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Millennial-timescale quantitative estimates of
climate dynamics in central Europe from
earthworm calcite granules in loess deposits
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Christine Hatté® >©, Hubert Vonhof® 7, Olivier Moine®, Andreas Vétt? & Kathryn E. Fitzsimmons"?

Ice core and marine archives provide detailed quantitative records of last glacial climate
changes, whereas comparable terrestrial records from the mid-latitudes remain scarce. Here
we quantify warm season land-surface temperatures and precipitation over millennial
timescales for central Europe for the period spanning 45,000-22,000 years before present
that derive from two temporally overlapping loess-palaeosol-sequences, dated at high
resolution by radiocarbon on earthworm calcite granules. Interstadial temperatures were
1-4°C warmer than stadial climate, a temperature difference which is strongly attenuated
compared to Greenland records. We show that climate in the Rhine Valley was significantly
cooler during the warm season and overall drier with annual precipitation values reduced by
up to 70% compared to the present day. We combine quantitative estimates with mesoscale
wind and moisture transport modelling demonstrating that this region was dominated by
westerlies and thereby inextricably linked to North Atlantic climate forcing, although

ameliorated.
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Hemisphere experienced numerous abrupt variations on

millennial to centennial timescales. Our understanding of
these changes is underpinned by the Greenland ice core! and
North Atlantic marine? records; terrestrial responses and feed-
backs are less well documented. Climatic variations include the
Dansgaard-Oeschger cycles which comprise mild Greenland
Interstadial events (GIs), defined by sudden decadal warming
followed by gradual centennial cooling, bundled with Greenland
stadial phases (GSs), characterized by abrupt cooling and more
stable cold conditions!>>4, as well as short-lived, particularly cold
Heinrich Events which are evidenced by coarse-grained layers of
ice-rafted debris preserved within North Atlantic marine
sediments®. Heinrich events are associated with a significant drop
in sea-surface temperatures (SST), are coeval with the most
prominent GSs, and typically occurred towards the end of
sequences of GIs of decreasing amplitude (Bond-cycles)”. These
short-term climate variations were likely triggered by a sudden
slowdown of the Atlantic Meridional Overturning Circulation
(AMOC) and are associated with increased North Atlantic sea ice
cover®,

Within the terrestrial realm, these changes manifested in the
landscape and ecology, yet quantitative reconstructions of these
responses elude us still. On the European continent, evidence of
millennial-timescale climate variations similar to the North
Atlantic and Greenland records has been observed within loess-
palacosol sequences®~!4, lake sediments!>-18, continental
margins!®20, speleothems?!-23 and tufa?4, yet so far quantitative
data on climate parameters such as temperature and rainfall are
seldom available. These limitations constrain our understanding
of the different influences of Atlantic air masses or the extent of
ice sheets on continental Europe in response to climatic
changes?®.

Here we provide quantitative estimates of temperature and
precipitation for central Europe from terrestrial loess deposits at
millennial-timescales comparable with the Greenland ice core and
North Atlantic marine records. Compared with other terrestrial
archives, loess deposits are widespread within the ca. 45-55° N
latitudinal belt?°-28 and characterized by high sedimentation
rates within which climatic information is preserved. Loess
accumulation rates of up to 1 mmyr—! ensure high resolution
coverage of (sub-)millennial climatic cycles, expressed in the
stratigraphy by alternating stadial primary loess and interstadial
palaeosol units®11:12:2930 The physical properties of loess sedi-
ments depend on the intensity and duration of interstadial and
stadial conditions and sedimentation rates!>3!; past climatic
reconstruction is additionally facilitated by analysis of fossil
mollusc assemblages?-38, land snail shell carbonate clumped
isotope thermometry!0, the isotopic signal of organic matter3940,
and lipid and plant wax biomarkers*!~43,

We make use of a singular material for quantitative, high
resolution palaeoclimate reconstruction from loess sediments,
which can be analyzed not only as palacothermometers** and
palaeo-rainfall gauges*’, but can also be directly dated using
radiocarbon!1:12: fossil earthworm calcite granules (ECGs). ECGs
are secreted daily at the soil surface?® by various earthworm
species (Lumbricus terrestris being the most productive?’), com-
prise rhombohedral low-Mg calcite crystals which are resistant to
diagenetic alteration and experience limited vertical mixing
within the loess sediment column#84°, The oxygen and carbon
isotopic compositions of ECGs provide direct proxies for warm-
season land-surface temperature (LSTws)*4 and precipitation®.

Our quantitative dataset based on coupled stable isotope
composition and radiocarbon dating of ECGs provides a record
of high temporal resolution, spanning 45,000-22,000 years cal BP
(late Marine Isotope Stage 3 and MIS 2), from two temporally

O ver the last glacial period, the climate of the Northern

overlapping loess-palaeosol sequences. The Schwalbenberg!2->0
and Nussloch!12% sequences are located c. 180km from one
another along a northwest-southeast transect in the non-
glaciated zone in the Rhine River valley of western Germany
and therefore reflect terrestrial responses to oscillating climates of
the last glacial period for central Europe (Fig. 1). We embed our
climate reconstructions within Bayesian age models for both
sequences, facilitating precise correlation between both one
another and with other archives from the North Atlantic region.
We combine our results with continental-scale simulations of
wind and precipitation trajectories for the last glacial maximum
in order to more meaningfully understand potential teleconnec-
tions between continental Europe, the Fennoscandian ice sheet
and the North Atlantic Ocean.

