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a b s t r a c t

A new stomatal proxy-based record of CO2 concentrations ([CO2]), based on Betula nana (dwarf birch)
leaves from the Hässeldala Port sedimentary sequence in south-eastern Sweden, is presented. The record
is of high chronological resolution and spans most of Greenland Interstadial 1 (GI-1a to 1c, Allerød pollen
zone), Greenland Stadial 1 (GS-1, Younger Dryas pollen zone) and the very beginning of the Holocene
(Preboreal pollen zone). The record clearly demonstrates that i) [CO2] were significantly higher than
usually reported for the Last Termination and ii) the overall pattern of CO2 evolution through the studied
time period is fairly dynamic, with significant abrupt fluctuations in [CO2] when the climate moved from
interstadial to stadial state and vice versa. A new loss-on-ignition chemical record (used here as a proxy
for temperature) lends independent support to the Hässeldala Port [CO2] record. The large-amplitude
fluctuations around the climate change transitions may indicate unstable climates and that “tipping-
point” situations were involved in Last Termination climate evolution. The scenario presented here is in
contrast to [CO2] records reconstructed from air bubbles trapped in ice, which indicate lower concen-
trations and a gradual, linear increase of [CO2] through time. The prevalent explanation for the main
climate forcer during the Last Termination being ocean circulation patterns needs to re-examined, and a
larger role for atmospheric [CO2] considered.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Stomata are openings on the plant leaf surface, penetrating the
impermeable cuticle and facilitating the plant’s gas exchange,
allowing carbon dioxide or CO2 to be acquired for photosynthesis
and oxygen and water vapour to be simultaneously expelled via
diffusion. An inverse relationship exists between the frequency of
stomata and atmospheric CO2 concentration ([CO2]), as initially
reported by Woodward (1987), who established, using data from
herbarium material, that a number of modern tree species have
responded to the anthropogenic rise in [CO2] since pre-industrial
times by reducing their stomatal frequency significantly. Stomatal
frequency is expressed as either stomatal density (SD), defined as
the number of stomata per unit area (typically mm2), or as stomatal
index (SI), the percentage of all epidermal cells that are stomata
(McElwain and Chaloner, 1996). Stomatal densities are affected by
numerous ecological and physiological factors additional to atmo-
spheric [CO2], such as cell expansion, humidity levels, leaf size etc,
(M. Steinthorsdottir).
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whereas stomatal indices are more reliable reflections of the sto-
matal frequency of a plant species (Salisbury, 1927; McElwain,
1998; Royer, 2001). The inverse relationship between SD/SI and
[CO2] has been demonstrated repeatedly for a wide variety of plant
taxa from a large number of diverse geological and ecological set-
tings from the Palaeozoic until today, and this relationship is thus
established as a strong proxy method for reconstructing palaeo-
[CO2] (e.g. Beerling and Chaloner, 1993; McElwain and Chaloner,
1995; McElwain, 1998; Royer, 2001; Retallack, 2002; Rundgren
and Björck, 2003; Barclay et al., 2010; Steinthorsdottir et al.,
2011). CO2 is the primary driver of long-term trends in global
climate (Royer et al., 2004) and therefore the relationship between
stomatal frequencies and [CO2] is of widespread interest in palae-
oclimatology and palaeoecology.

In order to convert stomatal data from fossil plant assemblages
to palaeo-[CO2] estimates, it is necessary to calibrate the obtained
data with data from recent plants that are phylogenetically related
or in other ways equivalent to the fossil plants. The stomatal proxy
for palaeo-[CO2] relies on the morphologically expressed physio-
logical responses of plants, which seek to maximize their water use
efficiency through developing fewer stomata when carbon (from
CO2 in the atmosphere) ismore readily available for photosynthesis.
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The stomatal frequency on fossil leaves gives a “frozen in time”
indication of past [CO2] and is therefore not, asmay be the casewith
other proxies, as susceptible to taphonomic bias and in situ changes
that may change the signal post deposition. Mixing of [CO2] in the
atmosphere is very rapid (Keeling et al., 1989), and the year-by-year
detection by the developing leaves of plants (Lake et al., 2001) en-
sures the accurate reflection of changing [CO2].

The accurate dating of climate events during the Last Termina-
tion (meaning “the most recent termination” sensu Broecker
(2006)) and especially the inter-correlation between local,
regional and global events is a challenging undertaking, continu-
ously being refined and subject to intense ongoing research efforts.
The Greenland ice core records indicate that marked climatic shifts
occurred rapidly, sometimes within a few decades (Steffensen et al.,
2008). Historically, climatostratigraphic or pollenstratigraphic
terms have been used to identify intervals of regional climate shifts
expressed through vegetation, such as the Bølling, Older Dryas,
Allerød, Younger Dryas and Preboreal pollen zones of Scandinavia
(Björck et al., 1996). However, these biostratigraphic zones are not
necessarily compatible or synchronous over wider regional areas,
and can therefore not be used as chronostratigraphic units (Lowe
et al., 2008; Blaauw et al., 2010). Evidence of diachronous climatic
shifts and possibly differences in the timing of major climatic
changes (Coope et al., 1998; Blockley et al., 2004) further highlight
the need for an accurate chronostratigraphic framework. The
INTIMATE project is an initiative to synthesize ice core, marine and
terrestrial records spanning the Last Termination, with the main
goal of clarifying whether climate change episodes were synchro-
nous or have “leads” and “lags” (Lowe et al., 2008). INTIMATE
suggest the use of an event-stratigraphic approach, with the NGRIP
(North Greenland Ice core Project) isotopic record as the regional
stratotype. Recently, a new Greenland timescale, GICC05, was
constructed by combining various ice core records, spanning the
last 30,000 years, and this timescale delineates the timing and
duration of the events defined in the NGRIP record (Lowe et al.,
2008). In this paper, we follow the recommended protocol of the
INTIMATE group, which is to independently establish the timing
and duration of palaeoenvironmental events by calibrated AMS 14C
dates, and then compare the results with an independent regional
stratotype sequence (Lowe et al., 2008). We use the chronostrati-
graphic terms as defined in the regional stratotype, NGRIP (e.g. GI-1,
GS-1), but also indicate the climatostratigraphic/pollenstrati-
graphic terms (e.g. Allerød, Younger Dryas) to aid comparison to
previously published work.

Although records of atmospheric [CO2] as obtained from air
bubbles in ice cores provide a good overall picture of the [CO2]
conditions during approximately the past 800,000 years of the last
ice age (Shackleton et al., 2000; Monnin et al., 2001), these records
do not typically record short-term oscillations (<200 years), due to
smoothing effects caused by both diffusion of gasses within the ice
and time-averaging of ice core records (Shackleton et al., 2000;
Siegenthaler et al., 2005). However, large short-term oscillations of
[CO2] may be extremely important in the climate system, as so-
called tipping points may be reached rapidly, causing severe
changes in steady state climate (Broecker, 1997, 2006). One of the
puzzles of palaeoclimatology is that each Late Quaternary ice age
ended with a short, intense warming period (a termination),
starting when ice sheets were at or close to maximum size and
volume (Denton et al., 2010). In a similar way, cooling transitions
between interglacials and glacials can be abrupt (Edwards, 2010;
Stansell et al., 2010). The explanation for the sudden climatic
change at the Last Termination is probably related to a complex
system of feedback mechanisms, started by increased insolation
due to changes in Earth’s orbit, this leading to large volumes of
melt-water in the northern hemisphere and subsequent changes in
ocean circulation patterns and ending in significant increase in
atmospheric CO2, released by increased upwelling or ventilation,
pushing Earth over a climatic threshold into an interglacial (Björck
and Elias, 2007; Cheng et al., 2009; Denton et al., 2010; Burke and
Robinson, 2012; Schmitt et al., 2012).

