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ARTICLE INFO ABSTRACT
Keywords: An improved understanding of past interactions between terrestrial vegetation and various forcings, such as
Phytolith climate change, human impact, and paleofire, is crucial for assessing impacts of future global change on
Holocene terrestrial ecosystems. This study seeks to find the key factor or factors that have driven Holocene vegetation
Paleoecology . . . . .

N . change along the East Asian monsoon margin. Several high-resolution pollen records are reviewed and new
Vegetation dynamics . . N . .
Peat phytolith-based paleovegetation reconstructions and physical geochemical datasets are presented from a peat-

LPJ-GUESS land in northeastern China. Using 108 modern topsoil samples as a training set, canopy cover and vegetation
composition are estimated for the period since 5100 cal. yr BP. Variation partitioning analysis (VPA) is used to
determine the relative importance of climate change, human impacts, and paleofire disturbance. The generalized
dynamic vegetation model LPJ-GUESS is forced with climate anomaly output from an atmospheric general
circulation model to simulate vegetation dynamics during the mid-Holocene and the pre-industrial era. The
proxy-based estimates are compared to modelling output. Results indicate that regional tree cover varied from
10% to 40% during the past five millennia. The single-core, phytolith-based reconstructions are generally
consistent with stacked tree pollen z-scores calculated from different records along the East Asian monsoon
margin, implying that mid-Holocene tree cover decrease was persistent and almost synchronous over extensive
areas. VPA demonstrates that long-term monsoon marginal vegetation successions were mainly caused by
climate effects. Numerical modelling suggests that since the mid-Holocene the retreat of forests along the
monsoon margin was primarily associated with precipitation deficits. Our investigation highlights that the
precipitation associated with the East Asian monsoon system has exerted a stronger influence than the westerlies
on the monsoon margin climate and vegetation change. With ongoing global change, close attention to variations
in precipitation patterns and amounts should be especially helpful in efforts aimed at ecological monitoring,
change prediction, and restoration.

1. Introduction decreased influence of monsoonal precipitation (Erdos et al., 2018).
Investigations focusing on the interactions between vegetation and past

Along the margin of the East Asian monsoon, natural vegetation is climate change have proposed that this forest-steppe vegetation is
dominated by forest-steppe patches instead of monsoon forest due to the highly sensitive to even small climate shifts (e.g., Liu et al., 2012; Yin
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et al., 2013; Hao et al., 2014; Liu et al., 2014). Numerical simulations
have suggested that the forest-steppe vegetation covering the semiarid
monsoon-margin lands might be replaced by grasslands under the cur-
rent global warming (Lucht et al., 2006). However, projecting future
vegetation change remains challenging partly because the effects that
climate, topography, and anthropogenic practices have on vegetation
dynamics is not fully understood (e.g., Cheng et al., 2020 and references
therein). Available data on vegetation change come primarily from
short-term studies and remote sensing imagery, which does not extend
far back in time. The lack of direct long-term vegetation succession data
makes predicting future vegetation changes in monsoon margin areas
particularly difficult. Paleoecological records that are crucial for an
improved understanding of the long-term interactions between vegeta-
tion dynamics and climate change, as well as human impacts, can only
be acquired using geological archives (e.g., Liu and Yin, 2013; Stebich
et al., 2015); Zhao et al., 2017; Wu et al., 2019).

Palynological evidence from lacustrine sediments is currently the
most widely used data source for paleovegetation reconstructions of
semiarid lands (e.g., Yin et al., 2013; Hao et al., 2014; Liu et al., 2014;
Zhao et al., 2017). Previous studies have shown that fossil pollen as-
semblages from lacustrine sediments in arid and semiarid lands in China
are always dominated by Pinus, Betula, Artemisia, and Chenopodiaceae,
which together account for 80% of the total pollen assemblages (e.g.,
Zhao et al., 2009; Zhao and Yu, 2012). Dominant pollen types in such
assemblages, however, are not necessarily the most abundant species in
the lake basin. Studies of modern pollen-vegetation relationships have
found that even when Pinus, Betula, Artemisia, and Chenopodiaceae
plants are rare or absent in vegetation communities, they can still
dominate the pollen assemblages (Li et al., 2000; Xu et al., 2007, 2014;
Li et al., 2011). With this in mind, palynologists have interpreted the
variations in the relative abundances of pollen taxa (including ratios
such as AP/NAP, Artemisia/Chenopodiaceae) as climate indices, and
have found that those interpretations agree well with documented East
Asian monsoon variations (e.g., Zhao and Yu, 2012; Hao et al., 2014;
Chen et al., 2015; Wen et al., 2017). Precise reconstructions of vegeta-
tion types and their successions in arid and semiarid lands, such as those
in the East Asian monsoon margin, remain difficult mainly because of
production, transport, representation, and identification issues with
pollen, combined with the limited preservation of other biological
proxies (Li et al., 2000; Xu et al., 2007, 2014; Li et al., 2011).

Phytoliths are a good alternative or complementary proxy to pollen
for paleovegetation reconstructions. Because phytoliths provide paleo-
ecological information not available through conventional pollen anal-
ysis, they hold great promise for reconstructing the paleoecology of the
forest-steppe ecotone in the monsoon marginal area and will further aid
in obtaining an improved understanding of the ecological response of
vegetation to climate change. Unlike pollen, phytoliths remain well
preserved in oxidizing conditions because they are microscopic opal-A
particles (SiO2-nH30) (Piperno, 1988; Wang and Lu, 1993). In contrast
to grass pollen, which is identifiable only to the family level (Poaceae),
grass phytoliths are diagnostic to the subfamily level (Twiss et al., 1969;
Twiss, 1992; Barboni et al., 1999) and have thus served as an important
tool for paleovegetation reconstructions that involve grasses (e.g.,
Alexandre et al., 1997; Barboni et al., 1999; Stromberg, 2004; Boyd,
2005; Bremond et al., 2008; Neumann et al., 2017; Li et al., 2018, 2021).
The potential of phytolith analysis for specifying vegetation commu-
nities and successions in the forest-steppe ecotone is underscored by
recent transect calibrations conducted with modern topsoil phytolith
assemblages across northeastern China (Gao et al., 2018a, 2018b).
Employing those topsoil phytolith datasets, this paper presents a new
perspective on paleovegetation and paleoclimate reconstruction for the
East Asian monsoon margin area.

Using radiocarbon chronologies and biotic and abiotic datasets, this
research addresses the following questions: (1) How did the phytolith-
reconstructed vegetation change since the mid-Holocene? (2) Are the
changes observed over time in the phytolith-reconstructed plant
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communities different from those based on pollen analyses? (3) What is
the relative importance of climate change, human population, and
paleofires on monsoon marginal vegetation dynamics, and how do the
impacts of these factors change over time? (4) What is the main limiting
factor that regulates vegetation dynamics in the monsoon margin? LPJ-
GUESS, a state-of-the-art dynamic global vegetation model (DGVM), is
used to help address this question.

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 778 m) is located in the middle of the Greater Hinggan
Mountains (Fig. 1) at the northern margin of the East Asian summer
monsoon. Situated in the continental interior of upper midlatitudes, the
modern climate of this region displays high seasonal variability. Winter-
like conditions extend from the end of September to early May, resulting
in a short growing season. Regional mean annual temperature and
precipitation are —2.3°C and 441.1 mm, respectively (China Meteoro-
logical Data Service Center, 2020). The lowest mean monthly temper-
ature (—24.8°C) occurs in January and the highest mean monthly
temperature (17.1°C) occurs in July (China Meteorological Data Service
Center, 2020). Precipitation in meteorological summer (June, July,
August) accounts for more than 60% of the annual amount (Fig. 1B).

