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A B S T R A C T

Studies on Holocene climate conditions commonly show discrepancies between different proxy-based re
constructions, calling for in-depth analysis of both the proxies and the derived climate reconstructions. Here, we 
conducted multi-proxy Holocene warm-season temperature reconstructions for a sedimentary record from Lake 
Tippakuru in northeastern Finland, using pollen, plant macrofossils, and the novel branched glycerol dialkyl 
glycerol tetraethers (brGDGTs) as climate proxies. In addition, we prepared a regional climate reconstruction by 
integrating pollen-based reconstructions from nearby sites. Mainly, we evaluated the potential of using brGDGTs 
as a climate proxy and compared the reconstructed climate shifts with those reconstructed from classical 
vegetation-based proxies (pollen and plant macrofossils). We see significant discrepancies between the three 
proxies, most notably during the early Holocene where plant macrofossils and brGDGTs indicate warm condi
tions while the pollen-based reconstructions are equivocal and strongly depend on the quantitative recon
struction method used. Additionally, the brGDGT records indicate an abrupt cooling at ca. 5.8 cal ka BP which is 
not seen in the classical proxies at the study site, but only in neighbouring localities. The results highlight the 
need for modern-day studies on seasonal variability and bacterial sources of brGDGTs to disentangle non-thermal 
biases and evaluate seasonal imprints in temperature reconstructions. In general, our results imply that not only 
the choice of climate proxies but also the methodological choices in the proxy-based quantitative reconstructions 
affect the climatic interpretation, especially during the early Holocene transitional period. We highlight the need 
for both multi-proxy and multi-method approaches in paleoclimate studies, as well as the need to expand the 
knowledge of brGDGT responses to climatic and other environmental variables.

1. Introduction

The Holocene is a time period known for its long-term shifts in cli
matic conditions, driven by shifts in insolation patterns and climate 
system feedbacks (Laskar et al., 2004; Miller et al., 2010; Bradley, 2014). 
Additionally, the general Holocene climate trends were interrupted by 

short-term climate shifts, such as the well-known 8.2 ka cold and dry 
event (Alley et al., 1997; Bond et al., 1997; Clark et al., 2001; Alley and 
Agustsdottir, 2005), linked to disturbances in North Atlantic thermo
haline circulation patterns. These long-term climate trends and abrupt 
climate anomalies have, in turn, greatly shaped the characteristics of 
local and regional vegetation and environments.
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Understanding the intensity and timing of Holocene climate vari
ability at local to regional scales across northern Europe and the circum- 
Arctic remains the subject of ongoing paleoclimate research (Seppä 
et al., 2008, 2009; Sejrup et al., 2016; Kaufman et al., 2020). For 
example, the timing of the well-recorded Holocene Thermal Maximum 
(HTM), the warmest stage of the interglacial, varies regionally (Renssen 
et al., 2009, 2012). In northern Finland and nearby regions, climate 
reconstructions suggest the start of the HTM somewhere between ca. 6 
cal ka BP (Shala et al., 2017; Otiniano et al., 2024; Salonen et al., 2024) 
and ca. 8 cal ka BP (Seppä et al., 2009; Lenz et al., 2021; Krikunova et al., 
2022). Such discrepancies could be explained by uncertainties in the 
quantitative methods used (Birks et al., 2011; Juggins and Birks, 2012), 
non-climatic drivers impacting the ecology of bioindicators (Väliranta 
et al., 2015), or between-site differences in fossil datasets resulting from 
local taphonomic processes (Salonen et al., 2024). Local environmental 
proxies (plant macrofossils and chironomids), for example, indicate an 
early start of the Holocene warming, while terrestrial pollen records may 
exhibit delayed response to environmental shifts (Webb, 1986; Väliranta 
et al., 2015; Shala et al., 2017). Thus, a temperature proxy not based on 
micro- or macrofossil assemblages, such as branched (br-)glycerol dia
lkyl glycerol tetraethers (GDGTs), can give a valuable complementary 
perspective on past warm-season temperature trends (Pearson et al., 
2011; Weijers et al., 2007; De Jonge et al., 2014). BrGDGTs are a mo
lecular fossil from the membrane lipids of bacteria that are ubiquitous in 
terrestrial and aquatic ecosystems (Damsté et al., 2009; Schouten et al., 
2013; Weijers et al., 2006), and, thus, they have an inherent potential to 
provide novel paleoclimatic insights where they are preserved in the 
geologic record. Lacustrine brGDGT indices have been used to represent 
the average lake temperature of the months above freezing (MAF, period 
from May to September), which broadly aligns with a warm-season 
temperature signal (Cao et al., 2020) while also being consistent with 
evidence for enhanced brGDGT production during the fall and winter 
(Loomis et al., 2014). Furthermore, brGDGTs can be extracted alongside 
other membrane lipids, and their analysis is faster compared to other 
biological proxies that involve a laborious process of microscopic species 
identification. Including the brGDGT temperature proxy brings a new 
perspective to understanding the nuances of past climate trends and 
events compared to the classical vegetation-based proxies. Properly 

validated, brGDGTs could then provide a significant volume of com
plementary proxy data for regional and global paleoclimate synthesis, 
which in land areas continues to heavily draw on pollen and other 
microfossil data (Kaufman et al., 2020).

In this study, we aim to test and compare brGDGTs as climate in
dicators in relation to novel probability-based plant macrofossil recon
struction algorithms and classical pollen proxy by assessing the 
differences in timing and intensity of the Holocene events in northern 
Finland. We reconstruct the mean July air temperature (Tjul) using 
pollen and plant macrofossils and the mean temperature of MAF (TMAF) 
using brGDGTs from Lake Tippakuru in northeastern Finland. Addi
tionally, we integrate high-resolution pollen-based temperature re
constructions from nearby sites – Lake Loitsana (Shala et al., 2017) and 
Lake Kuutsjärvi (Salonen et al., 2024) – to investigate the spatial 
coherence of Holocene temperature patterns and taphonomic influences 
on pollen-based temperature reconstructions in northern Finland.

2. Materials and methods

2.1. Study site

Lake Tippakuru (67◦46′N 29◦37′E; 280 m a.s.l.; 5 m maximum depth; 
0.2 ha surface area) is a small headwater lake in northeastern Finland, 
inside the Värriö strict nature reserve (Fig. 1). The catchment consists of 
sparse northern boreal forest, dominated by Scots pine (Pinus sylvestris) 
and Norway spruce (Picea abies). The region has a subarctic climate with 
the mean annual air temperature (MAAT) of 0 ± 1 ◦C, Tjul of 13 ± 3 ◦C, 
TMAF of 9 ± 4 ◦C, and a total annual precipitation of 566 ± 84 mm for 
the normal period 1991–2020 CE (Common Era) (Salla Värriötunturi 
meteorological station 67◦44′N 29◦36′E) (Finnish Meteorological Insti
tute, 2024). At present, the lake is meso-oligotrophic with clear water 
(total P 5–13 μg l− 1, total N 100–450 μg l− 1, and Secchi depth of 4.5 m) 
and supports abundant aquatic mosses and benthic algal mats.

