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• Diatoms were used to investigate
peatland hydrological change from the
EAMmargin.

• Water-table is an important factor driv-
ing the variations of peatland diatom as-
semblages.

• Peatlandwater-tablefluctuations follow
EASM intensity change since the mid-
Holocene.

• Solar insolation is most likely modulat-
ing the water-table variations in
peatlands.
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Peatlands located at the northern edge of the East Asian monsoon (EAM) are well placed to provide a terrestrial
record of past climate and hydrological changes for this globally sensitive region. Herewepresent amiddle to late
Holocene, diatom-derived water-table records from a peatland in the Greater Hinggan Mountains, northeastern
China. An age-depth model was achieved through AMS14C dating and Bayesian piece-wise linear accumulation
modelling. The diatom-based water-table reconstructions show that the peatland water-table rose from 5100
to 3500 cal. yr BP, but fell approximately 3500 cal. yr BP. From about 2800 to 1500 cal. yr BP, the peatland
water-table stabilized. After about 1500 cal. yr BP, several rapid hydrological shifts, which correspondwith global
climate anomalies such as ice-rafted debris (IRD) events, were registered in the reconstructedwater-tables. Com-
paredwith other paleoclimate records in East Asia, the general trend of peatlandwater-table fluctuations follows
the variations in the East Asian summer monsoon (EASM) intensity. Spectrum analysis of thewater-table profile
yielded a statistically significant periodicity of 470-year that may be related to the “~500-year” inherent solar ir-
radiation cycles. In addition, positive correlation between the peatland water-table levels and cosmic-isotope-
reconstructed sunspot numbers underscores the role of the sun in regulating hydrological processes in the
nces, Northeast Normal University, Renmin 5268, Changchun 130024, China.
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EASM margin area. The data suggest that the regional climate and hydrological variations at the EASM margin
were first triggered by changes in solar output, but may have been amplified by interactionswith oceanic and at-
mospheric circulations.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The East Asian monsoon (EAM) is one of the most important global
climate circulation systems (An, 2000; P. Wang et al., 2005;Wang et al.,
2017), sustaining more than one third of the world's population (Ding
et al., 2010; An et al., 2015). The northern monsoon margin region,
also known as the forest-steppe ecotone (Liu et al., 2002), is highly vul-
nerable to monsoon rainfall and temperature anomalies, since small
changes inmonsoon temperature or precipitation can trigger great eco-
logical and hydrological shifts in these areas (Liu et al., 2002, 2014; Hao
et al., 2016). Climate simulations have indicated that future global
warming could induce severe environmental consequences inmonsoon
margin areas (Zhang et al., 2003; Lioubimtseva and Henebry, 2009), in-
cluding changes in land cover and land use (Sivakumar, 2007) and in
global aeolian dust emissions (Zhang et al., 2003). Given the outlook
for future climate change, studies of the monsoon margin area are
nowmore important than ever owing to its sensitive response to global
change (Liu et al., 2002, 2014; Hao et al., 2016). A better understanding
of the paleoclimate and paleohydrological processes and their potential
forcingmechanisms in this region is critical for predicting and assessing
their future hydrological and ecological changes (Xiao et al., 2004, 2008;
Blaauw and Christen, 2005; Wen et al., 2010, 2017; Fan et al., 2016,
2017).

Increasing availability of Holocene paleoclimate reconstructions that
arewell dated and of high sampling resolution has greatly improved our
knowledge about past climate change and its possible forcing mecha-
nisms at the East Asian monsoon margin (e.g., Xiao et al., 2004, 2008;
Wen et al., 2010; Liu et al., 2014; Fan et al., 2016; Hao et al., 2016). Pre-
vious studies of lacustrine sediments have underlined the importance of
Northern Hemisphere summer insolation variations and high-latitude
climate processes (e.g., ice-rafted debris in the North Atlantic) in regu-
lating the regional climate and hydrology at the East Asian monsoon
margin (Fan et al., 2016;Wen et al., 2017). However, most recent inves-
tigations have been restricted to the middle latitudes and to lacustrine
sediments (Wen et al., 2010), whereas the poleward side of the mon-
soon margin area has been studied only sparsely (Wen et al., 2010;
Gao et al., 2018). This imbalance increases the uncertainties and com-
plexities in predicting the ecological impacts of ongoing climate change
for the whole monsoon marginal area. Thus, paleoenvironmental re-
cords from the higher latitude part of the monsoon margin are needed
for an improved understanding of paleoclimate and paleohydrological
variations and associated mechanisms, and will aid in assessing the ef-
fects of future climate change on these regions.

