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A B S T R A C T

The Holocene Temperature Conundrum refers to the mismatch between proxy-based temperature records and
those based on climate model simulations. A possible reason for this mismatch is a putative proxy-based bias in
reconstructed summer temperatures, and therefore, regional reconstructions of seasonal temperature are crucial
for resolving the conundrum. In this paper, we reconstruct vegetation and climate changes over the last ~10,000
years BP based on a high-resolution pollen record from Gushantun peatland, Changbai Mountains, Northeast
China. Multiple quantitative reconstruction approaches were used and weighted averaging partial least squares
regression (WAPLS) was found to be the most appropriate method for reconstructing Holocene temperature and
precipitation. The reconstructed climate record shows that the Holocene Climate Optimum occurred between 8
ka and 6 ka and exhibited a cold month mean temperature that was 3 ◦C warmer than modern temperatures.
Climate gradually cooled during late Holocene with a minimum cold month temperature of − 19.6 ◦C. Four
prominent cold events occurred around 8.7 ka BP, 7.8 ka BP, 5.7 ka BP, and 2.5 ka BP with an amplitude
variation up to 3 ◦C. The synthesized seasonal temperature time series and a comparison with other proxies show
that the decreasing trend in mean annual temperature is not a seasonal bias caused by summer temperature
change. This study provides evidence of a Holocene seasonal temperature change at a regional scale and insights
for further understanding of the Holocene Temperature Conundrum.

1. Introduction

The Holocene Temperature Conundrum has been the subject of
intense debate in the studies of Holocene climate change. It is the
discrepancy of diverging annual temperature change between the
cooling trend from the proxy-based reconstructions and the warming
trend from climate model simulations (Jiang et al., 2012; Kaufman et al.,

2020; Kaufman and Broadman, 2023; Liu et al., 2014; Marcott et al.,
2013). The current main driving mechanisms (e.g. greenhouse gases and
ice sheets) based on simulation yield warming trends, and the possible
bias can be caused by differences in the sensitivity of climate models to
the forcings and other feedback mechanisms (Bader et al., 2020; Liu
et al., 2018; Thompson et al., 2022), while mean annual temperature
reconstructions based on sea surface and terrestrial fossil records can be
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biased because the proxies may actually indicate summer temperature
changes (Bova et al., 2021; Mann et al., 2009a; Marsicek et al., 2018).
Therefore, high-quality quantitative reconstructed records that can
distinguish seasonal temperature change in different regions are
strongly required.

Pollen-based quantitative reconstruction is crucial for connecting
fossil records and simulations. The monsoon region in China, with its
strong seasonality in climate and sensitive vegetation response, is ideal
for the study of seasonal temperature change (Herzschuh et al., 2019;
Zhou et al., 2016; Ran and Feng, 2013; Zhao and Yu, 2012; Chen et al.,
2008; An et al., 2000). However, the existing pollen-based paleoclimate
records in China are mostly qualitative and this lack of systematic
quantitative reconstruction results (Zhao, 2018) hinders a better un-
derstanding of the spatial patterns and mechanisms of Holocene climate.
Northeast China, located at the northern margin of the East Asian
monsoon region, is ideal to fill the data gap. Although different proxies
such as biomarkers (Zheng et al., 2018; Zheng et al., 2017; Zhou et al.,
2010), grain size (Li et al., 2017), and diatoms (Li et al., 2020; Ma et al.,
2018) have been used to quantitatively reconstruct the Holocene climate
change in Northeast China, these studies show inconsistent results for
the transition from warm/cold to dry/wet conditions during the Holo-
cene. This discrepancy can be attributed to multiple factors, including
differences in sample resolution, in spatial representation of the studied
proxies, and in the sensibilities of seasonal change. Pollen, as a widely
used proxy for regional vegetation, has shown its great potential for
reconstructions of seasonal temperatures in temperate regions (Liang
et al., 2020; Liu et al., 2019; Stebich et al., 2015; Wang et al., 2019).
However, pollen-based quantitative reconstruction research, which uses
the most common proxy and provides spatio-temporal comparison, is
still inadequate (Stebich et al., 2015; Wu et al., 2016; Zhou et al., 2016).

The existing modern pollen database in China lacks boreal analogs and
only a few quantitative reconstructions from high-resolution records can
cover the Holocene, much less the study of seasonal change in Northeast
China. Synthesized climatic series to study regional trends and features
are also lacking. Therefore, a better modern pollen database and chro-
nologically controlled, high-resolution pollen records in Northeast
China are necessary.

Here, we present the results of a quantitative climate reconstruction
based on a new high-resolution fossil pollen record from Gushantun
(GST) peatland, Changbai Mountains and the synthesized climatic series
of three pollen records in the eastern part of Northeast China. The main
objectives of this study are: 1) to reconstruct the history of seasonal
temperature change in Northeast China during the Holocene based on a
richer database complemented by our newly obtained surface samples in
Northeast China and Siberia, 2) to acquire synthesized climatic series
and investigate regional features and drivers, and 3) to provide regional
evidence to address the alleged seasonal bias of annual temperature
reconstructions in the debate of the Holocene Temperature Conundrum.