2.2. Coring and sampling

We cored Lake Tippakuru from the ice in March 2022 in the deep 
basin (water depth ~ 5 m) with a Russian-type peat corer (Jowsey, 

Fig. 1. Study site. A: geographical location of Lake Tippakuru with the vegetation zones (Finnish Environmental Center, 2020), and MAAT for the normal period 
1991–2020 (Finnish Meteorological Institute, 2022). B: Lake Tippakuru and its catchment area calculated from the Digital elevation model 2 m (National Land 
Survey of Finland, 2014) using GrassGIS 8.3 (GRASS Development Team, 2024).
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1966). The total sediment sequence of 3.11 m consists of five parallel, 
partly overlapping cores of 75 cm to 1 m in length. We subsampled the 
sediment cores into 1-cm-thick slices and stored them at 4 ◦C until 
further analyses at the University of Helsinki. We correlated the cores 
using the moisture content and organic matter content from 
loss-on-ignition (LOI; Heiri et al., 2001). For LOI, 2-g subsamples at 1 cm 
interval within overlapping core depths, and at 4-cm intervals for the 
rest of the sequence, were dried at 107 ◦C in an automated furnace until 
a constant weight was reached and then combusted at 550 ◦C until at 
constant weight (SFS-3008 standardized protocol), using LECO TGA701 
Thermogravimetric Analyzer at the Environmental Laboratory in the 
University of Helsinki. The OM content was calculated as: 

OM% =
DW107 − DW505

DW107
*100... Eq.1 

The OM is the calculated organic matter in percentage, and DW is the 
weight of each sample after drying (DW107) and combustion (DW550).

2.3. Chronology

A total of 34 samples, including 30 macroscopic plant remains and 
four freeze-dried gyttja samples, were radiocarbon (14C) dated using 
accelerator-mass-spectrometry (AMS) at the Poznań radiocarbon labo
ratory, Poland (Table S1). This sampling strategy results in 2–3 dates per 
millennium on average, thus reaching the minimum recommended 
dating density of two dates per millennium for a reasonable age-depth 
model to assess centennial-scale fluctuations (Blaauw et al., 2018). 
The acquired conventional radiocarbon ages were calibrated using the 
IntCal20 calibration curve (Reimer et al., 2020) and expressed in cali
brated kiloyears before present (cal ka BP). We prepared a Bayesian 
age-depth model using the library rbacon (version 3.1.1; Blaauw and 
Christen, 2011) in R version 4.3.3 (R Core Team, 2023). For the 
age-depth modelling, we used a model section thickness of two cm, 
accumulation shape of two, accumulation rate of 20, and Markov Chain 
Monte Carlo (MCMC) iteration size of 4000.

2.4. Pollen and plant macrofossil analyses

We prepared pollen samples from 1 cm3 subsamples, using HCl, 
KOH, sieving (212 μm mesh), acetolysis, and bromoform heavy-liquid 
treatments, and mounted them in glycerol. We counted a total of 93 
pollen samples, mostly at 4 cm intervals, but with resolution doubled to 
2 cm for the uppermost 44 cm to recover a high-resolution pollen dataset 
for the late Holocene which was covered at only low resolution in earlier 
pollen sequences analyzed from the nearby Lake Loitsana (Salonen et al., 
2013) and Lake Kuutsjärvi (Salonen et al., 2024). We counted a mean of 
613 (min = 461, max = 742) terrestrial pollen and spore grains from 
each sample. Pollen and spores were identified according to Moore et al. 
(1991) and Reille (1992) and stomata – according to Sweeney (2004).

We conducted plant macrofossil analysis according to procedures 
described by Birks (2002). After subsampling for other analyses, we 
wet-sieved all the remaining material using 125 μm mesh under running 
tap water and stored it until further analysis. Using a stereomicroscope 
at the University of Helsinki, we analyzed every second centimeter of the 
core, amounting to 156 samples with volumes ranging from 1 to 20.5 ml. 
During the plant macrofossil analysis, we also recorded other remains 
we encountered, including non-plant organisms, sand and charcoal 
particles. A systematic analysis for those, however, is yet to be con
ducted. We identified the remains according to Berggren (1981), Birks 
(2013), Cañellas-Boltà et al. (2012), Cappers et al. (2012), Mauquoy and 
Van Geel (2013), and Sheinkman et al. (2016).

2.5. brGDGTs extraction and characterization

We extracted and purified brGDGTs from approximately 2 g of 
freeze-dried sediments at an average interval of 4 cm following previous 

protocols (Bakkelund et al., 2018; Muñoz et al., 2020) at the University 
of Toronto - Mississauga campus. We separated the fossil lipids from the 
sediments by repeated solvent extraction with a 9:1 dichloromethane 
(DCM)/methanol (MeOH) solution in an Ethos Up Microwave at 70 ◦C 
with a magnetic stirrer. The total lipid extract was split into two frac
tions by column chromatography over an aminopropyl silyl-gel sta
tionary phase: (1) a GDGT fraction eluted with a 2:1 
dichloromethane/isopropanol mobile phase; and (2) a high-polarity 
fraction eluted with 4 % formic acid in diethyl ether. The 
high-polarity fraction was collected for a separate study and is not dis
cussed here. The GDGT fraction was analyzed with a Agilent Technol
ogies 1290 Series II Ultra High Performance Chromatograph coupled to 
an AM Sciex 4500 QTrap mass spectrometer, and two BEH HELIC 
analytical columns as recommended by Hopmans et al. (2016). We in
tegrated peak areas from raw data with Sciex Analyst 1.7.2 and calcu
lated the fractional abundances of individual isomers relative to their 
primary structure. A more detailed description of the brGDGTs extrac
tion is available in the Supplementary Material.

We studied temporal changes in the sediment brGDGTs composition 
with established indices. We assessed temperature sensitivity with the 
indices MBT’5me and MBT’6me (Eq. (2) and Eq. (3)) (De Jonge et al., 
2014), quantifying the degree of methylation. We evaluated changes in 
isomerization and cyclization with indices IBT, IR6me and DC’ (Eq. (4), 
Eq. (5) and Eq. (6)) (De Jonge et al., 2014; Ding et al., 2015; Dang et al., 
2016; Damsté et al., 2009). We studied past changes in dissolved oxygen 
(DO) availability in the lake using the shifts in fractional abundances of 
isomers Ia, IIa and IIIa (Yao et al., 2020; Raberg et al., 2021; Wu et al., 
2021; Ajallooeian et al., 2024).

To assess the potential primary source of brGDGTs, we compared the 
composition and the calculated Tippakuru sediment indices to those of 
modern lake biofilm and soil samples from Lake Annan Juomusjärvi 
catchment area (69◦15′14’’N 27◦24′21’’E) in northern Finland 
(Otiniano et al., 2024) by evaluating their similarity with K-means 
clustering using the packages cluster and factoextra in R version 4.3.3 
(Kassambara and Mundt, 2020; Maechler, 2018). The comparison be
tween the modern material from the Lake Annan Juomusjärvi locality 
and Lake Tippakuru is possible under the assumption that the similar 
local geology and Holocene environmental history resulted in compa
rable soil ecosystems. Additionally, we applied the machine learning 
algorithm BIGMaC (Branched and iso GDGT Machine learning Clark 
et al., 2001) to corroborate the potential source material of the sediment 
brGDGTs implied by the comparison with modern material. 

