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Synchronous vegetation response to the last
glacial-interglacial transition in northwest Europe
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The North Atlantic region experienced abrupt high-amplitude cooling at the onset of the
Younger Dryas stadial. However, due to chronological uncertainties in the available terrestrial
records it is unclear whether terrestrial ecosystem response to this event was instantaneous
and spatially synchronous, or whether regional or time-transgressive lags existed. Here we
use new palynological results from a robustly dated lake sediment sequence retrieved from
lake Hamelsee (north Germany) to show that vegetation change started at 12,820 cal. yr BP,
concurrent with the onset of changes in local climate. A comparison of the Hamelsee results
to a compilation of precisely dated palynological records shows instant and, within decadal-
scale dating uncertainty, synchronous response of the terrestrial plant community to Late-
Glacial climate change across northwest Europe. The results indicate that the environmental
impact of climate cooling was more severe than previously thought and illustrates the sen-
sitivity of natural terrestrial ecosystems to external forcing.
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amplitude changes in climate during the Last Glacial/

Interglacial Transition period (LGIT or Late-Glacial;
~15-11 ka BP!). The most prominent feature of North Atlantic
LGIT records is the millennial-scale Younger Dryas (YD) stadial,
characterised by abrupt cooling of summer temperatures by
2-8°C in Europe?. A range of different drivers have been pro-
posed to explain the transition to stadial conditions at the onset of
the YD, including disruptions to ocean circulation patterns due to
meltwater release from the Laurentide and Fennoscandian ice
sheets, changes in greenhouse gas concentrations, solar forcing,
high-scale volcanism, and the impact of an extra-terrestrial
object>~7. Whilst uncertainties remain regarding global climate
teleconnections during the LGIT, recent speleothem and ice core
results indicate that the onset of cooling is synchronous (within
decadal-scale dating uncertainty) across the North Atlantic region
and beyond®3?,

The large-amplitude cooling observed in northwest Europe at
the onset of the YD is known to have impacted terrestrial
vegetation!0-12 and the LGIT therefore provides a crucial period
to develop our understanding of ecosystem response to external
drivers such as climate change. However, our understanding of
the timing of regional LGIT ecosystem response to climate
change is hampered by chronological uncertainties in many of the
available terrestrial sediment archives!3. As an example, even the
Lake Suigetsu record from Japan, which has a high-resolution
radiocarbon dating strategy based on terrestrial plant macrofossils
encased in varved sediments, shows 2-sigma dating uncertainties
in the order of £50 years'4. Multi-decadal uncertainties preclude
the assessment of regional leads and lags in ecosystem response as
these can occur on a (sub-) decadal scale!>16. The use of a lower
dating-resolution or tuning of lake sediment proxy signals to
isotopic records from the Greenland ice cores, which allows
transfer of the Greenland Ice Core Chronology (GICCO05) time
scalel”-18, further precludes a precise and independent compar-
ison of available palaecoenvironmental data.

As a result of these dating uncertainties, conflicting theories
exist as to when and how fast ecosystems responded to climate
change at the onset of the YD. For instance, evidence from
Europe!? and Japan!4 suggests that vegetation and climate change
occurred synchronously across large parts of the globe, within
centennial-scale dating uncertainties. By contrast, other studies
suggest centennial-scale off-sets between vegetation change in
Europe and variations in the Greenland oxygen isotope records!®
or provide evidence for a time-transgressive palynological shift on
a N-S gradient across northwest Europe at the onset of the YD13.

Here we use high-resolution sedimentological, geochemical,
and palaeoecological proxy records derived from a robustly dated
lake sediment sequence retrieved from lake Hamelsee (north
Germany; Fig. 1) to reconstruct vegetation and environmental
dynamics across the LGIT (see Methods). The earliest changes in
the pollen spectra associated with the onset of the YD can be
observed at 12,820 +10 cal. yr BP concurrent with evidence of
local climate cooling. In order to constrain the timing of terres-
trial vegetation response to climate forcing across a wider region,
we compare our results to three other northwest European sites
that have high-resolution palynological datasets and robust
chronological frameworks that closely constrain the biostrati-
graphical boundaries (Meerfelder Maar, Hisseldala Port and
Krakenes). We revised or re-modelled the existing age/depth
models of these sites to enhance their accuracy and precision, and
redefined the biostratigraphical transitions at the onset of the YD
and the Holocene both visually and numerically. We specifically
focus on the identification of early shifts in taxa that can act as
‘canary species20:21, here defined as taxa that are most sensitive to
external forcing such as climate cooling and that therefore show

The North Atlantic region experienced abrupt and high-

the most rapid responses. For instance, canary species are taxa
that are at the edge of their spatial distribution or that are poorly-
competitive. The combined results indicate regional synchroneity
of terrestrial ecosystem responses to LGIT climate change
throughout large parts of Europe, illustrating the sensitivity of
natural terrestrial ecosystems to external forcing.