In addition to the time-averaging caused by diffusion of gases in
ice, in situ production of CO2 is a contributing obstacle to the
reconstruction of [CO2] records directly from air bubbles, in
particular from the Greenland ice cores (Delmas, 1993; Smith et al.,
1997; Tschumi and Stauffer, 2000; Siegenthaler et al., 2005). Re-
cords of [CO2] are therefore usually obtained from Antarctica,
where impurities in the ice are less abundant, and from where
correlation with other proxies is better, although clearly
“smoothed” (Anklin et al., 1995; Petit et al., 1999; Monnin et al.,
2001). Due in part to the fact that the ice core records show rela-
tively small changes in [CO2] in the Late Quaternary, characterized
by a steady increase, oceanic rather than atmospheric system
changes have historically been invoked to explain the transitions
between stadials and interstadials. Proxy data have variously been
interpreted to suggest that [CO2] was the primary driver of ice age
climate, e.g. (Shackleton, 2000), that [CO2] acts as a positive feed-
back of warming through other causes (Alley and Clark, 1999;
Schmitt et al., 2012) or that any [CO2]-rise happens as a mere
consequence, rather than cause, of climate change (Toggweiler and
Lea, 2010). Until recently, internal dynamics rather than forcing by
[CO2] have thus been the focus of climate reconstructions, using
mainly oxygen isotope and geological data in climate modelling,
with the interpreted main driver usually being the shut-down or
slow-down of the Atlantic meridional overturning circulation
(AMOC) (Broecker, 1997, 2006; Clark et al., 2002).

With more studies accumulating however, a key role for [CO2] in
Last Termination climate change is emerging (Kerr, 2000; Clark
et al., 2002; Anderson et al., 2009; Denton et al., 2010; Clark
et al., 2012; Schmitt et al., 2012). Shakun and Carlson (2010)
compiled >100 high-resolution palaeoclimate proxy records
encompassing the time interval from the Last Glacial Maximum
into the Holocene, in order to characterize the timing and spatial
pattern of climate change. Their conclusions include [CO2] being a
significant overall factor in deglacial forcing/feedback processes,
together with fluctuations in the AMOC. A more recent compilation
of 80 proxy records of global surface temperatures, and transient
global climate model simulation in relation to the new and
improved chronology, show that temperature is correlated with
and generally lags [CO2] during the Last Termination (Shakun et al.,
2012). Results from their study suggest that [CO2] is the primary
driver of Last Termination climate and that it does not lag tem-
perature globally. The lead of Antarctic temperatures over global
temperatures would indicate spatial variability in the pattern of
deglacial warming, controlled by the seesawing of the AMOC. The
diachronous temperature records of the Northern and Southern
Hemispheres around GS-1 reflect variations in the strength of the
AMOC as recorded in marine sediments. These results, together
with transient global climate model simulations, support the
conclusion that an antiphased hemispheric temperature response
to ocean circulation changes is superimposed on globally in-phase
increasing [CO2] and warming (Shakun et al., 2012).

Changes in [CO2] were thus either synchronous with or led
global warming, except at the onset of deglaciation, which was
probably caused by increased summer insolation and associated
feedbacks (Clark et al., 2012; Shakun et al., 2012). The theory that
the main mechanism for CO2 release during the Last Termination is
upwelling of old carbon-rich waters in the Southern Ocean has
recently been lent further support by studies focussing on oceanic
carbon isotope records as proxy for [CO2] in glacial-interglacial
periods (Burke and Robinson, 2012; Schmitt et al., 2012).
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Geochemical/isotope records have numerous limitations which
may severely affect the results, however, and need to be interpreted
carefully before conclusions can be drawn (Brook, 2012).

With a significant role for [CO2] in Last Termination climate
change emerging, and combined with the difficulties in recon-
structing high-fidelity [CO2] records from ice cores (as explained
above), records independent of ice cores become essential. There
are a few existing stomatal frequency studies from the Last
Termination and early Holocene transition of Scandinavia, NW
Europe and N America (Beerling et al., 1995; Wagner et al., 1999;
McElwain et al., 2002; Rundgren and Björck, 2003). Overall, these
studies illustrate a significantly more dynamic picture of [CO2]
during these climate change transitions than data based on ice core
records. However, it has so far been problematic to correlate and
compare these records, due to chronological uncertainties and/or
low sampling resolution (Beerling et al., 1995), lack of a single-
species record through the climate transitions (Wagner et al.,
1999; McElwain et al., 2002; Rundgren and Björck, 2003), as well
as differences in calibration methods employed (Wagner et al.,
1999; Rundgren and Björck, 2003).

The aim of this work is to utilize the high-quality data set from
Hässeldala Port in southern Sweden to illuminate the role of [CO2]
in rapid climate change during parts of the Last Termination. Here
we present a new stomatal index-based [CO2] record based on a
high-resolution, high-density single-species database of Betula
nana leaves and leaf fragments across the climate transitions at the
beginning and at the end of GS-1 (Younger Dryas pollen zone);
including part of GI-1 (Allerød pollen zone, GI-1a to 1c), all of GS-1
and the earliest Holocene (Preboreal pollen zone). The [CO2] record
is constrained by a new AMS 14C based age-modelled chronology,
established on terrestrial plant macrofossils, and is independently
supported by a loss-on-ignition (LOI) record. We compare our re-
sults to the [CO2] record from EPICA (European Project for Ice
Coring in Antarctica) Dome C ice core (Monnin et al., 2001), newly
synchronized with the Greenland ice core timescale (Lemieux-
Dudon et al., 2010). We believe that our record has the fidelity to
accurately reflect the evolution of [CO2] during this well-
constrained time interval at an approximately 50 year resolution.

2. Locality information and background

The study locality, a small fossil lake near Hässeldala Port in
Blekinge, south-eastern Sweden (see Fig.1), offers a high-resolution
sedimentary sequence of Last Termination and early Holocene age.
Sediment accumulation in the Hässeldala basin began during the
late Bølling pollen zone (Wohlfarth et al., 2006), shortly after the
area had become ice-free at around 14,400 yr BP (Lundqvist and
Wohlfarth, 2001). A number of studies have addressed the cli-
matic and environmental evolution of southernmost Sweden dur-
ing the Last Termination (Björck, 1981; Björck and Möller, 1987;
Lemdahl, 1991; Hammarlund and Lemdahl, 1994; Hammarlund
and Buchardt, 1996; Coope et al., 1998; Hammarlund et al., 1999;
Wohlfarth et al., 2006). Pollen stratigraphies show the gradual
establishment of a pioneer vegetation with shrubs and herbs sub-
sequent to the deglaciation, scarce occurrences of Betula pubescens
and Pinus sylvestris during the later part of the Allerød pollen zone,
wide-spread shrub tundra during the Younger Dryas pollen zone,
and the rapid immigration of B. pubescens and P. sylvestris at the
start of the Preboreal pollen zone (Holocene) (Björck, 1981; Björck
and Möller, 1987; Berglund et al., 1994). Warmest month mean
temperatures, based on fossil coleopteran (beetle) assemblages,
were estimated to be ca 9e11.5 �C during the Allerød pollen zone,
falling below 9 �C during the Younger Dryas pollen zone and finally
rising to maximum mean temperatures of above 19 �C during the
Preboreal pollen zone (Coope et al., 1998).
The sediment sequence at Hässeldala Port is made up of silty
clays that grade upwards into alternating layers of clay gyttja, gyttja
clay and gyttja. The distinct shifts in sediment composition be-
tween layers with higher or lower organic content can be corre-
lated to the known short-term climatic variations of the Last
Termination, based on vegetation shifts as reflected by pollen
(Björck and Möller, 1987; Wohlfarth et al., 2006) and geochemical
parameters (Kylander et al., in press). Earlier studies of the Häs-
seldala sediments (Hässeldala Port Cores 1, 2 and 3) have mainly
involved tephra analyses, 14C dating and pollen stratigraphy (Davies
et al., 2003, 2004; Wohlfarth et al., 2006), while Hässeldala Port
Core 4 studies focused on geochemistry (Kylander et al., in press).
The sediment stratigraphy of the new Hässeldala sequence studied
here (Core 5) can easily be compared to those described previously
for Hässeldala Port using the LOI records (Davies et al., 2003, 2004;
Wohlfarth et al., 2006), with sedimentary units numbered from H2
to H12 (see Fig. 2). This lithostratigraphic correlation allows
transferring the pollen zones established for Core 3 to Core 5 and
provides a pollen-stratigraphic framework for this new sequence.
Accordingly, the interval investigated here correlates to the
regional Allerød pollen zone, the Younger Dryas pollen zone and
the very early part of the Preboreal pollen zone, spanning sedi-
mentary units H2eH5 (Fig. 2); see also Wohlfarth et al. (2006). The
vegetation recorded by pollen and plant macrofossils in the Häs-
seldala Port cores is dominated by arctic and sub-arctic species
prior to the start of the Holocene, when woodland species begin to
immigrate (Wohlfarth et al., 2006). The regional pollen zones for
southern Sweden have in turn been correlated to Last Termination
climatic intervals recognized in ice core records from Greenland.
The Allerød pollen zone coincides with Greenland Interstadial (GI)-
1c to 1a, the Younger Dryas pollen zone correlates to Greenland
Stadial (GS)-1 and the Preboreal pollen zone to the early part of the
Holocene (Björck et al., 1996, 1998).