MBTMT
B =

Ia + Ib + Ic
Ia + Ib + Ic + IIa + IIb + IIc + IIIa

Eq.2 

MBTMT
B =

Ia + Ib + Ic
Ia + Ib + Ic + IIaʹ + IIbʹ + IIć + IIIaʹ Eq.3 

IBT = − log
IIaʹ + IIIaʹ

IIa + IIIa
Eq.4 

IR6Me=
IIaʹ+IIbʹ+IIcʹ+IIIaʹ+IIIbʹ+IIIcʹ

IIaʹ+IIbʹ+IIcʹ+IIIaʹ+IIIbʹ+IIIcʹ+IIa+IIb+IIc+IIIa+IIIb+IIIc
Eq.5 

DCʹ=
Ib + IIb + IIbʹ

Ia + IIa + IIaʹ + Ib + IIb + IIbʹ Eq.6 

2.6. Climate reconstruction methods

2.6.1. Pollen
We prepared a pollen-based paleoclimate reconstruction using an 

ensemble of six pollen–Tjul calibration models. This ensemble has earlier 
been employed with two other fossil sequences recovered from the vi
cinity of Tippakuru, including the last interglacial sequence from Sokli 
(Salonen et al., 2018) and the Holocene sequence from Lake Kuutsjärvi 
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(Salonen et al., 2024). Further discussion on the calibration data, 
models, and validation of calibration models are found in Salonen et al. 
(2018, 2019). The calibration models used include three classical, 
unimodal transfer functions: the weighted averaging (WA; Birks et al., 
1990), weighted averaging-partial least squares (WA-PLS; ter Braak and 
Juggins, 1993), and maximum likelihood regression curves (MLRC; 
Birks et al., 1990). We also used the modern analogue technique (MAT; 
Overpeck et al., 1985) as well as two machine-learning (ML) methods 
based on ensemble models of regression trees, the random forest (RF; 
Breiman, 2001) and the boosted regression tree (BRT; De’ath, 2007). 
The reconstruction errors of the models, estimated as the 
root-mean-square error of prediction in ten-fold cross-validation, range 
from 1.12 to 2.05 ◦C (Salonen et al., 2018). The calibration models were 
prepared in R using the libraries gbm (Ridgeway, 2020), randomForest 
(Liaw and Wiener, 2002), and rioja (Juggins, 2024).

In the pollen-based Tjul reconstruction, in addition to the new Tip
pakuru data we also included pollen data from the Holocene sequences 
from the nearby Lakes Loitsana (Salonen et al., 2013) and Kuutsjärvi 
(Salonen et al., 2024). With the six calibration models applied on each of 
the three sequences, this produced an 18-member ensemble Tjul recon
struction. To calculate a synthesis curve for the ensemble, we first 
interpolated all 18 reconstructions at 50-year time step, to equalize the 
impact of the reconstructions on the synthesis curve regardless of the 
sampling resolution of the underlying pollen dataset (Salonen et al., 
2025). We then calculated the synthesis curve as the median of the 18 
interpolated reconstructions, with multi-centennial features summa
rized as a five-point mean of the median curve (i.e., spanning 250 yr). 
The 95 % error margins for the synthesis curve were estimated by 
calculating the median 1000 times from bootstrap samples of the 18 
ensemble members and then calculating the 2.5th and 97.5th percen
tiles. Finally, the synthesis reconstruction was expressed as anomalies 
vs. preindustrial (PI) by subtracting the mean of the synthesis curve over 
250–50 cal a BP, representing the youngest five-point mean not over
lapping with the industrial period (defined to start at 1900 CE).

2.6.2. Plant macrofossils
We performed plant macrofossil-based climate reconstructions using 

two probability-based approaches, CRACLE (Harbert and Baryiames, 
2020) and CREST (Chevalier, 2022), implemented in R packages cRacle 
(version 1.1.1) and crestr (version 1.3.1). These approaches calculate the 
most likely climatic value of each given plant assemblage based on the 
normal (pCRACLE, CREST) and non-normal (nCRACLE) distributions of 
probability density functions representing modern climate-species re
lationships. For the modern calibration, we used mean July air tem
peratures from the CRU CL v.2.0 modern climate dataset (New et al., 
2002) and modern plant observations downloaded from GBIF database 
(GBIF.org, 2024) (Fig. S3). The GBIF database was accessed using the R 
package rgbif version 3.7.7 (Chamberlain and Boettiger, 2017).

For plant macrofossil-based reconstructions, we used a subset of the 
modern taxon occurrence data, defined as the part of Eurasia where the 
Gorczyński Continentality Index (CI) is between 20 and 40, thus repre
senting the modern-day continentality regime of Lake Tippakuru (CI =
32). We repeated the reconstruction for 50 iterations and each time used 
random 1500 modern plant observation data points (Fig. S3). For further 
discussion on the rationale of using the CI to select the calibration re
gion, see Trasune et al. (2024).

2.6.3. brGDGTs
To reconstruct the Holocene months above freezing, we chose the 

region-specific high-latitude lacustrine brGDGT-temperature transfer 
function introduced by Otiniano et al. (2024). The transfer function was 
previously applied to Lake Annan Juomusjärvi in northeastern Finland 
(69◦15′14"N 27◦24′22"E), which has similar ecosystem characteristics to 
Lake Tippakuru (Table S2). The calibration data set comprises 117 
modern samples from high-latitude lakes (57.2◦N to 72.6◦N and 14.6◦W 
to 161.1◦W; Martínez-Sosa et al., 2021; Raberg et al., 2021; Otiniano 

et al., 2023), and of TMAF values calculated from ERA5 2-m air tem
perature reanalysis data (Hersbach et al., 2020) for the months of May to 
September (Otiniano et al., 2024). The transfer function is a multilinear 
step-backward regression (MLfa) that includes all fractions with a high 
correlation with TMAF (Eq. (7)). We also compared the reconstruction 
against alternative published brGDGTs transfer functions and machine 
learning algorithms (Martínez-Sosa et al., 2021; Zhao et al., 2021; 
Bauersachs et al., 2024; Zhu et al., 2025). 

TMAF =17 + 11.4 × IIa − 17.4 × IIIa − 15.9 × IIaʹ − 124.4 × IIIb Eq.7 

2.7. Analysis of significant trends

We used generalized additive models (GAMs) to describe temporal 
trends and identify periods of change in brGDGTs isomer fractional 
abundances, brGDGT indices, and temperature reconstructions. The 
GAMs were fitted with the Restricted Maximum Likelihood method 
(REML) with smoothening (sp) and dimensionality (k) parameters suit
able for each individual data resolution (Table S2), and a constant 
epsilon distance for all cases (eps = 10− 7) on R with the package mgcv 
(Wood, 2017). We identified the amount and timing for periods of sta
tistically significant change in the time series as the first derivatives of 
the fitted splines in the GAMs, and the rate of change as the regression 
coefficient between points of significant change (Simpson, 2018).

3. Results

3.1. Age-depth model

The Lake Tippakuru age-depth model is based on 34 radiocarbon 
dates. It spans from 10.58 cal ka BP to the present, with the deepest 7 cm 
of the core obtained by extrapolation (Fig. 2; Table S1). The chronology 
curve consists of four linear trends with an average uncertainty of 185 yr 
and an alternating pattern of high and low sedimentation rates.

