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Abstract

Understanding the history and regional singularities of human impact on vegetation
is key to developing strategies for sustainable ecosystem management. In this study,
fossil and modern pollen datasets from China are employed to investigate tempo-
ral changes in pollen composition, analogue quality, and pollen diversity during the
Holocene. Anthropogenic disturbance and vegetation's responses are also assessed.
Results reveal that pollen assemblages from non-forest communities fail to provide
evidence of human impact for the western part of China (annual precipitation less
than 400mm and/or elevation more than 3000m.a.s.l.), as inferred from the stable
quality of modern analogues, principal components, and diversity of species and com-
munities throughout the Holocene. For the eastern part of China, the proportion of
fossil pollen spectra with good modern analogues increases from ca. 50% to ca. 80%
during the last 2 millennia, indicating an enhanced intensity of anthropogenic distur-
bance on vegetation. This disturbance has caused the pollen spectra to become taxo-
nomically less diverse over space (reduced abundances of arboreal taxa and increased
abundances of herbaceous taxa), highlighting a reduced south-north differentiation
and divergence from past vegetation between regions in the eastern part of China.
We recommend that care is taken in eastern China when basing the development of
ecosystem management strategies on vegetation changes in the region during the
last 2000years, since humans have significantly disturbed the vegetation during this

period.
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1 | INTRODUCTION

Knowledge of spatiotemporal patterns and drivers of vegetation
change is essential for predicting vegetation trends in the future
and for developing strategies to sustainably manage ecosystems
(Abel et al., 2021; Liu, Jiao, et al., 2020; Martin et al., 2021; Piao
et al., 2015). Recently, based on remote-sensing data, many studies
have been completed on the spatiotemporal patterns and drivers
of vegetation change during the last decades for China, and have
concluded that human activities are the most important drivers of
recent vegetation changes (e.g., Jiang et al., 2020; Qu et al., 2020;
Shi et al., 2020; Yin et al., 2020; Zhao et al., 2021). However, the
degree to which human activities and climate drive these vegetation
changes shows remarkable regional individuality (Hao et al., 2020;
Kou et al., 2021; Ma et al., 2020; Shi et al., 2020). Remote-sensing
data have only been available for the past few decades so the vege-
tation data being gathered could already be in a disturbed state (i.e.,
is not natural vegetation). Hence, it is necessary to identify signals of
human disturbance to natural vegetation at a long-term scale.

Past pollen assemblages archived in lake sediments and peat de-
posits contain information about plant communities (relative abun-
dances of pollen can be calibrated to plant relative abundances), and
have been successfully employed in long-term climate and vegeta-
tion reconstructions (e.g., Cao et al., 2015; Chen, Xu, et al., 2015;
Herzschuh et al., 2019; Liu et al., 2015; Tian et al., 2016, 2018). They
can also indicate past human impacts on vegetation via anthropo-
genic pollen indicators (e.g., Huang, Ren, et al., 2021; Huang, Zhang,
et al.,, 2021). However, interpretations of Holocene pollen data in
terms of the relationship between vegetation change and human ac-
tivity in China are contradictive. For instance, pollen data mapping
(Cao et al., 2015; Ren, 2007), a pollen-based tree-cover reconstruc-
tion (Tian et al., 2016), and a land-cover reconstruction using the
REVEALS model (based on the modern pollen productivity data; Li
et al., 2020) at subcontinental scale suggest that the decrease in tree
cover during the late Holocene (ca. 4-0cal. ka BP) in eastern China is
due to human impacts to some extent, but other studies suggest that
anthropogenic deforestation may have been restricted to within the
last 2 millennia at smaller spatial scale (e.g., Yao et al., 2017; Zheng
et al., 2021). The contradiction implies that pollen data together
with pollen-based reconstructions fail to provide robust evidence
for human impacts on vegetation (e.g., Li et al., 2020), and previous
studies may also have neglected that the occurrence of anthropo-
genic pollen indicators does not represent human had already dis-
turbed and heavily modified natural vegetation (e.g., Li et al., 2009;
Miehe et al., 2009; Zong et al., 2007). Contradiction and uncertainty
also occur in the non-forest communities. For instance, Miehe
et al. (2019) found that grazing pollen indicators occur at ca. 8.7 cal.
ka BP on the southern Tibetan Plateau, while widespread human
occupation of the Tibetan Plateau might not have occurred until
after 3.6 cal. ka BP (Chen, Dong, et al., 2015). These contradictions
could be caused by regional differences in the history of human-
vegetation interactions; hence, the synthesis of multiple Holocene
pollen records is necessary to investigate past human impacts on
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vegetation at broad spatial scales using novel numerical analysis, to
answer when and where the past vegetation had been disturbed or
modified by human activities in China, and to decide whether and
when the land use changes from sustainable and unsustainable.