2. Study region

The GST peatland (42.31◦ N, 126.28◦ E) is located on the western
flank of Changbai Mountains at an elevation of 517 m a.s.l. and is nearly
circular with a diameter from 800 m to 1000 m (Fig. 1). The peatland
originates from a crater lake and contains a sedimentary deposit since
the last deglaciation with a maximum thickness of 9 m (Leng, 2019; Liu,
1989; Zheng et al., 2018). Mean annual precipitation (MAP) at nearby
Jingyu meteorological station (at 570 m a.s.l.) is 780 mm for the period
1981–2010. Most precipitation falls as rain in summer. Mean annual
temperature (MAT) is ~3.8 ◦C, while mean temperatures of the coldest

Fig. 1. Location of the fossil pollen records (red triangle and yellow stars) and modern pollen datasets. The large inset shows the vegetation map of the marked area
(Hou, 2001). Monthly climate of the fossil record sampling site is also shown. (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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and warmest month are − 17 ◦C and 21 ◦C, respectively.
The current vegetation at the vicinity of the GST sampling site is

cultivated lands while the regional vegetation in the eastern part of
Northeast China is composed of various forests including coniferous
forest, mixed forest, and broadleaved forest. The coniferous forest is
dominated by conifers such as Larix, Pinus, Picea, and Abies, while the
mixed forest is dominated by both coniferous (Pinus, Picea, Abies) and
broadleaved (Betula, Tilia, Ulmus, Acer, Populus, Quercus, Fraxinus,
Phellodendron) trees. The broadleaved forest in Northeast China is
mostly secondary vegetation; consequently, the composition of this type
of forest is complex and diverse (Zhou, 1997).

3. Materials and Methods

3.1. Modern pollen dataset

The modern pollen datasets used in this study comprise 4356 sam-
ples in total (Fig. 1), including previously published (Cui et al., 2019;
Davis et al., 2020; Geng et al., 2022; Geng et al., 2019; Herzschuh et al.,
2019; Ma et al., 2017; Zhao et al., 2021; Zheng et al., 2014) and new
data (not yet published). Samples from a Siberia dataset (Geng et al.,
2022) and a subset of the European Modern Pollen Database (EMPD,
Davis et al., 2020) were added as a supplement of boreal analogs in
colder environments.

Climate data from 756 meteorological stations in the past thirty
years (1981–2010) were derived from the China Meteorological
Administration (http://data.cma.cn) and the mean climatic variables for
each site of modern pollen samples were interpolated by thin plate
spline regression. MAP, mean precipitation of the warmest month
(Mpwa) and coldest month (Mpco), MAT, mean temperature of the
warmest month (Mtwa) and coldest month (Mtco) were selected for the
following analyses. MAT ranges from a minimum of − 14.3 ◦C to a
maximum of 36.8 ◦C (mainly distributed between − 6 and 26 ◦C) while
Mtco (mainly below 20 ◦C) and Mtwa (mainly 5–30 ◦C) also span a wide
range. MAP has a relatively even distribution ranging from a minimum
of 8 mm to a maximum of 2170mm. This modern pollen dataset covers a
wide range of climatic conditions which is the pillar of quantitative
reconstruction (Fig. S1).

3.2. Sample collection and dating

The GST peat core was obtained with a Russian peat borer from the
Gushantun peatland (Fig. 1) in the summer of 2017. The sediment core
was 5.19 m long and subsampled at 1 cm intervals. A total of 249 pollen
samples were processed and identified at 2 cm intervals. To meet the
requirement for a high-resolution record, the terrestrial plant remains
(plant leaves, seeds and charcoals, etc.) in 18 samples at appropriate
depths were selected and used for accelerator mass spectrometry (AMS)
radiocarbon dating at Beta Analytic Lab, USA (Table 1). All the radio-
carbon ages were calibrated into calendar ages before present (BP) with
the IntCal13 calibration curve (Reimer et al., 2013) while using the
Bayesian age-depth model in rbacon package (Blaauw et al., 2021) from
R.

3.3. Pollen analysis

The pollen samples (n= 249) were weighed and a known quantity of
Lycopodium spores was added to approximate 1–2 g of peat lumps for the
estimation of pollen concentrations (Stockmarr, 1971). Each sample was
sieved to remove impurities and was processed following a modified
acetolysis procedure (Faegri et al., 2000) which included HCl, NaOH,
HF, and acetolysis treatments. The residue was then sieved through a 10
μm mesh and stored in liquid glycerin. At least 500 terrestrial pollen
grains per sample were counted and identified at 40 × 10 magnification
under a microscope. Pollen was identified using published pollen atlases
and identification keys (Tang et al., 2016; Wang, 1995), plus a reference

collection of pollen from plants collected in the study area. Pollen per-
centages were calculated based on the total number of terrestrial pollen
grains. A square root transformation of the pollen data was performed
before all pollen-based statistical analyses and reconstructions.

