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Abstract: The driving force of climate change in the monsoon margin is complex, making it a key
area for regional and global climate change research. Palaeohydrological studies in the monsoon
margin have increased the resolution of research in the long term, transitioning from qualitative to
quantitative studies to comprehend climate change processes, patterns, and mechanisms. Testate
amoebae (TA) in peat sediments are used as a proxy indicator organism for quantitative reconstruction
of palaeohydrology. Thus, their community changes are directly related to precipitation, and widely
used to reconstruct the patterns of summer precipitation globally. We investigated TA species
and reconstructed palaeohydrological changes in the Greater Khingan Mountains’ Hongtu (HT)
peatland, located in the East Asian Summer Monsoon (EASM) margin. The result showed that the
most abundant TA species were Assulina muscorum (12.4 ± 5.0%) and Nebela tincta (8.9 ± 4.9%) in
the HT peat core. The increase in dry indicator species (e.g., A. muscorum and Alabasta militaris)
indicated a drying pattern in the HT peatland since 150 cal yr BP. Principal component analysis (PCA)
explained 47.6% of the variation in the selected TA assemblages. During 400 to 250 cal yr BP, PCA
axis 1 scores ranged from 0.2 to −1.3 (reflecting a drier climate), associating with the Little Ice Age.
The paleohydrology of the northern part of the Greater Khingan Mountains was mainly controlled by
the EASM, which was associated with changes in North Atlantic Sea surface temperature and solar
radiative forcing. The apparent drying pattern may be the result of the gradual intensification of
anthropogenic activities and the increase in EASM intensity.

Keywords: peatland; testate amoebae; East Asian Summer Monsoon; reconstruction; palaeohydrology

1. Introduction

The global climate system is significantly influenced by the East Asian Summer Mon-
soon (EASM) and westerlies [1]. The EASM, due to differences in thermal properties
between land and sea, dominates precipitation in southern and eastern China and is a key
factor in the formation and propagation of summer rain belts [2,3]. The westerlies influence
precipitation in western and northern China by transporting water vapor from the North
Atlantic and lakes or inland seas along their path [3]. The northeastern region of China is
influenced by both the EASM and westerlies due to its location at the monsoon margin,
making it susceptible to regional and global climate changes [4]. The complexity of the
driving forces behind climate change in this area makes it a key focus for regional and
global climate change research.

Climate change over the past millennium has been the result of a combination of
the natural environment and human activities [5,6]. For example, climate change has
led to significant spatial and temporal differences in precipitation patterns in summer

Atmosphere 2024, 15, 314. https://doi.org/10.3390/atmos15030314 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos15030314
https://doi.org/10.3390/atmos15030314
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-2792-5022
https://orcid.org/0000-0002-8350-812X
https://doi.org/10.3390/atmos15030314
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15030314?type=check_update&version=2


Atmosphere 2024, 15, 314 2 of 14

wind-affected regions of East Asia. These variations have resulted in a reduction in tree
species and wetland areas in China, as well as an increase in the frequency of extreme
weather events [7–9]. Based on instrumental observations in recent decades, there is a clear
south–north dipole pattern of precipitation in the eastern monsoon region of China [10,11],
and palaeoclimate reconstructions suggest that this climate pattern also existed in the late
Holocene and even longer time scales [11–13]. Taking the Summer Monsoon Limit as the
east–west boundary, the dry–wet pattern in the eastern monsoon region of China during
the Medieval Warm Period and the Little Ice Age (during the period of global cooling from
1300 to 1850 AD) has a south–north dipole pattern, i.e., the southeastern part of the region is
characterized by a dry Medieval Warm Period drought and a wet Little Ice Age climate (i.e.,
warm/dry—cold/wet), while the northern part is the opposite (warm/wet—cold/dry).
However, there are studies suggesting a warm/wet–cold/dry climate in the southern
part of the eastern monsoon region and a warm/dry–cold/wet climate in the northern
part, such as the reconstructions of Dongge Cave in Guizhou [12] and Dali Lake in Inner
Mongolia [14]. Therefore, more high-resolution millennial hydrological reconstructions
from the eastern monsoon region, especially from the monsoon margins, are still urgently
needed to better understand the complex climate change patterns and their underlying
driving mechanisms in the EASM over the past millennia to more accurately predict and
respond to future climate change.