The sedimentary succession studied here contains B. nana leaves
in varying abundance throughout. Often the most studied areas in
palaeoclimate research are located at the transition zones between
different climate zones (so-called ecotones), cited as being superior
sites for the study of Last Termination climate change, since they
record vegetational shifts (Peteet, 2000). These areas therefore
often have entirely different assemblages of species as conditions
change through time. However, for studies of past [CO2] using the
stomatal proxy, single-species records are optimal (Kürschner et al.,
1997) and ecotones thus perhaps best avoided. The chronologically
well-constrained, non-ecotone Hässeldala Port sedimentary suc-
cession thus offers excellent potential for studying single-species
response to past [CO2].

3. Material and methods

3.1. Sampling

Five parallel sediment cores were collected in autumn 2011,
using a Russian corer (10 cm diameter, 1 m length). The lithologies
of the 1-m long, parallel sediment sequences were described
individually and were then correlated to the reference core, Häs-
seldala Port Core 5, based on specific marker horizons. Sub-samples
for LOI (loss-on-ignition, see Section 3.4) analyses were taken in
contiguous 1 cm increments along the reference core. The detailed
stratigraphic correlation between the five parallel sequences pro-
vided a framework for sub-sampling for stomatal analyses, LOI
profiling and AMS 14C dating and age modelling, since the depth of
each individual layer was related to the corresponding depth in the
reference core. Four cores (Hässeldala Port subcores cores 5be5e,
correlated to the reference core) were cut into contiguous slices
equalling 1 cm in the reference core and corresponding to a time-



Fig. 1. Hässeldala Port study locality. A topographic map of the study site, showing the location of cores 1e5. Light grey shapes indicate lakes and dark grey indicate peat bogs. Grey
lines indicate topographic contours, with height in metres, and black lines indicate rivers and outer contours of water bodies. The inset illustrates the geographical position of the
study area, Hässeldala Port in southeast Sweden. Redrawn from Wohlfarth et al. (2006).
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resolution ofw50 years (42.9 years/cm in GI-1 and 47.4 years/cm in
GS-1, using the modelled weighted mean “best” ages, see Section
4.2 and Table 1). These sample slices were left soaking overnight in
sodium hexametaphosphate (NaPO3)6, which works as a detergent,
relieves surface tension and aids in separation of clay particles. Each
sample was then carefully sieved under running water, using a
sieve with a mesh size of 0.5 mm. Plant remains were continuously
removed during the sieving process using tweezers and then stored
in 3% HCl.

3.2. Fossil leaf database

The B. nana leaf database consists of 130 leaves and leaf frag-
ments. The leaves and fragments were identified based on whole
leaf morphology in combination with cuticle morphology, in
comparison to modern specimens (see Fig. 3). Each specimen was
studied using an epifluorescence microscope (Leica DM 2000,
with an epiflourescence module). The morphology of B. nana
specimens in the Hässeldala material is distinct and easily rec-
ognisable. The main morphological traits used for identification
are listed below.
3.2.1. Macromorphology
Leaves are dark brown in colour, obovate to orbicular in shape

and small in size (w5mm across). Margins crenulate to denticulate,
leaf tip rounded and leaf base acute-obtuse. Reticulate venation
with midrib, veins rather thick (Fig. 3a).

3.2.2. Micromorphology
Leaves mostly hypostomatous (stomata on the abaxial, or lower,

side only), occasional stomata on the adaxial (upper) side. Leaves
divided into vein and inter-vein areas, the veins constituting un-
usually large proportion of the leaf area. Veins are 30e100 mm
(often 50 mm) wide, made up of elongated epidermal cells, 30e
50 mm long and 10 mm wide. Vein epidermal cell walls are
smooth and thick, appearing bright under epifluorescence (Fig. 3b).
Inter-vein areas are often about 300e500 mm2 and irregularly
shaped: triangular, rectangularepolygonal to roundish. Epidermal
cells are irregularly shaped, oval-roundish to irregularly rectan-
gular, sometimes slightly elongated, with dimensions of approxi-
mately 10e30 mm2. Epidermal cell walls are smooth to slightly
undulating, and thinner than vein epidermal cell walls. Stomata are
regularly distributed in the inter-vein areas, with no dominant



Fig. 2. Correlation of the studied section to regional stratigraphy. A correlation between cores 3 and 5 based on loss-on-ignition (LOI) records, illustrating the percentage of organic
matter content in the cores. The correlated records are shown in relation to regional pollen zones and the Greenland ice core stratigraphy (GRIP zones). New AMS 14C calibrated ages
for the boundaries in Core 5 are listed on the right. The Core 5 sediment stratigraphy can easily be compared lithologically to those described previously for Hässeldala Port (Davies
et al., 2003, 2004; Wohlfarth et al., 2006), which include sedimentary units numbered from H2 to H12. Supported by the LOI records, the pollen zones established for Core 3 are
transferred to Core 5. The interval investigated here correlates to the regional Allerød pollen zone, the Younger Dryas pollen zone and the very early part of the Preboreal pollen
zone, spanning sedimentary units H2eH5 of Wohlfarth et al. (2006).
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direction of long axis. Each stoma is comprised of two kidney-
shaped guard cells, clearly visible, not sunken. The ventral walls
of guard cells (the wall lining the stomatal pore) are much thicker
than the dorsal walls, with the consequent effect of “eye-shaped”
ventral wall pairs being very bright and conspicuous under epi-
fluorescence (see Fig. 3b). Stomatal pores are ca 10e20 mm long and
5e10 mm wide. The arrangement of the accessory cells (epidermal
cells closest to each stoma) is anomocytic (four or more cells, var-
iable in position, shape and size (sensu Prabhakar, 2004)). On both
leaf surfaces, but more abundantly on the abaxial surface, are
multicellular resin glands: ball-shaped structures, 30e50 mm in
diameter, which can appear very bright under epifluorescence
(Fig. 3b). These characteristic structures, also called glandular tri-
chomes, occur most often on three-way vein junctions, but may
also be located mid-vein and (less frequently) in inter-vein areas.
Occasionally, thin hair-like trichomes or resin crystals are visible on
the cuticle surfaces.
3.3. Stomatal index analysis and [CO2] reconstructions

The cuticle surface was photographed in 5 places, evenly
distributed across the surface, at �200 magnification using a
mounted Leica camera (Leica DF310 FX) with the epifluorescence
microscope, and associated software. The images were annotated
using the software ImageJ (1.39u, NIH, USA) by engraving 0.04 mm2

squares on each image (see Fig. 3b), and finally all cells within this
square (stomata and epidermal cells) were counted and recorded,
according to the stomatal proxy methods described above (see
Section 1). Datawas entered into Microsoft Excel spreadsheets. Five
images, sensu Poole and Kürschner (1999) were counted for each
leaf/leaf fragment and the mean obtained for stomatal densities,
epidermal densities and stomatal indices. The means were
confirmed by cumulative mean statistical analysis.

