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PALEOCLIMATE

Central Europe temperature constrained by
speleothem fluid inclusion water isotopes over the

past 14,000 years
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paleoclimate reconstructions—known as the Holocene temperature conundrum—remain unclear. Using hydrogen
isotopes of fluid inclusion water extracted from stalagmites from the Milandre Cave in Switzerland, we established
a mid-latitude European mean annual temperature reconstruction for the past 14,000 years. Our Milandre Cave fluid
inclusion temperature record (MC-FIT) resembles Greenland and Mediterranean sea surface temperature trends but
differs from recent reconstructions obtained from biogenic proxies and climate models. The water isotopes are further
synchronized with tropical precipitation records, stressing the Northern Hemisphere signature. Our results support the
existence of a European Holocene Thermal Maximum and data-model temperature discrepancies. Moreover, data-
data comparison reveals a significant latitudinal temperature gradient within Europe. Last, the MC-FIT record suggests
that seasonal biases in the proxies are not the primary cause of the Holocene temperature conundrum.

INTRODUCTION

The long-term evolution of hemispheric and global temperatures
during the Holocene remains a subject of controversial discussion
[for example, (1-4)], as proxy and model data show diverging tem-
perature trends between the different reconstructions. Global and
hemispheric temperature reconstructions inferred from pollen (4)
and transient climate simulations (3) challenge previous assumptions
of an early to middle Holocene Thermal Maximum [HTM; ~10 to
6 thousand years (ka) BP (before present; BP = 1950)] in the Northern
Hemisphere and a subsequent cooling trend toward the present (2), also
known as the Holocene temperature conundrum (3). Climate models
and new pollen-inferred temperature reconstructions show evidence
for lower temperatures during the early Holocene and a continuous
warming until approximately 2 ka BP in the Northern Hemisphere
(4), a temperature evolution that is supported by qualitative tempera-
ture records from Eurasia (5). The ultimate causes for the Holocene
temperature conundrum remain ambiguous, and current explanations
range from seasonal biases in marine records (3, 4), underrepresenta-
tion of pollen records in earlier temperature reconstructions (4), strong
influence of records from the North Atlantic, regional cooling effects
related to the remnant ice sheets during the early Holocene (3, 5) to
incomplete forcing or insufficiently sensitive feedbacks of climate model
simulations (6, 7). The first global Holocene temperature reconstruction,
for instance, is a stack of 73 temperature records and largely based
(~80%) on marine proxy records (alkenones, Mg/Ca ratios, TEX-86)
(2). A large proportion of these records are from the North Atlantic
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realm, leading to the suggestion that the “North Atlantic is the chief
source of the temperature conundrum” (8). Note that the vast ma-
jority of quantitative Holocene temperature reconstructions are either
based on marine or on terrestrial biological proxies (2, 9), which,
however, are seasonally biased toward the warm season (9). It is there-
fore necessary to develop more independent and nonbiogenic quan-
titative temperature reconstructions without major seasonal biases
(10-12) to re-examine the global and northern hemispheric tem-
perature evolution and better constrain future warming based on
warm-like periods (13).

Quantitative paleotemperature reconstructions can be obtained
from speleothems by analyzing their fluid inclusions (12), which are
natural repositories of rainwater falling above the cave at the time when
the fluid inclusions were formed. Recent analytical advances allow to
extract and measure hydrogen (8Dg;) and oxygen (8'®0y) isotopes in
speleothem fluid inclusion water at high precision, enabling us to cal-
culate paleotemperatures (12, 14, 15). Here, we provide a quantitative
decadal to multidecadal mean annual temperature reconstruction from
two uranium-series dated (**°Th hereinafter) stalagmites (samples M6
and M8) from the Milandre Cave [47.49°N/7.02°E, 373 to 508 m
above sea level (a.s.l.)] in Northwestern Switzerland (Fig. 1). Since
the beginning of temperature monitoring in 1864, Switzerland has
experienced a 1.8°C warming, whereas global temperature has
increased only by ~0.85°C, underlining the study site sensitivity to
global warming. The chronologies of both stalagmites are based on
53 **°Th dates covering the past 14,500 years continuously (figs. S1
and S2). A total of ~3340 calcite oxygen isotope (8"%0,) and 296 5Dy
and §'®0g analyses were performed on stalagmites M6 and M8 (Fig. 2,
B, E, and F).

To reduce uncertainties surrounding the interpretation of calcite
and fluid inclusion stable isotope measurements, a comprehensive
2-year monitoring program (2013-2014) was conducted in and above
the Milandre Cave (15). Present cave air temperatures at the sampling
site of stalagmites M6 and M8 are constant and average 9.8° + 0.2°C
that is almost identical to local mean annual air temperature (MAAT)
of ~9.6°C above the cave (15). In addition, precipitation events (n = 332)
were sampled between 2012 and 2014 to determine the main climatic
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Fig. 1. Location and spatial correlation maps. (A) Records discussed in the main text (stars) and the Supplementary Materials (dots) are shown together with the
Laurentide and Fennoscandian ice sheet (LIS and FIS, respectively) extents at ~10.5 ka BP (30, 35). Pollen-gridded temperature differences (0.5 ka BP minus 10.5 ka BP;
red is warming and blue is cooling) is also given (4). (1) Milandre Cave (red star; this study), (2) Bunker Cave, (3) Mediterranean site MD95-2043, (4) Kinderlinskaya Cave,
(5) Greenland Ice Sheet Project 2 (GISP2), (6) North Greenland Ice Core Project (NGRIP), (7) Qunf Cave, (8) Cariaco Basin, (9) Gerzensee Lake, (10) Ammersee Lake, (11)
Chauvet Cave, (12) Gemini Lake, and (13) Atlantic site MD99-2275 records. (B) Modern spatial correlation between Basel instrumental temperatures for the interval
1901-2014 and the CRU TS4.01 temperature dataset for Europe (see fig. S3). The red color indicates a high correlation between the temperature variations at the study

site and the rest of Europe.

controls on 8D, and §'°0,, in local precipitation and to interpret fluc-
tuations in stalagmite 8'%0,, 8Dy, and 8'%0 values from the Milandre
Cave. Temperature changes at the Milandre Cave are representative
for central Europe, both with respect to temperature and stable isotopes
in precipitation (Fig. 1B and fig. S3) (15).

For calculating paleotemperatures, only Milandre stalagmite 8Dg
values were used for the following reasons: First, §'*O, values in speleo-
thems from mid-latitudes are influenced by multiple climatic (e.g., sur-
face air and cave air temperatures and evaporation) and nonclimatic
(e.g., kinetic isotope fractionation within the cave) processes and are
therefore difficult to interpret (16, 17). Second, postdepositional pro-
cesses can alter the original §'*Oy; in fluid inclusion water and thus limit
the use of 5'®0; for paleotemperature calculations (17). Third, Dj; is
more suited for calculating temperature as it is not affected by isotopic
fractionation during calcite precipitation and remains unaltered as there
is no hydrogen source once the water is entrapped in the calcite matrix.
Furthermore, stalagmite 8Dy, values are intrinsically linked to drip water
8D (8Dagy) and precipitation 8Dy, respectively, where §D,, values above
the Milandre Cave are strongly governed by local temperature (15).

The Milandre Cave fluid inclusion temperature (MC-FIT) record is
based on 8Dy values by using a linear 8Dg/T transfer function (TF) of
3.84 per mil (%0)/°C (see Materials and Methods for further details) and
reflects the MAAT. Before calibration, the Milandre Cave 8Dy, record
was corrected for changes in global ice volume. The errors in the MC-
FIT reconstruction are nonparametric and vary between +0.3° and + 0.5°C.
The MC-FIT record may be slightly biased toward the cold season based
on the current water balance, as the epikarst above the Milandre Cave is
predominantly recharged during autumn, winter, and spring (15).