Peat sediments are widely used in palaeohydrological and palaeoclimate reconstruc-
tion studies due to their high resolution, continuity, and ability to record a wealth of
environmental information [15]. Peat archives that indicate palaeohydrological changes,
such as humification, macrofossil plants, and testate amoebae (Protozoa: Rhizopoda; TA),
are important parameters for palaeoclimate studies [16–19]. TA are widely distributed
in peatlands [20,21]. Recent ecological studies have shown that the community structure
and diversity of TA in peatlands are mainly regulated by soil moisture, water table depth
(WTD), and hydrochemistry [22–25]. Different species of TA show different and relatively
narrow ecological spokes to environmental factors, and their shells have good corrosion
resistance, are well preserved in peat deposits, are easy to extract, and have stable morphol-
ogy [20]. And their morphological characteristics can identify the species, making them an
effective paleoenvironmental indicator organism [25–28]. Therefore, fossil TA are also used
as proxy indicator organisms for quantitative reconstruction of palaeohydrology (WTD,
soil moisture, and hydrochemistry), and their community changes are directly related to
climate indicators such as precipitation [1,29,30].

Principal Component Analysis (PCA) is a widely utilized mathematical dimension
reduction method. PCA transforms a series of potentially linearly correlated variables
into a set of linearly uncorrelated new variables, also known as principal components,
through orthogonal transformation. This allows us to extract the main patterns from a large
volume of species data, thereby simplifying calculations and resultant interpretations. A
multitude of studies have demonstrated that PCA analysis utilizing species data can be
employed to delineate habitat characteristics, contrast habitat differences, and investigate
the primary habitat indicators [13,31–33]. Transfer functions, commonly used for quanti-
tatively reconstructing water levels, pH, and humidity [34–36], do indeed have inherent
limitations. Notably, the precision of a transfer function heavily relies on the quality of the
original data. Additionally, the transfer function relies on instantaneous measurements
of groundwater levels rather than annual averages, significantly impacting its accuracy.
Furthermore, different species of TA (testate amoebae) may exhibit varying responses to
environmental changes [37]. In complex environments where multiple environmental fac-
tors concurrently influence TA distribution, establishing and applying the transfer function
can indeed become intricate [21].

The Greater Khingan Mountains, located on the northern margin of the EASM and
the southern edge of the global boreal permafrost zone, are mainly influenced by both the
EASM and westerlies [38], and belong to the temperate continental monsoon climate or
temperate monsoon climate [39,40]. With climate change and human activity increased,



Atmosphere 2024, 15, 314 3 of 14

disturbance events such as fires have led to permafrost degradation and hydrological
changes in the region [41]. Several studies have used peat cellulose, 13C values of n-alkanes,
black carbon, and pollen in peat sequences to reconstruct the climatic characteristics of the
Greater Khingan Mountains [5,13,38,41,42]. However, there are few palaeohydrological
studies of the region, and the hydrology of the past millennium is unclear. As this region is
located at the EASM margin and the westerlies’ local climate forcing mechanism is complex
and variable, comparative studies on the palaeohydrological and paleoclimate of this region
should be strengthened.

In the present study, we investigated high-resolution TA records from the Hongtu (HT)
peatland in the Greater Khingan Mountains in the past millennium. The TA communities
and paleohydrology were reconstructed using TA records, accelerator mass spectrometry
(AMS) 14C dating, and PCA. The palaeohydrological record was compared with other
paleoclimate records in the EASM to explore possible driving mechanisms of climate
change. Our study subjective aims included the following: 1. To analyze the changes in
TA community structure during the millennium. 2. To verify historical patterns in TA
and their environmental implications. 3. To explore the driving mechanism of peatland
paleohydrology.

