Available online at www.sciencedirect.com

SCIENCE@DIREOT° GLOBAL%%RIE(%NETARY

AR G
ELSEVIER Global and Planetary Change 49 (2005) 4762

www.elsevier.com/locate/gloplacha

Last interglacial atmospheric CO, changes from stomatal index
data and their relation to climate variations

Mats Rundgren®, Svante Bjorck, Dan Hammarlund

GeoBiosphere Science Centre, Department of Geology, Quaternary Sciences, Lund University, Solvegatan 12,
SE-223 62, Lund, Sweden

Received 10 October 2004; accepted 18 April 2005

Abstract

A high-resolution atmospheric CO, reconstruction based on stomatal index data obtained from Betula and Quercus leaf
fragments extracted from the Danish Hollerup lake sediment section provides a unique insight into last interglacial CO,
dynamics. According to pollen stratigraphic correlations the CO, record covers the first c. 7400 years of the Eemian, as
palaeobotanically defined in northwestern Europe. The first c. 3000 years of the reconstruction are characterised by centennial
to millennial CO, variability in the interval 250-290 ppmv, while the remaining part of the record is generally more stable with
slightly higher values (290-300 ppmv). According to pollen stratigraphic correlations this shift in CO, dynamics is coincident
with the end of the early Eemian climatic optimum in northwestern Europe. Pollen data from this region indicate that early
Eemian CO, instability may be linked to vegetation succession following deglaciation in Europe, but vegetation dynamics on
other northern continents were probably also important. In addition, palaeoceanographic records from the Nordic seas indicate
an influence of oceanic processes on the reconstructed Eemian CO, evolution. A 300-year period of rapid CO, oscillations
immediately before the establishment of stable conditions is synchronous with a dry and cool event previously inferred from
proxy data from the same sediment sequence, suggesting that this was a climatic event of regional or global significance. The
presented CO, reconstruction is in general agreement with previous ice core and stomatal-based CO, data, although a larger
variability compared with Vostok ice core data is evident. This may be explained partly by the different resolution of the two
records and the inherent smoothing of ice core gas records.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Data from the Antarctic Vostok ice core have
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1999; Petit et al., 1999; Raynaud et al., 2000; Shack-
leton, 2000; Mudelsee, 2001). The deduced sequence
of events is that a change in orbital parameters affect-
ing summer insolation at high northern latitudes di-
rectly influences temperature conditions at Earth’s
surface. Reorganization of the global carbon cycle
caused by this initial temperature change then leads
to amplification of the temperature response through a
change in the atmospheric concentration of CO, (and
methane). The temperature change resulting from this
positive feedback is most pronounced at high northern
and southern latitudes and therefore an important
control of global ice volume. The Vostok ice core
has allowed detection of the link between atmospheric
greenhouse gases and climate over the past four gla-
cial-interglacial cycles and a new ice core drilled at
Dome C in Antarctica will extend this over three more
cycles (EPICA community members, 2004).

Human activity has recently introduced a new role
for atmospheric CO, in the climate system; burning of
fossil fuels and the resulting rapid CO, increase has
made atmospheric CO, into an important forcing
factor that is itself not influenced by climate. This
situation is unique to the last 150-200 years, although
it has been suggested that human activities (agricul-
ture and forest clearance) already started to impact on
atmospheric CO, concentrations 8 kyr ago (Ruddi-
man, 2003). The latter proposition is partly based on
the observation that the Holocene CO, evolution is
different from those of earlier interglacials. Like the
Holocene, the three previous interglacials began with
a pronounced CO, peak (Petit et al., 1999). However,
following a decline over c. 3 kyr, Holocene CO,
concentrations started an increasing trend that, with
minor oscillations, continued up to the onset of indus-
trialisation (Indermiihle et al., 1999), a feature not
seen in previous interglacials. The CO, evolution
following the early maximum was not identical be-
tween earlier interglacials but, according to the Vostok
record, there was in no case a reverse trend towards
higher CO, concentrations.

The study of proxy records from previous intergla-
cials is important to increase our understanding of
interglacial climate dynamics without human interfer-
ence and it may also help us to identify anthropogenic
influence during the Holocene. The penultimate inter-
glacial, approximately corresponding to marine isotope
stage (MIS) 5e dated to c. 130116 ka (Kukla et al.,

2002), offers the possibility to study interglacial cli-
mate records from a wide array of archives and regions
at relatively high resolution. Prior to MIS 5e, terrestrial
interglacial records become more sparse and fragmen-
ted and temporal resolution generally becomes lower
for all types of archives. Moreover, the last interglacial
has been a major focus of interest within palacoclimate
research over the last decade, an interest spurred by
indications of marked interglacial instability in a
Greenland ice core (GRIP members, 1993). Although
ambiguous (Grootes et al., 1993; North Greenland Ice
Core Project Members, 2004), these data were the
starting point of an intensive search for evidence of
rapid climate changes in marine and terrestrial records.
So far, the resulting data tend to suggest that the last
interglacial was less stable than the Holocene, at least at
high northern latitudes (e.g., Fronval et al., 1998), but it
is not known what role CO, may have played for this
relative instability.

