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1. Introduction

ABSTRACT

The evolution of temperatures during the Holocene is controversial, especially for the early Holocene.
The occurrence of the Holocene Thermal Maximum (HTM) during the early Holocene has recently been
reconsidered and seasonal biases have been suggested in the paleoclimatic proxies. High regional vari-
ability and a low number of reliable and continuous quantitative reconstructions compared with the
oceanic realm further complicate study of the Holocene climate in the continental realm. We analyzed
branched glycerol dialkyl glycerol tetraethers (brGDGTs), an organic paleothermometer, and palyno-
logical signals as part of a multiproxy analysis of the sedimentary record from Lake St Front, in the Massif
Central (France). Identification of a shift in brGDGT sources through the Holocene required removing
terrigenous influences from the temperature signal. BrGDGT- and pollen-inferred paleotemperature
reconstructions (based on the Modern Analog Technique and the Weighted Averaging Partial Least
Squares method) were compared. Both showed a thermal maximum during the early Holocene followed
by a decrease of temperatures. We evaluated biases which could potentially influence the reconstructed
signal. There was no evidence for a summer temperature bias either for brGDGT-derived temperatures or
for pollen-derived temperatures. The Lake St Front data, in agreement with other regional records,
confirm the occurrence of the HTM as a general warm period during the early Holocene followed by mid-
Holocene cooling in Western Europe and suggest that seasonal biases are not the main explanation of the
Holocene conundrum — the disagreement between model simulations and proxy-based temperature
reconstructions for the northern hemisphere.

various proxies reveal significant changes in temperature and/or
moisture balance over the entire period at millennial and centen-

The current interglacial, the Holocene, starting about 11.7 kyr BP,
is a period of relative climatic stability compared to the large-scale
climate variability occurring during glacial-interglacial transitions
(e.g., Mayewski et al., 2004; Rasmussen et al., 2014; Rehfeld et al.,
2018). Nonetheless, paleoclimatic reconstructions obtained from
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nial scales (e.g., Bond et al., 2001; Davis et al., 2003; Roberts et al.,
2011; Wanner et al., 2011; Magny et al., 2013). Many studies suggest
the occurrence, in the northern hemisphere, of an early Holocene
warm period between ~10 and 6 kyr cal BP: the Holocene Thermal
Maximum (HTM). This HTM was followed by a global cooling trend
during the mid and late Holocene (e.g., Mann et al., 2009; Renssen
et al., 2012; Marcott et al., 2013; PAGES 2k Consortium et al., 2013;
Wanner et al., 2015). However, this trend contradicts the expected
and simulated warming trend caused by the retreat of the large
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glacial ice sheets in North America and Eurasia (e.g., Liu et al., 2014;
Zhang et al., 2018). This retreat continued for several millennia after
the Younger Dryas/Holocene transition (Peltier, 2004) and was
associated with albedo modifications and a rise in atmospheric
greenhouse gases (e.g., Liu et al, 2014). Marsicek et al. (2018)
proposed a pollen-based paleoclimate reconstruction for North
America and Europe based on numerous records. In this recon-
struction, the summer temperature presented an early HTM and a
subsequent decrease in response to summer insolation fluctua-
tions, while the mean annual temperatures show a continuous
warming trend until 2 kyr cal BP. In this study, the HTM appears to
reflect a bias towards a summer signal. Qualitative temperature
records from Eurasia (Baker et al., 2017) and quantitative temper-
ature reconstructions from Eastern Russia (Meyer et al., 2017)
support the warming trend through the Holocene evidenced by
Marsicek et al. (2018). Several discrepancies between proxy-
inferred climate reconstructions and model outputs persist and
suggest: i) large regional heterogeneities (Davis et al., 2003;
Kaufman et al., 2004; Jansen et al., 2007, 2008; Renssen et al., 2012;
Peyron et al., 2017; Marsicek et al., 2018); ii) different trends
depending on the season considered (Mauri et al., 2014, 2015;
Rehfeld et al., 2016; Marsicek et al., 2018); iii) seasonal biases in
proxies (Marcott et al., 2013; Liu et al., 2014; Rehfeld et al., 2016;
Samartin et al., 2017; Marsicek et al., 2018; Hou et al., 2019); iv)
under-estimation of some forcing factors by models (mineral dust,
Liu et al., 2018, or deglaciation, Renssen et al., 2009), and v) biases
in the climate sensitivity of current climate models (Liu et al., 2014;
Mauri et al., 2014; Zhang et al., 2018). Therefore, climate changes
during the Holocene at local, regional and global scales remain an
area of active research and debate. This suggests a need for devel-
opment of new quantitative climate proxies and multiproxy ap-
proaches that can help identify the potential biases of currently
used proxies and improve the reliability of each proxy-inferred
climate record.

At a millennial scale, prominent climate events and secular cli-
matic oscillations have been identified in the northern hemisphere
(e.g., Alley et al., 1997; Magny, 2004; Mayewski et al., 2004;
Fleitmann et al., 2008; Combourieu-Nebout et al., 2013; Peyron
et al., 2013) and correlated to the Bond events in the North
Atlantic (Bond et al., 2001). Continental archives generally offer
better resolution than oceanic records allowing for the resolution of
secular time scales and reflecting the spatial heterogeneity of cli-
matic and environmental changes. Continental archives are, how-
ever, rarely continuous over long time periods (Alley et al., 1997;
Hoek and Bos, 2007; Fleitmann et al., 2008). Only a few long and
continuous quantitative reconstitutions of climatic parameters
(such as temperature or precipitation) are available for Western
Europe (e.g., Moreno et al., 2014). Therefore, the continental
response to these abrupt climatic events needs to be clarified.

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) have
provided new perspectives on continental temperature re-
constructions. These ubiquitous membrane-spanning lipids are of
bacterial origin and their producers are mostly unknown except for
subdivisions of Acidobacteria (Weijers et al., 2006a, 2009; Sinninghe
Damsté et al., 2011, 2014, 2018). They have been identified in a wide
range of environments like soils, paleosoils, loess, coastal marine and
lake sediments (e.g., Schouten et al., 2000; Hopmans et al., 2004;
Weijers et al., 20064, 2007a; 2007b; Sinninghe Damsté et al., 2008;
Huguet et al.,, 2010; Loomis et al.,, 2011). Branched GDGTs from
terrigenous sources are transported, via soil erosion and runoff, to
aquatic systems and accumulate in the sediments where they can be
preserved (e.g., Hopmans et al., 2004). The signal recorded in lake
sediments thus reflects the conditions of the catchment basin and its
changes. BrGDGTs have a wide diversity of structures allowing
brGDGTs producers to modify the composition of their cellular

membrane lipids to adapt their functionality to specific environ-
mental parameters (e.g., Weijers et al., 2007b). Based on the relative
distribution of the distinct forms of brGDGTs in soils, indices have
been defined. The Cyclization ratio of Branched Tetraethers (CBT) is
related to soil pH and the Methylation index of Branched Tetraethers
(MBT) is related to the Mean Annual Air Temperature (MAAT) and soil
pH (Weijers et al., 2007b; Peterse et al., 2012). The MBT/CBT-proxy is
increasingly used to reconstruct past temperatures as a quantitative
paleothermometer (e.g., Niemann et al., 2012; Sanchi et al., 2014;
Watson et al., 2018). The first global calibration was established by
Weijers et al. (2007b). Since then, numerous calibrations have been
developed. De Jonge et al. (2013, 2014) improved the chromatog-
raphy techniques, allowing separation of the 5-, 6- and 7-methyl
isomers of hexa- and pentamethylated brGDGTs (Ding et al., 2016).
They defined new indices and established new calibrations. Lake
sediment studies have involved the development of specific cali-
brations (Bendle et al., 2010; Blaga et al., 2010; Tierney et al., 2010;
Sun et al., 2011; Zink et al., 2016; Russell et al., 2018). Most of these
studies demonstrated that in situ production in the water column or
in the sediment could occur, potentially biasing the results obtained
(Tierney and Russell, 2009; Loomis et al., 2011; Tierney et al., 2012;
Wangetal.,2012a; Buckles et al., 2014a, 2014b). However, soil organic
matter inputs can be tracked and potentially corrected (Hopmans
et al., 2004; Sinninghe Damsté, 2016; Xiao et al., 2016).

Pollen data are often used as a proxy to quantitatively recon-
struct climate changes, especially during the Holocene (e.g., Peyron
et al,, 2011, 2013; 2017; Mauri et al., 2014; Guiot and Kaniewski,
2015; Tarroso et al., 2016; Bini et al., 2019). Modern pollen data
are related to their present climatic parameters, and the derived
relationship is applied to the fossil pollen samples. Several methods
exist for quantitatively reconstructing past climates from pollen
data. Assemblage approaches, such as Modern Analog Technique
(MAT; Overpeck et al., 1985; Guiot, 1990) are based on similarity
calculation and consist of selecting a set of modern pollen assem-
blages that most closely resembles each of the fossil pollen as-
semblages. Mathematical transfer functions such as the Weighted
Averaging Partial Least Squares method (WAPLS) developed by ter
Braak and Juggins (1993) are based on statistical calibration.
However, new methods based on pollen data and vegetation
modelling have also been recently developed and allow consider-
ation of the direct effect of CO2 on vegetation and climate changes
(Guiot and Kaniewski, 2015; Wei et al., 2019). Reconstructions of
temperature variations in Europe during the Holocene derived
from brGDGTs are uncommon and comparison between pollen-
and brGDGT-inferred temperatures are rare (Holtvoeth et al., 2017;
Miller et al., 2018; Watson et al., 2018).