Peatlands can provide important records of terrestrial
paleoenvironmental change and are increasingly acknowledged as ex-
cellent natural archives of past environmental variation since accumula-
tion of peat deposits could yield continuous records of climatic change
with a high temporal resolution (Chambers and Charman, 2004;
Chambers et al., 2012). Employing a variety of proxy data (Blaauw and
Christen, 2005), peat-based paleoclimate reconstructions have in-
creased for EAM area in general (e.g., Hong et al., 2000, 2001; Zhou
et al., 2010; Li et al., 2017; Liu et al., 2019; Zhang et al., 2019). Diatoms
are unicellular, siliceous algae that inhabit a variety of aquatic environ-
ments, including peatlands (Gaiser and Rühland, 2010; Hargan et al.,
2015a; Chen et al., 2020). They are sensitive to environmental change
because of their unique ecological niches and rapid reactions to varia-
tions in habitat, especially to water-table, pH, and conductivity changes
(Finkelstein et al., 2014; Hargan et al., 2015a, 2015b; Chen et al., 2016;
Ma et al., 2018; Gross and Bécares, 2020; Nohe et al., 2020; Rodríguez-
Alcalá et al., 2020; Wang et al., 2020). Diatoms have been employed as
a proxy for peatland paleoenvironmental change (Rühland et al.,
2000; Kokfelt et al., 2009; Gaiser and Rühland, 2010; Fukumoto et al.,
2012; Hargan et al., 2015b; Chen et al., 2016;Ma et al., 2018).Moreover,
modern diatom assemblage calibrations and statistics allow quantita-
tive inferences concerning past peatland surface moisture and water
chemistry characteristics (Gaiser et al., 1998; Rühland et al., 2000;
Kokfelt et al., 2009; Gaiser and Rühland, 2010; Chen et al., 2014;
Finkelstein et al., 2014; Hargan et al., 2015a, 2015b; Chen et al., 2016;
Gross and Bécares, 2020). Some recent diatom-based
paleoenvironmental studies have applied multivariate statistical tech-
niques to help reconstruct past peatland environmental variables,
such as water-table fluctuations (e.g., Ma et al., 2018; Chen et al.,
2020). Those studies demonstrate the important role that diatoms can
play in reconstructing peatland paleohydrological variations and dy-
namics (Hargan et al., 2015a, 2015b; Chen et al., 2016, 2020; Ma et al.,
2018).

Because of few records from the northern part of the East Asian
monsoon margin and the sensitive response of diatom assemblages to
peatland micro-environmental change, this study focuses on diatom
analysis of a radiocarbon-dated peat core recovered from the Greater
Hinggan Mountains of China. Employing principal component analysis
(PCA) and spectral analyses, the present work aims to address the fol-
lowing questions: (1) Are there clear associations between diatom as-
semblages and peatland environmental variables? (2) What is the
main factor that drives the variations in diatom assemblages in a peat
core? (3) Do changes in external forcing (or site-specific variables) con-
tribute to peatland paleoenvironment change, and (4) Which types of
external forcing, if any, are the major contributors to peatland
paleohydrological changes within the East Asian monsoon margin?

2. Materials and methods

2.1. Regional setting and sample collection

The Hongshuipao (HSP) peatland (46°58′55.01″N, 120°50′47.47″E,
elevation 778m) is located in themiddle of the Greater HingganMoun-
tains (Fig. 1) at the northernmargin of the East Asian summermonsoon.
The regional climate is influenced by the East Asian monsoon system
and the westerlies (Gao et al., 2018). The modern climate pattern of
this region displays high seasonal variability. The mean temperature
and precipitation for July are 17.1 °C and 115.6 mm; for January they
are −24.8 °C and 6.2 mm (China Meteorological Data Service Center,
2019). Summer (June to August) provides N60% of the annual precipita-
tion. The regional vegetation is boreal broadleaf-conifer mixed forest,
dominated by plants such as Larix gmelinii, Betula platyphylla, and
B. dahurica.

The peatlands formed in the valley of the Tuoxin River, which lies at
an elevation of 750 to 760 m and is surrounded by hills with elevations
from 900 to 1100 m (Fig. 1). In the summer of 2016, three parallel peat
cores (HSP-1, HSP-2, and HSP-3) were collected along an east-west
transect in the Hongshuipao peatland using an Eijkelkamp peat sam-
pler. The distance between each core was approximately 10 m. The
length for each core was 71 cm, 84 cm, and 74 cm, respectively. The
three cores were subsampled at an interval of 1 cm for further analysis.



Fig. 1. Location and geographical settings of the Hongshuipao peatland in northeastern China.
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2.2. Radiocarbon dating pretreatment and chronological modelling

To establish the age-depthmodel for each profile, nine sampleswere
collected from the three parallel peat cores for radiocarbon dating. Bulk
organic matter was used due to the lack of sufficient terrestrial macro-
fossils in the sediments. Samples were treated with 1 M HCl (12 h),
washed free from acid with Milli-Q water, then dried (65 °C) and ho-
mogenized (Piotrowska et al., 2011). The organic carbon in a pre-
treated sample was converted into CO2 by combustion with CuO in a
sealed quartz tube. After purification, the gas was reduced to graphite
by Fe/Zn reduction at Northeast Normal University (Xu et al., 2007).
The graphite was then analyzed for 14C activity with Accelerator Mass
Spectrometry (AMS) at Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIGCAS) (Zhu et al., 2015). In addition, two bulk
peat samples were pre-treated and analyzed at the Institute of Acceler-
ator Analysis Ltd., Japan.