Because of the low ice accumulation rate at Vostok,
the last interglacial section of this CO, record is of low
resolution (Petit et al., 1999), with wide age distribution
of the enclosed air. As a consequence of diffusion
through the firn layer during enclosure, air bubbles in
interglacial sections of this core have an age distribu-
tion of c. 300 years (Barnola et al., 1991). In addition,
the dating uncertainty, estimated to be & 10 kyr in the
relevant interval (Petit et al., 1999), makes it difficult to
directly relate the Vostok CO, record to palacoclimatic
records. Of the alternative CO, proxies available, the
stomatal frequency method is the most direct and also
has the capability to reconstruct CO, dynamics at the
century scale (Royer, 2001; Rundgren and Beerling,
2003). It has previously been applied to leaves of last
interglacial age and yielded results in general agree-
ment with Vostok data (Rundgren and Bennike, 2002).
The method rests on the inverse relationship between
stomatal frequency of terrestrial plant leaves and CO,
partial pressure as revealed by historic data sets and
controlled experiments (Woodward, 1987; Woodward
and Bazzaz, 1988). The level of atmospheric CO,
determines the number of cells that develop into sto-
mata and this is set during the early stages of leaf
development. Consequently, the number of stomata
relative to the sum of stomata and epidermal cells,
usually referred to as stomatal index (SI), constitutes
a reliable proxy for atmospheric CO, (Beerling, 1999;
Royer, 2001).
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Here, we present a CO, reconstruction of centen-
nial resolution for the first 7400 years of the last
interglacial in northwestern Europe (the Eemian)
based on SI measurements on Betula and Quercus
leaves extracted from a lake sediment section at Hol-
lerup in Denmark. Because of its high resolution, this
study provides a unique insight into the CO, dynam-
ics of the first half of the Eemian. The sediment
sequence has previously been subject to an extensive
multi-proxy study (Bjorck et al., 2000). Consequently,
our CO, data can be directly compared with local and
regional records of climatic and hydrologic condi-
tions, which enables detection of possible interactions
between CO, and northern hemispheric climate.

2. Site, stratigraphy and chronology

The investigated lake sediment sequence, which is
overlain by glaciofluvial and glacial deposits associ-
ated with the Weichselian glaciation, is exposed in a
disused  diatomaceous earth pit (56°24'23",
9°50'46”) on the northern edge of the Gudena
river valley, c. 500 m south of Hollerup farm be-
tween Ulstrup and Langa in eastern central Jylland,
Denmark (Fig. 1). Its macro flora and fauna was first
studied by Hartz and Ostrup (1899) and later paly-
nological investigations (Jessen and Milthers, 1928;
Andersen, 1965, 1966) revealed a pollen stratigraphy

typical for the Eemian of northwestern Europe.
Bjorck et al. (2000) carried out a detailed multi-
proxy study of the Hollerup sequence involving
sedimentology, geochemistry and analyses of stable
isotopes, diatoms and mineral magnetics and they
interpreted their results in terms of lake development
and hydrologic and climatic changes.

Bjorck et al. (2000) identified five lithologic units
in the lake sediment sequence at Hollerup (Fig. 2).
The basal and coarse minerogenic sediments of unit 1
are overlain by the highly calcareous unit 2 showing a
gradual transition to the more organic-rich unit 3. The
carbonate content decreases upwards in unit 3, at the
same time as diatoms become an important compo-
nent of the sediment. The uppermost part of unit 3
shows clear indications of disturbance and the bound-
ary to unit 4 is very distinct. Unit 4 is dominated by
diatomite. The lacustrine sequence ends with the
minerogenic sediments of unit 5, which are of variable
grain size.

Our CO, reconstruction is based on a new series
of sediment samples collected at Hollerup in Octo-
ber 1999. Resampling of the sequence was neces-
sary to obtain a sufficient number of leaf fragments
for stomatal frequency analysis. All lithologic units
and most subunits described by Bjorck et al. (2000)
were easily identified in a section exposed in the
same wall as previously studied. Units 2-5 as de-
scribed by Bjorck et al. (2000) were found to com-
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Fig. 1. (A) Map of Denmark and neighbouring countries. The area covered by the map in ‘B’ is indicated by a black rectangle. (B) Map showing
the location of the Hollerup site (marked by a star) on the northern edge of the Gudena river valley. Roads (full lines) and railways (dashed lines)

are shown in grey.
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Fig. 2. Correlated loss-on-ignition and mineral magnetic records for
the Hollerup section studied by Bjorck et al. (2000) (thick lines) and
the new section sampled for the present investigation (thin lines).
SIRM=Saturation isothermal remanent magnetization. Also shown
are the lithologic units described in the text and by Bjorck et al.
(2000). The chronology shown was constructed by Bjorck et al.
(2000) based on pollen stratigraphic correlations to the partly lam-
inated lake sediment sequence at Bispingen in northern Germany
(Miiller, 1974).

