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A B S T R A C T   

To reconstruct changes in vegetation, temperature, and sediment geochemistry through the last 6.5 cal ka BP, in 
the Subcarpathian belt of the Eastern Carpathians (Romania), pollen, branched glycerol dialkyl glycerol tet
raethers (brGDGTs) and X-ray fluorescence analyses have been integrated. Pollen and brGDGTs (a bacterial lipid 
biomarker proxy) are used as paleothermometers for reconstructing the mean annual air temperature (MAAT) 
and mean temperature above freezing (MAF), respectively. Both proxies show roughly consistent records. The 
highest MAAT and MAF occurs during the oldest part of the record (from 6.5 to 4.2 cal ka BP), and the Middle to 
the Late Holocene shift is marked by a prominent decrease in temperature between 5.4 and 4.2 cal ka BP, 
coinciding with Bond event 4 and 3. This transition is coeval with a decrease in summer insolation, shift from 
consistent NAO- conditions to a predominance of NAO+ phase and coincides with the beginning of the Neo
glacial cooling in northern latitudes. The warm bias in the MAF reconstruction during the Late Holocene is 
explained as a change in the lipid provenance or in the composition of the brGDGT producers after 4.2 cal ka BP.   

1. Introduction 

The Middle- to Late Holocene transition, coinciding with the end of 
the Holocene Thermal Maximum (HTM) and the beginning of the Neo
glacial cooling in northern latitudes (~5.8–5 cal ka BP), has been the 
focus of paleoclimate studies during the last decades. A decreasing trend 
in temperature towards the Late Holocene has been suggested by 
different paleoclimate reconstructions in the North Atlantic area (Ras
mussen et al., 2016) showing a pronounced cooling (i.e., a decrease in 
mean annual temperature up to 3 ◦C) (Magyari et al., 2013; Moossen 
et al., 2015; Tóth et al., 2015; Martin et al., 2020). However, some 
controversy remains on the temperature response during the Middle- 
Late Holocene reflecting, i) regional discrepancies among different 
datasets (Kaufman et al., 2004; Peyron et al., 2011; Fohlmeister et al., 
2012; Baker et al., 2017; Perșoiu et al., 2017;), and ii) difference in the 
seasonality of the temperature reconstruction (Fohlmeister et al., 2012; 

Drăguşin et al., 2014; Moossen et al., 2015; Perșoiu et al., 2017; Baker 
et al., 2017). This point of chronological and data inconsistence in the 
occurrence of this cooling has been denoted in other studies (Orme et al., 
2021). It suggests either actual lack of regional synchronicity in past 
climate variability modulated by a strong and as yet not-well assessed 
interaction of the Atlantic, Mediterranean and Siberian High pressure 
systems that seasonally affect the East-Central Europe (see discussion in 
Haliuc et al., 2017; Longman et al., 2019), and/or uncertainties in 
chronological data. In the Carpathian area, situated at the contact of 
these three major atmospheric circulation patterns, several recent 
studies have discussed Holocene paleoclimate dynamics in humidity and 
temperature (e.g. Tantau et al., 2006; Feurdean et al., 2008; Drăguşin 
et al., 2014; Tóth et al., 2015; Feurdean et al., 2015; Perșoiu et al., 2017; 
Longman et al., 2017a, 2017b; Haliuc et al., 2017; Magyari et al., 2018). 
However, because of the lack of reliable quantitative temperature re
constructions during the Middle to Late Holocene transition, there is a 
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need for additional higher-resolution studies based on more refined and 
accurate quantitative reconstruction methods. 

To examine the climate history of the Middle and Late Holocene in 
the Carpathian area, we present a high-resolution paleotemperature 
record from Lake Mocearu located in the Subcarpathian range (Fig. 1). A 
sediment core (Moc-02) was collected that records the last 6.5 cal ka BP, 
including the transition from the Middle to Late Holocene. Branched 
glycerol dialkyl glycerol tetraethers (brGDGTs) and pollen based quan
titative temperatures are reported. To constrain the provenance of the 
brGDGTs, we analyzed these in catchment soil and suspended particu
late material (SPM) from the lake water column. 

BrGDGTs have been used recently as novel paleothermometers 
providing temperature reconstructions in marine and lacustrine sedi
ment cores (e.g. Weijers et al., 2007; Moossen et al., 2015; Martin et al., 
2019, 2020). These compounds are a family of bacterial membrane- 
spanning lipids consisting of two alkyl chains ether-bound to glycerol 
molecules. The structural diversity of the lipids used as paleoclimate 
proxies is caused by the changing numbers of methyl branches (4–6) and 
cyclopentane moieties (0–2) incorporated in the two alkyl chains (Sin
ninghe Damsté et al., 2000; Weijers et al., 2006). Furthermore, the outer 
methyl branch(es) can be located on C5 (5-methyl brGDGT) or C6 (6- 
methyl brGDGT) position of the alkyl chain (De Jonge et al., 2013). 
Variation in the methylation of 5-methyl brGDGTs is summarized as the 
MBT’5ME ratio (De Jonge et al., 2014). In a set of globally distributed 
lakes, the MBT’5ME ratio reveals a strong temperature dependency, 
which is the basis of the temperature calibration developed by Martí
nez-Sosa et al. (2021) and Raberg et al. (2021). While temperature is the 
main driver of the paleotemperature proxy on the global scale, bacterial 
community changes have been shown to influence this ratio in lakes 
(Weber et al., 2018) and soils (De Jonge et al., 2019; De Jonge et al., 
2021). Although brGDGTs encountered in surface lake sediments are 
interpreted to be dominantly derived from lacustrine bacteria (Tierney 
and Russell, 2009; Martínez-Sosa et al., 2021), a possible contribution of 
soil-derived lipids cannot be excluded and has been encountered in 
Holocene lake settings previously (Martin et al., 2020). 

Fossil pollen have been used in paleoecological and paleoclimatic 
reconstructions for many decades (Birks et al., 1990). The quantitative 
reconstruction from fossil pollen assemblages is based on a comparison 
with modern pollen assemblages and their associated modern climatic 
parameters. During the last decades pollen data have been used as a 
proxy for quantitative paleotemperature reconstructions using different 
transfer functions and training sets (Davis et al., 2003; Peyron et al., 
2011; Juggins and Birks, 2012; Peyron et al., 2013, 2017; Tarroso et al., 

2016; Bini et al., 2019; Chevalier et al., 2020). Here we use the weighted 
average partial least squares (WAPLS) technique, as developed by ter 
Braak and Juggins (1993). A comparison is made between paleo
temperature reconstructions based on pollen and brGDGTs, before the 
implication of the temperature variation on the regional climate system 
is discussed. 

