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Abstract

A new method to reconstruct past climatic conditions between 130 and 100ka BP from pollen and isotopic data is applied to a
previously unanalyzed Grande Pile core, GPXXI. We applied the inverse mode to the Biome4 vegetation model. The method utilizes
8'3C, measured in parallel to the pollen samples as a constraint for the model. First the biomes and the §'*C simulated by the model are
compared with the biome allocation of the pollen data. The 6'*C to be simulated takes into account the degradation effect on the
preserved organic matter. This procedure allows the reconstruction of the mean annual temperature and precipitation as well as the mean
temperatures of the warmest and coldest months. We show that during the Eemian sensu stricto, the reconstructed precipitation is similar
to modern values with low variability. The cold stadials and the penultimate glaciation are characterized by very low precipitation
amounts. The temperature estimates, however, indicate differences with several oscillations identified. The peak values are reached at
about 124-125 ka BP, but two other warm intervals are also identified. The variations in temperature appear to be related to sea-surface
temperature oscillations in the North Atlantic region and are also in agreement with the timing of ice sheet build-up in the Northern

Hemisphere. Seasonal variations are also identified in the estimated temperatures of the warmest and coldest months.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The Eemian interval has long been considered the
continental equivalent of marine substage 5e. Numerous
ocean-continent comparisons were based on this correla-
tion (Mangerud et al., 1979; Turon, 1984; Guiot et al.,
1989; Sanchez Goni et al., 1999). However, the precise
comparison of high-resolution marine and continental
records clearly indicates that this is not the case. In fact,
at least at middle and low latitudes, the terrestrial Eemian
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encompasses marine isotope substage Se and part of 5d
which corresponds to the first phase of ice build-up in high
latitudes of the Northern Hemisphere (Kukla et al., 1997)
(Fig. 1). This led to a debate about the duration of this
interglacial sensu stricto (van Kolfschoten and Gibbard,
2000; Kukla et al., 2002a,b; McManus et al., 2002;
Shackleton et al., 2002; Turner, 2002; Tzedakis et al.,
2002). It now appears that steep vegetation and climate
gradients occurred within the Eemian sensu lato at the
inception of the ice build-up (Miiller and Kukla, 2004).
A comparison between the continental Eemian and marine
isotope stratigraphy was made on marine core MD 95-2042
off Portugal in which a complete pollen sequence was
retrieved in parallel with planktonic and benthic §'*0
stratigraphy (Shackleton et al., 2002). This analysis
supports the main conclusion of the Grande Pile and VM
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Fig. 1. Correlation between Greenland’s 6'®0 NorthGRIP record (North Greenland Ice Core Project Members, 2004), 6'®0 and percent of
N. pachyderma sinistral for North Atlantic core (MD95-2042, Shackleton et al., 2002) and percent non arboreal pollen for La Grande Pile (Woillard, 1978)
climatic records between 130 and 100 ka BP modified after (Rousseau et al., 2006).

19-191 comparison showing that the continental Eemian
sensu lato lasted longer than marine isotope substage Se
(Kukla et al., 1997). The correlation of different vegetation
intervals with marine cold events was proposed earlier by
McManus et al. (1994, 2002).

Numerous reconstructions of the environment or climate
parameters have been proposed mostly based on the
modern analog technique. These studies basically indicated
little change during the Eemian (Guiot et al., 1989, 1997;
Cheddadi et al., 1998; Klotz et al., 2003; Miiller et al., 2003;
Sanchez-Goni et al., 2005). However, these methods are
calibrated on modern or sub-modern vegetation conditions
mostly inferred from CO, concentrations, which did not
prevail during the past. To address this limitation we use a
new approach based on inverse modeling, which combines
a palynological spectra and organic isotopic signature as
forcings. This method is derived from the inverse modeling
procedure used to reconstruct temperature and precipita-
tion from pollen data (Guiot et al., 2000) and paleopreci-
pitation from the loess isotopic record (Hatté and Guiot,
2005). The output biome is constrained by tempera-
ture (seasonal distribution and mean annual value) and
by the precipitation regime. 6'°C is added as a further
constraining parameter in the inversion procedure resulting
in improved limits to precipitation and consequently

temperature ranges. However, the climatic signal of the
isotopic signature of organic peat is much more complex
than the 6'°C of loess organic matter. In a peat environ-
ment the organic matter originates from the complex
mixture of biochemical components produced by the various
organisms that lived in and around the bog. The compo-
sition of the mixture between algae and superior plants
remains one of the major uncertainties that may be
addressed by the organic carbon to total nitrogen
(Corg/Niop) ratio. Low Cope/Nior values (< 10) indicate that
most of the sediment organic matter originates from algal
production, whereas high values characterize a predomi-
nance of superior plant-fossilization (Meyers, 1994, 2003).
Furthermore, the isotopic composition of the fossilized
organic matter can differ from the original '*C signature due
to differential degradation of the biochemical components
(lipids, amino acid etc.) and to the heterogencous distribu-
tion of '3C within biomolecules (Balesdent et al., 1993; van
Bergen and Poole, 2002; Nguyen Tu et al., 2004; Poole et al.,
2004). This remains one of the major topics in recent studies
(van Bergen and Poole, 2002; Poole et al., 2004). Using
inverse modeling Hatté et al. (2006) determined a likely
mean isotopic shift of —1%o0 for Grande Pile, which is in
agreement with most reported studies (Adam et al., 1998;
van Kaam-Peters et al., 1998; Pancost et al., 2003).
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The aim of this paper is to develop a multiproxy
approach by combining pollen data from GPXXI, §'°C
measurements and output from the Biome4 vegetation
model to reconstruct in detail, the climate and environment
for the last interglacial at the Grande Pile locality.