prise 4.54 m in the new section compared with 4.87
m in the previous study. Taking into account litho-
logic boundaries, 99 samples covering 3—-12 cm
vertical intervals were taken contiguously through
units 2—5 and a detailed correlation to the previously
studied sequence was made through analysis of loss
on ignition and mineral magnetic parameters (Fig.
2). This enabled us to apply the chronology of
Bjorck et al. (2000), which is based on pollen
stratigraphic correlations to the partly annually lam-
inated lake sediments at Bispingen in northern Ger-
many (Miller, 1974). According to these
correlations, units 2—4 in the section at Hollerup
constitutes a complete Eemian sequence covering
c. 11 kyr (Fig. 2). Following the recommendations

by Kukla et al. (2002), we make a distinction be-
tween the “last interglacial” and “Eemian” and re-
strict the term “Eemian” to sites in northwestern
Europe with a palaeobotanically defined period of
temperate forests (e.g. Hollerup). The “last inter-
glacial” is used for corresponding warm periods
registered in other regions and by other proxies;
the beginning and end of these may not be synchro-
nous with those of the Eemian in northwestern
Europe. For example, the beginning of the last
interglacial in the marine record (MIS 5e) is dated
to c. 130 ka, i.e. 34 kyr before the development of
temperate Eemian forests in northwestern Europe
(Kukla et al., 2002; Shackleton et al., 2003).

3. Methods
3.1. Laboratory methods

Sample volume, as measured by displacement of
water, ranged from 260 to 1570 cm® (mean==894
cm’®). Samples were disaggregated overnight in a
5% NaOH solution, which was found not to be harm-
ful to the leaf fragments, and carefully washed
through sieves with 0.25 and 0.50 mm mesh size.
Subsequently, all leaf fragments were picked out
using a stereomicroscope.

Leaf fragments were determined to species using
a reference collection of leaves of northwest Euro-
pean trees and literature on leaf cuticle morphology
(Westerkamp and Demmelmeyer, 1997). Fragments
of Betula pendula, Quercus petraea and Quercus
robur were analysed for stomatal index and density
in epifluorescent light (UV filter, 330-380 nm) at a
magnification of xX600; a graticule in one of the
eyepieces facilitated counting of stomata and epider-
mal cells. Following the recommendations of Poole
and Kiirschner (1999), counts were restricted to
interveinal areas and not conducted along leaf mar-
gins. Stomatal index was calculated as SI=[SD/
(SD+ED)] x 100, where SD is the stomatal density
(mm~?) and ED is the epidermal cell density
(mm~?) (Salisbury, 1927). When possible, seven
counts were made distributed over the lower, stoma-
ta-bearing surface of all Betula and Quercus leaf
fragments. Based on these measurements a mean
SI value was calculated for each fragment and sub-
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sequently a sample mean value was calculated for
each taxon and used in the CO, calibration.

3.2. CO; calibration

Our CO, reconstruction is based on SI data obtained
from B. pendula, Q. petraea and Q. robur. Of these
species, CO, calibration data sets have previously been
developed for B. pendula (combined B. pendula/B.
pubescens data set; Wagner et al., 1999, 2002, 2004)
and Q. petraea (Kirschner et al., 1996) and used in
CO,, reconstruction from fossil leaves. Calibration data
are currently not available for Q. robur, but a stomatal
response in this species is known from both herbarium
studies and CO, experiments (Woodward, 1987,
Woodward and Bazzaz, 1988; Beerling and Chaloner,
1993). The response is very similar to that of Q. petraea
(Van Hoof, 2004), allowing the Q. petraea calibration
to be applied also to the more abundant Q. robur leaves.
Past CO, concentrations were estimated using inverse
(linear) regression (Draper and Smith, 1981) applied to
the B. pendula (Wagner et al., 2002) and Q. petraea
(Kiirschner et al., 1996) data sets. Regression details
are as follows: B. pendula/B. pubescens: n=64, inter-
cept=36.152, slope=—0.085, and +*=0.78 and Q.
petraea: n=382, intercept=38.648, slope=—0.074,
and *=0.51.

The low level of leaf preservation for the other
broad-leaved tree species recorded (Alnus glutinosa
and Carpinus betulus) prevented their use in CO,
reconstruction. Although stomatal frequency response
to CO, changes has been shown for some conifer
species (Royer, 2001; Kouwenberg et al., 2003), no
attempt was made at utilizing the recorded needles of
Pinus sylvestris and Picea abies. This was mainly
because these leaf records end around the same strati-
graphic level as that of B. pendula and therefore
would not extend our CO, reconstruction. In addition,
no modern training sets are available for P. sylvestris
and P, abies.

4. Results and interpretations
4.1. Leaf record

Leaf fragments of five broad-leaved tree species
and two conifers were identified from 78 of the 99

Hollerup samples and, in general, there is a good
correspondence between the leaf and pollen records
(Fig. 3). Betula pendula and Quercus robur are the
most frequent species, both with respect to the number
of samples and total number of leaf fragments.

B. pendula leaves are present in high concentra-
tions already at the base of the sequence, at the same
time as Betula pollen percentages are at their maxi-
mum. The two lowermost leaf samples represent the
basal part of unit 2, which is characterised by a high
content of sand, gravel and pebbles (Bjorck et al.,
2000). This suggests deposition in a more near-shore
environment compared to the samples above, which
may explain the relative abundance of leaf fragments
(and pollen). The following interval of low Betula
pollen percentages (<10%) is characterised by low
numbers or absence of B. pendula leaf fragments. A
second interval with relative abundance of B. pendula
fragments begins at 2.41 m, around a level where
pollen percentages begin to increase again. This in-
terval ends at 1.69 m and the uppermost birch frag-
ment is recorded at 1.41 m. While the leaf record ends
in unit 3, Betula pollen percentages above 10% are
found also in parts of units 4-5.