New fluid inclusion water isotope records and inferred MC-FIT
The Milandre Cave §'30,, 8Dy, and 8'30y records show strong evidence
for the Bolling-Allerad (B-A), Younger Dryas (YD), and onset of the
Holocene (Fig. 2 and fig. S4), and both their timing and amplitude
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are in excellent agreement with other central European §'*0 records
such as Ammersee (18) and Gerzensee lakes (19) (Fig. 2, H and I,
and fig. S5). Furthermore, the 8.2-ka cold event is also marked and char-
acterized by negative shifts in 5'%0,, 8Dg, and 5804 (Fig.2,B,E,and F).
After the end of the 8.2-ka cold event, a distinct long-term trend toward
more negative isotope values is evident in the Milandre Cave D5 and
8'®0y time series but is absent in the §'*0, record (Fig. 3, E and I). This
suggests that §'°0, is potentially influenced by kinetic fractionation
within the cave during calcite precipitation (16, 17). These divergent
long-term isotope trends between §'®0. and reconstructed 8Dy, re-
cords were also observed in Holocene stalagmites from the Bunker
Cave, Germany (Fig. 3]) [(20) and references therein]. They found that,
despite no 8'°0, trend, the parent drip water feeding the stalagmite
should have been enriched by ~0.5%o in 5"804 (20), in line with the
~4%o measured on Milandre 8Dg_ (Fig. 3, E and J). The hydrogen iso-
tope (8Dg) values are therefore the most suitable temperature proxy as
they witness surface air temperature (15), as further discussed in the
following. This assumption is supported by the close resemblance be-
tween the Milandre Cave 8Dj; and Greenland ice core §'0 records (21)
(Fig. 2, B and G), and the comparison also reveals a direct spatial link
between water isotope records in high- and mid-latitude areas in the
North Atlantic realm.

The MC-FIT record reveals that MAATSs during the B-A varied
around 4.9° + 0.3°C and then dropped by more than 4.3° + 0.8°C during
the YD when MC-FIT was close or even below 0°C (Fig. 2C). The ~4°C
drop in MC-FIT record corresponds with other temperature estimates
from Europe [e.g., (9, 22, 23)]. The termination of the YD cold phase
and onset of the early Holocene is marked by a rapid increase in MC-FIT
by over 5.4° + 0.7°C (Fig. 2C and fig. S6) within a few decades. The MC-
FIT shifts across the B-A, YD, and early Holocene are similar with inde-
pendent noble gas temperature (NGT) estimates from the Milandre Cave
stalagmites (24) and therefore support the validity of the 8Dy tempera-
ture TF used for the development of the MC-FIT record (Fig. 2, Cand D,
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Fig. 2. New speleothem water and calcite isotopes and inferred paleotempera-
tures over the past 14,000 years for Milandre Cave compared with mid- and
high-latitude records. (A) 3°Th ages and 2c errors for M6 and M8 stalagmites.
(B) Stalagmite fluid inclusion 8Dy; records for M6 (black), M8 (red dots), and M8
replicate (dark red circles). (C) New composite (M6 and M8 stalagmites) tem-
perature record (MC-FIT) and uncertainty. (D) Milandre noble gas temperatures
(24). (E) Stalagmite fluid inclusion 8'80¢ records for M6 (black), M8 (red dots),
and M8 replicate (dark red circles). (F) Stalagmite calcite 8180c for M6. (G) NGRIP ice
core 8'80 (21). (H) Lakes Ammersee (18) and (I) Gerzensee (19) §'20 records. The
blue arrow corresponds to monitored cave temperature in 2012-2013 (75). B-A,
Belling-Allergd; YD, Younger Dryas; NGT, noble gas temperature; VPDB, Vienna
Pee Dee Belemnite; VSMOW, Vienna Standard Mean Ocean Water.

fig. S6B, and Materials and Methods). Furthermore, the good comparison
between MC-FIT and Milandre Cave NGT estimates indicates that
changes in the seasonality of rainfall and storm tracks did not signif-
icantly bias the temperature signal in 8D, during the B-A, YD, and
Holocene transitions. For the same time interval, we also compared
the MC-FIT record with another independent technique based on the
temperature-dependent oxygen isotope fractionation between calcite
and water (25). These temperature estimates are in very good agreement
with the MC-FIT record (fig. S6B).

The early Holocene (fig. S7) is characterized by a continuous rise
of 1.34° + 0.16°C ka™" in MC-FIT until approximately 9.6 ka BP. The
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Fig. 3. Northern Hemisphere key records and trends for the Holocene. Tempera-
ture records from (A) Greenland GISP2 ice core (70), (B) pollen from high- to mid-latitude
areas with Scandinavia (34) (black), 53°N to 62°N/18°E to 27°E area (green) and 43°N to
49°N/5°E to 13°E area (brown) (4), (C) Germany (NGT) (20), and (D) Switzerland speleo-
thems (this study). Water isotope records from (E) Switzerland speleothems (this study)
and (F) Greenland NGRIP ice core (27). Precipitation records from (G) Oman speleothem
(317) and (H) Venezuela marine sediments (41). Calcite oxygen isotope records from
(1) Switzerland (this study) and (J) Germany (27) (yellow) speleothems. On (J), calculated
drip water values (Smodw) (20) are also shown (gray) and show a similar behavior as
Milandre Cave water isotopes. Linear fits over the past 10,000 or 8000 years.
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timing and rate of warming is very similar to the increasing sea surface
temperature (SST) of 1.32° £ 0.17°C ka™ in the Western Mediterranean
Sea (23) (11,620 to 9590 years BP) but significantly lower compared to
the temperature increase of 3.73° + 0.01°C ka™' in Greenland (11,620 to
9550 years BP) (10). The lowest Holocene MC-FIT of 5.4° + 0.4°C
occurred at 11,370 + 150 years BP and corresponded within age uncer-
tainties to the so-called Preboreal Oscillation (also termed as the 11.4-ka
event) in Greenland ice cores (11,270 + 30 years BP) based on the new
ice core chronology (21). On the MC-FIT time series, the HTM in cen-
tral Europe lasted from ~9800 to 6400 years BP when MC-FIT was ap-
proximately 1.4°C above the preindustrial level (preindustrial level
refers to MAAT in Basel between 1755 and 1850). However, the
MC-HIT record reveals that the central European HTM was interrupted
by a cold episode, lasting from 8800 to 7800 years BP. The 8.2-ka cold
event is superimposed on this multicentennial colder period and
characterized by an abrupt drop in MC-FIT of 1.2° + 0.5°C. This tem-
perature pattern is consistent with numerous temperature (and precip-
itation) records from across the Northern Hemisphere (18, 26, 27).
After the 8.2-ka event, the mean rate of continental long-term gradual
cooling (~7800 to 1900 years BP) is —0.12° + 0.01°C ka™" years with in-
ternal centennial- to millennial-scale variations in the order of 0.7°C. The
cooling trend for Mediterranean SST is similar (=0.13° £ 0.03°Cka ™",
AT of ~0.77°C, 7820 to 1900 years BP), whereas it is —0.18° + 0.01°Cka " in
Greenland (AT of ~1.06°C, 7800 to 1900 years BP). Moreover, the
MC-FIT cooling between ~6400 and ~1900 years BP (AT of ~0.70°C)
is similar to the mean Northern Hemisphere cooling based on geolog-
ical records (2). The past 2500 years are particularly well documented in
the Milandre record with alternating cold and warm phases (fig. S8) and
display, namely, a marked long-term 0.4°C “Dark ages” cooling trend
between 1400 and 1090 years BP and an abrupt Little Ice Age cooling of
1.5° £ 0.5°C starting at 690 years BP, with timing and amplitude similar
to those observed in summer temperatures based on the ice-cap growth
from Canada-Arctic and Iceland (28). Last, for the interval of 450 years
BP to present, a good agreement is observed between the MC-FIT
record and reconstructed absolute mean annual temperature for the
grid representing the Milandre Cave site (29), including the instru-
mental part (fig. S9).