Results

The identification of five tephra-horizons*2 in the Hamelsee
sediment record (Haem13), combined with varve-counting and
AMS radiocarbon dating, provides an accurate and high-
precision chronology for the Hamelsee record (Supplementary
Table 1). The age/depth model for the Himelsee sequence shows
continuous sedimentation from 15,000 cal. yr BP onward, and has
decadal-scale chronological precision in the late Allered to early
YD interval where a floating varve chronology is anchored to the
absolute timescale using the Laacher See Tephra (LST) (Supple-
mentary Fig. 1) which itself is dated to 13,006 + 9yr®. The change
from laminated to homogenous sediments, the decrease in loss-
on-ignition values, as well as palaeoecological and geochemical
proxy signals all show evidence for high-amplitude climatic
change at lake Hidmelsee (Fig. 2) synchronous with the onset of
stadial conditions as observed in other European records®. For
instance, the decreased contributions of glycerol dialkyl glycerol
tetraether (GDGT)-0s produced by methanogenic archaea
observed in the Hamelsee record from 12,825 (12,835-12,815, 2-
sigma) cal. yr BP onward are potentially linked to higher levels of
oxygen which can be the result of an increase in windiness
facilitating lake mixing?3-24. At the same time, we observe early
changes in the chironomid fauna (e.g. increase in Microtendipes
pedellus-type; Supplementary Fig. 2) and the chironomid-inferred
July air temperature record shows an abrupt decline at 12,765
(12,775-12,755 cal. yr. BP (Fig. 2). The sedimentological and
geochemical evidence shows that these climatic changes directly
impacted the lake environment, e.g. through weaker thermal
summer stratification (disappearance of the varves) and increased
sedimentation rates. Simultaneously, we observe a cascade of
changes in the pollen spectra, most likely reflecting both changes
in pollen production by the present plant community as well as
subsequent regional vegetation change (Fig. 2).

The term “YD” has been used to define a climatic event, to
identify a lithostratigraphical, geochronological or biostrati-
graphical unit>?®, and has been frequently conflated with
Greenland Stadial-1!. Here, we use the term YD to indicate the
youngest biostratigraphical LGIT zone characterised by the
occurrence of sub-Arctic flora in northwest Europe. Biostrati-
graphical convention dictates that the onset of the YD biozone for
large parts of Europe is defined as the midpoint of change in the
LGIT pollen assemblages!2 toward a (sub-)arctic assemblage and
is typically identified using community indicators such as a
decrease in the total amount of Arboreal Pollen!21°. Similarly, the
onset of the Holocene is defined by the midpoint of the increase
in the total amount of Arboreal Pollen!21¢ as the pollen spectra
shift toward a birch-pine forest assemblage. We refer to these
definitions that use the midpoint of the biostratigraphical tran-
sition as the “sensu stricto” definitions, and apply this approach to
the onset of both the YD and of the Holocene (YDgg and HOLgg).
However, community response to environmental change will be
the combined total of the individual species’ responses and will
therefore be both more gradual as well as delayed relative to the
first changes observed in individual species records. Therefore, for
each site we also determined the early onset of change, defined by
the first change(s) in indicator taxa such as those at their dis-
tributional limits (YDep1y/ HOLeary). We determined the length of
each biostratigraphical transition by calculating the interval
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Fig. 1 YD palaeogeographic setting of northwest Europe. Hamelsee (triangle; HAEM) and other high-resolution palynological sites (circles; Krakenes
(KRK), Héasseldala Port (HASS), Meerfelder Maar (MFM)) are located on a N-S transect across northwest Europe. The maximum extent of the YD
Scandinavian Ice sheet (white), the YD coastline of the North Sea (red line), the Baltic Ice Lake (blue line), and the winter sea ice extent (yellow line) are

also shown'3.73,

between the early onset of change and the point at which a new
equilibrium in the pollen spectra was reached (YD.q/HOL,). The
exact dates for the early onset of change and the date when new
equilibrium was reached were determined visually as well as
numerically using piecewise linear regression2¢ (see Methods).
The first indications of vegetation change around lake
Hamelsee (YDeqry) can be identified at 12,820 (12,830-12,810)
cal. yr BP or 185 years after the Laacher See eruption (Fig. 2;
Supplementary Figs. 3 and 4; Supplementary Tables 2 and 3).
Whilst arboreal taxa only show minor changes in their percent-
abundances at this time, the Pollen Accumulation Rates (PARs)
of e.g. Salix and Juniperus show a dramatic drop. The major
decrease in Betula percent-abundances, typically used to identify
the onset of the YDgg, occurs at 12,800 (12,810-12,790) cal. yr BP,
some 20 years after the first changes in the pollen spectra as
identified in the Hiamelsee record, but predating the end of varve-
formation at 12,760 cal. yr BP. As the Betula pollen type likely
includes pollen of tree birch (e.g. P. pubescens) as well as dwarf
shrub (e.g. B. nana®?), it is hard to attribute the decrease in Betula
percent-abundances in the Himelsee pollen record to a specific
change in terrestrial vegetation. Subsequent drops in PAR
(12,780 cal. yr BP) and the end of the decrease in Betula percent-
abundances (12,755 cal. yr BP) predate the completion of the
transition into the YD, which we identify as the end of the
decrease in Salix and Pinus PARs at 12,730 (12,760-12,690) cal.
yr BP. The full transition from an interstadial pollen assemblage
to a stadial assemblage at lake Hédmelsee lasted ca. 90 years.
The increase in heliophilous taxa (e.g. Artemisia) across the
onset of the YD biozone indicates that terrestrial vegetation
became more open as the pine-birch forest thinned2”-28, This is

additionally reflected in the pXRF record as a sharp decrease in
the log(Fe/Ti) and log(Ca/Ti) signals as well as in the decreasing
LOI values, indicating a change to an unstable catchment with
increased sediment re-suspension and increased detrital sediment
influx (Fig. 2).