The Quercus leaf record corresponds to an interval
of high Quercus pollen percentages. The pollen record
peaks, however, below the leaf record, which indi-
cates that Quercus was present at the site before the
first leaf is recorded in the sediments. Q. robur occurs
continuously between 4.21 and 2.32 m with a pro-
nounced peak at 2.93-2.41 m, while Q. petraea is
represented only by single fragments at a few levels in
the lower part of the sequence. There is no counterpart
in the pollen record to the observed maximum in Q.
robur leaf fragments. Therefore, this maximum is
likely to reflect a change in the depositional environ-
ment, e.g. a change in lake level (see Section 5.3),
rather than a change in vegetational composition. The
end of the maximum is coincident with a decline in
Quercus pollen percentages and values stay below
10% for the remaining part of the sequence.

In addition to single fragments in the lower part, an
interval of high concentrations of Alnus glutinosa leaf
fragments is found between 0.60 and 0.35 m and
marks the end of the Hollerup leaf record. These
high concentrations occur in the uppermost part of
unit 4, which is characterised by relatively high
minerogenic content and sand lenses (Bjorck et al.,
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2000). This suggests that the abundance of leaf frag-
ments in these samples partly results from increased
soil erosion and it may also explain the poor preser-
vation of the leaf material. Carpinus betulus was only
identified in two samples in the mid part of the
sequence (1.99-1.90 m) and this occurrence is con-
sistent with the pollen record. Also needles of Pinus
sylvestris and Picea abies were recorded in the mid
part at 2.23-1.28 and 2.46-1.20 m, respectively. P
sylvestris needles were only found in unit 3, although
relatively high Pinus pollen percentages are seen
already in the lower part of unit 2. The samples
with the highest needle concentrations coincide with

53

peaks in the pollen record, but no pine needles were
found in samples corresponding to the peaks in pollen
percentages in unit 4. The first P. abies needles were
recorded shortly above the first occurrence of Picea
pollen. As for Pinus, no needles were found in unit 4
despite relatively high pollen percentages. This may
reflect less favourable conditions for preservation of
needles (and leaves) in the diatomite.

4.2. CO; reconstruction

Reconstructed CO, values for each sample and
species are presented in Fig. 4A together with running
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Chronology is according to Bjorck et al. (2000).
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mean values to emphasize trends in the data. The
entire data set spans the first c. 7400 years of the
Eemian. Confidence intervals for the reconstructed
CO, values are generally more narrow for Betula,
which reflects the higher coefficient of determination
(r*=0.78) of the modern training set used for calibra-
tion (#*=0.51 for Quercus).

In general, Betula and Quercus CO, estimates for
the same samples overlap within their 95% confidence
intervals. The species-specific records show good
agreement both in their trends and absolute CO, levels
in the main interval where they overlap, i.e. approx-
imately 1900-3300 years after the Eemian onset (Fig.
4A). A CO, decrease is recorded by both Betula and
Quercus between c¢. 2000 and 2700 years, followed by
an overall increase ending around 3000 years after the
onset of the Eemian. The more well-resolved Quercus
record indicates, however, that the period c. 2700—
3000 years after the start of the Eemian was charac-
terised by large-scale CO, shifts rather than a unidi-
rectional increase and each high and low during this
dynamic interval is supported by several data points.
This non-random character of the CO, record clearly
indicates that the change in depositional environment
suggested to be responsible for the high input of
Quercus leaves around this time did not involve rede-
position of leaves. Continuous sedimentation over this
interval is further supported by the gradual character
of sedimentary boundaries and loss-on-ignition and
mineral magnetic records (Fig. 2; Bjorck et al., 2000).
Because of the good agreement observed between
Betula and Quercus data, the two data sets were
combined to form a composite CO, record covering
the first c. 7400 years of the Eemian. A mean CO,
value was calculated for samples with both taxa pres-
ent and this was used as input for the smoother dis-
played to illustrate trends in the data (Fig. 4B).

The CO, record may be divided into two main
parts: an unstable period covering the first c¢. 3000
years followed by more stable conditions over the
next 3000 years (Fig. 4B). According to the recon-
struction, the first c. 2700 years were characterised by
centennial to millennial CO, changes within the range
of 250-290 ppmv. An initial CO, increase from c.
255-275 ppmv was followed by a c. 25 ppmv de-
crease in the period c. 600-1600 years after the
Eemian onset. Then CO, levels increased again
from c. 250 ppmv to reach around 290 ppmv c.

2000 years after the beginning of the Eemian. A
CO, decrease (c. 290-260 ppmv) is indicated for the
next c. 700 years. As noted above, these centennial to
millennial changes were followed by more rapid CO,
oscillations within the range of c. 255-285 ppmv
between c. 2700 and 3000 years after the onset of
the Eemian. In the subsequent relatively stable period,
which apparently lasted at least until c. 7400 years
after the Eemian onset, CO, concentrations of ¢. 290—
300 ppmv are reconstructed. A ¢. 1000-year gap in the
record between the two youngest samples makes it,
however, difficult to definitively claim CO, stability
for the entire interval.