Results

Stratigraphy. The Schwalbenberg profile is located on the left
bank of the Rhine in its Middle Valley, at the confluence of the
Rhine and Ahr rivers near the city of Remagen. The locality forms
a gently south-eastward sloping plateau!>>0 (Fig. 1); sediment
thickness reaches 30 m and spans the last Interglacial-Glacial
Cycle!2. The aeolian sediments at Schwalbenberg are assumed to
derive from adjacent river systems and the Rhenish Massif
uplands. The 6 m-thick Schwalbenberg RP1 profile is exposed on
the southeastern flank of the plateau and spans late MIS 3 and
MIS 2, with a distinct unconformity separating the lower from the
upper part of the section. Late MIS 3 is resolved in high resolution
by multiple pedocomplexes (Calcaric Cambisols) and a tundra
gley, overlain by a cyclic succession of MIS 2 loess and tundra
gley horizons (Fig. 2)12°0,

Nussloch is situated on the eastern margin of the Upper Rhine
Valley (Fig. 1). The aeolian sediments of this locality are up to
17 m thick and are assumed to derive from local deflation of the
Rhine alluvial plain to the west, accumulating at the junction
between the Kraichgau and Odenwald uplands as NNW-SSE
elongated ridges named “gredas™. A combination of topography
and strong northwesterly wind regimes?® facilitated high dust
accumulation rates at Nussloch during MIS 2. The lower 5m
dates to late MIS 3 and comprises arctic and boreal brown soils
alternating with primary loess and tundra gley horizons, overlain
by 12m of MIS 2 age alternating primary loess and tundra gley
layers (Fig. 3)%.

Both Schwalbenberg and Nussloch preserve evidence of
periglacial and permafrost activity to varying degrees. They are
situated between the Last Glacial Maximum (LGM) extents of the
Alpine and Fennoscandian ice sheets. Tundra gley horizons are
present at both sites and reflect short-term phases of formation
and subsequent degradation of active permafrost layers?®. During
GI 6, a Calcaric Cambisol developed at Schwalbenberg, coeval
with tundra gleys at Nussloch, suggesting that permafrost features
were significantly weaker at Schwalbenberg compared to
Nussloch, possibly due to the leeward position and southerly
aspect of the former.

Age-depth models and temporal resolution. Our chronologies
for both Schwalbenberg (RP1, Fig. 2) and Nussloch (NUSS P8,
Fig. 3) profiles were established using radiocarbon dating of ECGs
(Supplementary Data 1). We undertook Bayesian age modelling
using Bacon software®! (see “Methods”) (Fig. 4 and Supplemen-
tary Data 1).

Our chronology for Schwalbenberg RP1 is based on 22 dates
and spans 39,963-38,162 to 22,150-21,426 cal BP (Fig. 2). We
constrain the timespan of the unconformity between units 12 and
13 as a ~5 ka hiatus spanning 30,970-30,199 to 24,619-23,863 cal
BP. Sedimentation rates range from ~0.5 to 0.6 mm yr—! for MIS
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Fig. 1 DEM-based map showing the Palaeogeography of western and central Europe during the Last Glacial Maximum (LGM ~21 ka). The distance
between Schwalbenberg (50.56°N; 7.24°E) and Nussloch (49.18°N; 8.70°E) loess sites is ~180 km. Yellow patches represented areas of loess and loess
derivates2628, Beige-coloured areas represent the dry continental shelves28. The DEM is based on combined DEMs2¢ of the GLOBE Project (1km

resolution DEM).

3 and post 22 cal kBP, reaching a peak of 2.0 mm yr—! between 23
and 22 cal kBP.

We undertake Bayesian age-depth modelling and calculation of
sedimentation rates based on published ECG data for the Nussloch
P8 profile!!l. Age-depth modelled calibrated dates range from
47,862-45,354 to 22,752-21,577 cal BP, showing that the Nussloch
P8 profile predates Schwalbenberg RP1 by c. 7 ka (Fig. 3). Between
43 and 32 cal kBP, Nussloch sedimentation rates are comparable to
those at Schwalbenberg RP1 (~0.5 to 0.6 mmyr—1). Short-lived
peaks (up to 1 mmyr~1) in dust accumulation during MIS 2 were
constrained to c. 30, 25.5, and 24 cal kBP.

Stable isotope composition. ECGs were collected from 5cm
thick vertical slices according to published methods, 23 samples
from Schwalbenberg and 18 from Nussloch. From each sample
we extracted 30 granules, measuring the carbon and oxygen
isotope values on 690 individual ECGs from Schwalbenberg
(Fig. 4, Supplementary Data 2, and Supplementary Fig. 1). The
Nussloch record incorporates an already published stable isotope
dataset (12 samples representing 360 analyses)*44°, to which an
additional 180 analyses from 6 samples were undertaken (Fig. 4,
Supplementary Data 2, and Supplementary Fig. 2).

At Schwalbenberg, ECGs extracted from the interstadial phases
(9 samples, representing 270 analyses) yielded mean values of
—12.5+1.0 %o for §13C and —4.5 + 1.8%o for §180. Results for
samples from stadial phases (14 samples, representing 420
analyses) yielded mean 8'3C and 8'80 values of —12.2 + 1.0%o

and —4.8+1.8%o respectively. ECG stable isotope results are
statistically different for interstadial and stadial phases; T-test
results yield p-values of 0.04 and 8.9 x 10~° for 8!3C and 880
respectively.

The mean carbon isotopic composition values for ECGs from
Nussloch are —12.4+0.9 %o for interstadials (14 samples
representing 420 analyses) and —11.7 0.9 %o for stadial phases
(4 samples representing 120 analyses). Mean oxygen values of
ECGs during interstadials and stadials are —5.2+1.9%0 and
—6.3+1.7%0 respectively. T-test values of 1.6x1071> and
2.3 x 1078 for our mean carbon and oxygen isotope ratio values
also indicate significant statistical differences between interstadial
and stadial phases.