2. Materials and data
2.1. Pollen

The GPXXI core was retrieved at the Grande Pile site at
the same time as those investigated by Woillard (1978;
1979a). It is presently preserved at the LDEO core
repository. Grande Pile is located at 47°44'N, 6°30'E,
330m a.s.l. with annual precipitation of 1080 mm and a
mean annual temperature of 9.5°C with a seasonal range
of about 18°C between the warmest and the coldest
months (18.5-0.5 °C). The base of the core was investigated
by measurements of the wet bulk density to define the
occurrence of mineral versus organic intervals. This was
used to define the main stratigraphical units such as the
Linexert glaciation, the Lure interglacial, as well as the
Eemian, Melisey and St Germain I biozones and
the Montaigu event (Woillard, 1979b) (Fig. 2).

The sediment was sampled every 10cm according to the
bulk density record and covered the interval from 1830 to
1430cm. Pollen samples were prepared as following:
Defloculation of 0.2-0.5g of sediment and humic acids
dissolution by vigorous boiling in KOH 10%. Sieving
under water of mineral or vegetal particles on a 180 pum
mesh filter. Clay dissolution with HF 70% then HCI 20%.
Final sample preparation by hot acetolysis with a mixture
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composed of 9/10 CH;COOH and 1/10 H,SO, and
fuschin. Bottoms are diluted in glycerin (dilution by 10)
and the material is prepared between plate and coverglass.
The number of grains counted was also plotted against the
number of taxa identified. The counting was stopped after
a plateau was reached. The total number of grains counted
varied from 82 in the mineral deposits at the base to more
than 2000 in the organic samples. For the climate
reconstruction, ferns and aquatic taxa have been removed,
and the percentages recalculated.

The pollen biostratigraphy, shown in Fig. 2, indicates a
complete record similar to those previously published (de
Beaulieu and Reille, 1992; Woillard, 1978). The age model
used in a previous interpretation of the Grande Pile record
was applied to this record (Kukla et al., 1997) except for
the age of the start of the Eemian which is taken as
128 ka BP (Shackleton et al., 2002; Rousseau et al, 2006).
The assigned ages are shown in Fig. 3.

2.2. Biomisation of the pollen data

The biome definitions (Prentice et al., 1992) used in this
study are updated as proposed in recent papers by Kaplan
et al. (2003) and Bigelow et al. (2003), which improve the
description of tundra vegetation. This is a better fit to the
environment, especially for the cold conditions that we
expect to reconstruct with the Biome4 vegetation model
(Kaplan, 2001), compared to ecarlier definitions from
Fauquette et al. (1999). The constituent plant functional
types, defined according to physiological requirements
(PFT), were applied to the pollen data. Supplemental
Tables 1 and 2 list the assignment of pollen taxa to PFT,
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Fig. 2. Simplified pollen diagram of Grande Pile XXI core with the associated pollen biostratigraphy defined by Woillard (1978).
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Fig. 3. Age model used for La Grande Pile core XXI with solid circles
representing control ages (after Kukla et al., 1997; Rousseau et al. 2006;
Shackleton et al., 2002). Ages interpolated between control points.

and the PFT to biomes. Every pollen sample is assigned to
the most likely biome according to its affinity score
following the biomisation protocol defined by Prentice
et al (1996); every pollen taxon which contributes less than
0.5% to the pollen sum is excluded in the calculation of the
affinity scores (Table 1). Some affinity scores are very close
to each other suggesting several possible choices in the
biome allocation (Table 1).

2.3. Carbon content and isotopic measurements

Samples were dried at 60 °C and leached with 4% HCI,
rinsed, dried and homogenized. Total nitrogen, organic
carbon contents were then determined with an Elementary
Analyzer (EA-Vera Euro EA 3000), and isotopic ratios
with the EA coupled with a dual inlet mass spectrometer
(Micromass Optima). Isotopic results were obtained with a
standard deviation of 0.2%o0 allowing the interpretation of
fluctuations higher than 0.6%o.

2.4. Biome4 vegetation model

Biome4 (Kaplan, 2001) is a process-based terrestrial
biosphere model, modified from Biome3 (Haxeltine and
Prentice, 1996) and includes an isotopic fractionation
routine which was improved by Hatté and Guiot (2005).

Model inputs include latitude, soil textural class, and
monthly climate (temperature, precipitation and insola-
tion) data. The model usually runs on a 0.5° grid, but can
be run for any site with complete climate and soil data.
Biome4 utilizes 13 potential PFTs representing the major
bioclimatic types and growth forms of terrestrial plants.
Association of PFTs allows the determination of a biome
among 28 potential biomes. The Biome4 model includes a
photosynthesis scheme that simulates acclimation of plants
to external forcing by optimizing the net primary produc-
tion (NPP) and the leaf area index (LAI). Additional rules
to approximate the influence of light, canopy, fire risk, and
snow are also included. To optimize NPP and LAI, taking
into account external forcing, Biome4 uses a coupled
carbon and water flux model. Competition among PFTs is
simulated by using the optimal NPP of each PFT as an
index of competitiveness. By comparing the optimized
NPPs of every PFT, the Biome4 vegetation model
determines the dominant, co-dominant, and grass-domi-
nant (if different from the other two) PFTs. The model
then determines the output biome from the successful
PFTs, the corresponding NPP, respiration, gross primary
production (GPP-respiration = NPP), and LAI. Fractio-
nations by C3 and C4 plants are calculated using a model
derived from Lloyd and Farquhar (1994). The mean
annual isotopic fractionation is calculated by weighting
monthly fractionation of C3 and C4 in all PFTs by the
respective  NPP. Biome4 then attributes the weighted
isotopic fractionation to the output biome.

2.5. Inverse modeling

Here we use Biome4 in an inverse mode to reconstruct
the most probable climate, starting from the outputs to
infer some of the inputs of the model. We follow the
procedure of Guiot et al. (2000), based on a Monte-Carlo
sampling of monthly precipitation and temperature in
a pre-defined range (Metropolis—Hastings algorithm
(Hastings, 1970)).