3.4. Climate reconstruction

We followed a comprehensive framework for the climate recon-
struction in this study (Liang et al., 2020; Zhao et al., 2021) encom-
passing modern pollen dataset screening, climatic variables, calibration
set and reconstruction model selection, and evaluation and validation of
the results. Taxa comprising>1% in at least one sample were selected as
the input data. The reconstruction models including Modern Analogue
Technique (MAT), Weighted Average (WA), Weighted Averaging Partial
Least Squares (WAPLS), Locally Weighted Weighted Averaging
(LWWA), and Locally Weighted Weighted Averaging-Partial Least
Squares Regression (LWWAPLS) were run with different parameters. A
significance test was conducted to assess the statistical performance of
the reconstruction (Telford and Birks, 2011). Random reconstructions
(n = 999) were derived from the same model trained on randomized
data and the proportion of variance explained by these random re-
constructions was estimated using redundancy analysis (RDA). A
reconstruction is considered statistically significant if it explains more of
the variance in the fossil data than most (95% by convention) random
reconstructions. All the reconstructions and tests were conducted using
the rioja (Juggins, 2022), analogue (Simpson et al., 2021), and palae-
oSig (Telford and Trachsel, 2019) packages in R (R Core Team, 2019).

3.5. Data analysis

Hierarchical clustering and k-means clustering were used to analyze
the modern and fossil pollen data. Ordination analyses were applied to
investigate the relationships between pollen data and climate variables
using the vegan package (Oksanen et al., 2019) in R. A detrended cor-
respondence analysis (DCA) was initially performed to estimate the
underlying linearity of the data. According to the results of the DCA, the
gradient length of the first axis of the modern training dataset and the
fossil pollen dataset are 3.2 and 1.3 standard deviation units, respec-
tively. Consequently, the linear method of principal component analysis
(PCA) was selected to assess the fossil pollen dataset, RDA was used in
the significance test, and the unimodal method of canonical correlation
analysis (CCA) was employed in the time-track analysis to access the
relationship between the larger modern pollen and climate datasets.
Boosted regression trees (BRT) analysis was performed to explore the
relationship between climate variables and the modern pollen dataset
using the gbm package (Greenwell et al., 2022) in R. The parameters

Table 1
AMS 14C dating results of Gushantun (GST) peat core from Beta Analytic Lab.

Depth (cm) Material Conventional Age Calibrated Age δ13C (‰)

26 plant remains 90 ± 30 yr BP 156 − 25
35 plant remains 70 ± 30 yr BP 234 − 26.3
70 plant remains 1050 ± 30 yr BP 920 − 24.2
81 plant remains 1090 ± 30 yr BP 1015 − 26.9
107 plant remains 1340 ± 30 yr BP 1290 − 29.5
127 plant remains 1840 ± 30 yr BP 1742 − 24.9
149 plant remains 2050 ± 30 yr BP 2052 − 27.7
167 plant remains 2410 ± 30 yr BP 2454 − 27.5
194 plant remains 2990 ± 30 yr BP 3141 − 28.1
210 plant remains 3190 ± 30 yr BP 3417 − 27.3
235 plant remains 3600 ± 30 yr BP 3891 − 27.4
255 plant remains 3790 ± 30 yr BP 4187 − 23.1
283 plant remains 4130 ± 30 yr BP 4650 − 22.6
327 plant remains 4550 ± 30 yr BP 5339 − 25.6
366 plant remains 6210 ± 30 yr BP 7094 − 25.3
408 plant remains 7600 ± 30 yr BP 8395 − 26.2
446 plant remains 8240 ± 30 yr BP 9149 − 27.9
493 plant remains 8640 ± 40 yr BP 9703 − 22.1

R. Geng et al.
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were adjusted based on pollen data so that the number of regression
trees was >5000 and the model stability was guaranteed by repeating
the calculation five times.

REDFIT (Schulz and Mudelsee, 2002) and the Morlet wavelet
transform spectral analyses were conducted to investigate the period-
icity of Holocene climate change. Prior to the spectral analyses, the
reconstructed time series was detrended using the astrochron package in
R (Meyers et al., 2021). The input data of the REDFIT method can be
unevenly spaced time series and the output is the frequency and red-
noise power spectrum curves. The result was assessed by a Monte
Carlo simulation and false-alarm levels (90%, 95%, 99%) were given.
The Morlet wavelet transform requires evenly spaced time series, so the
time series was first interpolated to 40-year intervals using the interp.
dataset function from the rioja package (Juggins, 2022). Signal power is
shown by colour. A significance level corresponding to p = 0.05 is
plotted as a contour (Torrence and Compo, 1998). The spectral analyses
were conducted using the dplR package (Bunn et al., 2021) in R and the
PAST software (Hammer et al., 2001).

3.6. Synthesis of time series

To further explore the regional Holocene climate-change pattern and
compare it with other regions, three fossil pollen records comprising two
published records, Sihailongwan (SHLW) (Stebich et al., 2015) and
Jingpohu (JPH) (Li et al., 2011) from northeast China, as well as our GST
record, that cover the last 10 kyr were synthesized (Table 2). The
original pollen and chronological data of the published records (Li et al.,
2011; Stebich et al., 2015) were used under the climate reconstruction
framework of this study. Temperature trends were extracted using a
generalized additive model (GAM). Due to the different chronological
resolutions of the time series, the Mtco sequences reconstructed from the
three pollen records were interpolated at 50-year intervals for compar-
isons using the interp.dataset function from the rioja package (Juggins,
2022) in R, and the mean value of the interpolated series was then
calculated for synthesis.

