exists for instance for

some typical Eemian vegetation types such as Carpi-

nus forests accompanied by Ilex (Cheddadi et al.,

1998), steppe vegetation with an abundance of Che-

nopodiaceae, Corylus-dominated forests (Frenzel,

1968, 1991b; Guiot, 1987; Pons et al., 1992; Guiot

et al., 1993), or Taxus-dominated phases as during the

Eemian of southern Germany (Grüger, 1979). For

these vegetation types, either present-day analogues

do not exist, or they have not yet been sampled. In

addition, climate reconstructions with numerical

approaches may be significantly influenced by taph-

onomic effects. In contrast, when using mutual cli-

mate range methods, in general the climate resolution

is very poor if the fossil flora has a low diversity, thus

leading to climate reconstructions with very broad

ranges. Additionally, even a small alteration in the
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composition of a fossil flora from one assemblage to

the next may largely affect the climate reconstruction.

If so, a more abrupt climate development may result

than with numerical approaches. It may also be

considered a weakness of the mutual climate range

approach that the relative abundance of pollen, which

contains climatic relevant information, remains un-

considered. This, however, implies that the mutual

climatic range approaches are less affected by tapho-

nomic effects (Mosbrugger and Utescher, 1997).

In order to reduce the deficiencies of any palae-

oclimate interpretation resulting from the use of a

single approach, we applied one method from each

approach, namely the ‘‘modern analogue vegetation

types’’ as a representative of the numerical approach

and the ‘‘probability mutual climatic spheres’’ belong-

ing to the mutual climate range approach (Klotz,

1999; Klotz and Pross, 1999; Pross et al., 2000).

3.1. Modern analogue vegetation types

The modern analogue vegetation type (MAV) ap-

proach which is described in detail by Klotz (1999)

and Klotz et al. (2003) is a numerical method that is

based on the best-fit selection of modern surface

samples (10 analogues are chosen) for a given fossil

pollen assemblage with respect to composition and

relative abundances of taxa. The use of proportions as

a selection criterion for modern analogue methods is

well established (Guiot, 1987, 1990). However, pro-

portions may sometimes be altered taphonomically.

Additionally, fossil pollen floras and modern ana-

logues may differ only with respect to some less

abundant taxa but which may be of ecological signif-

icance for the palaeoclimatic interpretation. These

deficiencies can be reduced when the dominant plant

compositions are identified on the basis of pollen

floras and used as an additional selection criterion.

In the MAV-method, this is realised by the assignment

of vegetation types to fossil and modern pollen floras.

Vegetation types such as xeric shrub forests or subal-

pine spruce forests are characterised by a specific

combination of dominant and associated plant species.

Thereby, for a given vegetation type, dominant plants

are essential elements which have to be present at

every observation, whereas associated plants must

not. In contrast to broad-scale biomes which are also

used as a selection criterion (Peyron et al., 1998),
vegetation types reflect a more specific vegetation

composition and, thus, are more closely related to

regional environmental patterns.

According to this concept, each fossil pollen flora

and modern pollen flora out of 2653 surface samples

(Huntley, personal communication; Guiot, 1990;

Peyron et al., 1998) are assigned to the most similar

modern vegetation type of 108 modern European and

adjacent Asian vegetation types (Aichinger, 1967;

Ellenberg, 1986) which reflect the major ecological

environments through the sampling area. The proce-

dure of assignment is feasible in our study since the

taxa which define the various vegetation types are

largely represented in the pollen floras. Vegetation

types as described by Aichinger (1967) and Ellenberg

(1986) are characterised by a plant list and frequencies

of these plants provided by the present-day observa-

tion of in how many cases a plant occurs in a specific

vegetation type. Associated plants are thus rated with

values between 0 and 1 and dominant plants which

determine the fundamental climatic and ecological

requirements of the flora with 1. We have used this

characterisation in order to select that vegetation type

with the highest affinity to a given (fossil or modern)

pollen flora. For this, similarity coefficients based on

Euclidean distances are calculated between all vege-

tation types and the pollen flora for which all plants

present are rated with 1. Finally, the quantitative

palaeoclimate reconstruction for a fossil pollen assem-

blage is based on the best-fit selection of those

modern surface samples which are of the same veg-

etation type and similar with respect to the relative

proportions of the fossil plants. The similarity in

relative proportions is calculated on the basis of a

weighted ln-transformed squared Euclidean distance

(Klotz et al., 2003). Palaeoclimate data are then

calculated on the basis of the nearest climate station

data which are extrapolated to the modern surface

sample sites, the procedure of which is described in

detail by Peyron et al. (1998) and by Guiot (1991).

3.2. Probability mutual climatic spheres

The probability mutual climatic spheres (PCS)

which is described in detail by Klotz (1999), Klotz

and Pross (1999), Pross et al. (2000) and Klotz et al.

(2003), are based only on the presence/absence of

plants in fossil assemblages and are independent of
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the existence of modern analogue floras. The method

generally quantifies the climatic requirements of a

fossil flora by means of the climatic requirements of

the present-day nearest living relatives of the fossil

plants. By correlating modern climate data on a

0.5j*0.5j latitude/longitude grid (New et al., 1999)

with the present-day potential distribution areas of

205 plants occurring in Europe and adjacent Asia

(Walter and Straka, 1970; Krüssmann, 1977a,b; Jalas

and Suominen, 1989; Meusel and Jäger, 1992), basic

information about the climatic requirements of these

plants is obtained. Since the distribution of plants

depends not only on single climate parameters, we

analysed the climate preferences of these 205 plants

with respect to two parameter-combinations, i.e. win-

ter/summer temperatures and annual temperature/an-

nual precipitation. For example, in the case of winter/

summer temperatures, a diagram of all combinations

of parameter values that occur within the distribution

area of a plant is plotted, describing its winter/summer

temperature sphere (two-dimensional). In this way, the

winter/summer temperature spheres are determined

for all 205 present-day plants. The mutual winter/

summer temperature sphere of a fossil flora can then

be calculated by overlapping the individual spheres of

those plants, the pollen of which occur in the pollen

flora with a relative abundance above 0.5% (delimit-

ing their presence). To make the palaeoclimate calcu-

lations easier, however, the mutual ranges (one-

dimensional) of winter and summer temperatures are

determined from this mutual winter/summer tempera-

ture sphere.