In the inverse modeling process, some Biome4 inputs are
known whereas others are unknown. The known inputs
characterize the site and the related age-dependent para-
meters (i.e. soil type and texture, altitude, atmospheric CO,
concentration and isotopic value). The soil parameters are
defined according to the Food and Agriculture Organiza-
tion (FAO) grid, and according to the vegetation to be
simulated. The isotopic composition of atmospheric CO» is
constant at —6.80%o, corresponding to a mean value
measured for the Eemian (Schmitt and Fischer, 2005).
The atmospheric CO, variation is based on that reported
by Petit et al. (1999) and was resampled according to the
Grande Pile time-scale. The unknown Biome4 inputs are
climatic parameters such as precipitation and temperature
(annual value and seasonal distribution) that need to be
computed to fulfill the expected outputs. Finally, the target
outputs are one or two pre-determined biomes by the
pollen data, and the observed 6'*C. The target biomes are
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Table 1

Biome scores obtained for the GP XXI pollen spectra analyzed in this study

Bigelow Biome4 1860 1850 1840 1830 1820 1810 1800 1790 1780 1770 1760 1750 1740 1730 1720
STEP  Step 16.55 11.28 747 11.88 1559 1099 17.03 14.61 4.76 3.28 0.96 1.40 0.00 0.40 0.59
CUSH CuTund 1524 1243 694 11.88 13.28 9.58 1587 12.83 4.76 3.28 0.96 1.40 0.00 0.40 0.00
DRYT StTund 17.11 1920 1428 18.49 19.19 15.10 20.01 16.43 5.55 4.51 0.96 1.60 0.00 0.40 0.00
PROS PShTund 17.51  13.27 777 1245 1443 12,15  18.16  14.92 4.76 3.28 0.96 1.40 0.00 0.40 0.00
DWAR DShTund 15.15 13.37 14.87 14.09 1498 1943 1649 16.30 9.99 8.48 0.00 3.35 0.00 0.40 0.00
SHRU ShTund 1438 10.67 1259 11.89 13.12 20.84 16.33 20.59 1499 17.25 0.00 5.22 0.00 0.56 0.91
CLDE DeTaig 18.66 6.04 10.39 942 11.76  21.19 20.11 21.99 26.89 22.55 8.11  13.69 9.87 10.73  12.67
TAIG EgTaig 18.66 6.36 10.39 942 11.76  21.19 20.11 2199 26.89 22.55 811 13.69 9.87 11.00 13.85
COCO CoCoFo 8.41 5.00 5.97 6.12 5.71 9.31 1042 11.12 12,69 1581 12.39 16.15 1945 18.84 22.62
CLMX CIMxFo 8.41 4.68 597 6.12 5.71 931 1042 11.12 12,69 1581 12.39 16.15 1945 18.58 21.44
TEDE TeDeFo 15.44 5.52 6.81 6.70 734  11.89 1271 1321 12,69 2093 21.51 30.19 2580 28.05 26.85
COMX CoMxFo 13.54 5.84 6.81 6.70 734 11.89 1271 13.21 12,69 17.20 17.28 23.57 23.77 24.61 2598
Bigelow Biome4 1710 1700 1690 1680 1670 1660 1650 1640 1630 1620 1610 1600 1590 1580 1570
STEP  Step 1.27 1.50 1.42 0.00 0.46 0.00 0.60 2.41 0.00 1.07 0.57 0.00 0.79 2.77 1.20
CUSH CuTund 1.27 0.85 1.42 0.00 0.46 0.00 0.60 0.64 0.00 0.48 0.57 0.00 0.79 1.17 1.20
DRYT StTund 1.95 0.85 1.59 0.00 0.46 0.00 1.31 0.64 0.22 0.48 1.29 0.00 1.22 1.65 2.00
PROS PShTund 1.27 0.85 1.42 0.00 0.46 0.00 0.60 0.64 0.00 0.48 0.57 0.00 0.79 1.17 1.20
DWAR DShTund 2.26 0.85 1.59 0.00 0.46 0.00 2.03 0.64 0.57 0.96 2.06 0.35 2.98 3.06 323
SHRU ShTund 3.15 2.30 2.58 2.83 2.53 2.29 5.92 3.64 3.62 4.84 5.71 3.37 7.94 7.49 7.95
CLDE DeTaig 1436 1579 1441 17.64 1466 1489 1890 12.05 13.77 1854 17.06 1341 21.11 20.19 20.02
TAIG EgTaig 1503 1735 1528 19.28 1596 17.27 21.87 16.13 17.53 2540 2292 20.89 27.08 27.78 2595
COCO CoCoFo 2232 2252 2191 2354 2390 26.66 2585 19.80 26.75 31.32 28.58 2999 2990 29.02 26.08
CLMX CIMxFo 21.65 2095 21.04 2190 22.60 2429 2288 1573 2299 2447 2273 2251 2393 2143 20.15
TEDE TeDeFo 3149  30.54 32.61 3349 3429 3515 36.67 28.28 34.09 30.13 33.14 30.07 3543 30.00 34.11
COMX CoMxFo  24.61 28.11 2621 3046 27.83 3203 3200 2565 31.77 3746 3459 3430 35.62 3495 32.28
Bigelow Biome4 1560 1550 1540 1530 1520 1510 1500 1490 1480 1470 1460 1450 1440 1430 1420
STEP  Step 2.02 1.90 2.49 2.46 2.01 4.88 1299 6.55 3.04 1.84 3.51 2.42 2.66 1.20 1.25
CUSH CuTund 0.00 1.90 1.84 2.46 2.81 4.88 1098 6.30 3.04 1.84 1.28 2.42 2.66 1.20 1.25
DRYT StTund 0.00 3.00 1.84 2.90 2.81 6.58  13.98 7.58 3.04 2.63 1.55 3.20 2.66 1.20 1.25
PROS PShTund 0.00 1.90 1.84 2.69 2.81 4.88 12.18 6.30 3.04 1.84 1.28 2.42 2.66 1.20 1.49
DWAR DShTund 1.55 5.40 5.64 7.64 5.42 873 17.64 11.10 7.08 7.98 5.69 8.16 6.30 4.64 3.13
SHRU ShTund 6.02 9.12 9.11 10.49 790 10.14 2246 1583 10.70  12.68 9.78  12.99 9.85 7.40 4.60
CLDE DeTaig 1549 1991 20.66 2231 19.68 19.66 28.64 2742 2584 27.54 2627 2892 2532 2143 1593
TAIG EgTaig 26.01 29.40 30.08 27.32 2635 2372 3139 3140 28.33 30.11 3020 3220 28.86 24.02 20.22
COCO CoCoFo 2747 2899 2413 1786 19.52 15.13 14.10 1891 1832 19.73 2543 2420 22.65 25.10 26.84
CLMX CIMxFo 1695 1950 1472 1286 12.84 11.07 11.35 1492 1583 17.16 21.49 2092 19.12 22,50 22.55
TEDE TeDeFo 20.85 2522 1453 1322 1231 1196 1523 1551 17.29 22.75 2465 27.61 2243 3140 31.82
COMX CoMzxFo 3229 3344 2564 19.17 20.05 16.01 16.50 20.49 19.19 2435 27.10 28.77 2411 30.05 29.64