4. Results

4.1. GST pollen record

A total of 62 pollen and spore taxa were identified from the 249
samples from the GST peat core. The radiocarbon ages of the GST peat
core are shown in Table 1. Most of the conventional ages from the AMS
14C dating had an error of ±30 yr BP and the age at the depth of 493 m
had an error of ±40 yr BP. The ages of each dating sample were cali-
brated using a Bayesian age-depth model and the record covers 10,179
cal yr BP with a high average resolution of 40 years per sample (Fig. 2).
The main taxa including four coniferous trees, six broadleaved trees, and
12 shrubs and herbs are shown in Fig. 3. The pollen record is clustered
into five zones according to the results of a CONISS analysis.

Zone 1 (10.2–9.5 ka BP) is dominated by broadleaved taxa including
Quercus (average 23%), Betula (13%), Ulmus (8%), and Juglans (8%).
Conifers such as Pinus (2%) are less abundant. Cyperaceae (22%) is the
most abundant herb while Artemisia (9%) and Chenopodiaceae (1%)

gradually increase in variability.
Zone 2 (9.5–7.3 ka BP) is still dominated byQuercus (26%) andUlmus

(11%). Betula decreases to its minimum average of 4% of all zones.
Conifers and herbs remain similar to zone 1. A unique feature of this
zone is the high proportion of the fern Polypodiaceae.

Zone 3 (7.3–5.5 ka BP) is dominated by broadleaved taxa with Betula
(30%) increasing drastically to a maximum of 80%. Consequently,
Quercus (20%), Ulmus (7%), and Juglans (7%) as well as herbs including
Cyperaceae (11%) and Artemisia (7%) decrease. Conifers remain low.

Zone 4 (5.5–1.6 ka BP) is characterized by increasing coniferous taxa
such as Pinus (21%). The proportion of Betula (13%) is stable while other
broadleaved taxa including Quercus (13%), Juglans (6%), and Ulmus
(7%) decrease.

Zone 5 (1.6 ka to present) is dominated by coniferous taxa, with
significant increases in Pinus (37%) and Abies (3%). Broadleaved taxa
such as Betula (11%), Quercus (8%), Ulmus (4%), and Juglans (4%) are
less abundant compared to zone 4. Ericaceae (2%) shrubs increase
significantly while Cyperaceae herbs decrease to 12%.

The PCA explores the distribution of pollen data (taxa>1% in at least
one sample). Broadleaved taxa such asQuercus, Tilia, Juglans, andUlmus,
which tend to grow in warmer southern areas, are distributed on the
positive side of the first axis, whereas Abies and Picea, which are
distributed on the negative side, tend to grow in cooler environments.
The Quercus/Betula ratio (QB ratio) has a strong correlation with Mtco
(Geng et al., 2019), whileQuercus and Betula in the fossil pollen data also
point in the positive and negative directions of the first two axes,
respectively. In summary, the first axis of the PCA results probably in-
dicates regional temperature change, with the positive direction indi-
cating higher temperatures and vice versa (See details in Supplementary
Materials).

4.2. Selection and assessment of quantitative reconstruction models

The BRT analysis determines the controlling climatic factors of the
modern vegetation composition, while the time-track analysis in-
vestigates the similarity between fossil and modern pollen data over
time by superimposing the fossil pollen data on the modern pollen
ordination. The distribution of the time series along the climatic vari-
ables are observed to determine the dominant climate factor for vege-
tation change at long time scales (Birks et al., 2012). The results of both
analyses (Fig. S3) show that temperature, especially Mtco, is the most
important factor for the vegetation change in the study area while the
abundant precipitation is not a limiting factor for tree growth. There-
fore, MAT, MAP, Mtco, and Mtwa were selected for reconstruction.

In order to select the most appropriate reconstruction model for this
study, five commonly used methods, MAT, WA, WAPLS, LWWA, and
LWWAPLS, were used and compared (Table S1). The R2 values range
from 0.67 to 0.91, indicating that all these methods are statistically
valid. Although MAT, LWWA, and LWWAPLS have smaller root mean
squared errors (RMSEs) and higher R2 values, they have considerably
larger average bias compared to WA and WAPLS. MAT exhibits a spiky
pattern (Fig. S4), which may reflect that a relatively small number of
analogs were employed in the reconstructions. This could be an instance
where our modern pollen dataset lacks sufficient boreal analogs at the
northernmost edge. Given that LWWA and LWWAPLS, like MAT, also
require an extensive training set of modern analogs, these three methods
may not be the most suitable methods for this study. For the remaining
models, WAPLS has a lower RMSE and a higher R2 compared to WA. WA
is also prone to having edge effects, while WAPLS, as an improved
method of WA, extracts additional components to maximize covariance
with climate variables and has better empirical predictive power (Birks
et al., 2012).

Based on the analysis above, WAPLS, with its reasonable results and
relatively smaller errors, was selected for reconstructions in the study
area. Furthermore, the trend of the Mtco reconstructed by WAPLS is
consistent with the QB ratio, which demonstrates the suitability of the

Table 2
Information of the fossil pollen records used in this study.

Site
Name

Lat
(◦N)

Long
(◦E)

Elevation
(m)

Age (ka
BP)

Number
of samples

Reference

GST 42.31 126.28 517 10.2–0 249 This study
JPH 43.91 128.77 350 9.0–0 225 Li et al.

(2011)
SHLW 42.28 126.6 797 12.0–0 205 Stebich

et al.
(2015)

GST-Gushantun, JPH-Jingpohu, SHLW-Sihailongwan.