In this study, we considered the Lake St Front, a maar lake
located 1230 m above sea level in the eastern Velay region (Massif
Central, France), at the convergence of Atlantic and Mediterranean
climatic influences. This lake provided one of the key paleoclimatic
records for Western Europe covering the entire last glacial/inter-
glacial cycle and the end of the Marine Isotope Stage (MIS) 6 (Vlag
et al, 1997). The Massif Central has been widely explored for
palynological studies and has provided key long sequences such as
the lac du Bouchet, which covers the last four climate cycles (e.g., de
Beaulieu et al., 1984, 1988; Reille and de Beaulieu, 1988, 1990; de
Beaulieu and Reille, 1992; Reille et al., 1992). In the Massif Cen-
tral, the environmental changes that occurred during the late-
glacial and early Holocene have been particularly well docu-
mented by multi-proxy approaches (e.g., Gandouin et al., 2016;
Ponel et al., 2016).

Here, we introduce a well-dated Holocene pollen record and
two new Holocene paleotemperature reconstructions based on
pollen assemblages and brGDGTs from Lake St Front. In a previous
study, we compared the brGDGT distributions of catchment and top



sediment samples and concluded that the brGDGTs present in lake
sediments originated from both soils and in situ production in the
lake (Martin et al., 2019). The =Illa/=lla ratio (Xiao et al., 2016)
appeared to be the only tool able to distinguish the source of
brGDGTs in our setting and, when applied to the entire core,
revealed a gradual change from aquatic to terrigenous source
(Martin et al., 2019). These source changes precluded direct appli-
cation of MBT/CBT calibrations and inference of past temperatures.
In this study, based on the brGDGT analysis in Lake St Front, we
established a binary mixing model to correct the signal from
terrigenous inputs and infer the evolution of temperatures over the
Holocene. We compared this record with the paleotemperatures
derived from the pollen assemblages of the Lake St Front record
using a multi-method approach (Modern Analog Technique and
Weighted Averaging Partial Least Squares Regression) and dis-
cussed similarities and differences between the records. We then
compared these new data to other regional and global temperature
reconstructions in order to (1) evaluate potential biases, especially
seasonal biases associated with the reconstructions based on
brGDGTs and pollen; (2) determine if our records corroborate the
occurrence of a Holocene Thermal Maximum in the Massif Central;
(3) detect the local expression of abrupt climate changes identified
on a hemispheric scale during the Holocene.

2. Material and methods
2.1. Lake St Front and modern climate setting

Lake St Front lies on the Meygal-Mézenc plateau in the eastern
Velay in the Massif Central, France (44°58' lat N; 4°10’ long E;
1234 m, Fig. 1A). The lake occupies a sub-circular crater (maar) cut
through Quaternary basalts by a phreatomagmatic explosion
(Mergoil, 1987; Teulade et al., 1991). The lake diameter is 600 m and
its maximum depth is 6 m (Fig. 1B). The lake catchment area is
small (1.5 km?). The lake is supplied by rainfall and runoff and by
aerial and sub-lacustrine springs connected to the local water table
(Mergoil et al., 1993). It is a eutrophic lake with a high potential for
organic matter preservation. A small artificial outlet at the south-
western shore of the lake constrains the present lake level. The
surroundings are dominated by coniferous and deciduous forests
(with Pinus sylvestris and Quercus pubescens dominant; Carles,
1956), grassland used as cattle pasture with numerous streams
and a peat bog (Fig. 1B).

Modern climatic parameters were obtained from the instru-
mental database of Météo-France (https://donneespubliques.
meteofrance.fr) at the nearby station of Mazet-Volamont
(1130 m) located 11 km distant, for the period 2009—2017, and
for longer data series, at the stations of Saint Julien Chapteuil
(distance 9 km, altitude 810 m, period 1995—2017) and Le Puy en
Velay (distance 22 km, altitude 833 m, period 1981—2010, Fig. 1C).
Temperature values were corrected using a lapse rate of 0.6 °C/
100 m. Mean annual temperatures vary between 6 and 9 °C with a
mean value of 7 °C. Mean temperatures are 1 °C and 15 °C for
winter and summer respectively, while daily maximum tempera-
ture can exceed 25 °C. The lake is generally frozen during at least
three months each year (Fillod, 1985). The average annual amount
of precipitation is about 1000 mmy/year and the two wettest sea-
sons are autumn and spring. Rainfalls are fed by humid air masses
pushed by winds from the Atlantic Ocean and from the Mediter-
ranean basin. Snowfalls are particularly important on the Eastern
Velay plateau and occur on more than 50 days per year.

2.2. Sampling and core characteristics

Two coring campaigns were conducted in Lake St Front. In 1991,

three long piston core sequences, SFA (45 m), SFB (60 m) and SFC
(22 m), were recovered in the central part of the lake (SF91 in
Fig. 1B, Sup Table 2). In 2016, two new cores SF16-2 (19 m) and
SF16-3 (13 m) were retrieved during a second campaign (SF16 in
Fig. 1B, Sup Table 3). The water-sediment interface was also
sampled with a 60 cm gravity core in the central part of the lake as
well as at different locations near the shore (Fig. 1B, Table 1, Sup
Table 3). Soils (2—5 c¢m depth), upper sediments of catchment
streams (0—2 cm depth) and surface sediment in the shoreline
were also sampled all around the lake (Fig. 1B, Table 1, Sup Table 3).

Correlations between all cores relied on low field magnetic
susceptibility measured at 2 cm resolution using a Bartington
susceptibilimeter MS2 connected to a MS2C probe 90 mm diameter
on the field. The magnetic susceptibility profiles allowed con-
struction of a continuous composite sequence from SFB and SFC
with SF16-2 and -3 filling the sedimentary hiatus identified in the
1991 cores corresponding to the late Glacial and the Holocene onset
(Andrieu et al., 1995; Vlag et al., 1997). The present study focused on
the upper 13 m of the composite sequence and the first 11.75 m of
SFA. The Holocene part of the sequence is composed by organic
“gyttjas”, an accumulation of vegetable fibers formed by autoch-
thonous OM and soil degradation products packed in a relatively
porous and gas rich clayey matrix (Rhoujjati, 1995).

The age model based on 2!°Pb and 30 C measurements until
40.5 ka was previously discussed and published by Martin et al.
(2019).

2.3. BrGDGT analysis

Branched GDGT analyses were carried out every 10 cm on
samples stored frozen. Sediments were freeze-dried then
powdered. Surface samples and soils were sieved prior to being
powdered to remove macro-remains and roots. Total lipid extracts
were obtained from 1 to 2 g of each sample using the accelerated
solvent extraction method (ASE 350 Dionex system) with
dichloromethane (DCM):methanol (MeOH) (9:1 v:v) at 120 °C and
80—100 bar. The lipids were then separated using Al,03 columns
and hexane:DCM (1:1 v/v) to elute the apolar fraction, then
MeOH:DCM (1:1 v/v) for the polar fraction (Sanchi et al., 2013).
Analyses were performed on polar fractions with high-
performance liquid chromatography/atmospheric pressure chemi-
cal ionization-mass spectrometry (HPLC/APCI-MS) using an Agilent
1260 Infinity HPLC coupled to an Agilent 6120 quadrupole mass
spectrometer following the new method described in Hopmans
et al. (2016) with the modifications of Davtian et al. (2018). The
analyses were conducted at the CEREGE (Aix-en-Provence, France).

Each sample was run at least in duplicate. To determine the peak
areas of each GDGT, we used the Agilent Chemstation chromatog-
raphy management software which allows manual integration of
the peak areas of [M + H]" ion traces of GDGTs (1292.3, 743.7,
1050.0, 1048.0, 1046.0, 1036.0, 1034.0, 1032.0, 1022.0, 1020.0, 1018.0
according to Davtian et al., 2018; Sup Tables 2 and 3). The relative
response factor (RRF; Huguet et al., 2006) was inferred by running
mixed samples of C46 and GDGT-0 (caldarchaeol, 1:1). A sample of
surface sediments from Lake St Front was used as an external
standard and run at the beginning and the end of each batch to test
the process reproducibility and to detect instrument drift.

For all of the statistical tests we used PAST software (ver. 3.04;
Hammer et al., 2001).