The regional vegetation consists of boreal broadleaf-conifer mixed
forests. At elevations from 500 to 1000 m, vegetation communities
display forest-grassland patching characteristics (Liu et al., 2012).
South-facing slopes are drier than north-facing slopes and display shrub
and herbaceous communities accompanied by scattered trees: Padus
racemosa, Spiraea salicifolia, Poaceae, Filifolium sibiricum, etc. Shadier
(north-facing) slopes support abundant broadleaf trees, such as Quercus
mongolica, Betula platyphylla, Populus Davidiana, and B. dahurica, mainly
due to lower evaporation rates. Meadows that are dominated by Poa-
ceae, Carex chinganensis, Saussurea salicifolia, Fragaria orientalis, Equise-
tum arvense, and others, form local communities along broad river
valleys. At elevations above 1000 m, plant communities are dominated
by Larix gemelini, Pinus sylvestris, and B. platyphylla forests (Hou, 1982;
Liu et al., 2012).

The Hongshuipao peatland lies in the broad valley of the Tuoxin
River (Fig. 1C). The peatland vegetation consists of wetland species,
such as Carex spp., Poaceae, Eriophorum scheuchzeri, Deyeuxia angusti-
folia, B. fruticosa, Vaccinium uliginosum, Potentilla fruticosa, and
Sphagnum spp. In summer 2016, three parallel peat cores (HSP-1, HSP-2,
and HSP-3) were collected along an east-west transect in the peatland
using an Eijkelkamp peat sampler (Li et al., 2020a). Peat core HSP-2 was
selected for this study (because core HSP-2 is the longest core of the
three peat sections, cf. Li et al., 2020a) and processed for phytolith and
geochemical analyses at 1-cm intervals. The upper 13 cm of peat core
HSP-2 were not processed for analyses because of the dominance of
modern plant roots.

2.2. Laboratory methods

2.2.1. Chronology, LOI, and humification quantification methods

To establish the chronological model for peat core HSP-2, radio-
carbon dates were obtained from bulk peat samples because of insuffi-
cient macrofossil content. AMS'#C ages were provided in conventional
age before present (BP, 1950 CE), and calibrated into calendar ages
using the IntCall3 calibration curve in the CALIB Rev. 7.04 program.
The age-depth model was established using Bacon v2.2 in R. Details of
the radiocarbon dating and age-depth model appear in Li et al. (2020a).

Loss-on-ignition (LOI) was used to determine the total organic car-
bon (TOC), ash, and carbonate content for each sample. For analysis,
oven-dried (105°C) subsamples of approximately 1.000 g each were
weighed in a crucible. Crucibles were placed in a muffle furnace
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Fig. 1. (A) Investigation area and the locations of sampling and reference sites (Table 1) in China. (B) Climatic pattern for the sampling area. Diagrams show monthly
averaged temperature and precipitation of A’er’shan station from 1981 to 2010 (http://data.cma.cn/). (C) Location of core HSP-2 in the Hongshuipao peatland and

geographical setting (contour lines were shown in black).

(SX-8-10, Taisite, China) and combusted for 12 h at 500°C. After
combustion, the samples were cooled in a desiccator and weighed. The
samples were then placed back into the muffle furnace and combusted at
800°C for 12 h to determine weight loss. All samples were weighed with
a 0.1 mg analytical balance (BSA124S-CW, Sartorius, Germany). TOC,
ash, and carbonate contents were calculated according to Li et al.
(2020D).

Peat humification was determined using a modified version of the
method described in Chambers et al. (2011). For each sampled interval,
a 0.1000 g dry and homogenized peat subsample was weighed accu-
rately into a 100 mL beaker. An 80 mL solution of 8% NaOH was added
to the beaker and heated at 90°C for 1 h. After cooling to room tem-
perature, the sample and solution were separated using a filter, and
transferred into a 100 mL flask. The humification degree was deter-
mined from the absorbance (expressed as a percentage) of the sample
solution at a wavelength of 540 nm. The measurements were performed
with an SP-722 visible spectrophotometer. Analytical precision for the
absorbance measurements was 0.1%.

2.2.2. Grain size analysis
Dry peat samples of approximately 0.5 g were first treated with 10%

hydrochloric acid (HCI) for 12 h to remove carbonates. After rinsing in
distilled water, the residuals were treated with 30% hydrogen peroxide
(H205) until the reaction ceased to remove organic matter. Next, 10 mL
of 0.05 mol/L sodium hexametaphosphate ((NaPOs)¢) was added to the
mineral samples to facilitate dispersion. After a 10 min ultrasonic bath,
the grain size distribution of each sample was determined with a
MICROTRAC S3500 particle analyzer that automatically yields the
percentages of the clay-, silt-, and sand-size fractions and the median
diameter over the grain size range of 0.02-2000 pm. Replicate analyses
determined that the mean grain size had an analytical error of 2%.
Conventional grain size parameters that describe the grain size distri-
bution of a bulk sample (i.e., mean grain size (Mz)) were calculated by a
program intrinsic to the particle analyzer. Finally, the standard devia-
tion (SD) vs. grain size class method (Boulay et al., 2003) was employed
to assemble a paleoenvironmental proxy for the peat records.

2.2.3. Phytolith extraction

Phytoliths were extracted from approximately 1 g subsamples of the
cores using a modified version of the Piperno (1988) method (Wang and
Lu, 1993). Each subsample was treated with 10% HCI to remove car-
bonates. Organic matter was removed using 65% HNOs in a 70°C water
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where C is the absolute abundance of phytoliths, in the unit of grains per
gram; n is the phytolith counts for each sample; L is the number of
Lycopodium spores per tablet (L is 27,560 for this study); [ is the number
of Lycopodium spores encountered during the phytolith counting; and m
(in grams) is the initial dry subsample weight for phytolith extraction.

In addition to absolute abundance, phytolith influx was calculated
for the Hongshuipao peatland from Eq. (2).

Phytolith influx = C x SR (@)

C represents the absolute phytolith abundance (grains per gram) and
SR denotes the sedimentation rate (cm/yr).

Phytolith data for each sample were presented in biostratigraphic
profiles using TILIA (Grimm, 1992). Biostratigraphic zones for phytolith
assemblages in core HSP-2 were established by cluster analysis using
constrained incremental sum of squares (CONISS) (Grimm, 1987).

Because of multiplicity and redundancy in phytolith data (Piperno,
1988), linear discriminant analysis (LDA) was employed on the fossil
phytolith assemblages to reconstruct regional vegetation (Gao et al.,
2018a). Successful use of LDA on modern topsoils, and its applicability
for paleovegetation reconstructions, have been demonstrated by Gao
et al. (2018a). Weighted averaging partial least squares (WAPLS)
regression was used to quantitatively reconstruct tree coverage for the
study region, using the WAPLS() function in the ‘rioja’ package of R
(Juggins, 2020). Variation partitioning was performed using the varpart
O function in the ‘vegan’ package of R (Oksanen et al., 2020). The tree
cover percentage for each modern topsoil site was extracted from a
2000-2012 averaged tree canopy cover dataset (Hansen et al., 2013). All
statistical analyses were performed in R 4.0.2 (R Core Team, 2020) with
RStudio v 1.3.1073 (RStudio Team, 2020).