R. Geng et al.
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WAPLS reconstruction.
The significance test was used to evaluate the reconstructions rather

than just the model itself. In our case, reconstructed Mtco and MAT
using WAPLS passed the significance test (Fig. S5), indicating that the
temperature reconstructions for this peat core are more reliable than
those with precipitation. This result is also consistent with the analysis
of the controlling factors in the modern pollen dataset.

The two previously published pollen records, SHLW and JPH, were
reanalyzed following the same procedures described above. The final
method chosen for both records was also WAPLS, (Table S2).

4.3. Reconstructed climatic variables

The average Mtco during the Holocene is − 17.2 ◦C (− 22.9 ◦C ~
− 14.3 ◦C) and the moving averages of Mtco were calculated to remove
the bias caused by extreme values, showing that the amplitude of Mtco is
4.7 ◦C (− 19.6 ◦C ~ − 14.9 ◦C). The reconstruction result shows that the
Megathermal occurred around 7–8 ka and theMtco is 2 ◦C higher than in
modern times (Fig. 4). Temperature decreases erratically from 5.6 ka,
and cold events can be observed at 8.7, 7.8, 5.7, and 2.5 ka BP. Although
MAP did not pass the significance test, it was still reconstructed and
varies between 630 and 1000 mm, with significant decreases in pre-
cipitation as well as temperature between 9.4 and 8.5 ka BP (Fig. 4).
Overall, the climate events for precipitation are not as significant as for
temperature.

The QB ratio is an important indicator of the Mtco according to our
previous research on the modern pollen-climate relationship in North-
east China (Geng et al., 2019). In this study, the reconstructed Mtco and
MAP were compared with the QB ratio, and the coniferous and broad-
leaved taxa content in the fossil pollen data (Fig. 4). The trend in Mtco
change is generally consistent with the QB ratio in the fossil pollen data.
The decrease in Mtco from 5.7 ka corresponds to an increase in Betula
and coniferous taxa in the fossil pollen data. These comparisons

corroborate each other and support the reliability of the reconstruction
result.

The results of the REDFIT analysis of Mtco (Fig. 5a) show that it had
relatively significant 105- and 1200-year cycles. The results of the
Morlet wavelet transform of the Mtco (Fig. 5b) show strong signals of an
approximate 1500-year cycle during 8–1.5 ka BP and a 700- to 800-year
cycle during 7.5–4.5 ka BP.

4.4. Synthesized series of multiple pollen records

The trends of the reconstructed climatic variables of the three
selected records in this study are generally similar, and the dominant
climatic factor is Mtco rather than precipitation. The Mtco re-
constructions of JPH and GST are consistent in both absolute values and
trends, while the reconstruction for SHLW is relatively high but with a
similar trend (Fig. 6b).

The temperature variables reconstructed in this study include MAT,
Mtco, and Mtwa, all of which are highly correlated, and Mtco was
chosen as the main temperature indicator of the study area because the
vegetation change in the eastern part of Northeast China is mainly
controlled by winter temperature (Geng et al., 2019). The synthesis of
Holocene temperature changes (Fig. 6a) shows that Mtco first decreases
and then increases during the early Holocene.

A cold event is observed at ~8.7 ka BP, probably corresponding to
the 8.2 ka event considering the age uncertainty, after which the Meg-
athermal occurred between 8 and 6 ka BP. Subsequently, the tempera-
ture decreases and cold events also occur around 5.7 ka BP and 2.5 ka
BP, followed by a short-term rebound during 2.0–1.5 ka BP. The mean
synthesized Mtco is − 15.7 ◦C (− 18.4 ~ − 13.2 ◦C) and the variation of
the moving averages is 3.9 ◦C.

Fig. 2. Calibrated age-depth model of the Gushantun (GST) core established by a Bayesian model (Bacon; Blaauw et al., 2021). The radiocarbon ages were calibrated
into calendar ages before present (cal yr BP) with the IntCal13 calibration curve. The grey area shows the 95% confidence interval.

R. Geng et al.
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5. Discussion

5.1. Features of temperature changes in Northeast China

Comparison of the trends of the synthesized MAT and Mtco

anomalies in the study area (Fig. 7a) shows that they are generally
synchronous, but differ in amplitude in some time periods. They show a
distinct Megathermal between 8 and 6 ka BP (Fig. 7a). Temperature
increases until 7.2 ka, during which timeMAT has a greater amplitude of
variation than Mtco. After reaching their peaks (MAT peaks later), Mtco

Fig. 3. Pollen diagram of the Gushantun (GST) peat core. The main taxa are grouped into conifers, broadleaves, and herbs. Each taxon, including Polypodiaceae, is
divided by the terrestrial pollen sum and then calculated as a percentage. The result of the CONISS analysis is shown.

R. Geng et al.
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decreases more than MAT, while between 3.5 ka and 2.7 ka Mtco de-
creases less than MAT. Between 2.7 ka and 1.6 ka, Mtco increases
slightly, while MAT remains on a decreasing trend. After 1.6 ka, Mtco
starts to decrease again, but the decreasing amplitude is much smaller
than the MAT.