Quantitative estimates of terrestrial climate parameters.
Transfer functions were used to convert the ECG stable carbon
and oxygen isotope compositions into estimates of annual
precipitation?> and warm-season land-surface temperature®4.
Since the main source of carbon in ECGs derives from a
mixture of litter and soil organic matter>2>3, the §13C values of
plants can be estimated by accounting for the fractionation factor
(—11.7 £ 1.5%0) that results from the difference between the
carbon ingested by the earthworms and that which is integrated
into the ECGs®%. This fractionation factor includes the carbon
isotope fractionation between amorphous calcium carbonate
(ACC) and calcite produced by the earthworm (e calcite-
ACC=—1.240.5%0)°>. The mean &!3C values of plants
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Fig. 2 Age-depth model of the Schwalbenberg loess profile RP1. Age-depth model is based on Bayesian modelling using the software Bacon>' with 28
radiocarbon ages calibrated with IntCal20. The chronology of the profile is correlated with the §'80 values of NGRIP3. SU - sediment units. Tundra gley

horizons are represented in grey and palaeosols (Cambisols) in brown.

calculated from the carbon isotope composition of the ECG at
Schwalbenberg (—24.0 + 1.0%o0) and at Nussloch (—24.0 + 0.9%o)
for the period from 45 to 20 cal kBP indicate that the main source
of organic matter derived from Cj; plants#{. Following calculation
of the 813C values of plants, we used a published empirical
equation assuming a linear relationship between C; plant leaf
discrimination (A13Cplams) and mean annual precipitation (MAP)
computed by ref. > compiled from 480 modern sites®’ (Eq. 1).

Log(MAP + 300(mm.yr~!)) = 0.092(+0.004)AC,,, + 1.148(+0.074);
almitslgc

1+6°¢C,

8¢,
plants =

(R? = 0.56;0 = 0.14) with A C plants

()

The A3Cpjanis is dependent on the 813C of plants (%0 VPDB)
and calculated from the §!3C of ECG and from 8!3C values of
atmospheric CO, (813C,,) which were estimated from air
bubbles trapped within the Vostok ice core between 50 and 20
ka®8, We propagated the root mean squared error (6 = 0.14)
through our calculations of MAP (Supplementary Data 2).

ECG oxygen isotope composition is related both to crystal-
lization temperature and the isotopic composition of soil water>®.
Based on an empirical equation using observations of modern
earthworm response to temperature and taking into account the
vital effect (Eqs. 2 and 3)*, it then remains to identify the §180
value of soil water in order to quantify the temperature.

100000y ige-water) = [20.21 £0.92](10°.T~") — [38.58 +3.18]
2
WIth acalcite—water = [1 + 8180ECG} / [1 + 8180mw] ; (3)

T(K) and 8"*0 (%V — SMOW)

Based on clumped isotope data, the 8130 values of soil water
are not clearly biased toward seasonal §'80 values of meteoric
water (8'80,,,) and are primarily controlled by the annual
8180,,,,0001, In periglacial environment, §!30 values of soil water
are likely dependent on freeze/thawing cycles. Therefore, as a first
approximation, we assumed that the §!80 values of the granules
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Fig. 3 Age-depth model of the Nussloch loess profile P8. Age-depth model is based on Bayesian modelling using the software Bacon®! with 29
radiocarbon ages'! calibrated with IntCal20. The chronology of the profile is correlated with the 8'80 values of NGRIP3. Tundra gley horizons are

represented in grey and arctic/boreal brown soils in brown.

are dependant of the annual §180,,,, values, which are themselves
linearly dependent on mean annual air temperature at mid- to
high latitudes®263,

We established a linear equation (Eq. 4) relating mean annual
weighted 8180, to mean annual air temperature (T,) by
compiling modern rainfall data from 80 mid-high latitude
European stations from the Global Network of Isotopes in
Precipitation (GNIP-IAEA) (Supplementary Data 3 and Supple-
mentary Fig. 3):

8%0,,, = [0.68+0.08]Ta — [14.7+0.6];R* = 0.80  (4)

To better constrain our paleotemperature estimates, we used a
linear equation relating daily ground temperature (Ts) to daily
air temperature (T,) under snow-free conditions at West Dock
and Franklin Bluffs in Alaska, for the time period spanning from
1987 to 1992 as follows®46>:

Ty = 0.89 % T, + 3.40 (5)

This equation is in agreement with the assumption that air
temperatures are ~3°C colder than soil temperatures (Supple-
mentary Data 2) as is typical for present-day periglacial
environments®00,

The time interval covered in this study (late MIS 3-2) oversaw
substantial changes in hemispheric ice volume and, consequently
in the oxygen isotope ratios of both sea and meteoric water. These
needed to be accounted for in our calculations. During MIS 3 and
MIS 2, a drop in sea level between ~60 and 120 m below the
modern datum®’ contributed to a major reshaping of northwest
European palaeogeography (Fig. 1)%8. The 8180 of seawater at the
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MIS 2 lowest stand was 0.8 + 0.1%0%%; we took MIS 3 §180 values
to be intermediate between MIS 2 and the Holocene (0 %o;
SMOW reference)’%7! and assume a value of 0.5 %o.

We calculated land-surface temperatures for the season of
greatest ECG production by estimating the 880 values of
meteoric water (Eq. 4), taking into account the ice volume effect
and by combining Egs. (2), (3), (4) and (5). Since earthworms
produced ECGs during the active layer thawing season® (May to
September, the five warmest months of the year; data from Global
Terrestrial Network for Permafrost http://gtnpdatabase.org), we
propose that the oxygen isotope composition of ECGs records
LSTws rather than mean annual land-surface temperature (LST).
We reported the distribution of the 30 values for each sample of
5 cm thick at 1o (Fig. 5).