2.4. The dynamic vegetation modelling approach

The dynamic vegetation-ecosystem model LPJ-GUESS (Smith et al.,
2001, 2014) was used to simulate the regional vegetation cover for the
mid-Holocene (MH) and pre-industrial interval (PI). LPJ-GUESS is a
state-of-the-art dynamic global vegetation model (DGVM) that can
simulate structural, compositional, and functional properties of the
global ecosystem of major climate zones, given either observed or
modelled climate conditions and atmospheric carbon dioxide concen-
trations (Smith et al., 2001, 2014). The model with a spatial resolution
of ~1° of latitude by 1° of longitude was employed in this study. The
simulated vegetation dynamics are based on the growth and competition
of woody plant individuals and an herbaceous understory in replicate
patches within each 1° x 1° grid cell. The representative patches form
the dominant plant functional types differing in growth form,
phenology, photosynthetic pathway, and bioclimatic limits. The DGVM
approach has been shown to perform well reproducing ecosystem
transitions in monsoon regions associated with paleoclimate variations,
such as those in western Africa (Lu et al., 2018), Amazonia (Kukla et al.,
2021), and Australia (Lu et al., 2019). Therefore, this approach could
provide a mechanistic perspective on the effects of climate on vegetation
change.

In the present study, two contrasting scenarios were simulated to
assess the response of vegetation to climate shifts in the East Asian
monsoon margin area. For simplicity, the PI forcing simulation was used
as the benchmark for the late Holocene, which allowed the CO fertil-
ization effect (e.g., Poorter and Navas, 2003) to be disregarded.
Compared with the PI simulation, the MH simulation employed signif-
icantly higher temperature and precipitation parameters primarily
driven by stronger summer insolation in northeastern Asia in the mid-
Holocene. The PI and MH climate forcing variables for LPJ-GUESS
were obtained from fully coupled general circulation model (GCM)
simulations using EC-Earth (Hazeleger et al., 2010; Pausata et al., 2016).
The LPJ-GUESS models began with barren ground, extended for 500
years to reach an equilibrium state, then continued for 20 years.
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Additional information about the baseline PI and MH LPJ-GUESS sim-
ulations appears in Lu et al. (2018).

Two sensitivity simulations were performed to separately observe
the impacts that precipitation and temperature have on East Asian
monsoon margin vegetation change. In simulation MH_PI temp, all
climate forcing variables of the MH were used except for temperature; PI
temperatures were substituted into the forcing to elucidate the effects of
temperature change on vegetation. Similarly, in MH_PI_prec, the pre-
cipitation was set at the PI level to investigate the precipitation forcing
effects for the MH.

3. Results
3.1. Physical and chemical composition of peat core HSP-2

As shown in Fig. 2, total organic carbon (TOC) content of the top
(upper 24 cm; 440 cal. yr BP to present) and bottom (72-84 cm; 5100—
4320 cal. yr BP) parts of the core are higher than in the middle parts of
the core. The pattern for ash content is the same as that for TOC (Figs. 2
and S1). The humification profile of core HSP-2 is similar to that for
TOC, displaying high absorbance, above 20% on average, near the top of
the section, decreasing down-core from there, and increasing again to
10-15% at the bottom of the core (Fig. 2). Peat humification correlates
positively with TOC (negatively with ash content) at a statistically sig-
nificant level (r = 0.854, p < 0.001, n = 68).

3.2. Grain size distribution and sediment composition

Silt dominates the mineral sediments within the peat, comprising on
average more than 65% of the clastic material (Fig. 2). The sand fraction
accounts for a lower percentage of mineral sediments in the basal part of
the core but increases substantially from a depth of 30 cm to the top of
the core. Grain-size distributions for most samples range from 1 to 200
pm, displaying unimodal and multimodal distributions (Fig. 3a). These
grain size distributions suggest that clasts in the peat originated from
various sources/dynamics. Plotting SD vs. grain size reveals two distinct
peaks (Fig. 3b) at 5.5 pm and 296 pm, with graphical troughs at 32-90
pm (Fig. 3b). The grain size classes (C2: 32-90 pm) that have smaller SD
values (also known as insensitive components), divide the grain classes
into two high SD groups, namely C1 (<32 pm) and C3 (>90 pm). The
mineral grain-size abundances of C1 and C3 covary negatively along the
HSP-2 peat core at a statistically significant level (r = —0.959, p < 0.001,
n = 71; Fig. §2).

3.3. Phytolith assemblages and vegetation reconstructions

3.3.1. Frequency, absolute abundance, and influx of phytolith assemblages
and their variations through peat core HSP-2

All samples yielded abundant phytolith types attributed to different
families of grass and occasionally trees (Plate I). The phytolith assem-
blage frequency (in percentage) varied slightly throughout the core, and
is dominated by ELONGATE ENTIRE, RONDEL, TRAPEZOID, CRENATE, and ACUTE
BuLBosus (Fig. 4a). Trapezom, Crenate, and RonpeL forms, typical of C3
Pooideae (Twiss et al., 1969; Kondo et al., 1994), represent more than
45% of the observed phytoliths. BiLoBate phytoliths account for about
3% on average among all the samples, whereas the SAppLE types repre-
sent no more than 1% on average.

Absolute abundance (Fig. 4b) and phytolith influx (Fig. 4c) displayed
notable variations in the core. Interestingly, the absolute phytolith
abundance, as well as phytolith influx, correlates with the TOC content
of the sample (Fig. S1). CONISS identified several first-order phytolith
stratigraphic zones in peat core HSP-2 throughout the 5100-year
sequence (Fig. 4a—c). The zones are similar, displaying few differences
in relative abundance, absolute abundance, and influx diagrams. The
phytolith assemblage can be divided into five different zones (stages).

Zone I (76 to 84 cm; 5100 to 4590 cal. yr BP) is characterized by a
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Fig. 2. Textural composition, physical, and geochemical profiles of peat core HSP-2.
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Fig. 3. (a) Grain size frequency distributions of selected peat samples and (b) grain-size classes vs. standard deviation (SD) diagram of HSP-2 peat core.

high phytolith concentration (absolute abundance) and high phytolith
influx. The averaged phytolith concentration is 5 x 10° grains/g while
the phytolith influx is about 8 x 10* grains/cm?/yr (Fig. 4b and c).
Despite CONISS identifying several first-order zones in the dendrogram
(Fig. 4a), visual inspection shows very few notable differences between
Zone I and adjacent zones, suggesting that only small differences occur
in the phytolith frequency diagram (Fig. 4a). ELONGATE ENTIRE, RONDEL,
TraPEzoD, CRENATE, and AcCUTE BULBOsSUS account for more than 90% of the
total assemblage and display significant fluctuations within this stage

(Fig. 4a).

In Zone II (48 to 76 cm; 4590 to 1330 cal. yr BP), a dramatic decrease
in absolute phytolith abundance is recorded in the concentration and
influx diagrams (Fig. 4b and c). Especially at the interval of 70-75 cm
(4520 to 4170 cal. yr BP), the phytolith concentration decreases to 0.6 x
108 grains/g while phytolith influx decreases to 0.8 x 10* grains/cmz/yr
(Fig. 4). This event, however, is not visible on the phytolith frequency
diagram, where only Cross reaches its highest percentage of the
assemblage in the core. Chronologically, this sharp decrease in absolute
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Plate I. Microphotographs of selected phytolith types counted in this study. (a—d) RonpeL; (e-h) Sappig; (i) Cross; (j—m) BiLosate; (n—p) Acutk BuLBosUS; (q—S) CRENATE;
(t) PAPILLATE POLYGONAL; (1) ELONGATE ENTIRE; (V) ELONGATE DENDRITIC; (W) ELONGATE GENICULATE; (X—y) BULLIFORM FLABELLATE; (z-ae) ELONGATE SINUATE; (af) ELONGATE DENTATE; (ag-
ah) PariiaTe; (ai-ak) TRACHEARY ANNULATE/HELICAL; (al-am) ELONGATE ENTIRE; (an-aq) Brocky.

phytolith abundance might correspond to the well-known “4.2-ka
event.” After 4200 cal. yr BP, the phytolith concentration increased to
approximately 3 x 10° grains/g and fluctuated around the average level
3 x 10° grains/g) of Zone II.