We compared these pollen-based temperature curves with other
proxies such as grain size, phytoliths, and biomarkers in the study area

(Fig. 7): they all show a consistent increasing and then decreasing trend
albeit with minor variances due to differences in resolution, proxy, and
chronological calibration. These multiple proxies corroborate each
other, indicating that the Holocene temperature reconstructed from
pollen records in Northeast China is reliable. Furthermore, although
temperature curves show cold events at different times, they mainly
occur during 8.8–8.5 ka BP, 7.8–7.5 ka BP, 6.0–5.5 ka BP, and 2.6–2.3 ka

Fig. 4. Reconstructed climatic variables compared with other proxies (the light green line is the moving averages of mean temperature of the coldest month (Mtco),
error is in grey, QB ratio= Quercus/Betula ratio, LOI = loss on ignition of organic matter) at the Gushantun (GST) site. Percentages of coniferous and broadleaved taxa
content in the fossil pollen data are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. The results of (a) REDFIT spectral analysis of the mean temperature of the coldest month (Mtco) (the 90% and 95% confidence levels are shown as colored
lines), and (b) Morlet wavelet transformation of Mtco (black line is the 95% significant contour) reconstructed for the Gushantun (GST) site.
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BP, with a regular 3 ka interval corresponding to the strong signal of the
1.5 ka cycle in the spectral analysis.

Comparison with pollen-based quantitative reconstructions from
other regions of China (Fig. 8a-c) shows a consistent decreasing trend
during the Holocene as well as the climate events, especially the 8.2 ka
cold event, with different amplitudes and onset times. We compared our
reconstruction with oxygen isotope records that can indicate the local
East Asian monsoon and the temperature anomaly in the Northern
Hemisphere (Fig. 8d-f). The multi-indicator comparison also shows that
the Holocene climate change in China has a consistent general
decreasing trend with different amplitudes and onset of the Mega-
thermal. The Holocene Megathermal recorded in the eastern monsoon

region is significantly earlier, peaking between 8 and 7 ka BP, while the
Tibetan Plateau record peaks at around 5 ka BP (Liang et al., 2020) and
the more northern Siberian region is suggested to have a Holocene
Megathermal between 6 and 4.5 ka BP (Andreev et al., 2001), which are
much later than the East Asian monsoon region.

In addition to the trend, most of the reconstructed sequences show
prominent cold events between 9 and 7.5 ka BP. The 4.2 ka event was
not found in the temperature sequences in Northeast China, while cold
events were more pronounced around 6.0–5.5 ka BP and 3.0–2.5 ka BP
with larger amplitudes, suggesting that the form and intensity of cold
events varies from region to region. Zheng et al. (2016) conclude that
the Tibetan Plateau has a lower MATwith smaller amplitude (Herzschuh
et al., 2014), while MAT in the eastern monsoon region has a maximum
amplitude of up to 15 ◦C (Tarasov et al., 2011; Yoshida and Takeuti,
2009). Zheng et al. (2017) also suggest that the amplitude of tempera-
ture change may be larger at higher latitudes. The paleoclimate simu-
lation results from Liu et al. (2009) corroborate this opinion with a
greater temperature change in Northeast China than in other lower
latitude regions.

5.2. Seasonal temperature change and its implication for the Holocene
Temperature Conundrum

As a direct record of vegetation, pollen data can better reconstruct
the dominant controlling factors such as seasonal temperature or pre-
cipitation. Liang et al. (2020) analyzed pollen records from the eastern
Tibetan Plateau to demonstrate that the dominant controlling factor for
vegetation change in their study area is Mtwa. For pollen records from
other regions such as the Dajiuhu peat in the Shennongjia Mountains of
central China, Sun et al. (2019) suggest that they mainly reflect the local
precipitation controlled by the East Asian monsoon. Therefore, pollen
records from different regions reflect the main factor influencing the
vegetation changes.

One possible explanation for the Holocene Temperature Conundrum
lies in the different sensitivity of the different proxies to temperature
seasonality or climate patterns in different regions. Ecologically, the

Fig. 6. Plots of (a) synthesized mean temperature of the coldest month (Mtco)
(in grey, mean value of the interpolated Mtco of three records), its standard
deviation (light blue area) and its moving average (in dark blue), and (b) the
raw (dashed line) and interpolated (solid line) Mtco sequences of the three
selected pollen records in northeast China. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7. Comparison of pollen-based reconstructed temperature series and other proxies. (a) Trends of synthesized mean annual temperature (MAT) and mean
temperature of the coldest month (Mtco) anomaly in NE China (colored area is 95% confidence interval), (b) Synthesized Mtco, (c) branched glycerol dialkyl glycerol
tetraethers (brGDGTs)-based MAT in Hani (Zheng et al., 2018), (d) brGDGTs-based MAT in Gushantun (GST) (Zheng et al., 2018), (e) index of East Asian winter
monsoon based on grain size (Li et al., 2017), (f) Phytolith-based warm index in Gushantun (Gao et al., 2018).
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variation in precipitation has a less fundamental impact on vegetation
change than temperature does in the eastern part of Northeast China
because precipitation is not the dominant growth-limiting factor once it
exceeds the minimum requirement for the forests (Geng et al., 2019).
Temperature, especially Mtco, shapes the structure of forests in North-
east China. The highly consistent relationship between QB ratio and
Mtco (Fig. 3) corroborates this conclusion.