2. Geographical setting and sampling 

2.1. Geographical setting 

The study area is located west of the Black Sea in the flysch and salt 
karst region of Buzau Subcarpathians (Fig. 1; Móga et al., 2018). The 2.9 
km2 Mocearu Plateau, situated at an altitude of 400–600 m a.s.l., has a 
quadrangular shape. The climate of the area is temperate continental 
(Fărcaş and Sorocovschi, 1992). Average annual rainfall is 650 mm, 
annual mean temperature is 10.7 ◦C, where mean July temperature is 
21.6 ◦C and mean January temperature − 0.5 ◦C (interval 1991–2016; 
Strat, 2016). Snow cover duration is around 100 days at low altitudes in 
the Subcarpathians (Kern et al., 2004). Atmospheric circulation is 
dominated by cold and dry air masses coming from north/north-east (i. 
e., the Siberian High) during winter, whereas in summer western air 
masses predominate, alongside periodic input of Mediterranean and/or 
Black Sea derived moisture (Biagioni and Rapetti, 2005). The North 
Atlantic oscillation (NAO) is the main mechanism controlling precipi
tation and temperature variability in East-Central Europe, but with a 
strong modulation by the Siberian High especially during the winter 
months (Fărcaş and Sorocovschi, 1992). The westerlies associated with a 
negative NAO bring moisture from the North Atlantic and the Medi
terranean Sea mainly during autumn and winter towards East-Central 
Europe (Fărcaş and Sorocovschi, 1992; Perșoiu et al., 2017). When the 
NAO is in a positive phase, the westerlies are displaced northward 
resulting in drier conditions in East-Central Europe (Bojariu and Paliu, 
2001; Bartholy et al., 2009). The East-Central European climate patterns 
are strongly influenced by the dynamics of storm tracks from these 
systems (Bojariu and Paliu, 2001; Bartholy et al., 2009). 

Lake Mocearu (45.46818 N; 26.55244 E; Fig. 1), located at 780 m a.s. 
l., has an area of 0.97 km2, and a small catchment area (5.88 km2; 
Fig. 1). The mean annual temperature at Lake Mocearu is 7.3 ◦C 
(WorldClim; Fick and Hijmans, 2017). The vegetation in the watershed 
is dominated by trees such as, Betula pendula, Pinus sylvestris, Alnus 
glutinosa, Abies alba, Fagus sylvatica, Picea abies, Populus tremula, Carpinus 
betulus, Tilia cordata, Acer platanoides, and shrubs such as Crataegus 

Fig. 1. A) Location of the Mocearu lake in the east central Europe and other northern hemisphere records use in this study. B) Location of the downcore Moc-02 
(yellow point), soil samples on the watershed (pink points) and suspended particulate material (SPM) (green point) on the Mocearu lake (Buzau County, 
Romania). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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monogyna and herbs predominantly Festuca and Poa sp. Pine 
(P. sylvestris) plantations are common in the area. Shoreline vegetation is 
characterized by emergent aquatic plants belonging to Cyperaceae and 
Typha latifolia (Supplementary Table S1). 

2.2. Sampling 

In August 2019 using a Livingstone corer operated from a platform 
placed on rubber boats two sediment cores were recovered with a length 
of 100 cm (Moc-01) and 600 cm (Moc-02), respectively. The cores were 
stored in darkness, at +4 ◦C at the Eötvös Loránd University (Budapest, 
Hungary). Furthermore, eighteen soil samples were taken at Lake 
Mocearu, around the catchment at different distances from the lake 
shore. To collect suspended particulate matter in the lake water column, 
a sample (2 l) was collected at 1 m below lake surface and subsequently 
filtered using a 0.45 μm (pore size) cellulose nitrate filter (Fig. 1). The 
description of the vegetation present at the soil sample sites is reported 
(Supplementary; Table S1). 

3. Materials and methods 

3.1. Chronology 

The age-depth model of the Moc-02 core was calculated using a 
Bayesian age-depth modelling in R-package (RStudio Version 1.3.1093; 
R Development Core Team, 2015) `BACON’ (Blaauw and Christen, 
2011). The age-depth model is based on 12 AMS radiocarbon dates, a 
total of 11 samples have been analyzed from wood material (Table 1). 
The Bayesian age-depth model was built using the calibration curve 
IntCal 20 (Reimer et al., 2020). The parameters of the model are 
included in Fig. 2. Sediment accumulation rate (SAR) have been esti
mated from the Bayesian age-depth model. In the discussion, we follow 
the subdivision of the Holocene by Walker et al. (2012), with the 
Middle-to Late Holocene transition at 4.2 cal kyr BP. 

3.2. Lithology; loss-on-ignition and XRF analysis 

The Moc-02 core sections were split longitudinally and visual 
changes in lithology were described using the Troels-Smith sediment 
description system (Fig. 2). The total organic matter content (LOI550) of 
89 samples was analyzed by loss on ignition (LOI) (Dean, 1974; Heiri 
et al., 2001). Measurements were made with an automated thermogra
vimetric analyzer (TAG) that dried and heated the sample at 550 ◦C until 
they reached mass constancy. Elemental geochemical composition was 
measured with an X-ray fluoresce (XRF) Avaatech Core Scanner at the 
EDYTEM (France). Measurements were taken contiguously at 0.5 cm 
spacing resolution. A total of 20 chemical elements were measured with 
the XRF core scanner using 10 s count time, 10 kV X-ray voltage, and X- 
ray current of 90 μA for lighter elements and a 20s count time, 30 kV X- 

ray voltage, and X-ray current of 150 μA for heavier elements. Here we 
use only K, Al, and Ti as the most representative elements associated 
with terrestrial input (Kylander et al., 2011) (Fig. 3). Results are pre
sented as normalized data, calculated as the counts per second (cps) of 
every element divided by the sum of the total counts (cps). This 
normalization is applied to reduce the effect of the sediment density, 
water content, and/or the core surface conditions (Bahr et al., 2014). 

3.3. Pollen analysis and quantitative reconstructions 

A total of 61 samples (1 cm3) for pollen analysis were taken 
throughout the core (with 250 yr resolution between 4 and 0.2 cal ka BP 
and 60 yr resolution from 6.5 to 4 cal ka BP). Pollen extraction followed 
established methods (Faegri and Iversen, 1989). Processing included the 
addition of Lycopodium spores. Sediment samples were treated with 
NaOH, HCl, and HF and the residue was sieved at 250 μm prior to 
acetolysis. Counting was done using a transmitted light microscope at 
400 magnifications to an average of 340 terrestrial pollen grains. Fossil 
pollen was identified using published keys (Beug, 2004). The pollen 
diagram was made using R (RStudio Version 1.3.1093; R Development 
Core Team, 2015) package ‘Rioja’. Percentage of all pollen taxa were 
calculated based on the summed terrestrial pollen, excluding aquatic 
plants (Supplementary Fig. S2). The zonation of the pollen taxa was 
made using stratigraphically constrained cluster analysis (CONISS) to 
identify the different climatic subdivisions. This includes the transition 
from Middle to Late Holocene and shorter climatic events within this 

Table 1 
Age data for Moc-02 record. All ages were calibrated using R-code package 
‘BACON’ employing the calibration curve IntelCal 20 (Reimer et al., 2020) at 
95% of confidence range.  