Zone III (42 to 48 cm; 1330 to 1000 cal. yr BP) is characterized by an
“event-like” increase in absolute phytolith abundances (Fig. 4).
Compared to Zone II, the phytolith concentration (influx) increases
dramatically to 14.5 x 10° grains/g (Table S3), which is about five times
higher than the average value of Zone II. After the sharp increase in
phytolith concentration (influx), the absolute phytolith abundance
fluctuated significantly, but the average abundance is still higher
(phytolith concentration is 6.4 x 10° grains/g, and phytolith influx is 12

x 10* grains/cmz/yr) than in Zone II.

Zone IV (30 to 42 cm; 1000 to 600 cal. yr BP) is another period with
significantly lower absolute phytolith abundances, despite phytolith
frequency showing imperceptible variation. The mean phytolith con-
centration declined to 1.6 x 10° grains/g (phytolith influx decreased to
4.9 x 10* grains/cm?/yr) during this stage.

In Zone V (14 to 30 cm; 600 to 240 cal. yr BP), the phytolith
assemblage indicates significant vegetation and sedimentary environ-
mental succession at the coring site. The phytolith assemblage is
dominated by various ELONGATE types (such as ELONGATE ENTIRE, ELONGATE
DENTATE). ACUTE BULBOSUS, BiLoaTe. Meanwhile, the average percentage of
Cross types were the highest of the core (Fig. 4a), Non-HErB phytoliths,



N. Li et al. Palaeogeography, Palaeoclimatology, Palaeoecology 590 (2022) 110842

(a) Phytolith frequency diagram Gsse

Unit: %
Zone CONISS
15
20
25 =
35 |
40 = [
1000 1S
£ 45 =
s
= 50 -
&
& 2000{ 55
3000 ©°
65
40001 oo
75
— =
80
5000 o 1
20 40 10 5 20 40 10 5 5 20 20 0204 06 08 10 12 14 16 18
Total sum of squares
(b) Phytolith concentration (absolute counts) diagram GSSC
Unit: X108 grains/gram
&
K3
o Zone CONISS
—
| G
. ‘ 4
= ; "
1000
£ i o g—
5
£ 1
3 =}
A 2000 ' o
3000 N =l il
i =
4000 ‘ |
] ] I
5000
150 : ‘ :
Total sum of squares
(c) Phytolith influx diagram GSsC
Unit: X10* grains/cm?/yr &
va & s
SE & $ &
& S S b
s & & © &
g s N N &
L LK < & (O £ R
FFF FfF FI @ & §F & LFEF
S NONY NS S \\'0 o &L & & > NN SR
~ Q@ < o & Q@ T G K ) v T QY R Phytolith Influx | Zone CONISS
154 - - e
b
20 ) v
254
304
35 W
40
1000- 3
= 454 I
S
§ 50—r r
& 2000 554 |
3000 601 1
65 }
4000 704
754
80 1
5000 r 4
854 —=T1— == == == —_
4 4 20 4 4 20 4 4 4 8 20 20 4 4 4 20 40 60 02 04 08 03 10 12 14 16

Total sum of squares

Fig. 4. Relative and absolute abundance of phytoliths (selected categories) observed in peat core HSP-2. Exaggeration (x10) is indicated by grey shading. (a)
Phytolith frequency diagram; (b) Phytolith concentration diagram; (c) Phytolith influx diagram.

however, are at their lowest values in the core, suggesting a change in abundance stage (Zone V) corresponds to the high TOC and humification
the local peatland and surrounding vegetation. Interestingly, the abso- degree at the top section of core HSP-2 (Fig. 2). Phytolith (Fig. 4) and
lute phytolith abundance increases again (4.5 x 10° grains/g on geochemical composition (Fig. 2) evidence suggest that the coring site
average) and phytolith influx reaches its highest values (20.3 x 10* may have evolved into a typical wetland environment with local

grains/cm?/yr) in the entire core. The high absolute phytolith wetland species contributing to the fossil phytolith assemblage by that
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Table 2
Performance of WAPLS model relating to canopy tree coverage and phytolith
variance.

Model Apparent Cross validation

RMSE R? Max bias ~ RMSE R? Max bias

(%) (%) (%) (%)
W?PLS_ 17.3217 0.259 44.2434 18.1132 0.1933  46.9288
WQPLS- 15.6565 0.3946  39.0265 17.8371 0.2378  45.4867
WQPLS_ 14.6289 0.4715 35.5493 18.2844 0.2256 45.8895
W4APLS_ 14.1141 0.508 32.6258 18.5059 0.2293  45.1269
W:PLS- 13.8464 0.5265 30.7388 18.9136 0.2126 43.9372

time.

3.3.2. Phytolith-based vegetation composition and tree coverage
reconstructions

Employing WAPLS regression, the phytolith-based modern canopy
tree coverage estimates match satellite data well (Hansen et al., 2013).
Table 2 lists the performance of transfer functions established to
reconstruct past canopy coverage surrounding the Hongshuipao peat-
land. The five-component WAPLS model has the most robust perfor-
mance statistics (Table 2 and Fig. 5), with satisfactory estimates of
percent variance explained and root mean squared error (RMSE) for tree
coverage R? = 0.527, RMSE = 13.846) (Fig. 5). Application of the
phytolith-based tree coverage inference model to the peat core indicates
that the tree coverage surrounding the peatland generally declined
during the past five millennia (Fig. 6) with the reconstructed tree cover
ranging from 10% to 40%.

Discriminant analysis results indicate the occurrence of predomi-
nantly forested communities surrounding the investigated peatland.
Using four linear discriminant functions established by the modern
topsoil phytolith assemblages, each fossil phytolith assemblage from
peat core HSP-2 was assigned to a specific vegetation category-Larix-
mixed forest, Pinus-mixed forest, broadleaf forest, grassland, and open
woodland forest (Gao et al., 2018a). The phytolith-based paleo-
vegetation reconstruction demonstrates that the study region has
experienced vegetation succession since 5100 cal. yr BP (Fig. 6). The
probabilities of Larix-mixed forest and Pinus-mixed forest covaried
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negatively throughout the profile and the sum of their likelihoods on
average account for more than 93.50%, suggesting that they have likely
been the dominant communities for the study area in the past five
millennia. In general, the probability of a Larix-mixed forest increased
from the bottom to the top of the core. It peaked at 4500-4000,
3000-2500, 2000-1500, 1000-300 cal. yr BP, during which the prob-
ability of a Pinus-mixed forest decreased. The probability of a broadleaf
forest increased during the two intervals of 4900-4300 cal. yr BP and
3400-1500 cal. yr BP. Grassland likelihood is much lower than that of
forest, and occurs at 4700-4000 cal. yr BP and ca. 400-300 cal. yr BP
(Fig. 6). Phytolith assemblages in the Hongshuipao peatland rarely
represent typical grassland, suggesting that forest cover persisted in the
study region since the mid-Holocene (Fig. 6).