Climate forcing related to temperature variations and
Holocene cooling trend

After the initial early Holocene continental warming, a long-term
cooling trend starts, which we attribute to decreasing boreal summer
insolation forcing (Fig. 4A) (3). The influence of the high-latitude ice
sheets is perceptible in mid-latitudes of Europe, with a seesaw warming
until 9.6 ka BP, coinciding not only with the complete disappearance of
the Fennoscandia ice sheet (FIS) in Northern Europe at 9.7 ka BP (30)
but also with the end of increasing monsoon precipitation (31). Between
9.8 and 6.4 ka BP (HTM), central Europe is relatively warm and stable
and possibly less affected by the Laurentide ice sheet (LIS) that acts
mostly on northern Eurasia (32), with abrupt cooling events resulting
from the LIS discharge in North America well imprinted in the events at
11.4, 9.3, and especially 8.2 ka BP. On the MC-FIT records, there is a
marked decrease in between 8.8 and 7.8 ka BP and during the 8.2-ka
cold event caused by a weakening of the Atlantic meridional ocean cir-
culation and reduction in northward heat transport caused by increased
flux of meltwater from the LIS into the North Atlantic (26). A longer
cold interval from ~9 to ~8 ka BP resulting from a rapid increase of the
sea level rise due to LIS meltwater input (33) induces continental cooling
(and reverse) until the influence of the LIS disappeared at around 7.8 ka BP,
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Fig. 4. Holocene temperature records and forcing. Similar temperature recon-
structions between the Greenland, Mediterranean Sea, and central Europe areas
(A) that show a different early to middle Holocene trend compared to high-latitude
proxies and model simulations (B). (A) Switzerland MC-FIT (black; this study), Mediter-
ranean SST (23) (pink) (both smoothed with a seven-value running mean) and Green-
land GISP2 temperature (70) (blue; 401 years running mean) are shown together with
July insolation at 30°N (57)(gray) and LIS sea level rise rate (33) (red). (B) European pollen
record (4) (green) and Eurasia 8'80, (as winter temperature indicator) (5) (yellow). Also
shown are Switzerland MC-FIT (black), regional CCSM3 (3) (orange), and mid-latitude
band (30° to 60°N) LOVECLIM (70) (blue) transient simulations of mean annual tempera-
tures. Anomalies are shifted for comparison.

the latter coinciding again with more stable continental Europe tem-
peratures between ~8 and ~6 ka BP (Fig. 4). It shows how continental
European temperatures were influenced by ice sheet discharge and
meltwater during the early and middle Holocene on a multidecadal
to multicentennial timescale. Once the FIS disappeared, the LIS con-
tinues to act on high-latitude records [Scandinavia (34), Eurasia (5),
and North America (4)], making the region colder than usual, while
mid-latitudes were less affected and highlight the ice sheet’s influence
on the occurrence of a Northern Hemisphere HTM (Figs. 1 and 4). At
around 5.5 ka BP and once the LIS disappeared (35), all temperatures—
except of the Russian speleothem—follow the same cooling trend until
3 to 2 ka BP, regardless of whether they are of biological or physical na-
ture, whereas climate models show inconsistency with the data (3). Fur-
thermore, for the past 2.5 ka, our record suggests that, for continental
mid-latitudes, major volcanic eruptions influenced decadal temperature
with MC-FIT minima, coinciding most of the time with major erup-
tions in Central Europe (fig. S8). This observation is related to what
was argued on centennial- to millennial-scale Holocene temperature
variability in high latitudes (10). The synchronicity with the new vol-
canic eruption chronology (36) documents that for the past 600 years,
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major eruptions coincide with MC-FIT minima with a coherence of
+7 years. Moreover, the mean MC-FIT cooling anomaly of around
0.4°C is in agreement with a modeled surface temperature decrease
of 1.5°C over less than 5 years to volcanic eruptions (37), considering
our sample resolution of 10 to 20 years.

The MC-FIT record is characterized by an HTM between 9.8 and
6.4 ka BP, although temperatures begin to decline shortly after 7.8 ka BP.
The long-term cooling trend toward the present is a distinct feature of
the MC-FIT record (Fig. 3D) and supported by several other tempera-
ture records from the North Atlantic realm. The Bunker Cave NGT
record from Germany (20)—albeit much lower resolved—shows strong
evidence for a long-term decline in MAATS during the middle and late
Holocene (Fig. 3C). Moreover, the MC-FIT evolution is regionally co-
herent with changes in the size of alpine glaciers that showed not only a
smaller size than in the late 20 century but also no significant glacier
expansion between 10.5 and 3.3 ka BP, except during rare brief intervals
(38). The MC-FIT cooling trend conforms with Northern Hemisphere
and European temperature records such as (i) the Greenland Summit
(GISP2) temperatures based on combined nitrogen and argon isotopes
(10), (ii) the Mediterranean SST of the south Iberian Margin based on
alkenones (23), and (iii) reconstructed long-term trends of multiproxy
mean temperature [e.g., (2)] (Figs. 2 to 4 and fig. S7), implying a coherent
temperature response in mid-latitude Europe.

On a more global scale, in the oceanic domain, an integrated phys-
ically based mean ocean temperature using noble gas isotopes shows a
slight Holocene cooling trend (11). In the Pacific Ocean, intermediate-
depth water temperatures inferred from Mg/Ca ratios in benthic foram-
inifera are linked to the high-latitude source waters (likely related to
winter temperatures) and display high values during the HTM and a
continuous cooling afterward (39). The North Atlantic shows a similar
pattern (40). Furthermore, the similarity with precipitation proxy records
from South America (41) and the Arabian Peninsula (31)—itself linked to
the Asian monsoon (42)—highlights together with Pacific and northern
Atlantic temperature trends the interdependencies of temperature and
precipitation at the Northern Hemisphere scale (Fig. 3 and fig. S7) and
stresses the hemispheric signal recorded in the Milandre Cave.

The MC-FIT record and the Holocene

temperature conundrum

The Milandre Cave temperature reconstruction from the Atlantic
realm adds new physical and nonbiogenic evidence for the occurrence
of a HTM in Europe and consequently for the existence of a Holocene
temperature conundrum (Fig. 4). The temperature conundrum was
raised as a data-model discrepancy between proxy records (2) and
model simulations (3) that was recently extended to a data-data mis-
match with the North America and Europe pollen-based (4) and Eurasia
speleothem-based (5) temperature records. The correspondence be-
tween the pollen record and model simulations challenges the existence
of a temperature conundrum and leaves open the question of seasonal
biases (4). Our MC-FIT record is in good agreement with the multi-
proxy record, which is essentially based on marine records (2), but con-
trasts with global annual mean pollen-based temperature reconstructions
(4) and model simulations (3, 6). Using these (dis-)similarities, we address
hereafter both data-data and data-model discrepancies essentially in the
light of our MC-FIT record.

Data-data comparison
Both the MC-FIT and pollen-based trends—used as MAAT esti-
mates—are in agreement with regional gridded pollen time series
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(43°N to 49°N and 5°E to 13°E) (4), showing that the HTM is followed
by a cooling trend from 7.8 ka BP onward but with a two to three
times smaller amplitude of cooling for MC-FIT (fig. S7A). The
MC-FIT record, however, is in contradiction with the general trend
inferred for European pollen data (4) (Fig. 4B). The records indicate
strong contrasting MAAT trends with warming in northeastern
Europe and Eurasia compared to cooling in central-western Europe
until 5.5 ka BP for reasons that still need to be investigated (Fig. 4).
This statement reveals the spatial complexity of temperature patterns
in continental Europe (high versus mid-latitude) and therefore would
question the significance of overall Europe (and North America)
temperature reconstructions, especially regarding the overrepre-
sentation of pollen records from northeastern Europe that would
likely be influenced by the ice sheets (Fig. 1). A process that may be
involved in this high-latitude warming trend is the lowering of
summer temperatures and a lagged timing of the HTM up to 6 ka BP
due to ice sheet forcing (1). The decrease in summer temperatures
may then affect the vegetation evolution in boreal region close to the
ice sheets.