In contrast to the proxy-based reconstructions, climate model sim-
ulations suggest a gradual increase in Holocene temperature. Even after
accounting for seasonal biases in the model, the simulated cooling
amplitude is only half that of the reconstructed fossil record (Liu et al.,
2014). Mann et al. (2009a, 2009b) suggest that proxy-based tempera-
tures at mid- to high-latitudes in the Northern Hemisphere may be more
biased towards surface temperatures in warm seasons during the early to
mid-Holocene. However, Zhang et al. (2017) compared simulations and
records from high latitudes in the Northern Hemisphere and conclude
that some areas in the Northern Hemisphere (Greenland, Canada,
Northern Europe) show a trend from early-Holocene warming to mid- to
late-Holocene cooling in both simulations and fossil records.

According to the syntheses of the Holocene Mtco and MAT in this
study, both temperature series exhibit a consistent decreasing trend
from the mid- to late Holocene, indicating that the decreasing MAT
trend in Northeast China is not biased by summer temperature. A similar
pattern has been revealed in other pollen-based temperature re-
constructions (Wen et al., 2013; Xu et al., 2010), which opposes the
Holocene long-term warming trend from climate simulations and the
seasonal bias explanation. Wu et al. (2023) suggest that records exhibit a
consistent pattern with a warmer mid-Holocene and colder late Holo-
cene in the Asian summer monsoon (ASM) domain, whilst records show
a colder mid-Holocene and warmer late Holocene in the westerlies
domain. The latest study from Kaufman and Broadman (2023) also
suggests that a relatively mild millennial-scale global thermal maximum
can be found in several compilations of globally distributed terrestrial
and marine proxy datasets.

5.3. Possible driving factors

Solar radiation is the most direct external factor influencing surface

temperature, and can also indirectly influence atmospheric circulation
through thermal differences between regions (Kaboth-Bahr et al., 2021;
Kang et al., 2018; Kaufman and Broadman, 2023). The MAT trend
reconstructed in this study is consistent with the summer insolation at
the same latitude (Fig. 9f). Both the temperature and insolation peak
during the early Holocene and gradually decrease during the mid- and
late Holocene. Although both MAT and Mtco decrease during the mid-
and late Holocene, MAT decreases more while Mtco has a flat and even
slightly increasing phase between 2.7 ka and 1.6 ka BP (Fig. 7a). This
discrepancy may be due to the increase of solar radiation in the coldest
month (Fig. 9f). In addition, Mtco can be influenced by coupled atmo-
spheric circulation patterns and mechanisms (Kaboth-Bahr et al., 2021;
Wassenburg et al., 2016; Zhang et al., 2022). The summer insolation
may be the initial driver of climate change in mid-latitude East Asia, via
ice-sheet effects, monsoon circulation, atmospheric dust, and vegetation
(Bader et al., 2020; Dong et al., 2022; Liu et al., 2018; Thompson et al.,
2022).

Dong et al. (2022) propose that seasonal temperature does not sim-
ply respond to winter and summer insolation as predicted by climate
models. Another important controlling factor for Northeast China is the
East Asian monsoon. The cooling trend during the mid- to late Holocene
is primarily controlled by the persistent weakening of the warming ef-
fect of the East Asian Summer Monsoon (EASM) and the concurrent
strengthening of the cooling effect of the East Asian Winter Monsoon
(EAWM; Wu et al., 2023). Comparing the reconstructed Mtco (Fig. 7b)
with the EAWM index (Fig. 7e) based on grain-size analysis (Li et al.,
2017), the trends of both are consistent. The EAWM is weaker in the
early to mid- Holocene, corresponding to the Holocene Megathermal,
and becomes stronger in the late Holocene, corresponding well to the
increasing Mtco. Not only are the trends consistent, but the cold events
also correspond to peaks in the EAWM index. Therefore, the EAWM
plays a crucial role in the Mtco change.

The North Atlantic Oscillation (NAO) and the Arctic Oscillation (AO)
can also influence Holocene temperature changes in China via tele-
connection patterns (He et al., 2017; Pei et al., 2019; Zuo et al., 2015).
Atlantic Meridional Overturning Circulation (AMOC) and Asian summer
monsoon circulation are closely coupled (Cheng et al., 2016; Zhang
et al., 2019). A positive-phase AO can cause a relatively weaker EAWM

Fig. 8. Reconstruction results from different proxies and regions. (a) Synthesized mean annual temperature (MAT) in NE China from this research, (b) mean annual
precipitation (MAP) from Dajiuhu (Sun et al., 2019), (c) synthesized mean temperature of the warmest month (Mtwa) of eastern Tibetan Plateau (Liang et al., 2020),
(d) stalagmite oxygen isotope results from Sanbao cave (Wang et al., 2008), (e) stalagmite oxygen isotope results from Dongge cave (Dykoski et al., 2005), (f) regional
temperature anomaly for 90–30◦N (Marcott et al., 2013).
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with higher winter temperatures. Zheng et al. (2017) suggest that the
relatively larger amplitude of temperature change in Northeast China
compared to other regions may be caused by the teleconnection from
higher latitudes. Thus, climate change in the North Atlantic may have a
strong influence on the northern part of the East Asian monsoon region.