China can be divided into three major geographic units, includ-
ing the Tibetan Plateau, the low plateaus and basins (including the
Mongolia Plateau, the Loess Plateau, the Yunnan-Guizhou Plateau,
the Sichuan Basin, etc.), and the eastern plains and lowlands. The
plains and lowlands (with high human population currently) have
long histories of agriculture dating back to about 10 cal. ka BP
(e.g., Li et al., 2009; Lu et al., 2009; Wang et al., 2014; Yang, Wan,
et al., 2012). The eastern part of China (including the eastern plains
and lowlands, part of the low plateaus and basins) is covered by
different forest types with strong latitudinal zonation, from south
to north, consisting of tropical rainforest and seasonal rainforest,
subtropical evergreen broadleaved forest, warm-temperate decidu-
ous forest, temperate mixed conifer-deciduous broadleaved forest,
and boreal conifer forest. The western part of China (including the
Tibetan Plateau, the Mongolian Plateau, and north-west China) is
mainly covered by steppe, meadow, and desert, and human impact is
largely limited to grazing in restricted areas (Hou, 1983). The various
geographic units and vegetation types, together with its long history
of human activities (different land-use types), make China an ideal
laboratory for investigating past human impacts on vegetation as
recorded by changes in pollen data.

The fossil and modern pollen datasets for China and east Asia
(Caoetal., 2013, 2014) were recently updated and have been used to
assess the similarity between modern and fossil pollen assemblages
and to investigate the temporal changes of their composition and
diversity. Here, we use these datasets to determine (1) when vege-
tation began to closely resemble modern vegetation (represented by
pollen assemblages) and what factors governed this change: climate
and/or human land use; and (2) Holocene changes in pollen diversity

and what factors triggered those changes.

2 | DATA AND METHODS
2.1 | Modern and fossil pollen datasets

The modern pollen dataset from China and Mongolia (comprising
2626 sampling sites; Cao et al., 2014) has been extended by pollen
data from central Asia (n = 973, Bordon et al., 2009), central Inner
Mongolia (n = 396, Liu, Wang, et al., 2020), Japan and south-eastern
Russia (including arboreal taxa only; n = 798, Tarasov et al., 2011),
the Tibetan Plateau (n = 70, Zhang, 2013; n = 117, Cao et al., 2021;
n = 168, Wang et al., 2022), the anthropogenic vegetation commu-
nities in eastern China (croplands, economic gardens, etc.; n = 472,
Wang et al., 2010; Pang et al., 2011; Yang, Zheng, et al., 2012; Li
et al., 2015; Ding et al., 2017), and other regions. The extended
modern pollen dataset covers eastern and northern Asia including
9165 sampling sites with 245 harmonized pollen taxa (harmoniza-
tion follows Cao et al., 2013). The available sites are generally evenly
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distributed and cover all the main vegetation types within eastern
and northern Asia, but geographic gaps do still exist (e.g., the central
Siberian Plateau; Figure 1).

The taxonomically harmonized and temporally standardized
fossil pollen dataset from eastern and northern Asia (n = 444, Cao
et al,, 2013, 2020) was supplemented by 48 recently published pol-
len spectra. An age-depth model has been re-established for each
pollen record using Bayesian age-depth modeling with the “Bacon”
software (Blaauw & Christen, 2011) in R (R Core Team, 2019) and
the IntCal09 radiocarbon calibration curve (Reimer et al., 2009; de-
tailed information about the standardized chronology is presented in
Cao et al., 2013). Since the data quality has already been evaluated
during the dataset establishment (Cao et al., 2013), all available pol-
len records (n = 254) from China covering the Holocene (11.5-0 cal.
ka BP) entirely or partly were employed in this study without further
selection, to be representative of past spatiotemporal patterns of
vegetation communities (Figure 1).

2.2 | Numerical methods

To determine the difference in human impacts on vegetation from
different land-use types (crop cultivation and grazing), the 254
fossil pollen records were separated into two groups based on the
elevation and modern annual precipitation of the sites, which was
obtained from the Chinese Meteorological Forcing Dataset (CMFD;
gridded near-surface meteorological dataset with a spatial resolu-
tion of 0.1°; He et al., 2020). Pollen records with more than 400 mm
modern annual precipitation and less than 3000m.a.s.l. elevation
were clustered into the “east China” group, where forest is the domi-
nant natural vegetation community with a long history of land cul-
tivation and high-density human disturbance (Li et al., 2009; Wang

et al., 2014); while the remaining pollen records were clustered into

the “west China” group, where non-forest plant communities (e.g.,
steppe, meadow, desert) are dominant across the landscape with
pastoralism as the major land-use type (crop cultivation is restricted
spatially) and relatively weak human disturbance (Appendix S1).
Since temporal patterns of climate change during the Holocene have
strong regional peculiarities in eastern China (Liu et al., 2015), fos-
sil pollen records within the “east China” group were separated into
two subgroups north and south of 31.5° N, called “north China” and
“south China.” Because of the small number of available sites in the
two subgroups (Appendix S2), their pollen records were only used
in diversity estimations and results are presented in Supplementary
Materials.