2.4. Calculation of brGDGT-based indices
The =llla/=Ila ratio was determined to identify brGDGT sources

following Xiao et al. (2016) with the modifications of Martin et al.
(2019):
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The definitions of Weijers et al. (2007b), Peterse et al. (2012) and
De Jonge et al. (2014) were used to calculate MBT, MBT’, MBT'5pe
and CBT indices with the modification of De Jonge et al. (2014)
including the 6-methyl (6-Me) forms denoted as X'. We included
the 7-methyl (7-Me) forms found by Ding et al. (2016) represented
as X7:

MBT = la + Ib + Ic/=brGDGTs 2)

, la+1Ib+Ic

MAAT =3.949 — 5.593 x CBT + 38.213 x MBT
=0.73,RMSE = 4.27°C

n = 100, R?

(6)

the soil calibration of Peterse et al. (2012):

MAAT = 0.81 — 5.67 x CBT + 31 x MBT n = 176,R?
= 0.59, RMSE = 5°C (7)

and the lacustrine calibration of Russell et al. (2018):

T latIb+Ic+la+1a + g + b+ 1Ib + llc+ I + Ma+ 1a + 1a’ + 1lay

;o la+1b+Ic
MBT sme = {3516 1 ic 1 Tia 1 1ib  fic 1 fiia 4)
CBT= — log(Ib+1Ib +1Ib’ / la + Ila+ 113’ + Ilay) (5)

To calculate the mean annual air temperature (MAAT), we tested
the lacustrine calibration of Sun et al. (2011):

3)

MAAT = — 12143242 x MBT'spe 1 = 65, R?
= 0.92, RMSE = 2.44°C (8)

The analytical reproducibility was obtained by running an
external standard several times (n=16). The values were 0.003 for
the MBT and MBT indices, 0.006 for the MBT'5)e index, 0.01 for the
CBT index and 0.2 °C for MAAT calculated with the Sun et al. (2011)
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and Russell et al. (2018) calibrations, and 0.1 °C for MAAT calculated
with the Peterse et al. (2012) calibration.

2.5. Pollen-inferred temperature reconstructions

We used here the pollen analyses conducted on 106 samples
from the SFA profile (Martin et al., 2019 and Fig. 3, Sup Table 4) to
provide the St Front climate reconstruction. A multi-method has
been adopted to improve the reliability of the temperature re-
constructions (Peyron et al., 2013).

2.5.1. Method 1: Modern Analog Technique

Pollen-inferred temperature reconstructions were conducted
using the Modern Analog Technique (MAT) (Guiot, 1990). This is an
assemblage approach, which consists of selecting the set of modern
pollen assemblages that most closely resembles each fossil pollen
assemblage. Comparing them in terms of taxa composition and
abundance assesses the resemblance between modern and fossil
pollen assemblages. Their (dis)similarity is quantified using
squared-chord distances in order to reduce the influence of the few
relatively abundant taxa in the samples. Once a set of modern
samples has been selected as analogs, climatic parameters are
attributed to each fossil sample as the weighted average of the
modern samples climate. The weights used are the inverse of the
chord distance, which allows the most similar analogs to have the
greater influence on the climate estimates obtained. The number of
analogs chosen in this study was 8, using a leave-one-out cross-

validation test. The method is based on a large data set of modern
pollen samples (3190), mostly located in Europe, Siberia and the
Mediterranean region (Peyron et al., 2017). We used here the basic
Modern Analog Technique, i.e. without a plant functional type
(PFTs) transformation (Mauri et al., 2015) and without the appli-
cation of constraints such as lake-levels or biome for the analogs
selection (Guiot et al., 1993). The plant functional type trans-
formation is strongly dependent on the accuracy of the PFTs-taxa
assignment and the biome constraint is mainly used to distin-
guish cold and warm steppe vegetation which was not relevant to
this study.

2.5.2. Method 2: Weighted averaging partial least squares method
In contrast to the MAT based on a comparison of past assem-
blages to modern pollen assemblages, the Weighted Averaging
Partial Least Squares (WAPLS) developed by ter Braak and Juggins
(1993) requires a statistical calibration. The WAPLS is a transfer
function which assumes that the relationship between pollen per-
centages and climate is unimodal. The modern pollen data set (the
same as with the MAT: 3190 modern pollen assemblages) is
considered as a large matrix with n dimensions, corresponding to
each of the pollen taxa within the data set. WAPLS operates by
compressing the overall data structure into latent variables. Several
taxa are directly related to the climate parameters of interest. To
avoid co-linearity among the taxa, the matrix is reduced to a
smaller number of components based on both linear predictors of
the parameter of interest and the residual structure of the data



Table 1
Results of the different calibrations on the catchment samples and top sediments of Lake St Front. n=18 for catchment samples and n=7 for core-tops.

Sample Sample MAAT Sun MAAT MAAT Tgrowth MAAT MBT's5pe De MAAT Ty, De MAAT Index 1 De MAAT MAAT mrsoilNaafs
name provenance etal. (2011) Loomis et al. Russell et al. Dang et al. Jonge et al. (2014) Jonge et al. Jonge et al. (2014) Peterse et al. et al. (2017)
(2012) (2018) (2018) (2014) (2012)
Soils
S1 a Coniferous 11.4 13.8 125 144 54 4.7 24 4 24
b forest 10.7 133 11.7 134 4.9 4 2 35 2
S2 a Deciduous 8.6 115 109 144 2.8 3.2 0.5 2.2 0.9
b forest 103 13.2 12.8 16.3 4 5 2 3.6 25
S3 a Grassland, 11.6 13.6 109 11.1 6.1 3.2 33 3.6 2.7
b peaty 12 13.6 119 131 6.1 4.1 2.7 34 2.7
S4 Peat bog 12.8 12.8 11.6 114 7.3 3.8 5.7 39 4
S5 Grassland 11.2 14 12.2 12.8 53 44 2.6 41 2.6
S6 12.2 141 133 12.5 6.3 5.5 4.1 5.1 3.7
S7 Marsh 13.3 15.8 12.2 11.8 7.5 4.5 4.9 4.4 4.2
Streams
R1 a Grassland/ 11.2 13 10.8 9.5 5.9 3 4.3 39 32
b forest 10.6 12.2 103 8.7 5.4 2.6 4.2 3.7 3
R2  a Grassland/ 11.8 13.7 11.8 10.6 6.2 4.1 4.5 43 3.8
b forest 12.6 15 12.2 10.7 6.9 4.5 4.9 45 4.2
R3 a Grassland 11 111 111 9.2 5.8 34 53 43 3.7
b 11.5 115 10.5 8.5 6.4 2.8 5.8 39 4
R4 Grassland/ 11.3 11.8 11.5 9.4 5.9 3.8 4.8 43 3.7
forest
R5 Grassland/ 12.9 111 11.8 12.7 7.3 4 4.1 39 34
peat bog
Top sediments
D1  a Shoreline 7 8.6 8.8 5 2.2 1.1 2.8 34 2
b 8.2 8.8 10.2 6.3 34 25 4.5 49 3.2
F Near forest 7.6 7.5 8 49 3.2 0.4 4.5 3.9 3.1
shore
P Near peat 7.8 73 7.7 5 34 0.1 4.8 3.6 33
bog shore
0] Near outlet 7.5 6.9 7.5 49 3.1 -0.1 4.6 3.6 3.1
G Near 7.9 8.4 9.1 6.9 35 14 4.8 4.7 34
grassland
shore
SF16- Center of 8.2 73 8.1 5.7 3.8 0.4 5 3.8 35
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Fig. 3. Selected taxa pollen percentages from Lake St Front sediments. A. Percentages of pollen of anthropogenic taxa (Plantago lanceolata, P. major, Rumex, Chenopodiaceae,
Urtica, Cerealia, Secale and Juglans, Martin et al., 2019). B. Corylus (pink curve) pollen percentages. C. Percentages of pollen from thermophilous (beige area, sum of Acer, Corylus,
Hedera, llex, Lonicera, Ostrya, Deciduous Quercus, Quercus ilex t., Pistacia, Sambucus, Sorbus, Tilia, Ulmus, Viburnum, Viscum) and mesophilous (green area, sum of Abies, Carpinus,
Fagus) tree pollen (Martin et al., 2019). D. Percentage of arboreal pollen (Martin et al., 2019). E. *C calibrated ages and 2!°Pb dates (Martin et al., 2019). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)



when those predictors are removed. The modification of PLS pro-
posed by ter Braak and Juggins (1993) requires transformation of
the initial data set using weighted averaging along a gradient
defined by the climate parameter of interest, such that the pollen
taxa that best define the climate gradient are weighted more
heavily than those that show little specificity to the gradient.
Sample-specific errors have been calculated by bootstrapping, us-
ing the method described in Birks et al. (1990).

3. Results
3.1. BrGDGTs

Through the Holocene, the =Illa/Zlla ratio showed a general
decreasing trend (from 1.2 to 0.6, Fig. 2A, Sup Table 5) while the
MBT, MBT’, MBT’5pe and CBT indices increased through the Holo-
cene (from 0.17 to 0.29, 0.17 to 0.3, 0.26 to 0.39 and 0.52 to 0.71
respectively, Fig. 2B—D). The reconstructed mean annual air tem-
peratures (MAAT) followed the same increasing trend (Fig. 2E).
Using the lacustrine calibrations the MAAT increased from 7.4 to
11.2 °C and from 7.2 to 11.5 °C with a maximal amplitude of 6 and
6.7 °C with the Sun et al. (2011) and Russell et al. (2018) calibra-
tions, respectively (Fig. 2E). The soil calibration of Peterse et al.
(2012) led to an increase from 3.2 to 6 °C with a maximal ampli-
tude of 4.6 °C (Fig. 2E). The last 200 years display an opposite trend:
the =llla/=lla ratio increased by 0.26, the MBT, MBT' and MBT'5pze
decreased by 0.1 and CBT by 0.2. MAAT decreased by 3.1 and 3.3 °C
for the lake calibrations, Sun et al. (2011) and Russell et al. (2018),
respectively, and 2.1 °C for the soil calibration (Fig. 2).