Next, within these ranges probability intervals can

be calculated for which the actual palaeoclimate con-

ditions are assumed. This calculation is based on the

use of a multitude of synthetically generated floras

(Klotz, 1999; Klotz and Pross, 1999, Pross et al.,

2000). A synthetic flora is composed exactly of those

of the 205 plants at a given geographical co-ordinate,

whose potential distribution areas cover that location.

In total, 9555 synthetically floras have been generat-

ed, being equally distributed across Europe and adja-

cent Asia. For all 9555 synthetic floras, mutual ranges

have been calculated in the way described before,

representing the basis for determining the probability

intervals of a fossil flora. For this, the calculated

mutual climatic range of a fossil flora, for example

that of winter temperature, is compared to all mutual
ranges of winter temperature derived from the syn-

thetic floras. Those synthetic floras which show

mutual ranges of winter temperature similar to that

of the fossil flora (with a maximum 5% deviation) are

supposed to indicate comparable climatic require-

ments. Since the present-day winter temperature data

are available for all selected synthetic floras, the

distribution pattern of the actual temperature values

can be statistically analysed. It can be observed that

the distribution of the actual temperature values is

restricted to a smaller interval when compared to the

reconstructed mutual ranges of the selected synthetic

floras. Obviously, the selected synthetic floras show

closer defined winter temperature preferences, which

are thus considered to represent the probability inter-

val. For a concise graphical presentation of the results

of the reconstruction, however, only the average value

of the upper and lower limits of the probability

intervals are shown.

3.3. Reliability of the methods

To test the reliability of both methods, they are

applied to pollen surface samples and synthetic

floras, respectively, for which the actual climate is

known. Thus, it is possible to estimate the deviation

between the reconstructed and the actual climate.

Correspondingly, MAV is applied to all 2653 modern

pollen spectra and then the deviations between the

reconstructed and the actual climate data are ana-

lysed statistically. For MAV correlation coefficients

of 0.9 for MTC (root mean square error 2.6 jC,
mean average absolute error 2.1 jC), 0.81 for MTW

(1.8 jC, 1.3 jC), and 0.78 for MAP (169 mm, 107

mm) between actual climate data and estimates are

obtained. The use of vegetation types as an addi-

tional selection criterion represents an advance in

palaeoclimate reconstruction since previous studies

yielded correlation coefficients of only 0.7 for MTC

(Pons et al., 1992) or less than 0.78 for several

temperature parameters (Cheddadi et al., 1998). Sim-

ilarly, the simulation procedure is applied to PCS to

predict the climate for all 9555 synthetic floras and

to compare the results with the actual climate data.

For PCS, correlation coefficients of 0.95 for MTC

(root mean square error 2.5 jC, mean average

absolute error 1.7 jC) and MTW (1.6 jC, 1.1 jC)
and 0.86 for MAP (170 mm, 104 mm) between
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actual grid climate data and estimates are obtained.

These tests indicate that both methods are potentially

suitable for accurate palaeoclimate reconstructions

(in respect of the root mean square errors of 2.6

and 2.5 jC for MTC, 1.8 and 1.6 jC for MTW, and

169 and 170 mm, as calculated on the basis of MAV

and PCS).
4. Results

The late Eemian to early Würmian climate devel-

opment is estimated for Les Echets, Jammertal (Fig.

2), Füramoos and Samerberg (Fig. 3) using both

methods, MAV and PCS. As there is no absolute time
Fig. 2. Reconstructed mean temperature of the coldest (MTC) and warmes

with the modern analogue vegetation types (black line), and the average

probability mutual climatic spheres (grey line) for Les Echets and Jammert

case of significant deviations to the results of MAV when applying a t-tes

plotted with regard to the results of MAV in the case when no reliable mod

Euclidean distance is larger than 1.3, which corresponds to an average estim

taxa of the modern surface samples). PAZ represent biostratigraphical uni

Major GRIP oxygen-isotope excursions during the period considered are in

spell events C19 to C24.
control available for these profiles, biostratigraphical

zones as defined in the original publications are

correlated with each other and with the GRIP d18O-
curve and chronology (Johnsen et al., 1992; Dans-

gaard et al., 1993). The correlation of the pollen zones

with the GRIP data is based on unequivocal climate

signals, lithostratigraphy and event stratigraphy, addi-

tionally considering the succession of events. For a

better representation of the climate development, units

of climate phases (cp) are used as indicated in Figs. 2

and 3. On the basis of the reconstruction results with

MAV, 95% and 70% confidence intervals have been

calculated for all climate parameters, indicating that

the maximum deviation of MTC is 2.6 jC (95%) and

1.3 jC (70%), of MTW is 1.2 jC (95%) and 0.7 jC
t month (MTW) in jC and mean annual precipitation (MAP) in mm

of the upper and lower limit of the probability intervals with the

al. Dashed grey lines are plotted with regard to the results of PCS in

t with a significance level of 5% ( p= 0.05). Dashed black lines are

ern analogues are available (if the weighted ln-transformed squared

ation error in the pollen proportions of about 0.5% to 1.3% for all 43

ts of pollen floras, cp represents climate phases as used in the text.

dicated by Dansgaard–Oeschger interstadials IS14 to IS24 and cold



Fig. 3. Reconstructed mean temperature of the coldest (MTC) and warmest month (MTW) in jC and mean annual precipitation (MAP) in mm

with the modern analogue vegetation types (black line), and the average of the upper and lower limit of the probability intervals with the

probability mutual climatic spheres (grey line) for Füramoos and Samerberg.
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(70%), and of MAP is 97 mm (95%) and 51 mm

(70%).

