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Abstract

Investigating the distribution characteristics of surface soil pollen and their in-
fluencing factors in the monsoon margin area of China contributes to improving
the reliability of reconstructing regional vegetation and paleo-monsoon evolu-
tion using fossil pollen. Through pollen analysis of surface soil samples from
38 sampling sites (annual precipitation range: 30-650 mm) in the monsoon
margin area of China, this study examines the relationship between surface
soil pollen assemblage characteristics and climate as well as human activities.
The results indicate that: (1) In low-altitude temperate grassland regions with
relatively warm and dry climate, the pollen assemblage is dominated by Ama-
ranthaceae and Artemisia, and the Artemisia/Chenopodiaceae ratio (A/C ratio)
generally follows the same trend as mean annual precipitation changes. (2) In
high-altitude alpine grassland and meadow regions of the monsoon margin area
of China with relatively cold and humid climate, the pollen assemblage is domi-
nated by Cyperaceae, Asteraceae, and Poaceae, the average sum of percentages
for Artemisia and Amaranthaceae pollen is 25.8%, and the A/C ratio in this
region shows no significant correlation with mean annual precipitation. (3) The
correlation between total arboreal and shrub pollen percentage and mean an-
nual temperature/temperature of the warmest month is stronger than that with
mean annual precipitation. (4) These pollen assemblage characteristics reflect
the distribution patterns of vegetation and hydrothermal conditions along altitu-
dinal gradients in the monsoon margin area of China, and Redundancy Analysis
(RDA) of pollen data also clearly reveals the distribution of pollen assemblages
and major pollen types along gradients of temperature of the warmest month
and altitude. Furthermore, the abundant occurrence of fungal spores in the soil
surface of alpine regions in the study area reflects environmental characteristics
of high grazing intensity accompanied by high soil erosion rates.
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Abstract

Studying the distribution characteristics of surface soil pollen in the marginal
monsoon region of China and their influencing factors helps improve the reliabil-
ity of reconstructing regional vegetation and paleo-monsoon evolution from fossil
pollen records. Through pollen analysis of surface soil samples from 38 sampling
sites (with annual precipitation ranging from 30-650 mm) in the marginal mon-
soon region of China, this study investigates the relationships among surface
pollen assemblages, climate, and human activities. The results indicate that: (1)
In low-altitude temperate steppe regions with relatively warm and dry climates,
pollen assemblages are dominated by Amaranthaceae and Artemisia, and the
Artemisia/Chenopodiaceae (A/C) ratio generally aligns with trends in mean
annual precipitation. (2) In high-altitude alpine steppe and meadow regions
with relatively cold and humid climates, pollen assemblages are dominated by
Cyperaceae, Asteraceae, and Poaceae. The summed percentages of Artemisia
and Amaranthaceae pollen average 25.8%, and no significant correlation exists
between the A/C ratio and mean annual precipitation in these regions. (3) The
total percentage of tree and shrub pollen shows stronger correlations with mean
annual temperature and warmest month temperature than with mean annual
precipitation. (4) These pollen assemblage characteristics reflect the distribu-
tion patterns of vegetation and hydrothermal conditions along altitudinal gradi-
ents in the marginal monsoon region of China. Redundancy analysis (RDA) of
the pollen data also clearly reveals the distribution of pollen assemblages and
major pollen types along gradients of warmest month temperature and altitude.
Additionally, the high abundance of fungal spores on soil surfaces in the alpine
region reflects environmental characteristics associated with intensive grazing
activity and high soil erosion rates.
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1.1 Study Area Overview

The marginal monsoon region of China represents a unique ecological and cli-
matic interface between the arid interior and humid coastal areas, serving as
a critical ecological transition zone that is highly sensitive to climate change.
In recent years, many scholars have used pollen records from this region to
explore vegetation and monsoon evolution processes at different timescales [?].
However, due to differences in pollen production, dispersal pathways, dispersal
capacity, sedimentation rates, and preservation conditions among various pollen
types, the relationship between pollen and vegetation is relatively complex [?].
Therefore, studying the distribution characteristics of surface soil pollen and
their influencing factors in the marginal monsoon region provides an important
reference for reconstructing paleovegetation and paleoclimate from fossil pollen,
thereby offering scientific insights into the vulnerability and resilience of ecosys-
tems in this region.