Rapid events interrupted these global trends particularly from 6
to 5.7, 2.7 to 2.5 and 2 to 0.2 kyr cal BP. During these events, the
=1lla/Zlla ratio dropped below 0.59, the limit for soil origin (Fig. 2A;
Xiao et al., 2016). These events coincided with the occurrence of
MBT, MBT’, MBT'5p1e and CBT extreme values compared to nearby
values (+0.05, +0.05, +0.05 and + 0.1 on average respectively,
Fig. 2B—D) which translated into peaks of reconstructed tempera-
ture (+1.2 °C, +1.5 °C and +0.9 °C respectively for the Sun et al.
(2011) and Russell et al. (2018) lacustrine calibrations and the soil
calibration, Fig. 2E).

BrGDGT-inferred mean annual temperature increased at the
onset of the Holocene until 7 kyr cal BP for the Sun et al. (2011)
lacustrine and soil calibrations (+3.7 °C and +2.8 °C, respectively)
and until 5.9 kyr cal BP for the calibration of Russell et al. (2018),
then remained relatively stable (Fig. 2E). However, several short-
term cool episodes interrupted this trend around 9.2, 8.2, 5, 4 and
2 kyr cal BP.

3.2. Pollen

3.2.1. Modern Analog Technique

The MAT allowed reconstruction of a mean Holocene annual
temperature of 8.3 °C which was 1.1 °C greater than the current
value. The maximum of 11 °C and the minimum of 6.6 °C occurred
at 10 and 1.5 kyr cal BP, respectively (Fig. 4B). Temperatures rapidly
increased at the onset of the Holocene (+2.2 °C between 10.6 and
10 kyr cal BP, Fig. 4B), reaching their maxima then decreased until
6.4 kyr cal BP with several cooling events around 9.3, 8.6 and
8 kyr cal BP (Fig. 4B). A slight increase of temperatures occurred
until 2.7 kyr cal BP. During the late Holocene, temperatures fluc-
tuated around the modern value (7.2 °C). The mean temperature of
the warmest month (MTWA) showed similar trends with a rapid
increase of temperatures at the onset of the Holocene (Fig. 4C) and
a thermal optimum to 6.9 kyr cal BP (mean=18.6 °C) before tem-
peratures decreased until 6.4 kyr cal BP. Temperatures increased
between 6.4 and 2.8 kyr cal BP and fluctuated around 16.1 °C during

the late Holocene. The growing degree days above 5 °C (GDD5), a
measure of the cumulative temperature (Prentice et al., 1992), fol-
lowed a very similar pattern with a maximum reached at 10 kyr cal
BP then a decrease to 6.4 kyr cal BP (Fig. 4D). The mean temperature
of the coldest month (MTCO) indicated arise at the beginning of the
Holocene (+1.3 °C between 10.6 and 10 kyr cal BP), followed by a
decrease until around 8 kyr cal BP. Then, they rose again and
remained around O °C prior to decreasing again from 2.9 to
1.3 kyr cal BP and finally rising (+2.2 °C until modern time) (Fig. 4E).

3.2.2. Weighted-averaging partial least squares method

The mean annual temperature for the entire Holocene was
11.3 °C, i.e. 4.1 °C above the modern value. The maximum of 14 °C
and a minimum of 7.6 °C were reached, respectively, at 7.8 and
1.7 kyr cal BP. The annual temperatures increased abruptly from
10.6 to 9.8 kyr cal BP then remained high until 7.4 kyr cal BP. The
period between 7.4 and 6 kyr cal BP is marked by a cooling event,
but the annual temperatures rose again at 6 kyr cal BP prior to
decreasing regularly until 2 kyr cal BP and then oscillating around a
mean value of 9.2 °C (Fig. 4B). The MTWA also showed a rapid in-
crease from 10.6 to 10 kyr cal BP (+2.7 °C) then temperatures
continued increasing until 7.4 kyr cal BP prior to a decrease until
around 3.5 kyr cal BP and stabilizing around 17.7 °C with numerous
rapid oscillations (Fig. 4C). The GDD5 followed a quasi-identical
trend (Fig. 4D). The mean temperature of the coldest month
(MTCO) varied in a similar way to the annual temperatures with
values ranging from 8 to —1.6 °C (Fig. 4E).

4. Discussion
4.1. brGDGT temperature record

4.1.1. Evidence of a bias by source changes

The =llla/=lla values indicate a gradual change of brGDGT
sources through the Holocene from lacustrine to terrigenous ori-
gins (Fig. 2A; Martin et al,, 2019). Several short-term events of
enhanced erosion occurred from 6 to 5.5, 2.8 to 2.5 and 2 to
0.2 kyr cal BP. They resulted from changes in vegetation cover from
climatic and/or anthropogenic origin in particular from 2.8 kyr cal
BP when human occupation of Lake St Front catchment became
permanent with associated deforestation and agropastoralism
(Martin et al., 2019). These events coincided with the occurrence of
maxima in MBT, MBT, MBT’5p1e and CBT values (Fig. 2A—D). This
indicates a bias in brGDGT distributions linked with the increase of
terrigenous brGDGTs. The soils of the Lake St Front catchment
present a different pattern of brGDGT distributions from the lake
sediments (Martin et al., 2019). As more terrigenous brGDGTSs
entered the lake, the brGDGT distribution of sediments changed
and biased the indices and the reconstructed temperatures. To test
the impact of changing brGDGT sources on temperature recon-
struction, we applied several lacustrine and soil calibrations on
modern catchment samples (n=18) and core-tops sediment (n=7)
(Fig. 5, Table 1).

The soil calibration of Peterse et al. (2012) applied to catchment
samples provides the closest temperature compared to the
measured one (modern MAAT=7.2 °C, Fig. 5, Table 1). The lacustrine
calibrations of Sun et al. (2011), Loomis et al. (2012) and Russell
et al. (2018) provided core-top temperatures consistent with the
monitored values (Fig. 5, Table 1). Except for the calibration of
Russell et al. (2018), all of the calibration equations based on the
indices established with the new separation method of the 5-, 6-
and 7-Me forms of brGDGTs (De Jonge et al., 2013, 2014; Ding et al.,
2016) provided temperatures inconsistent with the modern mean
annual temperature observed in St Front (Fig. 5). Most of these are
soil calibrations (De Jonge et al.,, 2014; Naafs et al., 2017) as few
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Fig. 4. Paleoclimatic reconstructions from pollen. Paleoclimatic parameters obtained with the Modern Analog Technique (MAT, light curves and shading for uncertainty) and
Weighted Averaging Partial Least Squares (WAPLS, dark curves with uncertainty represented by the dashed lines) methods compared with the present mean annual, summer and

winter temperatures at St Front (black dashed line).

A.'C calibrated ages and 2'°Pb dates (Martin et al., 2019). B. Annual temperature. C. Mean temperature of the warmest month

(MTWA). D. Growing degree days (GDD). E. Temperature of the coldest month (MTCO). The period of permanent human occupation is marked by a hatched rectangle.

lacustrine calibrations have been developed (Table 2).

The calibrations of Loomis et al. (2012) and Russell et al. (2018)
were developed for African lakes (Table 2). Although the calibration
of Russell et al. (2018) uses the new separation method, the
application of a calibration developed in settings without thermal
seasonality to a European lake is questionable as the environmental
conditions and hydrology of lakes are different. Furthermore, Dang
et al. (2018) noted that brGDGT-producing communities can
respond differently to environmental conditions and recom-
mended the use of regional calibration as did Miller et al. (2018).
Several studies also underlined that seasonality biases on brGDGT
signal vary regionally (see Section 4.3.3). As there is no regional
calibration for Europe, using the calibration of Sun et al. (2011) with
the global coverage of its calibration data set could cancel these
regional effects.