We re-modelled the chronologies for three other northwest
European sites that have high-resolution palynological datasets
with closely constrained biostratigraphical boundaries (Meer-
felder Maar, Hisseldala Port and Krakenes). We use the latest
radiocarbon  calibration curve’® and a tree-ring based
radiocarbon-derived date for the LST? to improve the precision of
dating at the onset of the YD at each of the sites. Our results show
synchronous initial vegetation change (Figs. 3 and 4) for each of
the sites on a N-S transect across northwest Europe (Fig. 1),
within the resolution of the archives. At Meerfelder Maar, a
decrease in PAR of, e.g., Betula (most likely P. pubescens*®) and
Pinus occurs at 155 years + 40 after the LST (YDcqr1y) and pro-
vides the first evidence of terrestrial ecosystem response to the
onset of stadial conditions. At Hasseldala Port, Empetrum shows
a decrease in percent-abundances at 12,865 (12,915-12,790) cal.
yr BP (YDeqny), and YD,y is observed at 12,820 (12,930-12,740)
cal. yr BP at Krakenes, suggesting synchronous (within multi-
decadal dating uncertainties of the various models; Fig. 4) onset
of vegetation change across northwest Europe. The dates for the
onset of vegetation change in northwest Europe are slightly
delayed when compared to the date for the onset of GS-1 in
NGRIP when expressed on the IntCal20 timescale at 12,909 cal.
yr BP (Fig. 3).

The age estimates for YDgg for each of our sites show slightly
larger variations. Whilst the YDgg at both Hiamelsee and MFM is
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Fig. 2 High-resolution palaeoenvironmental data for the Haem13 lake Hamelsee record, indicating synchronous and abrupt changes in the
palaeoenvironmental records at the onset of the YD and the Holocene. Chronological details and selected palaeoecological, geochemical and
sedimentological data: a Loss-on-ignition record (see Supplementary Fig. 1 for a detailed lithological column), positions of tephra horizons (black; see
Supplementary Table 1 for details) and varved sediment interval (grey); b Pollen percentages of selected taxa; € Pollen accumulation rates (PARs); d uXRF
elemental ratios; e Chironomid-inferred July air temperature (CI-T) with sample-specific error estimates; f GDGT-0 / Crenarchaeol ratio as a proxy for
windiness/lake mixing; g Biostratigraphical zonation follows the northwest European Late-Glacial zonation scheme: Boll = Bglling, OD = Older Dryas,
All = Allered, YD = Younger Dryas, Preb = Preboreal, Bor = Boreal. Horizontal grey lines demarcate zonal boundaries, except at the onset and end of the
YD, where the grey zones indicate the interval from the earliest changes observed in the pollen assemblages (YDeary and Holeary, resp) to the point where
a new state of equilibrium is reached (YD, Holeq) with the black line indicating the location of the transitions sensu stricto (YDss and Holss; see main text

for more information).

dated to 12,800 (12,810-12,790) cal. yr BP or 205 years after the
LST, estimates for Hasseldala and Krékenes fall several decades
later, at 12,755 (12,810-12,665) and 12,765 (12,840-12,700) cal.
yr BP, respectively (Supplementary Table 2). Dates for the end of
the transition vary more strongly, and, as a result, the duration of
the YD transition varies between sites. The two German sites
show abrupt transitions (duration 90-105 years) whereas the sites
from Scandinavia show more gradual transitions (155-240 years;
Fig. 4).

The pollen record of lake Hamelsee shows initial changes
associated with Holocene climate warming from 11,790
(12,030-11,615) cal. yr BP onward, when PAR of Empetrum
starts to decrease. The main change in the pollen diagram occurs
75 years later when Betula percent-abundances show an abrupt
increase. The age estimates for the start of the transition into the
Holocene vary notably between our sites, with the earliest start
dated to 11,890 (11,970-11,805) cal. yr BP (Hésseldala) and the
youngest to 11,640 + 40 varve yr BP (MFM; Figs. 3 and 4). The
dates for the onset of the Holocene sensu stricto vary between
11,740 and 11,520 cal. yr BP. The variable dates across the tran-
sition into the Holocene reflect larger uncertainties in the indi-
vidual age/depth models, which result from the absence of precise

4

chronological markers during this time interval. The non-linear
nature of changes in some of the records additionally hampered
the determination of points-of-change using numerical approa-
ches (Supplementary Table 3). Nevertheless, it is clear that the
duration of the YD/Holocene transition varies. It is relatively
short at Hamelsee (100 years) and at MFM (50 years), whereas it
is much longer at Hisseldala (220 years) and at Krakenes (710
years). We hypothesise that factors such as migration speed,
distance of refugia of thermophilic taxa and inter-species com-
petition contributed to the more gradual nature of the transition
in the Scandinavian sites.