3.4. Holocene tree pollen synthesis for the monsoon margin area

Tree pollen percentage has been used as a proxy for paleoclimate and
landscape openness (e.g., Chen et al., 2015; Cui et al., 2019). Synthesis
(z-scores) of 11 published lacustrine pollen records shows a general shift
in vegetation that approximately coincided with variations of EASM
intensity (e.g., Dong et al., 2010). Tree pollen percentages in most cores
were lower during early Holocene but started to increase after ca. 7800
cal. yr BP (Fig. S3). Stacked tree pollen z-scores reached maximum
values during the mid-Holocene (7800-4000 cal. yr BP). After 4000 cal.
yr BP, tree pollen z-scores gradually decreased and reached their lowest
values in the last millennium (Fig. S3). This significant decrease of tree
pollen from the middle to the late Holocene implies that the monsoon
margin vegetation succession may have been caused by climate shifts in
East Asia (see discussion section). Some discrepancies, however, exist
among different records. Especially during the interval from approxi-
mately 4000 to 1000 cal. yr BP, the stack uncertainties (as reflected by
standard deviations of the 11 records in Fig. S3) increase to peak values
from 2000 to 1000 cal. yr BP, implying that site-specific differences
might become more important during that period.

3.5. Variation partitioning analyses and LPJ-GUESS simulations

Variation partitioning analyses indicate that climate alone explained
the highest fraction of variation (15%) in phytolith-estimated vegetation
composition and tree cover during the entire period under investigation
(Fig. 7a). The variation explained by human population size and forest
fires, moreover, is relatively low (Fig. 7a). Results of the moving window
approach demonstrate the strong impact of climate on vegetation
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Fig. 5. The 5-component WAPLS inference model results for (a) the observed versus inferred tree coverage (%), and (b) the observed tree coverage versus resid-

ual values.
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Fig. 6. Discrimination probability of different vegetation composition and WAPLS reconstructed canopy coverage using fossil phytolith assemblages from core HSP-
2. The colored shades denote the exaggeration (x5).

5050-250 cal. yr BP 1000-250 cal. yr BP 2000-1000 cal. yr BP

Unexplained variation = 0.84 Unexplained variation = 0.45 Unexplained variation = 0.36

3000-2000 cal. yr BP 4000-3000 cal. yr BP 5050-4000 cal. yr BP

Unexplained variation = 0.05 Unexplained variation = 0.05 Unexplained variation = 0.46

Fig. 7. Variation in vegetation composition explained by climate, human population, and fires during (a) the whole study period (5050-250 cal. yr BP), (b)

1000-250 cal. yr BP, (c) 2000-1000 cal. yr BP, (d) 3000-2000 cal. yr BP, (e) 4000-3000 cal. yr BP, and (f) 5050-4000 cal. yr BP. Values <0 are not shown in
the figure.

dynamics from the middle to the late Holocene (Fig. 7b—f), ranging from 2021), the relatively high explanatory values of paleofire might be

42 to 84%. The relative importance of climate was slightly lower during linked to long-term climate change (Xu et al., 2021).The importance of
5050-3000 cal. yr BP, when fire’s importance was generally higher and human population size increased at approximately 2000 cal. yr BP,
explained about 9% of the variation in vegetation (Fig. 7e and f). explaining up to 2- 5% of the variation in vegetation change (Fig. 7b and
However, because paleofire frequencies during 5000-3000 cal. yr BP c) and indicating that human impacts on landscape composition inten-
were significantly lower than during the last two millennia (Xu et al., sified over the last few millennia.
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Considering the low explanatory values of paleofire and human
population, it is reasonable to employ dynamic global vegetation models
(DGVM: LPJ-GUESS) to evaluate the response of vegetation composition
and distribution to temperature and precipitation change. In LPJ-GUESS
simulations, the forest-grassland boundary during the MH was at
approximately 45°N (Fig. 8B) mainly due to forest-favorable climate.
However, due to comparatively low air temperature, soil temperature,
and precipitation in the PI stage (Fig. S4), grasslands extended from
northern China to ~50°N (Fig. 8A). These trends are also reflected in the
modelled relative abundance values of forest and grassland (Figs. 8E and
S5); the abundance of forest decreased from 74.22% (MH) to 59.37%
(PI) while that of grassland increased from 25.78% (MH) to 40.63%
(PD).

Sensitivity experiments suggest that precipitation is the main factor
that has been driving the vegetation shift since the mid-Holocene. When
the PI temperature is prescribed, the simulated forest fraction remains
almost the same under the MH (74.22%, Fig. 8B) and MH_PI_ temp
(75%) scenarios (Figs. 8D and E and S5). This forest fraction, however, is
quite sensitive to precipitation changes, decreasing to 47.65% when the
precipitation is set to the PI level, namely under the MH_PI _prec sce-
nario (Fig. 8C and E). These results suggest that the distribution and
variation of forest/steppe coverage are sensitive to precipitation rather
than temperature changes.

4. Discussion

4.1. Reliability of phytolith-based paleovegetation reconstruction and its
comparison with the pollen-inferred landscape

4.1.1. Phytolith source, taphonomy, and representative biases
Phytoliths are generally deposited in place. A phytolith assemblage
extracted from a topsoil sample likely represents the long-term standing

vegetation growing at the sampling location. However, fossil phytoliths
preserved in lacustrine or peaty sediments are not directly comparable
to topsoil phytoliths since there are various taphonomic processes
affecting the interpretation of sedimentary records. These processes
correspond to bias associated with the production, transport, deposition,
and conservation of phytoliths in a sedimentary archive (cf. Aleman
et al., 2014).

Production differences of phytolith morphotypes can introduce sig-
nificant bias in paleovegetation reconstruction by over or under-
representing some of them. In this study, WAPLS and discrimination
analysis indicate that Larix-mixed forest and Pinus-mixed forest are the
most likely dominant communities for the study area (Fig. 6). However,
the phytolith assemblage in peat core HSP-2 was dominated by grass
silica short-cell phytoliths (GSSCP) with an average abundance of >50%
(Fig. 4a), showing strong over-representativeness to Poaceae species. At
the same time, arboreal phytoliths make up less than 2% of the phyto-
liths on average throughout the peat section (Fig. 4a), indicating strong
under-representativeness to trees.

Besides production differences, phytolith source and transport fac-
tors may also affect a phytolith assemblage. Phytolith assemblages in a
lake-transformed peatland is probably not representative of the vege-
tation surrounding the peatland basin because wetland species growing
directly on the peat should provide most of the phytolith input. The
Hongshuipao peatland is slightly different from a typical lake-
transformed peatland: it was developed in the broad valley of the
Tuoxin River (Fig. 1C) and may at times be subject to fluvial influences.
This geomorphological and sedimentary setting could have caused the
coring site to receive more regional phytoliths than would a closed
peatland, which is characterized by a small catchment area and
composed exclusively of macrofossils (higher TOC contents but lower
ash contents). Fluvial sediments constitute a large portion of the inves-
tigated sediments, as reflected by the relative low TOC contents (<6%
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on average) and higher ash contents (>90%) (Fig. 2). Phytoliths pro-
duced by the regional vegetation would likely be transported to the
peatland by surface runoff. Nevertheless, the percentage of extra-local
phytoliths cannot be estimated accurately. Thus, it is assumed that at
least some of the phytoliths are associated with relative long-distance
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dispersal and could record at least part of the regional vegetation in-
formation. Our phytolith-based vegetation reconstruction is of regional
importance rather than a site-specific local signal.
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Fig. 9. (a) Tree coverage-frequency histogram of the modern training phytolith dataset. (b) Box plots of tree coverages under different vegetation types in modern
training set. (c) Correlation between WAPLS reconstructed tree coverage and the probability of Larix-mixed forest.
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4.1.2. Limitations and implications of topsoil phytolith-based quantitative
tree coverage estimation