When soil calibrations are applied to the surface sediments, the
modern temperature can be underestimated by as much as 4.1 °C

(Fig. 5, Table 1) as reported by many studies (e.g., Tierney and
Russell, 2009; Blaga et al., 2010; Tierney et al., 2010; Zink et al.,
2010; Loomis et al., 2011; Sun et al,, 2011; Kaiser et al., 2015).
Conversely, when lacustrine calibrations are applied to catchment
samples, the modern temperature can be overestimated by as much
as 4.8 °C (Fig. 5, Table 1). These mismatches result from the dis-
tribution differences between lake sediments and catchment
samples due to in situ production. In particular, there is a greater
abundance of hexamethylated brGDGTs (IIl) in sediments (Martin
et al,, 2019). The distribution difference of 5- and 6-Me isomers
observed between soils and sediments (Martin et al., 2019) sug-
gests that these isomers could also play a role in this distinct
response to climatic parameters in the two environments (Dang
et al.,, 2018). We conclude that the mixed terrigenous and lacus-
trine origins of brGDGTs present in sediments preclude the direct
application of lake- or soil-based calibration.
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Table 2
Characteristics of the calibrations tested on Lake St Front samples (see Fig. 5). The notation [X] corresponds to the fractional abundance of X. RMSE = root mean square error.
Reference Area Sample type Equations n R? RMSE (°C)
Sun et al. (2011) Global Lake sediments MAAT=3.949 — 5.593 x CBT + 38.213 x MBT 100 0.73 4.27
Loomis et al. (2012) East Africa Lake sediments MAAT=22.77 — 33.58 x [llla] — 12.88 x [lla] 111 0.94 1.9
—418.53 x [lic] + 86.43 x [Ib]
Russell et al. (2018) East Africa Lake sediments MAAT=-1.21 + 32.42 x MBT'5me 65 0.92 2.44
Dang et al. (2018) China Lake sediments Tgrowth=-29.73 x [llla]spme + 91.97 x [IlIb]spme 39 0.91 1.1
—551.02 x [lIc]sme + 22.65 x [1Ib]sme
+3.19 x [Ib]sme—4.23 x [1a'|gme
— 147.28 x [IID ]gme + 460.10 x [11IC' Jome
—14.59 x [l1a'|gme + 40.02 x [IIb'|gpme
—230.78 x [1Ic'|gme + 7.54 x [1a]gme
+29.48 x [Icjgme + 12.73
Peterse et al. (2012) Global Soils MAAT=0.81 — 5.67 x CBT + 31 x MBT' 176 0.59 5.0
De Jonge et al. (2014) Global Soils MAAT=-8.57 + 31.45 x MBT'5pe 222 0.66 4.8
Tort MAAT=7.17 + 17.1 x [la] + 25.9 x [Ib] 222 0.68 46
1344 x [Ic] — 28.6 x [Ila]
MAAT=5.05 + 14.86 x Index 1 222 0.67 4.7
Naafs et al. (2017) Global Soils MAATmirsoii= 19.8 x [1a] + 31.1 x [Ib] 350 0.62 47
— 234 x [lla] + 432
4.1.2. Correction with a binary mixing model
. To account for changing sources of erDGTs, we applied a binary [brGDGT — X] ., = % [DrGDGT — X]ppe + (1 — )
mixing model based on the =Illa/=lla ratio following the approach
of Sanchi et al. (2014), Ménot and Bard (2012) and Weijers et al. x [brGDGT — X]go (9)

(2006b). Two end-members were defined, one for the soil catch-
ment based on a mean of all the soil catchment samples of St Front
(n=10, =Illa/=lla=0.33 + 0.09, Fig. 6A). The other was based on
Holocene sediment samples for which =llla/Zlla exceeded the
threshold value for aquatic production as defined by Xiao et al.
(2016) (n=22, =llla/zlla=1.04 + 0.07, Fig. 6A). The two end-
members were mixed, adding a proportion of terrigenous
brGDGTs to the lacustrine ones as follows:

with «, the proportion of brGDGTs produced in the lake, varying
from 0 to 1 and [brGDGT —X] successively corresponding to the
fraction of each brGDGT. For each value of , the =Illa/=lla ratio was
calculated (Fig. 6B). The modeled temperature bias was obtained by
comparing the MAAT calculated from the mix composition using
the calibration of Sun et al. (2011) with the temperature of the
lacustrine end-member (Fig. 6B). For each sediment sample, the
proportion of terrigenous brGDGTs then the temperature bias can
be determined from the measured =Illa/=lla ratio using the mixing
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model (Fig. 6B). The temperature obtained using the calibration of
Sun et al. (2011) for each sample was corrected by subtracting the
modeled bias (Sup Table 5). The corrected temperature values were
bracketed by values obtained using the Sun et al. (2011) and Peterse
et al. (2012) calibrations (Fig. 6C). They were used to constrain the
maximal range of variations of the mixing model. The same method
was used with the Russell et al. (2018) calibration. The tempera-
tures from the surface sediment obtained with the Sun et al. (2011)
and Russell et al. (2018) calibrations (7.5 and 7.3 °C, respectively)
were very close to the modern value in Lake St Front (7.2 °C) vali-
dating the correction applied. The threshold of =Illa/Zlla, defined
from a database of marine sediments by Xiao et al. (2016) was used
to delimit the aquatic brGDGT production realm and seems
appropriate for lacustrine environments. In temperate lakes with in
situ production, the temperature effect on the =Illa/=Ila ratio seems
too weak to preclude the use of this ratio to track past changes in

brGDGT sources (Martin et al., 2019).

The binary mixing model allowed correction of the input of
terrigenous brGDGTs and the associated temperature bias which
can reach 4 °C (Fig. 6B). With the corrections, the mean recon-
structed Holocene brGDGT-inferred temperature was 8.5 and 9.1 °C
for the Sun et al. (2011) and Russell et al. (2018) calibrations,
respectively. For the Sun et al. (2011) calibration, the maximum of
10.2 °C is reached at 2.7 kyr cal BP and the minimum of 7 °C at
10.6 kyr cal BP (Fig. 6C). For the Russell et al. (2018) calibration, the
maximum of 11.5 °C is reached at 8.4 kyr cal BP and the minimum of
7.2 at 11.7 kyr cal BP. The amplitude of the reconstructed temper-
atures through the Holocene was 3.3 and 4.3 °C for the Sun et al.
(2011) and Russell et al. (2018) calibrations, respectively, consis-
tent with the values inferred for the northern hemisphere from
isotopes, biomarkers, pollen data and chironomid assemblages
(Fig. 7B—H). The two lacustrine calibrations led to very similar



trends of the temperature evolution. However, the Russell et al.
(2018) calibration led to higher temperatures during the early
and mid-Holocene compared with results of the Sun et al. (2011)
calibration. For the rest of the discussion, we only considered the
results of the Sun et al. (2011) calibration as they are more
consistent with the pollen reconstruction for St Front and other
regional records (Fig. 7).

4.2. Pollen temperature reconstructions

In contrast to the WAPLS, the MAT method is particularly well
adapted to large data sets and has been extensively used for single
site reconstructions (e.g., Peyron et al., 2005, 2017) and large-scale
reconstructions of the Holocene climate (e.g., Bartlein et al., 2011;
Mauri et al., 2015). The MAT method does not rely on a response
function dominated by a single climate variable and thus allows
reconstructions in areas where the composition of plant commu-
nities is limited by different parameters. However, the results show
that the analogs selection for the early Holocene, though accept-
able, could be improved as suggested by the high distances in the
calculation of the MAT (Fig. S1). A possible explanation is that at the
onset of the Holocene, the pollen diagram was dominated by Cor-
ylus (Fig. 3B, Sup Table 4) with percentages >55%. Surface samples
dominated by very high percentages of Corylus are lacking in the
modern pollen database in which some samples, with 25—35% of
Corylus pollen from Italy, Ireland and Albania are available. This can
bias the signal towards high temperature values. The analogs se-
lection could be improved by the addition of pollen spectra domi-
nated by thermophilous taxa such as Corylus, Quercus and Fraxinus.

The WAPLS is not an assemblage approach but it shows in-
consistencies for the same time period. The temperature values
obtained with the WAPLS appear clearly to be overestimated
(Fig. 4A) and the method seems unsuitable for our large-scale
database containing more than 3000 pollen samples from ecosys-
tems ranging from Mediterranean vegetation to tundra. A locally
focused calibration may improve the performance of the model and
the reliability of the reconstruction (Montade et al., 2019). To sum
up, we suggest that the reconstruction of the climate signal for the
period 10,000—8500 cal BP inferred from the MAT and the WAPLS
can be improved. The reconstruction for the Mid to Late Holocene
appears to be more reliable (Fig. S1).

4.3. Two independent records of an HTM in Lake St Front

Considering the uncertainties of the reconstructions, the overall
trends of pollen- and brGDGT-inferred temperatures were similar
through the Holocene. The temperatures reconstructed from
brGDGTs and pollen using the MAT method are very similar (Fig. 71
and ]). Their Holocene mean and maximal amplitude values are
very close (8.3 °C/4.4 °C for the MAT method vs 8.5 °C/3.3 °C for
brGDGTs) while the WAPLS method led to higher values (11.3 °C/
6.7 °C). Comparing the temperatures reconstructed from brGDGTs
and pollen with the MAT method through the Holocene, the dif-
ference did not exceed 3.5 °C in absolute value and is very close to
zero from 6 to 3 kyr cal BP (Fig. 7K). The periods of discrepancy
between both methods, 11—8.6, 7—6 and 2.8 kyr cal BP until present
(Fig. 7K), will be discussed in the following sections. The values of
annual temperatures obtained in St Front are also similar with the
ones obtained from a Switzerland spleleothem (Fig. 7H; Affolter
et al., 2019).