In general, Figs. 2 and 3 indicate that the recon-

structed mean climate values from MAV and PCS are

mostly quite similar. Some significant deviations,

however, become obvious for MTC and MAP during

the warm episodes. These discrepancies are most

likely linked with specific vegetation patterns that

are interpreted differently by both methods and which

will be discussed below. With respect to the general

climate development, MTC shows an overall higher

variability than MTW and MAP, especially during

cold periods, whereas the variability of MAP is higher

during warm episodes.

4.1. Late Eemian

During the Carpinus phase of the Eemian intergla-

cial (OIS 5e), the reconstructions from MAV and PCS

are quite different from each other since MAV reveals
decreasing winter temperatures whereas PCS suggests

a climate amelioration after an initial decline of

temperatures (cp1a). This pattern is documented, for

example, at Les Echets (3580 to 3535 cm profile

depth) or Füramoos (1345 to 1310 cm profile depth).

The discrepancy in the reconstruction results from

MAV and PCS can be explained by a lack of suitable

modern analogue pollen spectra (Cheddadi et al.,

1998) for MAV, whereas PCS is believed to be

sufficiently representative to reconstruct this interval

(Klotz et al., 2003). According to PCS, during the

climatic optimum of the Carpinus phase maximum

winter temperatures varied between 0 and 3.2 jC (Les

Echets, 200 m a.s.l. and Füramoos, 662 m a.s.l) and

summer temperatures between 18.2 and 19.6 jC (Les

Echets and Jammertal, 578 m a.s.l.), concomitant with

a maximum precipitation of about 1200 mm. These

findings are confirmed by the study of Rioual et al.

(2001) whose analyses for the Ribains maar sequence

also suggest a short warming event at the end of the
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Eemian. There, the warming is indicated by the rise of

Picea and the increase of sediment loss on ignition,

and may also be supported by the occurrence of the

diatom Stephanodiscus minutulus. A similar pattern is

proposed by Ponel (1995) on the basis of coleopteran

appearances at Grande Pile, and by Zagwijn (1983,

1996) on the basis of pollen. Following this mild sub-

oceanic to oceanic period during the Carpinus phase,

a gradual attenuation of thermal conditions is similarly

suggested by both methods which can be seen, for

example, at Les Echets (3535 to 3450 cm, cp1b) and

Füramoos (1310 to 1275 cm, cp1b). Based on MAV,

for which suitable modern analogues are available,

during the Picea–Pinus phase a climate deterioration

(cp1c) is first evidenced by an average decline of

winter temperatures of 5 jC and of precipitation of

140 mm for all sites. A subsequent return to warmer

conditions (cp1d) is suggested mainly by the reduc-

tion of Betula and NAP. Whereas both methods

consistently yield an average increase of winter tem-

peratures of 3.3 jC and of precipitation of 120 mm for

all sites during this final warming, absolute winter

temperatures reconstructed with PCS are about 4 jC
higher than according to MAV. This discrepancy can

be explained by the occurrence of some pollen of

thermophilous plants which have low percentages and

thus have no dominant influence on the reconstruction

using MAV, but are fully considered by PCS.

4.2. Melisey I stadial

The transition from the last interglacial (OIS 5e) to

the Melisey I stadial (OIS 5d, C24) is characterised by

a marked climatic cooling. Both methods indicate a

decrease in winter temperatures to an average mini-

mum of about � 13 jC, a decrease in summer

temperatures to 14 jC and in precipitation to 590

mm. This climate deterioration can be correlated with

the C24 cold event documented in the GRIP data at

113 to 110 ky, which is linked to iceberg discharges

into the central North Atlantic (Fig. 2). Consistently

for all pollen records, a similar pattern of climate

evolution can be determined across Melisey I which is

well evident at Les Echets (3450 to 3385 cm),

Füramoos (1250 to 1230 cm) and Samerberg (2150

to 2070 cm). At first, continentality is intensified as

winter temperatures fall to an average minimum of

about � 15 jC accompanied by stable or even in-
creasing summer temperatures of about 2.3 jC (cp2a).

Afterwards, an intra-Melisey I amelioration can be

observed across the study area which is mostly

documented by a rise in winter temperatures (cp2b).

The warming is reflected in the pollen floras by a

slight rise in the proportions of thermophilous taxa

and is most conspicuous at Les Echets and Samerberg.

Towards the end of the stadial, another reduction in

winter temperatures with mostly stable or decreasing

summer temperatures can be observed (cp2c).

4.3. St. Germain I

The considerable climate amelioration at the onset

of St. Germain Ia (OIS 5c, D/O IS24) is heralded

mainly by the successive spread of Betula, Pinus, and

thermophilous broad-leaved trees which is most pro-

nounced at Les Echets (3385 to 3350 cm, cp3a).

There, similarly for MAV and PCS winter temper-

atures rise to a maximum of 2.2 jC, summer temper-

atures to 18.5 jC and precipitation to 1050 mm (Fig.

2). With respect to the more easterly sites of Jammer-

tal, Füramoos and Samerberg (cp3a), however, ther-

mal conditions are reconstructed to be colder as

compared to Les Echets. Average winter temperatures

only rise to about � 7 jC and summer temperatures to

14.8 jC when using MAV, but are 3 jC higher

according to PCS (Fig. 3). This can be recognised,

for example, at Füramoos (1221 to 1219 cm). The

discrepancy between the results of MAV and PCS for

the easterly sites can be explained by the occasional

presence of pollen of thermophilous plants such as

Carpinus, Corylus or Ulmus which considerably af-

fect the reconstruction with PCS.