At Schwalbenberg, LSTws range from 8.8 £ 4.7 to 12.9 + 3.3 °C,
and MAP values from 215 + 172 to 518 + 270 mmyr~!
(Supplementary Data 2). Nussloch temperatures were cooler
(5.0 + 6.7 to 12.0 = 5.5°C) but recorded comparable annual
precipitation (224 * 175 to 490 + 265 mm yr—!) (Supplementary
Data 2). The Rhine Valley is particularly cold with a mean value
of 7.3 + 4.7 °C during the GS 3 (26-25 ka), a stadial coeval with
Heinrich Stadial 2. At Nussloch, the GS 5.1 is slightly cooler with
a mean LSTws of 5.0 + 6.7 °C. The timing of the warmest summer
phases varies between the two sites; the warmest temperatures
occurred at Schwalbenberg during GI 7 (~35 ka) and during GI
12 (~45.5 ka) at Nussloch, although it should be noted that GI 12
was not exposed at Schwalbenberg RP1. The timing of the driest
conditions also varies between the sites: at Schwalbenberg these
prevailed ~22 ka (during the LGM), and at Nussloch were coeval
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Fig. 4 Stable isotope composition of ECGs from Schwalbenberg and Nussloch. a Histogram of oxygen and carbon compositions for both sequences;
b Schwalbenberg (dark-coloured plain lines) and Nussloch (light-coloured dotted lines) 8'3C (%0 VPDB) and §'80 (%o VPDB) values plotted against the
Bayesian age-depth model of the radiocarbon dated sequence using IntCal20 (black horizontal error bars represent 95% confidence levels for modelled
ages). Error bars on stable isotope values represent the standard deviation (16) of 30 individual measurements per sample of 5cm thickness.

with the coldest phase (Henrich stadial 2). The wettest conditions
occurred during the transition from GI 6 to GS 6 (~33 ka), and
during GI 52 (32 ka), at Schwalbenberg and Nussloch,
respectively. We note that apparent discrepancies in the timing
of extreme values between sites reflects the lack of temporally
overlapping data for the respective phases.

Climate simulations: modelling of wind and precipitation
regimes. Our simulations of wind regimes and precipitation
arriving at Nussloch and Schwalbenberg were undertaken for two
time slices: the present day (1989-2018) and LGM (21 ka) (Fig. 6
and Supplementary Figs. 4, 5). Our results indicate that for both
time periods, the two sites experience spatial differences in gen-
eral circulation and the trajectories of air masses responsible for
dust transport. At Nussloch in the present day, south-westerlies
prevail throughout the year, with reduced wind intensities in the
summer months and steady winds in the winters; during the

6

LGM, north-westerly and southerly winds dominated which were
steady in summer. By contrast, Schwalbenberg presently experi-
ences more unstable, stronger, predominantly south-westerly
winds, with higher speeds in autumn and winter; by contrast,
during the LGM only summer west/north-westerly winds were
comparable with the present day in intensity and steadiness, with
easterlies more pronounced in other seasons (Fig. 6 and Sup-
plementary Figs. 4, 5). LGM precipitation derived from south-
westerly air masses at Schwalbenberg, whereas at Nussloch, pre-
cipitation derived from westerlies.

Discussion

Previous studies have demonstrated that the Schwalbenberg
and Nussloch!1:1429,3449,74 sequences preserve stadial-interstadial
climate variability at high temporal resolution. Our new age
modelling and geochemical data, combined with wind regime
modelling for the present day and LGM time slices, provide the first

12,72,73
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opportunity to meaningfully investigate terrestrial palaeoclimate
change in central Europe over millennial timescales. Our quanti-
tative climatic estimates are derived from in situ ECG response to
contemporary conditions at the land surface and are therefore
independent of sedimentation rates or direct wind transport vec-
tors. As such, they provide insights into terrestrial climate para-
meters at sufficiently high resolution for comparison with other
archives from Europe and the North Atlantic region (Fig. 5).
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MIS 2

Our estimations for the period 45.5-22.5 cal kBP indicate
temperatures 3.3-11.8 °C cooler and significantly drier condi-
tions than experienced in the present day (Table 1). Modern
(1961-1990) warm season mean temperatures at Schwalben-
berg and Nussloch are 16.2 and 16.8 °C and modern rainfall is
654 and 784 mmyr—! respectively’>. During the last glacial
period, the northern site of Schwalbenberg yields higher LSTws
than Nussloch throughout, which may be attributed to local
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Fig. 5 Climate quantitative estimates and dust variation in terrestrial and glacial environments across the North Atlantic Region. a June insolation at
60°N108: b 5180 ratio and ¢ Ca* concentration of NGRIP Greenland ice core3. Originally given in b2K ages, this latter chronological scale has been shifted
by 50 years to allow for direct comparisons with the radiocarbon dating given in years BP (before 1950). d Iberian margin sea surface temperature (SST,
MDO1 2444)8, radiocarbon dating calibrated with IntCal13; e sedimentation rates from Nussloch (yellow) and Schwalbenberg (red) profiles, based on
Bayesian age-depth modelling of the radiocarbon dated sequence using IntCal20; f mean annual precipitation estimates based on the §'3C values of ECGs for
both loess profiles (Nussloch: light-coloured dotted lines and Schwalbenberg: dark-coloured plain lines; thick colour error bars represent SE), plotted against
the Bayesian age-depth model of the radiocarbon dated sequence using IntCal20 (black horizontal error bars represent 95% confidence levels for modelled
ages); g land-surface temperature of the warmest month estimated from the 8'80 values of ECGs for both loess profiles (Nussloch: light-coloured dotted
lines and Schwalbenberg: dark-coloured plain lines; thick colour error bars represent 1o confidence levels), plotted against the Bayesian age-depth model of
the radiocarbon dated sequence using IntCal20 (black horizontal error bars represent 95% confidence levels for modelled ages); h clumped temperature
from land snail shells of T. hispidus (circle) and S. oblonga (square), error bars represent 68% confidence levels in the Dunaszekcsé record (Hungary) referred
to age-depth model of the radiocarbon dated sequence using IntCal13%19; i bulk mass accumulation rates (BMARs) at the Dunaszekcsd site?; j 8180 of
meteoric water from the Alps based on the 8'80 of the Sieben Hengste Cave (7H) speleothem?!, U-Th dating in ka; k European ice sheet volume
reconstruction (SIS)10%, H2-H5 - Heinrich stadials (in blue). Palaeosols formed during long Greenland Interstadials (>1ka) are highlighted in reddish (Gl 12,