When abrupt cold events are excluded, brGDGTs and pollen
reconstructions both show a period of warmer temperatures than
the mean Holocene values at the beginning of the interglacial even
if the timing is not exactly similar (see Sections 4.3.1 and 4.3.2):
between 8.7 and 6.2 kyr cal BP (Fig. 7J; maximal anomaly, AT,

of +1.1 °C for brGDGTs) and between 10 and 7—6 kyr (Fig. 71I;
maximal AT of +2.7 and + 2.9 °C for MAT and WAPLS, respectively).
The pattern of an early Holocene temperature maximum and
subsequent decreasing temperatures is consistent with various
regional temperature records based on independent proxies.
Temperature reconstitutions from Austrian (Ilyashuk et al., 2011),
Northern Italian (Samartin et al., 2017), Switzerland, German and
French alpine lakes (Fig. 7G; Heiri et al., 2015) based on chironomid
assemblages also present this pattern. The temperature evolution
in St Front record is also consistent with German (Kluge et al., 2013)
and Switzerland (Fig. 7H; Affolter et al., 2019) temperature re-
constructions based on isotopic analysis of speleothems and the
Mediterranean sea surface temperatures (SST) based on alkenones
from the Alboran sea (Fig. 7F; Cacho et al., 1999; Leduc et al., 2010;
Martrat et al., 2014). Northern European records also show a similar
pattern even if the HTM is generally delayed from 2 to 3 kyr
compared to mid-latitude records (e.g., Brown et al, 2012;
Borzenkova et al., 2015). At the scale of the northern hemisphere,
the temperature evolution at St Front is also consistent with Iceland
mean annual temperature obtained from brGDGTs (Moossen et al.,
2015), the Greenland temperature record based on combined ni-
trogen and argon isotope analyses (Fig. 7E; Kobashi et al., 2017), the
North Atlantic SST based on Mg/Ca ratios (Rosenthal et al., 2017),
the southwestern Chinese temperature obtained from brGDGTs
(Ning et al.,, 2019) and the northern hemisphere temperatures
synthesis from Marcott et al. (2013) (Fig. 7B). A cooling trend for the
last 7 kyr is also recorded by brGDGTs in a Chinese loess-paleosol
sequence (Zhao et al., 2018). At a more global scale, the occur-
rence of the HTM and the subsequent cooling trend is recorded in
the Pacific Ocean (Rosenthal et al., 2013, 2017) and appears in the
mean global ocean temperature reconstruction (Bereiter et al.,
2018).

4.3.1. Uncertainties on the HTM onset

The temperature rise at the HTM onset occurred earlier in the
pollen-based curves than in the brGDGT-inferred signal (Fig. 71—]).
The initiation of the HTM around 10 Kkyr cal BP reconstructed from
the St Front pollen data is consistent with most of the regional and
global temperature records (Fig. 7; NGRIP Members et al., 2004;
[lyashuk et al., 2011; Marcott et al., 2013; Heiri et al., 2015; Kobashi
et al., 2017; Samartin et al., 2017; Affolter et al., 2019). It also cor-
responds to the orbital-induced summer insolation maximum in
the northern hemisphere (Fig. 7A).

In contrast, the Holocene climatic optimum was clearly delayed
in the brGDGT-inferred MAAT. The increasing trend in GDGT-based
temperatures was interrupted by a cold episode between 11.4 and
10 kyr cal BP and the warm phase only began at 8.7 kyr cal BP
(Fig. 7]). This delay has also been observed in North America. The
HTM began between 7 and 6 kyr cal BP in Northeast Canada while it
was synchronous with the summer insolation maximum (between
11 and 9 kyr cal BP) in Alaska and northwest Canada (Kaufman
et al., 2004). The late deglaciation of the Laurentide Ice Sheet
(Carlson et al., 2008) may be responsible for this delay in North
America and its influence on the timing of the HTM in Europe has
been suggested (Renssen et al., 2009). Western Europe is particu-
larly affected by this effect with a delay which can span up to 2000
years. The Fennoscandian Ice Sheet that persisted until 9 kyr cal BP
(Lindén et al., 2006) also lead to a delayed HTM in Northern Europe
(e.g., Brown et al., 2012; Borzenkova et al., 2015).

This delay was not recorded by pollen assemblages even though
they have longer response times than brGDGTs (Weijers et al., 2010;
Lauterbach et al., 2011). Pollen assemblages integrated the vege-
tation signal from the plateau and from the surrounding valleys
characterized by higher temperatures. This could explain the
higher temperatures obtained from pollen compared to brGDGTs
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Fig. 7. Holocene climatic variations in the northern hemisphere and a focus on Western Europe. A. July insolation at 45°N (Laskar et al., 2004). B. Stacked temperature anomaly
(from the AD 1961-1990 mean) for middle and high latitudes of the northern hemisphere obtained from a compilation of proxy-based temperature reconstructions with 1¢
uncertainty (shading) from Marcott et al. (2013). C. Mean annual temperature reconstruction for North America and Europe based on fossil pollen data with 2.5 and 97.5% un-
certainty bands (shading) from Marsicek et al. (2018). D. Temperature anomaly for the northern hemisphere obtained from a compilation of proxy-based temperature re-
constructions from land areas and its 200-year Butterworth low-pass filtered values (brown line) from Pei et al. (2017). E. Reconstructed temperature from argon and nitrogen
isotopes for Greenland with 2¢ error bands from Kobashi et al. (2017). F. Sea surface temperature provided by relative proportion of the di- and tri-alkenones of 37 carbons from
ODP Site 161-976 and sediment core MD95-2043 (Cacho et al., 1999; Martrat et al., 2014). G. Spliced and stacked chironomid-based reconstruction for the northern and central
Alpine area at 1000 m from Heiri et al. (2015) with standard error estimates (shading). H. Mean annual air temperature obtained from fluid inclusions in speleothems from Milandre
Cave in Switzerland (Affolter et al., 2019) with uncertainty (shading). I. Mean annual temperature reconstructed from pollen of Lake St Front with Weighted Averaging Partial Least
Squares (WAPLS, black curve) and Modern Analog Technique (MAT, green curve) methods with its uncertainty (grey dashed lines and green shading, respectively). J. Corrected mean
annual air temperature (MAAT) obtained from the binary mixing model with the Sun et al. (2011) calibration for Lake St Front (red continuous line) with the error associated to the
propagation of end-member variability (red shading) and its running average on 5 points (black dashed line) compared with the mean Holocene temperature (black dotted line). K.
Difference between the mean annual temperatures obtained from brGDGTs and pollen with the MAT method, the black dashed line indicates equality between both results. L. 14C
calibrated ages and 2'°Pb dates for Lake St Front for the Holocene (Martin et al., 2019). M. Advances (blue rectangles) and recessions (orange rectangles) of Alps glaciers (Holzhauser
et al., 2005; Joerin et al., 2006; Nicolussi and Patzelt, 2000; Solomina et al., 2015). Blue shaded rectangles correspond to cold events. The period of permanent human occupation is
marked by a hatched rectangle. The dotted rectangle shows the period with high Corylus percentages. MHC=Mid-Holocene Cooling, MHO=Mid-Holocene Optimum, RCC=Rapid



which provide a more local signal (Fig. 71-]). The pollen-inferred
climate reconstruction could also be biased towards higher tem-
peratures at the onset of the Holocene (10—8.6 kyr cal BP) by the
high percentages of Corylus (Fig. 3B). The relationships between
plant abundances and pollen data are not linear because of biases
such as differences between plant species in pollen production and
dispersal ability (e.g., Prentice and Parsons, 1983). Corylus in
particular, is a thermophilous taxon which produces large quanti-
ties of pollen in open areas (Bégeot, 1998) and can bias recon-
structed temperatures towards higher values. Other biases of
pollen signal can also play a role. These include atmospheric con-
ditions, especially wind speed and direction (e.g., Andersen, 1974),
or a bias towards summer temperatures as the temperature peak is
synchronous with maximum summer insolation in the northern
hemisphere (Fig. 7A and I).

A bias towards cooler temperatures in the brGDGT-inferred
signal could also be involved. The lag of the HTM in the brGDGT
signal could be due to a change in the brGDGT-producing com-
munities. The exploratory study of De Jonge et al. (2019) suggests
that temperature changes affect brGDGT signatures in soils only
after a change in the communities. The delay induced by this
change can reach more than a decade (DeAngelis et al., 2015). The
modification of the communities could also only occur when
temperature change reaches a threshold (De Jonge et al., 2019).

The difference of timing of the two signals could result from a
combination of a cold bias of brGDGTs and a warm bias of pollen,
and the beginning of the HTM likely occurred between the two
individual starting points.

4.3.2. A synchronous HTM termination?

Similar to the brGDGT-based MAAT, the MAAT reconstructed
from pollen using WAPLS method and the pollen-inferred summer
temperatures show trends consistent with summer temperature
records from the Alps and with northern hemisphere temperatures
synthetized by Marcott et al. (2013). There was relative tempera-
ture stability before a decrease (Fig. 7B, F—]). Annual temperatures
inferred from pollen using the MAT method start to decrease
earlier, as soon as the temperature maximum was reached at
10 kyr cal BP. This may be due to the Corylus dominance during the
early Holocene which biased temperature towards higher values
(Fig. 71). However, an early cooling pattern after reaching maximal
temperature values, (as soon as 8 kyr cal BP), also exists in
Greenland (Fig. 7E).