Numerous scholars have conducted modern process studies of pollen in China’
s marginal monsoon region [?]. For example, Li et al. [?] analyzed surface soil
pollen from different vegetation types in northern China, noting significant dif-
ferences in pollen assemblages among vegetation types and variable correlations
with vegetation cover, with different pollen types showing varying representa-
tiveness. Additionally, studies on surface soil pollen from the Zoige Basin on
the Tibetan Plateau, the Loess Plateau, and surrounding deserts have explored
relationships between pollen assemblages, vegetation, and climate, identifying
annual precipitation as the primary climatic factor influencing surface pollen
composition [?]. Herzschuh [?] evaluated the reliability of modern pollen ratios
for climate reconstruction on the eastern Tibetan Plateau. While these studies
have advanced understanding of pollen-vegetation-climate-human activity rela-
tionships in their respective regions, China’ s marginal monsoon region is vast
with considerable variation in altitude, climate, and vegetation. Systematic re-
search on modern pollen assemblage characteristics and their influencing factors
across the entire region remains limited.

Furthermore, natural pastures are widely distributed in China’ s marginal mon-
soon region, with a long history of grazing activity [?]. In addition to some
anthropogenic pollen indicator species [?], coprophilous fungal spores in the
fungal spore assemblage serve as effective indicators of animal activity and graz-
ing behavior near sampling sites [?]. Among fungal spores, Sporormiella and
Sordaria can indicate the expansion of livestock populations [?, ?]. Existing
spore records show that varying degrees of grazing activity have occurred in
China’ s marginal monsoon region since the mid-to-late Holocene [?, ?]. There-
fore, human activity represents another important factor influencing vegetation
and pollen assemblages in this region.

chinarxiv.org/items/chinaxiv-202502.00340 Machine Translation


https://chinarxiv.org/items/chinaxiv-202502.00340

ChinaRxiv [$X]

This study collected 38 surface soil pollen samples covering the area along the
northern margin of the monsoon from northeastern Inner Mongolia to southern
Tibet. Using pollen percentage data and climatic parameters, we investigate the
distribution characteristics of surface soil pollen and their influencing factors
in China’ s marginal monsoon region, providing data support for clarifying
relationships among surface pollen, vegetation, climate, and human activities,
and for improving the accuracy of quantitative paleoclimate reconstruction from
fossil pollen.

The northern boundary of China’s marginal monsoon region [?] extends from the
eastern foothills of the Great Khingan Mountains, across the Inner Mongolian
Plateau and the eastern Qilian Mountains, to the western Tibetan Plateau,
involving four provinces/autonomous regions: Inner Mongolia, Gansu, Qinghai,
and Tibet [Figure 1: see original paper]. The terrain gradually rises from east
to west, spanning China’ s first and second topographic steps, with plateau and
mountain landforms dominating. The study area is primarily distributed across
two geomorphic units—the Inner Mongolian Plateau and Tibetan Plateau—with
a relatively arid climate and precipitation concentrated in June-September.

In the marginal monsoon region, the Inner Mongolian Plateau belongs to the
temperate continental arid and semi-arid climate zone, with mean annual pre-
cipitation of 30-650 mm and mean annual temperature of -6-9°C. The Tibetan
Plateau portion of the marginal monsoon region has mean annual precipitation
of 80-360 mm and mean annual temperature of 1-9°C. Significant differences in
topography and climate conditions across the marginal monsoon region lead to
obvious differentiation of surface vegetation. In the northeastern corner of the
Inner Mongolian Plateau near the Great Khingan Mountains, forest-steppe is
the main vegetation type, with arboreal species dominated by spruce (Picea) and
birch (Betula). The central Xilingol Plateau is primarily covered by zonal tem-
perate steppe vegetation. Further west, desert-steppe vegetation and temper-
ate desert gradually become dominant. In temperate steppe vegetation, Aster-
aceae (with Artemisia as the most diverse genus) is most abundant, followed
by Poaceae, Fabaceae, Amaranthaceae, Ranunculaceae, Rosaceae, Cyperaceae,
Brassicaceae, Polygonaceae, and Lamiaceae.