Furthermore, the fact that the MC-FIT long-term cooling trend is in
good agreement with the regional speleothem-based temperature from
Germany (20), the Northern Hemisphere multiproxy reconstruction
(2), the reconstruction for Greenland (10), the benthic foraminifera
from intermediate depths of the North Pacific and Antarctic (39, 40)
and, to a lesser extent, with the slight cooling trend in the mean ocean
temperature recorded by noble gases in ice cores from Antarctic (11)
helps to shed light on the influence of seasonal biases. Since the mean
ocean temperature obtained by noble gas measurements from ice cores
corresponds to a pure physical (solubility), seasonality-unbiased tem-
perature, it acts as an ideal test record. Although only a few measure-
ments have been made so far within the Holocene, this record shows a
small temperature decrease despite the influence of the Southern
Hemisphere oceans. A similar trend is observed for the Greenland
temperature reconstruction (Figs. 3 and 4) (10), which is also phys-
ically constrained and believed to be seasonally unbiased. It shows a
two to three times stronger cooling compared to MC-FIT, which is
reasonable due to polar amplification. The SST reconstructions and
marine data—dominated reconstructions (2) could potentially exhib-
it strong seasonal biases, a possibility supported by the fact that mean
alkenones temperatures are higher than Mg/Ca temperatures [see
database in (2)].

Data-model comparison
Recent comparisions of Holocene temperature simulations for the
extratropical Northern Hemisphere performed by four different
models (6) have shown that the trend behavior for summer and the
MAATS for Greenland, northern Canada, and northeastern and north-
western Europe is consistent between models under investigation. As
discussed above, the MC-FIT, the multiproxy (2), and other—namely,
physical—proxy reconstructions are in contradiction with all MAAT
simulations for the early to middle Holocene but do agree with the sum-
mer model output. When looking at regional simulation for northwest-
ern Europe (6), the winter simulations exhibit variabilities from strong
warming [~+4°C from 9 to 6 ka BP, Community Climate System Model
version 3 (CCSM3) simulation] to cooling trends [~—1 to —2°C, FAst
Met Office/UK Universities Simulator (FAMOUS) simulation], the latter
being similar to our MC-FIT reconstruction.

As stated earlier, the MC-FIT record may only be biased toward the
cold season due to a lack of precipitation infiltrated in the epikarst in
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summer, while the biological proxies used in the multiproxy global
temperature reconstruction (2) are thought to be biased toward the
summer season (3, 4). Confirmation of this statement would mean
that both winter-biased and summer-biased proxies express the
same pattern, suggesting in turn that seasonal bias in the biological
records (which include North Atlantic SST records) is not the source
of the Holocene temperature conundrum. Moreover, a summer-season
bias for the multiproxy reconstruction (2) would also mean that, given
the similarities between the different reconstructions (including re-
gional pollen data, as shown in fig. S7A), the other supraregional
to global proxies (global ocean temperature composite, ocean tem-
peratures at intermediate depths, mean ocean temperatures, and
Greenland temperatures) were also summer biased, which seems un-
likely, especially for the physically constrained proxy. The contradic-
tion between this array of global cooling evidence with warming in
the high-latitude Eurasian, European, and American pollen and
speleothem records (4, 5) sheds light on the influence of the LIS
and FIS that would act on high-latitude continental proxies, as
modeled for summer temperatures (1), while mid to low latitudes
are less affected. This observation associated to the similarity be-
tween MC-FIT and pollen trend for the study site (fig. S7A) sug-
gests a strong difference in temperature between northern and
central-western Europe, which may hamper a global mean recon-
struction valid for every grid cell of the Northern Hemisphere,
which may also be an issue for models and composites of hemispheric
reconstructions.

CONCLUSIONS

The MC-FIT record from Switzerland adds new nonbiogenic evi-
dence for the occurrence of an HTM in central Europe and there-
fore supports the existence of the so-called Holocene temperature
conundrum. Our stalagmite data suggest that seasonal biases are
unlikely to be the primary cause of the temperature conundrum.
The proxy-data records document a significant temperature gradi-
ent between central and northeastern Europe, which may affect
global temperature reconstruction through data aggregation.
Therefore, further modeling and experimental investigations are re-
quired to address the observed Holocene temperature gradients
across Europe and data-model disagreement, in particular, the
combined influence of biases (spatial, time lag, and seasonal) in-
duced by ice sheets in high-latitude temperature reconstructions
and climate model simulations.

MATERIALS AND METHODS

234y/239Th dating and samples’ age

For uranium-series dating (***Th hereinafter), approximately 170 to
200 mg of calcite powder was drilled along discrete growth horizons
(fig. S1). The **°Th ages were determined on a multicollector induc-
tively coupled plasma mass spectrometer (Thermo-Finnigan Nep-
tune) at the Department of Earth Sciences, University of Minnesota.
Details of the methods, including standards used for mass fraction-
ation and yield correction, are found elsewhere (43). The chronology
of the stalagmites is based on 42 (M6) and 11 (M8) 230Th ages (figs.
S1 and S2 and table S1). The samples have low ***Th concentration
(between 139 and 5028 parts per trillion) and low ***U concentration
(between 63 and 430 parts per billion). All ages are quoted as years
before 1950 (BP = 1950).
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Age model

In both samples, the measured ages are in chronological order within
their 26 uncertainty except one age reversal at 56.75 cm in sample M6
(M6_32), which could not be resolved by the statistical program used,
and therefore was excluded. Age models were built using the COPRA
algorithm (44). The age model of our record continuously covers the
time interval of —62 to 14,705 + 288 years BP (considering 50 CE to
be 0 years BP). More precisely, the calcite of the sample M6 was
deposited between —62 and 14,546 + 155 years BP, and the 1.5- to
13.25-cm depth in sample M8 was deposited between 8352 + 437
and 14,705 + 288 years BP. On the interval of 10,985 + 223 to
14,705 + 288 years BP, the chronology of M8 sample is more reliable,
in terms of dated subsamples and dating precision, compared with the
one of the sample M6. To improve the chronology of the M6 calcite on
its 135.05- to 145.18-cm depth, we applied an eye-fit “event stratig-
raphy” using the M8 as “master chronology.” On the basis of the as-
sumption that climatic changes above the cave should be recorded
simultaneously by each sample, distinct shifts in §'*0 were tuned
within the error intervals of each record using 25 fix points (table S2).
To each fix point, we attributed its corresponding 26 error given by the
M8 COPRA chronology. This approach accounted both for the error
within M8 chronology and for the one introduced by the temporal res-
olution of our calcite records (7 years for M6 and 25 years for M8). No
significant growth hiatuses have been identified—macroscopic or by
dating—on the measured interval. Growth rates range from 0.007 to
0.192 mm/year (overall mean, 0.053 mm/year) in sample M6 and from
0.004 to 0.073 mm/year (overall mean, 0.028 mm/year) in sample
MS8. Age ranges from the B-A (14,705 + 288 to 12,715 + 140 years BP),
the YD (12,715 + 140 to 11,615 + 40 years BP), to the Holocene (past
11,615 years).