2. Materials and Methods
2.1. Study Area and Sampling

The peatland under study is situated in the northern Greater Khingan Mountains of
northeastern China (Figure 1). The Greater Khingan Mountains have an elevation range of
180–2029 m above sea level. The mountains experience dry, cold winters from November to
April and wet, hot summers from July to August [13]. The Greater Khingan Mountains have
a temperate continental monsoon climate with an average annual temperature of −2.8 ◦C
and an average annual precipitation of 460–520 mm [43,44]. The dominant vegetation
species of the HT peatland were Vaccinium uliginosum, Ass. Ledum palustre var. angustum,
Carex schmidtii, and Alnus hirsute. The HT peat bog (51.62◦ N, 124.24◦ E, altitude 550 m)
is located in a valley, and the presence of several mountain peaks (elevations higher than
1000 m) is influenced by the EASM and the westerlies.
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Figure 1. (a) Locations of the HT peatland in the Greater Khingan Mountains and other sites discussed
in this study. 1. HT peatland [38] and Tuqiang peatland [45]; 2. Hulun Lake [5]; 3. Motianling
peatland [42]; 4. Sihailongwan Maar Lake [46]; 5. Dali Lake [14]; 6. Gonghai Lake [47]; 7. Dongge
Cave [12]. (b) Locations of the HT and Tuqiang peatlands in the Greater Khingan Mountains (red
triangles). The dashed line is the Summer Monsoon Limit [48].
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The HT core (depth 60 cm) was collected in the mountains in September 2014. Surface
samples were collected from a dug profile and bottom samples were collected using a
500 × 50 mm Russian corer. The location was determined using a GPS (ICEGPS 110/610)
unit. The core was cut at 1 cm intervals for analysis and samples were stored in plastic
bags. Detailed 14C dating results are presented in the published article [38].

2.2. Chronology

We obtained three radiocarbon dates from the HT core. The bulk sediments were
prepared according to the protocol detailed in Zhou, Lu, Wu, Deng, Jull, and Beck [49],
and the analyses were conducted at the accelerator mass spectrometry (AMS) facility in
Xi’an. The 14C dates were converted to calibrated ages (cal yr BP) using the CALIB software
package, version 7.04, which relies on the 2013 international calibration datasets [50]. Table 1
provides further information, and the detail age-depth model, which quantifies the total
chronological error and returns the maximum age probabilities at 1 cm intervals, were
shown in our previous published article [38].

Table 1. Radiocarbon ages and calibrate age data for the HT peat sequences [38].

Depth (cm) Laboratory Code a Dated Material 14C yr BP Calibrated Age

19 XA12145 Bulk peat 175 ± 30 135–225
39 XA12146 Bulk peat 328 ± 25 308–465
59 XA12147 Bulk peat 866 ± 28 700–801

a XA, Xi’an Institute of Earth Environment, Chinese Academy of Sciences.

2.3. Testate Amoebae Analysis

TA samples were prepared using the methods of Charman, D and W.A [51] and Booth,
M and Charman [26]. The procedure for preparing samples for TA identification involved
a method that included water suspension, physical shaking, and subsequent settling.
Initially, two grams of the substrate was immersed in distilled water for 24 h, followed by
a 10 min agitation on a flask shaker. The samples were then sieved and rinsed through
300 µm and 0.5 µm mesh to eliminate larger particles and allowed to settle for another
24 h. The remaining fraction was washed into a tube and centrifuged. The supernatant
was then carefully removed to reduce the sample volume to 10 mL. These samples were
combined with neutralized formaldehyde and stored in glass vials. A droplet of the
concentrated sample was placed on a microscope (Olympus BX-53, Olympus Corporation,
Tokyo, Japan) slide, blended with glycerol, and examined under 200–400× magnification.
All TA encountered were identified using a morphology-based approach and tallied as per
identification guides, aiming for 150 tests per sample [20,52].