In the Tibetan Plateau region located on the northern boundary of monsoon
influence, the main vegetation types are alpine scrub, meadow, and steppe. Cold-
resistant Ericaceae and Dasiphora arbuscula often form alpine scrub. Various
species of Kobresia (Cyperaceae), such as Kobresia pygmaea, K. capillifolia, and
K. prattii, together with Polygonum viviparum, commonly form alpine meadows.
Alpine steppe is composed of cold-resistant Stipa purpurea, S. subsessiliflora var.
basiplumosa, Carex moorcroftii, the small semi-shrub Artemisia salsoloides var.
wellbyi, A. younghusbandii, and cushion-shaped A. minor [?].
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1.2 Field Sample Collection

From July to August 2021, we collected 38 surface soil pollen samples along the
marginal monsoon region, covering Inner Mongolia, Gansu, Qinghai, and Tibet
(Table 1) . The samples represent the main vegetation types in the study area.
At each site, surface soil samples within a 0.5 m radius were collected using
the five-point method and mixed. During sampling, aerial photography was
conducted using an unmanned aerial vehicle to document the plant communities
around each site, and GPS was used to record latitude, longitude, and elevation.
The sampling sites range from 80.25°-118.2°F and 29.22°-48.2°N, with elevations
reaching up to 4890 m and a minimum of 594 m.

1.3 Pollen Analysis

Pollen sample pretreatment was performed on 1-2 g of each sample. First, coarse
particles were removed using a 180 m mesh, then one Lycopodium spore tablet
(approximately 27,636 grains per tablet) was added as a tracer to calculate
pollen concentration [?]. Samples were subsequently processed using acid-alkali
treatment, acetolysis, and ultrasonic sieving (using a 7 m mesh) for pollen
extraction [?]. Processed samples were preserved in glycerin in small test tubes
for microscopic identification and counting. Pollen identification was conducted
under a 400x microscope, primarily referring to Pollen Flora of China [?], An
Lllustrated Handbook of Quaternary Pollen and Spores in China [?], and Study on
Pollen Morphology of Plants from Dry and Semidry Areas in China [?]. Except
for a few samples with extremely low concentrations, each sample contained at
least 300 identified terrestrial pollen grains. Spore and pollen percentages were
calculated based on the total sum of terrestrial pollen, and Tilia software was
used to plot pollen diagrams.

1.4 Data Processing

This study used interpolated climate data from 752 meteorological stations
across China (http://data.cma.cn), obtained through thin-plate spline interpo-
lation to derive climate data for the 38 pollen sampling sites [?]. Climate param-
eters included mean annual precipitation, warmest month precipitation, coldest
month precipitation, mean annual temperature, warmest month temperature,
and coldest month temperature. Major pollen types appearing in more than
10 samples with maximum percentages greater than 5% were selected from the
pollen assemblages to analyze relationships between pollen assemblages and cli-
mate parameters. To enhance the signal-to-noise ratio, pollen percentage data
were square-root transformed [?]. Detrended correspondence analysis (DCA)
yielded an axis 1 gradient length of 2.1, indicating linear response characteris-
tics, so redundancy analysis (RDA) was used to ordinate the pollen data [?].
RDA was employed to explore the contribution of different climate parameters
to pollen assemblage distribution characteristics in the marginal monsoon region.
In the RDA results, variance inflation factors (VIFs) for climate parameters in-
dicated multicollinearity, requiring elimination and reanalysis.
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2.1 Pollen Assemblage and Distribution Characteristics

A total of 56 pollen and spore types were identified in the 38 surface soil samples
from the marginal monsoon region. Among these, frequently occurring terres-
trial pollen types included Artemisia, Cyperaceae, Amaranthaceae, Poaceae,
Asteraceae, Picea, Alnus, Betula, Nitraria, Brassicaceae, and Polygonaceae [Fig-
ure 2: see original paper]. Herbaceous pollen accounted for an average of 93.9%
of the total assemblage, ranging from 84.9% to 99.1%. Additionally, fungal
spores appeared frequently in some samples, mainly including Glomus, Sordaria,
Cercophora, and Sporormiella, as well as other fungal spores (0%-109.1%).

Based on altitude, sampling sites were divided into temperate zone sites (samples
1-15, located in Inner Mongolia) and alpine zone sites (samples 16-38, located
in Gansu, Qinghai, and Tibet), with distinct pollen assemblage characteristics
between groups.