5. Discussion
5.1. Comparison with the Vostok CO, record

It is difficult to temporally relate our Eemian CO,
reconstruction to the CO, record from Vostok; there
are uncertainties associated with absolute dating of
both the air bubbles contained in Antarctic ice and the
leaf fragments preserved in the Danish lake sediments.
On the one hand, age determination of Vostok ice
samples relies on glaciological modelling and for the
last interglacial dating uncertainty is estimated to c.
+ 10 kyr (Petit et al., 1999). In addition, there is the
uncertainty associated with estimating the ice-age/gas-
age difference (Barnola et al., 1991). On the other
hand, the age of the Hollerup sediments is beyond the
limit of radiocarbon dating and application of other
radiometric methods has proved to be problematic
(Kronborg and Mejdahl, 1989; Israelson et al.,
1998). Although the pollen-based Hollerup chronolo-
gy is relatively well constrained, it is not an indepen-
dent and absolute chronology. To enable direct
comparison with Vostok CO, data, this floating chro-
nology needs to be fixed relative to that of the Vostok
record.

It has long been noted that Eemian pollen diagrams
from northwestern and central Europe display a char-
acteristic succession of trees, suggesting a very uni-
form vegetational development in the region (Jessen
and Milthers, 1928; Zagwijn, 1996; Cheddadi et al.,
1998). Therefore, correlation is straightforward be-
tween sites and pollen zones are considered to be
more or less synchronous within the region, with
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age differences for zone boundaries estimated to be no
more than 200-500 years (Zagwijn, 1996). The Hol-
lerup pollen stratigraphy includes all of the zones
established for the Eemian in NW Europe and there-
fore constitutes a complete Eemian sequence (Ander-
sen, 1965, 1966; Zagwijn, 1996). As indicated by the
partly annually laminated sediments at Bispingen in
northern Germany, the Eemian in northwestern Eur-
ope (and Hollerup) lasted approximately 11 kyr (Miill-
er, 1974). This NW European pollen-stratigraphic
framework constitutes an important component in
the establishment of a temporal relation between the
Hollerup CO, reconstruction and the Vostok CO,
record.

In the Vostok record, maximum interglacial CO,
levels are reached already c. 129128 ka, immediately
following glacial-interglacial transition and at the
same time as 0D data reflect culminating Antarctic
air temperatures (Fischer et al., 1999; Petit et al.,
1999). Detailed analysis of the isotopic composition
(6'%0) of atmospheric O, trapped in the Vostok ice
core has shown that these maxima of Antarctic tem-
perature and atmospheric CO, were reached several
thousand years before minimum 680, values were
attained (Sowers et al.,, 1991). Because 880, is
considered a proxy for 6'®0 of seawater and hence
global ice volume, this indicates that melting of north-
ern hemisphere ice sheets was significantly delayed
relative to warming in Antarctica and atmospheric
CO, increase. Thus, deglacial warming in Antarctica
preceded warming in the northern hemisphere and the
high CO, concentrations early in the interglacial are
likely to have promoted melting of the northern ice
sheets. The important points here are that deglaciation
in northern Europe post-dated the early CO, maxi-
mum and that peak interglacial sea levels were
reached 6-7 kyr after the CO, peak (Sowers et al.,
1991).

As suggested by its complete Eemian pollen re-
cord, sedimentation in the Hollerup basin started with-
in a few hundred years of the onset of the Eemian in
northwestern Europe. This is likely to have occurred
shortly after local deglaciation, as shown by the rela-
tive importance of non-arboreal pollen taxa, e.g.
grasses (Gramineae), in the lowermost samples (Fig.
3). The rapid rise in lake level at Hollerup documen-
ted for the first 500 years (Bjorck et al., 2000) may be
partly a result of the Eemian marine transgression,

leading to higher ground-water levels in coastal areas.
This is supported by the pollen-analysed marine se-
quence at Ristinge Klint in southern Denmark reflect-
ing an onset of marine conditions 300-365 years after
the beginning of the Eemian and a culmination of
saline conditions around the start of the Carpinus
zone, ¢. 3000 years into the Eemian (Kristensen et
al., 2000). Taking into account the 67 kyr lag of
global sea level behind the CO, peak identified in the
Vostok record, this suggests that sedimentation in the
Hollerup basin started approximately 3—4 kyr after the
early interglacial CO, maximum recorded at Vostok.
This estimate is consistent with data from the Nether-
lands showing that maximum interglacial sea levels in
the North Sea area were reached in the first part of the
Carpinus pollen zone, 3—4 kyr after the onset of the
Eemian (Zagwijn, 1996). Moreover, it is in accor-
dance with current estimates of the onset of the
Eemian in northwestern Europe (c. 126 ka; Kukla et
al., 2002; Shackleton et al., 2003).