Stable isotope analysis

Speleothem fluid inclusion water isotopes were analyzed at the Physics
Institute, University of Bern, Switzerland, following a recently devel-
oped laser cavity ring-down spectroscopy (CRDS)-based method
(14), with further improvements (15). Interlaboratory comparison with
isotope ratio mass spectrometry-based speleothem fluid inclusion iso-
tope measurements showed a very good agreement for hydrogen (8Dg)
values (12). Oxygen (8'%05) and hydrogen (3Djg) isotope ratios are
given in per mil (%o) using the standard delta notation and are reported
against Vienna Standard Mean Ocean Water (VSMOW). To sum up
the measurement procedure, a calcite block was placed in a copper tube
connected to the line that was continuously heated to 140°C and
crushed using a hydraulic press. The released sample water was instan-
taneously vaporized and directly flushed with nitrogen gas to a Picarro
12140-i (280 samples) or L1102-i (16 samples) and measured with the
CRDS technology without any prior water treatment. We measured a
total of 296 calcite blocks that were extracted at the central growth axis
of stalagmites M6 and M8 (255 samples, 15 duplicates, and 4 modern
for M6; 15 samples and 7 duplicates for M8) with rough dimensions: a
length of ~30 mm (perpendicular to the growth axis), a thickness of
~4 to 5 mm (parallel to the growth axis), and a weight between 0.44 and
1.88 g (mean, 1.35 g). Analytical precision of measurements is typically
0.2 and 1.0%o for §'®0; and 8D, respectively, when using an L2140-i
instrument and for water amounts larger than 1 pl, whereas it is 0.4%o
for 8805 and 1.5%o for D4 when using the L1102-1 instrument and for
released water amounts below 1 pl. Including the natural variations
and potential tortuous laminae in all replicate samples, the overall devia-
tion for the duplication of 19 Holocene samples was 0.2%o for 8'%0g
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(0.0 to 0.7%o) and 0.5%o for 8Dg (0.0 to 1.6%o). Crushing of calcite
samples released up to 7 ul of water (mean, 2.9 ul). The mean temporal
resolutions achieved is ~10 years for the last 800 years BP, ~25 years
between 800 and 2400 BP, ~50 years until 10,000 BP, and ~70 years after
that for M6, whereas M8, which covers mostly the YD, has a lower res-
olution (77 to 480 years).

Speleothem calcite oxygen stable isotope (8'%0.) samples were
measured using a Finnigan Delta V Advantage mass spectrometer
equipped with an automated carbonate preparation system (Gas Bench
II) at the Geological Sciences Institute, University of Bern, Switzerland.
Stalagmite M6 was continuously micromilled at increments of 0.2 mm
(from 136.6 to 145.18 cm from the top) and 0.5 mm (0 to 136.6 cm
from the top) and stalagmite M8 at increments of 0.5 mm (from 2 to
13.25 cm from the top). Calcite powder 8'%0, was measured in ~3340
powder samples in both stalagmites (average resolution, 4 years). About
150 to 200 pg of powdered sample was placed in 12-ml vacutainers,
flushed with He, and reacted with five drops of 99% PsOs acid at 70°C
for 80 min. Results are reported relative to the international Vienna
Peedee Belemnite (VPDB) standard. The analytical reproducibility
based on repeated measurement of the internal standard for 8'%0 is
lower than 0.07%o0 VPDB (1c) (45).

Isotope temperature conversion
The composite paleotemperature record (MC-FIT) from M6 and M8
stalagmites was reconstructed for 267 samples based on the robust re-
gional water isotope/temperature relationship (15, 46, 47). Before tem-
perature reconstruction, 8D was corrected for ice volume effect with a
gradient obtained for 880 (48), converted by a factor of eight to 8D of
—0.064%o per meter of sea level rise (49). Furthermore, we used %0 in
modern precipitation and corresponding temperature time series for
the GNIP (Global Network of Isotopes in Precipitation) station in Basel
(1986-2017) that is most representative for the cave site and the GNIP
station in Bern, which offers the longest interval (1971-2017) to esti-
mate short (monthly), seasonal, and long-term §'*O/AT relationships.
Seasonal correlations for an individual station such as Bern show the
highest degree of covariations with temperature (95%), whereas month-
ly correlations suffer from strong and long-term correlations from low
variability (17%). When pooling many stations, as done for Europe, the
long-term correlation increases significantly as documented by (46).
We used a linear §D/T TF to calculate paleotemperatures (table S3).
Because of the abovementioned consideration in the selection of TF, we
reconstructed temperature based on monthly values with a slope of
0.36%0/°C (Basel, 0.35 %o/°C, R* = 0.57; Bern, 0.37 %0/°C, R*> = 0.60)
and 0.60%0/°C (R* = ~0.5) for a spatial relation of long-term trends
(46), as well as on the mean TF of 0.48%o/°C (fig. S6A), the latter being
also the mean value for Basel based on MAATSs and isotope values
(0.47%0/°C, R* = 0.17), and the time (number of years)-weighted
mean seasonal TF of intervals 1971-1990 (46) and 1994-2002 (47) at
the Bern station with a value of 0.48%o/°C. The same value was obtained
on the basis of a forward modeling method from multiple sites of
borehole temperatures in Greenland (50). These 380 values were fur-
ther transposed in 8D values based on the equilibrium fractionation
factor of eight. We discuss temperature based on the mean relationship
of 0.48%0/°C (i.e., for 8D 3.84%0/°C) anchored at the most recent sam-
ple (mean depth, 0.9 cm; ie., 1928-2011 CE) set to 8.3°C, corresponding
to the 1928-2011 MAAT for Basel MeteoSwiss station corrected for
the elevation of Fahy, that is, 596 m a.s.l. Temperature reconstructions
were not possible for the interval of ~127 to 62 years BP (six samples)
due to the low amount of water extracted from those samples with cor-
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respondingly low confidence in their obtained isotope values. For the
YD interval, due to the tortuous shape of laminae in samples, we based
the temperature reconstruction only on the three samples from M8 for
which we managed to follow the laminae contour most precisely. Other
measurements of this time interval likely suffered from mixing of inclu-
sion water from side laminae that smooth the isotope values, as seen on
Fig. 2B. We intentionally anchored the MC-FIT at the MAAT because
of (i) the lack of information regarding temporal changes in the seasonal
distribution of water infiltration to the karst and through it and (ii) sea-
sonal water balance values with rather high uncertainties combined
with only 3-year records of parallel precipitation and drip water isotope
measurements at our sampling site (15). Yet, the temperature could also
be anchored at a seasonally biased temperature excluding summer
based on the seasonally biased water balance values (15). This would
just result in constant offsets of the presented mean annual tempera-
tures (see also the “Error estimation and potential biases” section).

Error estimation and potential biases

We followed a similar error analysis approach as used recently for
temperature reconstruction inferred from ice core measurements
(50). Uncertainties for the MC-FIT record come from the isotope
measurement error and the error resulting from the selected TF.
Uncertainties that encompass hydrogen isotope measurement un-
certainty of 1%o are +0.21°, £0.26°, and + 0.35°C (225 samples) for
TFs of 0.60, 0.48, and 0.36%o/°C, respectively (linear regression). It
is £0.31°, £0.39°, and +0.52°C (42 samples) for a 1.5%o0 measure-
ment uncertainty. The domain error arising from the TF choice is
nonlinear and asymmetric and displayed in Fig. 2 and fig. S6 as upper
and lower boundaries (blue-shaded interval) of each single TF tempera-
ture reconstruction. Whereas the change in TFs will induce an offset in
MC-FIT and result in a change of MC-FIT amplitudes, the variability
remains robust and is mainly dependent on measurement uncertainty.
Thus, the record moves in the uncertainty band, but the variability will
hardly be affected. Errors given in the text for the interval means were
calculated with the following formula: Gipgerval = V @ The uncer-
tainty of a change is given as the sum of the Giyerva. The good 8D in-
terlaboratory reproducibility (12) documents that the loss of water by
diffusion through the calcite or during measurements is negligible,
leaving only evaporation before enclosure to alter 8Dy that would tend
to produce enriched isotope values and thus higher temperature esti-
mates. Drip water 8Dy, is enriched compared to the correspondent
value of direct precipitation by ~10%o. Yet, evidence that 8Dy provides
a direct record of past precipitations is given through its modern cali-
bration and high correlation between 8Dy and 51804 (slope, 7.92 + 0.07;
R?=0.98) (15). We would further like to mention that the recent water
balance (precipitation — evaporation) (15) potentially indicates slightly
positive values in summer, implying reduced water infiltration and thus
bias toward negative temperature values. If this would be true, then the
reconstructed temperature would exhibit an offset of ~—3°C, resulting
from autumn, winter, and spring (AWS) water infiltration based on
instrumental temperature data. The comparison between the regional
CCSM3 model simulations for the MAAT and the AWS for the past
14,000 years also results in a mean offset of ~—3°C. Nevertheless, the
assumption is made that the water balance is constant over time. We
also have no control on seasonality changes of infiltration and precip-
itation in the past, and we assume that annual infiltration is fairly con-
stant over time. Potential changes in the large-scale atmospheric
pattern, ie., North Atlantic Oscillation or changes in the moisture
source, were not taken into account.
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Model results used for comparison

TraCE paleoclimate simulation data were provided by the National
Center for Atmospheric Research (NCAR) that uses a coupled
atmosphere-ocean general circulation model, i.e., the CCSM3 (3).
The forcing and boundary conditions include orbital parameters,
greenhouse gases in the atmosphere, ice sheets, paleogeography,
and meltwater fluxes. Mean annual surface temperatures obtained
from CCSM3 TraCE paleoclimate run were extracted for the area:
longitudes 2°E to 12°F and latitudes 45°N to 52°N. Further, Northern
Hemisphere mid-latitude (30°N to 60°N) average temperature was
obtained using the LOVECLIM model version 1.3. Information about
the forcing descriptions can be found in (10).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/6/eaav3809/DC1

Supplementary Text

Fig. S1. Stalagmites M6 and M8 with U-Th age locations.