Referring to the cold events summarized by Bond et al. (2001), the
events observed in this study in Northeast China may correspond to the
8.2 ka BP, 5.9 ka BP, and 2.8 ka BP cold events. The wavelet analysis
shows a 1500-yr cycle with a strong signal in the study area, which may
correspond to these cold events. The study from Xu et al. (2019) reveals
a ~ 500-yr periodic EASM oscillation in Northeast China during the
Holocene, which can be one of the factors influencing the events. These
cold events may also be influenced by the changes in the AMOC, Arctic
sea-ice cover, El Niño-Southern Oscillation (ENSO), and sunspot activity
(Kaboth-Bahr et al., 2021).

The cold events recorded in Northeast China are not contempora-
neous with those summarized by Bond, with the most pronounced cold
event in the record occurring at 8.8–8.6 ka BP rather than 8.2 ka BP, but
correspond to the peak in meltwater flux since 10 ka (Fig. 9e). Thus, the
change in the AMOC due to the massive meltwater flux may be the main
cause of this cold event in Northeast China. The 5.8–5.5 ka BP cold event
occurs during the transition period from a warm-wet to a cold-dry
climate in the study area, with a decrease in solar radiation at low lat-
itudes and a significant decrease in ESAM intensity (Fig. 9c). Moreover,
sunspot activity fluctuates dramatically with a significant peak (Fig. 9b)
and ENSO becomes weak between 5.6 and 5.2 ka BP (Fig. 9d). Therefore,
it is likely that this event is not only driven by the AMOC but also by a
combination of solar radiation, sunspot activity, and ENSO.

A 700 to 800-yr cycle between 7.5 and 4.5 ka BP is observed in the
spectral analysis, which corresponds to an 800-yr cycle observed in
North Atlantic and Arctic climate-change studies (Darby et al., 2017;

Turney et al., 2005) and in the Loess Plateau monsoon record (Kang
et al., 2018). The decreasing amplitude of MAT also becomes smaller
than that of Mtco during this phase. Therefore, this 800-yr cycle may be
influenced by a combination of solar radiation, East Asian monsoon, and
AMOC, etc. The end of this cycle is also consistent with a shift in East
Asian monsoon phases as suggested by Kaboth-Bahr et al. (2021), which
may be triggered by the decreasing insolation at low latitudes that
reached a threshold at 4.5 ka BP.

6. Conclusion

The seasonal temperature change of the study area during the Ho-
locene was reconstructed using high-resolution fossil pollen records
with precise chronological control, and the characteristics and driving
mechanisms of temperature change in Northeast China were discussed.
The trends of MAT and Mtco in the Changbai Mountains are highly
correlated. Inferred Mtco during the Holocene Megathermal reached a
maximum of − 14.5 ◦C in the early Holocene, which is about 2.5 ◦C
warmer than the modern temperature, and gradually cooled in the late
Holocene to a minimum of − 19.6 ◦C. Four prominent cold events
occurring around 8.7 ka BP, 7.8 ka BP, 5.7 ka BP, and 2.5 ka BP with an
amplitude variation of up to 3 ◦C were revealed. A 1500-yr cycle of
temperature change was also found. Furthermore, synthesized temper-
ature series based on multiple pollen records showed the temporal and
spatial characteristics of seasonal temperature change in Northeast
China by comparing them with other proxies and regions. MAT
decreased more than Mtco, but both showed a consistent decreasing
trend during the mid- and late Holocene, indicating that the decreasing
trend of MAT in Northeast China was not a bias caused by summer
temperature.

Regional and global comparisons showed that solar radiation was the

Fig. 9. Comparison of synthesized mean temperature of the coldest month (Mtco) and driving mechanisms. (a) Synthesized Mtco in this study, (b) detrended
variation of sunspot number (Solanki et al., 2004), (c) East Asian summer monsoon (in red) and winter monsoon (in blue) stacks with 1 σ uncertainty (Kaboth-Bahr
et al., 2021), (d) proxy for El Niño-Southern Oscillation (ENSO), concentrations of botryococcenes on a log scale (Zhang et al., 2014), (e) ice-sheet area (cyan
histogram, 105 km2) and meltwater flux (dark-blue line, mSv) (Zhang et al., 2018), (f) 45◦N insolation (KW/m2, summer in red, coldest month in blue) (Berger et al.,
2010). (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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most direct external influence on temperature change. The decreasing
trend of Mtco was different from the existing simulation results and
winter insolation. It was apparently under the influence of the EAWM
since the cold events occurred with an enhanced winter monsoon. The
1500-yr cycle of climate change was consistent with the cycle of Bond
events, which may be driven by a combination of forcing factors such as
sunspot activity, AMOC, NAO, and AO. There was no significant
reduction in arboreal pollen in the pollen records due to human activ-
ities in Northeast China, suggesting that the changes should mainly
reflect natural climate change. However, human impact may still have
been present and should be further analyzed.
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Mrotzek, A., Muñoz Sobrino, C., Naidina, O.D., Nakagawa, T., Nielsen, A.B.,
Novenko, E.Y., Panajiotidis, S., Panova, N.K., Papadopoulou, M., Pardoe, H.S.,
Pędziszewska, A., Petrenko, T.I., Ramos-Román, M.J., Ravazzi, C., Rösch, M.,
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Zhang, Y., Renssen, H., Seppä, H., Valdes, P.J., 2017. Holocene temperature evolution in
the Northern Hemisphere high latitudes – Model-data comparisons. Quat. Sci. Rev.
173, 101–113. https://doi.org/10.1016/j.quascirev.2017.07.018.
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