Fig. 5 shows the Hollerup CO, reconstruction
together with the Vostok CO, record with a tentative
c. 3.5 kyr lag of the start of sedimentation at Hollerup
relative to the early interglacial Vostok CO, maxi-
mum. Taking into account their difference in resolu-
tion, the two records display similar millennial-scale
trends. This gives credibility to the attempted match-
ing of the records and no other reasonable lag times
result in a better visual fit. The matching shown in
Fig. 5 is further consistent with an onset of the Eemian
in NW Europe around 126 ka and a possibly slightly
delayed start of sedimentation in the Hollerup basin. It
is clear from Fig. 5 that the Hollerup reconstruction
has a larger variability than the Vostok record. Such a
difference between ice core and stomatal-based CO,
records is a commonly observed feature (McElwain et
al., 2002; Wagner et al., 2002; Rundgren and Bjorck,
2003; Kouwenberg et al., 2005) that may partly reflect
the inherent smoothing of ice core gas records caused
by diffusion during bubble close-off (Van Hoof,
2004). The Vostok CO, record itself does, however,
also show considerable variability. Taking into ac-
count the wide age distribution of air bubbles (c.
300 years; Barnola et al., 1991) and the estimated
accuracy of the gas measurements +2-3 ppmv;
Petit et al., 1999), this suggests a larger century-
scale CO, variability during the last interglacial com-
pared with the Holocene (Indermiihle et al., 1999).
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Fig. 5. Tentative matching of the Vostok CO, record (Petit et al., 1999) and Hollerup CO, reconstruction (five-point running mean values). The
proposed matching takes into account the 6—7 kyr lag of peak interglacial sea levels relative to the early interglacial CO, peak in Vostok
indicated by 6'®0,m measurements on atmospheric O, trapped in the Vostok core (Sowers et al., 1991) and the 3—4 kyr delayed attainment of
maximum interglacial sea levels in the North Sea area relative to the onset of the Eemian in northwestern Europe (Zagwijn, 1996; Kristensen et

al., 2000).

The consistently higher stomatal-based CO, estimates
relative to ice core data in the second half of the
overlapping interval (Fig. 5) could be explained partly
by the coarse resolution of the Vostok record. The fact
that these estimates almost exclusively are derived
from one species (Betula pendula; Fig. 4) may, how-
ever, indicate that the apparent offset is an effect of
inadequate CO, calibration, but this is not supported
by the first half of the Hollerup record showing good
agreement between Betula and Quercus CO, esti-
mates.

5.2. CO; evolution during the last interglacial

As pointed out by Ruddiman (2003), the Holocene
CO, evolution differs from that of previous intergla-
cials by showing a reverse trend towards higher con-
centrations following an initial CO, peak. In the three
preceding interglacials the early maximum was fol-
lowed by either a more or less continuous declining
trend or a period of relative stability (Fischer et al.,
1999; Petit et al., 1999). The latter applies to the last
interglacial. Maximum values attained during the
early CO, peak also vary among interglacials. For
example, the higher resolution record from Taylor
Dome (Indermiihle et al., 1999; Smith et al., 1999)
indicates that maximum early-interglacial concentra-

tions were c. 20 ppmv lower during the Holocene
compared with last interglacial Vostok values. These
divergent CO, signatures among interglacials are like-
ly to originate in differences in both orbital configu-
ration and the dynamics of carbon exchange between
the atmosphere and the major carbon reservoirs (the
ocean and terrestrial biosphere). If correct, our recon-
struction suggests that parts of the second half of the
last interglacial were characterised by CO, levels
similar to, or even higher than, those recorded during
the initial peak. This would call in question the anom-
alous character of the Holocene CO, evolution in-
voked by Ruddiman (2003) to claim human
interference with climate early in the present intergla-
cial. However, with regard to the difficulties associat-
ed with comparing ice core and stomatal-based data,
the indicated return to high CO, levels remains ten-
tative as long as no high-resolution, well-dated record
is available for the entire last interglacial.

5.3. The role of CO, in Eemian climate dynamics

5.3.1. CO, stability transition c. 3000 years after the
Eemian onset

The most conspicuous feature of the Hollerup CO,
record is the transition from an early period charac-
terised by CO, variability at millennial and centennial
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scales to a relatively stable CO, regime c. 3000 years
after the Eemian onset (Fig. 4). This transition coin-
cides with a marked change in the Hollerup pollen
stratigraphy, i.e. the boundary between pollen zones 4
and 5 (Fig. 3). This distinct change from an assem-
blage characterised by Corylus and Taxus to one
characterised by Carpinus and Picea is typical for
sites throughout northwestern Europe (Zagwijn, 1996;
Turner, 2002). A corresponding transition to a Carpi-
nus-dominated zone is evident in Eemian pollen dia-
grams from sites all over northern, central and western
Europe and coincides with the end of the climatic
optimum as defined by maximum Eemian summer
temperatures in all these regions (Litt et al., 1996;
Zagwijn, 1996; Aalbersberg and Litt, 1998; Rioual et
al., 2001; Klotz et al., 2003). According to pollen-
based transfer functions, this transition is also associ-
ated with a change to more continental conditions as
indicated by generally lower reconstructed January
temperature and annual precipitation values at sites
in France, Germany and Poland (Field et al., 1994;
Cheddadi et al., 1998; Rioual et al., 2001). These low
winter temperature estimates are challenged, however,
by reconstructions based on the climate indicator
species approach (pollen, plant macrofossils and Co-
leoptera) suggesting relatively high winter tempera-
tures and high annual precipitation in central and
northwestern Europe during the Carpinus phase
(Litt et al., 1996; Zagwijn, 1996; Aalbersberg and
Litt, 1998; Klotz et al., 2003). This discrepancy may
in part be explained by a lack of adequate present-day
analogues for certain Eemian pollen assemblages. In
particular, the composition of the Eemian Carpinus-
dominated forests appears to have been different from
that found in eastern Europe today and this difference
may be attributed partly to divergent tree migration
patterns during the Eemian and Holocene (Cheddadi
et al., 1998; Klotz et al., 2003).