Discussion

We observe that certain proxy records derived from the
Haem13 sediment sequence show synchronous shifts at the early
onset of the YD (e.g. pollen, GDGTSs) whereas other records show
a more delayed response when analysed at decadal timescales.
These minor offsets most likely reflect site-specific differences in
proxy sensitivity to climate forcing?! or proxy-specific responses
to changes to different parts of the local environment or different
components of the climate system, such as aridification prior to
cooling!®.
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Fig. 3 Summary records of terrestrial ecosystem change for sites on a
N-S transect across northwest Europe. Selected pollen taxa (%) are
shown for a Krakenes; b Hasseldala; ¢ Hamelsee; d Meerfelder Maar. Solid
vertical lines indicate the earliest onset of vegetation response to climate
change (YDeany and HOLe,qy bold/ dark blue circle), dashed vertical lines
(/blue circle) indicate the onset of the YD and Holocene sensu stricto
(YDss and HOLss) and dotted lines (/light blue circle) the point where a
new equilibrium was reached in the pollen spectra (YDeq and HOLg,). The
e NGRIP &80 record! with vertical lines showing the onset and end of GS-1
and f IntCal20 radiocarbon calibration curve?® are shown for comparison.
All data are plotted on the IntCal20 timescale in cal. yr BP, except for the
Meerfelder Maar record which is plotted in years relative to the LST datum
(see Methods for more details).

Minor offsets, mostly not exceeding the dating uncertainties,
also exist between the dates for the onset of vegetation change at
each of the sites we have compared (Fig. 3). These offsets can be
explained by differences in the sampling resolution for each of the
records, by the uncertainties in the age/depth models, and by
uncertainties related to proxy sensitivity.

The sites presented in Fig. 3 are among those from northwest
Europe that combine the highest chronological precision and the
highest-resolution palaeoenvironmental proxy analyses. However,
many other late-glacial palynological records are available for
mid-latitudinal Europe3?. Re-evaluation of existing age/depth-
models for further palynological sites across northwest Europe
using the revised LST date” as well as the latest radiocarbon
calibration curve?” confirms the synchroneity of shifts in vege-
tation across the region (Supplementary Table 4) and suggests
consistent immediate vegetation responses to regional climate
change. For example, when considering the revised age for the
LST, the timing of the onset of the YD biozone at sites in more
easterly locations, such as Rehwiese (northeast Germany)33,
overlaps with the onset of the YD at Hédmelsee. Similarly, reca-
librated age-models for sites from the Netherlands suggest
regional synchroneity in terrestrial ecosystem response at the
onset of the YD across northwest Europe. By contrast, the onset
of the YD at lake Goscigz (Poland) is later (12,620 cal. yr BP31:34)
than observed at the sites reported here, but uncertainty estimates
for the age/depth model of lake Gosciaz are relatively large at
+133/—231 year3>.

The four sites considered in this study show decadal-scale
vegetation succession at the onset of the Holocene. However, the
dates for the onset of the Holocene diverge between sites, likely
reflecting the difficulties of dating the interval around 11,500 cal.
yr BP. Only a few published sites have varve chronologies that
span this critical climate transition3>3¢ and radiocarbon dating is
hampered by a plateau in the calibration curve?® (Fig. 3). A recent
application of 19Be dating to an early Holocene interval of the
MFM record?’ shows great potential for achieving increased
chronological precision for early Holocene records, but the results
do not yet extend to include the onset of the Holocene.

Vegetation adaptation to climate change at the onset of the
Holocene shows complexity as different processes such as chan-
ges in pollen production by local vegetation, rapid colonisation
and extra-regional migration interact with delayed permafrost
melting!!. More sites with a high density of age determinations
and quasi-decadal pollen analyses across the YD/Holocene tran-
sition are needed to analyse the spatiotemporal complexity of
vegetation change in Europe and beyond more robustly.

Ecosystem resilience theory suggests that poorly-competitive
and slow self-replicating taxa are the first to disappear from a
community under increased external stress?%2!, When applied to
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Fig. 4 Timing of the onset of the YD and the Holocene in high-resolution
palynological sites. The onset of change for the YD and Holocene (dark
blue), the date for the YD and Holocene onset sensu stricto (blue) and the
end of the transitions (light blue) are given with 2-sigma uncertainty
intervals. All dates are given in cal. yr BP except for the Meerfelder Maar
ages for the onset of the YD, which are given relative to the LST, which is
indicated by the solid red line. All records show a synchronous onset of the
transition into the YD, with more abrupt transitions (shorter interval
between YDeany and YDg) visible for the German sites. The dates for the
onset of the Holocene are more variable, reflecting larger uncertainties in
the individual age/depth models. Note that the date for HOLq at Krakenes
extends beyond the plotted time interval.

terrestrial vegetation these so-called ‘canary species’ could include
those at the edge of their spatial distribution or those with
competitive disadvantages. For example, in the lake Hémelsee
record we observe that Empetrum acts as a canary species,
declining in abundance several decades before the onset of the YD
sensu stricto is observed. The different trends in Empetrum
abundance between Himelsee and, e.g., Hisseldala Port likely
reflect differences in soil and nutrient conditions. This illustrates
that whilst most sites will have canary species that react strongly
to initial changes in, e.g., climate conditions, the controls on
which species these will be and how they will behave, differ
strongly from site to site. By contrast, strongly competitive
‘keystone species’ will be more resilient to external pressure and
will only regress if pressure is sustained over longer periods or is
of a greater amplitude?!-38,

Plants exhibit lower pollen production in situations of climatic
stress>®, indicating that PAR records might be more sensitive
indicators of changes in external drivers than pollen-percentage
curves. We observe that for the Hiamelsee and Meerfelder Maar

records the arboreal PARs showed early and abrupt changes
across the Allerod/YD transition. For instance, Pinus PARs
decreased from ca. 8000 to 500 pollen cm~2 yr~! between 12,790
and 12,710 cal. yr BP at lake Hamelsee. Whilst Pinus might not
have immediately disappeared from the landscape, its pollen
production decreased prior to the local extinction of the taxon.
Similar results are shown for Den Treek (the Netherlands), where
Pinus pollen production and its ability to set fruit, decreased at
the onset of the YD, yet it took up to 70 years for pine to become
locally extinct0.