All the conventional 14C ages (yr BP) were calibrated into calendar
years before present (cal. yr BP) from the IntCal13 calibration curve
(Reimer et al., 2013) using the CALIB Rev. 7.04 program and expressed
with 2σ ranges (Stuiver and Reimer, 1993). Sampling position, radiocar-
bon ages, and calibration results are summarized in Table 1. The chro-
nologies were established with Bacon v2.2 in R (Blaauw and Christen,
2011).

2.3. Laboratory analyses

Humification measurements were carried out on the three peat
cores. However, because the top 13 cm of sections HSP-1 and HSP-2
were mainly composed of modern plant roots for which it is difficult
to measure the humification degree properly, that interval from those
two cores were not analyzed for humification. Peat humification was
determined using a modified version of the method of Chambers et al.
(2011). For each analysis, a 0.1000 g dry and homogenized peat sample
was weighed accurately into a 100 mL beaker. Then, 80 mL of 8% NaOH
solution was added to the sample. The solution was heated gently for
1 h. After cooling to room temperature, the samples and solutions
were separated using a filter and transferred into a 100 mL flask. The
amount of humification was then determined from the absorbance of
each sample solution at a wavelength of 540 nm (expressed in percent-
age of absorbance). Themeasurements were performedwith an SP-722
visible spectrophotometer. Analytical precision for the absorbancemea-
surements was 0.1%.

Because core HSP-2 is the longest core of the three peat sections, di-
atom analyses were conducted on samples collected at 1 cm interval
from that core. The diatom samples were pretreated with 10% hydro-
chloric acid (HCl) and 30% hydrogen peroxide (H2O2) until the reaction
Table 1
AMS radiocarbon dates and calibrations of samples from the Hongshuipao peatland.

Core
no.

Depth
(cm)

Lab. codea Material Pretreatment AMS
14C yr BP

Uncert

HSP-1 53–54 IAAA-171136a Bulk organic matter HCl 1030 20
HSP-1 69–70 NENUR10214 Bulk organic matter HCl 1670 25
HSP-2 24–25 NENUR10217 Bulk organic matter HCl 2475 30

HSP-2 40–41 NENUR10218 Bulk organic matter HCl 4245 40

HSP-2 64–65 NENUR10220 Bulk organic matter HCl 4230 35

HSP-2 82–83 IAAA-171137a Bulk organic matter HCl 4410 30

HSP-3 13–14 NENUR10222 Bulk organic matter HCl 355 20
HSP-3 41–42 NENUR10224 Bulk organic matter HCl 2685 35
HSP-3 64–65 NENUR10225 Bulk organic matter HCl 3650 40

a Samples were analyzed at the Institute of Accelerator Analysis Ltd., IAA, Japan.
stopped to remove carbonates and organic matters. The residual was
washed in distilled water until nearly neutral (Serieyssol et al.,
2010–2011). Diatoms were extracted through heavy liquid (ZnBr2) flo-
tation at a density of 2.30 g/cm3 (Serieyssol et al., 2010–2011). After
washing, each sample was rinsed in distilled water and ethanol and
placed on slides in Canada balsam with a refractive index of
1.5216–1.5240 for identification and counting. Diatom identification
and counting were carried out using an Olympus BX53 optical light mi-
croscope with reference to Krammer and Lange-Bertalot (1986–1991),
Hargan et al. (2015a, 2015b), and Chen et al. (2016). A minimum of
260 valves were counted per sample, with the exception of one sample
that had a count of 207 valves.

2.4. Statistical and spectral analyses

Diatom data for each sample were expressed as relative abundance
(in %) and presented in biostratigraphic profiles using TILIA (Grimm,
1992). From the diatom data, biostratigraphic zones were established
by cluster analysis using constrained incremental sum of squares
(CONISS) (Grimm, 1987).

Principal component analyses (PCA) were performed to reveal the
main factors associated with the variation of diatom assemblages.
Prior to PCA, Pearson correlations between different diatom taxa were
conducted using the “corrplot” package in R (Wei and Simko, 2017).
PCA was performed using the prcomp() function in R, and the graphs
of eigenvalues and variables were plotted using the R package
“factoextra” (Kassambara andMundt, 2019). All of these statistical anal-
yses were performed in R 3.5.0 (R Core Team, 2017) with RStudio
v1.1.463 (RStudio Team, 2016).

Spectral analyses were performed using REDFIT 3.8e (Schulz and
Mudelsee, 2002) to extract the periodicities from the unevenly spaced
peatland water-tables. The program involves the Lomb-Scargle Fourier
transform to overcome unequal time intervals. A first-order
autoregressive (AR1) parameter was generated from the dataset and
presented in the frequency domain to test whether spectral peaks are
significant against the red-noise background generated from a first-
order autoregressive process (null hypothesis).