Laboratory 
number 

Core Material Depth 
(cm) 

Age (14C 
BP ± 1σ) 

Median age 
(cal yr BP) 

BRAMS_3595 MOC_02_1_525 Wood 130.9 316 ± 13 391 
BRAMS_3596 MOC_02_2_634 Wood 241.81 1412 ± 18 1314 
BRAMS_3597 MOC_02_3_771 Wood 384.42 2921 ± 14 3066 
BRAMS_3598 MOC_02_4_820 Wood 423.05 3330 ± 15 3528 
BRAMS_3599 MOC_02_5_820 Wood 472.8 3740 ± 15 4103 
BRAMS_3600 MOC_02_5_910 Wood 511.26 3885 ± 15 4334 
BRAMS_3601 MOC_02_5_950 Wood 561.32 4495 ± 16 5166 
BRAMS_3602 MOC_02_6_976 Wood 593.99 4783 ± 21 5523 
BRAMS_3603 MOC_02_6_1036 Wood 643.53 5205 ± 22 5964 
BETA_537692 MOC_02_6_1067 Wood 681.68 5630 ± 30 6406 
BETA_537690 MOC_02_6_1076 Wood 692.81 5660 ± 30 6438  

Fig. 2. Bayesian age-depth model of the Moc-02 record for the last 6500 cal yr 
BP. See Tables 1 for specific information about the radiocarbon samples. Ac
ronyms: acc. Shape, accumulation shape; acc. Mean, accumulation mean, mem. 
Strength, memory strength; mem. Mean, memory mean. 
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period (Supplementary Fig. S1). 
We use weighted averaging partial least squares regression and 

calibration (WAPLS) as the quantitate method to reconstruct past mean 
annual air temperature (MAAT) (Fig. 4). A total of 8479 modern samples 
from the European Modern Pollen Database (Davis et al., 2020) were 
used to calculate the transfer function (Supplementary; Fig. S2). The 
transfer function method was used on a total of 244 pollen taxa. The 
actual annual mean temperatures were obtained using WorldClim in a 
30-s resolution (~ 1 km2) and represent average values for 1970–2000 
time period (Fick and Hijmans, 2017). WAPLS is a non-linear, unimodal 
regression and calibration technique used in quantitative re
constructions (Juggins and Birks, 2012). We used a two-component 
WAPLS model and the pollen values were square root transformed for 
WAPLS regression to reduce noise in the data. The performance of the 
transfer function was evaluated by leave-one-out cross-validation (Birks 
et al., 1990). Based on the leave-one-out cross-validation results we 
calculated the coefficient of determination (r2), root-mean-square error 
of prediction (RMSEP) and maximum bias as performance statistics 
(Supplementary Fig. S3; Table S2). Calculation of WAPLS transfer 
functions was performed in R (RStudio Version 1.3.1093; R Develop
ment Core, 2015) package ‘Rioja’ (Juggins, 2009). 

3.4. BrGDGT analysis 

A total of 115 sediment samples were analyzed for brGDGT analysis 
including 96 samples from the cores (with 250 yr resolution between 4 
and 0.2 cal ka BP and 30 yr resolution from 6.5 to 4 cal ka BP), 18 soil 
samples from the catchment, and one filtered SPM sample from the lake 
surface waters. 1 cm3 of sediments and soil were freeze-dried and ho
mogenized, and the total lipid extracted using an automated solvent 
extraction system (EDGE) with dichloromethane (DCM): methanol 
(MeOH) (80:20, v:v). To obtain the total lipid of the SPM, the filter was 

hydrolyzed by adding 4 ml of 1.5 N HCl in MeOH, leaving to react at 
80 ◦C for 2 h. After bringing to more neutral pH (4–5) by adding 2 N 
KOH in MeOH, 4 ml of DCM and MilliQ water was added to induce phase 
separation. The lower phase was transferred and dried under a nitrogen 
stream. The total lipid extracted was separated over column with acti
vated Al2O3 using hexane:DCM (9:1), hexane:DCM (1:1) and DCM: 

Fig. 3. Moc-02 lithology, sediment accumulation rate (SAR), Loos on ignition (LOI) and XRF data. XRF data are presented as normalized data. Grey shadows 
represent low LOI values and high K, Al, and Ti values. 

Fig. 4. Mean annual air temperature (MAAT) for the Moc-02 record based on 
pollen data and using WAPLS. The red shadow displays the standard error of the 
reconstruction. Dark grey and light grey shadings indicate the formal strati
graphical subdivision of the Holocene (Walker et al., 2012). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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MeOH (1:1) as eluents to isolate the apolar, keto and polar fractions, 
respectively. Before the Al2O3 separation, the internal standard C46 
GDGT (Huguet et al., 2006) were added to the total lipid extracted. The 
polar fractions of these samples were filtered using a 0.45 μm PTFE 
filter, prior to the determination of the core lipid brGDGTs by atmo
spheric pressure chemical ionization/high performance liquid 

chromatography–mass spectrometry (HPLC-MS), using the configura
tion as describe by Hopmans et al. (2016), with a modified column 
temperature (40 ◦C). The different GDGT isomers were measured using 
selective ion monitoring (SIM) mode with m/z 1050, 1048, 1046, 1036, 
1034, 1032, 1022, 1020, 1018, and 744. Peak areas were integrated 
manually. 

Fig. 5. A) BrGDGT fractional abundances (FA) per sample type. B) Comparison of boxplot of the MBT’5ME, the IR and the ΣIIIa/ΣIIa ratio based on the relative 
abundance of the brGDGTs in the different sample types: DC (downcore), soil and SPM (suspended particulate material). C) Ternary diagram with the relative 
abundances of the tetramethylated (FI), pentamethylated (FII) and hexamethylated (FIII) compounds. D) Comparison of boxplot of the MBT’5ME based on the relative 
abundance of the brGDGTs in the different sample types: DCO (downcore organic facies), DCI (downcore clays facies) soil and SPM (suspended particulate material). 
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3.5. Calculation of brGDGTs-based indices and statistical analysis of the 
source of brGDGTs through time 

Different calibrations have been developed to calculate MAAT and 
mean temperature of the month above freezing (MAF; mean tempera
ture of the months with a mean temperature above 0 ◦C) based on the 
relative abundances of brGDGTs. The relative abundances are calculated 
as the proportion of each brGDGT compared to the total sum of all 15 
brGDGT. The MBT’5ME index, that summarizes the variability in 
Methylation of 5-methyl Branched Tetraethers (De Jonge et al., 2014 
[Eq.1]), has been calibrated against temperature in global lake systems 
(Martínez-Sosa et al., 2021; Raberg et al., 2021 [Eq.2). To calculate 
MAAT and MAF, we tested the global lacustrine calibration by Raberg 
et al. (2021) (n = 182, r2 = 0.89, RMSE = 2.32 ◦C), and the global 
Bayesian lacustrine calibration by Martínez-Sosa et al. (2021) (n = 163, 
r2 = 0.82; RMSE = 2.9 ◦C), with a prior standard deviation (SD) set to 
10 ◦C. 