For calibration of Last Termination [CO2] we used the palaeo-
[CO2] calibration of McElwain and Chaloner (1995, 1996), often



Table 1
AMS 14C dates for Hässeldala Port Core 5. Selected plant remains were leaves and
leaf fragments, seeds, and buds of Betula nana (B), Dryas octopetala (D), or Salix sp.
(S). The dates were calibrated using the terrestrial northern hemisphere curve
IntCal09 (Reimer et al., 2009). The date marked * was considered as an outlier and
not included in further analysis.

UBA-number Depth (m) Material 14C BP � error 95% range (cal yr BP)

21579 2.72e2.73 B 8605 � 46 9681e9503
21576* 2.90e2.91 B 7496 � 55 8393e8195
21578 2.98e2.99 B 9416 � 47 10,754e10,520
21577 2.99e3.00 B 9442 � 52 11,064e10,520
21575 3.02e3.03 B 9532 � 59 11,104e10,610
21574 3.19e3.20 B 10,102 � 67 11,987e11,363
20313 3.26e3.27 B 10,130 � 69 12,030e11,404
20312 3.28e3.29 B 10,639 � 51 12,689e12,433
20311 3.31e3.32 B 10,301 � 57 12,392e11,829
20310 3.33e3.345 B 10,331 � 51 12,389e11,993
20309 3.37e3.38 B 10,484 � 50 12,586e12,147
20308 3.38e3.39 B 10,644 � 58 12,697e12,428
20307 3.44e3.45 B 10,894 � 63 12,934e12,613
20306 3.46e3.47 B 10,998 � 63 13,083e12,689
20305 3.48e3.49 B 11,118 � 60 13,158e12,768
20304 3.52e3.51 B 11,225 � 60 13,280e12,926
20303 3.54e3.55 B 11,515 � 65 13,530e13,221
20302 3.56e3.57 D, B 11,565 � 56 13,583e13,278
20301 3.58e3.59 D, B 11,614 � 55 13,637e13,308
20300 3.60e3.61 D, B 11,735 � 60 13,753e13,417
20299 362.5e3.635 D, B 11,819 � 57 13,813e13,466
20298 3.645e3.66 D, S, B 11,673 � 56 13,708e13,370
20297 3.67e3.68 D, S 11,972 � 62 14,001e13,681
20296 3.69e3.70 D, B 12,211 � 57 14,499e13,843
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referred to as the NLE approach, which utilizes the ratio between
stomatal indices of fossil plants and their nearest living relatives or
equivalents (NLR or NLE) in relation to the ratio between known
[CO2] (often pre-industrial or modern) and the palaeo-[CO2].

½CO2�palaeo ¼ SINLR=SIfossil*½CO2�modern:

Here, we use the average stomatal index of 7.26%, as recorded for
the B. nana at the beginning of the Holocene, to reflect [CO2] of 280
(minimum) and 300 ppm (maximum) respectively. The Holocene
values thus function in our calibrations as SINLR and [CO2]modern.
Fig. 3. Morphology of Betula nana leaf material from Hässeldala Port. Whole leaf macrom
abaxial cuticle surface, captured using epifluorescence microscopy. (b) Stomata, epidermal
Alternatively, transfer function methods are often used to
reconstruct late Quaternary [CO2]. Inverse regression analyses are
applied to quantify palaeo-[CO2] from SI/[CO2] calibration datasets
of herbarium material and/or CO2 fumigation experiments. This
method relies on the assumption that the recent NLR plants should
respond in the same way as the studied fossil plants, and thus an
accurate record of their response to changing [CO2] can be recon-
structed. However, because B. nana may be influenced by local
environmental factors in addition to the overriding control of [CO2]
and because previously published transfer functions produced
unrealistic results (see Section 5.1, for details), we chose to apply
the NLE approach rather than transfer function methods to
reconstruct [CO2] using our Hässeldala stomatal index data set.
3.4. 14C dating and age model construction

A 14C chronology was previously obtained for Hässeldala Port
Core 2 (Wohlfarth et al., 2006) and then transferred to Cores 1, 3
and 4. However the error margins of these previously published 14C
dates were in the order of þ/�75 to þ/�240 years, which led to
rather larger errors when calibrated. Therefore we selected a new
set of 24 samples to obtain a better-constrained chronology for Core
5, in particular surrounding the transitions between the climate
intervals. Leaves, seeds and buds of B. nana, Salix polaris and Dryas
octopetala, were selected under a dissection microscope (Olympus
SZ-STS) and rinsed repeatedly in sterilized water, before being
placed in small sterile glass jars. The jars containing the samples
were covered with silver foil, pierced for vapour release, and oven
dried, first at 50 �C and then overnight at 80 �C. The samples cooled
down in an exicator, were sealed with lids and sent to the
14CHRONO Centre, Queen’s University, Belfast, UK for AMS 14C
dating.

At the 14CHRONO Centre the samples were pre-treated with 4%
HCl at 60 �C for 30 min to remove any carbonates, rinsed in MilliQ�

water and dried overnight at 60 �C. The dried samples were
weighed into quartz tubes with an excess of copper oxide (CuO),
sealed under vacuum, combusted at 850 �C for 8 h to carbon di-
oxide (CO2) and converted to graphite on an iron catalyst using the
hydrogen reduction method (Vogel, 1987). The 14C/12C and 13C/12C
ratios weremeasured by accelerator mass spectrometry (AMS). The
orphology (a) (Photo: Björn Eriksson, Stockholm University). Micromorphology of an
cells, resin gland and vein areas indicated.
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sample 14C/12C ratio was background (blank) corrected and
normalized to the HOXII standard (SRM 4990C; National Institute of
Standards and Technology). For samples smaller than 0.4 mg car-
bon a small sample background correctionwas applied. The 14C age
and 1 sigma were calculated using the Libby half-life of 5568 yr
following the conventions of Stuiver and Polach (1977). The ages
were corrected for isotope fractionation using the AMS-measured
d13C, which accounts for both natural and machine fractionation.
The uncertainty was taken as the larger of the counting statistics
and the standard deviation of 7e8 measurements of 200 s each. An
error multiplier of 1.2, based on the long-term reproducibility of
secondary standards, was applied to the measurement uncertainty.

The sequence of AMS 14C dates (see Table 1) plot nicely against
depth, except for one outlier at 2.90e2.91 m depth (depth below
the surface) (UBA-21576). Since this date was clearly younger than
its neighbouring dates it has been removed from further analysis.
Ages were then calibrated with an ageedepth model using the
Bayesian software Bacon (Blaauw and Christen, 2011), using default
settings except for the prior accumulation rate, which was set at a
mean of 50 yr/cm, and the section thickness, which was set at 2 cm.

3.5. LOI analysis

For loss-on-ignition (LOI) analyses, contiguous 1-cm samples
from Core 5 were dried at 105 �C overnight and homogenized.
Samples were then combusted at 550 �C to determine organic
matter content. LOI is expressed as percentage loss of the original
dry weight. The LOI curve is used here to support the lithostrati-
graphic correlation to earlier studied sequences at Hässeldala Port
(Davies et al., 2003, 2004; Wohlfarth et al., 2006; Kylander et al., in
press), thereby placing the results in a robust framework, but also
as an indirect climatic and environmental proxy. This is possible
because the sediment organic matter content determined by LOI is
clearly related to shifts in vegetation and in environmental condi-
tions (Davies et al., 2004; Wohlfarth et al., 2006; Kylander et al., in
press). The LOI proxy chronicles the amount of organic matter at a
given time (stratigraphic level), an indicator for lake organic pro-
ductivity, which in turn is dependent on temperature (Willemse
and Törnqvist, 1999; Wohlfarth et al., 2006). Here, the LOI record
is thus also used as a crude temperature proxy and compared with
the [CO2] record.