3. Results

3.1. Chronology

Four radiocarbon dates were obtained from peat core HSP-2
(Table 1). The radiocarbondates for HSP-2 are older than those obtained
from the other two cores, indicating possible contamination from the
older carbon (Table 1). Contamination with older carbon is further
ainty 2σ-range calibrations with probability Median
age,
cal.
yr BP

924–966 cal. BP (100%) 945
1528–1620 cal. BP (97.84%); 1676–1686 cal. BP (2.16%) 1573
2380–2393 cal. BP (1.31%); 2409–2410 cal. BP (0.18%);
2427–2720 cal. BP (98.51%)

2582

4629–4636 cal. BP (0.60%); 4642–4679 cal. BP (7.93%);
4688–4762 cal. BP (30.37%); 4798–4871 cal. BP (61.10%)

4826

4630–4632 cal. BP (0.27%); 4643–4678 cal. BP (9.76%);
4690–4762 cal. BP (38.81%); 4800–4860 cal. BP (51.16%)

4789

4866–5054 cal. BP (95.04%); 5189–5214 cal. BP (4.08%);
5226–5231 cal. BP (0.33%); 5249–5257 cal. BP (0.55%)

4981

318–395 cal. BP (50.82%); 424–491 cal. BP (49.18%) 403
2750-2851 cal. BP (100%) 2789
3866-4088 cal. BP (100%) 3971
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supported by the original dating results showing two identical ages
(4245 ± 40 14C BP and 4230 ± 35 14C BP) at depth 40–41 cm and
64–65 cm, respectively, in core HSP-2 (Table 1).

Fig. S1 shows that the three humification curves display very similar
trends, although small differences do exist. The close similarity among
the three humification profiles suggests that they are correlative
(Fig. S2). Comparing the humification profiles for the three cores
(Figs. S1 and S2) likewise supports the notion that the HSP-2 is contam-
inated with older carbon. Therefore, the three older radiocarbon dates
from HSP-2 were rejected as contaminated, and those provided by the
other cores were accepted. From these data, a chronology for the
peatland was reconstructed. Table S1 presents all of the ages and their
equivalent depths at each core. The chronological model indicates that
core HSP-2 recorded the paleoclimate and paleoecological history of
Hongshuipao peatland since ca. 5100 cal. yr BP (Fig. 2).

3.2. Diatom assemblages

From peat core HSP-2, 94 species of diatoms were identified from
the 82 sediment samples (Krammer and Lange-Bertalot, 1986–1991;
Lange-Bertalot et al., 2011; Hargan et al., 2015a; Chen et al., 2016).
Fig. 3 shows diatom abundance plotted against depth. Most of these
species commonly occurred in freshwater (lake, stream) and peat envi-
ronments (e.g., Eunotia and Pinnularia) (Krammer and Lange-Bertalot,
1986–1991; Lange-Bertalot et al., 2011; Hargan et al., 2015a). The dia-
tom assemblages underwent notable shifts throughout the 5100-year
sequence, and CONISS identified four first-order diatom stratigraphic
zones in HSP-2 (Fig. 3). Three additional second-order subzones (IIa,
IIb, and IIc) were identified in Zone II.

Zone I (74 to 84 cm; 5100 to 4500 cal. yr BP) is characterized by the
dominance of the diatoms E. implicata,M. circulare, andM. criculare var.
constrictum (Fig. 3). This suggests that freshwater was flowing in the
peatland during that interval (Krammer and Lange-Bertalot,
1986–1991).

Zone IIa (66 to 74 cm; 4500 to 3700 cal. yr BP) is marked by increas-
ing abundances of Pinnularia spp. and H. amphioxys, and a decrease in
Fig. 2. ‘Bacon’ age-depthmodels for HSP-2 peat core. The best estimates for calibrated age
are shown in red and the upper and lower estimates are shown in gray.
E. implicata and M. circulare. Because H. amphioxys and Pinnularia spp.
aremore tolerant than the latter two species to dry and slightly alkaline
habitats (Hargan et al., 2015a), it is reasonable to deduce that there is a
lowering of the peatlandwater-table and an increase in salt and/or alka-
line content caused by a climate shift. Zone IIb (40 to 66 cm; 3700 to
950 cal. yr BP) is dominated by Pinnularia spp. and H. amphioxys, with
an increasing abundance of N. elginensis and decreasing abundance of
F. ulna. Zone IIc (30 to 40 cm; 950 to 600 cal. yr BP) is characterized by
growth in F. ulna, E. implicata, and C. meneghiniana abundances, indicat-
ing a rise in the water-table and greater availability of freshwater
(Krammer and Lange-Bertalot, 1986–1991; Lange-Bertalot et al., 2011;
Hargan et al., 2015a).