The TA taxonomic scheme developed by Charman [20] and Charman, D and W.A [51]
has been widely used in recent TA ecological studies [34,53,54]. We assigned Phryganella
acropodia, P. acropodia penardi, and P. hemisphaerica to the Phryganella acropodia. Centropyxis
aculeata, C. aculeata grandis, C. aculeata minima, C. gibba inermis, and C. discoides were grouped
into the Centropyxis acueata type. Centropyxis platystoma and C. elongata were assigned to
the Centropyxis platystoma type. Centropyxis aerophila, C. aerophila sphagnicola, C. cassis type,
C. constricta, C. constricta minima, and C. minuta were assigned to the Centropyxis aerophila
type [55]. The conservative approach used in this study means that caution must be
exercised when making ecological inferences for some taxa, such as the Corythion Trinema
type, which is treated as two separate taxa, Corythion dubium and Trinema lineare [56], as
individual taxa within the same group may exhibit different ecological responses.

2.4. Statistical Method

Based on the AMS14C dating data and TA content and concentration data of HT profile,
the CONISS program in Tilia 1.7.16 software was used to conduct cluster analyses and
classify the assemblage zones of TA. Numerical analyses were conducted on TA taxa that
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appeared in a minimum of three samples and had a percentage greater than 1%. A total
of 12 TA taxa were chosen for analysis. The square root transformed TA percentage data
were analyzed using Canoco 4.5 [57]. Detrended correspondence analysis (DCA) was
used to determine whether to use linear or unimodal-based techniques in the subsequent
ordination analysis. The first axis had a slope length of 1.858 standard deviation (SD) units,
indicating a primarily linear structure and suggesting the use of linear-based principal
component analysis (PCA). As a result, PCA was used to analyze the TA assemblages using
interspecies correlations and TA percentages.

3. Results
3.1. Testate Amoebae Assemblages in the HT Profile

40 families and genera of TA were identified in the 60 samples from the HT pro-
file (Supplementary Table S1); the most abundant TA were Heleopera petricola/sphagni
(0–7.50%), Trigonopyxis arcula (0–21.14%), Cyclopyxis arcelloides (0–10.88%), Difflugia lucida
(0–13.95%), Centropyxis platystoma type (0.48–25.38%), Nebela tincta (0–20.88%), Corythion
dubium (0–7.69%), Assulina muscorum (2.02–38.42%), Euglypha rotunda (0–20.34%), Euglypha
tuberculata (0–13.56%), Heleopera rosea (0–6.12%), Nebela lageniformis (0–6.74%), Phryganella
acropodia (0–23.53%), Assulina seminulum (0–6.29%), and Hyalosphenia papilio (0–22.50%).
These 15 species represented 80.6% of the total community composition. TA concentrations
ranged from 1.27 × 104 to 5.57 × 104 grains/g. The HT profile’s TA diagram was divided
into four zones based on TA assemblages and CONISS analysis. Four bio stratigraphic
zones were identified using the guidance provided by stratigraphically constrained cluster
analysis to facilitate discussion of the major changes in the record.

3.1.1. Zone 1 (Depth Range 60–44 cm): 650–450 cal yr BP

The percentage of A. muscorum reached 5.17–26.06%, which was predominant in all
the TA assemblages. The percentages of P. acropodia and N. tincta reached 0.98–23.53%
and 0–16.43%, respectively. At the depth of 57 cm, T. arcula occurred (21.14%). Total TA
concentrations ranged from 1.62 × 104 to 5.57 × 104 grains/g (Figure 2).
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3.1.2. Zone 2 (Depth Range 43–25 cm): 400–250 cal yr BP

The species A. muscorum and P. acropodia were degraded from 400 to 250 cal yr BP, and
the percentages were 4.40–18.66% and 0–10%, respectively. During this period, N. tincta
and H. papilio had increased to 0.58–20.88% and 3.49–21.12%, respectively. The species of
A. dentistoma (0.97–5.91%) and C. aerophila type (0.56–13.95%) occurred. TA concentrations
dropped down to 1.27 × 104–5.09 × 104 grains/g.