Following the St. Germain Ia, the Montaigu cool-

ing event (Woillard, 1978) or St. Germain Ib (C23) is

similarly recorded (cp3b) at Les Echets (3346 to 3339

cm based on climate reconstructions, and 3354 to

3333 cm based on pollen floras), Jammertal (1225 to

1205 cm), Füramoos (1216 to 1206 cm), and Samer-

berg (1993 to 1945 cm). It corresponds to a short-term

expansion of NAP, Pinus and Betula concordant with

a reduction of thermophilous species. For all pollen

records, an average winter temperature of � 13.5 jC
and summer temperature of 14.8 jC is provided by

both methods. In addition to this rise in continentality,

the conditions also became drier during this cooling

episode.
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Subsequently, during St. Germain Ic (D/O IS22

and IS23) a rapid shift to climatically favourable

conditions is documented in the pollen records by

the spread of Betula and Pinus and the re-immigration

of thermophilous species such as Quercus, Corylus

and Carpinus. Whereas these plants dominate the

pollen assemblages at Les Echets (3333 to 3300

cm), they only accompany coniferous pollen assemb-

lages with Betula at the easterly sites. With respect to

plant immigration history, the climatic optimum

occurs at an early stage of St. Germain Ic (cp3c).

Referring to MAV, the coldest month is 0 jC at Les

Echets and about � 5.4 jC at the eastern sites and

the warmest month is 18.3 jC at Les Echets and 17

jC at the eastern sites. PCS again provides maxi-

mum winter temperatures which are about 3 jC
higher for Jammertal, Füramoos and Samerberg than

those reconstructed by MAV. The discrepancy in the

reconstruction by MAV and PCS again can be attrib-

uted to the occasional occurrence of Corylus, Fagus,

Quercus and Taxus pollen which may indicate suitable

thermal conditions but which were hardly contribut-

ing to the total spectrum and thus are largely ignored

in the MAV method. After the climatic optimum, St.

Germain Ic is characterised by a continuous decline in

thermal conditions and precipitation. The transition to

the cooling C22 is similarly depicted by all pollen

records (cp3d), for example at Les Echets (3300 to

3265 cm based on climate reconstructions and 3300 to

3250 cm based on pollen floras), Füramoos (1189 to

1157 cm) and Samerberg (1905 to 1857 cm). At the

end of St. Germain Ic (D/O IS22), the final partial

climatic return (cp3e) is reflected by an attenuated re-

expansion of some thermophilous species at Les

Echets (3249 to 3229 cm), Jammertal (1180 cm),

Füramoos (1070 to 1040 cm) and Samerberg (1837

to 1755 cm). According to MAV, the increase in

winter temperatures varies between 9 jC at Les

Echets, 4.5 jC at Samerberg, 1.4 jC at Jammertal

and Füramoos, and is about 2 jC in summer temper-

atures and 200 mm in precipitation. This oscillation in

late St. Germain Ic is also in accordance with the

GRIP d18O data.

4.4. Melisey II stadial

The climate development during early Melisey II

(OIS 5b, C21) is well defined by a strong expansion
of NAP, especially Poaceae and Artemisia, indicating

open steppe-like ecosystems and more continental

climate conditions. According to both methods, av-

erage winter temperatures experience significant

changes with a decrease at all sites to a minimum

of � 17 jC, summer temperatures to 15 jC and

precipitation to 525 mm (cp4a). The reconstructed

low values of the average winter temperatures can

mainly be attributed to the occurrence of low diver-

sity pollen floras which occasionally include Alnus,

Betula, Pinus, Artemisia, Cyperaceae, Ericaceae and

Poaceae. Succeeding, an intra-stadial amelioration

(cp4b) with a higher oceanicity occurs at Les Echets

(3178 to 3146 cm), Jammertal (1110 to 1090 cm),

Füramoos (1110 to 1105 cm), and Samerberg (1670

to 1495 cm). Both methods indicate an increase in

winter temperature by about 8 jC on average and a

rise in precipitation by about 100 mm. The recon-

structed climate amelioration may be on the one

hand an effect of reworked pollen. On the other

hand, the amelioration is evident in all four pollen

records and thus may indicate the actual existence of

a warming during Melisey II. Subsequently, winter

temperatures decline again to a minimum of � 16

jC which is about 1 jC higher than at the beginning

of the stadial (cp4c). Similarly, summer temperatures

and precipitation return to values characteristic of the

early stadial.

4.5. St. Germain II

Very strong environmental changes occur at the

transition from Melisey II to St. Germain II (OIS 5a,

D/O IS21) since Pinus, Quercus, Corylus and Carpi-

nus expand rapidly. Although the history of re-immi-

gration and spread is similar for all sites, the

proportions of the thermophilous broad-leaved trees

with up to 90% at Les Echets clearly exceed those at

other sites which show a maximum of 19% (De

Beaulieu and Reille, 1984). The shift to warm sub-

oceanic to oceanic conditions at the early stage of St.

Germain II is revealed by MAV with an increase in

winter temperatures to about 3 jC at Les Echets and

� 4 to � 5.3 jC at the other sites (cp5a). Summer

temperatures are 19.7 jC at Les Echets and 16 to 17.7

jC at the other sites. The warming also coincides with

an increase in precipitation of above 700 mm. PCS

yields temperatures about 2 to 3 jC warmer and
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precipitation 200 mm higher for the eastern sites than

estimated by MAV.

During the middle and upper part of St. Germain II,

the reconstructions for Füramoos and Jammertal show

mostly irregular variations. Possibly, these effects are

caused by re-worked pollen rather than by strong

climate changes. For this interval, we therefore focus

on the records at Les Echets and Samerberg where

further characteristic episodes can be distinguished

and correlated with the GRIP d18O data. This con-

cerns a first slight cooling followed by a partial return

to favourable conditions (cp5b) which is, however,

only represented at Les Echets (3065 to 3032 cm). No

similar pattern is recorded in the GRIP d18O data,

which possibly indicates regional differences in the

climate evolution between Les Echets and GRIP.