Zone III (14 to 30 cm; 600 to 250 cal. yr BP) is dominated by
A. lanceolata and H. amphioxys. The H. amphioxys abundance decreases
whereas the M. circulare and D. mesodon increases in taxa abundance
compared with Zone IIb, suggesting a habitat environment undergoing
a shift from a lower to a higher water-table stage (Krammer and
Lange-Bertalot, 1986–1991; Lange-Bertalot et al., 2011).

Pinnularia spp. and Navicula species dominate Zone IV (0 to 14 cm;
250 cal. yr BP to present). Diatoms that favor freshwater (e.g., stream
and spring) habitats, such as M. circulare, A. lanceolata, F. ulna, and
D. mesodon, disappear, implying a falling water-table and a possible
transformation from a eutrophic fen to an oligotrophic bog (Krammer
and Lange-Bertalot, 1986–1991; Lange-Bertalot et al., 2011). In addition,
because the Navicula and Pinnularia taxa have relatively high optima
with respect to alkalinity, the peatland pH value and/or conductivity
likely increased (Hargan et al., 2015a). Thus, compared with lower
zones, the higher abundance of peatland diatom taxa in Zone IV sug-
gests a lowerwater-table condition accompanied by an increase in alka-
linity possibly due to a drier climate for a reduction in available water in
the peatland.

3.3. Principal component analysis results

The main diatom taxa in core HSP-2 indicate a freshwater, bog-like
environment (Lange-Bertalot et al., 2011; Hargan et al., 2015a, 2015b).
Although diatoms are abundant in the core, only a few taxa can be
used as indicators for micro-habitat change sincemost diatom types oc-
cupy the same or similar habitats (Lange-Bertalot et al., 2011; Hargan
et al., 2015a, 2015b; Chen et al., 2016). Pearson correlation analyses
show that many diatom species are correlated with each other
(Fig. 4), indicating that PCA should be useful for identifying dominant
factors that are associated with variations of diatom assemblages.

PCA extracted 6 principal components that together explain 71.04%
of the total variance in the input diatom assemblages. Component 1
(axis 1) explains 32.35% of the diatom variations while component
(axis) 2 explains 11.05% of the diatom variations (Fig. 5.a). In the species
vs. PCA plot (Fig. 5.b), diatoms such as M. circulare, M. criculare var.
constrictum, E. implicata, and F. ulna that prefer freshwater
(e.g., streams, springs) have the highest positive loadings on axis 1
(Lange-Bertalot et al., 2011; Hargan et al., 2015a; Chen et al., 2016). Epi-
phytic species that are more tolerant to alkaliphilous and dry habitats
(Pinnularia spp., Navicula, N. hantzschiana, and C. subaequalis taxa)
have high negative loadings on axis 1 (Lange-Bertalot et al., 2011;
Hargan et al., 2015a; Chen et al., 2016). N. elginensis, G. acuminatum,
and F. capucina, which are usually abundant in eutrophic conditions,
have positive loadings along axis 2, whereas A. lanceolata has negative
loadings along that axis (van Dam et al., 1994; Kelly, 1998; Rott et al.,
1998), implying that nutrient conditions of the peatland are regulating
the diatom distribution along axis 2. Considering the habitats of the dif-
ferent diatom species, the positive loadings on axis 1 suggest a higher
water-table, while the negative ones represent a lowerwater-table con-
dition. Because the main focus of this study is reconstructing the
paleohydrological processes in the Hongshuipao peatland, only princi-
pal factor scores of axis 1 were used for peatland water-table recon-
structions and related analyses in the following sections.



Fig. 3. Diatom stratigraphy diagram showing species abundance (in %) of the peat core HSP-2.
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4. Discussion

4.1. Peatland water-table variations since the mid-Holocene

The water-table level in a peatland represents a balance among pre-
cipitation, evapotranspiration, surface flows, and groundwater flows
(Ingram, 1983; Charman, 2007; Grundling et al., 2015). Among these,
precipitation and evapotranspiration are the two dominant factors
and are directly or indirectly related to regional climate variables
Fig. 4. Correlationmatrix,made using the R package “corrplot”, between the abundance of
main diatom taxa. The legend on the right side of the diagram shows the Pearson
correlation coefficients with their corresponding colors. Positive correlations are
displayed in blue and negative correlations in red. *, ** and *** denote the statistically
significant at α = 0.05, α = 0.01 and α = 0.001, respectively.
(Charman, 2007; Grundling et al., 2015). The diatom-based water-
table reconstructions in the Hongshuipao peatland for the past
5100 cal. yr BP is characterized by a water-table peak between 5100
and 3500 cal. yr BP, stable conditions from 2800 to 1500 cal. yr BP,
and several dry-wet fluctuations after 1500 cal. yr BP (Fig. 6). Compar-
ing the principal factor scores (water-table reconstructions) with
other regional paleoclimate reconstructions (Fig. 6) shows that the gen-
eral trend of peatlandwater-table variationsmatcheswell with changes
in East Asian summer monsoon (EASM) intensity. This suggests that
peatland hydrological variations are primarily influenced by regional
climate-related controls rather than site-specific processes. During the
period of increased rainfall, when precipitation exceeded evapotranspi-
ration, peatlandwater-tables rose (Charman, 2007), providing a habitat
for diatoms that prefer higher water-tables and even fresh water spe-
cies. A rainfall deficit would have caused a lowering of peatland
water-tables, resulting in a succession of diatom assemblages
(Charman, 2007).