Fig. S2. Depth-age models for M6 and M8 stalagmites.

Fig. S3. Spatial correlation maps for temperatures and isotopes.

Fig. S4. Original 820 time series for M6 and M8 stalagmites.

Fig. S5. Timing of Milandre Cave calcite 5'®0, shifts compared with other oxygen records.
Fig. S6. Temperature reconstruction (MC-FIT) and uncertainties from speleothem fluid inclusions.
Fig. S7. Comparison of MC-FIT (black lines) with independent temperature records for the
Holocene.

Fig. S8. Influence of volcanism on decadal temperature average.

Fig. S9. Comparison between reconstructed (MC-FIT), instrumental, and multiproxy
temperature records.

Table S1. 2°Th ages of M6 and M8 stalagmites from the Milandre Cave.

Table S2. List of fix points.

Table S3. TF impact for different time interval.

References (52-58)

REFERENCES AND NOTES

1. H. Renssen, H. Seppa, O. Heiri, D. M. Roche, H. Goosse, T. Fichefet, The spatial and
temporal complexity of the Holocene thermal maximum. Nat. Geosci. 2, 410-414
(2009).

2. S. A. Marcott, J. D. Shakun, P. U. Clark, A. C. Mix, A reconstruction of regional and
global temperature for the past 11,300 years. Science 339, 1198-1201 (2013).

3. Z. Liu, J. Zhy, Y. Rosenthal, X. Zhang, B. L. Otto-Bliesner, A. Timmermann, R. S. Smith,
G. Lohmann, W. Zheng, O. Elison Timm, The Holocene temperature conundrum.

Proc. Natl. Acad. Sci. US.A. 111, E3501-E3505 (2014).

4. ). Marsicek, B. N. Shuman, P. J. Bartlein, S. L. Shafer, S. Brewer, Reconciling divergent
trends and millennial variations in Holocene temperatures. Nature 554, 92-96
(2018).

5. J.L.Baker, M. S. Lachniet, O. Chervyatsova, Y. Asmerom, V. J. Polyak, Holocene warming in
western continental Eurasia driven by glacial retreat and greenhouse forcing. Nat. Geosci.
10, 430-435 (2017).

6. Y. Zhang, H. Renssen, H. Seppd, P. J. Valdes, Holocene temperature trends in the
extratropical Northern Hemisphere based on inter-model comparisons. J. Quat. Sci. 33,
464-476 (2018).

7. Y. Liu, M. Zhang, Z. Liu, Y. Xia, Y. Huang, Y. Peng, J. Zhu, A possible role of dust in
resolving the holocene temperature conundrum. Sci. Rep. 8, 4434 (2018).

8. J. D. Shakun, Pollen weighs in on a climate conundrum. Nature 554, 38-40 (2018).

9. S. Samartin, O. Heiri, F. Joos, H. Renssen, J. Franke, S. Bronnimann, W. Tinner, Warm
Mediterranean mid-Holocene summers inferred from fossil midge assemblages.

Nat. Geosci. 10, 207-212 (2017).

10. T. Kobashi, L. Menviel, A. Jeltsch-Thémmes, B. M. Vinther, J. E. Box, R. Muscheler,
T. Nakaegawa, P. L. Pfister, M. Doring, M. Leuenberger, H. Wanner, A. Ohmura, Volcanic
influence on centennial to millennial Holocene Greenland temperature change.
Sci. Rep. 7, 1441 (2017).

11. B. Bereiter, S. Shackleton, D. Baggenstos, K. Kawamura, J. Severinghaus, Mean global
ocean temperatures during the last glacial transition. Nature 553, 39-44 (2018).

12. A.N. Meckler, S. Affolter, Y. V. Dublyansky, Y. Krliger, N. Vogel, S. M. Bernasconi, M. Frenz,
R. Kipfer, M. Leuenberger, C. Spétl, S. Carolin, K. M. Cobb, J. Moerman, J. F. Adkins,

Affolter et al., Sci. Adv. 2019;5:eaav3809 5 June 2019

13.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

D. Fleitmann, Glacial-interglacial temperature change in the tropical West Pacific:

A comparison of stalagmite-based paleo-thermometers. Quat. Sci. Rev. 127, 90-116 (2015).
H. Fischer, K. J. Meissner, A. C. Mix, N. J. Abram, J. Austermann, V. Brovkin, E. Capron,
D. Colombaroli, A-L. Daniau, K. A. Dyez, T. Felis, S. A. Finkelstein, S. L. Jaccard,

E. L. McClymont, A. Rovere, J. Sutter, E. W. Wolff, S. Affolter, P. Bakker,

J. A. Ballesteros-Canovas, C. Barbante, T. Caley, A. E. Carlson, O. Churakova, G. Cortese,
B. F. Cumming, B. A. S. Davis, A. de Vernal, J. Emile-Geay, S. C. Fritz, P. Gierz, J. Gottschalk,
M. D. Holloway, F. Joos, M. Kucera, M.-F. Loutre, D. J. Lunt, K. Marcisz, J. R. Marlon,

P. Martinez, V. Masson-Delmotte, C. Nehrbass-Ahles, B. L. Otto-Bliesner, C. C. Raible,

B. Risebrobakken, M. F. Sanchez Goxi, J. S. Arrigo, M. Sarnthein, J. Sjolte, T. F. Stocker,
P. A. Velasquez Alvéarez, W. Tinner, P. J. Valdes, H. Vogel, H. Wanner, Q. Yan, Z. Yu,

M. Ziegler, L. Zhou, Palaeoclimate constraints on the impact of 2 °C anthropogenic
warming and beyond. Nat. Geosci. 11, 474-485 (2018).

. S. Affolter, D. Fleitmann, M. Leuenberger, New online method for water isotope analysis

of speleothem fluid inclusions using laser absorption spectroscopy (WS-CRDS). Clim. Past
10, 1291-1304 (2014).

. S. Affolter, A. D. Hauselmann, D. Fleitmann, P. Hauselmann, M. Leuenberger, Triple

isotope (8D, 8'70, 8'0) study on precipitation, drip water and speleothem fluid
inclusions for a Western Central European cave (NW Switzerland). Quat. Sci. Rev. 127,
73-89 (2015).

. M. S. Lachniet, Climatic and environmental controls on speleothem oxygen-isotope

values. Quat. Sci. Rev. 28, 412-432 (2009).

. A. Demény, G. Czuppon, Z. Kern, S. Leél-Ossy, A. Németh, M. Szabé, M. Téth, C.-C. Wu,

C.-C. Shen, M. Molnar, T. Németh, P. Németh, M. Ovari, Recrystallization-induced oxygen
isotope changes in inclusion-hosted water of speleothems - Paleoclimatological
implications. Quat. Int. 415, 25-32 (2016).