MBT’
5ME = ([Ia] + [Ib] + [Ic] )/([Ia] + [Ib] + [Ic] + [IIa] + [IIb] + [IIc] + [IIIa] )

(1)  

MAF (
◦ C) = − 0.5+ 30.4* MBT’

5ME (2) 

To distinguish between brGDGTs sources and evaluate their response 
to environmental factors, relevant changes in the brGDGTs distribution 
are summarized as brGDGTs ratios (Figs. 5 and 6). We applied the iso
mer ratio (IR; Eq. 3) by (De Jonge et al., 2015) and the cyclisation of the 
branches tetraethers (CBT’; Eq. 4) by De Jonge et al. (2014), and the 
ΣIIIa/ΣIIa (Eq. 5) by Xiao et al. (2016). Xiao et al. (2016) combined the 
5- and 6- methyl forms as in the ‘traditional’ chromatography technique, 
which did not separate the isomers (De Jonge et al., 2013); here we 
redefined the equation to explicitly include the 5 and 6-methyl com
pounds. To evaluate different dependencies between soil and lake 
brGDGTs, we plot the ratio of tetramethylated (Ia-Ic), pentamethylated 
(IIa-IIc) and hexamethylated (IIIa-IIIc) compounds using a triplot 
(Fig. 5). These ratios were calculated for the downcore, soil, and sus
pended particulate material (SPM) GDGT distribution (Fig. 5). 

IR = ([IIa’] + [IIb’] + [IIc’] + [IIIa’] + [IIIb’] + [IIIc’] )/([IIa] + [IIa’] + [IIb]
+ [IIb’] + [IIc] + [IIc’] + [IIIa] + [IIIa’] + [IIIb] + [IIIb’] + [IIIc] + [IIIc’] )

(3)  

CBT’ = 10 log (Ic+ IIa’ + IIb’ + IIc’ + IIIa’ + IIIb’ + IIIc’)
/
(Ia+ IIa+ IIIa)

(4)  

ΣIIIa/ΣIIa = ([IIIa] + [IIIa’] + [IIIa”] )/([IIa] + [IIa’] ) (5)  

4. Results 

4.1. Chronology and sedimentary rates 

The age-depth model shows that the sedimentary sequence covers 
the time interval from 6.5 cal ka BP to ~0.2 cal ka BP (Fig. 2). Sediment 
accumulation rate (SAR) varies between 0.06 and 0.14 cm/yr showing 
higher values from the bottom of the core to 591 cm (5.5 cal ka BP), 508 
to 473 cm (4.3 to 4 cal ka BP) and 238 cm (1.3 cal ka BP) to the top of the 
core (Fig. 3). 

4.2. Lithology and sedimentary facies 

The lithology of core Moc-02 consists of alternation between organic 
(gyttja) and clastic (clays and silty-clays) intervals. The bottom of the 
core starts with clastic sediment until 590 cm (5.5 cal ka BP) associated 
with higher values of terrestrial elements [Al, K, and Ti; showing a high 
positive correlation between them (Ti-K = 0.96, Al-K = 0.57, K-Al =
0.52; p < 0.05)]. From 590 to 499 cm (5.4 to 4.3 cal ka BP) sediment 

consist mainly of gyttja, with some intercalations of silty-clays at 580, 
570–560, and 500 cm. From 499 to 460 (4.2 to 3.9 cal ka BP) cm the 
sediment is composed of clays. After that, from 460 to 141 cm (3.9 to 0.5 
cal ka BP) more organic-rich sediment dominates with some clays and 
silty-clay intercalations at 395–382, 281–275 and 213–184 cm depth. 
From 141 cm to the top of the core silty clays are the dominant 
component (Fig. 3). 

The organic matter content (LOI550) ranges from 87% in the organic- 
rich layers to 9.2% in clastic material, reaching their minimum values at 
the bottom of the record. A general increasing trend from the bottom to 
around 497 cm (4.2 cal ka BP) occurs, after those higher values of 
organic matter occurs interrupted by several relative minimums at 473 
cm, 384, 189, and 111 cm (Fig. 3). LOI550 shows a negative correlation 
with the terrestrial elements (Ti-LOI = − 0.83; p < 0.05). 

4.3. Pollen 

Pollen of most representative taxa, with values higher than 1%, were 
plotted in a summary pollen diagram (Supplementary Fig. S1). The 

Fig. 6. BrGDGTs proxies, LOI, SAR and wetland pollen in Moc-02 record 
through the last 6.5 cal ka BP. a) MBT’5ME by De Jonge et al., 2014, b) IR by De 
Jonge et al., 2014, c) CBT’ by De Jonge et al., 2014, d) ΣIIIa/ΣIIa ratio by Xiao 
et al., 2016, with the limit of aquatic dominion, e) LOI550, f) SAR, g) Cyperaceae 
pollen percentage. Dark grey and light grey shadings indicate the formal 
stratigraphical subdivision of the Holocene (Walker et al., 2012). 
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pollen assemblages are dominated by Alnus and Quercus deciduous 
throughout the record, with mean values around 40% and 15%, 
respectively. The herbs and grasses such as Artemisia and Poaceae, and 
aquatic plants such as Typha latifolia are present through the record. The 
lakeshore emergent wetland plant group Cyperaceae (sedges) is also 
present throughout the record, but their values fluctuate and show an 
increasing trend during the Late Holocene. In addition to the Alnus and 
Quercus dominance, the vegetation between 6.5 and 5.4 cal ka BP is 
marked by the presence of Ulmus, Tilia, Corylus, Carpinus betulus, Abies 
alba, Acer, Picea abies and Pinus. A significant characteristic between 5.4 
and 4.2 cal ka BP is the higher relative frequency of herbs such as 
Apiaceae, showing a peak at values of around 30%. Between 5.2 and 4 
cal ka BP an increase in Alnus is detected, reaching values around 70%, 
coincidently with a decrease in Tilia, Ulmus and Pinus. The transition to 
the Late Holocene is mainly marked by the appearance of Fagus sylvatica 
and the disappearance of Apiaceae around 4.2 cal ka BP. This zone is 
also marked by an increase in Pinus, Picea abies and Tilia relative fre
quencies. Finally, a slight increase (showing values lower than 5%) in 
the presence of anthropogenic indicator herbs such as Plantago major 
type and Plantago lanceolata is detected from the Middle to Late Holo
cene transition, starting at around 4.2 cal ka BP. 