3.1.3. Zone 3 (Depth Range 24–12 cm): 200–50 cal yr BP

The proportion of A. muscorum (2.02–16.39%) decreased continuously, and N. tincta
(1.17–13.11%) and H. papilio decreased while P. acropodia (2.73–20%) increased. In addition,
the proportions of C. aerophila type and C. platystoma type increased to 1.18–7.67% and
1.64–16.47%, respectively. The proportions of D. lucida (0–13.95%) and E. rotunda (0–15.79%)
increased. TA concentrations increased to 1.49 × 104–5.44 × 104 grains/g.

3.1.4. Zone 4 (Above 11 cm): 0–−50 cal yr BP

Compared with the previous period, the species of A. militaris (2.26–40.80%) and E.
rotunda (2.65–20.34%) were the highest in the whole profile. The proportions of A. muscorum
(2.87–38.42%) increased while P. acropodia (1.69–13.22%) and H. papilio (0–15.20%) decreased.
The proportions of D. lucida (0–8.14%) distinctly dropped, and H. elegans (0–17.75%) in-
creased clearly. TA concentrations varied from 1.39 × 104 to 4.69 × 104 grains/g.

3.2. PCA Analysis

Figure 3 shows the PCA results based on 12 selected TA species and the total number
of samples. Axis 1 and axis 2 explain 47.6% of the variation in the selected TA assemblages.
The scores of A. militaris and E. rotund were 1.29 and 0.46, which were at the right end
of axis 1. C. platysoma type (−0.63), D. lucida (−0.49), and H. papilio (−1.19) were at the
left end of axis 1. On the biplot of the PCA scores on axis 1, the four groups of samples
corresponding to the TA combination band can be clearly separated: zone 1 (650–450 cal yr
BP) scores ranged from 0.39 to −0.1, zone 2 (400–250 cal yr BP) scores ranged from 0.22 to
−1.27, zone 3 (200–50 cal yr BP) scores ranged from 0.46 to −0.83, and zone 4 (0–−50 cal yr
BP) scores ranged from 2.31 to −0.27.
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4. Discussion
4.1. TA Community Evolution Process of the HT Profile

TA are valuable bioindicators for studying past environmental changes, and their
community distributions and abundance are strongly influenced by WTD and humid-
ity [58,59]. By studying the changes of TA communities, we can understand the humidity
and WTD status of paleoenvironments and further explore the patterns and mechanisms of
environmental changes [34]. Our research results showed that the fossilized TA in the HT
peatland revealed diverse and abundant assemblages, dominated by common species with
a wildly ranging geographical distribution.