4. Results

4.1. Chronology and correlation

The ageedepth model (Fig. 4) shows a nearly constant accu-
mulation rate through time. Chronological uncertainties (95%
limits) for individual data points, as computed by Bacon (Blaauw
and Christen, 2011), range from 150 yr at 3.30 m depth to 480 yr
at 3.12 m depth. The computed ages for the most important chro-
nological boundaries of the studied time period are listed in Table 2
(see Appendix A for the complete data set of computed ages for the
Hässeldala Port sequence).

The lithostratigraphic correlation between Core 5 and Core 3
(Fig. 2), which has been analysed for pollen stratigraphy (Wohlfarth
et al., 2006), shows that the transition between the Allerød and
Younger Dryas pollen zones (GI-1/GS-1) occurs at w3.40 m depth,
which corresponds in Core 5 to a weighted mean age of
12,630 cal yr BP (95% range 12,691e12,521) (see Table 2 and Fig. 4).
The boundary between the Younger Dryas and Preboreal pollen
zones (GS-1/Holocene) occurs at w3.24 m depth, which gives an
age of 11,664e12,049 cal yr BP (weighted mean age 11,871 cal yr BP
at 3.24 m) for the transition into the Holocene (see Fig. 4). The GI-1
sub-boundary between the Older Dryas (GI-d) and Allerød (GI-
1abc) is also present in the section, although no B. nana leaves were
found and thus [CO2] is not reconstructed in this interval. The GI-d/
GI-1abc boundary was dated however, to constrain the chronology,
at 13,790 weighted mean cal yr BP (95% range 13,887e13,792 at
3.67 m depth) (Fig. 4, Table 2). Our new independent chronology
thus compares reasonably well to the ages of the stadials and in-
terstadials recognized in the Greenland ice core NGRIP, where the
transition between GI-d/GI-c is dated to w13,904 cal yr BP
(13,954 � 165 yrb2k: calendar years before AD 2000 and MCE es-
timates), GI-1a/GS1 is dated to w12,846 cal yr BP (12,896 � 138
yrb2k) and the transition between GS-1 and the Holocene (base of
the Holocene) tow11,653 cal yr BP (11,703� 99 yrb2k) (Lowe et al.,
2008; Walker et al., 2008).

4.2. Stomatal index record

Stomatal indices (SI) of B. nana reflect a dynamic evolution of
[CO2] during the Last Termination. Mean SI for the entire studied
period is 8.26%, illustrated by a vertical line in Fig. 5. In GI-1 be-
tween 13,687 and 12,630 weighted mean cal yr BP (95% range
13,887e12,521 at 3.635e3.4 m depth), SI are mainly below the
mean, at an average of 7.7%. In GS-1 between 12,630 and 11,871
weighted mean cal yr BP (95% range 12,691e11,664 at 3.4e3.24 m
depth) SI rise abruptly and are mainly above the mean, reaching
an average of 8.93% (see Table 3 and Fig. 5). At the boundary to the
Holocene at 11,871 weighted mean cal yr BP (95% range 12,049e
11,664 at 3.24 m depth), SI rise transiently to 11.55%, before
falling again abruptly to a mean of 7.26% in the earliest Holocene
(Table 3, Fig. 5). During both GI-1 and GS-1, SI are fairly dynamic,
repeatedly falling and rising by ca 2e3 SI% (10e20% relative
change). However, at the transition between GI-1 and GS-1, as well
as at the transition between GS-1 and the Holocene, SI fluctuate at
greater amplitudes and a distinct pattern of SI decreasing prior to a
major rise, and vice versa, emerges. At the GI-1/GS-1 transition, SI
first falls to ca 5% before the transition, and then rises to a
maximum of ca 11% soon after the boundary (>50% relative rise).
Right at the GI-1/GS-1 boundary SI is ca 6%, rising abruptly to ca 10%
(40% relative rise) (see Fig. 5). At the GS-1/Holocene transition, SI
first rises abruptly to ca 12%, before falling to ca 8% (>30% relative
fall). SI fluctuations therefore are often twice their usual amplitude
at climate transitions. Overall, the pattern of SI throughout the
studied time period is fairly dynamic, with sharp fluctuations at
climate transitions.

4.3. CO2 concentration record

CO2 concentrations ([CO2]), calibrated from SI using the sto-
matal ratio method, show that [CO2] was on average between
ca 265 and 285 ppm during GI-1 (13,790e12,630 cal yr BP), ca 230e
250 ppm during GS-1 (12,630e11,871 cal yr BP), and ca 280e
300 ppm in the earliest Holocene (see Fig. 6 and Table 3). As with
the related SI record, the most interesting developments take place
around the two boundaries.

While the average amplitude of the GI-1 [CO2] fluctuations is
ca 10 ppm, larger fluctuations are apparent, in particular close to
the transition into GS-1. Higher [CO2] (around 300 ppm) is evident
in the latest part of GI-1 and at the GI-1/GS-1 boundary. At the
transition at 12,630 cal yr BP (95% range 12,691e12,521 at 3.40 m
depth), [CO2] reaches a maximum of ca 315/335 ppm, before
dropping abruptly to ca 205/220 ppm in the earliest part of GS-1 at
12,582 cal yr BP (95% range 12,656e12,484 at 3.39 m) (ca 35%
decrease). These fluctuations at the boundary are preceded by peak
[CO2] during the latest part of GI-1 (12,760 cal yr BP, 95% range
12,875e12,637 at 3.43 m depth) of ca 400e425 ppm. This data
point is constructed with only two leaves and may be an outlier



Fig. 4. New chronology for Hässeldala Core 5. Ageedepth model for Hässeldala Port Core 5, based on Bacon (Blaauw and Christen, 2011). See text for details. Upper panels show
MCMC iterations, and priors (green) and posteriors (grey) for accumulation rate and variability/memory. Lower panel shows the calibrated C14 dates (blue) and ageedepth model
(darker grey indicates more likely calendar ages, green shows weighted mean, stippled curves show 95% range). Climatic boundaries (dashed lines) based on pollen, where
OD ¼ Older Dryas, Al ¼ Allerød, YD ¼ Younger Dryas, and Hol ¼ Holocene. The ages for the Hässeldala Port Core 5 sequence based on the age model are listed for each boundary.
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(although note concurrent peak in the LOI record). The relative
difference between the peak [CO2] and the early GS-1 [CO2] could
therefore have been >50%. All in all, the [CO2] record in GI-1 in-
dicates that [CO2] levels were mostly around 270e290 ppm,
although dynamic with low amplitude changes throughout,
except at the transition to GS-1, where [CO2] fluctuated at signifi-
cantly higher amplitude (Fig. 6). In addition to fluctuations across
transitions, an abrupt and short-lived rise to ca 295e315 ppm is
seen at 13,065 cal yr BP (95% range 13,180e12,947 at 3.50 m). Our
Table 2
Chronological ages of last termination climate change boundaries. The table lists the
“best” (weighted mean) ages in calendar years before present, together with the 95%
confidence range, of the three stage boundaries included in the present analysis
relative to depth from the surface in Hässeldala Port Core 5.

Boundary 95% range
(cal yr BP)

Weighted mean
(cal yr BP)

Core 5
depth (m)

Younger Dryas/Holocene 11,664e12,049 11,871 3.24
Allerød/Younger Dryas 12,691e12,521 12,630 3.40
Older Dryas/Allerød 13,887e13,792 13,790 3.67
reconstruction indicates that [CO2] dropped >100 ppm in 30 years
or less, and that there may have been a total GI-1/GS-1 cross-
transition [CO2] fluctuation of >200 ppm in approximately 250
years.