The current mean annual temperature for the Lake Mocearu area is 
7.3 ◦C (Fick and Hijmans, 2017). The reconstructed current MAAT 
[based on the pollen assemblages; r2 = 0.77, RMSEP = 3.6◦ (Supple
mentary Table S2)] is 7.7 ◦C, showing a difference of 0.4 ◦C. The 
reconstructed MAAT excluding Alnus is 10.5 ◦C, showing a higher 
temperature difference of 2.8 ◦C (Supplementary Fig. S4). Here we show 
MAAT values (including Alnus; Fig. 4). The maximum reconstructed 
temperature (10.1 ◦C) was reached at 6.4 cal ka BP, and the minimum 
(3.9 ◦C) at 0.9 cal ka BP. The warmest interval (8.7 ◦C) occurred from 6.5 
to 5.5 cal ka BP. After this, a general decreasing trend in temperature 
occurred over a period of 1500 years, with the coldest period (average =
6.9 ◦C) between 5.1 and 4.1 cal ka BP. At around 4 cal ka BP a warming 
is reconstructed, with MAAT reaching mean values of 7.7 ◦C, charac
teristic for most of the Late Holocene. Some rapid oscillations inter
rupting this trend occurred at around 2.8 cal ka BP (6.8 ◦C), and 0.9 cal 
ka BP (3.9 ◦C) (Fig. 4). 

4.4. Distribution of brGDGTs 

The relative abundances of individual brGDGTs fractions are given in 
Supplementary Table S3. The brGDGTs distribution in the lake sediment 
samples is dominated by compounds without cyclopentane rings 
(Fig. 5A). BrGDGT Ia is the most abundant compound in soil samples, 
while the hexamethylated brGDGT IIIa is most abundant in lake sedi
ment and SPM samples (Fig. 5). A triplot reveals that lake sediments in 
general have more of pentamethylated compounds than soil samples 
(lake >40% vs soil 30–40%) (Fig. 5C). Also, they have in general more 
(>20%) hexamethylated compounds than soils. Although there are a 
few (3) soil samples that overlap with the lake sediments in Fig. 5C, both 
sample types are fairly well separated. The GDGT distribution derived 
from the SPM sample on the other hand, plots within the range of lake 
sediment samples (Fig. 5C). The variability in brGDGTs can be sum
marized further using brGDGT ratios (Fig. 5B and Fig. 5D). The MBT’5ME 
mean values of lake sediments (~ 0.40 ± 0.04) is more similar to the 
MBT’5ME in the SPM (0.42) than to the MBT’5ME in soil that show higher 
value (~ 0.49 ± 0.07) (average of the downcore vs soil samples are 
significantly different, p < 0.05) (Fig. 5B). The same occurs for the IR 
and ΣIIIa/ΣIIa, showing mean values of lake sediments (0.18 ± 0.03/ 
0.58 ± 0.14, respectively) and soil samples (0.13 ± 0.08/0.37 ± 0.13, 
respectively), where the mean values of lake sediments vs soil samples 
are significantly different (p < 0.05) in both ratios. Downcore variations 
in the MBT’5ME and temperature (based on Martínez-Sosa et al., 2021) 
have relatively constant values (depicting some shorter oscillations) 
between 6.5 and 5.4 cal ka BP with mean values of 0.4 (11.3 ◦C). A 
decreasing trend occurs from 5.4 cal ka BP to 4.2 cal ka BP, reaching 

minimum values (0.36 for MBT’5ME; 10.2 ◦C). After that, an increasing 
trend starts at 4.2 cal ka BP, interrupted only by two higher values 
occurring at 3.9 and 3.1 cal ka BP, showing mean values of 0.44 for 
MBT’5ME (12.1 ◦C). From 2.2 to 1.3 cal ka BP MBT’5ME mean values 
reach 0.46 (12.7 ◦C) (Fig. 6). Downcore, the IR values range between 0.1 
and 0.28, showing a decreasing trend with some oscillations from the 
Middle to Late Holocene (from 6.5 to 0.7 cal ka BP), and an increase 
from the last 0.7 to 0.2 cal ka BP (Fig. 6). The ΣIIIa/ΣIIa ratio shows an 
increasing trend from 6.5 to 4.2 cal ka BP with values between 0.87 and 
0.30 with a mean value of 0.59, followed by a decrease thorough the 
Middle to Late Holocene with values ranging from 0. 7 to 0.1 (Fig. 6). 
The different average IR and ΣIIIa/ΣIIa ratio values of lake sediments 
and soil samples respectively, will be used to determine a threshold 
value to identify contributions of watershed soils (IR = 0.13; ΣIIIa/ΣIIa 
= 0.37; average of soil samples) (Fig. 6). 

5. Discussion 

5.1. Provenance of the brGDGTs: soils vs lacustrine brGDGTs distribution 

In general, our results show a different pattern of brGDGT distribu
tions between the sediment core samples and the soil samples from the 
Mocearu lake catchment (Fig. 5) with the former samples showing 
similar values to the SPM sample (Fig. 5), suggesting a dominant in-situ 
production of brGDGTs. 

The Moc-02 record shows an intercalation of different layers be
tween more organic and clastic material (Fig. 3), which can be indicative 
of a change in the organic matter source. The distribution of brGDGT 
abundances between organic and clastic facies is similar, i.e., both 
sediment types have MBT’5ME values that are similar to that obtained 
from the suspended matter (Fig. 5). However, with MBT’5ME values of 
0.39 ± 0.05 for the organic facies and 0.41 ± 0.03 for the clastic ones, 
small but significant changes in average MBT’5ME values are found be
tween the sediment types (t-test; p = 0.02). To constrain the influence of 
soil-derived brGDGT lipids at specific depths, we will evaluate the 
brGDGT ratios ΣIIIa/ΣIIa, IR and MBT’5ME. 