The timing of the decrease which marks the end of the HTM
varies among records, but it seems to have occurred between 7 and
5 kyr cal BP (Table 3, Fig. 7). In our records, the end of the HTM
occurred earlier in the pollen reconstruction obtained with the
MAT method (at 7 kyr cal BP) than in the brGDGTs and the WAPLS
reconstructions (Fig. 71—]). Similarly other regional paleoclimatic
archives recorded a late end of the HTM, around 6 kyr cal BP (Fig. 7F
and H; Samartin et al., 2017). The Alps glaciers also showed a period
of advances from 6.5 to 5.5 kyr cal BP (Fig. 7M; Nicolussi and
Patzelt, 2000; Solomina et al., 2015). However, several tempera-
ture reconstructions recorded a short cooling at 7 kyr cal BP
(Fig. 7E—H; Samartin et al., 2017) which is also visible in the tem-
perature signal inferred from pollen with the WAPLS method
(Fig. 71). This cooling seems to have been amplified by the MAT
method which has a different sensitivity compared to the WAPLS
(see Section 4.1.2). More methods based on pollen data such as
Inverse Modelling (Guiot et al., 2000) or Boosted regression trees
(Salonen et al., 2019) can be tested to improve the accuracy of the

climate reconstruction for this time period.

4.3.3. Seasonality of the HTM temperature signal

This array of evidences of the HTM occurrence is in contradic-
tion with climate models outputs (e.g., Liu et al., 2014; Zhang et al.,
2018) and temperature reconstructions obtained from pollen in
North America and Europe (Fig. 7C; Marsicek et al., 2018), isotopic
analysis of speleothems in Eurasia (Baker et al., 2017) and brGDGT
analysis in Kamchatka peninsula (Russia; Meyer et al., 2017). These
studies display a different pattern with a continuous warming
through the entire Holocene and consider the HTM as the sign of a
seasonal bias towards summer temperatures.

The trend in brGDGT-reconstructed temperatures at St Front
through the Holocene shows good agreement with independent
regional summer temperature records (Fig. 7G and J; Ilyashuk et al.,
2011; Heiri et al., 2015; Samartin et al., 2017) and shows a HTM
similar to the reconstruction compiled by Marcott et al. (2013)
(Fig. 7B).

4.3.3.1. Seasonality of the brGDGT signal. Several studies have
shown that there is no seasonal bias in brGDGT distributions and
concentrations in soils, even for cold environments (Weijers et al.,
2011; Lei et al., 2016; Naafs et al., 2017; Cao et al., 2018). Howev-
er, more and more studies suggest that reconstructed temperatures
suffer from a bias towards the warm or growing season in brGDGT
production in mid to high latitudes lakes (Sun et al., 2011;
Shanahan et al., 2013; Peterse et al., 2014; Dang et al., 2018), in
tropical lakes (Sobrinho et al., 2016; Chu et al., 2017), in marine
sediments (Rueda et al., 2009; Moossen et al., 2015), in French peat
(Huguet et al., 2010, 2013) and even in soils (Wang et al., 2014; Ding
et al., 2015; Deng et al., 2016; Nieto-Moreno et al., 2016; Thomas
et al., 2017). The understanding of seasonal variations in brGDGT
production is complicated by the fact that the brGDGT-producing
bacteria are not yet fully identified (e.g., Weijers et al., 2009;
Peterse et al., 2010; Sinninghe Damsté et al., 2011, 2014, 2018). This
bias could reflect a seasonal trend in brGDGT production with an
enhancement during the seasonal optimum for the growth of the
brGDGT-producing bacteria. For example, at high latitudes, brGDGT
production could be higher during the warm season, as bacterial
growth is greater at higher temperatures and declines when soils
are frozen. This would lead to a seasonal bias towards summer
temperatures (Rueda et al., 2009; Huguet et al., 2010, 2013; Sun
et al., 2011; Shanahan et al., 2013; Peterse et al., 2014; Moossen
et al., 2015). In arid and sub-humid environments, brGDGT pro-
duction might be controlled by water availability and precipitation
amount. It would thus be higher during the rainy season leading to
a bias of reconstructed temperatures towards this season (e.g.,
Dirghangi et al., 2013; De Jonge et al., 2014; Menges et al., 2014;
Nieto-Moreno et al., 2016).

In lakes, brGDGT production could be more variable than in soils
(Peterse et al., 2014). This production rests on primary production
that is mainly dependent on nutrient availability. Nutrients are
controlled by limnological processes and terrigenous inputs which
are often seasonal (Sobrinho et al.,, 2016; Chu et al., 2017). For
example, Chu et al. (2017) presented evidence for a wintertime
optimum in brGDGT production in a tropical monomictic Chinese
lake in which the mixing process, and higher nutrient availability,
occurs in winter. Loomis et al. (2014) also identified peaks of
brGDGT production and export to sediments during fall and spring
linked to seasonal mixing events in a dimictic lake. Even without
seasonal mixing events, Miller et al. (2018) found seasonal brGDGT

Climate Change, IACE = Iron Age Cold Epoch, RWP=Roman Warm Period, RWPC=Roman Warm Period Cooling, DA=Dark Ages, MCA=Medieval Climate Anomaly. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



Table 3

Timing of the ending of the Holocene Thermal Maximum in different records from the northern hemisphere.

Record HTM ending (kyr cal BP) Reference

Northern Hemisphere annual temperatures synthesis 7 Marcott et al. (2013)

Greenland annual temperatures Cooling since 8 Kobashi et al. (2017)

Alpine annual temperatures 6.4 Affolter et al. (2019)

Alpine summer temperatures 4.5 Heiri et al. (2015)

Alpine summer temperatures 6-5 Samartin et al. (2017)

Alboran Sea surface temperatures 6 Martrat et al. (2014), Cacho et al. (1999)
BrGDGT-based MAAT 6.2 This study

Pollen-inferred MAAT (WAPLS)
Pollen-inferred MAAT (MAT)

Summer temperatures pollen-inferred (MAT) 7
Summer temperatures pollen-inferred (WAPLS)

First decrease at 7.4, second at 6
Cooling since 10, abrupt intensification at 7

Cooling start at 7, abrupt cooling at 6

production peaking in fall. They also showed that brGDGT pro-
duction varies as a function of depth and could record temperatures
at varying depths.

The ice and snow covering of Lake St Front and its catchment
(Fig. 1C) could lead to a seasonal bias in brGDGT production.
However, when applying calibration to reconstruct annual tem-
peratures, top sediments provide values consistent with monitored
ones after correction for terrigenous inputs (Fig. 6C). This suggests
that there is no seasonal bias towards summer temperatures. Var-
iations of brGDGT production with depth seem unlikely in Lake St
Front as its depth is shallow. Furthermore, the brGDGT-inferred
MAAT shows almost no correlation with summer insolation at
45°N (R?=0.10, n=127, p=0.0003).

The brGDGT-inferred temperature signal of Lake St Front does
not appear to be biased towards summer temperatures during the
Holocene.

4.3.3.2. Seasonality of the pollen signal. The HTM also appears in
pollen-inferred temperatures with both MAT and WAPLS methods
in summer temperatures but also in annual temperatures and even
in winter temperatures (Fig. 4). This suggests that HTM is not
exclusively a summer signal. Annual and winter temperatures can
be biased by summer temperature which constitutes a dominant
variable (Rehfeld et al., 2016). However, the vegetation shift in St
Front clearly indicates the occurrence of a warm period during the
early Holocene, the HTM, followed by a cooling period during the
mid-Holocene. There was an increase of the thermophilous forest
during the early Holocene and a decline from 7.4 kyr BP as a
mesophilous forest developed (Fig. 3; Martin et al.,, 2019). This
climatic trend was also recorded by vegetation via the forest cover
in the Alps and over all of Europe (Zanon et al., 2018).

4.3.3.3. Influence of seasonal biases on the HTM. Other records,
which, a priori, are not biased towards summer temperatures, show
the occurrence of an HTM. Several physically based seasonally
unbiased records of temperature which show the HTM have been
provided: for Greenland from combined nitrogen and argon iso-
topes (Fig. 7E; Kobashi et al., 2017) and from an inversion method in
the Greenland Ice Core Project borehole (Dahl-Jensen et al., 1998),
and the mean global ocean temperature based on noble gas iso-
topes (Bereiter et al., 2018). The few records in Western Europe
(excluding the Mediterranean zone) which, a priori, are not biased
towards summer temperatures all show the HTM (e.g., Mayer and
Schwark, 1999; McDermott et al., 1999; Niggemann et al., 2003;
Vollweiler et al., 2006; Badino et al., 2018). The temperature record
obtained from fluid inclusions in a Switzerland speleothem which
is potentially biased towards the cold season also present the HTM
(Affolter et al., 2019).