[CO2] rises somewhat (230e250 ppm) immediately after the GI-
1/GS-1 (Allerød/Younger Dryas) boundary before decreasing
abruptly again to values around 200 ppm (12,497 cal yr BP, 95%
range 12,579e12,389 at 3.37 m depth), constituting a “double-
peaked” decrease (see Fig. 6 and Table 3). During GS-1, [CO2] re-
mains mostly between 200 and 250 ppm, except during a short
period (w30 years) between ca 12,388 and 12,359 cal yr BP (95%
range 12,462e12,263 at 3.345e3.35 m depth), where [CO2] reaches
300e340 ppm transiently. Smaller amplitude fluctuations are also
evident throughout, as was the case during GI-1. GS-1 [CO2] values
fluctuate with larger amplitude of ca 16 ppm, illustrating perhaps
an evenmore dynamic [CO2] development during GS-1 than during
GI-1.

At the transition into the Holocene (11,871 cal yr BP, 95% range
12,049e11 664 at 3.24 depth), there is a repeat of the higher-
amplitude [CO2] fluctuations seen at the previous transition.



Fig. 5. Stomatal index record. The stomatal index of Betula nana through the Hässeldala Port Core 5 stratigraphy, shown as individual data points (diamonds: mean stomatal index
for each leaf) and as average stomatal index for each stratigraphic level (open squares with error bars). The overall mean stomatal index for the entire studied section of 8.26% is
illustrated by a vertical line. As may be expected, stomatal indices are generally lower than average during the GI-1 (Allerød) and the earliest Holocene, and higher than average
during the GS-1 (Younger Dryas).
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[CO2] decreases first to minimum values of 175e190 ppm at the
GS-1/Holocene boundary (3.24 depth), before rising sharply to
280e300 ppm, and staying at that level through the next w95
years (3.225e3.205 cm, 11,823e11,727 cal yr BP, 95% range
12,009e11,501) (Fig. 6). This again indicates a ca 100 ppm rise in
[CO2] in <100 years.

In summary, [CO2] as reconstructed using the stomatal proxy
method were highly dynamic during the Last Termination, in
particular across the climate change boundaries GI-1/GS-1
(Allerød/Younger Dryas), and GS-1/early Holocene. These results
are in contrast to the ice core derived [CO2] records, which depict a
much less dynamic [CO2] evolution, with the main trend being
gradually increasing [CO2] (see discussion below).

4.4. LOI as a temperature proxy record in relation to the [CO2]
record

The LOI technique quantifies the organic content matter per-
centage and may be interpreted as an indirect proxy for changing
regional environmental conditions, here in and around the former



Table 3
[CO2] concentrations reconstructed using the stomatal proxy method. Mean sto-
matal index and minimum and maximum [CO2], as calibrated using the stomatal
ratio method with the nearest living equivalent (NLE) approach. Holocene [CO2] set
at 280 and 300 ppm is used to calibrate minimum and maximum values respec-
tively. Depth from surface in Hässeldala Port Core 5 is given as the lower depth of
each sample. Values are presented with standard error.

Period Sample
depth

Average
SI

St.
error

[CO2]
(280 ppm)

St.
error

[CO2]
(300 ppm)

St.
error

Holocene 3.205 7.2 0.14 282.3 42.7 302.5 45.8
3.215 7.35 0.32 276.6 7.9 296.3 8.5
3.225 7.23 0.48 281.2 19.6 301.2 21.0

Average 280.0 300.0

Younger
Dryas
(GS-1)

3.24 11.55 0.73 176.0 13.0 188.6 14.0
3.25 8.55 0.22 237.8 21.0 254.7 22.5
3.26 8.47 0.02 240.0 8.3 257.1 8.9
3.27 9.9 0.17 205.3 10.3 220.0 11.0
3.28 8.95 0.18 227.1 11.6 243.4 12.5
3.29 8.16 0.14 249.1 22.9 266.9 24.6
3.3 9.91 0.19 205.1 15.8 219.8 16.9
3.31 8.52 0.23 238.6 19.4 255.6 20.8
3.32 7.84 0.08 259.3 8.8 277.8 9.5
3.33 9.51 0.27 213.8 15.0 229.0 16.1
3.345 6.38 0.05 318.6 20.8 341.4 22.3
3.35 6.67 0.13 304.8 4.1 326.5 4.4
3.36 8.53 0.25 238.3 25.4 255.3 27.2
3.37 10.85 0.95 187.4 45.0 200.7 48.2
3.38 9.23 0.94 220.2 63.2 236.0 67.7
3.39 9.83 0.18 206.8 22.8 221.6 24.4

Average 233.0 249.7

Allerød
(GI-1)

3.4 6.48 0.46 313.7 21.8 336.1 23.4
3.42 7.53 0.64 270.0 61.2 289.2 65.6
3.43 5.11 0.9 397.8 1.1 426.2 1.2
3.44 7.15 0.64 284.3 30.3 304.6 32.5
3.45 7.26 0.12 280.0 31.5 300.0 33.8
3.46 8.7 0.8 233.7 20.2 250.3 21.6
3.47 8.06 0.26 252.2 21.7 270.2 23.2
3.48 7.86 0.13 258.6 15.0 277.1 16.1
3.5 6.92 0.86 293.8 64.6 314.7 69.2
3.54 8.44 0.1 240.9 10.7 258.1 11.4
3.55 7.28 0.14 279.2 11.9 299.2 12.8
3.59 9.5 0.85 214.0 23.1 229.3 24.8
3.61 9.3 1.2 218.6 31.7 234.2 34.0
3.625 8.5 0.1 239.2 8.7 256.2 9.3
3.635 8.44 0.9 240.9 69.5 258.1 74.4

Average 267.8 286.9
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lake at Hässeldala Port (Wohlfarth et al., 2006; Kylander et al., in
press). As explained above, LOI values correspond to changes in
pollen assemblages, which in turn are a proxy for past shifts in
vegetation. Moreover, the LOI monitors distinct changes in
geochemical variables, which can be interpreted in terms of colder
and warmer climatic conditions (Willemse and Törnqvist, 1999;
Kylander et al., in press). A rise in LOI values can thus be interpreted
to indicate higher productivity in the former lake and its catchment
area, and therefore warmer climatic conditions, while a drop in LOI
values would indicate decreased organic productivity and accord-
ingly colder climatic conditions (Willemse and Törnqvist, 1999;
Davies et al., 2004; Wohlfarth et al., 2006; Kylander et al., in press).
It has previously been established that during the Last Termination,
climatic shifts were more or less synchronous around the North
Atlantic region (Björck et al., 1996) and the environmental response
to these distinct climate variations was very likely rapid in southern
Sweden. It is thus not surprising that the Hässeldala LOI record
accurately reflects the climatic intervals recognized in the
Greenland ice core record. Based on this, we use the LOI record as a
regional temperature template against which we compare the
calibrated [CO2] record.
The LOI and [CO2] records show a very close correspondence,
suggesting higher productivity (and by inference warmer temper-
atures) at times of higher [CO2], and vice versa (see Fig. 7).
Furthermore, the LOI and [CO2] records depict large fluctuations in
temperatures and [CO2] surrounding GS-1 (Younger Dryas). Just
before the GI-1/GS-1 boundary, coinciding with or slightly lagging
the [CO2], productivity (crudely reflecting temperature) increased
by at least 50%, before falling again across the boundary. Likewise
the fall in [CO2] followed by a sharp rise, at the GS-1/Holocene
boundary is independently supported by the LOI temperature
proxy record (Fig. 7).
5. Discussion