11, 8) and tundra gleys developed during short Greenland Interstadials (<1ka) are in yellow (Gl 10, 9, 7, 6, 5.2, 5.1, 4, 3, 2.2, 2.1)3\.

influences such as the south-facing aspect (i.e., insolation was
more intensive at this locality). We observe comparable mean
annual precipitation values and variability throughout the
investigated time period at both Schwalbenberg and Nussloch,
with Nussloch being even drier over the entire period covered
(Fig. 5).

Overall, MIS 2 was c. 2.5 °C cooler than late MIS 3 at both sites
and is interpreted to relate to the global cooling towards the LGM
(Fig. 5). We are aware that uncertainties associated with our
quantitative estimates of climate parameters are sizeable (Sup-
plementary Data 2, “Methods”). Nevertheless, statistical tests (T-
test) are showing that the mean values of LSTws between MIS 3
and MIS 2 are statistically different at both site (Supplementary
Table 2). Our estimates are in agreement with other (lower
resolution) quantitative estimates for past climate parameters in
terrestrial central Europe based on palaeoecological transfer
functions (malacofauna’-37-38 chironomids’® and diatoms’’,
biomarker-based studies’379), stable isotope composition of loess
carbonates*#80 and of large mammal remains3! which provide
mean temperatures for the warmest season ranging from 14 to
8 °C during MIS 3 and MIS 2. We suggest that the milder climatic
fluctuations observed in the terrestrial mid-latitudes were driven
at multiple scales by insolation and local topography. At local
scales, direct insolation may have led to comparably high local
summer temperatures, even during colder periods (MIS 3 sta-
dials). Our mean annual precipitation estimates for the Rhine
valley are consistent with the precipitation values modelled by the
BIOME 4 inverse model simulation using 8§!3C of soil organic
matter3%74, revealing driest (and coldest) values for the LGM. In
comparison, the late MIS 3 was characterized by wetter condi-
tions. Observations of palaeosol development indicate increased
vegetation density at both sites at this time and agree with
vegetation changes indicated by the Schwalbenberg and Nussloch
mollusc fauna’382, Nussloch biomarker-based studies® as well as
palaeoecological reconstructions from the nearby Eifel maar
lakes!>17 and Bergsee!®.

At millennial-timescale, our data show that the stadial phases
in the Rhine Valley were on average 1-4 °C cooler during sum-
mer and significantly drier with less than half of the interstadial
precipitation (Fig. 5, Supplementary Data 2). The lowest MAP
estimates occurred during GS2.1 at Schwalbenberg and during
GS3 at Nussloch with precipitation reduced by 67 and 71%
respectively from present-day averages. The amplitude of ~10°C
difference between temperature from the coldest stadials (GS 3)
and today in the Rhine Valley is in agreement with groundwater
noble gas records which indicate a 7-10 °C terrestrial cooling at
40°N during the LGM33.

The interstadial between the Heinrich Stadials 2 and 3 (GI 3)
recorded warmer temperatures (11.3 + 5.0°C) at Nussloch, a

phase which was characterized by abrupt warming in the
Greenland region® (Fig. 5). We compare our estimates with
growing season temperatures based on clumped isotope data
from land snails in the Dunaszekcsé loess profile of southern
Hungary. The interstadials GI 5.1 and GI 3 were 7 °C warmer
than at Nussloch!?. A cooling between 4 and 7 °C was quantified
for the stadial phases during 31-26.5 cal kBP0, suggesting a more
continental climate in eastern Europe than central Europe during
the last glacial period. This might be due to the more eastern and
southern air mass influences in eastern Europe compared to
central Europe which is mostly influenced by North Atlantic
climate and the westerlies®>. Continental response at the transi-
tion from stadial to interstadial condition in Europe was—within
dating uncertainties - both rapid and synchronous, albeit not as
pronounced as in the Greenland (410 to 15°C) and Mediterra-
nean Sea regions (SST: +3 to 5°C) (Fig. 5). During MIS 2
interstadials, high concentrations of mollusc shells combined with
high juvenile mortality rates suggest increasing summer tem-
peratures with abrupt temperature decreases during the transi-
tions into the winter season reflecting contrast in seasonality
during interstadials>»8¢. High contrast seasonality might also
influence stadial phases in the Rhine Valley, as permafrost evi-
dence in the stratigraphy!®2® suggest particularly cold winter
temperatures.