STEP = STEP: temperate grassland/temperate xerophytic shrubland; CUSH = CuTund: cushion-forb tundra; DRYT = StTund: graminoid and forb
tundra; PROS = PshTund: prostrate dwarf-shrib tundra; DWAR = DshTund: erect dwarf-shrub tundra; SHRU = ShTund: low- and high-shrub tundra;
CLDE = DeTaig: cold deciduous forest; TAIG = EgTaig: cold evergreen needle-leaved forest; COCO = CoCoFo: cool evergreen needle-leaved forest;
CLMX = CIMxFo: cool-temperate evergreen needle-leaved forest; TEDE = TeDeFo: temperate deciduous forest; COMX = CoMxFo: cool mixed forest
(after Bigelow et al. (2003).

the two with the highest scores achieved by the biomisation
procedure. Nevertheless, to remain close to the most
probable vegetation, if the second score is lower than
90%, the best-scoring biome normally will be considered
alone and thus as the unique constraint (Table 1). The
Biome4 model consistently outputs Cool Mixed Forest
(CoMxFo) and Steppe Tundra (StTund) (Bigelow et al.,
2003). Thus if either vegetation type results as the unique
constraining biome, a second biome was added as
constraint even if its score was less than the 90% threshold.
Four simulations with four series of target 6'°C were
performed considering possible carbon isotopic fractiona-

tions linked to the microbial degradation. Shifts of —2%o,
—1%o, 0%0 and +1%o were considered in Hatté et al. (2006)
where the —1%o shift appeared to be the most likely for the
main part of the studied sequence. This paper focuses on
the simulation performed with an input vector considering
this —1%o isotopic shift.

The agreement between the modeled outputs and

the observations is evaluated by the following
equation:

(513C —513C )2
Diyy=——"F—, (1)

S2



D.D. Rousseau et al. | Quaternary Science Reviews 25 (2006) 2806-2819 2811

k)

where subscripts ‘0’ and ‘s’ correspond to target and
simulated values respectively, and S is the inverse of the
residual variance, also called the precision of the estimates.

The calculation is made when the simulated biome
matches one of the target biomes. Simulations providing a
biome different from the two target biomes are rejected.
The algorithm chooses between two of the input biomes to
enhance its flexibility. Five parameters are used to
maximize D* (i) January temperature, (i) July tempera-
ture, (iii) January precipitation, (iv) July precipitation (the
temperature and precipitation of the other months are
calculated by sinusoidal interpolation between January and
July), and (v) S* the model precision. Sunshine percentage
is also an input of Biome4, and is estimated by linear
regression from temperature and precipitation of the same
month as described by Guiot et al. (2000).

The inversion process starts with random values for the
five parameters taken from initial sampling intervals, and
are defined as anomalies from a reference state. The
required climatic variables (i.e. monthly precipitation,
temperature, and cloudiness) are also estimated as anoma-
lies. They are updated to new values according to the rules
of the algorithm and a new run is performed. The
probability distribution of the five input parameters is
computed after several thousand iterations, while that of
6'3C s also calculated, and compared to the observed value
to check the quality of the fit. All distributions are
calculated within the 95%-confidence interval.

3. Results
3.1. C, N, and isotopic measurements (Table 2)

The Cgre/Nio values range from 11 to 25, and support
the reliability of peat organic matter as mostly resulting
from the degradation of superior vegetation and not from a
mixture of aquatic and atmospheric contributions (at least
for the levels above 1820 cm with a C/N higher than 15).

The carbon isotopic values range from —23.1 and
—33.3%0, showing the presence of only C3 plants all along
the studied interval. The heaviest values (> — 27%o) are
obtained below 1750cm, with the maxima (—23.1%o) at
1810 cm. The 6'3C slightly decreases from 1750 to 1550 cm
to reach —33%o., followed by an enrichment of —27.8%o. at
1500cm. Finally, the 0'°C decreases again to —33.3%o
at 1440 cm.

3.2. Pollen biostratigraphy and variability (Fig. 2)

The pollen stratigraphy is the same as initially described
by Woillard (1978; 1979a) therefore her nomenclature and
subdivisions are used.

The base of the record (1860—-1800cm) corresponds to
mineral deposits, which yielded high proportions of
Gramineae, and Artemisia indicating steppe conditions.
This first zone corresponds to the Linexert glaciation.

A predominantly organic sediment record occurs be-
tween 1800 and 1510 cm. Seven intervals show the classical
vegetation succession of an interglacial corresponding to
the Lure-Eemian biozone. Zone E1 (1800-1780cm) is
composed of Betula, Salix, Juniperus and is representative
of a tundra vegetation.