Subsequently, a pronounced cooling–warming cy-

cle (cp5c) becomes obvious at Les Echets (3030 to

2991 cm) and Samerberg (1350 to 1320 cm) which

can be correlated with the GRIP d18O data for the

period between 78.7 and 76 ky on the basis of the

climate development. With respect to the pollen

assemblages, Carpinus occurs with more than 40%

at Les Echets during this episode, whereas the max-

imum is 1% at Samerberg. Concerning the reliability

of the climate reconstructions, MAV may underesti-

mate temperature parameters at Les Echets for this

period because available modern analogues originate

only from eastern Europe. Hence, PCS should more

accurately reflect climate change in this case. For

Samerberg, however, the MAV reconstruction is

thought to describe the climate development reliably.

At Les Echets, the deterioration (78.7 to 77.5 ky in

GRIP) as reconstructed with PCS occurs with a shift

in the coldest month to � 8.2 jC and in the warmest

month to 16.9 jC (Fig. 2). At Samerberg, MAV

indicates an average cooling of the coldest month to

� 9 jC and of the warmest month to 16.5 jC,
accompanied by a slight lowering of precipitation

(Fig. 3). The ensuing warming (77.5 to 76 ky in

GRIP) is characterised only by an attenuated return

to previous conditions.

Towards the end of St. Germain II, a rapid and

short-term climate oscillation (cp5d) is documented at

Les Echets (2985 to 2980 cm) and Samerberg (1310

to 1280 cm), climatically corresponding to the GRIP

oxygen-isotope excursions between 76 and 75.5 ky.

Based on MAV, the initial cooling occurs with an
average decline in temperature of the coldest month of

3.3 jC associated to a reduction in the warmest month

of 1.6 jC. The final recovery in thermal conditions is

associated with an increase in winter temperatures by

2.3 jC on average.

Finally, the end of St. Germain II is clearly

recorded by a strong decline in pollen of thermoph-

ilous species and conifers and by an increase of NAP,

especially Poaceae and Artemisia. This climate dete-

rioration is obvious at Les Echets (2970 cm) and

Samerberg (1270 cm) and climatically correlates with

the rapid decline in the GRIP oxygen-isotope data at

the end of D/O IS21 (75.5 ky). During the transition to

the subsequent stadial (C20), winter temperatures fall

to � 15 to � 16 jC, summer temperatures to 9 to 15

jC and precipitation to about 490 mm, as recon-

structed by both methods.
5. Discussion

The numerical reconstructions of climate change

from four pollen records covering the late Eemian to

St. Germain II are largely consistent. In addition,

environmental signals recorded in the ice and pollen

records show good agreement, but the pollen records

suggest a greater climatic variability.

5.1. Melisey I versus Melisey II

The abrupt shifts into Melisey I and Melisey II

within 140 to 1900 years (Johnsen et al., 1992;

Adkins et al., 1997; Allen et al., 1999; Rioual et al.,

2001) are indicated by significant changes in oxygen-

isotope ratios. According to the GRIP data the tran-

sition to stadial conditions in Greenland is linked to a

reduction of mean annual surface temperature by 4 to

7 jC (Johnsen et al., 1989). More detailed information

is provided by our palaeoclimate reconstructions for

continental Europe based on fossil pollen floras using

MAV and PCS.

Comparably for Melisey I and Melisey II, the

climate development at the beginning of the stadials

is determined by a considerable decline in winter and

summer temperatures, succeeded by a phase of in-

creased continentality which is evident in all pollen

records by further declining winter but increasing or

stable summer temperatures (across cp2a to cp2c and



Fig. 4. Reconstructed average mean temperature of the coldest

(MTC) and warmest month (MTW) in jC and mean annual

precipitation (MAP) in mm, based on the modern analogue

vegetation types and probability mutual climatic spheres (by

averaging values) for Melisey I (grey line) and Melisey II (black

line) across the study area. The dots indicate the locations of the

sites with respect to latitude, from W to E with Les Echets,

Jammertal, Füramoos and Samerberg.
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cp4a to cp4c). These findings are in accordance with

studies of Frenzel (1967, 1973) and are also consistent

to reconstructions by Guiot et al. (1993) based on

beetle remains from Grande Pile, and to data provided

by Rioual et al. (2001) for the Ribains maar pollen

profile. There is, however, an inconsistency in our

data regarding the development of continentality

when comparing the western and the eastern sites.

At the most western location, Les Echets, the degree

of continentality becomes higher during this climatic

development than at the other sites. This implausible

pattern may be explained mainly by methodological

problems. Since vegetation at Les Echets is more

diverse than at the other sites, especially during glacial

times, changes in vegetation can be interpreted more

sensitively in terms of climate change. During the

phase of increasing continentality, the reconstructions

for all pollen records also indicate an interruption by

an intra-stadial amelioration (cp2b). This fluctuation

might be caused by re-deposited pollen but may also

represent an actual warming episode. The observed

climate change with decreasing winter and summer

temperatures which is followed by increasing conti-

nentality may be related directly to oceanic and

atmospheric processes. Due to the abrupt cut-off of

the North Atlantic thermohaline circulation (e.g. Man-

gerud et al., 1979; Keigwin et al., 1994; Björck et al.,

2000; McManus et al., 2002) caused by increased

freshwater influx from precipitation or melting ice

(Mikolajewicz and Maier-Reimer, 1994), the conti-

nental European climate experienced a reduced heat

transport by westerlies from the warm Gulf Stream.

Thus, sea ice build-up would increase, leading to

higher albedo and cooling in winter and summer on

the adjacent landmasses. Related to the southward

displacement of the North Atlantic Drift by more than

10j latitude when compared to its position during the

Eemian (Behre, 1989), a southward movement of the

Arctic front (Knudsen et al., 2002), the build-up of the

Scandinavian ice sheet and a stable high pressure zone

could have developed, resulting in stronger dryness on

the continent. Because of lower cloudiness, summer

temperatures could have increased in the course of the

stadial whereas winter temperatures may have

dropped further, leading to an increased continentality.