At the base of the HT peatland core (650–450 cal yr BP), the dominant taxa are A.
muscorum and T. arcula (Figure 2). A. muscorum and T. arcula are more abundant in bo-
real peatlands [34,58,59]. In modern ecological research, A. muscorum and T. arcula are
considered as indicators of drought [29,35,60,61]. In the Tangbei peatland of the Lesser
Khingan Mountains, which is close to our study area, Li, Wang, Zhao and Wang [29] found
A. muscorum with a water table depth (WTD) of 15–45 cm and peat moisture content (water)
of 86–91%, and T. arcula with a WTD of 20–50 cm and peat moisture content of 86–90%.
As shown in Figure 4, the reconstructed moisture indices in the HT, Tuqiang (TQ), and
EASM regions indicated a relatively dry climate during this period [13,38,48]. And the
Motianling (MTL) precipitation reconstructed from n-alkanes also found that the climate
was in a dry environment during this period [42], so the climate may have influenced the
TA species distribution.
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Figure 4. (a) Testate amoebae PCA analyses of axis 1 of the HT profile; (b) historical population
of Heilongjiang province [62]; (c) δ13C-BC values in the HT region (blue line), BC (black carbon)
fluxes in HT (grey line) [38]; (d) precipitation in Sihailongwan Marr Lake reconstructed from pollen
data (black line) [46], δ13C record in peat cellulose obtained from the Motianling peatland in the
central part of the Greater Khingan mountains (yellow line) [42]; (e) East Asia Summer Monsoon
(EASM) moisture (red line) [48], moisture in the Tuqiang peatland reconstructed from pollen data
(blue line) [13]; (f) precipitation in Gonghai Lake reconstructed from pollen data [47].
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Between 400 and 250 cal yr BP, the percentage of A. muscorum and T. arcula decreased,
while H. papilio and N. tincta reached high values (Figure 2). H. papilio is generally an
indicator of wet conditions in peatlands [63–66]. In modern ecological studies, the wide
range of optimum water depths for N. tincta makes its palaeohydrological reconstruction
uncertain. For example, Koenig, Mulot, and Mitchell [67] describe N. tincta as an indicator
of relatively high water table depth, whereas other studies consider it an indicator of
intermediate conditions. Amesbury, Mallon, Charman, Hughes, Booth, Daley, and Gar-
neau [68] emphasize the differences in ecological conditions. The main reason for this
is the poor representativeness of modern data concentration species, which may lead to
overestimation of palaeohydrological reconstructions. Li, Wang, Zhao, and Wang [29]
improved the modern analogue of N. tincta, which was placed as an indicator species for
moderately wet to dry conditions. Li, Wang, Zhao, and Wang [29] found H. papilio at a
WTD of 9–30 cm and a peat moisture content of 82–93% in the Tangbei peatland, and N.
tincta at a WTD of 10–35 cm and a peat moisture content of 87–92%. The δ13C-BC records
in the HT peat and the N-alkane records in the MTL peat registered a dry to wet pattern
climate at this time [38,42]. The pollen-based reconstruction of moisture and precipitation
in the TQ peatland and Sihailongwan (SHLW) Lake showed the same pattern as the HT
peat during this period [13,46]. The increased precipitation and moisture can be used to
explain the distribution of H. papilio and N. tincta during 400 and 250 cal yr BP.

During the 150–−50 cal yr BP, with the concentrations of H. papolio and N. tincta
declined, the dominant taxon were P. acropodia, A. militaris, A. muscorum, and D. lucida.
Koenig, Mulot, and Mitchell [67] noted that P. acropodia is a species associated with wet
to dry peat surface conditions. Li, Wang, Zhao, and Wang [29] found that D. lucida in the
Tangbei peatland was highly abundant in the intermediate condition at DWT of 15–35 cm
and 83–91% peat moisture. A. muscorum and A. militaris are species related to dry peat
surface conditions [69]. Fossil pollen records from the TQ peatlands show that the expansion
of birch forests over the last hundred years indicates that the climate of the Greater Khingan
Mountains became warmer and drier [70]. The sedimentary record from the MTL peatland
and SHLW Maar Lake also shows an increasing pattern in precipitation after 150 cal yr
BP [42,46]. The climate change may the main reason for the increase in these species.

4.2. The Implication of PCA Scores in the HT Peatland

The PCA axis 1 results have explained 25.1% of the variation in selected TA assem-
blages. Several TA species commonly associated with wet and moderate habitats, such
as H. papilio, N. tincta, C. aerophila type, and E. tuberculata were on the left side of axis 1.
For instance, H. papilio had the lowest score (−1.19) on axis 1 and it was confirmed to be
distributed in a high WTD and acidic environment [29]. This suggests that the smaller
the species and sample scores for PCA axis 1, the wetter the environment is indicated. TA
dry indicators such as A. militaris, E. rotund, and P. acropodia were on the right side of axis.
These species had higher scores in axis 1, and they have stable conditions distributed in
drier and acid environment. Nevertheless, the other common TA dry indicators such as
A. muscorum and T. arcula were on the middle position of axis 1. This may be because dry
species generally have broader tolerances than wet species [68,69]. Thus, the results of
species and sample scores on axis 1 can be used as indirect indicators of palaeohydrological
variation in the HT peatland.