Zone E2 (1780-1760cm) is the Betula—Pinus forest
corresponding to a taiga with the occurrence of Ulmus on
top.

Zone E3 (1760-1750 cm) is the Quercetum-mixtum forest
corresponding to the warm temperate forest, which shows
the classical succession described by Woillard with the
occurrence of Fraxinus, even at percentages lower than 1%,
in the mid part and Corylus on top.

Zone E4 (1750-1660 cm) is the Corylus forest character-
istic of a warm temperate forest with three subdivisions and
a maximum in Taxus.

Zone E5 (1660-1570cm) is the Carpinus forest
interpreted as the climatic optimum according to
Woillard (1978).

Zone E6 (1570-1530 cm) consists of the development of
a cold temperate forest identified by Abies-Picea and a
main event identified at 1560 cm marked by the strong
decrease in the deciduous trees compared to the needle
leaved taxa (Woillard’s event).

Zone E7 (1530-1510 cm) is the Pinus—Picea—Betula forest
corresponding to a boreal forest, a taiga, with a climate
change indicated in the following zone:

A silty clay horizon (1510-1490 cm) is characterized by
steppe conditions indicated by high percentages of
Gramineae, Artemisia and Chenopodiaceae. This corre-
sponds to the Melisey I biozone characteristic of cold
conditions.

A new organic interval starts (1490-1430) corresponding
to the St. Germain I interstadial. At its base, a boreal forest
consisting of Pinus, Betula and Picea characterize a taiga.

A separate event, detected by the analysis of the bulk-wet
density, is identified at a depth of 1440 cm. It shows high
values of Pinus and Picea contrary to the Melisey stadial,
and is correlated with the Montaigu event.

The observed pollen biostratigraphy is identical to that
described by Woillard (1978; 1979a) from earlier cores that
she analyzed from Grande Pile, and were later studied by
de Beaulieu and Reille (1992). This indicates that this new
GPXXI record is complete even though the samples were
taken at larger 10 cm intervals. It is sufficiently detailed for
the presented climate reconstruction. The previously
defined age model (Fig. 3) can-be applied to the pollen
data in order to relate some of the pollen variability to
other climate and environmental variations.

3.3. Variation of total arboreal (AP) and deciduous
arboreal (DAP) percentages: a first indication of the
vegetation changes (Fig. 4)

The AP percentages show only a few variations in the
studied interval. Low values characterize the Linexert
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Table 2
C, N and isotopic measurements for GP XXI

Depth (cm) C/N C (%) N (%) 8"3C (%o) Target biome(s) Simulated biome
1420 —32.10 TedeFo CoMxFo TedeFo
1430 19.029 19.263 1.0123 —-30.22 TedeFo CoMxFo CoMxFo
1440 —33.29 EgTaig EgTaig
1450 23.454 25.483 1.0865 —30.91 EgTaig EgTaig
1460 —31.06 EgTaig EgTaig
1470 18.145 14.527 0.8006 —29.80 EgTaig DeTaig EgTaig
1480 —29.61 EgTaig DeTaig EgTaig
1490 17.703 10.374 0.586 —30.03 EgTaig EgTaig
1500 —27.80 EgTaig DeTaig EgTaig
1510 24.972 18.444 0.7386 —30.45 EgTaig EgTaig
1520 —30.93 EgTaig EgTaig
1530 18.735 27.537 1.4698 —31.25 EgTaig EgTaig
1540 —31.42 EgTaig EgTaig
1550 18.432 12.082 0.6555 —33.01 CoMxFo EgTaig (1) EgTaig
1560 —32.89 CoMxFo CoCoFo (1) CoMxFo
1570 22.672 25.384 1.1196 —30.29 TedeFo CoMxFo CoMxFo
1580 —30.88 CoMxFo CoMxFo
1590 21.618 25.98 1.2018 —31.04 CoMxFo TedeFo TedeFo
1600 —29.05 CoMxFo CoMxFo
1610 20.65 23.58 1.1419 —30.04 CoMxFo TedeFo CoMxFo
1620 -30.77 CoMxFo CoMxFo
1630 24.305 24.392 1.0036 —29.42 TedeFo CoMxFo TedeFo
1640 —28.71 TedeFo CoMxFo TedeFo
1650 —29.08 TedeFo TedeFo
1660 17.343 13.599 0.7841 —29.70 TedeFo CoMxFo CoMxFo
1670 18.301 23.932 1.3077 —29.24 TedeFo TedeFo
1680 —29.76 TedeFo CoMxFo TedeFo
1690 19.641 22.326 1.1367 —29.05 TedeFo TedeFo
1700 —29.57 TedeFo CoMxFo TedeFo
1710 18.56 19.726 1.0628 —28.55 TedeFo TedeFo
1720 —28.16 TedeFo CoMxFo TedeFo
1730 19.776 23.666 1.1967 —27.58 TedeFo TedeFo
1740 —26.28 TedeFo CoMxFo TedeFo
1750 18.763 15.723 0.838 —27.25 TedeFo TedeFo
1760 —25.43 TedeFo TedeFo
1770 15.801 11.625 0.7357 —26.58 DeTaig EgTaig EgTaig
1780 —27.12 DeTaig EgTaig EgTaig
1790 15.161 6.5452 0.4317 —24.50 DeTaig EgTaig EgTaig
1800 —24.93 DeTaig EgTaig EgTaig
1810 11.336 1.6018 0.1413 —23.13 DeTaig EgTaig
1820 —25.63 StTund ShTund (2) ShTund
1830 11.074 1.814 0.1638 —27.14 StTund ShTund (2) ShTund
1840 —26.68 DshTund ShTund (2) ShTund
1850 —28.08 StTund ShTund (2) ShTund
1860 —25.18 DeTaig EgTaig EgTaig

Comparison of the most likely biomes allocated to the pollen data through the biomisation procedure with those reconstructed by the Biome4
vegetation model. DShTund: dwarf shrub tundra, ShTund: shrub tundra, StTund: steppe tundra, EgTaig: evergreen taiga, DeTaig: deciduous taiga,
CoCoFo: cool coniferous forest, CoMxFo: cool mixed forest, TeDeFo: temperate deciduous forest.

glaciation. The arboreal percentages then increase very
rapidly reaching a maximum at about 123kaBP. The
values then remain rather stable between 123 and
108 ka BP. A strong drop in AP percentage between 108
and 106 ka BP, corresponds to the Melisey I stadial. It is
immediately followed by an interval with a stable and high
percentage of AP, characteristic of the base of the
St. Germain I interstadial.