In two previous studies, the ratio ΣIIIa/ΣIIa has been used to deter
mine the provenance of brGDGTs in the marine and freshwater systems 
(Xiao et al., 2016; Martin et al., 2019). In a marine outflow system, a 
value below 0.59 indicated a dominant soil source (Xiao et al., 2016). In 
a French lowland lake (Lake Front), ratio values over 0.8 were attributed 
to a dominant aquatic source (Martin et al., 2019). At our site, catch
ment soils are characterized by a wide range in ΣIIIa/ΣIIa values 
(0.2–0.73, average = 0.38), whereas downcore samples (range: 0.30 to 
0.87) show increased average values of 0.58. The significantly different 
means (t-test, p < 0.01) support a dominant aquatic source of the sedi
mentary brGDGTs (Figs. 5, 6). However, the range in ΣIIIa/ΣIIa values 
downcore suggests a possible minor contribution of soil material that 
can be variable through time. To identify those depths with a soil 
contribution, ratios that show significantly different values, and thus 
allow to distinguish, between downcore (lacustrine) and soil distribu
tions respectively (ΣIIIa/ΣIIa decrease, IR decrease, MBT’5ME increase) 
are compared. Evaluated together with lithological changes and pollen 
signature they can indicate catchment erosion (Fig. 6; Supplementary 
Fig. S1). The threshold value of the ΣIIIa/ΣIIa and IR ratio that is 
indicative of a soil signature is determined at 0.37 and 0.13, respectively 
(Fig. 6, average of soil ΣIIIa/ΣIIa and IR ratio values). During the periods 
3.9 to 3.3 cal ka BP and 2.2 to 0.9 cal ka BP, all ratio values indicate an 
increased soil input. This suggests increased soil erosion on the catch
ment and will be taken into account when discussing the paleotemper
ature reconstructions (Fig. 7). 

5.2. Pollen and brGDGT temperature reconstructions 

5.2.1. Offset between pollen and brGDTG temperature reconstructions 
The temperature reconstruction from brGDGTs is based on the global 
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lake calibration from Raberg et al. (2021) and the global Bayesian 
lacustrine calibration from Martínez-Sosa et al. (2021). Both studies 
consider that brGDGT-inferred temperature values for locations with 
high seasonality where the lake is ice-covered a part of the year are 
expected to reflect their preferred growing conditions. As such, they 
calibrate the MBT’5ME in their global datasets against MAF. As Lake 
Mocearu is a high seasonality lake, the ice and snow cover during winter 
can be a reason for a seasonal bias in the brGDGT production, and we 
therefore adopt a MAF reconstruction based on these organic biogeo
chemical proxies. The actual temperature of the warmest quarter at 
Mocearu Lake area is 16.6 ◦C (WorldClim; Fick and Hijmans, 2017). The 
MAF temperature reconstructed based on brGDGT (mean temperature 
14 ◦C) indeed falls between this value and the actual mean temperature 
(7.3 ◦C). In addition to this, the MAAT reconstruction based on pollen 
shows values that are similar to the actual mean temperature in the Lake 
Mocearu area (Fig. 4). The MAAT (based on pollen) and MAF (based on 
brGDGT) reconstructions show similar trends during the Middle Holo
cene (r2 = 0.56 for from 6.5 to 4.2 cal ka BP), with a mean temperature 
anomaly (ΔT) between them of 3.6 ◦C (Fig. 7). However, higher dis
crepancies between the two temperature curves appear during the Late 
Holocene showing a ΔT mean values of 5.1 ◦C (Fig. 7). The MAAT 
temperature decreases from the Middle to Late Holocene, as in many 
other Europeans records (Fig. 8, c-d). However, the reconstructed MAF 
shows unexpectedly high mean values during the Late Holocene when 
compared with other Europeans records (Fig. 8, c-d). The increase in 
MAF during the Late Holocene could be due to two reasons. Firstly, it is 
possible that a higher terrestrial organic matter input to the lake during 
the Late Holocene mainly occurred around 3.9 to 3.3 cal ka BP and from 
2.2 to 0.9 cal ka BP (Figs. 6, 7 and 8), influenced the sedimentary 
MBT’5ME values, resulting in increased values. The high values occur at 
the horizons where we reconstructed increased soil input (Fig. 6). 
Indeed, at the location under study, the temperature can be over
estimated with as much as 2.3 ◦C when the lacustrine calibration is 
applied to catchment soils (Supplementary Fig. S6). Secondly, there may 
have been a change in the lake system to a lower water table, indicated 

by a higher occurrence of wetland plants after 4.2 ka BP (see Cyperaceae 
pollen curve in Supplementary Fig.S1), the increase in organic matter 
(higher LOI 550; Fig. 6), and the decrease in IR and CBT’ through time 
(Fig. 6). These changes in IR and CBT’ (after 4.2 cal ka BP; Fig. 6) can be 
indicative of a change in the brGDGTs producers' community in soils, 
although the impact on MBT’5ME values is still poorly confined in 
lacustrine environments (De Jonge et al., 2021). 

5.2.2. Disentangling MAAT and MAF temperature offset during the Late 
Holocene 

A decreasing trend in MAAT temperature during the Late Holocene is 
reconstructed, while higher temperatures are recorded in MAF, inten
sified from 3.9 to 3.4 cal ka BP and from 2.2 to 0.9 cal ka BP. These 
differences between MAAT and MAF during the Late Holocene have 
been discussed above (section 5.2.1), possibly related to increased soil 
input to the lake, and/or a change in lake chemistry, after 4.2 cal ka BP 
(Fig. 6). The increase in soil input could be due to natural or anthro
pogenic causes. Moderate anthropogenic influences can be derived from 
the pollen record. Although four pollen grains from cultivate plants such 
as Cerealia-type were only found in the last 0.4–0.2 cal ka BP, a slight 
increase in other human indicator pollen types, such as Plantago lan
ceolata and P. major type, occurs after 4.2 cal ka BP. This increase in 
human indicator pollen types starting during the Bronze Age has also 
been detected in other records in east-central Europe (Vincze et al., 
2019). A decrease in lake level and/or high seasonal fluctuations in the 
water table since the 5.4–4.2 climatic transition, is suggested to be 
related to the increase in emergent wetland plant communities in the 
lake shore (Fig. 6; Supplementary Fig. S1). This also corresponds with 
the expansion of Fagus pollen after 4.2 cal yr BP, this could be indicative 
of decrease water level and/or colder temperatures (Magyari et al., 
2009). This agrees with the proposed change in the lake chemistry after 
4.2 cal ka BP. However, superimposed on this long-term lower water 
table period, a climatic driver of the changed provenance of brGDGTs 
between 3.9 and 3.4 cal yr BP (coinciding with Bond event 3) and 2.2 to 
0.9 cal ka BP (coinciding with Bond event 1) (Fig. 7) can be related to the 

Fig. 7. Comparison between temperature reconstruction based on pollen, mean annual air temperature (MAAT) and brGDGT, mean temperature of months above 
freezing (MAF). a) Temperature anomaly between brGDGT and pollen temperature reconstructions from the Moc-02 record, b) MAAT reconstructed, orange shadow 
displays the standard error of the reconstruction c) MAF reconstructed. 
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increase in precipitation (Supplementary Fig. S5) (and higher terrestrial 
input to the lake). This enhanced rainfall is reported for these periods in 
the Southern Carpathians (Longman et al., 2017a, 2019). Most paleo
climate archives from this region suggest that from 3.1–2.8 cal ka BP 
available moisture and annual precipitation increased strongly resulting 
in maximum Holocene water levels in lakes and high mire surface 
wetness values on peat bogs in the Eastern Carpathians (Schnitchen 
et al., 2006; Magyari et al., 2009; Jakab and Sümegi, 2010; Longman 
et al., 2017b; Buczkó et al., 2019). 