The peak in the water-table level between 5100 and 3500 cal. yr BP
is likely linked to the Holocene Optimum, evidence for which has been
widely reported from the East Asian monsoon area (e.g., Cosford et al.,
2009; Wu et al., 2011; Wu et al., 2019). Using Pinus and Quercus pollen
as proxies, Wu et al. (2019) reported a gradually decreased East Asian
winter monsoon intensity since ca. 6000 cal. yr BP in the Greater
Hinggan Mountains. A mid-Holocene East Asian summer monsoon
(EASM) maximum has been registered in stalagmite δ18O profiles in
northern and northeastern China, as evidenced by a negative shift in
stalagmite δ18O values in Lianhua and Nuanhe caves (Cosford et al.,
2009; Wu et al., 2011). Geochemical analyses of Lake Dali sediments
also show a period of low evaporation and/or humid periods from
4750 to 3200 cal. yr BP, as indicated by smaller Mg/Ca ratios (Fan
et al., 2016). Expansion and dominance of broadleaf trees from 5100
to 3800 cal. yr BP has also been identified from a pollen diagram of
the Hani peatland (Cui et al., 2006). The high water-table stage indi-
cated here in the Hongshuipao peatland is likely related to an increase
in regional precipitation,which is associatedwith intensified EASMdur-
ing the mid-Holocene.

After a stage of relatively stable water-table level (2800 to
1500 cal. yr BP) in the Hongshuipao peatland, several rapid water-
table shifts occurred (Fig. 6). At the time of the Medieval Warm Period



Fig. 5. Principal component analysis (PCA) of diatom variables. (a) Scree plot of principal
factors for the diatom assemblages. (b) The principal factor plot showing diatom taxa
(variables) and their factor loadings. Contribution is the gradient of quality to highlight
the most important variables in explaining the variations retained by the principal
components.
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(MWP) from 1500 yr to 700 yr (Lamb, 1965; Zhu, 1973), the peatland
experienced a high water-table stage that lasted for 800 years. In mon-
soonal China, this wetter period is also evidenced by a negative shift in
stalagmite δ18O values in Nuanhe Cave (Wu et al., 2011) and increased
pollen concentration in a peat core at the Maili peatland from 1000 to
700 cal. yr BP (950 CE–1270 CE), with some pollen taxa reaching their
greatest abundance (Ren, 1998). A widespread wet shift from 1500 yr
to 700 cal. yr BP has previously been identified in peat α-cellulose
δ18O and δ13C profiles of the Jinchuan peatland (Hong et al., 2000,
2001). A dramatically lower water-table event occurred in the
Hongshuipao peatland from 700 to 400 cal. yr BP, which may corre-
spond to the Little Ice Age (LIA) anomaly. During the same period, in
the North Atlantic, the amount of hematite-stained grains increased in
marine sediments (Bond et al., 1997, 2001). In East Asia, evidenced by
a series of proxies, the LIA-like event has been characterized as a time
of decreasing temperature and decreasing precipitation (e.g., Yang
et al., 2002; Wang et al., 2007; T. Zhou et al., 2011; X. Zhou et al.,
2011). The Hongshuipao peatland water-table rose again from 400 to
250 yr BP. After 250 yr BP, the peatland water-table fell to its lowest
level in the profile, which may have resulted from a natural drought
event or from human activities. Because of the growing human influ-
ence in the last 250 years, identifying the natural climate change signal
for that recent interval could be difficult (Guo et al., 2018).
Consistent with other paleoclimate reconstructions in the monsoon
region, the general trend of water-table oscillations reconstructed from
the Hongshuipao peatland follows the Northern Hemisphere insolation
variations (Berger and Loutre, 1991) since themid-Holocene (Fig. 6). In-
terestingly, the reconstructed water-tables show close similarity with
the stacked ice-rafted debris (IRD) curve in the North Atlantic (Bond
et al., 2001). A number of drought shifts at 4500–4200, 3400–3200,
2800–2600, and 700–400 cal. yr BP, were registered in the Hongshuipao
peatland water-table profiles (Fig. 6). Those drought events correspond
well to some recognized global climate anomalies, e.g., IRD0, IRD2, and
IRD3 events in the North Atlantic (Bond et al., 1997, 2001) and the
“4.2 ka” aridification event in East Asia (Xiao et al., 2018; Scuderi et al.,
2019), suggesting climate teleconnections between the northern part
of Asian monsoon margin and global climate and oceanic circulation.