Increased precipitation in the Rhine Valley is recorded between
33 and 31 cal kBP (GI 6 and GI 5.2) and is coeval with the onset of
the build-up of the British Island Ice Sheet (BIIS) and the covering
of the Baltic Sea by the Fennoscandian ice sheet (FIS)87, Subsequent
to the rainfall increase, stepwise drying is then recorded at Nussloch
over the millennia from 31 to 23 cal kBP and correlates with both a
weakening of the AMOC and synchronous and rapid growth of the
FIS87-89, enhancing continental effective aridity on a global scale®.
The isotope composition of organic carbon along with the litho-
and pedostratigraphy of the Schwalbenberg REM3 key loess-
palaeosol sequence!®72 documents this period of overall increasing
effective aridity in the formation of thick loess deposits reaching up
to 8 m (superordinate sediment unit SSU E) within an interval of
approximately 5,000 years duration. This unit (SSU E) is, however,
strongly eroded and truncated in the Schwalbenberg RP1 section.
During this time period, the Laurentide Ice Sheet reached its
maximum extent (GS 3, from 27 to 23 ka) leading to significantly
reduced precipitation in north-western Europe?,which is also
reflected by the absolute minimum at Nussloch. This also resulted
in a southward shift of the jet stream over southern Europe®>91,92
immediately preceding the LGM, suggesting a weakening of the
North Atlantic Oscillation (NAQ)?3 associated with a strengthened
Siberian High? and an increase of the sea ice cover® thereby leading
to a reduction of the moisture amount over the North Atlantic with
a weakening of the westerlies and a cooling of the air masses. These
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Fig. 6 Annual wind regime and precipitation statistics. The models are obtained for present day and LGM conditions at Nussloch (a, b) and
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speed (black), wind occurrence (red solid), precipitation rate (blue dashed) and total precipitation (red dashed, normalized) distribution about rhumbs.
Thin solid/long-dashed line circles visualize the scalar/absolute winds and their directions, respectively; thin-dashed circle shows wind vector. SD. Note
that wind direction is meteorological (from where wind blows). Further statistics tabled: Vs and Vg — absolute and scalar wind speed [m/s], R,, and R, —
rhumbs of maximum wind and precipitation occurrence [percent], Q — wind steadiness (Vs /Vk ratio), r,, — wind zonal and meridional components

correlation, 6, — wind vector SD [m/s], A —

mechanisms have probably triggered pre-LGM aridification and
cooling in the Rhine Valley.

The integration of sedimentation rate calculations (based on
age-depth modelling) and wind regime reconstructions suggests
that the two Rhenish sites provide contrasting information
relating to atmospheric circulation. At Nussloch, dust accumu-
lated almost continuously from 50 to 20 cal kBP and reach peaks
during Heinrich stadials 3 and 2 from 30 to 23 cal kBP. The
timing of Nussloch peak sedimentation rates was coeval with dust
peaks in the Greenland ice cores and suggest periods of stronger
winds and drier conditions at Nussloch, likely to indicate phases
of significant transitions in Northern Hemisphere wind regimes
(Fig. 5). This trend is also observed in eastern Europe from the
Dunaszekcs loess-palaeosol profile?. During this time period, the
sedimentation rates of both Nussloch and Dunaszekcsé loess
sequences correlated with the oxygen isotopic composition of the
Sieben Hengste Cave (7H) used to reconstruct changes in
moisture sources in the Alps?!, implying that the increased dust
deposition over western and eastern central Europe was caused by
large-scale atmospheric re-organization® (Fig. 5). By contrast, the

wind absolute speed to SD ratio, £(P): total annual precipitation [mm].

Schwalbenberg RP1 section located down slope at the rim of the
plateau was prone to erosion at c. 25 cal kBP removing sediments
that would cover the period 30-25 cal kBP (Fig. 5). However, it is
important to note that this period is characterized by a significant
increase of the sedimentation rates in the REM 3 core located in
the interfluve position!272,

Our combined geochemical and climate modelling results
indicate that not only westerly but also southwesterly and
northwesterly winds were responsible for LGM moisture
transported into the Rhine Valley, and that the steadiness of the
dominant winds varied significantly between the seasons (Sup-
plementary Figs. 4, 5). Our wind and precipitation reconstruc-
tions for the present day and LGM time slices primarily reflect
changes to the general circulation pattern: the hemispheric
extent of the extratropical jet, and typical location and
intensity of (anti)cyclonic systems. We assume that the general
circulation pattern is important for identifying dust and atmo-
spheric moisture transport pathways3>%> (Fig. 6 and Supple-
mentary Figs. 3, 4). During the LGM, the main source of
moisture to the Rhine Valley derived from the westerlies (SW
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and NW), which may have been weakened during phases of ice
sheet volume expansion due to a reduction of evaporation over
the North Atlantic Ocean and associated westward expansion of
the high-pressure centres over the BIIS and FIS. Cooler and
drier conditions during such episodes (GS) are also likely to
have affected seasonality by shortening warm seasons (Figs. 5, 6
and Supplementary Figs. 4, 5).

To conclude, this study generates new millennial-timescale
quantitative terrestrial climate estimates for the Rhine Valley, in
central Europe. We see our approach as a first step towards
setting up spatially widely distributed data on land-surface
temperatures based on ECGs derived from loess-palaeosol
sequences, which can be compared with other methods such as
land snail shell carbonate clumped isotope thermometry. Our
air circulation models for the present-day and LGM time slices
help us contextualize the impact of extreme climate phases on
terrestrial environments. Our dataset hints at significant cor-
relation between changes in sea ice cover and extent of peri-
glacial aeolian environments (such as the Rhine Valley
deposits) over continental Europe during the second half of the
last glacial period. Although the correlation between tempera-
ture and precipitation recorded within the Rhine Valley with
higher latitude ice sheet dynamics suggests a passive, and more
moderate response to hemispheric climate drivers, such envir-
onments provide an appropriate and quantitative illustration of
changes occurring during abrupt climatic transitions. Overall,
we observe comparable trends between loess records from
western and eastern central Europe and isotopic proxies from
the Greenland ice cores confirming that the Schwalbenberg
and Nussloch and archives from central Europe were directly
influenced by changes in the North Atlantic climate during the
last glacial period.