As shown in Table 2, although the five-component WAPLS model
predicted tree coverage closely approximating the satellite imagery
observations (Fig. 5), the leave-one-out cross-validation suggests that
the five-component WAPLS model does not have a strong coefficient of
determination (R?> = 0.213) nor a lowered root mean square error of
prediction (RMSE = 18.914%). Several factors may account for this low
accuracy of tree coverage reconstruction. First are weaknesses in the
modern training dataset. When establishing a WAPLS regression, Turner
et al. (2021) claimed that the sampling range and continuity of modern
reference sites are more important than the number of samples.
Although the modern topsoil reference set spanned the five different
vegetation types across northeastern China, the canopy coverage for
those sites varied significantly. For instance, non-forest quadrats (tree
cover = 0%) account for more than half of the total modern topsoil
samples (Fig. 9a). Second, the modern training set lacks samples in some
of the canopy coverage intervals — 5-10%, 35-45%, and > 80%, and this
also increases the prediction uncertainties of the transfer function
(Turner et al., 2021). A third possible reason for low accuracy might
derive from the multiplicity and redundancy nature of phytoliths
(Piperno, 1988; Barboni and Bremond, 2009). One principal assumption
of WAPLS is that taxa used for reconstruction show a unimodal response
to the climate variable being reconstructed. For phytoliths, however,
this could be complicated because a given taxon produces multiple
phytolith types (multiplicity), and a given phytolith shape may be pro-
duced by many taxa (redundancy) (Piperno, 1988; Barboni and Bre-
mond, 2009). These factors might have impeded the establishment of a
highly accurate tree coverage transfer function, which would result in
less stable model performance during cross-validation.

Despite the above caveats, the topsoil phytolith-based canopy
coverage reconstruction correlated negatively with the discriminant
probability of Larix-mixed forest R%= 0.643,p < 0.001, n =71, Fig. 9¢)
and positively with Pinus-mixed forest (R? = 0.530, p < 0.001,n = 71) at
statistically significant levels. Because quadrats with Larix-mixed forest
have sparser (lower) canopy coverage than those from Pinus-mixed
forest (Fig. 9b), and because two independent methods (WAPLS and
LDA) were used separately, the consistency between the canopy
coverage reconstructions and linear discrimination results (Fig. 6) in-
dicates that phytolith analysis can reproduce canopy coverage with
sufficient success from fossil phytolith data, especially when comparing
variation trends.

4.1.3. Comparisons between pollen- and phytolith-reconstructed landscape
and tree coverages

Using the modern phytolith training set and discriminant analysis,
our reconstructions suggest that regional vegetation surrounding the
Hongshuipao peatland has primarily been forest with grassland
appearing infrequently (Fig. 6). This result differs from pollen re-
constructions, which have suggested a forest-steppe landscape (e.g., Wu
et al., 2019). Moreover, within the phytolith-identified forest, the
dominant (constructive) species varied over time in possible association
with climate change (Fig. 6).

Because of the production, dispersal, and over-representative char-
acter of Pinus, Betula, Artemisia, and Chenopodiaceae pollen in arid and
semiarid lands, detailing vegetation composition and evolution from
pollen is problematic. Palynologists often use proxies, such as A/C
(Artemisia to Chenopodiaceae ratio), A/Cy (Artemisia/Cyperaceae), and
AP/NAP (arboreal/non-arboreal pollen ratio), to reconstruct vegetation-
associated climate change in these regions (e.g., Liu et al., 2002, 2010);
Hao et al., 2014; Cui et al., 2019), and coexistence of arboreal and
herbaceous pollen have been interpreted as coexistence of tree and
grassland ecosystems, namely forest-steppe. Investigations of modern
pollen-vegetation relationships in the study area, however, do not sup-
port the validity of that interpretation (Cui et al., 2019).

Modern vegetation in the central part of the Greater Hinggan

13

Palaeogeography, Palaeoclimatology, Palaeoecology 590 (2022) 110842

Mountains belongs to the temperate Larix-broadleaf mixed forest zone
(Qian et al., 2003). The canopy layer is dominated by Larix gmelinii, but
with some presence of B. platyphylla, Picea spp., Q. mongolica, and other
woody species. This community structure is spatially less dense than the
broadleaf forest, resulting in abundant herbaceous species in the ground
layer (Qian et al., 2003). Investigations of the pollen-vegetation rela-
tionship in Larix-broadleaf mixed forests have suggested that their pol-
len assemblages are characterized by a high proportion of tree pollen
dominated by Betula (>40%) along with Alnus, Larix, and Pinus, whereas
pollen diagrams for typical steppes are dominated by herbaceous pollen
(>80%) with a predominance of Artemisia and Chenopodiaceae (cf. Cui
et al.,, 2019). In nearby lacustrine sediments (Lake Moon), tree pollen
accounts for more than 40% (on average) of the identified pollen grains,
with most of the tree pollen consisting of Betula pollen (Wu et al., 2019).
Taking into account nearby lake sedimentary pollen assemblages (Wu
et al., 2019) as well as results from modern pollen-vegetation studies
(Cui et al., 2019), our phytolith-based reconstruction suggests that for
the past five millennia the regional vegetation has been similar to that of
the present landscape, which alternates between Larix-dominant forest
and Pinus-dominant forest, with the tree cover ranging from 10% to 40%
(Fig. 6). With respect to the ground layer, however, the phytolith and
pollen evidence both indicate that herbaceous species have not changed
much during the past 5100 cal. yr BP. The phytolith assemblage of the
peat core is dominated by ELONGATE ENTIRE, RONDEL, TRAPEZOID, CRENATE, and
Acute BuLBosus morphotypes and shows very few visible fluctuations
(Fig. 4a). The lacustrine pollen record, moreover, shows a strong
dominance of Artemisia and Chenopodiaceae pollen (Wu et al., 2019),
reflecting that the constructive (dominant) species in the herbaceous
layer experiences little change.

Despite the discrepancies in production, representativeness, and
taxonomic resolution between pollen and phytolith, our phytolith-based
canopy coverage reconstruction, tree pollen stack, Non-uers phytolith
percentages, and composited stalagmite 8'%0 records (Zhao et al., 2021)
show similar variation trends (Fig. 10). Pearson correlation suggests that
the phytolith-estimated tree coverage weakly correlates with the Non-
HERB phytolith percentage (r = 0.205, p = 0.09, n = 71) and stacked tree
pollen z-scores (r = 0.213, p = 0.003, n = 195). On the other hand, no
correlation was found between the composited stalagmite 580 from
northeastern China (Zhao et al., 2021) and phytolith-estimated tree
cover (or Non-HErB phytoliths percentage) (Fig. 10). Cross-correlation,
however, indicates that these two variables are weakly associated (r
= —0.276, h = 450 years) when a time lag of 400-450 years is consid-
ered (Fig. S6), suggesting that monsoon margin tree coverage is possibly
modulated by climate change. Three stages of extensive tree cover,
namely 5100-4400, 3500-2500, and 1600-500 cal. yr BP (marked as
stages I, II, and III, respectively, in Fig. 10), are identified by the Non-
HErB phytolith percentage and tree cover profiles. During each stage,
composited stalagmite 5'%0 signals are more depleted in 0 (Zhao
et al., 2021), suggesting that canopy coverage in the central Greater
Hinggan Mountains is linked to strong East Asian monsoon intensity
(Fig. 10). Apparently, during an intensified EASM scenario, increased
precipitation facilitates the growth of woody species and eventually
results in dense canopy coverage (Woodward et al., 2004; Pan et al.,
2013). When the EASM weakens, the water deficit enables herbaceous
species with lower water needs to expand in the study region and tree
coverage to decrease (Pan et al., 2013).