DAP percentages show a more variable pattern than
AP. The index increases in two major steps, the first
between 128 and 126 ka BP and second between 124.5 and

122ka BP. The highest value is reached at about
122.5ka BP and is followed by a decrease of about 21%
at about 121 ka BP, corresponding to the maximum occur-
rence of Taxus in zone E4 (Fig. 2). Between 120 and
115, DAP% remains high and stable. A decrease of
about 12.8% occurs between 115 and 114.5ka BP, fol-
lowed by a plateau between 114.5 and 111kaBP. A
marked decrease of about 36% occurs between 111 and
108 kaBP. It is followed between 108 and 107 ka BP
by the Melisey I stadial marked by a minimum value
of 14%.
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Fig. 4. Comparison of total arboreal pollen (AP) and temperate deciduous arboreal pollen (DAP) percentages in Grande Pile with the planktonic 6'*0
variation from marine core MD 90-2042 (Shackleton et al., 2002). Pollen biostratigraphy according to Woillard (1978). Cold events related to iceberg

discharges in the North Atlantic marked.

The St Germain I interstadial is marked by an increase
from 43% to about 63% in DAP between 107 and
103.5ka BP. This is interrupted by the low values (33%)
of the Montaigu event at about 103 ka BP. High values
of DAP% characterize the remaining stages of the
St Germain I interstadial.

The disparity between the AP and DAP indices reflects
their different composition. The AP% includes all types of
arboreal vegetation including deciduous and needle leaved.
Because of the low variation in AP% and the geographic
location of the Grande Pile in the temperate part of
Western Europe the DAP% provides more detail on the
climate.

If our interpretation of the variability in the arboreal
indices is correct, it should be reflected in the different

estimates yielded by the Biome4 model. Mean annual
temperature and precipitation (Tpann and Pann), mean
temperatures of the coldest and warmest months (mtco and
mtwa) are both expressed as anomalies from modern
values.

3.4. Inverse modeling results (Figs. 5 and 6)

To take into account the uncertainty of the observations
and measurements within the precision and the sensitivity
of the model, we discuss the range of variation encom-
passed by the 95%-confidence interval rather than the
“most probable value™.

The inverse modeling procedure succeeds in simulating
one of the two target biomes (Fig. 5) and yields isotopic



2814

signatures in good agreement with the vegetation 6'°C
deduced from the measurements (Fig. 5). Nevertheless,
differences still remain at 103, 109.5, 110, 123.1, 124.5, and
at levels older than 127 ka BP where the simulation yields
heavier 6'*C than the presumed vegetation. Hatté et al.
(2006) invoked an isotopic shift of higher magnitude
(ca —2%0) at 103 ka BP, a bias due to the restricted ability
of Biome4 to simulate CoMxFo in the 109.5-110ka BP
time-slice and better preservation of carbohydrates thanks
to sulfurization inducing an enriched 6'°C degradation at
123.1, 124.5 and 127kaBP. The levels older than
127.5ka BP systematically show simulated 6'*C lighter
than the target 6'°C, but these levels are associated with
low C,/Nio¢ ratios and consequently can not be con-
sidered as resulting from the degradation of some single
superior plants. Thus inverse-modeling results computed
for samples older than 127.5 ka BP cannot be interpreted in
terms of climatic change.

Among the four estimated climatic parameters, the mean
annual temperature and the coldest and warmest month

D.D. Rousseau et al. /| Quaternary Science Reviews 25 (2006) 2806-2819

mean temperature anomalies are strongly dependent on the
biome to be simulated, whereas the annual precipitation is
strongly influenced by the 6'°C (Figs. 5, 6).

Prior to 125kaBP the environmental conditions were
dry and cold with the annual precipitation ranging from
300 to 500mmyr ! and a mean annual temperature of
about 1+2°C. The very low annual mean temperature is
mainly a product of the coldest month (mtco) indicating an
anomaly of —19 to —24°C compared to present, whereas
the mtwa shows anomalies of —4 to +12°C. This
difference between the coldest and warmest month results
in an enhanced seasonality which is ca 22 °C higher than
today. This impacts the vegetation distribution by being
unfavorable to tree growth (low DAP). Raising annual
precipitation to ca 600 mm yr~'which is comparable to the
present associated with a ca 12°C rise in all temperature
parameters, leads to rapid improvement in the climatic
conditions after about 125ka BP. Nevertheless, the mtwa
values are surprisingly high with a range of anomalies of
14.6-16.7°C at 124.5kaBP and 12.4-15.1°C at

St Germaini | _ S Eemian Interglacial =
. Interstadial | .. = )
Strati- S o5 e X —
raph g o8 0B 2 2o
graphy S TH S8 3 =
= = S 3§ -
S3 = &
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Fig. 5. Comparison of the estimated vegetation 6'*C derived from the measured 6'*C, after considering a —1% degradation of the organic matter and the
model simulated 6'>C for the 130 to 100 ka BP interval. The maximum and minimum estimated values are also indicated. Pollen biostratigraphy according

to Woillard (1978).
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Fig. 6. Estimated climatic conditions from 130 to 100 ka BP based on model derived mean annual temperature and precipitation, coldest and warmest
months mean annual anomalies compared to modern values. The heavy lines show the most probable values and the 95% confidence levels are marked by
thin lines. The arboreal (x) and deciduous pollen (diamonds) variations are shown for Grande Pile XXI. The levels for which the C/N ratio prevents any
reliable climatic reconstruction are highlighted in gray. Open circles for mean temperature of the warmest month indicates questionable values as described

in the text.