Prior to 500 cal yr BP, PCA axis 1 values in the HT peat core fluctuated slightly
(Figure 5), with close agreement with the reconstructed moisture from pollen in the TQ
peatland and the EASM moisture index [13,71]. The mean annual precipitation recon-
structed from GH Lake showed the same pattern as axis 1 [47]. And the MTL precipitation
index reconstructed from n-alkanes also found that the climate was in a dry environment
during this period [42]. During 500–350 cal yr BP, the scores of HT axis 1 decreased, which
indicates a wetter climate. The reconstructed moisture from δ13C-BC and pollen in the HT
and TQ peatlands and EASM moisture index showed a similar pattern to axis 1 [13,38,48].
The mean annual precipitation reconstruction of SHLW Marr Lake and GH Lake showed a
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pattern of high precipitation during this period [46,47]. And the MTL precipitation index
reconstructed from n-alkanes also found that the climate was in a dry and cold environment
during this period [42]. During the interval from 300 to 100 cal yr BP, the higher value of
PCA axis 1 scores reflects a drier environment, and the δ13C-BC regional environmental
reconstruction in the HT peatland shows a dry and cold climate during the same period [38].
The precipitation index of n-alkanes in the MTL peatland are similar to those of PCA axis 1,
indicating that this period was dry [42]. The pollen-based moisture index and temperature
index in the TQ peatland and SHLW Marr Lake also indicate a colder and drier climate
during the same period [13,46]. The EASM moisture also showed a decreased pattern of
precipitation [71]. The BC fluxes of HT peatlands showed a higher frequency of forest fire
events caused by a drier climate [38]. The climate was colder and drier at that time, likely
related to the Little Ice Age (1550–1850 AD) [72]. Since 50 cal yr BP, the scores of PCA axis
1 have shown a drier climate. The increasing historical population in the Heilongjiang
Province has led to an increase in drying due to human activities [62]. The sedimentary
records of MTL and TQ peatlands also show an increasing pattern in temperature and
precipitation after the Little Ice Age. The reconstruction of mean annual precipitation from
SHLW Maar Lake showed lower precipitation levels [46]. The different proxies showed
that HT is becoming increasingly dry as a result of climate change and human activity. In
the future, we will establish the transfer function between TA and environmental factors in
this region, and apply it to reconstructing paleoclimate and paleoenvironment.
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records. (a) Testate amoebae PCA analyses of axis 1 of the HT profile; (b) sea surface temperature (SST)
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δ18O records [74]; (e) solar radiation forcing in the tropical Pacific [75]; (f) volcanic forcing in the
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4.3. Possible Forcing Mechanisms of Climate at the HT Peatland

Solar radiative forcing and volcanic forcing are the two main factors influencing global
climate change [75]. The impact of these two factors on the climate characteristics of
HT in the Greater Khingan Mountains over the past millennium can be assessed using
model-reconstructed tropical Pacific solar radiative forcing and volcanic forcing. The HT
peatland is located at the northernmost end of the EASM, and the strengthening and
weakening of the EASM has an important influence on precipitation in the study area [13].
Precipitation can directly reflect the intensity of the EASM, and the tropical and subtropical
Pacific will transport more/less water vapor to make the East Asian monsoon circulation
stronger/weaker, resulting in an increase or decrease in precipitation [75]. The δ18O
values in the Dongge Cave and North Atlantic Sea surface temperatures (SST) reflect the
historical changes in the East Asian monsoon and wet zone over the past millennium [73,74].
By perturbing atmospheric circulation and water vapor transport, ocean thermal states,
which are closely linked to solar activity, can lead to arid and humid climates. Ocean–
atmosphere interactions play an important role in driving the monsoon and controlling
precipitation [76].