3.2. Vegetation development

3.2.1. Organic matter and plant macrofossil record
The plant macrofossil record, which spans from 10.5 cal ka BP to 

present, includes in total 17 taxa of trees, shrubs, and grasses, and other 
remains (Fig. 3). For the records of other organisms and charcoal par
ticles observed during this analysis, see supplementary material 
(Figs. S1 and S2).

Until ca. 10 cal ka BP, sediments are highly minerogenic (≥100 sand 
grains/ml), while the organic matter content gradually increases. The 
tree-type Betula (incl. B. pendula and B. pubescens) is the first taxon with 

Fig. 2. Lake Tippakuru age-depth model with the calibrated 14C dates (blue – 
plant remains; orange – bulk sediments) and the mean age estimates of the 
model (red curve) with 95 % confidence intervals (grey ribbon).

L. Trasune et al.                                                                                                                                                                                                                                 Quaternary Science Reviews 372 (2026) 109727 

4 



consistent presence alongside a single remain of Betula nana at 10.2 cal 
ka BP, and the shrub/dwarf shrub Vaccinium. By 10 cal ka BP, organic 
matter percentages reach 40 %, and sand grain concentrations drop 
rapidly as fern sporangia peak. The identified diversity of plant taxa 
increases with the appearance of Alnus, Pinus, and the wetland plants 
Carex, Equisetum, Juncus, and Menyanthes. Starting from ca. 8 cal ka BP, 
sediments are rich in plant macrofossils with near-constant presence of 
Betula, Pinus, Vaccinium, and Juncus. A strong Sphagnum moss peak 

appears from ca. 7.9 to 7.3 cal ka BP. Between ca. 6 and 4 cal ka BP Alnus 
(incl. A. incana) is present, with increased fern sporangia and moss 
concentrations. Sand grain (<1 mm) concentrations fluctuate over the 
mid and late Holocene, with one sample at 5.2 cal ka BP having above 
background (≥100 grains/ml) presence, corresponding to a slight drop 
in organic matter content. At 3.9 cal ka BP Menyanthes reappears, fern 
sporangia disappear completely, and moss concentration increases 
slightly. At 2.6 cal ka BP Picea needle fragments appear. At ca. 1.2 cal ka 

Fig. 3. Lake Tippakuru diagram of organic matter content (%), sand (n/ml), and identified plant macroscopic remains (presence or n/ml).

Fig. 4. Lake Tippakuru pollen diagram, including spores, non-pollen palynomorphs (NPPs) and conifer stomata. Values are shown as percentages for pollen, spores, 
and NPPs, and as absolute counts for stomata. Selected taxa are shown; for full data see Supplementary Data.
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BP macrofossil diversity decreases.

3.2.2. Pollen record
Pollen records (Fig. 4) starts at 10.6 cal ka BP and indicate low (20 

%) tree pollen, but high shrub (30 %) and herb (50 %) values until ca. 
10.3 cal ka BP, after which tree pollen rises with high Betula pollen 
values of 80–90 % and Pinus at ~5 %. At ca 8.7 cal ka BP Pinus shortly 
peaks and reaches 75 % as Betula drops to 15 %. At around 8.2 cal ka BP, 
total tree presence decreases by 10 %, and is replaced by shrubs, seen as 
a peak in Betula nana and Juniperus. Simultaneously, we note a presence 
of Spirogyra algae, a near or complete disappearance of many herbs 
(Artemisia, Asteraceae, Cyperaceae, and Poaceae), and a decrease in 
spores (Lycopodiaceae, Dryopteris-type). By 7.9 cal ka BP, both Betula 
and Pinus pollen percentages stabilize with values from 40 % to 50 % 
(Betula) and from 30 to 40 % (Pinus), while Betula nana and spores stay at 
<5 %. Starting from ca. 2.5 cal ka BP, total tree pollen decreases from 
~95 % to 85–90 % as Betula nana, Juniperus, Ericaceae, Cyperaceae, and 
Poaceae percentages increase. At ca. 1 cal ka BP, Pinus again briefly 
peaks and reaches 75 %, and is accompanied by an increase in Juniperus, 
while Betula decreases to around 5 %.

3.3. Sediment brGDGTs composition and potential origin

The sediment record is dominated by uncyclized brGDGTs, with Ia, 
IIa, IIIa, and IIa’ having each a Holocene average fractional abundance 
of ≥5 %, and their sum accounting for 88 ± 3 % of the total. The Tip
pakuru sediments are compositionally similar to the biofilm of Lake 
Annan Juomusjärvi rather than to soil samples from its catchment 
(Fig. S5), suggesting a lake source. Furthermore, the index CBT’, 
strongly correlated to soil pH (Damsté et al., 2009), is higher in the soils 
samples than in the biofilm and sediment samples (Fig. S5), also 
implying a lake source. Likewise, the indices DC’ (Damsté et al., 2009) 
and IBT (Ding et al., 2015), which measure the degree of cyclization 
related to membrane fluidity, are lower in the soil samples (DC’ = 0.01 
± 0.01, IBT = − 0.9 ± 0.3) than in biofilm (DC’ = 0.05 ± 0.008, IBT =
− 0.5 ± 0.08) and sediment samples (DC’ = 0.08 ± 0.02, IBT = − 0.5 ±
0.1) (Fig. S5). In addition, the BIGMaC algorithm (Martínez-Sosa et al., 
2023) identifies most of the record as lake-type GDGTs (Fig. 5). There
fore, we assume the majority of brGDGTs in Tippakuru lake sediments 
are likely of lacustrine origin throughout the Holocene and reflect TMAF.

The sediment record shows temporal changes in methylation isom
erization and composition. The beginning of the record at ca. 10 cal ka 
BP has lower MBT’6Me values that increase gradually until ca. 6 cal ka BP 
(from 0.65 to 0.75; Fig. 5D), and higher IBT values that decrease 
simultaneously (− 0.4 to − 0.6; Fig. 5C), indicating higher presence of 
penta- and hexamethylated isomers at the C6′ position. Between ca. 6 
and 4 cal ka BP, there are shifts in methylation and isomerization, as 
suggested by the drop in MBT’6Me and MBT’5Me (0.8–0.7 and 0.4 to 0.3 
respectively), and the rise in IBT (− 0.7 to − 0.5; Fig. 5). The main change 
in brGDGT distribution after ca. 6 cal ka BP is the increase in IIIa frac
tional abundance (Fig. 5B), which continues until the present from 22 % 
to 30 %, and the decrease in IIa fractional abundance after ca. 3 cal ka BP 
from 34 % to 30 %.

3.4. Temperature reconstructions

Temperature reconstructions from Tippakuru (Fig. 6) start with 
anomalies of +0.5 ◦C for plant macrofossils (Fig. 6A), +0.4 ◦C for 
brGDGTs (Fig. 6B), and − 1.8 ◦C for the median pollen-Tjul across all 
methods (Fig. 6D, solid line), followed by a warming starting ca. 10.5 cal 
ka BP with rates of +0.18 ◦C/kyr, +0.2 ◦C/kyr and +0.7 ◦C/kyr until 7.2 
cal ka BP, 6.8 cal ka BP and 5.5 cal ka BP, respectively. The re
constructions reach the maximum temperature (anomalies between 
+1 ◦C and +1.8 ◦C) around the mid Holocene (6.8 cal ka BP for plant 
macrofossils, 5.8 cal ka BP for brGDGTs, and 5.5 cal ka BP for pollen. The 
reconstructions from plant macrofossils and pollen suggest a period of 

stable warm temperatures until ca. 2.7 cal ka BP and 3.4 cal ka BP, 
respectively, after which there is a cooling with a rate of − 0.4 ◦C/ka 
until present. In contrast, brGDGTs show an abrupt cooling of 0.9 ◦C 
after the peak in temperatures ca. 5.8 cal ka BP.