We therefore argue that for studies focussed on decadal-scale
climate teleconnections, or on the determination of leads and lags
in ecosystem response to climate change, the midpoint of change
in a palaeoecological record is inappropriate. Instead, we suggest
the identification of early changes in ‘canary species’, or a focus on
parameters that are known to respond near-instantaneously to
external drivers, such as PAR. Applying this approach to paly-
nological records from lake Hédmelsee as well as other key sites
from Europe has shown that the start of the transition into the YD
occurred several decades earlier than previously thought and
indicates that previous suggestions of a north-south time-trans-
gressive nature of vegetation change across Europe under LGIT
cooling are no longer supported. The observed dates for the onset
of the YD.,1, instead suggest that the impact of large-scale cooling
was regionally synchronous across northwest Europe, arguing for
abrupt and rapid vegetation response to climate forcing.

Methods

Site selection. Hiamelsee was selected as our primary research focus due to its key
location relative to climate drivers such as changes in North Atlantic circulation
patterns and westerlies. Previous work on the site indicated the presence of at least
two tephra horizons that could be used as chronological marker layers?’ and, given
its location, there was the potential to identify additional tephra horizons. The
presence of varved sediment intervals?” furthermore indicated the potential to
develop a robust chronological framework, and the relatively thick sediment
interval dated to the LGIT allowed for the opportunity to study LGIT ecosystem
change at high resolution. New sediment cores were retrieved from lake Hamelsee
(north Germany) during fieldwork in 2013 and the composite record is referred to
as Haem13 throughout this manuscript.

We provide a spatial context for the Hamelsee results by comparing them to
palynological records from northwest Europe that were selected based on (a) their
robust chronological control, utilising varve-counting, tephrochronology, or high-
resolution radiocarbon dating (or a combination of these approaches); and (b) the
presence of closely constrained biostratigraphic boundaries, together allowing the
assessment of spatial differences in timing and duration of terrestrial ecosystem
response. The additional lake sediment records were all obtained from small
lacustrine basins located on a north-south transect across northwest Europe and
have all previously been shown to respond sensitively to abrupt LGIT climate
change33641,

Finally, we re-evaluated age-estimates for the Allerod/YD transition for sites
across other parts of northwest Europe that did not meet the selection criteria
described above. There is a very high number of sites available that cover the
Allerpd/YD transition in detail. For instance, the Neotoma database (https://apps.
neotomadb.org/explorer) shows ca. 224 pollen records that contain the Allerod/YD
transition for northwest Europe (accessed: 21/09/2021). As it is not possible to
analyse such a high number of sites, the overview of sites included in
Supplementary Table 4 is not comprehensive. Instead, we focussed on those sites
that authors of this paper published on, for which we know a reliable date or age/
depth model exists, and for which the chronological data is available publicly.
Recalibrated radiocarbon ages are given as a 95% interval and are rounded to the
nearest multiple of 5 years.

Chronological frameworks—palynological records. All of our comparison sites
(Hamelsee, Meerfelder Maar, Hisseldala and Krakenes) have detailed chron-
ological frameworks allowing for the precise determination of the onset and end of
the YD. The age/depth-models are based on AMS radiocarbon (14C) dating, varve
counting and tephrochronology or a combination of these methods. We present an
age/depth model for the Haem13 core from lake Hiamelsee. We additionally make
several revisions to the existing age/depth models for the other sites to enhance
their accuracy and precision, allowing for a robust comparison of palynological
changes observed in the individual records.

Hdémelsee. A detailed cryptotephra investigation revealed the presence of eight
tephra horizons in the LGIT and early Holocene sediment interval of the
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Haem13 sequence from lake Himelsee?2. Five of the tephra layers could be reliably
correlated to known eruptions with published independent age estimates estab-
lished from radiocarbon dating programmes at other sites, which were here
updated using the IntCal20 calibration curve?® (Supplementary Table 2; Supple-
mentary Methods 1). Five samples were selected for AMS 14C dating from those
parts of the Hiamelsee record where no tephra horizons were available. Organic
material reflecting atmospheric 14C concentrations such as seeds and fruits from
terrestrial plants were hand-picked from the residue left after sieving, and dated in
the Oxford Radiocarbon Accelerator Unit (Supplementary Table 2). A varve
chronology has been established for an annually laminated sediment interval
(1610-1524 cm sediment depth) based on counting and sub-layer thickness
measurements on 10-cm-long thin sections using a petrographic microscope. The
floating varve chronology is anchored to the absolute timescale using the LST
identified between 1559 and 1557 cm depth?2. The varve chronology presented
here includes a total number of 825+ 5 varves—with the uncertainty estimate
derived from replicate counts by two independent examiners. A Bayesian age-
depth (depositional) model, “HaemChron21”, was constructed for the LGIT sec-
tion of the Hiamelsee record in OxCal v4.442. To allow for the range of age controls,
three connected P_Sequence model segments were run, applying outlier analysis, to
interpolate through: i. the Younger Dryas to Holocene section of the record from
1524.5 - 1370 cm, constrained with both 14C and tephra age estimates; ii. the
Allered into Younger Dryas floating varve section between 1610-1524.5 cm, with
varve ages calculated relative to the dated LST anchor point; and iii. the base of the
sequence at 1696 cm to the start of the varve sequence at 1610 cm depth, con-
strained only by 14C age estimates. Using the OxCal outlier analysis function, one
radiocarbon date was excluded from (down-weighted to a probability of 0) the
lowermost P_Sequence model, due to the apparent inclusion of young carbon in a
very small sample. All radiocarbon dates in the model were calibrated using the
IntCal20 calibration curve?®. Uncertainties for varve ages combine the estimated
varve counting uncertainty (+ 4 varves) with the uncertainty estimate for the LST
anchor point (+ 4.5 years at 1 sigma’, rounded to * 5 in the model). The full
HaemChron21 OxCal code is included in Supplementary Code 1.