4.2. Periodic oscillation of peatland water-tables and its link to solar forcing

A large number of periodicities have been previously inferred from
peat and lacustrine records in monsoonal China (e.g., Hong et al.,
2000; Xu et al., 2014; Stebich et al., 2015; Liu et al., 2019; Wu et al.,
2019). However, the robustness of many of these periodicities has
been questioned as they are highly dependent on the individual age–
depth models and may be affected by the data-sampling resolution
(Swindles et al., 2007). Redfit analysis performed on the principal factor
scores (axis 1) revealed a statistically significant periodicity of 470-year
(Fig. 7). The 470-year period is comparable to the ca. 500-year cycle pre-
viously reported in the East Asian monsoon area using lake sediments
and peat records (e.g., Hong et al., 2000; Xu et al., 2014; Stebich et al.,
2015; Wu et al., 2019). For example, from the Jinchuan peatland, a
480-year cycle has been identified in a paleoclimate sequence derived
from peat cellulose δ18O (Hong et al., 2000). This is also similar to the
550- to 600-year cycle derived from quantitative pollen-based
paleoclimate reconstructions from Lake Sihailongwan (Stebich et al.,
2015) and the ~500-year cycle registered in the pollen records from
Lake Xiaolongwan (Xu et al., 2014). Considering that cycles of 512-
and 550-year were identified in high-resolution tree ring Δ14C records
(Stuiver and Braziunas, 1993; Stuiver et al., 1995), the approximate
500-year cycle might reflect the inherent solar irradiation oscillations
at centennial scales. Therefore, the detection of an approximate 500-
year cycle in the Hongshuipao peatland water-table profiles may sug-
gest a possible link between solar output and paleohydrological varia-
tions in the East Asian monsoon margin area. Moreover, the
consistency between the 470-year cycle determined in this study and
other investigations demonstrates that the ~500-year periodicity is per-
sistent in nature, although theremay be a certain degree of harmonic re-
production artefacts (Swindles et al., 2007).

Increasing evidence suggests that there is a persistent solar forcing
impact on Holocene paleoclimate change in East Asia (e.g., Y. Wang
et al., 2005; Liu et al., 2012; Steinhilber et al., 2012; Wu et al., 2019). Vi-
sual comparisonwith the cosmic-isotope-based sunspot number recon-
structions suggests that themajor wet (dry) phases in the Hongshuipao
peatland appear to be associated with increased (decreased) sunspot
numbers (Fig. 8). Complexity, however, exists in the timing and ampli-
tude of the paleohydrological responses to the sunspot number fluctua-
tions (Fig. 8). For instance, one interval of lowerwater-table in the study
area (4400–4200 cal. yr BP) that should have approximately coincided
with decreased solar activity occurred at a time of greater sunspot num-
bers (Fig. 8). Uncertainties in the chronological modelling of the peat
core is probably the main reasons for this discrepancy. Generally, how-
ever, on the basis of the current chronology, the inferred water-table
shifts matched well with solar activity, if the age uncertainties of the
chronological model are taken into consideration (Figs. 2 and 8).

Pearson correlation confirms the associations between solar forcing
and water-table variations in the peatland, except for the period of the
last 250 years. The principal factor scores (axis 1) display a positive cor-
relation with cosmic-isotope-based sunspot number reconstructions
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Fig. 6. Comparisons of the Hongshuipao peatland water-table reconstructions with regional and global paleoclimate and solar sequences. (a) North Hemisphere 65° solar irradiation
(Berger and Loutre, 1991); (b) stalagmite δ18O record from Lianhua cave, northern China (Cosford et al., 2009); (c) stalagmite δ18O record from Nuanhe cave, northeastern China (Wu
et al., 2011); (d) TOC content in Lake moon sediments (Liu et al., 2010); (e) Mg/Ca ratio of Lake Dali sediments (Fan et al., 2016); (f) stacked IRD events in North Atlantic (Bond et al.,
2001); (g) Hongshuipao peatland water-table reconstructions (this study); (h) cosmic-isotope-based sunspot number reconstructions (Solanki et al., 2004).
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Fig. 7. Spectral analysis of Hongshuipao water-table sequence (diatom based principal
factor scores of axis 1). Upper light yellow, yellow and orange areas denote 95%, 90%
and 80% confidence of periodicity by Monte-Carlo Test relative to an AR1 background,
respectively; power spectra calculated using the REDFIG 3.8e (Schulz and Mudelsee,
2002).
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(Solanki et al., 2004) at a statistically significant level (r = 0.463,
p b 0.001, Fig. 8), suggesting solar-paced paleoclimate and
paleohydrological changes in the monsoon margin area. However, in
the most recent interval (250 cal. yr BP to present), human activities
(Guo et al., 2018) may have overshadowed the natural climate change
signals, causing obvious discrepancies between peatland water-tables
and reconstructed sunspot numbers.
Fig. 8. Co-variation and correlation between the Hongshuipao peatland water-table
4.3. Possible interpretations for peatland hydrological responses to solar
forcing

Globally, the monsoon system is modulated by land vs. ocean con-
trast, sea surface temperatures, and inter-hemispheric heat gradients
(Chao and Chen, 2001; P. Wang et al., 2005). Because of the heat capac-
ity difference between the ocean and the continent, the EASM intensity
is controlled by the related ocean-land air pressure gradient, which can
be influenced by variations in solar irradiation (Chao and Chen, 2001; P.
Wang et al., 2005). The present study indicates that water-tables in the
Hongshuipao peatland are sensitive to variations in cosmic-isotope re-
constructed solar activities. The cosmic rays (solar irradiations) likely af-
fect peatland hydrologic patterns through their influence on regional
climates since solar activity is correlated with Earth's surface processes,
including temperature and precipitation patterns (Marsh and
Svensmark, 2003; Emile-Geay et al., 2007). These, in turn, determine
the amount of effective moisture in the peatland.