5.3. Paleoclimate variability 

5.3.1. Middle to Late Holocene climate transition 
Many studies suggest that the Holocene Thermal Maximum (HTM) 

occurred in the northern hemisphere during the Early and Middle Ho
locene, with a subsequent gradual temperature decrease that started 
around 6 cal ka BP and continued into the Late Holocene (Renssen et al., 
2009; Wanner et al., 2015; Moossen et al., 2015; Haliuc et al., 2017). 
Our proxy record, that covers this Middle to Late Holocene transition, is 
marked by an abrupt temperature drop between 5.4 and 4.2 cal ka BP. 
This temperature drop is identified in both MAAT and MAF re
constructions. Prior to this transition, mean MAAT and MAF tempera
ture values are higher from 6.5 to 5.4 cal ka BP, similar with other MAAT 
reconstruction from central Europe (Martin et al., 2020; Affolter et al., 
2019; Fig. 7). This warmer period agrees with the HTM period corre
lated with summer temperature reconstruction from eastern (Tóth et al., 
2015; Fig. 7) and northern (Moossen et al., 2015; Harning et al., 2020 
Fig. 7) European records. These warmer conditions during the Middle 
Holocene are compatible with a higher summer insolation (Fig. 7). On 
the contrary, winter temperature reconstructions from eastern Europe 
(Perșoiu et al., 2017) and northern latitudes (Fohlmeister et al., 2012; 
Baker et al., 2017) show lower temperature values in correlation with a 
lower winter insolation during the Middle Holocene (Fig. 7). This 
gradual summer insolation decrease and winter insolation increase 
result in a lower seasonality from the end of the Middle Holocene to the 
Late Holocene (Perșoiu et al., 2017). At Mocerau Lake the Middle to Late 
Holocene transition is characterized by a decrease in temperature after 
around 5.4–4.2 cal ka BP. Cooling in the pollen-inferred MAAT values is 
driven by the decrease in some thermophilus taxa (Corylus, Ulmus, Tilia) 
and the Alnus expansion. As in the modern day pollen rain of Europe 
A. glutinosa is more abundant in cool temperate sites in Northern and 
North-Central Europe and the British Isles (Brewer et al., 2017). In 
addition to temperature, its presence also reflects a change in 

(caption on next column) 

Fig. 8. Comparison of different mean summer, winter, and annual temperature 
reconstructions in northern Europe during the last 6.5 cal ka BP. a) MAAT 
reconstruction based on pollen from the Moc-02 record (this study), b) MAF 
reconstruction based on brGDGT from Moc-02 record (this study) with Raberg 
et al. (2021) (orange line) and Martínez-Sosa et al. (2021) calibration sets (red 
line), c) MAAT reconstruction based on brGDGT data from Lake Sant Front 
(Martin et al., 2020), d) MAT reconstruction from Milandre Cave (Affolter et al., 
2019), e) Summer temperature reconstruction from Lake Brazi (Tóth et al., 
2015), f) Mean summer air temperature (MSTA) anomaly based on brGDGT 
data from Skorarvatn lake in Iceland (Harning et al., 2020), g) Summer tem
perature reconstruction from Ísafjarðardjúp fjord (Moossen et al., 2015), h) 
Summer insolation calculated for 45◦N (Laskar et al., 2004), i) ∂18O recon
struction from Scărișoara Ice Cave (Perșoiu et al., 2017), j) ∂18O reconstruction 
from Bunker Cave (Fohlmeister et al., 2012), k) ∂18O reconstruction from 
Kinderlinskaya Cave (Baker et al., 2017), l) Winter insolation calculated for 
45◦N (Laskar et al., 2004), m) Ocean stacked percentage of the Drift Ice Index 
(reversed) from the North Atlantic (Bond et al., 2001). Vertical blue shadows 
are related with cold events. Vertical dashline is the division line between the 
Middle-Late Holocene. Yellow shadows in (c) are related with soil input pe
riods. Acronyms: IE = Industrial Era, LIA = Little Ice Age, MCA = Medieval 
Climate Anomaly, RP = Roman Period, IA = Iron Age, BA = Bronze Age, CA =
Chalcolithic, NE = Neolithic. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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precipitation. Since this species is well-adapted to growing on very wet 
soils, its expansion at different times at different sites suggests local 
differences in soil moisture conditions (Houston Durrant et al., 2016). 
Looking at other pollen records in this region (Bisoca, 890 m a.s.l. 
Tantau et al., 2003) and the autoecology of A. glutinosa (Houston Dur
rant et al., 2016), they suggest that regionally this period coincides with 
maximum share of Carpinus betulus in the mid altitude forests, and 
A. glutinosa expansion can likely be explained by temperature and hu
midity trends between 5.6 and 3.5 cal ka BP (Tantau et al., 2003; 
Magyari et al., 2009). At Mocearu it likely expanded on the seasonally 
wet lakeshore and its expansion was likely facilitated by lake level 
decrease and/or high seasonal fluctuation in lake level. The vegetation 
changes thus support general cooling in summer temperatures, and also 
hints at a regime shift in precipitation pattern that resulted in the 
development of seasonally exposed lakeshores at Mocearu. 

We hypothesize that this temperature decrease occurring during the 
Middle to Late Holocene transition is related to a shift from consistent 
NAO- conditions to a predominance of NAO+ phase until present, 
agreeing with the actual climate system over the western Romania 
where Mediterranean cyclones are activated mostly during autumn and 
early winter (Georgescu and Stefan, 2010; Magyari et al., 2013; Perșoiu 
et al., 2017). This shift in climate conditions since the Middle- to Late 
Holocene transition has been identified in other Mediterranean and 
North Atlantic areas (Debret et al., 2009; Fletcher et al., 2013; Ramos- 
Román et al., 2018). 