Hisseldala and Krékenes. Lake Krakenes*14344 and lake Hisseldala!345 are key
sites in southern Scandinavia that combine a robust chronology with a range of
sedimentological and palaeoecological data to infer past climate and landscape
change across the LGIT. The existing age/depth models of lake Kréikenes and lake
Hisseldala are based on 118 and 49 AMS radiocarbon dates, respectively (Sup-
plementary Table 5). Bayesian modelling and the IntCall3 calibration curve were
used to develop the original age/depth models and here we re-ran the original age/
depth models using the latest IntCal20 calibration curve to provide the most
accurate age estimates possible. The age/depth models for lake Krakenes and lake
Hisseldala have been developed using OxCal v4.442, and OxCal code can be
accessed through the original publications (see Supplementary Table 5).

Meerfelder Maar. Large parts of the Holocene and LGIT intervals in the sediment
record of lake Meerfelder Maar are varved, and MFM is one of only three lakes
known in Europe with continuous annually laminated sediments preserved
throughout most of the Younger Dryas®®40. Human impact prevented varve pre-
servation in the youngest part of the record, and the floating MFM varve chron-
ology has been anchored to the absolute timescale using the Ulmener Maar Tephra
which has itself been varve-dated using the continuously laminated sediment
sequence from nearby lake Holzmaar3°. This approach resulted in an age-estimate
for the Vedde Ash of 12,140 + 40 varve yr BP47, which overlaps with a radiocarbon-
based modelled age estimate for the Vedde Ash of 12,102-11,914 cal. yr BP (95%
range)*® and the GICCO5 age of the Vedde Ash located in the NGRIP ice core, of
12,121 + 114 yr BP (converted from b2k)4°. However, the MFM varve-based age
estimate for the LST is 12,880 + 40 varve yr BP, which is significantly younger than
an age estimate of 13,006 + 9 cal. yr BP established through dendrochronological
analysis and !4C dating of tree trunks buried in the LST?. In our study we use the
LST age of 13,006 + 9 cal. yr BP?, rather than the age from the MFM study, in the
construction of the HaemChron21 chronology, as we believe that it represents the
most robust age for the tephra layer published to date. In support of the den-
drochronologically determined age® we note that it is in line with an estimate of the
LST age based on the 14C dates bracketing the LST in the MFM sequence®). A
Bayesian P_Sequence model of the LST age using the radiocarbon dates and depth
information from the 1996 MEFM sequence provides an age estimate of

13,017 +129 cal. yr BP (68% range; this study).

The MEM varve chronology suggests that ca. 740 varves occur between the LST
and the Vedde Ash (in contrast to ~900 years in the HaemChron21 chronology)
and assuming that the two tephra layers are preserved in-situ, we therefore meet a
problem in comparing the two archives based on their own chronologies. Adjusting
the entire MFM varve-chronology in a linear fashion, using the
dendrochronological LST age determination® would lead to erroneous dates for the
Vedde Ash and would suggest the existence of a hiatus in the MFM sequence,
which is not supported by any sedimentological evidence. In fact, there is excellent
replication of MFM’s ~200 varve year interval between the LST - YD onset,
reported from a suite of varved lake sediment sequence in Germany and Poland”!.
The consistency of the 200 year interval suggests that the origin of the offset
between Meerfelder Maar and Hamelsee chronologies falls within the first half of
the Younger Dryas. Therefore, to avoid re-calculating the age model for MFM

without secure evidence for any mode of adjustment, we here report the ages of
changes in the pollen spectra of MFM relative to the age of the LST (set as a datum:
LST = year 0) for the interval covering the Allerod/YD transition (Figs. 3; 4). A

reliable error estimate is difficult to determine for this interval, and we here use the
previously reported age uncertainty of + 40 yr for the entire MFM sequence®2>3.