With a re-initiation of the thermohaline circulation,

again enhanced oceanicity results at the transition to

the subsequent interstadial.
Based on the reconstructions of MAV and PCS,

however, also significant differences between Melisey

I and Melisey II can be determined. During Melisey II

winter temperatures are 1 to 4 jC lower then during

Melisey I, but summer temperatures are 1 jC higher

(Fig. 4). A similar difference between Melisey I and II

is observed in northwest European pollen records
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(Aalbersberg and Litt, 1998) but which show a higher

oceanicity. Especially at Gröbern/Germany (Hoff-

mann et al., 1998), winter temperatures were found

to be even 6 jC higher than reconstructed for several

western European pollen sites (Cheddadi et al., 1998;

Klotz et al., 2003).

Whereas our results are in good agreement with the

GRIP and North Atlantic oxygen-isotope data (Keig-

win et al., 1994), insolation signals at higher latitudes

indicate summer input during Melisey II to be con-

siderable higher than during Melisey I (Berger, 1978;

Herterich and Berger, 1993). Although this may

explain the first Würmian stadial to be favourable

for initial ice-sheet growth and ice accretion as ob-

served (Labeyrie et al., 1987; Forsström and Punkari,

1997), the enhanced cold climate conditions which are

documented for Melisey II thus must have been

caused by other factors. It is suggested by the coupled

LLN climate model used by Herterich and Berger

(1993) that a larger ice sheet may have extended to the

south during Melisey II with a lower mean height

when compared to Melisey I, finally causing an

increased continentality.

5.2. St. Germain I versus St. Germain II

Documented, for example, by the GRIP chronol-

ogy, the warming into full temperate conditions in

St. Germain I (D/O IS22 to IS24) and St. Germain II

(D/O IS21) occurred over a few centuries. On

continental Europe, the replacement of steppe biomes

by forests also substantiates that the biosphere

reacted very rapidly to these fluctuations (Adams et

al., 1999). Similarly for both interstadials, the shift to

the temperate optimum at the beginning of each

period (cp3a and cp5a) is characterised by an in-

crease in winter temperatures of up to 17 jC and in

summer temperatures of up to 6 jC at all sites. This

pattern is associated with a considerable rise in

humidity with precipitation about 450 mm higher

than before. The general climate development during

the interstadials is then characterised by a more

gradual decline of temperature parameters compris-

ing a series of cooling and warming episodes (cp3a

to cp3e and cp5a to cp5d), similarly to the saw-tooth

structure documented in the GRIP d18O data. When

comparing the different climatic optimum phases

during St. Germain I attributed to IS23 and IS24,
the MAV and PCS reconstructions suggest that St.

Germain Ia (cp3a) is slightly colder and more

continental than St. Germain Ic (cp3c) at Jammertal

(1230 to 1200 cm) and Füramoos (1221 to 1189

cm). This difference is mainly caused by the fact that

winter temperatures are about 2.6 jC cooler in St.

Germain Ia as compared to St. Germain Ic, whereas

moisture remains comparable. In contrast to these

results, marine and ice-core data suggest similar or

even warmer conditions during St. Germain Ia as

compared to Ic (Jouzel et al., 1987; Martinson et al.,

1987), but which are consistent with our results for

Les Echets and Samerberg. The discrepancy between

our estimates favouring either St. Germain Ia or Ic

for the climatic optimum may actually be unravelled

when the migration history of the plants is consid-

ered. At Les Echets and Samerberg, the vegetation

during the beginning of St. Germain Ic shows a

specific pattern with a large expansion of thermoph-

ilous taxa, especially Corylus, Quercus and Fraxi-

nus, indicating more favourable thermal conditions.

In contrast, at Jammertal and Füramoos which are far

away from glacial refugia a considerable migration

lag during the short time of St. Germain Ia could

have prevented the full expansion of thermophilous

taxa (Müller, 2000). In conclusion, the real climate

conditions during the St. Germain Ia are possibly

better recorded at Les Echets and Samerberg than at

Füramoos and Jammertal. At Les Echets, St. Ger-

main Ia is about 2.5 jC warmer in winter than St.

Germain Ic, but summer temperature and moisture

are comparable in St. Germain Ia and Ic. A similar

pattern with higher winter temperatures during St.

Germain Ia is observed at Samerberg.

The question of the climatic differences between

St. Germain I and St. Germain II has been discussed

in various studies. On the basis of North Atlantic

marine d18O data (Keigwin et al., 1994), St. Germain

II is considered to be somewhat warmer than St.

Germain I although North Atlantic deep-water pro-

duction is slightly reduced. This observation is con-

firmed by the deciduous and evergreen Quercus

pollen abundances in a marine pollen record off the

Iberian margin (Sanchez Goni et al., 2000) and by

pollen-based analyses at Grande Pile (Guiot et al.,

1989). In contrast, GRIP d18O ratios suggest mean

annual surface temperatures to be similar during both

interstadials. Likewise, other reconstructions for



Fig. 5. Reconstructed average mean temperature of the coldest

(MTC) and warmest month (MTW) in jC and mean annual

precipitation (MAP) in mm, based on the modern analogue

vegetation types and probability mutual climatic spheres (by

averaging values) for St. Germain I (grey line) and St. Germain II

optimum (black line) across the study area. The dots indicate the

locations of the sites with respect to latitude, from W to E with Les

Echets, Jammertal, Füramoos and Samerberg. Framed circles

represent present-day values.
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northwest European records (Aalbersberg and Litt,

1998; Hoffmann et al., 1998) estimate winter and

summer temperatures during St. Germain I and II to

be mostly similar.