A pollen-based reconstruction also incorporating the pollen se
quences from the nearby lakes Loitsana and Kuutsjärvi (Fig. 7) largely 
repeats features of the Tippakuru-only reconstruction. Major between- 
site differences are seen in the timing of the possible HTM, with Loit
sana indicating an early warm peak at approximately 8–7 cal ka BP, 
while Kuutsjärvi record suggests the warmest period starting at 6–4.8 cal 

Fig. 5. Holocene sediment GDGT distribution and common indices for Tippa
kuru. A. brGDGT and crenarchaeol fractional abundances. B. Time-series plot of 
Ia (triangle), IIa (square), and IIIa (circle) fractional abundance. C. Isomeriza
tion indices IBT and IR6M. D. Methylation indices MBT5Me and MBT6Me. The 
origin of GDGTs calculated with the BIGMaC algorithm (Martínez-Sosa et al., 
2023) is indicated with the colors: light blue for lake-type and dark purple for 
peat-type. The indices and uncyclized isomers series are smoothed with GAMs 
with parameters k = 30 and sp = 0.1.
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ka BP (Salonen et al., 2024). Lake Tippakuru record, in turn, indicates a 
longer warm period spanning from 8 to 4 cal ka BP, which aligns with 
the pollen-based synthesis curve. A clear 8.2 ka event is seen in the 
three-site Tjul synthesis curve, largely driven by the Kuutsjärvi record, 
but also seen in Lake Tippakuru as a a sharp fall in tree pollen (Fig. 4). 
While the 8.2 ka event is clearly visible as a fall in reconstructed Tjul, we 
note that Salonen et al. (2024) express reservations about whether the 
distinct opening of tree cover, while closely aligning with the negative 
excursion in ice core δ18O values in Greenland (Rasmussen et al., 2007), 
can be specifically attributed to a summer temperature reduction as 
opposed to a change in some other climate variable.

4. Discussion

In this chapter, we discuss the differences between reconstructed 
Holocene climate trends across our proxies. We divide the discussion 
into three subsections, each describing a distinct climatic period: early 
Holocene (EH), mid-Holocene (MH), and late Holocene (LH). We 
acknowledge that our proxies represent different moments of the warm 
season, however, for our research purpose we assume the temperature 
anomalies follow the same long-term trends of the Holocene.

4.1. Discrepancies in early Holocene warming between proxies

Our multi-proxy reconstructions indicate different climate trends 
during the onset of the Holocene: the pollen synthesis curve suggests 
colder than present warm-season temperatures while plant macrofossils 
and brGDGTs show already warm conditions in the EH. The rate of this 
warming ranges between +0.2 ◦C/kyr (plant macrofossils, brGDGTs) 
and +1.3 ◦C/kyr (pollen synthesis) between the period 10.6 cal ka BP 
and 5.5 cal ka BP (Table 1). Similar uncertainties of EH warming trends 
are observed in other localities across Europe (Mateo-Beneito et al., 
2024; Shala et al., 2017; Väliranta et al., 2015) and can even be seen 
between individual pollen records (Bjune et al., 2004; Salonen et al., 
2019). Several factors could be linked to these discrepancies.

Although both brGDGTs and plant macrofossils indicate an overall 
warm growing season at the onset of the Holocene, plant macrofossil-Tjul 
could potentially be biased by false absences of taxa in sediments (Birks 
and Birks, 2000). It is typically assumed that plants found in the record 

Fig. 6. Tjul and TMAF anomalies of Lake Tippakuru. A: plant macrofossil-based 
Tjul anomalies (vs. the youngest sample at 324 cal a BP); B: brGDGT-based TMAF 
anomalies vs. preindustrial (PI); C: pollen-based Tjul anomalies vs. PI; D: 
comparison of the reconstructed temperature anomalies between all three 
proxies. The temperature reconstructions are fitted with GAMs depending on 
the data resolution of each proxy (using k values of 45 for plant macrofossils, 30 
for brGDGTs and 40 for pollen, and sp of 0.1 for all proxies).

Fig. 7. Pollen-based mean July temperature (Tjul) synthesis reconstruction 
incorporating three pollen sites (Tippakuru, Kuutsjärvi and Loitsana). A: Tjul 
synthesis curve, incorporating 18 individual reconstructions using six pollen- 
climate calibration models on each of the three pollen sequences. The dotted 
black line represents the median of the 18-member ensemble and the thick black 
line a five-point mean of the ensemble median. The grey band represents the 95 
% error margins of the ensemble median, estimated as the 2.5th and 97.5th 
percentiles of the median when calculated from 1000 bootstrap samples of the 
ensemble members. The colored bands represent the 95 % error margins of the 
site-specific reconstructions, calculated from bootstrap samples of the re
constructions from the ensemble of six calibration models. Reconstructions are 
expressed as deviations from the preindustrial (PI) mean (dashed line), defined 
as the average of the ensemble median over 250–50 cal a BP. B: the modern 
analogue quality for each fossil pollen sample, calculated as squared-chord 
distance to the best-matching modern pollen sample in the calibration data
set. The dashed line indicates the threshold value for a good modern analogue 
(10.32), calculated as the 5th percentile of the between-sample squared-chord 
distances in the calibration data. The yellow bar indicates the timing of the 8.2 
ka abrupt climate event (8.4–8.0 cal ka BP) in Greenland ice core data.

L. Trasune et al.                                                                                                                                                                                                                                 Quaternary Science Reviews 372 (2026) 109727 

7 



represent a strongly established community in the catchment: a true 
presence of a population. Regardless of whether it is objectively true, our 
reconstruction algorithms assume these populations are growing in their 
most optimal climatic conditions. Thus, our calculations might possibly 
lead to overestimation or underestimation of the plant macrofossil-Tjul. 
However, an independent variant of the climate indicator plant species 
method, based on the northern distribution limits of indicator plants 
(Isarin and Bohncke, 1999; Väliranta et al., 2015), which reduces this 
issue by interpreting the climatic value from the median of the minimum 
Tjul of the most warmth-requiring taxa in the vegetation, provide similar 
warm EH absolute temperatures to ours (Fig. S4) for the nearby Lake 
Kuutsjärvi (Salonen et al., 2024). Therefore, despite different method
ologies, plant macrofossils are in an agreement with the warm EH sce
nario in Northern Europe (e.g., Väliranta et al., 2015; Luoto et al., 2014; 
Cremer et al., 2004). Moreover, our brGDGT TMAF reconstructions also 
suggest a warm EH at Lake Tippakuru during the whole warm season 
(Fig. 6B and S5). We, however, see major discrepancies between our 
reconstructed TMAF values and those from Lake Annan Juomusjärvi, also 
located in northern Finland, ca. 190 km north from Lake Tippakuru 
(Otiniano et al., 2024).