A Mean MAP to 1961-1990 min-

max (-%)

21-67
21-61

49-55
29-55
21-67
38-71

38-57
62-71

38-62
60-71

Min/max (mm)

215/518

252/518

293/335
293/462
215/518

2247490
338/490
224/297
297/490
224/314

MAP (mm)

350
369
314
386
326
342
389
260
360
270

Methods

Sampling strategy. Continuous columns of 10 litres samples were taken
throughout the 5.5 m-thick Schwalbenberg profile RP1 at Remagen and
throughout the 17 m-thick profile P8 at Nussloch. Schwalbenberg RP1 is located
immediately at the northern edge of a former archaeological excavation site!>%.
Nussloch P8 is situated about 50 m southeast of the reference profile P42,
Before sampling, we refreshed and cleaned both sections by removing vertically
about 50 cm of sediments. ECG were sampled at 5 cm resolution by collecting
101 of sediments. After wet sieving at 0.5 mm, ECG with a diameter larger than
0.8 mm were extracted under a binocular microscope. For stable isotope ana-
lyses, we selected 23 samples throughout the profile RP1 at Schwalbenberg
(Supplementary Fig. 1). For Nussloch profile P8, we analyzed 7 new samples
(each 5 cm thick) that we added to the 11 previously published**4° for this
profile (Supplementary Fig. 2). ECGs were selected from tundra gley units and
brown soil horizons and loess units.

A Mean T to 1961-1990 min-

max (-°C)
16.2 °C/MAP 654 mm)

3.3-7.4
3.3-5.8
6.0-7.4
3.3-6.0
3.8-7.4
4.8-11.8
6.0-7.8
5.5-9.5
4.8-9.1
9.1-10.6

max (°C)
10.4/12.9
8.8/10.2
10.2/12.9
8.8/12.4

Nussloch (1961-1990: 16.8 °C/MAP 784 mm)

9.2
9.9

9.3

Min/
8.8/12.9
5.0/12.0
9.0/10.8
7.3/1.3
7.7/12.0
6.2/7.7

Radiocarbon dating. Sample preparation and radiocarbon analysis protocol fol-
lowed the procedure as described by ref. 11. After cleaning the ECGs by ultrasonic
bath, 100 ug (gas source) or 1000 pg (solid source) per dating sample were crushed
in an agate mortar. All samples were then leached with 0.01 M HNO; at room
temperature for 30 min and rinsed with Milli-Q water to remove superficial con-
tamination and to oxidize any remaining organic matter. Samples are then
introduced into the bottom of a two-fingers reactor and 1 cm? of pure HsPO, is
added into the lateral reservoir. The reactor with the wet sample and H;POy, is then
connected to the semi-automated vacuum line’. The sample is finally dried on the
line, and the reactor is manually rotated to pour H;PO, onto the samples. Sub-
sequent steps (reduction for solid source and physical measurement) are either
performed by the Laboratoire de Mesure du Carbone 14, Saclay”® (LMC14, lab
code SacA) on a traditional large AMS or by the 14C research group of the LSCE,
Gif-sur-Yvette (lab codes GifA for chemistry and ECHo for physical measurement)
on both solid and gas source of the ECHOMICADAS”?-101, To control the impact
of chemical treatment and of the combustion, “blank” and international standards
were run. Results are expressed in FIC as recommended by Reimer et al.1%2 and
provided as 14C ages (BP) following Stuiver and Polach (1977)103 convention
(Supplementary Data 1). Replicates and triplicates from six samples of 5-cm thick
in RP1 have been performed to check the reliability between the two methods, the
gas source using 10 times less materials (Supplementary Data 1).

Schwalbenberg (1961-1990

LSTws
(mean °C)
1.2

1.8

10.3

9.5
1.7
10.8
6.7

Modern climate parameters (land surface temperature from May to September, LSTws and mean annual precipitation, MAP) are calculated from ref. 7> for the period 1961-1990 and past climate parameters are from Supplementary Data 2. The time-periods 40—31and 24—23

cal kBP represent the intervals where the two sequences overlapped. Data between stadials and interstadials are reported in Supplementary Data 2.

Table 1 Temperature and precipitation difference between modern and late MIS 3-MIS 2 at Schwalbenberg and Nussloch.

Overlap 24-23 cal kBP
Interstadials

Overlap 40-31cal kBP
Stadials

Overlap 24-23 cal kBP
Entire period covered

Interstadials

Overlap 40-31cal kBP
Stadials

Entire period covered

Time period

-
o
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Age-depth models and sedimentation rates. The chronologies of Schwalben-
berg and Nussloch profiles were determined using radiocarbon analyses on ECG
(Figs. 2, 3 and Supplementary Data 1). We derived age-depth models using the
software BACON 2.2°! based on Bayesian statistics. For Nussloch, we selected
the radiocarbon ages (29 samples) of the profile P8 as age control points prior to
running the Bayesian age model. For Schwalbenberg, the model is based on 23
age control points. On average, at Schwalbenberg, the resolution of one radio-
carbon sample is about every 20 cm whereas at Nussloch the resolution is about
every 60 cm. Probability distributions of calibrated radiocarbon ages were gen-
erated using IntCal20194 in the Bacon code cc=1. In Bacon programme®!, two
prior distributions (gamma distribution for the accumulation rate and beta
distribution for the accumulation memory) are constrained. We used the default
values: accumulation (acc).shape=1.5 for the gamma distribution; memor-
y(mem.)mean=0.7 and mem.strength=4 for the beta distribution. The mean
accumulation rate was changed to 50 yr cm~! according to information available
from calibrated 14C dates and we run our sequences with 50 and 135 sections
respectively for Schwalbenberg and for Nussloch. We choose a resolution of
5cm for the age-modelling to obtain an individual age for each stable isotope
sample. The age-modelling data are compiled in the Supplementary Data 1. The
sedimentation rates for both profiles were calculated based on age modelling
output at 5cm resolution.