123.1 ka BP. However, these two levels are among the four
that Hatté et al. (2006) consider as indicating a possible
bacterial degradation inducing isotope enrichment rather
than a depletion (orange-colored sediment linked to
carbohydrates sulfurization). In such an exceptional case
of degradation, inverse modeling outputs mtwa anomaly
ranges of 6.9-12.1 °C (7.8 °C as the most probable value) at
124.5ka and 2.9-7.1°C (3.0 °C as most probable), and no
change in mtco and Pann, in addition to very small cooling
for Tann. These values appear to be more realistic in the
studied area but they do not weaken the return to milder
conditions in a strong seasonality pattern. Indeed, season-
ality is ca 9°C higher than today between the coldest
(absolute temperature ca —3°C) and the warmest month
(absolute temperature of ca 26°C). The mean annual
temperature remains stable until about 115kaBP, then
abruptly decreases by ca 6°C reaching a plateau until
110ka BP. This climate deterioration essentially resulted
from colder, more variable mtco. It can be linked to the
shift toward lower DAP. An abrupt decrease of ca 5°C
occurred between 110 and 109.5kaBP. It was almost
exclusively due to an 18°C decrease of mtco and
consequently led to increased seasonality that reached
40 °C between winter and summer. This strong change in
the climate system was recorded by the vegetation, which
changed abruptly from a deciduous to a more boreal taiga
forest type. A relatively stable interval followed until about
103kaBP. A high error margin is recorded at around
106 ka BP due the wide bioclimate of the simulated EgTaig
associated with low 6'>C (Hatté et al., 2006). Given such a

low values, the isotopic composition does not act as a
determining constraint for the inverse modeling and does
not succeed in narrowing the temperature and precipitation
range. The mean annual temperature increases to about
9°C after about 103kaBP, once more resulting in a
warmer winter. Subsequently at 125ka BP, the annual
precipitation remains constant. Two major decreases are
identified at about 113kaBP (ca 400mmyr~') and at
about 107 ka BP (ca 500 mm yr—').

4. Discussion

The comparison between our results and those from the
North Atlantic cores (Fig. 7), e.g. NEAP18K (52°46’ N,
30°21" W, 3275 m water depth), V29-191 (54°16’ N, 16°47’
W 2370m water depth), ODP644 (66°40° N, 4°34’' E,
1227 m water depth), HM71-19 (69°29’ N, 9°31" W, 2210 m
water depth), HM94-34 (73°46’ N, 2°32" W, 1620 m water
depth), HM52-43 (63°31’ N, 0°44’ E, 2781 m water depth),
HMS57-7 (68°26’ N, 13° 52 W, 1620 m water depth) as well
as the planktonic 6'%0 of MD95-2042 (37°48' N, 10°10' W,
3148 water depth), in which the pollen record characterized
the Eemian interglacial, (Shackleton et al., 2002) can
provide additional information for the interpretation of the
identified variations.

Very poor arboreal vegetation marks Heinrich event
H11 (at 128-127ka BP (Chapman and Shackleton, 1998;
McManus et al., 1999, 2002; Tzedakis, 2003) at the base of
the GP XXI record. The first Eemian warming at about
125ka BP at La Grande Pile is shown in all temperature
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Fig. 7. Map indicating the location of the Grande Pile site and of the North Atlantic Ocean cores discussed in the text.

parameters (about 12 °C for the mean annual temperature),
and is associated with a strong increase in annual
precipitation (Fig. 6). This warming appears to have been
strong in summer (19 °C) and in winter (20 °C) (Fig. 6). It
could correspond to the northward migration of the polar
front within the Greenland Sea described at 126-125 ka BP
(Fronval and Jansen, 1996, 1997). An initial cooling at the
land site occurs at about 124kaBP, just after the
interglacial optimum, indicated by a decreasing trend in
DAP% and in all the temperature parameters. The mean
annual precipitation signal does not show any particular
trend. The variation in temperature is consistent with the
first cooling in the Nordic Seas (Fronval et al., 1998), which
corresponds to reduced influx in this region of Atlantic
water and strong dominance of Arctic waters. Indeed,
high-resolution records from the Norwegian Sea and
Northeast Atlantic Ocean (Cortijo et al., 1994; Fronval
and Jansen, 1996, 1997) indicate a sharp decrease in both
temperature and salinity. This change in the thermohaline
circulation in the Norwegian Sea may have been significant
enough to be related to the cooling trend at Grande Pile.

Starting at about 122 ka BP the mean temperature of the
warmest month approached present day values. A second
warming occurred between 120 and 118 ka BP, mainly
expressed in the mtco month. The anomaly values remain
negative and follow a small cold interval dated in our
record between 123 and 121 ka BP. This event is marked by
low values in DAP% during the Taxus peak (pollen zone
E4, about 121 ka BP). This could correspond, considering
the uncertainties of our age model, to the increase in IRD
deposition recorded at about 122ka BP in the northern
Greenland Sea (Fronval et al., 1998) suggesting some
freshwater flux input into the North Atlantic. This could
affect zones of NADW production and potentially impact
the neighboring continental vegetation (Fronval and
Jansen, 1997).

The third Eemian warm interval at Grande Pile occurs
between 116-118ka BP and is mostly expressed in the
annual and coldest month mean temperatures but only
slightly in the mean temperature of the warmest month.
The precipitation again does not show any particular trend
in either the minimum or maximum estimates. This warm
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interval matches the second warm interval during which
the Arctic front reached its most westerly location in the
Iceland Sea region (Fronval and Jansen, 1996, 1997).