Interestingly, the TMAF reconstruction from Lake Annan Juomusjärvi 
(Otiniano et al., 2024) agrees well with pollen-based Tjul reconstructions 
from Loitsana and Tippakuru using the MAT, WA, and WA-PLS cali
bration models (Fig. 7 and S8), implying that cold EH conditions were 
widespread in Northern Finland. A possible reason for the EH temper
ature disparity between brGDGT-based reconstructions from Lake Tip
pakuru and Lake Annan Juomusjärvi might be due to differences in 
microbial communities determining the brGDGTs composition. Envi
ronmental factors including ice cover seasonality (Loomis et al., 2014; 
Cao et al., 2020; Zhu et al., 2021), in-situ versus exogenic lipid source 
(Weber et al., 2015; Martínez-Sosa et al., 2021; Raberg et al., 2022; 
Wang et al., 2023), salinity (Liang et al., 2024; Zhu et al., 2025), oxygen 
depletion (Yao et al., 2020; Wu et al., 2021; Ajallooeian et al., 2024; 
Raberg et al., 2025), and lake depth (Stefanescu et al., 2021) are known 
to influence lacustrine brGDGT composition. Despite similarities be
tween both lakes with respect to depth, water chemistry and seasonality 
(Table S2), Lake Annan Juomusjärvi has a higher isomerization (IR6ME 
~0.4; Otiniano et al., 2024) than Lake Tippakuru (IR6ME ~0.2; Fig. S7) 
at ca. 10 cal ka BP. A higher isomerization can result from non-thermal 
factors and bias MBT5Me-based temperature reconstructions (Wang 

et al., 2024). In middle to high-latitude lakes, IR6ME value ≥ 0.4 suggests 
a weaker temperature response of brGDGTs than values below this IR6ME 
cutoff (Novak et al., 2025). While only three samples from the Lake 
Annan Juomusjärvi record exceed the suggested cutoff value at the 
beginning of the EH, many samples plot close to it (Fig. S7), and at least 
some of the reconstructed EH temperatures should be considered with 
caution.

An alternative explanation for the EH TMAF discrepancy between 
both brGDGTs records is a thermal gradient from the northern coastal 
zone to inland, where EH Tjul simulations suggest temperature differ
ences of ~2 ◦C (Schenk and Wohlfarth, 2019; Kuang et al., 2021; Sal
onen et al., 2024), as a result of the cold air brought from the Nordic Seas 
to Fennoscandia by westerly to northerly winds. Pollen records from 
Northeast Norway and Northwest Russia (Seppä et al., 2002, 2008) and 
brGDGTs records from Kola peninsula (Holtzman et al., 2025), also 
suggest a cold but rapidly warming EH, while numerous other temper
ature reconstructions from northern Fennoscandia suggest a warm EH 
(Sjögren, 2021). None, however, are in close proximity to Lake Annan 
Juomusjärvi, hindering the comparison. To further investigate the po
tential cause of the inconsistency in TMAF reconstructions between the 
two sites, a study of bacterial communities and the seasonal production 
of lacustrine brGDGTs in both lakes is recommended to better under
stand the ecological drivers of sediment brGDGT composition. 
Furthermore, more brGDGT-based temperature reconstructions from 
northern Europe are needed to clarify EH drivers of brGDGT assem
blages in this region.

If warm conditions prevailed during the EH in our study area, then 
why do pollen fail to show similar trends as brGDGTs and plant mac
rofossils? It is possible that a lag in vegetation response rates due to the 
rapidly changing climate (Webb, 1986; Birks et al., 2011; Väliranta 
et al., 2015) could be a major factor for colder reconstructed EH 
pollen-based Tjul. The increased dissimilarity index we see during EH 
(Fig. 7B), might indicate such disequilibrium conditions, where vege
tation has not fully established in the relatively recently deglaciated 
Northern Finland. Additionally, long-distance pollen transport can affect 
the interpreted vegetation, particularly in treeless and tree-line areas 
(Birks and Birks, 2000), such as postglacial Värriö region, as seen in the 
appearance of new tree taxa in the EH vegetation records (Figs. 3 and 4; 
Salonen et al., 2024; Shala et al., 2017). Under the assumption that the 
winds during the warm season mainly follow westerly to northerly 
patterns rather than the modern-day southwesterly direction (Salonen 
et al., 2024), this, in theory, could affect the presence and concentration 
of, for example, thermophile taxa in pollen assemblages leading to un
derestimation of pollen-Tjul values.

It is also noteworthy, however, that our pollen-Tjul reconstruction 
ensemble of the EH shows considerable spread between the calibration 
methods used (Fig. 6D and S8), and hence, the EH offset compared to 
plant macrofossils and brGDGTs is not a robust feature of the pollen- 
based ensemble reconstruction. The median synthesis curve, which 
considers all methods, has an anomaly of − 2 ◦C vs. PI at ca. 10.5 cal ka 
BP, however, the Tjul generated with the methodologically distinct ML- 
based algorithms (RF and BRT) has an anomaly of − 0.8 ◦C (Fig. 6). 
Considering that both brGDGTs and plant macrofossil records begin 
hundreds of years after pollen, the ML-based reconstructions show 
similar temperature estimates as local proxies after ca. 10 cal ka BP. This 
between-method spread in the pollen-based reconstructions may be 
explained by the distinct ways the individual calibration approaches 
deal with the EH pollen samples which generally lack good modern 
analogues (Fig. 7B). Notably, the EH pollen samples from Tippakuru for 
10.3–9.3 cal ka BP have Betula values averaging at 85 % which greatly 
exceeds the Betula values seen in the modern calibration data, where 
only 2 % of samples record Betula at over 60 % and the maximum 
reached is 74 %. The different calibration models deal with these non- 
analogue taxon percentages in starkly different manners. The 
commonly used unimodal methods WA and WA-PLS emphasize the 
Betula dominance in the paleoclimate reconstructions and give 

Table 1 
Significant inflection points and rate of change in Lake Tippakuru temperature 
reconstruction anomalies across proxies calculated with GAMs. Note the gap in 
the brGDGTs record between 3.3 cal ka BP and 1.2 cal ka BP (Fig. 5), hindering 
the calculation of the rate of change for this period. Table S3 expands on the data 
resolution, GAM parameters, and significant inflection points and rates of 
change for the pollen-based reconstructions from Lakes Kuutsjärvi, Loitsana and 
regional synthesis reconstructions, and brGDGTs-based Annan Juomusjärvi.

Proxy Significant inflection points Trends

Total 
changes

Age 
[ka]

Temp. 
Anomaly 
[◦C]

Start 
[ka]

End 
[ka]

Rate of 
change 
[◦C/kyr]

brGDGTs 7 7.2 0.9 10.1 7.2 0.2
6.9 0.9 6.9 5.8 0.2
5.8 1.1 5.8 3.3 − 0.5
3.6 0.2 1.2 Present − 0.4
3.3 0.2 ​ ​ ​
2.4 0.2 ​ ​ ​
1.2 0.4 ​ ​ ​

Plant 
macr.