Stable isotope analysis of earthworm calcite granules. We followed the pro-
cedure for the extraction of the ECGs and the preparation protocol from refs. 4445,
After cleaning in an ultrasonic bath with deionized water (2 times 5 min), thirty
ECGs were extracted from each layer for stable isotope analysis based on the
absence of impurities and the well-preserved surface crystals. We performed 180
(30 times 6 layers of 5 cm thickness) and 690 (30 times 23 layers of 5 cm thickness)
stable isotope analyses for Nussloch and Schwalbenberg, respectively. Individual
granules were crushed, and an aliquot between 200 and 300 um of carbonate
powder was digested with phosphoric acid at 70 °C. The liberated CO, gas was
analyzed using a Thermo Finnigan GasBench II preparation device interfaced with
a Thermo Delta V advantage mass spectrometer at the Max Plank Institute of
Chemistry in Mainz. All §13C and §'80 values are reported on the Vienna-Peedee
Belemnite (V-PDB) scale. The long-term standard deviation of a routinely analyzed
in-house CaCOj3 standard was <0.1%o (10) for both carbon and oxygen isotope
ratios. The CaCOj standards are calibrated using NBS19, NBS18 and IAEA 603.
The data are reported in Supplementary Data 2.

Limits and uncertainties for the quantification of the climate parameters and
temporal resolution of age models. The uncertainties of our method are related
to sampling, chronology, representativeness and the past precipitation and tem-
perature estimations. The two profiles (Schwalbenberg RP1 and Nussloch P8) have
been sampled at 5 cm resolution which represents between 50 and 150 years and
the ECGs were extracted from 101 of sediments (~15 kg of sediment). By taking
15kg of sediment, we reduce the uncertainties associated with the distribution of
ECGs inside one sample of 5 cm thickness. Furthermore, ECG concentration is well
correlated with the loess palaeosol pedostratigraphy in Northern France® and in
the Upper Rhine Valley’.

Age-depth modelling is based on 28 and 29 radiocarbon analyses for
Schwalbenberg and Nussloch, respectively (Supplementary Data 1). The
uncertainties for radiocarbon analysis are in the same order as the maximal
counting errors in the NGRIP GICCO05 chronology?.

Today earthworms daily produce granules when they are active. We assumed
that during the last glacial period, earthworms were active during the warmer half
of the year from May to September4’. The concentrations of the granules
(per sediment volume) produced by Lumbricus terrestris during the last glacial
period is low compared to present-day data%. This might be due to either lower
productivity of the earthworms because of climate conditions or lower earthworm
populations or both. Experiments are still necessary to better constrain parameters
that mostly influence the granule production.

We extracted and analyzed 30 individual granules per sample for the stable
isotope analyses (one sample is thus made of 30 replicates) to be as representative
as possible. To estimate the precipitation, we used a modern dataset between §!3C
of C; plants and MAP so we assumed that this relation did not change during the
last glacial period. We calculated and propagated the root squared error through
our estimation of the MAP (Fig. 5 and Supplementary Data 2). The distribution of
30 replicates for each sample of 5 cm-thick are sizeable. However, the comparison
between the mean values of MIS 3 and MIS 2 are significantly different at both sites
(Supplementary Table 1).

To estimate the past temperature, we used a fractionation equation that took
into account the vital effect of the earthworms®. Based on clumped isotope data®,
we assumed that the 8180 value of soil water is not seasonally biased. Soil water
evaporation is unfortunately not possible to quantify over past period, thus we did
not take into account this parameter in our equation. Moreover, to estimate the
8180 value of the rain we used modern data and assumed that present-day §!80-T
gradients are also valid under glacial climate conditions (Supplementary Fig. 3 and
Supplementary Data 3). We corrected the data for —0.5 and —0.8%o according to
the method developed by ref. 81. We reported the distribution of the 30 values for

each sample of 5 cm thick at 16. The uncertainties are sizeable (Fig. 5) however, the
T-test indicated that the LSTws mean values are significantly different between
Schwalbenberg and Nussloch and between MIS 3 and MIS 2 (Supplementary
Table 1).

We should be aware that both methods give us a first approximation of climate
parameter estimates.

Wind dynamics model reconstructions. Wind and precipitation statistics are
derived from the instantaneous values of 10-metre winds and total precipitation
sampled at 6-hourly (synoptic) intervals from continuous 30 years output of the
respective atmospheric general circulation model products. For the present-day
conditions, we use the output of the ERA INTERIM reanalysis!®> at 1° by 1°
horizontal resolution covering the 1989-2018 period. Note that reanalysis pre-
cipitation data are based on forecasted fields. For the LGM conditions, we use
the output of the MPI-ESM-P model (simulation rlilp1-P, approx. 1.88° hor-
izontal resolution) participated in the Climate Model Intercomparison Project,
Phase 5 (CMIP5). MPI-ESM-P combines the coupled general circulation models
for the atmosphere ECHAMS6 and ocean MPIOM and the land surface model
JSBACH with vegetation cover prescribed to pre-industrial reconstructions!%.
LGM climate simulated in MPI-ESM-P compared well with to date available
proxy datal%’. Values are sampled in respective model grid cells without
interpolation.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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local laws.
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