The temperature signal of Lake St Front does not appear to be
biased towards summer temperatures during the Holocene and

demonstrates, with other regional and more global records, that
the HTM is not only a summer signal but, at least in mid-latitude
Western Europe, corresponds to a general warm period. The
growing number of records which are not biased towards summer
and show the HTM, as well as the diversity of proxies and archives
which records the HTM (e.g., Sup Table 1) seem to suggest that
seasonal biases are not the source of the so-called Holocene
conundrum (Liu et al., 2014). As suggested by Affolter et al. (2019),
the large spatial heterogeneity of climate change during the Ho-
locene, particularly between high and mid latitudes, may hamper a
valid mean reconstruction for the overall Europe and northern
hemisphere. This geographic heterogeneity could lead to inevitable
biases in the synthesis of proxy-data records in particular when a
geographic zone is over-represented.

4.4. Millennial to centennial climate events during the Holocene

In addition to the long-term pattern, numerous rapid events
with centennial durations have been recorded in Greenland ice
cores and in other records through the Holocene (e.g., Bond et al.,
2001; Mayewski et al., 2004; Wanner et al., 2011). Some of the
well-known rapid climate changes in the northern hemisphere
seem to correspond with rapid events often associated with
marked temperature variations in the brGDGT-based temperature
record (Table 4). These events correspond relatively well with
advance and retreat phases of glaciers in the Alps (Fig. 7M) with
some exceptions that may be linked with precipitation variability
(Solomina et al., 2015). Despite slight differences in timing which
may have resulted from the regional variability of rapid climate
changes (e.g., Desprat et al., 2003; Viau et al., 2006; Jansen et al.,
2007; Wanner et al., 2008), the events observed in St Front pre-
sent a timing, temperature pattern and amplitude similar to other
regional and global records based mainly on oceanic (Marcott et al.,
2013) or continental data (Fig. 7B—]; Vollweiler et al., 2006; Pei
et al., 2017; Marsicek et al., 2018; Affolter et al., 2019).

The rapid events depicted by the brGDGTs were also seen in our
pollen-inferred climate reconstructions despite some minor lags or
differences in amplitude (Fig. 7I-]). The major difference occurred
in the timing of the mid-Holocene cooling which marked the end of
the HTM (see section 4.3.2). Moreover, the amplitude of the 8.2 ka
event was higher in the pollen-inferred temperature record ob-
tained with the MAT method than in the other temperature records
(—=1.7 °C for the MAT method versus —0.9 °C and —0.8 °C, respec-
tively with the WAPLS method and brGDGTs). The 9.2 ka event
appeared with the MAT method (—2.2 °C, Fig. 7I) while it was not
marked with the others. The differences of timing and amplitude
between the different proxies could be due to the difference of the
sampling interval between the two records or to sensitivity dif-
ferences of the two proxies which have different response times
and geographical scales of the signal recorded (see Section 4.3.1).



Table 4

Rapid climate changes identified in the brGDGT-based temperature record with their temperature variation, age interval and corresponding known event in the literature with

associated age interval and reference.

Event AT in St Front® (compared with Age range in St Age range in Reference

mean Holocene temperature) Front (yr cal BP) litterature (yr cal
BP)

Pre-8.2 ka —0.6° 8600—8500 8800—8500 Kobashi et al. (2017)
cooling

82 kaevent -0.7° 8400—8000 ~8300—8100 Johnsen et al. (1992); Alley et al. (1997); Grootes and Stuiver (1997); Alley and

Agtistsdottir (2005); Kobashi et al. (2007); Rasmussen et al. (2007); Hede et al.
(2010); Mercuri et al. (2011); Quillmann et al. (2012); Shuman (2012); Matero et al.
(2017)

mid- -0.7 6200-5300 6000—5000 Sirocko et al. (1993); Sandweiss et al. (2001); Berglund (2003); Magny (2004); Magny
Holocene and Haas (2004); Mayewski et al. (2004); Arbogast et al. (2006); Brooks (2006), 2012;
cooling Magny et al. (2006); Staubwasser and Weiss (2006); Shuman (2012)

mid- +0.5 4900—-4000 5200—4000 Kobashi et al. (2017); Pei et al. (2017)

Holocene
optimum
42 kaevent -0.3 4300—3900 4300—4100 Weiss et al. (1993); de Menocal (2001); Stanley et al. (2003); Staubwasser M. et al.,
2003; Booth et al. (2005); Weiss (2012); Guo et al. (2018); Bini et al. (2019)

Iron Age Cold —0.4 3000—2800 2900—2400 highly Panizza (1985); Landscheidt (1987); van Geel et al. (1997), 2000; Gutiérrez-Elorza

Epoch variable regionally and Pena-Monné (1998); Bond et al. (2001); Desprat et al. (2003); Gutiérrez et al.
(2006); Swindles et al. (2007); Wanner et al. (2008); Martin-Puertas et al. (2012);
Wang et al. (2012b); Kobashi et al. (2017)

Roman warm +1.7 2700—-1600 2500—-1600 highly Holzhauser et al. (2005); Vollweiler et al. (2006); Wang et al. (2012b); Moossen et al.
period variable regionally (2015); Damnati et al. (2016)

Roman warm -1.3 2200—-2000 Minimum at ,Wang et al. (2012b)
period ~2140
cooling

Dark Ages -0.7 1600—-1200 1500—-1100 highly Hodell et al. (2001); Sicre et al. (2008); Biintgen et al. (2011), 2016; Moossen et al.

variable regionally (2015); Harper (2017)

Medieval +0.6 ~1100-700 ~1000—700 highly Crowley and Lowery (2000); Desprat et al. (2003); Trouet et al. (2009); Graham et al.
Climate variable regionally (2011); Geirsdottir et al. (2013); Moossen et al. (2015); Liining et al. (2017); Pei et al.
Anomaly (2017)

2 The AT were calculated from the Sun et al. (2011) calibration results after correction of the terrigenous effect.

b AT calculated in comparison with the mean temperature of the HTM.

From 2.8 kyr cal BP until now, the increase of human activities
around the lake imprinted the palynological record (Fig. 3A; Martin
et al., 2019). The important decline of arboreal pollen denotes
deforestation and the increased presence of anthropogenic taxa
such as nitrophilous and cereal taxa indicate agropastoralism. The
climate signal obtained from pollen for this period must therefore
be carefully considered as it is potentially biased.

From 200 yr cal BP until the present time, the temperature re-
cord obtained from brGDGTs shows a cooling trend (Fig. 7]). This
trend is not consistent with known records from the literature nor
with instrumental data which show a warming trend since 1880
(Fig. 7B—H; Meétéo-France database https://donneespubliques.
meteofrance.fr, PAGES 2k Consortium et al., 2013). Other studies
based on brGDGTs have found low temperature values in surface
lacustrine sediments and they do not show evidence for the recent
warming (Sinninghe Damsté et al., 2012; Loomis et al., 2014; Miller
etal., 2018). Miller et al. (2018) suggested that an ecological change
due to anthropogenic activities could be responsible for this signal
perturbation. Anthropogenic activities could be impacting the
communities of brGDGT-producing bacteria and perturbing the
temperature signal recorded.

5. Conclusions

The brGDGTs and pollen assemblages in the sediments of Lake St
Front were studied to provide independent and robust quantitative
estimates of annual temperatures during the Holocene. The study
of modern samples demonstrates the overestimation of tempera-
tures when using lacustrine calibrations on soil brGDGTs. The use of
a binary mixing model allowed us to correct the temperature bias
caused by the terrigenous inputs. This study highlights the
importance of identifying the sources of brGDGTs in lake sediments

and their evolution through time as they can induce a bias of up to
4 °C. The lacustrine calibration of Sun et al. (2011) appeared to be
the most appropriate to reconstruct past temperatures in St Front
as the absolute values of the temperature obtained were more
consistent with pollen-inferred temperatures and regional records
than the African calibration of Russell et al. (2018) based on the new
separation method. There is a need for local calibrations in Europe
using the newly described indices based on the new chromato-
graphic method.

The annual temperature signals reconstructed from both
brGDGTs and pollen agree well with regional and global tempera-
ture reconstructions based on various proxies. They both show an
early Holocene temperature maximum and a subsequent cooling
until present. This is in agreement with independent proxies and
regional and global records. The temperatures reconstructed from
brGDGTs and the pollen-based MAT method are similar, while the
WAPLS method show similar trends but produced higher temper-
atures. The timing of the beginning and the end of the HTM is also
slightly different according to the method used for reconstruction
and the biases that can be associated with it. Using a multi-proxy
and multi-method approach allowed to identify the specific bia-
ses of each method and to compare with confidence our record to
others on a regional scale. There is no evidence for a bias towards
summer temperature either in the brGDGTs signal or in the pollen
signal. At least in Western Europe, the HTM seems to correspond
not only to a summer temperature signal but also to a general warm
period. Seasonal biases unlikely explain the Holocene conundrum.
Large spatial heterogeneities in temperature patterns could be a
source of error when proxy-based records are aggregated to pro-
duce large-scale synthesis. At the millennial to centennial scales,
both proxies have recorded the main known climatic events.
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