Comparison of the pollen and phytolith reconstructions underscores
that, although poor pollen preservation and the over-representation
characteristics of Artemisia and Chenopodiaceae leave pollen-based
paleovegetation composition reconstructions in arid and semiarid
lands questionable, the general consistency found here between the
phytolith-estimated tree coverage and the tree pollen z-scores indicates
that fossil tree pollen percentages could still serve as a good proxy for
past canopy coverage estimates.
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Fig. 10. Phytolith-based tree coverage reconstruction (d)
and its comparison with (a) composited stalagmite 5'%0
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4.2. Response of vegetation succession to climate change in the northern
monsoon margin area

4.2.1. Paleoclimate implications of physical and chemical proxies from the
Hongshuipao peatland

(1) Climatic significance of carbonate content and grain-size
fractions

Plotting standard deviation vs. grain size class (Fig. 3) identifies two
sensitive components (C1 and C3) and one insensitive component (C2).
C1 and C3 percentages correlate negatively with each other (r= —0.959,
p < 0.001, n = 71). Interestingly, C1 shows a weak negative correlation
with the carbonate content along the core HSP-2 (r = —0.396, p < 0.001,
n = 68, Fig. S7), implying a climatic linkage between the fine-grained
fractions and carbonate content (Fig. S7).

Although the geochemistry of calcite in a peatland has rarely been
investigated (Shotyk, 1988), it may be similar to calcite in lacustrine
settings (Fan et al., 2019). Lacustrine calcites in drainage basins without

14

carbonate rocks are commonly authigenic and directly and/or indirectly
related to changes in the lake environment (e.g., Jones and Bowser,
1978; Fan et al., 2019). The Hongshuipao peatland lies in a region of
igneous rocks that lacks carbonate rocks. In such settings, dissolution
and precipitation of carbonates within peats are regulated by the peat-
land hydrology, which is directly influenced by the regional climate:
carbonates would precipitate first during a drier interval (Shotyk, 1988;
Fan et al., 2019). The negative correlation between the fine-grained
component and carbonate content may be because more fine clasts are
present in the peatland during wet intervals (lower carbonate content).

Various processes can impact sediment particle size, including source
rock composition, chemical weathering, hydrodynamic sorting, and
alteration after deposition (Hatano et al., 2019). Considering the
regional climate information derived from other proxies (e.g., carbonate
content) and diatom-based water-table reconstructions (Li et al., 2020a)
from peat core HSP-2 (Fig. 11), Cl1 is most likely associated with
chemical weathering regulated by regional climate change (Fig. S7).
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Fig. 11. Comparisons of the Hongshuipao peatland paleo-records with regional and global paleoclimate profiles and solar forcing. (a) composited stalagmite 550
record for northeastern Asia (Zhao et al., 2021); (b) Mg/Ca ratio of Lake Dali sediments (Fan et al., 2016); (c) diatom-derived water-table reconstructions for the
Hongshuipao peatland (Li et al., 2020a); (d) HSP-2 humification profile (this study); (e) phytolith-based canopy coverage reconstruction (this study); (f) fine-grained
(<32 pm) component (C1) contents (this study); (g) HSP-2 carbonate profile (this study); (h) stacked tree pollen Z-scores along the East Asian monsoon margin (this
study); (i) solar irradiation in July at 65°N (Berger and Loutre, 1991) and cosmic isotope based sunspot number reconstructions (Solanki et al., 2004).

Moreover, sedimentary and geochemical investigations have suggested
that fine-grained mineral sediments have higher Aly03/SiO; ratios,
which usually indicate intensified chemical weathering, whereas coarse-
grained sediments have lower Aly03/SiO, ratios, typically correspond-
ing to limited chemical weathering (e.g., Liu and Deng, 2014; Hatano
et al., 2019). We deduce that the fine-grained mineral sediment in peat
core HSP-2 originated from regional chemical weathering. Under warm
and/or humid climates, more fine-grained clasts were produced by earth
surface weathering, and this eventually resulted in high percentages of
fine-grained mineral clasts in the studied core (Fig. 11).

(2) Climatic significance of humification

Peat humification is an indicator of peat breakdown or decomposi-
tion (Chambers et al., 2011). Because the principal reaction mechanism
governing peat humification is oxidative degradation (Zaccone et al.,
2018), parameters (e.g., temperature, wetness, pH, age) that alter the
oxidative condition in a peatland could be reconstructed by determining
the degree of humification of peaty samples (Chambers et al., 2011).
Temperature and wetness are the most commonly reported factors that
regulate the decomposition of peat (e.g., Chambers et al., 2011; Huang
et al., 2013; Zaccone et al., 2018 and references therein). The degree of
peat humification can be used to infer local or regional climate change
(e.g., Huang et al., 2013). In northeastern Asia, peat humification is
believed to be related to the intensity of the East Asian summer
monsoon, specifically temperature and peatland wetness (Huang et al.,
2013 and references therein). Considering covariation between the
diatom-based water-table reconstructions and the humification profiles
(Fig. 11) from the Hongshuipao peatland in the present study, it is
proposed that humification is regulated by local peatland conditions
(temperature and local wetness) that were directly and/or indirectly
related to regional climate change. The degree of humification in peat
should be greater during warm and wet intervals (Huang et al., 2013).
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4.2.2. Response of tree coverage to mid-Holocene climate change in the
northern monsoon margin area

The phytolith-based tree coverage estimates reported in this study
generally align with the physical and chemical proxy-inferred mid-Ho-
locene hydro-climatic variations, indicating vegetation-climate feed-
backs in the monsoon margins. Multiple lines of evidence from the
Hongshuipao peatland indicate that the interval from 5100 to 4400 cal.
yr BP (stage I in Fig. 11) experienced warm and wet conditions (Fig. 11).
The diatom-based reconstruction shows an elevated water table, and the
carbonate content in the peat displays a decreasing trend, indicating
decreased evaporation from the peatland surface (Fig. 11.c). During the
same stage, 5!%0 of most Chinese stalagmites are negative (Dong et al.,
2010), suggesting an intensified East Asian summer monsoon in China
(Dong et al., 2010; Jo et al., 2017; Zhao et al., 2021). The composited
580 record in northeastern Asia is also negative, pointing to a relatively
humid stage (Jo et al., 2017; Zhao et al., 2021). The Mg/Ca ratio of the
sediments in Lake Dali, likewise in the East Asian monsoon margin
(Fig. 1A), is lower during the same period further reflecting conditions of
depressed evaporation (Fan et al., 2016), possibly due to an increase in
regional precipitation. The favorable climate within this stage supported
plenty of trees and consequently resulted in greater canopy coverages
(Fig. 10). A quick but profound dry interval, however, is recorded in the
Hongshuipao peatland. Approximately 4200-4300 cal. yr BP, the water
table of the peatland fell sharply (Fig. 11.c, Li et al., 2020a). This was
accompanied by a decrease in fine-grained minerals and an increase in
carbonate content (Fig. 11.f), suggesting conditions of depressed
weathering and greater evaporation. The phytolith frequency diagram
(relative abundance) does not reflect this sudden vegetation succession
(Fig. 4a). However, the absolute phytolith abundance, as expressed by
phytolith concentration, decreased to 0.6 x 10° grains/g (phytolith
influx declined to 0.8 x 10* grains/cm?/yr, Fig. 4b and c). This sudden
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dry interval is also evidenced by the phytolith-based tree cover estimates
(Fig. 11e), indicating a quick response of vegetation to climate deteri-
oration: grass that could cope better with dryness expanded and tree
coverage decreased (Woodward et al., 2004; Pan et al., 2013). This
profound dry interval is comparable, and may be related, to the globally
reported ‘4.2 ka event’ (e.g., Railsback et al., 2018; Xiao et al., 2018; Bini
et al.,, 2019; Scuderi et al., 2019), suggesting that the climate shifts
observed in HSP-2 records are related to regional climate variations
rather than peatland-specific conditions.