The palaeoclimate analysis of the pollen records

used in our study, however, suggests climatic differ-

ences between both interstadials. At Les Echets

(3360 to 3349 cm, cp3a), during St. Germain I

maximum winter temperatures of 2.2 jC and sum-

mer temperatures of 18.5 jC are reconstructed

whereas St. Germain II at Les Echets (3072 to

3060 cm, cp5a) is characterised by maximum winter

temperatures of 3 jC and summer temperatures of

19.7 jC. Maximum precipitation is about 1050 mm

during both interstadials. A similar pattern is provid-

ed by the palaeoclimatic analyses of the more

easterly sites, although they show conspicuously

lower winter temperatures when compared to Les

Echets. Whereas for St. Germain I average winter

temperatures of � 5.4 jC and summer temperatures

of 17 jC are estimated, St. Germain II winter

temperatures are reconstructed to be 1.4 jC and

summer temperatures to be 0.7 jC higher. As a

result, St. Germain I may thus be considered some-

what more continental and slightly colder than St.

Germain II.

When compared to the present-day situation, the

palaeoclimate results reveal also stronger gradients in

winter temperatures across the study area during both

interstadials (Fig. 5). This phenomenon may be

explained either by changes in atmospheric circula-

tion patterns or by migration lags of vegetation

largely influencing the climate reconstructions. How-

ever, St. Germain Ic and St. Germain II were long

enough to allow the spread of thermophilous taxa

towards the eastern sites as documented by the

pollen records used in this study. Hence, the stronger

gradient must actually have been caused by atmo-

spheric changes inducing higher continentality in the

east. The following scenario provides a simple ex-

planation for this pattern. During the interstadials,

sea-levels are about 40 m below present-day values.

Together with the southward displacement of the

Gulf Stream this leads to a cooling as compared to

the Eemian optimum and present (Behre, 1989), and

increases continentality. As confirmed by our study,

this effect is most accentuated at localities east of

Les Echets. In addition, the modelling study of
Herterich and Berger (1993) indicates a stronger

reduction of the global ice volume during St. Ger-

main II than during I, and this is especially true for

the Scandinavian ice sheet which exists during St.

Germain I and II (Forsström and Punkari, 1997). A

smaller Scandinavian ice sheet may explain the

somewhat higher winter and summer temperatures

during St. Germain II.
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5.3. Stability of the stadials and interstadials

Most major climate oscillations documented in

the GRIP ice core are also detected in our palae-

oclimate analyses of the central European pollen

records. There are, however, also discrepancies, for

example, a short-term climate amelioration during

Melisey II which is consistently revealed by the

pollen records but is not documented in the GRIP

oxygen isotope data. This observation indicates that

terrestrial archives may show local or regional pat-

terns in climate evolution which are not reflected in

the global trends.

During Melisey I, the existence of a short-time

climate amelioration (cp2b) is indicated by the palae-

oclimate reconstructions for Les Echets (3435 to

3427 cm), Jammertal (1270 cm), Füramoos (1234

cm) and Samerberg (2085 cm). During this event,

winter temperatures increase at all sites by 7.5 jC in

average and decreased by 9 jC, concomitant to an

oscillation in summer temperatures of 2 jC. For Les
Echets and Samerberg, for which a shorter migration

lag of vegetation as compared to Jammertal and

Füramoos can be assumed (Müller, 2000), maximum

temperatures during this warming are comparable to

those of interstadial St. Germain Ia. The intra-Meli-

sey I amelioration is also documented at about 111

ky ago by the GRIP and Vostok ice-core data

(Johnsen et al., 1995; Jouzel et al., 1987) as well

as by maximum d13C ratios in a western North

Atlantic core (Keigwin et al., 1994) suggesting an

advanced North Atlantic Deep Water production.

During Melisey II, a climate amelioration (cp4b)

with higher oceanicity occurs at Les Echets (3178

to 3146 cm based on the climate reconstructions, but

is hardly visible in the pollen flora), Jammertal (1110

to 1090 cm), Füramoos (1110 to 1105 cm) and

Samerberg (1670 to 1495 cm). The oscillation is

characterised by an increase in winter temperatures

by 8.4 jC on average and in precipitation by 120

mm. In contrast to the intra-Melisey I warming

which is followed by even harsher climate conditions

than preceding, the short-term warming during Meli-

sey II may indicate a trend to the succeeding more

favourable thermal conditions during St. Germain II

interstadial. The GRIP record, however, does not

reflect this excursion between IS21 and IS22 (John-

sen et al., 1995). In conclusion, considering the
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climate development during Melisey I and II, our

findings suggest these stadials to be largely stable,

although each of them appears to be interrupted by a

short warming event.

Consistent with other pollen records across

Europe such as Grande Pile (Woillard, 1978) or

Tenaghi Philippon (Tzedakis, 1993), the pollen

records used in this study also allow the analysis

of the Montaigu cooling event (De Beaulieu and

Reille, 1984). Our reconstructions suggests a short-

term reduction in winter temperatures (cp3b) for all

sites with an average of 9.7 jC, reduced summer

temperatures by 2 jC and precipitation by 400 mm.

This climate deterioration is even more pronounced

than the intra-Eemian cooling detected in pollen

records from the northern alpine foreland (Klotz et

al., 2003). The Montaigu event is similarly docu-

mented by the GRIP oxygen-isotope data between

IS23 and IS24 but can be seen, too, in a western

North Atlantic core with minimum d13C ratios indi-

cating NADW suppression comparable to full-glacial

conditions (Keigwin et al., 1994).