Because the expansion of Carpinus and Picea in
northwestern Europe constitutes the last in a series
of rapid tree migration waves during the early
Eemian, the millennial and centennial CO, variabil-
ity recorded for the first 3000 years (Fig. 4) may be
linked to vegetation dynamics in Europe following
deglaciation. Vegetation succession on other north-
ern continents should, however, also be expected to
have contributed to the CO, evolution shown by the
Hollerup record. In addition, the CO, variability

during the first three millennia may be related to a
generally more unstable climate compared with the
subsequent Carpinus phase, as indicated by proxy
records reflecting conditions in the Hollerup basin
and its catchment (Fig. 6). These records may,
however, not be of regional significance, but a
climatically more variable early Eemian is indicated
also in other European records (Cheddadi et al.,
1998; Rioual et al.,, 2001). This is consistent with
a relatively stable end of the last interglacial in
northern Greenland, as suggested by recent ice
core data (North Greenland Ice Core Project Mem-
bers, 2004).

The last interglacial appears to have been fairly
stable in the midlatitudinal North Atlantic (McManus
et al., 1994; Cortijo et al., 1994; Adkins et al., 1997),
while periods of rapid oceanic changes have been
documented from the Nordic seas (Cortijo et al.,
1994; Sejrup et al., 1995; Fronval and Jansen, 1996;
Fronval et al., 1998). A recent study of foraminiferal
faunas in two cores taken off the Faroe Islands shows
a delayed increase in sea surface temperatures (SST)
at the beginning of the last interglacial north of the
Iceland—Scotland Ridge relative to areas south of the
ridge (Rasmussen et al., 2003). During the initial
phase of this two-step warming, the NE Atlantic site
experienced maximum interglacial temperatures.
After c. 3 kyr SSTs began to increase in the Nordic
seas and attained maximum interglacial levels 3—5 kyr
later, while temperatures were still high in the NE
Atlantic. Rasmussen et al. (2003) assumed that the
beginning of MIS 5e in their cores is synchronous
with the onset of the Eemian in northwestern Europe
and correlated the initial phase of warming in the NE
Atlantic with the Eemian climatic optimum recorded
prior to the Carpinus pollen zone (e.g., Zagwijn,
1996). This correlation is, however, not consistent
with current estimates of the relation between MIS
5e and the Eemian based on detailed isotopic and
pollen studies on marine cores suggesting that the
onset of the Eemian post-dated the beginning of
MIS 5Se with 3—4 kyr (Kukla et al., 2002; Shackleton
et al., 2003). If this view is accepted, the Eemian
climatic optimum would rather correspond to the
second, c¢. 3 kyr long, interglacial warming step of
Rasmussen et al. (2003) when SSTs in the Nordic seas
increased to their maximum. Thus, this SST increase
would coincide with the first ¢. 3 kyr of CO, insta-



58 M. Rundgren et al. / Global and Planetary Change 49 (2005) 47-62

12000 B — E

11000 1 ] T
10000 1 ] T

9000 A B E —

3000 i ] i
7000 i 1 i
6000 1 1 1
5000 1 1 1

4000 - - . .

Time after the Eemian onset (years)

3000 B — —

2000 A 1 T ]

1000 E — ) B
0 TTT 1 -1

P 11! 0,

~ 12000
[ 11000
[ 10000
] 1 . [ 9000
] i . | 5000
] i . | 7000
] 1 . | 6000
] 1 . | 5000
] i . | 4000
] i . | 3000
] ] ] [ 2000

- — — - 1000

—

0 50100 0 50100 O 50100 O 50100 Higher 240 320

Lithologic Organic Carbonates Mineral  Plankt.

units matter (%)
(%)

Inferred CO, conc.
diatoms  relative  (ppmv)
(%) lake level

Fig. 6. Palaeohydrologic, palaeoclimatic and CO, data from the Hollerup lake sediment sequence. Inferred relative lake levels, lithologic units
and all proxy records except CO, are from Bjorck et al. (2000). CO, data were correlated to the sequence studied by Bjorck et al. (2000) based
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bility in the Hollerup reconstruction and the later part
of that record characterised by relatively stable and
high CO, levels would correspond to a period of high
and fairly stable temperatures in the Nordic seas (and
NE Atlantic). Such a correlation is consistent with an
oceanic influence on atmospheric CO, through
changes in SST and thereby CO, solubility. However,
despite efforts to link marine and terrestrial records
from the Nordic Sea region (Wastegard et al., 2005),
the chronological relationship between MIS Se and
the Eemian remains uncertain.