Chronological frameworks—Greenland ice core records. To compare the timing of
events recorded in Greenland ice cores and radiocarbon dated records, we syn-
chronised the GICC05 and IntCal20 timescales using the Bayesian wiggle matching
approach®»>5. The method relies on wiggle matching periodic short-term solar
modulations integrated in GRIP and GISP2 10Be flux (on the GICCO5 timescale) to
AC estimates inferred from IntCal20 over the interval 11.5-13.5 ka®®. The 10Be
data were initially stacked and converted to Al4C variations using a Box-Diffusion
carbon-cycle model®” initialised with pre-industrial boundary conditions assuming
a constant carbon cycle. Prior to wiggle matching, the 19Be-based and IntCal A4C
records were bandpass filtered between cut-off frequencies of 1/100 and 1/500 years
to focus on the common solar-induced centennial changes in cosmogenic pro-
duction rates. Bayesian wiggle matching was performed on the filtered data using
moving time windows of 1000 years length at 20-year time steps, which allowed
estimates for leads/lags within +150 years applied to the ice core timescales relative
to IntCal20. The probabilities of each individual lead-lag measurement were
combined to obtain an overall timescale shift likelihood at each time step between
GICCO5 and IntCal20. The results show that, e.g., the onset of GS-1 in NGRIP is
12,846 yr (before 1950) when expressed on the GICCO5 timescale, and changes to
12,909 cal. yr BP when expressed on the IntCal20 timescale. The estimated time-
scale offsets are well within the stated uncertainties of the ice core timescales
(Supplementary Fig. 5) and in good agreement with previous results>>>%9,

Hidmelsee—pollen record. Palynological records allow for a detailed reconstruction
of vegetation response to external forcing and, among other things, provide
information on local to regional-scale vegetation change!®. Here we provide new
palynological results with a sub-decadal scale resolution across the major LGIT
transitions for lake Hamelsee.

Pollen samples were prepared for the Haem13 cores retrieved in 2013 following
standard procedures®?, as described in detail in Engels et al.!®. Contiguous 1-cm-
thick samples were selected across the major transitions visible in the
sedimentological records of the core, with additional pollen samples evenly
distributed across the other core sections. The final pollen record for lake Himelsee
includes 105 samples (Supplementary Fig. 3; Supplementary Table 5), and the
results are expressed as a percentage of the total pollen sum which includes trees,
shrubs and upland herbaceous taxa. Cyperaceae were excluded from the pollen
sum which averaged 472 pollen grains per sample (range: 307-849 pollen grains).
The dataset of pollen counts is available on PANGAEA®!,

Pollen accumulation rates (PARs) were additionally calculated for selected taxa
by first multiplying the number of encountered pollen grains by the ratio of the
number of added Lycopodium spores relative to the number of spores encountered
during the analysis. The resulting number was then corrected for the surface area of
the pollen sample and the number of years included in each sample (as derived
from the age/depth model). PARs are presented as the number of palynomorphs
cm~2 year— L.

Himelsee—other proxy indicators. The geochemical composition of the sediments
was determined on freshly split core sections using an Itrax X-ray fluorescence
(XRF) core scanner equipped with a Cr tube. Measurements were performed at
200 pm resolution during 20 s exposure time per step at 30 kV tube voltage and
40 mA tube current. The selected geochemical elements (Ti, Ca, Fe) are expressed
as log ratio (Log) to reduce matrix effects®?. We report here on the log(Fe/Ti) and
the log(Ca/Ti) ratios which we interpret to represent conditions around and within
the lake, with more negative ratios indicative of dynamic conditions, and more
positive ratios of more stable catchment and lake conditions®.

Loss-on-ignition was determined for consecutive 1-cm-thick samples across the
entire Late-Glacial and early Holocene period and for both core sequences
recovered from the lake during fieldwork in 2013. The LOI curve presented here
reflects all samples that are part of the Haem13 composite record, spanning
1695-1321 cm core depth (369 samples representing a decadal-scale sampling
resolution). Volumetric samples (1 cm?) where dried in an oven at 105 °C before
being placed in a furnace at 550 °C for 4 h. Loss-on-ignition was calculated by
comparing the weight of the sample before and after combustion at 550 °C and
expressed as a percentage®.

A total of 123 samples were analysed for subfossil chironomid remains and were
prepared following standard procedures®*. Chironomid head capsules were
identified using Brooks et al.>% and the dataset presented here has been matched to
the taxonomy of the merged Norwegian/Swiss chironomid-climate calibration
dataset®. This means that specimens that could not be identified beyond subfamily
or tribe level due to, e.g., missing mouth parts were excluded from the final dataset,
as were a small number of rare taxa that were present in the fossil dataset but
absent from the calibration dataset (e.g. Propsilocerus lacustris-type). As several
samples had low chironomid concentrations and sediment availability was limited,
we amalgamated adjacent samples (within lithological boundaries) with the aim of
reaching a minimum count sum of 50 head capsules per sample®. Our final
chironomid dataset contains 97 samples with an average count sum of 83 head
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capsules (range: 50.5-214.5). As temperature was believed to be the primary driver
of changes in the fossil dataset, a combined Norwegian-Swiss dataset®®, consisting
of 274 lakes, was used to quantitatively infer past July air temperatures (Tj,) from
the chironomid data. As many of the fossil specimens of the genus Paratanytarsus
were missing mouthparts essential for identification beyond genus level, we
amalgamated the taxa P. austriacus-type and P. penicillatus-type as included in the
calibration dataset to the generic taxon Paratanytarsus spp. The reconstruction is
based on a 2-component weighted averaging-partial least squares (WA-PLS)
regression model, with outliers (as specified in the original publication) removed
prior to analysis. The inference model has a cross-validated (1000 bootstrap cycles)
2poot Of Observed versus predicted temperatures of 0.86, a root-mean-squared error
of prediction of 1.46 °C and a maximum bias of 0.95 °C. Sample specific error
estimates were calculated using bootstrapping (999 cycles).