5.1. Significance and fidelity of the Hässeldala Port [CO2] record

The most significant aspects of the new [CO2] record presented
here, is i) the dynamic behaviour of [CO2] throughout the interval,
but particularly at climate change boundaries, and ii) the consid-
erably higher concentrations, compared to [CO2] records based on
ice core data (see Fig. 8). It has been suggested that stomatal proxy
records reflect atmospheric [CO2] more accurately than ice core
data, for instance by comparing modern air flask measurements of
[CO2] to both types of datasets (Kouwenberg et al., 2003; Finsinger
andWagner-Cremer, 2009). It has furthermore been suggested that
[CO2] values derived from air bubbles in ice cores underestimate
the true palaeo-[CO2] (e.g. Berner and Kothavala, 2001;
Kouwenberg et al., 2005; Van Hoof et al., 2005). The general
agreement of the several stomatal proxy studies that have previ-
ously been published covering the interval studied here also sup-
port the finding that [CO2] was higher during the last termination
that previously believed (see Fig. 9 and Section 5.2). The absolute
ppm values for [CO2] during the last Termination may be very
difficult to determine with certainty, but increasingly evidence is
pointing towards higher concentration and more dynamic behav-
iour of atmospheric CO2 during this important interval. Some of the
main features of the Hässeldala Port [CO2] record are listed below,
as well as supporting evidence and the possible scenarios that may
have facilitated the trends shown. Also the fidelity of the record and
possible caveats relating to the methodology are discussed.

At the GI-1/GS-1 (Allerød/Younger Dryas) transition
(12,630 cal yr BP, 95% range 12,691e12,521 at 3.40 m depth), which
marks a shift from a warmer to a colder climate state, [CO2] in-
creases markedly before the boundary and peaks at ca 400e
425 ppm before it decreases again and then stabilizes after the
boundary into a pattern of lower-amplitude fluctuations with
average values of 230e250 ppm during GS-1 (Table 3 and Fig. 6).
Although this very high peak value may be an overestimate, a
significantly elevated [CO2] at this level is independently supported
by the LOI record (Fig. 7) and thus should be considered. A possible
scenario explaining this is that the relatively higher [CO2] during
late GI-1 (ca 270e290 ppm) caused a feedback event chain,
cumulating in the highly elevated [CO2] peak in the late GI-1,
probably through the positive feedback of increased upwelling in
the Southern Ocean, releasing “old” CO2 from deepwater reservoirs
(Skinner et al., 2010; Burke and Robinson, 2012; Schmitt et al.,
2012). This may in turn have caused increased temperatures in
the Northern Hemisphere, leading to the melt-water scenario and
consequent weakening of the AMOC due to abrupt increases in
freshwater flux from Lake Agassiz to the North Atlantic, ultimately
resulting in the GS-1 (Younger Dryas) cold period (Broecker, 2006)
and drawdown of [CO2]. This interpretation of the stomatal proxy
[CO2] record presented here thus establishes CO2, released from the
Southern Ocean, as the primary driver for AMOC-collapse at the GI-



Fig. 6. Atmospheric CO2 concentration record. The Hässeldala Core 5 stomatal index based record, calibrated using the stomatal ratio method, with early Holocene CO2 concen-
tration set at 280 and 300 ppm (parts per million), reflecting an approximate minimum and maximum CO2 concentrations. Each Hässeldala CO2 value is shownwith standard error
(see text and Table 3 for details).
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1/GS-1 transition and thus the main cause of tipping the Northern
Hemisphere climate into the Younger Dryas (GS-1).

At the GS-1/Holocene transition (11,871 cal yr BP, 95% range
12,049e11,664 at 3.24 m), which is a warming transition, the
opposite pattern is apparent: [CO2] first decrease very abruptly at
the boundary (from average of 230e250 ppm to ca 175e190 ppm at
3.24 m depth), before increasing again (to 280e300 ppm) equally
abruptly, probably in <50 years (see Table 3 and Fig. 6). Again, the
pattern of [CO2] fluctuations is independently supported by the LOI
record (Fig. 7). This climate change transition does not display the
same spectacular magnitude of [CO2] change as the GI-1/GS-1
transition and may be mostly related to the AMOC seesawing
pattern, with the underlying forcing of [CO2] slowly increasing.

The fact that the two completely independent records of (i)
[CO2] concentrations, based on stomatal frequency of leaves, and
(ii) LOI as temperature proxy, based on analysis of organic matter
(Fig. 7), show a parallel response throughout the studied interval,
suggests that the [CO2] record presented here is accurately
illustrating trends in [CO2] during the Last Termination. The general
trends of the Hässeldala Port [CO2] record are furthermore sup-
ported by other, previously published stomatal proxy based [CO2]
records (see Fig. 9 and Section 5.2).

The [CO2] record presented here is based on a well-dated, high-
resolution, high-density single-species database of B. nana leaves
and is thus of very high quality. However, even in the best case
scenario, when a single-species record can be amassed, as is the
case in this study, problems can arise. In the study presented here,
regression analyses constructed based on previously published
transfer functions yielded [CO2] values far too high to be realistic.
Two independent training sets for Betula have been calibrated:
Wagner et al. (1999) concluded in their study that epidermal
morphology and SI overlap of the two species Betula pendula and
B. pubescence was sufficient for treating them as a single category
and calibrated [CO2] using a mixed-species training set, consisting
of 105 leaves from peat, field collections and herbaria sheets
spanning 102 years. Rundgren and Björck (2003) constructed a



Fig. 7. Comparison of CO2 concentration and organic matter content. The Hässeldala CO2 concentration record on the left is shown in relation to the loss-on-ignition (LOI) record on
the right. The LOI record is used here as a crude temperature proxy, where increased organic matter content reflects higher productivity, usually associated with higher tem-
peratures. Higher temperatures, as interpreted using the LOI record, generally coincide with higher CO2 concentrations and vice versa.
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training set specifically for B. nana, using leaves from field collec-
tions and herbarium sheets spanning 161 years. When used for the
Hässeldala plantmaterial, both of these regressions producedmean
[CO2] values much higher than expected. In particular the
Rundgren and Björck (2003) calibration, which when used for our
SI data set produced values in the order of 420 ppm for GI-1,
380 ppm for GS-1 and 430 ppm for the early Holocene. Clearly,
the SI values from Hässeldala are significantly lower than those of
Rundgren and Björck (2003) for the same interval. It has been
suggested that plants of the genus Betula are prone to hybridiza-
tion, and that they are responsive to local factors in addition to
[CO2], including photoperiod and temperature regime (Wagner
et al., 2000). Although this may partially obscure the stomatal
signal, Betula stomatal density is most strongly influenced by
changes in atmospheric [CO2] and is thus a reliable tool in the
stomatal proxy method (Wagner et al., 2000).

5.2. Comparison to previously published stomatal proxy [CO2]
records

Several stomatal frequency studies exist from the Younger
Dryas/Holocene transition of Scandinavia and NW Europe (Beerling
et al., 1995; Wagner et al., 1999; Rundgren and Björck, 2003). Like
the record presented here, all reconstruct a much more dynamic
picture of the [CO2] during this transition than data based on ice
core records, namely involving one or more rapid and severe short-
lived increases in [CO2] (see Fig. 9). Stomatal frequency studies
involving the GI-1/GS-1 transition (Beerling et al., 1995; McElwain
et al., 2002; Rundgren and Björck, 2003) also indicate a sudden
decrease of [CO2] and thus a significant role for atmospheric [CO2]
in abrupt climate events. However, it has so far proved difficult to
inter-correlate these published records, due to large uncertainties
related mainly to problems with dating and/or lower-resolution
sampling, as well as with differences in calibration methods
employed (Beerling et al., 1995; Rundgren and Björck, 2003). One
supposed limitation of the stomatal proxy is the assumed species-
specific response to [CO2], which requires a single-species record to
be collected in a single stratigraphic section throughout the studied
time period (Kürschner et al., 1997), an often impossible task due to
plant migration with changing climate, as well as evolutionary
changes and extinctions in the deep time fossil record. This claim
however has been countered by evidence that even at genus-,
family- and plant community-level (thus non species-specific),
stomatal responses are evident across climate change transitions
with large relative changes in [CO2] (Barclay et al., 2010;
Steinthorsdottir et al., 2011).