Historical variations in SST in the northeastern Atlantic, influenced by solar radiative
forcing, may directly affect winter temperatures in the western region [77]. Decreases
in solar radiative forcing result in low winter temperatures over northern hemisphere
continents [78]. Between 650 and 450 cal yr BP, the western tropical Pacific experienced
higher SST, which intensified the monsoon and brought more rainfall to the region being
studied [73]. Meanwhile, records of Norwegian coastal SST, North Atlantic SST, and solar
radiation also showed stronger EASM intensity during this period [73]. The climate in HT
was primarily influenced by the EASM, which was connected to interactions between the
ocean and atmosphere. During the period from 350 to 100 cal yr BP, the value of PCA axis 1
indicates a dry climate in HT. The decrease in the values of the SST of the Norwegian coast
and the SST of the North Atlantic Ocean supports our TA-based conclusion of the cold and
dry climate associated with the Little Ice Age [73]. The speleothem δ18O records in Dongge
Cave showed a feeble EASM strength [74].

Since 50 cal yr BP the climate has tended to be drier, supported by increasing values of
SST along the Norwegian coast and SST in the North Atlantic [73]. However, as the solar
radiative forcing became stronger, the climatic characteristics of the HT bog became warmer
and drier. We speculate that with the dramatic increase in population, modern climate
warming and decreased precipitation are more influenced by anthropogenic disturbances.
Simulations of temperature changes due to solar activity suggest that there may be simple
mechanisms that can help explain the observed data [74,75]. High irradiance increases sur-
face air temperature, with the strongest correlation between solar activity and temperature
change in the tropics and subtropics. However, the greatest change occurs at high latitudes,
resulting in a smaller temperature difference between the equator and poles when solar irra-
diance is high. These may lead to weaker North Atlantic trade winds during solar maxima
and an intensified monsoon in Oman due to a greater temperature difference between land
and ocean [74]. The decrease in humidity in HT over the past millennium correlates with
other records from northern low latitudes and is due to a decrease in summer insolation
caused by changes in Earth’s orbit, which affects precipitation patterns. The centennial
and multidecadal events in the HT record can be partly attributed to changes in solar
activity. There are also correlations between the HT and North Atlantic climates, including
the Norwegian coastal record, due to solar activity affecting both regions. Changes in
ocean circulation in the North Atlantic may also have triggered changes in HT, as seen
in the 350 cal yr BP event. Climate changes in HT over the past millennium result from
a combination of factors, including changes in insolation, solar activity, and oceanic and
atmospheric circulation.
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5. Conclusions

We inferred a ~800-year record of environmental change in the Hongtu (HT) peatland
of the Greater Khingan Mountains. A total of 40 species of TA were identified in the HT
peat core. The paleoclimatic record based on TA records of the HT peatland concluded
that the history of protists and climate changes during the last millennium showed strong
similarities with other paleoclimatic proxy records in the East Summer Monsoon region.
The results of PCA axis 1 showed an HT climate with a wet to dry pattern during the
last millennium. The climate of the northern part of the Greater Khingan Mountains was
mainly controlled by the EASM, which was related to ocean–atmosphere interactions in the
tropical Pacific, and was associated with changes in SST in the North Atlantic Ocean and
solar radiative forcing. Therefore, precipitation and humidity may decrease in the Greater
Khingan Mountains, leading to potential ecological changes. Additionally, a potential
weakening or shift of the EASM could further exacerbate climate changes in the Greater
Khingan Mountains. As a result, ecological conservation and climate change adaptation
measures in the region should consider these potential impacts and develop appropriate
responses accordingly.
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