. U. von Grafenstein, H. Erlenkeuser, A. Brauer, J. Jouzel, S. J. Johnsen, A mid-European

decadal isotope-climate record from 15,500 to 5000 years BP. Science 284, 1654-1657
(1999).

. U. J. van Raden, D. Colombaroli, A. Gilli, J. Schwander, S. M. Bernasconi, J. van Leeuwen,

M. Leuenberger, U. Eicher, High-resolution late-glacial chronology for the Gerzensee lake
record (Switzerland): §'80 correlation between a Gerzensee-stack and NGRIP.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 391, 13-24 (2013).

T. Kluge, H. P. Affek, T. Marx, W. Aeschbach-Hertig, D. F. C. Riechelmann, D. Scholz,
S. Riechelmann, A. Immenhauser, D. K. Richter, J. Fohlmeister, A. Wackerbarth,

A. Mangini, C. Spétl, Reconstruction of drip-water 8’80 based on calcite oxygen
and clumped isotopes of speleothems from Bunker Cave (Germany). Clim. Past 9,
377-391 (2013).

I. K. Seierstad, P. M. Abbott, M. Bigler, T. Blunier, A. J. Bourne, E. Brook, S. L. Buchardt,
C. Buizert, H. B. Clausen, E. Cook, D. Dahl-Jensen, S. M. Davies, M. Guillevic,

S.J. Johnsen, D. S. Pedersen, T. J. Popp, S. O. Rasmussen, J. P. Severinghaus, A. Svensson,
B. M. Vinther, Consistently dated records from the Greenland GRIP, GISP2 and NGRIP
ice cores for the past 104 ka reveal regional millennial-scale §'20 gradients with possible
Heinrich event imprint. Quat. Sci. Rev. 106, 29-46 (2014).

O. Heiri, S. J. Brooks, H. J. B. Birks, A. E. Lotter, A 274-lake calibration data-set and
inference model for chironomid-based summer air temperature reconstruction in
Europe. Quat. Sci. Rev. 30, 3445-3456 (2011).

B. Martrat, P. Jimenez-Amat, R. Zahn, J. O. Grimalt, Similarities and dissimilarities between
the last two deglaciations and interglaciations in the North Atlantic region. Quat. Sci. Rev.
99, 122-134 (2014).

E. Ghadiri, N. Vogel, M. S. Brennwald, C. Maden, A. D. Hauselmann, D. Fleitmann, H. Cheng,
R. Kipfer, Noble gas based temperature reconstruction on a Swiss stalagmite from the

last glacial-interglacial transition and its comparison with other climate records.

Earth Planet. Sci. Lett. 495, 192-201 (2018).

D. M. Tremaine, P. N. Froelich, Y. Wang, Speleothem calcite farmed in situ: Modern
calibration of 8'%0 and §'3C paleoclimate proxies in a continuously-monitored natural
cave system. Geochim. Cosmochim. Acta 75, 4929-4950 (2011).

E. J. Rohling, H. Palike, Centennial-scale climate cooling with a sudden cold event around
8,200 years ago. Nature 434, 975-979 (2005).

J. Fohlmeister, A. Schréder-Ritzrau, D. Scholz, C. Spétl, D. F. C. Riechelmann, M. Mudelsee,
A. Wackerbarth, A. Gerdes, S. Riechelmann, A. Immenhauser, D. K. Richter, A. Mangini,
Bunker Cave stalagmites: An archive for central European Holocene climate variability.
Clim. Past 8, 1751-1764 (2012).

G. H. Miller, A. Geirsdéttir, Y. Zhong, D. J. Larsen, B. L. Otto-Bliesner, M. M. Holland,

D. A. Bailey, K. A. Refsnider, S. J. Lehman, J. R. Southon, C. Anderson, H. Bjornsson,

T. Thordarson, Abrupt onset of the Little Ice Age triggered by volcanism and sustained by
sea-ice/ocean feedbacks. Geophys. Res. Lett. 39, L02708 (2012).

J. Luterbacher, D. Dietrich, E. Xoplaki, M. Grosjean, H. Wanner, European seasonal and
annual temperature variability, trends, and extremes since 1500. Science 303, 1499-1503
(2004).

A. P. Stroeven, C. Hattestrand, J. Kleman, J. Heyman, D. Fabel, O. Fredin, B. W. Goodfellow,
J. M. Harbor, J. D. Jansen, L. Olsen, M. W. Caffee, D. Fink, J. Lundqvist, G. C. Rosqyvist,

8 of 9

6T0Z ‘S aung uo /B10°Bewsousios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/cgi/content/full/5/6/eaav3809/DC1
http://advances.sciencemag.org/cgi/content/full/5/6/eaav3809/DC1
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

B. Stromberg, K. N. Jansson, Deglaciation of Fennoscandia. Quat. Sci. Rev. 147, 91-121
(2016).

31. D.Fleitmann, S. J. Burns, M. Mudelsee, U. Neff, J. Kramers, A. Mangini, A. Matter, Holocene
forcing of the Indian monsoon recorded in a stalagmite from Southern Oman. Science 300,
1737-1739 (2003).

32. P.Beghin, S. Charbit, C. Dumas, M. Kageyama, C. Ritz, How might the North American
ice sheet influence the northwestern Eurasian climate? Clim. Past 11, 1467-1490
(2015).

33. A.E. Carlson, A. N. LeGrande, D. W. Oppo, R. E. Came, G. A. Schmidt, F. S. Anslow,

J. M. Licciardi, E. A. Obbink, Rapid early Holocene deglaciation of the Laurentide ice sheet.
Nat. Geosci. 1, 620-624 (2008).

34. H. Seppa, A. E. Bjune, R. J. Telford, H. J. B. Birks, S. Veski, Last nine-thousand years of
temperature variability in Northern Europe. Clim. Past 5, 523-535 (2009).

35. A.S. Dyke, in Developments in Quaternary Sciences, J. Ehlers, P. L. Gibbard, Eds. (Elsevier,
2004), vol. 2, pp. 373-424.

36. M. Sigl, M. Winstrup, J. R. McConnell, K. C. Welten, G. Plunkett, F. Ludlow, U. Biintgen,
M. Caffee, N. Chellman, D. Dahl-Jensen, H. Fischer, S. Kipfstuhl, C. Kostick, O. J. Maselli,
F. Mekhaldi, R. Mulvaney, R. Muscheler, D. R. Pasteris, J. R. Pilcher, M. Salzer, S. Schiipbach,
J. P. Steffensen, B. M. Vinther, T. E. Woodruff, Timing and climate forcing of volcanic
eruptions for the past 2,500 years. Nature 523, 543-549 (2015).

37. T. L. Frolicher, F. Joos, C. C. Raible, Sensitivity of atmospheric CO2 and climate to
explosive volcanic eruptions. Biogeosciences 8, 2317-2339 (2011).

38. 0. N. Solomina, R. S. Bradley, D. A. Hodgson, S. lvy-Ochs, V. Jomelli, A. N. Mackintosh,
A. Nesje, L. A. Owen, H. Wanner, G. C. Wiles, N. E. Young, Holocene glacier fluctuations.
Quat. Sci. Rev. 111, 9-34 (2015).

39. Y. Rosenthal, B. K. Linsley, D. W. Oppo, Pacific ocean heat content during the past
10,000 years. Science 342, 617-621 (2013).

40. Y.Rosenthal, J. Kalansky, A. Morley, B. Linsley, A paleo-perspective on ocean heat content:
Lessons from the Holocene and Common Era. Quat. Sci. Rev. 155, 1-12 (2017).

41. G. H. Haug, K. A. Hughen, D. M. Sigman, L. C. Peterson, U. Rohl, Southward migration of
the intertropical convergence zone through the Holocene. Science 293, 1304-1308
(2001).

42. H. Cheng, R. L. Edwards, A. Sinha, C. Spétl, L. Yi, S. Chen, M. Kelly, G. Kathayat, X. Wang,
X. Li, X. Kong, Y. Wang, Y. Ning, H. Zhang, The Asian monsoon over the past 640,000 years
and ice age terminations. Nature 534, 640-646 (2016).