During periods of increased solar irradiation, a steep ocean/conti-
nent air pressure gradient and the northward movement of the ITCZ
(P. Wang et al., 2005; Wang et al., 2017; X. Zhou et al., 2011) enhance
the intensity of the East Asian summer monsoon (Chao and Chen,
2001; Wang et al., 2017). The strengthened EASM brings maritime air
masses (wet and warm) into eastern and northern China, resulting in
increased precipitation (X. Zhou et al., 2011) and a rising water-table
phase in the Hongshuipao peatland. When solar insolation decreases,
the air pressure difference between the Asian continent and the Pacific
Ocean is getting smaller, and a weaker EASM brings less moisture to the
study area (X. Zhou et al., 2011). Under these conditions, the peatlands
at the northern margin of the EAM will experience a water-table
lowering.

Although solar irradiation could trigger regional climate change, its
direct influence on global climate is quite small (Berger and Loutre,
1991; Haigh, 1996; Shindell et al., 1999, 2001; Emile-Geay et al.,
2007). Amplifiers associated with variations in solar irradiation could
induce greater regional climate variations that observed in proxy-
level variations and the reconstructed sunspot number (Solanki et al., 2004).
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based reconstructions (e.g., Shindell et al., 1999, 2001; Emile-Geay et al.,
2007; Xu et al., 2014; Liu et al., 2019). In addition to solar forcing, fluc-
tuations in the reconstructed water-table of the Hongshuipao peatland
appear to be approximately synchronouswith the stacked ice-rafted de-
bris (IRD) events that have been identified in the North Atlantic (Fig. 7).
One possible explanation is that reduced solar irradiance may have first
increased the polar ice volume, which reduced the North Atlantic deep
water (NADW) circulations (Shindell et al., 1999, 2001; Bond et al.,
2001), causing global cooling, especially for the ocean surface and
high-latitude land areas bordering the North Atlantic and North Pacific
Oceans (Bond et al., 1997, 2001; Xu et al., 2014). This triggered IRD dis-
charge events in the North Atlantic and generated global climate vari-
ability on centennial to millennial timescales (Bond et al., 1997, 2001;
Xu et al., 2014). In East Asia, ocean-atmosphere feedbacks, such as El
Niño–Southern Oscillation (ENSO), may have amplified the initial
solar forcing to produce persistent sea surface temperature (SST) anom-
alies in the North Pacific, causing changes in the East Asianmonsoon in-
tensity (Ruzmaikin, 1999; Emile-Geay et al., 2007; Xie et al., 2009; T.
Zhou et al., 2011; X. Zhou et al., 2011; Xu et al., 2014; Liu et al., 2019).
Directly related to variations in monsoonal precipitation, water-table
dynamics in the Hongshuipao peatland were influenced by those
processes.

In summary, the diatom-basedwater-table reconstructions from the
Hongshuipao peatland show the influence of solar irradiation on cli-
matic and hydrological changes at the EASM margin in northeastern
China. Possibly triggered by solar irradiation anomalies and perhaps as-
sociatedwith ocean-atmosphere feedbacks (i.e. ENSO), the peatland hy-
drological processes at the EASM margin display periodic oscillation at
the frequency of ~500-year.

5. Conclusions

Diatom assemblage data from the Hongshuipao peatland document
paleohydrological changes at the northern margin of the East Asian
summer monsoon. Three main stages that consisted of a higher water-
table period (5100–3500 cal. yr BP), a stable water-table stage (2800–-
1500 cal. yr BP), and fluctuating conditions since 1500 cal. yr BP are
clearly marked in the diatom record.

PCA results suggest that (1) variations in peatland diatom assem-
blages are primarily associated with water-table changes in the
peatland. Comparisons between our data and regional paleoclimate re-
cords illustrate that (2) the peatland water-tables changes are in good
agreement with the East Asian summer monsoon evolution rather
than influenced by peatland site-specific conditions. (3) A statistically
significant periodicity of 470-year is detected in thewater-table records,
which may be linked to solar-forcing parameters. In addition, (4) the
major wet (dry) phases of the water-table generally occur at times of
higher (lower) sunspot numbers, suggesting a persistent influence of
solar forcing on regional hydrological dynamics at the East Asian mon-
soon margin.
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