After the ‘4.2 ka event,’ regional tree coverage increased slightly,
peaking around 3200-3100 cal. yr BP. Afterward, the regional tree
coverage displayed a generally decreasing trend and then fluctuated
(Fig. 11). The interval from 3500 to 2500 cal. yr BP represents another
stage of dense canopy coverage (stage II in Fig. 11). This period of
increased canopy coverage might be linked to the short climate
amelioration that is evidenced by decreasing Mg/Ca ratios in Lake Dali
sediments from 2800 to 2500 cal. yr BP (Fan et al., 2016) and the
negative shifts of the composited stalagmite §'%0 record in northeastern
Asia (Zhao et al., 2021). Carbonate content of the peat has the lowest
values in the section during 3200-2700 cal. yr BP (Fig. 11), pointing to a
wetter episode in the overall drying trend (Jones and Bowser, 1978; Fan
et al., 2019).

During the last two millennia, regional canopy coverage surrounding
the peatland increased again (stage III: 1600-500 cal. yr BP). In the
Hongshuipao peatland, biotic and abiotic proxies suggest climate
improvement since 1600 cal. yr BP (Fig. 11c). The diatom evidence
points to an elevated water table starting about 1600 cal. yr BP that
lasted for almost 800 years, and the carbonates in HSP-2 decreased after
1100 cal. yr BP (Fig. 11g). Fine mineral grains (C1) likewise indicate this
trend, with increased percentages from 1300 cal. yr BP (Fig. 11f). The
higher percentages of fine-grained sediments during 900 to 600 cal. yr
BP (ca. 1050-1350 CE) suggest an increase in chemical weathering. As a
response to regional climate amelioration, the phytolith-estimated tree
cover increased during this interval (Fig. 11e). Chronologically, this wet
interval is consistent with the medieval warm period (MWP) that has
been widely reported in Europe (e.g., Lamb, 1965) and parts of Asia (e.
g., Zhu, 1973). In northeastern Asia, this wetter period is evidenced by a
negative shift in stalagmite 5'80 values (Zhao et al., 2021). The MWP-
like event, however, is not reflected in the Mg/Ca ratios of Lake Dali
sediments of northern China (Fan et al., 2016) or the speleothem 5%
curves from Sanbao Cave in central China (Dong et al., 2010). This
discrepancy between records from northern China and northeastern
China may imply that the climate history and associated vegetation
feedbacks have differed among sub-bioclimatic zones in the East Asian
monsoon region during the past two millennia. This hypothesis, how-
ever, needs further investigation. The MWP-like climate event ended
about 600 cal. yr BP., after which the regional climate started to dete-
riorate again (Fig. 11).

In summary, in response to the Holocene northern hemisphere
insolation variations (Berger and Loutre, 1991), regional climate in the
monsoon margin area has experienced a generally deteriorating trend
since the mid-Holocene (Dong et al., 2010; Yin et al., 2013; Hao et al.,
2014; Liu et al., 2014; Xiao et al., 2018; Fan et al., 2019; Wu et al., 2019;
Zhao et al., 2021). Despite discrepancies, the multiple proxy-based
paleoclimate reconstruction is generally consistent with the well-
recognized evolution of the East Asian monsoon. The timing, struc-
ture, and amplitude of climate events are comparable to those within the
monsoon-influenced core area and/or to global climate shifts. As a
response, vegetation coverage, as well as its composition, changed as the
climate shifted.

4.3. Importance of precipitation in regulating vegetation change in the
monsoon margin area

Almost all proxy-based reconstructions incorporate both tempera-
ture and precipitation effects; impacts of variations in temperature or
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precipitation on terrestrial ecosystems have seldom been determined in
proxy-based reconstructions. Dynamic global vegetation models
(DGVMs), however, allow us to evaluate and observe the sensitivity of
terrestrial vegetation to change in a single climatic parameter (Reitalu
et al., 2013; Lu et al., 2018).

LPJ-GUESS simulations show that distribution and variation of for-
est/steppe cover are sensitive to precipitation rather than temperature
(Figs. 7 and 8). Present ecological understanding indicates that precip-
itation is one of the main factors limiting the growth of woody and
herbaceous communities (Woodward et al., 2004; Pan et al., 2013). In
arid and semiarid lands, ecological and physiological observations of
modern vegetation have suggested that, compared with temperature,
precipitation patterns and amounts have greater potential to induce
plant productivity, composition, and diversity changes (e.g., Bates et al.,
2006 and references therein). Precipitation is a more direct, mechanistic
factor than temperature in regulating forest distribution (Woodward
et al., 2004; Pan et al., 2013) because trees have higher transpiration
needs than grasses (Pan et al., 2013). Grasses prevail over trees in drier
conditions because they have a particularly strong competitive advan-
tage over tree seedlings (e.g., Higgins et al., 2012; Pan et al., 2013;
Baudena et al., 2015). Globally, the distribution of different biomes
corresponds primarily to the geographical distribution of climate,
implying a correlation between the biomes and climatic conditions
(Woodward et al., 2004; Pan et al.,, 2013). In northeastern China,
vegetation distribution along an east-west transect is primarily influ-
enced by the precipitation gradient (Ni and Zhang, 2000). The modern
vegetation transition from forest in the east to typical steppe in the west
reveals the vegetation response to precipitation variations under similar
mean annual temperatures, demonstrating the role of precipitation in
modulating vegetation change for the study region and adjacent areas
(Ni and Zhang, 2000).

In addition to modern observations, increasing evidence from
geological records have shown that in arid and semiarid ecosystems,
precipitation exerts a primary control on regional vegetation distribu-
tion and dynamics (e.g., Liu and Yin, 2013; Yin et al., 2013; Hao et al.,
2014; Liu et al., 2014; Zhao et al., 2017). For instance, employing
multiple proxy-based reconstructions, Li et al. (2021) reported that a
continuous aridification trend since the mid-Holocene is the main driver
of variations in relative abundance of C3/C4 species in the Songnen
plain of northeastern China, indicating the importance of precipitation
in modulating regional vegetation dynamics.

In conclusion, both comprehensive DGVM simulations and field
surveys reveal that precipitation is a key factor regulating vegetation
dynamics in the arid and semiarid lands of northeastern China, and this
is also supported by the precipitation threshold hypothesis for arid lands
(Scheffer et al., 2001; Zhao et al., 2017). If climate continues to control
monsoon margin vegetation composition, further changes in this
ecosystem can be expected to accompany the projected future warming
and associated precipitation anomaly.

5. Conclusions

This study presents new phytolith-based paleovegetation composi-
tion and quantitative canopy coverage reconstructions in the East Asian
monsoon margin area. Employing multiple proxy-based evidence, we
provide an improved understanding of vegetation responses to past (or
future) climate change. Phytolith-based vegetation reconstruction
revealed a general decreasing trend of tree coverage and shifts in
dominant plant communities, largely consistent with peat textural
composition and geochemical proxy profiles, which suggest a decrease
in regional precipitation since 5100 cal. yr BP. These results agree with
other geological records in East Asia, underscoring the controlling role
of the East Asian monsoon on regional vegetation change. As reflected in
variations in tree coverage and dominant plant communities, monsoon
margin vegetation responds rapidly to long-term climate shifts. Varia-
tion partitioning suggests that monsoon climate variation is most likely
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responsible for the vegetation change, emphasizing the role of precipi-
tation in regulating monsoon margin vegetation dynamics. The domi-
nant role of precipitation is further validated by simulating different
scenarios using the dynamic global vegetation model (LPJ-GUESS).
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