5 6.8 1.3 10.4 6.8 0.2
5.5 1.2 6.8 5.5 − 0.2
4.6 1.2 5.5 4.6 0.2
3.7 1.2 4.6 3.7 − 0.2
2.7 1.2 2.7 Present − 0.4

Pollen 3 5.5 1.2 10.6 5.5 0.7
4.1 1.2 5.5 4.1 0.0
3.4 1.2 3.4 Present − 0.4
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proportionally increasing weight to the modern modelled Tjul optimum 
of Betula, i.e., when (fossil) Betula values exceed that of modern Betula, 
WA and WA-PLS calculate Tjul by extrapolation.

In contrast, our ML methods (RF and BRT), which are based on 
regression-tree models, implicitly truncate the range of the taxon vari
ation. Any (fossil) Betula value which exceeds the modern Betula, is 
regarded as equal to the highest Betula value within modern calibration 
data. This limits the impact of the non-analogue high values on the 
reconstruction. Moreover, regression-tree models are selective in using 
predictor variables (De’ath and Fabricius, 2000) (here, pollen taxa), and 
the models may heavily employ comparatively rare pollen types if they 
have been proven to be useful predictors during the calibration model 
building process, while potentially ignoring common but less climati
cally informative pollen types (Salonen et al., 2019). For example, in our 
BRT model for Tjul, Betula, despite its prolific numbers in the modern 
calibration samples, has a mere 3.8 % contribution to the model 
(Salonen et al., 2019). Together, these characteristics of regression-tree 
models may make the ML-based reconstructions less sensitive to the 
exceptional Betula percentages in the fossil samples. If we consider only 
the mean of the two ML reconstructions (− 0.8 ◦C, Fig. 6C), the 
discrepancy between pollen, and plant macrofossils (+0.3 ◦C, Fig. 6A) 
and brGDGTs (+0.5 ◦C, Fig. 6B) would be smaller, and uniformly favour 
a warm EH scenario. More generally, our observation implies that some 
of the northern European early-postglacial temperature reconstruction 
disagreements observed between pollen and other proxies including 
chironomids (Salonen et al., 2019) and aquatic plant macrofossils 
(Väliranta et al., 2015), could be addressed by supplementing the clas
sical methods commonly used in the region (especially WA-PLS) with 
alternative proxy calibration approaches.

Another notable difference between local and regional proxies is that 
the plant macrofossil and brGDGT records are of lower resolution than 
the pollen records. This, in turn, leads to insufficient data to reconstruct 
short-term climatic events such as the 8.2 ka cooling – an event which 
briefly interrupted general warming trends of EH (Alley and Agusts
dottir, 2005; Alley et al., 1997). Although each of our records indicates 
some environmental disturbances possibly related to the 8.2 ka event, 
including changes in vegetation, origin of brGDGTs, and a possible peak 
in charcoal particle count (Figs. 3–5 and S2), an identifiable change in 
temperature is evident only in pollen-based reconstructions (Fig. 7). To 
compare the 8.2 ka event in our pollen-based Tjul reconstruction with 
those from plant macrofossils and brGDGTs, a higher proxy-data reso
lution would be needed.

In summary, plant macrofossils, brGDGTs, as well as a subset of the 
pollen-based ensemble reconstruction support the evidence of warm EH 
growing-season conditions in Northern Europe (e.g., Väliranta et al., 
2015; Luoto et al., 2014; Cremer et al., 2004) with temperatures up to 
~1 ◦C warmer than present. However, we observe discrepancies be
tween proxies, the individual members of pollen-based ensemble 
reconstruction, and individual brGDGT records from the same region. 
This underlines the importance of preparing synthesis reconstructions 
incorporating multiple proxy sites, a range of proxy types, and an 
ensemble of quantitative reconstruction algorithms. As shown by our 
results, such ensemble can help control for the biases that may show up 
with individual sites, proxies or numerical methods, and help reach an 
estimate of the most likely regional climate history.

4.2. The warm-season temperature trends of the mid-Holocene

Around 6 cal ka BP, plant macrofossil Tjul and pollen-based Tjul re
constructions fully converge and indicate continuous warm MH condi
tions with a positive anomaly between ~1.3 ◦C (plant macrofossils; 
Fig. 6A–Table 1) and 1.5 ◦C (pollen; Fig. 7, Table 1), while brGDGTs 
show a drop in TMAF by ~1 ◦C (Fig. 6B–Table 1). The data, hence, 
suggest a possible turning point of local and regional environmental 
conditions. However, we identify major uncertainties within our re
constructions: the timing of the convergence between vegetation proxies 

during the MH, against a decrease in brGDGTs-TMAF values.
Our vegetation-based reconstructions agree with reports of temper

ature anomalies between 1 and 3 ◦C during the warmest phase of the 
Holocene (e.g., Bjune et al., 2004; Kaufman et al., 2020; Renssen et al., 
2012; Salonen et al., 2019; Seppä et al., 2009; Wanner et al., 2015). The 
exact timing of when the Tjul reached its highest values in our Lake 
Tippakuru reconstructions and the pollen-based multi-site synthesis 
reconstruction (Figs. 6 and 7) is, however, not clear. We again note 
important differences between the classical and ML-based reconstruc
tion algorithms for pollen. For example, pollen-based ensemble Tjul re
constructions of Lake Tippakuru reaches the Tjul reconstructed from 
plant macrofossils- (+1.2 ◦C) by 5.5 cal ka BP (Fig. 6, Table 1). A study 
by Väliranta et al. (2015) reports that by 7.5 cal ka BP plant 
macrofossil-inferred Tjul were up to 2 ◦C warmer than pollen-Tjul across 
multiple sites of Northern Europe, which is consistent with our pollen 
records (Fig. 6). However, both the ML-based algorithms (Fig. 6C) and 
the pollen-based synthesis curve (Fig. 7) indicate a positive Tjul anomaly 
of ~1 ◦C by ca. 8 cal ka BP. These observations reinforce that the pa
leoclimatic conditions inferred from pollen depend considerably on the 
methodological choices during the pollen–climate calibration, and that 
the range of plausible climate histories is best assessed using an 
ensemble reconstruction approach.