Temperate Zone: Herbaceous pollen absolutely dominates (93.9% on average,
range 84.9%-99.1%). Artemisia and Amaranthaceae show the highest percent-
ages, averaging 37.6% and 36.4%, respectively. Poaceae averages 11.2%, while
Cyperaceae, Caryophyllaceae, and Brassicaceae average 1.0%-2.0%. Sample 4
contains up to 14.5% Polygonaceae pollen. Among arboreal and shrub pollen,
Picea (0%-8.9%), Betula (0%-14.5%), and Nitraria (0.2%-9.9%) have relatively
high contents. Fungal spore content is relatively low overall.

Alpine Zone: Herbaceous pollen accounts for 94.4% on average (range 62.7%-
100%). Cyperaceae shows the highest content, averaging 36.9% (range 0.5%-
88.2%). Amaranthaceae (average 13.1%), Asteraceae (average 14.7%), and
Poaceae (average 11.2%) also have relatively high percentages, ranging from
0.5%-43.9%, 0%-41.3%, and 0%-41.2%, respectively. Among arboreal and
shrub pollen, Picea content is relatively high in Tibetan samples (0%-14.3%),
followed by Brassicaceae (0.2%-26.1%) and Polygonaceae (0%-22.7%). Fun-
gal spore content is significantly higher than in the temperate zone, includ-
ing Glomus (0%-481.8%), Sordaria (0%-125.0%), Cercophora (0%-44.2%), and
Sporormiella (0%-14.9%).

The spatial distribution of major pollen taxa percentages [Figure 3: see original
paper] shows significant changes in pollen content from northeast to southwest
along the marginal monsoon region. This difference is particularly pronounced
between temperate and alpine zones. Compared with the alpine zone, temperate
zone surface soils have generally higher Artemisia and Amaranthaceae pollen,
while Cyperaceae, Poaceae, and Asteraceae pollen show higher percentages at
most alpine sites. Tree and shrub pollen content is relatively high near the
Great Khingan Mountains and southern Tibet, but appears less frequently in
the extensive area between these two regions.
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2.2 Analysis of Climate Factors Influencing Pollen Distribution

RDA analysis incorporating climate parameters (mean annual precipitation,
warmest month precipitation, coldest month precipitation, mean annual temper-
ature, warmest month temperature, and coldest month temperature) revealed
that mean annual temperature, warmest month temperature, and coldest month
temperature showed high linear correlations. After removing mean annual tem-
perature and repeating the analysis, all remaining climate parameters had VIF
values < 10. RDA with individual climate parameters as sole environmental fac-
tors indicated that warmest month temperature explained the highest variance
(12.9%), followed by mean annual precipitation (10.8%). Using the five climate
parameters (excluding mean annual temperature) as environmental factors, con-
strained axis permutation ANOVA confirmed that warmest month temperature
explained the most variance and was the only parameter with significance level
p < 0.05, so only warmest month temperature was retained as an environmental
factor.

In the RDA results [Figure 4: see original paper|, warmest month temperature
and altitude are located on Axis 1, with most temperate zone sites distributed in
the negative direction of Axis 1. Temperate zone pollen taxa with higher content
—Artemisia, Amaranthaceae, and Betula—are also distributed in the negative
direction of Axis 1, indicating relatively warm environments. Most alpine zone
sites are distributed in the positive direction of Axis 1, with alpine zone taxa
having higher content—Cyperaceae, Asteraceae, and Poaceae—also distributed
in the positive direction of Axis 1, indicating relatively cold environments.

3 Discussion

The 38 surface soil samples from the marginal monsoon region show distinct
changes in pollen assemblages with increasing altitude. Low-altitude temperate
steppe regions have relatively warm and dry climates, with pollen assemblages
dominated by Amaranthaceae and Artemisia. High-altitude alpine steppe and
meadow regions have relatively cold and humid climates, with pollen assem-
blages dominated by Cyperaceae, Asteraceae, and Poaceae, plus small amounts
of Ericaceae pollen. These pollen assemblage characteristics reflect the distri-
bution of vegetation and hydrothermal conditions along altitudinal gradients
in the marginal monsoon region. RDA results clearly show the distribution of
pollen assemblages and major pollen types along gradients of warmest month
temperature and altitude. Although climate parameters other than warmest
month temperature failed significance tests in RDA analysis, their influence on
pollen assemblages and vegetation cannot be ignored.