With regard to questions about the stability of the

climate during St. Germain I and II, in addition to the

Montaigu event our analyses of the St. Germain I and

II using MAV show characteristic climate patterns

strikingly resembling the saw-tooth structure de-

scribed by Bond et al. (1993). This can be observed

during St. Germain I from peak warming (cp3a) until

the transition into Melisey II (cp3e) at Les Echets

(3360 to 3210 cm), Jammertal (1200 to 1160 cm),

Füramoos (1198 to 1131 cm) and somewhat less

distinctly at Samerberg (2046 to 1745 cm). In addi-

tion, the early thermal optimum (cp3c) and the late

partial recovery (cp3e) of climate during St. Germain

Ic can be correlated with IS23 and IS22 in the GRIP

record. Comparable to the GRIP ice-core data be-

tween IS21 and IS19, our climate reconstructions for

St. Germain II show a similar saw-tooth structure

(cp5a to cp5d) at Les Echets (3067 to 2890 cm) and

Samerberg (1365 to 1270 cm). For Jammertal and

Füramoos, however, such a structure is not observed

which can, in turn, be explained by the proximity of

Les Echets and Samerberg to the main distribution

areas of thermophilous taxa which may produce more

stable climate reconstructions. All in all, our findings

indicate that the interstadials St. Germain I and II are

not very stable, at least in continental Europe but
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show saw-tooth structures. The origin of the series of

coolings, especially of the Montaigu event, may be

similar to that of the intra-Eemian climate deteriora-

tion. This would imply that a decrease in the density

of Norwegian Sea surface waters induced by an input

of fresh water, or a temperature increase, could have

reduced deep-water formation in the Norwegian Sea

within a few decades (Bryan, 1986; Cortijo et al.,

1994). In addition to a more westerly position of the

North Atlantic Current (Larsen et al., 1995; Bauch et

al., 1999), this would have allowed the penetration of

subarctic waters towards the south and a southward

displacement of the polar front (Seidenkrantz et al.,

2000; Sanchez Goni et al., 2000).
6. Conclusions

The comparative use of different reconstruction

methods for analysing late Eemian to early Würmian

climate dynamics allows us to detect some of its

main characteristic patterns. The modern analogue

technique and mutual climate sphere technique com-

plement each other because they have different

bases.

At first, it can be observed that the reconstructed

terrestrial climate signals for all pollen profiles are in

good agreement with the GRIP data, although recon-

structed winter temperatures show a higher variability.

This may be explained by the fact that the GRIP data

represent only annual average data. Next, winter

temperatures show a more pronounced variability then

summer temperatures, implying during cooling peri-

ods an increase in seasonality which is accompanied

also by a drop in mean annual precipitation. With

regard to geography, generally a higher continentality

for the more eastern pollen profiles is reconstructed.

Further, the results reveal that the stadials experience a

higher climate variability than the interstadials, al-

though oscillations are not as frequent as during the

interstadials. All in all, our findings suggest that

neither stadials nor interstadials are very stable in

continental Europe.

With a more detailed view on the climate develop-

ment based on the four pollen sites along the northern

alpine foreland, some major climate differences be-

tween each of the stadials and the interstadials can be

distinguished. Our climate analysis suggests that the
climate of Melisey II is cooler than that of Melisey I in

winter. This climatic pattern may be the result of a

larger ice-sheet extension to the south during Melisey

II, although the global ice volume is reduced as

compared to Melisey I. Moreover, our palaeoclimate

analyses suggest the possible existence of amelioration

episodes during Melisey I and Melisey II evidenced by

a considerable rise in winter and summer temperatures

concomitant to a somewhat increased precipitation.

Whereas the amelioration during Melisey I is also

documented in the Greenland ice core-data, no such

warming is found there during Melisey II. Concerning

the early Würmian interstadials, the St. Germain II

optimum is characterised by slightly warmer winters

and summers than the St. Germain I optimum. In view

of the climate differences between St. Germain Ia and

Ic, the climate during St. Germain Ia is reconstructed to

be warmer in winter than in St. Germain Ic, but

summer temperatures and moisture are comparable.

Further, periods with cooler climate conditions are

detectable during the interstadials St. Germain I and

St. Germain II. They may either show a saw-tooth

structure with a series of coolings and warmings, or

they may represent sharp and severe climate deterio-

rations such as the Montaigu event during St. Germain

I. In order to test these results, further detailed inves-

tigations based on different proxies and climate mod-

elling studies are needed.
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wendet auf quartäre Pollensequenzen der französischen

AlpenTübinger Mikropaläontologische Mitteilungen, vol. 21.
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Eemian and early Würmian climate evolution: comparing sig-

nals using different quantitative reconstruction approaches based

on pollen. Global and Planetary Change 36, 277–294.

Knudsen, K.L., Seidenkrantz, M.S., Kristensen, P., 2002. Last in-

terglacial and early glacial circulation in the Northern North

Atlantic Ocean. Quaternary Research 58, 22–26.

Krüssmann, G., 1977a. Handbuch der Laubgehölze. Verlag Paul

Parey, Band I, Berlin und Hamburg. 486 pp.

Krüssmann, G., 1977b. Handbuch der Laubgehölze. Verlag Paul

Parey, Band I, Berlin und Hamburg. 486 pp.

Kukla, G., 2000. The last interglacial. Science 287, 987–989.
Labeyrie, L.D., Duplessy, J.C., Blanc, P.L., 1987. Variations in

mode of formation and temperature of oceanic deep waters over

the past 125000 years. Nature 327, 477–482.

Larsen, E., Sejrup, H.P., Johnsen, S.J., Knudsen, K.L., 1995. Do

Greenland ice cores reflect NW European interglacial climate

variations? Quaternary Research 43, 125–132.

Mangerud, J., 1989. Correlation of the Eemian and the Weichselian

with deep sea oxygen isotope stratigraphy. Quaternary Interna-

tional 3, 1–4.

Mangerud, J., Sonstegaard, E., Sejrup, H.P., 1979. Correlation of

the Eemian (interglacial) stage and the deep-sea oxygen-isotope

stratigraphy. Nature 277, 189–192.

Martinson, D.G., Pisias, N.G., Hays, J.D., Imbrie, J., Moore Jr.,

T.C., Shackleton, N.J., 1987. Age dating and the orbital theory of

the Ice Ages: development of a high-resolution 0 to 300000-year

chronostratigraphy. Quaternary Research 27, 1–29.

McManus, J.F., Oppo, D.W., Keigwin, L.D., Cullen, J.L., Bond,

G.C., 2002. Thermohaline circulation and prolonged intergla-

cial warmth in the North Atlantic. Quaternary Research 58,

17–21.
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