5.3.2. Rapid CO; oscillations c. 2700-3000 years
after the Eemian onset

The interval of rapid CO, oscillations recorded c.
2700-3000 years after the Eemian onset and imme-
diately prior to the above discussed establishment of
stable CO, conditions is synchronous with a short
phase of inferred low lake levels in the Hollerup
basin (Fig. 6; Bjorck et al., 2000). This hydrologic

event was interpreted to reflect a brief period of dry
and cool conditions possibly linked to the termina-
tion of the early Eemian Baltic Sea—White Sea
connection and an associated increased influence
of continental air masses (Bjorck et al., 2000).
This proposition is, however, contested by mollus-
can evidence presented by Funder et al. (2002)
showing that water transport through the White
Sea—Baltic seaway was too limited to support the
Baltic branch of the North Atlantic current often
invoked to explain pronounced oceanic conditions
in northern Europe during the Eemian (Zagwijn,
1996; Kristensen et al., 2000; Bjorck et al., 2000;
Rioual et al., 2001). According to Funder et al.
(2002), early Eemian oceanic conditions are more
likely to reflect the larger extent and more vigorous
ventilation of the Baltic.

The dry and cool event identified by Bjorck et al.
(2000) may have been important for the previously
discussed rapid expansion of Carpinus in Europe. In
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the Hollerup sequence, the expansion of Carpinus is
coincident with the arrival and rapid expansion of
Picea (Fig. 3; Andersen, 1965, 1966) and these pollen
stratigraphic features occur at around the same level as
the important sediment change evidenced by, e.g., the
onset of a marked decline in carbonate content c. 3000
years into the Eemian (Fig. 6; Bjorck et al., 2000). This
suggests that soil acidification caused by Picea estab-
lishment may have been responsible for the Carpinus
expansion. As proposed by Bjorck et al. (2000), the
establishment of Picea may, in turn, have been
favoured by the short dry and cool period immediately
prior to the Carpinus expansion. Although soil pro-
cesses and Carpinus establishment may have been
closely linked at Hollerup, this is unlikely to have
been the general rule as indicated by the different
relative timing of Carpinus and Picea arrival shown
by European pollen diagrams. In accordance with
Eemian climate reconstructions discussed above (Litt
et al.,, 1996; Zagwijn, 1996; Aalbersberg and Litt,
1998; Rioual et al., 2001; Klotz et al., 2003), this
points to a dominant climatic control of the Carpinus
expansion throughout northwestern and central Eur-
ope, possibly through the short dry and cool event
identified by Bjorck et al. (2000). As indicated by its
associated highly dynamic CO, regime (Fig. 4), this
climatic event may have been of regional or even
global significance.

It was speculated by Bjorck et al. (2000) that the
dry and cool event c¢. 2700-3000 years into the
Eemian was synchronous with one of two brief last
interglacial periods of decreased water temperature
and altered circulation in the easternmost North Sea
area (Seidenkrantz et al., 1995; Seidenkrantz and
Knudsen, 1997; Knudsen et al., 2002). Foraminif-
eral fauna and isotope data suggest that this period
was characterised by a drastically weakened North
Atlantic drift allowing southward penetration of
arctic waters, which is supported by repeated inter-
glacial cooling episodes recorded also further north
in the Nordic seas (Sejrup et al., 1995; Fronval and
Jansen, 1996; Fronval et al., 1998). This indicates
an oceanic origin of the rapid CO, oscillations seen
in the Hollerup reconstruction but, because the
duration and age of this early to mid interglacial
marine event is not well constrained, it is difficult
to link it directly to the cool and dry event
recorded at Hollerup. Moreover, a dominant oceanic

origin of these CO, oscillations may not be consis-
tent with their high frequency.

6. Conclusions

A c. 7400-year atmospheric CO, reconstruction
based on stomatal index data obtained from Betula
and Quercus leaves preserved in a lake sediment
sequence from the last interglacial at Hollerup, Den-
mark is in general agreement with previous ice core
and stomatal CO, data for the same period, although a
larger variability compared with Vostok ice core data
is evident. The first c. 3000-year period of the recon-
struction is characterised by centennial to millennial
CO, variability in the interval 250-290 ppmv, while
CO, concentrations during the following 3000 years
are generally more stable and slightly higher (290-
300 ppmv). Rapid CO, oscillations are reconstructed
for a period of ¢. 300 years immediately before the
establishment of stable conditions.

Pollen stratigraphic correlation allows the CO,
reconstruction to be relatively dated and compared
with Eemian climate records from a large part of
Europe. The transition to more stable CO, conditions
coincides with the end of the early Eemian climate
optimum in northern, central and western Europe.
Pollen records from these regions indicate that early
Eemian CO, instability may be linked to vegetation
succession following deglaciation in Europe, but veg-
etation dynamics on other northern continents are also
likely to be important. Moreover, CO, instability
during the first 3000 years may reflect a relatively
unstable early Eemian climate as indicated by proxy
records from Hollerup and other European sites. Com-
parison with foraminiferal data from the NE Atlantic
and Nordic seas suggests that oceanic processes may
also have contributed to the early Eemian CO, evo-
lution indicated by the Hollerup record through the
influence of sea surface temperature on CO, solubil-
ity. The rapid CO, oscillations recorded c. 2700-3000
years after the Eemian onset are synchronous with a
dry and cool event previously inferred from Hollerup
proxy data, suggesting that this was a climatic event
of regional or global significance. This event may
correspond to one of a series of brief cooling episodes
recorded in the easternmost North Sea and Nordic
seas.
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