A total of 94 samples were processed using a Dionex 350 accelerated solvent
extraction (ASE) system. The extracts were separated into an aliphatic, aromatic
and alcohol/fatty acid fraction by solid phase extraction (SPE) using the manual
method described in Rach et al.”. In brief, this was achieved by loading the extracts
on activated silica columns and eluting the samples successively with hexane,
hexane/DCM (4:1 v/v) and DCM/MeOH (9:1 v/v) for each fraction, respectively.
To analyse the glycerol dialkyl glycerol tetraether lipid content, a known amount of
Cy6 GTGT standard was added to the alcohol/fatty acid fraction of the extracts
before measurement68. The fraction was then dried under N,, redissolved in
hexane:isopropanol (99:1) and passed over a 0.45 um PTFE filter prior to analysis
with an Agilent 1260 Infinity ultra-high performance liquid chromatograph
(UHPLC) coupled to an Agilent 6130 single quadrupole mass spectrometer (MS),
with source settings according to Hopmans et al.%. The GDGTs were separated
over two silica Waters Acquity UPLC BEH HILIC columns (1.7 pm, 2.1 mm X
150 mm) held at 30 °C, preceded by a guard column packed with the same material.
The GDGTs were eluted isocratically for 25 min using 82% hexane (A) and 18%
hexane:isopropanol (99:1) (B), followed by a linear gradient to 70% A and 30% B
for 25 min, and then to 0% A and 100% B in 30 min with a constant flow rate of
0.2 ml/min. Single ion monitoring of the [M + H]™" ions was used to detect the
GDGTs. Quantification was achieved by comparing the peak area of each GDGT to
that of the internal standard, thereby assuming equal response of the MS for the
GDGTs and the internal standard.

We calculated the GDGT-0/Crenarchaeol ratio which we use as an indicator of
lake water oxygenation and/or windiness. High values of GDGT-0/Crenarchaeol
(i.e., higher than 2.0) in lake ecosystems are often associated with relatively high
abundances of methanogenic Euryarchaeota?32?4. A state with increased
contributions from methanogens is typically linked to lower levels of oxygen in the
lake water related to reduced mixing of the water column.

Northwest European pollen records. Whilst a high-resolution pollen-record was
already available for lake Meerfelder Maar?®, a recent study'® increased the sam-
pling resolution across the Allerad/Younger Dryas transition to infer in high detail
vegetation changes during this time interval. As taxonomical differences between
the different datasets were very minor, we created a composite LGIT pollen record
for Meerfelder Maar containing the Allered/YD samples of Engels et al.!® and the
mid-to late-YD samples from Litt & Stebich28, (Supplementary Table 5). The final
dataset consists of 163 samples and has an average sampling resolution of 15 yr
sample 1.

We used the originally published dataset for Hasseldala?, as well as an updated
version of the Krakenes dataset*!, which has an increased sampling resolution
across the transition zones*470. More details for each dataset are provided in
Supplementary Table 5.

Palynological sampling resolution differs between our selected sites. The
Hémelsee, Hasseldala and Krékenes records have an average sampling density of
35-60 years per pollen sample (Supplementary Table 5) although increased
sampling resolutions around the LGIT transitions mean that for these parts
sampling density generally is higher at 20-40 yr per sample (Supplementary
Table 5). The Meerfelder Maar record has a much higher number of pollen
samples, allowing for sub-decadal analysis of vegetation change during the
transitional periods.

Determination of points-of-change. In the first instance, the datasets were checked
visually to identify ‘canary species’ as well as the early, sensu stricto and equilibrium
dates in the selected records (see Supplementary Table 2 for results). We applied
piecewise linear regression (PLR) to these selected taxa to verify our visual inter-
pretation by analysing the data using the segmented package2® in R7!. We provide
the R code in Supplementary Code 2. Aside from climate, drivers of the terrestrial
flora varied based on time-interval and site. For instance, at Meerfelder Maar there
were indications of the effects of the Laacher See eruption on the local vegetation
ca. 200 yr prior to the onset of the YD72, whereas in Krakenes delayed vegetation
response to climate warming at the onset of the Holocene resulted from processes
such as the migration lag of tree birch*!. We therefore selected bespoke time

intervals for each run in R and report the results in Supplementary Table 3, where
we show that in 10 of 16 instances (63%) the results between visual establishment
of boundaries and statistical analyses were identical (here defined as breakpoints
falling between the same pair of datapoints). For another 4 instances, the difference
between the visually established transition and the PLR result was only one or two

samples (25%), i.e. of a decadal scale. The latter was most likely due to the fact that
PLR assumes linear trends exist in the data, whereas in reality the transitions at
times showed a more gradual onset of change followed by a more abrupt transition;
in these cases, PLR struggled to pick up the earliest point of change. In only 2
instances PLR was not able to establish points of change, which was most likely due
to a combination of low data resolution and a non-linear trend in these records. To
ensure consistency, we report the visually established transition dates (Supple-
mentary Table 2) in the manuscript.

Data availability
The pollen data generated for the Haem13 cores that support the findings of this study
are available in the PANGAEA repository (PDI-939693).

Code availability
The HaemChron21 OxCal code is included in Supplementary Code 1. The R code used
for point-of-change estimation is included in Supplementary Code 2.
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