43. H. Cheng, R. Lawrence Edwards, C.-C. Shen, V. J. Polyak, Y. Asmerom, J. Woodhead,

J. Hellstrom, Y. Wang, X. Kong, C. Spétl, X. Wang, E. Calvin Alexander Jr., Improvements in
2°Th dating, 2*°Th and 2**U half-life values, and U-Th isotopic measurements by multi-
collector inductively coupled plasma mass spectrometry. Earth Planet. Sci. Lett. 371,
82-91 (2013).

44. S. F. M. Breitenbach, K. Rehfeld, B. Goswami, J. U. L. Baldini, H. E. Ridley, D. J. Kennett,
K. M. Prufer, V. V. Aquino, Y. Asmerom, V. J. Polyak, H. Cheng, J. Kurths,

N. Marwan, Constructing Proxy Records from Age models (COPRA). Clim. Past 8,
1765-1779 (2012).

45. D. Fleitmann, H. Cheng, S. Badertscher, R. L. Edwards, M. Mudelsee, O. M. Gokttirk,

A. Fankhauser, R. Pickering, C. C. Raible, A. Matter, J. Kramers, O. Tiiysiiz, Timing and
climatic impact of Greenland interstadials recorded in stalagmites from northern Turkey.
Geophys. Res. Lett. 36, L19707 (2009).

46. K. Rozanski, L. Araguds-Araguas, R. Gonfiantini, Relation between long-term trends of
oxygen-18 isotope composition of precipitation and climate. Science 258, 981-985
(1992).

47. M. Schirch, R. Kozel, U. Schotterer, J.-P. Tripet, Observation of isotopes in the water cycle
—The Swiss National Network (NISOT). Environ. Geol. 45, 1-11 (2003).

48. J. C. Duplessy, D. M. Roche, M. Kageyama, The deep ocean during the last interglacial
period. Science 316, 89-91 (2007).

Affolter et al., Sci. Adv. 2019;5:eaav3809 5 June 2019

49. K. Lambeck, H. Rouby, A. Purcell, Y. Sun, M. Sambridge, Sea level and global ice volumes
from the Last Glacial Maximum to the Holocene. Proc. Natl. Acad. Sci. U.S.A. 111,
15296-15303 (2014).

50. B.S.Lecavalier, D. A. Fisher, G. A. Milne, B. M. Vinther, L. Tarasov, P. Huybrechts, D. Lacelle,
B. Main, J. Zheng, J. Bourgeois, A. S. Dyke, High Arctic Holocene temperature record from
the Agassiz ice cap and Greenland ice sheet evolution. Proc. Natl. Acad. Sci. U.S.A. 114,
5952-5957 (2017).

51. A. Berger, M. F. Loutre, Insolation values for the climate of the last 10 million years.
Quat. Sci. Rev. 10, 297-317 (1991).

52. W.Tinner, A. F. Lotter, Central European vegetation response to abrupt climate change at
8.2 ka. Geology 29, 551-554 (2001).

53. G. G. Bianchi, I. N. McCave, Holocene periodicity in North Atlantic climate and deep-ocean
flow south of Iceland. Nature 397, 515-517 (1999).

54. |. Harris, P. D. Jones, T. J. Osborn, D. H. Lister, Updated high-resolution grids of monthly
climatic observations — The CRU TS3.10 Dataset. Int. J. Climatol. 34, 623-642 (2014).

55. N. A.Rayner, D. E. Parker, E. B. Horton, C. K. Folland, L. V. Alexander, D. P. Rowell, E. C. Kent,
A. Kaplan, Global analyses of sea surface temperature, sea ice, and night marine air
temperature since the late nineteenth century. J. Geophys. Res.-Atmos. 108, D14 (2003).

56. D. Genty, D. Blamart, B. Ghaleb, V. Plagnes, C. Causse, M. Bakalowicz, K. Zouari,

N. Chkir, J. Hellstrom, K. Wainer, Timing and dynamics of the last deglaciation from
European and North African §'3C stalagmite profiles—Comparison with Chinese
and South Hemisphere stalagmites. Quat. Sci. Rev. 25, 2118-2142 (2006).

57. H.Jiang, R. Muscheler, S. Bjorck, M.-S. Seidenkrantz, J. Olsen, L. Sha, J. Sjolte, J. Eiriksson,
L. Ran, K-L. Knudsen, M. F. Knudsen, Solar forcing of Holocene summer sea-surface
temperatures in the northern North Atlantic. Geology 43, 203-206 (2015).

58. F.Steinhilber, J. Beer, C. Frohlich, Total solar irradiance during the Holocene. Geophys. Res.
Lett. 36, L19704 (2009).

Acknowledgments: We thank P. Nyfeler, S. Brechbiihl, and T. Aebi for technical issues;

S. Breitenbach for inputs with age model; Y. Kriiger, W. Tinner, and C. Raible for comments;
and Ph. Hauselmann for fieldwork support. We thank M. Messmer for providing NCAR and
T. Kobashi for LOVECLIM simulation outputs. From the NCAR community, we thank

B. L. Otto-Bliesner, Z. Liu, F. He, E. C. Brady, R. Tomas, P. U. Clark, and A. Carlson. Funding: This
study was part of the “STALCLIM” and “STALCLIM 2" Sinergia projects funded by the Swiss
National Science Foundation (grant nos. CRSI22-132646 and CRSII2_147674 to D.F. and M.L.).
H.C. acknowledges the support by the National Natural Science Foundation of China (NSFC
41888101). Author contributions: S.A,, M.L, and D.F. co-designed the study. For the
experimental work, S.A. performed fluid inclusion water isotope measurement, A.H. and

D.F. performed oxygen calcite measurement, and H.C. and R.L.E. performed the uranium-series
dating. S.A,, AH. and D.F. performed field work. S.A, ML, AH., and D.F. contributed to the
data interpretation. S.A, M.L, and D.F contributed to writing the manuscript, with input from
A.H. Competing interests: The authors declare that they have no competing interests.

Data and materials availability: All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplementary Materials. Additional data related to this
paper may be requested from the authors. Data will be made available at the PANGAEA data
repository (https://www.pangaea.de/).

Submitted 11 September 2018
Accepted 25 April 2019
Published 5 June 2019
10.1126/sciadv.aav3809

Citation: S. Affolter, A. Hauselmann, D. Fleitmann, R. L. Edwards, H. Cheng, M. Leuenberger,

Central Europe temperature constrained by speleothem fluid inclusion water isotopes over the
past 14,000 years. Sci. Adv. 5, eaav3809 (2019).

9 of 9

6T0Z ‘S aung uo /B10°Bewsousios saoueApe//:dny wolj papeojumod


https://www.pangaea.de/
http://advances.sciencemag.org/

Science Advances

Central Europe temperature constrained by speleothem fluid inclusion water isotopes over
the past 14,000 years

Stéphane Affolter, Anamaria Hauselmann, Dominik Fleitmann, R. Lawrence Edwards, Hai Cheng and Markus Leuenberger

Sci Adv 5 (6), eaav3809.
DOI: 10.1126/sciadv.aav3809

ARTICLE TOOLS http://advances.sciencemag.org/content/5/6/eaav3809
EALAF;E'—Rﬂ/'LESNTARY http://advances.sciencemag.org/content/suppl/2019/06/03/5.6.eaav3809.DC1
REFERENCES This article cites 57 articles, 12 of which you can access for free

http://advances.sciencemag.org/content/5/6/eaav3809#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

6T0Z ‘S aung uo /B10°Bewsousios saoueApe//:dny wolj papeojumod

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee American
Assaociation for the Advancement of Science. No claim to original U.S. Government Works. The title Science Advances is a
registered trademark of AAAS.


http://advances.sciencemag.org/content/5/6/eaav3809
http://advances.sciencemag.org/content/suppl/2019/06/03/5.6.eaav3809.DC1
http://advances.sciencemag.org/content/5/6/eaav3809#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