5.3.2. Rapid climatic changes during the Middle Holocene 
The higher resolution section of the Moc-02 record between 6.5 and 

4.2 cal yr BP allows us to describe rapid climatic changes during the 
Middle to Late Holocene transition, based on MAAT and MAF re
constructions. Through a spectral analysis (Supplementary Fig. S7), we 
can identify a cyclicity of around 330–370 yrs. This periodicity is 
marked by temperature decreases occurring at 6.2, 5.4, 5.0, 4.7 and 4.2 
cal yr BP, these events have been identified in both temperature re
constructions. The most pronounced events occur at 6.2, 5.0 and 4.2 cal 
ka BP, with MAAT decrease with respect to the mean during the Middle 
Holocene (8.3 ◦C) of 3.3, 1.7 and 3. 3 ◦C, respectively (Fig. 7). These 
climatic events have been described in the Carpathian region (Schöll- 
Barna et al., 2012; Demény et al., 2013, 2021; Magyari et al., 2009; 
Magyari et al., 2013; Drăguşin et al., 2014; Diaconu et al., 2017; 
Longman et al., 2017a; Haliuc et al., 2017; Túri et al., 2021), and in the 
western Mediterranean as cold events (Zielhofer et al., 2017; Ramos- 
Román et al., 2018). These short climatic events during the Middle 
Holocene, have also been recorded as short-lived declines in biomass 
(with a fire frequency of 317 yr) in the Carpathians and are associated 
with cooling events (Feurdean et al., 2013). Two of the most significant 
climatic events during the Middle Holocene detected in the Northern 
Hemisphere are the one around 5.4 cal ka BP (Orme et al., 2021; Sicre 
et al., 2021) and the worldwide 4.2 cal ka BP climatic event (Bar-Mat
thews et al., 1998; Bond et al., 2001; Mayewski et al., 2004; Liu and 
Feng, 2012; Ran and Chen, 2019). Recently, the event dated around 5.4 
cal ka BP has been recorded in some North Atlantic records as one of the 
coldest periods during the Middle Holocene (Orme et al., 2021; Sicre 
et al., 2021), coinciding with the major drift ice described by Bond et al. 
(2001), Bond event 4 (Fig. 7), and the beginning of the Neoglacial 
cooling in the northern latitudes (Renssen et al., 2009). This cold period 
has been related to the decline of the northern hemisphere summer 
insolation, the decay of the Subpolar Gyre, the Atlantic Meridional 
Overturning Circulation, and the High Iceland-Scotland Overflow Water 
(Sicre et al., 2021). These events have been also detected in East-Central 
Europe. The impact of the 5.4 cal ka BP event had been assessed in 
eastern Europe as a strong desiccation in the Lake Balaton (Pálfi et al., 
2021). The 4.2 cal ka BP event has been detected in the Carpathians area 
showing a decrease in temperature (Constantin et al., 2007; Feurdean 
et al., 2008; Tóth et al., 2015; Perșoiu et al., 2017; Fig. 6), and a sig
nificant forest decline suggesting drier conditions (Feurdean et al., 2015; 

Vincze et al., 2017; Orbán et al., 2018). In the study of Feurdean et al. 
(2015) two drops in temperature occurring at around 5 and 4.2 cal ka BP 
are superimposed on a cold trend that starts at 5.4 cal ka BP. 

6. Conclusions 

The study of the Mocearu record in the Eastern Carpathians has 
provided information about the mean annual air temperature (MAAT) 
and mean temperature above freezing (MAF) during the Middle and Late 
Holocene. The MAAT and MAF have provided new paleoclimate data for 
this region, reporting a temperature decrease from the Middle to the 
Late Holocene that agree with other Northern Hemisphere records. The 
multiproxy approach allows a reliable temperature reconstruction, 
when brGDGT (MAF) and pollen (MAAT) temperature reconstructions 
covary, i.e. between 6.5 and 4.2 cal ka BP. The temperature trend during 
the Middle Holocene is superimposed by several abrupt declines 
occurring in both MAF and MAAT reconstructions at 6.2, 5.4 and 4.2 cal 
ka BP, featuring a prominent decrease from 5.4 to 4.2 cal ka BP (from 12 
to 9 ◦C MAF) coinciding with the beginning of the Neoglacial cooling in 
northern latitudes. After 4.2 cal ka BP, a discrepancy between MAAT and 
MAF occurs, MAAT show a decrease associated with other Northern 
Hemisphere records while MAF increase. Here, a change in the lake 
record is detected by lower values of the IR, and ΣIIIa/ΣIIa, that can be 
linked with an increased in soil input to the lake and/or a change in the 
brGDGT community. This is coeval with the occurrence of plants related 
with human land use and the increase in emergent wetland plants. The 
multiproxy approach at Mocearu Lake thus results in a high-resolution 
(65 yr) view on the Middle to Late Holocene transition temperature 
change, revealing both high cyclicity (330–370 yr) as a long-term well- 
expressed temperature decrease, culmination in a well-expressed 4.2 ka 
cold event at this location. Further research will expand on this by 
linking archaeological evidence of human migrations in this time win
dow, and by exploring the changes in atmospheric circulation that can 
cause this well-expressed climate transition. 
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Affolter, S., Häuselmann, A., Fleitmann, D., Edwards, R.L., Cheng, H., Leuenberger, M., 
2019. Central Europe temperature constrained by speleothem fluid inclusion water 

M.J. Ramos-Román et al.                                                                                                                                                                                                                     

https://doi.org/10.1016/j.gloplacha.2022.103859
https://doi.org/10.1016/j.gloplacha.2022.103859


Global and Planetary Change 215 (2022) 103859

11

isotopes over the past 14,000 years. Sci. Adv. 5 (6), eaav3809. https://doi.org/ 
10.1126/sciadv.aav3809. 
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Harning, D.J., Curtin, L., Geirsdóttir, Á., D’Andrea, W.J., Miller, G.H., Sepúlveda, J., 
2020. Lipid biomarkers quantify Holocene summer temperature and ice cap 
sensitivity in Icelandic lakes. Geophys. Res. Lett. 47 (3) https://doi.org/10.1029/ 
2019GL085728 e2019GL085728.  

Heiri, O., Lotter, A.F., Lemcke, G., 2001. Loss on ignition as a method for estimating 
organic and carbonate content in sediments: Reproducibility and comparability of 
results. J. Paleolimnol. 25 (1), 101–110. https://doi.org/10.1023/A: 
1008119611481. 

Hopmans, E.C., Schouten, S., Sinninghe Damsté, J.S., 2016. The effect of improved 
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Weber, Y., Sinninghe Damsté Jaap, S., Zopfi, J., De Jonge, C., Gilli, A., Schubert 
Carsten, J., Lepori, F., Lehmann Moritz, F., Niemann, H., 2018. Redox-dependent 
niche differentiation provides evidence for multiple bacterial sources of glycerol 

tetraether lipids in lakes. Proceed. Nat. Acad. Sci. 115, 10926–10931. https://doi. 
org/10.1073/pnas.1805186115. 

Weijers, J.W.H., Schefuß, E., Schouten, S., Sinninghe Damsté, J.S.S., 2007. Coupled 
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