Among arboreal pollen, Picea pollen shows relatively high percentages at sites
near the Great Khingan Mountains and southern Tibet [Figure 3: see original
paper], reflecting proximity to Picea distribution areas. Since no arboreal veg-
etation occurs near sampling sites, this also demonstrates the strong dispersal
capacity of Picea pollen [?]. Arboreal pollen such as Betula, Juglans, Ulmus,
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and Alnus appears mainly in temperate steppe, reflecting these trees’ preference
for warm environments. Nitraria pollen occurs primarily in temperate zone sam-
ples, with percentage peaks in temperate desert (sample 8, Inner Mongolia) and
alpine desert (sample 22, Qinghai) samples, reflecting extremely arid environ-
mental characteristics at these locations [?]. Overall, the total percentage of tree
and shrub pollen in the study area correlates more strongly with mean annual
temperature and warmest month temperature than with annual precipitation
[Figure 5: see original paper].

Among herbaceous pollen, temperate zone Artemisia and Amaranthaceae pollen
percentages are relatively high, with their sum exceeding 50% in most samples.
In arid and semi-arid regions of China, when the sum of Artemisia and Ama-
ranthaceae pollen percentages exceeds 50%, the A/C ratio is often used as a
semi-quantitative indicator of drought severity [?, ?]. As shown in [Figure 5:
see original paper|, the monsoon’ s northern boundary crosses temperate zones
with relatively high temperatures, low annual precipitation, and arid climate.
The A/C ratio in surface soils generally aligns with mean annual precipitation
trends, consistent with the general pattern that higher aridity corresponds to
lower A/C ratios [?]. In alpine regions at the monsoon margin, the sum of
Artemisia and Amaranthaceae pollen percentages averages 25.8%, and the A/C
ratio shows no clear correlation with mean annual precipitation trends in these
regions. In the alpine zone at the monsoon margin, pollen assemblages reflect
vegetation dominated by alpine steppe and meadow communities composed of
Cyperaceae, Asteraceae, Poaceae, Artemisia, Polygonaceae, and Brassicaceae,
demonstrating plant adaptations to cold conditions. The Artemisia/Cyperaceae
(A/Cy) ratio is often used to characterize hydrothermal distribution and varia-
tion on the Tibetan Plateau [?], such as the relationship with warmest month
temperature [?]. Since temperate zones have far less Cyperaceae pollen than
alpine regions, the A/Cy ratio in the former is much higher than in the latter. In
alpine regions at the monsoon margin, the correlation between the A/Cy ratio
and temperature is not significant, possibly due to the relatively small sample
size (n = 23).

Fungal spores frequently occur in surface soil samples from alpine regions. Pre-
vious studies indicate that fungal spores typically deposit near their sporulation
sites, with coprophilous fungal spores particularly limited by animal activity
ranges and thus reflecting more local environmental information [?]. Cercophora,
Sporormiella, and Sordaria may all indicate the presence of feces near sampling
sites [?], while increases in Sporormiella and Sordaria may indicate expanding
livestock populations [?, ?]. Glomus commonly appears in newly formed soils,
and its abundance is thought to reflect soil erosion rates. Therefore, the high
abundance of these fungal spores in surface soils of the alpine region may reflect
environmental characteristics of intensive grazing activity accompanied by high
soil erosion rates [?, ?]. Pollen records from the marginal monsoon region in-
dicate that grazing activity in the northeastern Tibetan Plateau has gradually
intensified since the mid-to-late Holocene [?, 7].
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4 Conclusions

(1) Surface soil pollen assemblages in the marginal monsoon region of China
show obvious changes with increasing altitude. Temperate zones have
relatively high Artemisia and Amaranthaceae pollen content, while alpine
zones are rich in Cyperaceae, Poaceae, and Asteraceae pollen. These
pollen assemblage characteristics can accurately reflect the distribution of
vegetation and hydrothermal conditions along altitudinal gradients in the
marginal monsoon region.

(2) RDA analysis of the relationship between pollen assemblages and climate
factors in the marginal monsoon region shows that warmest month tem-
perature explains the highest variance in pollen data (12.9%), with pollen
assemblage variation dominated by warmest month temperature.

(3) Coprophilous fungal spores appear abundantly in surface soils of the alpine
region in the marginal monsoon region, reflecting environmental charac-
teristics of intensive grazing activity and high soil erosion rates.
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