Fig. 8. Tree pollen and temperature changes in the late Holocene. A: Total tree 
pollen; B: Pollen-based Tjul anomalies vs. PI; C: brGDGT-based TMAF anomalies 
vs. PI; Abbreviations: DACP – Dark Ages Cold Period; MCA – Medieval Climate 
Anomaly; LIA – Little Ice Age.
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In contrast to vegetation-based proxies, the continuous warming 
trend of 0.2 ◦C/kyr seen in brGDGT TMAF records abruptly ends at 5.8 cal 
ka BP (Fig. 6, Table 1), and is followed by an immediate cooling of 
− 0.5 ◦C/kyr until present (Fig. 6). Moreover, Lake Annan Juomusjärvi 
TMAF has a similar cooling trend (− 0.1 ◦C/kyr, Table S3) between 6.2 
and 4.6 cal ka BP, which is more pronounced in alternative MBT5Me and 
machine learning reconstructions (Fig. S6). In both TMAF records, the 
reconstructed cooling is driven by the increase in brGDGT IIIa: an 
important component of the TMAF transfer function (Eq. (7)), and an 
abundant isomer in both sediment records. This isomer has a high cor
relation with cold temperatures (De Jonge et al., 2014; Russell et al., 
2018; Ajallooeian et al., 2024) and is the most abundant isomer in 
high-latitude lacustrine brGDGTs (Zhao et al., 2023; Otiniano et al., 
2023, 2024). The shifts in uncyclized brGDGTs, especially IIIa, are also 
associated with low DO levels or seasonal hypoxia (Yao et al., 2020; Wu 
et al., 2021; Ajallooeian et al., 2024; Raberg et al., 2025), implying a 
possible non-thermal cold bias in the reconstruction (Raberg et al., 
2025). Both Lake Tippakuru and Lake Annan Juomusjärvi are oligo
trophic, shallow, open systems where anoxia during the warm season is 
unlikely. Opposing shifts in isomers IIIa and Ia, similar to those seen in 
Lake Tippakuru (Fig. 5B) record, have been associated with deoxygen
ation (Raberg et al., 2021, 2025). However, the evidence is limited to a 
few study sites. Hence, we underscore the need to further study 
lake-specific environmental drivers and microbial communities 
impacting brGDGT assemblages at our study site. Moreover, we observe 
the same cooling pattern when testing other brGDGDT transfer functions 
less sensitive to changes in IIIa (Fig. S6), thus reducing the possibility of 
an artifact caused by IIIa alone. Furthermore, we see a similar decline in 
pollen-based Tjul in Lake Kuutsjärvi (at 5.4 cal ka BP, Table S3) (Salonen 
et al., 2024) together with increased modern analogue distances 
(Fig. 7B), and, to a lesser degree, a decline in pollen-based Tjul in Lake 
Loitsana (at 6.8 cal ka BP, Table S3) (Shala et al., 2017). Otiniano et al. 
(2024) linked TMAF reconstructions of Lake Annan Juomusjärvi with the 
end of the warm season (May to September) related to the decrease in 
mean relative insolation starting at ca. 6 cal ka BP (Fig. S6) (Laskar et al., 
2004). A similar behaviour is seen in Lake Tippakuru TMAF (Fig. S6), 
which urges a detailed analysis of seasonal changes in lacustrine 
brGDGTs composition at both sites. The period in which the brGDGT 
producing bacteria are more active varies from site to site (Miller et al., 
2018; Loomis et al., 2014; Qian et al., 2019). Without further proof and 
analysis of the seasonal ecosystem characteristics of Lake Tippakuru and 
Lake Annan Juomusjärvi, we can only speculate that overall changes in 
the end of the warm season could have affected brGDGT production 
during the end of the MAF season. In summary, the MH trends of warm 
season differ between the vegetation and brGDGT proxies. Our results 
suggest that brGDGT-based TMAF might be sensitive to the shifts during 
the end of the warm season rather than the whole MAF, compared to 
vegetation proxies which traditionally represent the warmest point of 
the season. This observation reinforces the need for multi-proxy and 
multi-method comparisons, and a deeper understanding of brGDGT 
response to the variations within the MAF season.

4.3. The (in)visible trends in the late Holocene climate

Our records (Figs. 7 and 8) agree with the strong evidence of the 
orbitally driven warm-season cooling across terrestrial and marine re
cords of northern high latitudes (e.g., Wanner et al., 2008; Eldevik et al., 
2014), and show a temperature decrease rate of − 0.4 ◦C/kyr during the 
late Holocene (Table 1). In addition to the long-term cooling trend 
during the LH, shorter multi-centennial environmental and climatic 
disturbances are also present in the Tippakuru pollen and brGDGT re
cords (Fig. 8), broadly corresponding with the climatic anomalies of the 
Common Era (CE – last 2000 yr) known as the Dark Ages Cold Period 
(DACP; 400–765 CE or 1.5–1.2 cal ka BP) (Helama et al., 2017), the 
Medieval Climate Anomaly or the Medieval Warm Period (MCA: 
950–1250 CE or 1–0.7 cal ka BP) (Mann et al., 2009), and the Little Ice 

Age (LIA; 1350–1850 CE or 600–100 cal a BP) (IPCC, 2007). Due to low 
data resolution, no distinct short-term variations can be identified in the 
plant macrofossil record and its Tjul reconstruction.

The distinct tree pollen variations at Tippakuru align with the DACP/ 
MCA/LIA events (Fig. 8A) and likely indicate a downward movement of 
the tree line in the low mountains surrounding the lake. However, these 
events are not as reflected in pollen-based reconstructed Tjul (Fig. 8B). 
This is likely explained by the fact that these shifts in the tree pollen 
curve are largely driven by variations in (non-arboreal) Betula nana 
(Fig. 4). By contrast, the modern calibration data for pollen, which un
derpins the Tjul reconstruction, does not include B. nana separately but 
only includes an undifferentiated Betula column. Due to this, although 
B. nana has been identified separately for Lake Tippakuru, it is also 
pooled with the tree-type Betula for the pollen-based Tjul reconstruction. 
Hence, for the past 2 kyr, where B. nana is a major component of the 
total pollen variation, it is plausible the total tree pollen curve is more 
climatically informative than the Tjul reconstruction. The reconstructed 
brGDGT-based TMAF, on the other hand, shows high instability with 
temperatures oscillating from − 0.3 ◦C to +1.9 ◦C relative to PI (Fig. 8C). 
While we see some climatic variability, it is likely a reflection of a 
reconstruction noise caused by the high sensitivity of brGDGTs to 
different environmental changes (Martínez-Sosa et al., 2020). In gen
eral, the presence of LH warm-season short-term trends across the 
proxies are highly affected by the data resolution, characteristics of 
calibration dataset and proxy responses to non-climatic factors.

5. Conclusions

● There are clear inconsistencies in the rate and duration of the EH 
warming trends between the Lake Tippakuru reconstructions based 
on different climate proxies (pollen, plant macrofossils, brGDGTs). 
These discrepancies could stem from proxy-specific biases linked to 
accumulation and preservation of fossil material, non-climatic fac
tors and their proxy-specificity,or methodological choices sur
rounding the reconstruction. For example, we see that pollen-based 
Tjul for the EH is highly dependent on the chosen reconstruction al
gorithm, highlighting the importance of evaluating multi-method 
reconstructions. Additionally, the differences between brGDGT- 
based reconstructions from Tippakuru and the previously pub
lished brGDGTs records from the northern Fennoscandian coastal 
region are yet to be fully explained.

● In the MH, the vegetation proxies strongly agree on stable and warm 
Tjul conditions around Lake Tippakuru. BrGDGTs, however, indicate 
a drop in TMAF at ca. 5.8 cal ka BP, followed by continued colder 
warm-season temperatures until the present with some variations 
over time. We link the TMAF decrease to shifts in abundance of 
brGDGT-IIIa due to its weight in the transfer function and its high 
correlation to cold temperatures. However, we acknowledge that 
further research on the uncertainties surrounding the proxy rela
tionship to thermal and non-thermal environmental conditions is 
needed.

● All three proxies agree on a LH cooling trend of approximately 
− 0.4 ◦C/kyr coinciding with a declining insolation in the high lati
tudes. Meanwhile, none of the proxies indicate short-term variations 
in warm-season temperatures, although the ability to detect such 
fluctuations could be hindered by proxy-specific drawbacks, 
including an insufficient data resolution in plant macrofossils, the 
loss of climate signal in the pollen-based reconstruction due to the 
taxonomic harmonization of the pollen data, and a likely response to 
non-climatic factors impacting brGDGTs.
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