A pronounced drop in mean annual as well as coldest
and warmest month temperatures occurred at about
115kaBP. It was associated with decreasing annual
precipitation. A clear decrease in the deciduous trees
marking the end of the interglacial sensu stricto in Grande
Pile XXI following the maximum peak of Carpinus (pollen
zone ES5), took place at this time. Considering our limited
time resolution, it may be related to the C26 cold event
associated with a surface cooling in the North Atlantic.
Indeed, in the northern North Atlantic core NEAPISK,
the surface water temperature has been estimated to be
almost cold as during the later C24 cold event (Chapman
and Shackleton, 1999). The most prominent cooling of the
surface water after the MIS Se interval at 115ka BP has
been interpreted as the result of a dramatic change in the
deep-water circulation (McManus et al., 2002; Shackleton
et al., 2002).

The Woillard event (Kukla et al., 1997) refers to a rapid
change in the composition of vegetation (Woillard, 1979b).
The temperate hardwood forest, present at the locality
since the beginning of the interglacial, was replaced,
according to Woillard (1979b) by a boreal forest within
150+ 75yr. This is marked in Fig. 2 by the dominance of
Picea over Abies associated with the decline of the
temperate deciduous trees and by a decrease in the
DAP%. It is a correlative of cool event C25, better
expressed in northern North Atlantic cores, dated to about
111ka BP (Chapman and Shackleton, 1999). IRD event
C25 is interpreted as an advance of the Scandinavian,
Svalbard-Barents and Greenland ice sheets surrounding
the Nordic Seas. This event was also identified in the North
Atlantic as the first large-scale cooling of the surface water
after marine isotope stage 5S¢ (Chapman and Shackleton,
1999; McManus et al., 1994, 2002; Shackleton et al., 2002).
As described in Kukla et al (1997) the Melisey 1 stadial is
correlative with the cool C24 event identified in the North
Atlantic (McManus et al., 1994), and the Montaigu event
corresponds to C23 (Fig. 4). Cold mean annual and coldest
month temperatures are indicated between the Woillard
event and the Melisey I stadial and are correlated to cold
event C24. The Melisey I change in vegetation had been
interpreted previously as a result of the IRD released in the
North Atlantic following the first glacial inception. Indeed,
the Melisey I stadial at about 107 ka BP is marked by low-
temperature values and characterized by a strong decrease
in annual precipitation of about 500 mm yr~'. Precipitation
remained high in the interval 110-107 ka BP while the mean
annual and the coldest month temperatures were already
very low. The decrease in precipitation lags the cooling by
ca 3000yr. The strong seasonality appears to be in
agreement with the results of the 2D Earth Model of
Intermediate Complexity (EMIC) MoBidiC which simu-
lated the climate between 126 and 100ka (Sanchez-Goni
et al., 2005). The model indicates no continental ice in the

Northern Hemisphere between 124 and 119kaBP. Ice
sheets then grow until 109kaBP followed by partial
melting until 104 ka BP. Our results indicate a decreasing
trend in both mean annual and coldest month temperature
from about 117 until the lowest values estimated at
110kaBP. At about 106kaBP a severe decrease in
precipitation is indicated.

One of the main results of our investigation is that the
climate of the last interglacial was not uniformly warm or
wet. Our findings are in agreement with other continental,
western European (Guiot et al., 1993; Thouveny et al.,
1994; Klotz et al., 2004; Miiller et al., 2005), and marine
records (McManus et al., 1994; Fronval and Jansen, 1997;
Fronval et al., 1998; Chapman and Shackleton, 1999;
Shackleton et al., 2002), and could support the hypothesis
of a modified thermohaline circulation during the Eemian
affecting the climate on the western side of Europe
(Broecker, 1998). However, the characterization of several
pronounced coolings disagree with the interpretation of
data from the same locality (Field et al., 1994; Cheddadi
et al.,, 1998; Rioual et al.,, 2001) and off the Iberian
peninsula (Sanchez-Goni et al., 2005) which show a
relatively regular warm interval at about the same time.

5. Conclusion

The climate record of the GPXXI core parallels that of
cores described earlier from the Grande Pile locality. In the
interval between the Linexert Glaciation and the Montaigu
event, i.e. between ca 130 and 100 ka BP, we tested a new
method of producing climate reconstructions from pollen
data, which differs from the direct use of analogs linked to
modern vegetation conditions and modern CO» levels. The
inverse mode of the biome vegetation model, constrained
by 6'°C measured at the same levels as the pollen samples,
allowed us to attempt a detailed reconstruction of climate
conditions including the last interglacial, i.e., the Eemian
sensu lato. Our investigation shows that the penultimate
interglacial as defined at Grand Pile was characterized by
numerous climate oscillations. The interglacial maximum
occurred at about 125-124 ka BP and the strong cooling at
about 111kaBP is contemporaneous with the Woillard
event characterizing a strong but rapid vegetation change
leading to the disappearance of deciduous trees. A strong
seasonality occurred as a result of different trends in the
mean temperatures of the warmest and coldest months.
Precipitation estimates do not indicate much variability
during the Eemian except for a strong decrease at about
113ka BP. The Linexert glaciation and the Melisey cold
stadials are characterized by very low precipitation values
of about 300mmyr~', a deficit of about 700 mm yr
compare to modern values. Numerous other temperature
fluctuations, mostly in the annual and coldest month mean
temperatures, appear to be linked to surface temperature
changes which occurred at the same time in the North
Atlantic, linked to the building of the Northern Hemi-
sphere ice-sheets. While the end of the oceanic MIS Se
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subzone, probably correlative with the demise of the
Eemian sensu stricto in Northern Germany is very
apparent in the vegetation changes at Grande Pile, the
Eemian as defined here by the base of Melisey ended at
about 108ka BP B.P. and lasted approximately 20,000
years.
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