Fig. 8. Comparison with Antarctic ice core-based atmospheric CO2 record. On the left hand side is the Hässeldala Core 5 stomatal index based CO2 concentration record, showing
approximate minimum and maximum CO2 concentrations (see Table 3 for errors). On the right hand side is an Antarctic CO2 record reconstructed from air bubbles in the ice cores
obtained at Dome C by the EPICA project (Monnin et al., 2001), synchronized with the Greenland ice core timescale (Lemieux-Dudon et al., 2010). The ages of the main climate
change boundaries for each record are illustrated with dashed lines, surrounded by their error ranges in light grey (based on Walker et al., 2008 for the Greenland ice core
chronology). The darker grey bars, which overlap the error ranges shown in light grey, illustrate that the ages for each of the boundaries are comparable within their error ranges.
The records, although displaying some similarities, are clearly different. Firstly, the magnitude and range of CO2 concentrations are much larger in the Hässeldala Port record.
Secondly, the stomatal-based record shows a more dynamic CO2 development through time, in particular across the climate change boundaries, while the ice core-based record
shows an almost linear, smoothed development.
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In Fig. 9, the four available records that span both climate
transitions studied here are compared. The most striking similarity
is the fact that all records show a dynamic evolution of [CO2], with
low-amplitude fluctuations throughout. The records of McElwain
et al. (2002), Rundgren and Björck (2003) and the Hässeldala re-
cord show a similar [CO2] development across the GI-1/GS-1
boundary, where [CO2] abruptly rises during the latest part of GI-
1 or at the boundary, and then abruptly falls again. The record of
Beerling et al. (1995) does not show the same pattern, but the
density of data is significantly lower. At the GS-1/Holocene
boundary, the Hässeldala data set and the record of McElwain
et al. (2002) again show a remarkable similarity: a fairly dynamic,
small-amplitude [CO2] evolution throughout GS-1, with a sharp
drop in [CO2] in the very latest part of GS-1, followed by an abrupt
rise in [CO2] in the earliest Holocene, where [CO2] stabilizes. The
similarity of the two records is especially important, since they are
derived from two separate sites on different continents, and thus
appear to reflect global [CO2], rather than any local environmental
influences on stomatal density. The interpretation of Beerling et al.
(1995) and Rundgren and Björck (2003) that [CO2] increases
gradually through GS-1 is thus not confirmed by our findings. We
believe that our high-resolution, single-species data set is robust,
and that the findings of Beerling et al. (1995) may be hampered by
their lower-resolution and those of McElwain et al. (2002) and
Rundgren and Björck (2003) by their multi-species proxy use.

The overall picture of [CO2] evolution through GI-1, GS-1 and the
very start of the Holocene is thus that of dynamic, low amplitude
fluctuations, but with higher amplitude fluctuations surrounding
the transitions between intervals. [CO2] is ca 265e285 ppm in GI-1
(13,790e12,630weightedmean cal yr BP), ca 230e250 ppm in GS-1
(12,630e11,871 weighted mean cal yr BP), and 280e300 ppm
in the earliest Holocene. A further refinement of the Last Termi-
nation [CO2] record would ideally involve locating and analysing
sections yielding single species leaf databases with resolution of
<50 years/cm.

5.3. Comparison with other climate proxies

The Antarctic [CO2] curve from Dome C (Monnin et al., 2001)
has recently been calibrated against the new GCCI05 timescale



Fig. 9. Comparison of previously published CO2 records to the Hässeldala Core 5 record. The three previously published stomatal proxy-based CO2 records spanning both the GI-1/
GS-1 (Allerød/Younger Dryas pollen zone) boundary and the GS-1/Holocene (Younger Dryas/Preboreal pollen zone) boundary, in relation to the new Hässeldala Port Core 5 record.
The records are compared by synchronizing GS-1 for each. The previously published records show some differences and some similarities to the Hässeldala record (see Section 5.2).
All records show dynamic behaviour of CO2 through the studied time period, in particular across the climate change boundaries.
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(Lemieux-Dudon et al., 2010) and shows an overall steady in-
crease throughout the Last Termination (Fig. 8). According to the
ice core record, [CO2] was more or less stable at 235e240 ppm in
GI-1, and then increased gradually through GS-1e250 ppm at the
start of the Holocene, after which it continued to increase.
Although the ice cores show much smaller-amplitude and over-
all magnitude in [CO2] changes, some dynamics similar to the
here presented stomatal-based record may be discernible, such as
an increase-then-decrease of [CO2] in the earliest part of GS-1 and
a decrease-then-increase in the earliest Holocene (see Fig. 8).
However, the overall impression of the ice-core based [CO2] re-
cord is that of a gradually increasing [CO2] throughout the Last
Termination.

Historically, the smoothed ice core-based records of Last
Termination [CO2] were believed to accurately reflect a steady,
almost linear increase in [CO2]. The very apparent dynamics in the
climate system, as illustrated by geochemical and isotope records,
including rapid transitions between stadials and interstadials, were
attributed to the heat distribution mechanism of the AMOC
(Stocker, 1994; Rahmstorf, 1995; Ganopolski and Rahmstorf, 2001).
However, a more complicated scenario involving [CO2] as an active
participant e both as a driver and feedback e is now forming
(Skinner et al., 2010; Burke and Robinson, 2012; Clark et al., 2012;
Schmitt et al., 2012; Shakun et al., 2012). The high-resolution, sin-
gle-species based [CO2] record presented here, together with pre-
viously published Last Termination stomatal based [CO2] records,
clearly show that ice core-based [CO2] records may significantly
underestimate both the actual [CO2] values during this period, but
perhaps more importantly the dynamic behaviour of [CO2],
particularly at transitions between climate intervals (see Figs. 8 and
9). Plant stomatal densities changed as a direct response to [CO2]
(which is well-mixed and globally distributed) and are thus an ideal
proxy for Last Termination [CO2].

6. Conclusions

A record of [CO2] through the later parts of the Last Termination
was reconstructed with a high-resolution (w50 year/cm), single
species B. nana leaf database using the stomatal method. According
to our calibrations [CO2] is ca 265e285 ppm in GI-1 (Allerød pollen
zone), ca 230e250 ppm in GS-1 (Younger Dryas pollen zone), and
280e300 ppm in the earliest Holocene. In contrast to the ice core-
based [CO2] records, no gradual linear increase in [CO2] is detected
through the GI-1 and GS-1 and into the Holocene. The results also
indicate that, on the contrary to reconstructions based on ice core
data, [CO2] evolution was fairly dynamic, with frequent but mostly
low-amplitude changes (often ca 10e20 ppm) through the late GI-1
and GS-1 time periods. However, at the two climate change
boundaries in the section (GI-1/GS-1 and GS-1/Holocene), ampli-
tudes were significantly larger (ca 50e100 ppm). The [CO2] record
is independently supported by a LOI record, which indicates higher
temperatures in times of higher [CO2] and vice versa. We infer that
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the Last Termination climate system was controlled by a compli-
cated interplay of forces and feedbacks, mainly involving inter-
connected changes in atmospheric [CO2] and AMOC strength. With
more accurately dated, high fidelity stomatal based-[CO2] records
emerging, the absolute timing of [CO2] vs. AMOC strength changes
and the separation of global versus local events should be within
reach. With [CO2] emerging as a major component in rapid climate
change, not least including the current climate change, the need for
high-resolution [CO2] records recording short-term oscillations as
well as longer-term trends is undeniable.
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