Pollen percentages were interpolated for 116 time slices at 100-
year intervals between 11.5 and O cal. ka BP using the interp.data-
set function (method = linear) in the rioja package (version 0.9-15.1;
Juggins, 2018) for R (version 3.6.0; R Core Team, 2019). To identify
the temporal patterns of major pollen taxa and their relationships,
ordination techniques were employed on datasets for all time slices
from the “east China” and “west China” groups separately, based on
square-root transformed pollen data of selected taxa (those pres-
ent in at least 10 samples and with a maximum 210% in at least
one sample) to stabilize variances and optimize the signal-to-noise
ratio (Prentice, 1980). A series of detrended correspondence anal-
yses (DCA; Hill & Gauch, 1980) for all time slices showed that the
lengths of the first axes for all pollen datasets were below 4 SD
(most of them below 3 SD), suggesting that principal component
analysis (PCA) is appropriate for these pollen datasets (ter Braak &
Verdonschot, 1995). DCA and PCA were performed for each time
slice using the decorana and rda functions in the vegan package (ver-
sion 2.5-4; Oksanen et al., 2019). To further explore the similarity
among key time slices (10, 9, 8, 7, 6, 5, 4, 3, 2, 1, and 0.5 cal. ka BP),
Procrustes rotation and the associated PROTEST permutation test

were applied to the pollen scores of PCA (Gower, 1971; Peres-Neto &
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Jackson, 2001). PROTEST performs a random permutation test and
assesses the degree of concordance between two datasets, produc-
ing significance of the Procrustes fit as an r-value with an associated
p-value to indicate the likelihood of the relationship occurring by
chance; a high r-value and low residual value indicate a good agree-
ment between datasets, while high residual values for pollen taxa
indicate significant variations between datasets (Jackson, 1995).
Procrustes analyses and PROTEST were carried out in R using the
Procrustes and protest functions of the vegan package (version 2.5-4;
Oksanen et al., 2019).

Beta diversity was employed to assess the spatial variation of
fossil pollen spectra for each time slice. The temporal change of
beta diversity is a valuable index to represent biotic homogenization
(decrease) or differentiation (increase) (Anderson et al., 2011; Rolls
et al., 2021). Beta diversity is defined as the ratio between gamma
and alpha diversities in this study. We used the inverse Simpson index
to quantify diversity (Simpson, 1949; see also Wang & Loreau, 2016).
Alpha diversity is the average value of the local diversity of all sites
weighted by the total abundance of the sites; gamma diversity is cal-
culated using the species distribution in the metacommunity (further
details are described in Wang & Loreau, 2016).

Geographic distance (great circle distance; km) between each
modern sample site and each fossil site was calculated using the rdist.
earth function in the fields package (version 6.8; Furrer et al., 2013)
based on their longitude/latitude. The taxonomic distance from fos-
sil pollen assemblage to modern pollen assemblage (based on per-
centages of all pollen taxa) is a common diagnostic for evaluating
analogue quality. A distance shorter than the fifth percentile of all
distances between the modern assemblages is commonly used as
a threshold for good analogues, while a distance above the 10th
percentile is assumed to signify a no-analogue assemblage (bad ana-
logue), and a moderate distance between the 10th and 5th percen-
tiles represents poor analogues (Birks et al., 1990). In this study, the
squared chord distance between each fossil pollen assemblage and
each modern pollen assemblage within a 1000km distance around
the fossil site (Cao et al., 2017) was calculated with the MAT function
in the rioja package (version 0.9-15.1; Juggins, 2018). The squared
chord distances between all modern assemblages within each
1000km subset were calculated using the paldist function in rioja
(version 0.9-15.1; Juggins, 2018).

3 | RESULTS
3.1 | Temporal pattern of pollen diversity

For the “east China” group, the number of common pollen taxa
reaches a maximum between ca. 7 and 2 cal. ka BP (around 30 taxa),
then decreases strongly to 11 taxa at O cal. ka BP, which is even lower
than the values between 11.5 and 7 cal. ka BP (generally more than
20 taxa). The number of total recorded taxa has an increasing trend
from 11.5 to 9 cal. ka BP and maintains high values until ca. 2cal.
ka BP, when a decreasing trend follows that is consistent with the
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number of common pollen taxa (Figure 2a). For the “north China” and
“south China” subgroups, numbers of both total taxa and common
taxa show a decreasing trend after ca. 2 cal. ka BP (Appendix S3a,b).
Relative to the “east China” group, both the number of common pol-
len taxa and total taxa show less dynamic temporal patterns for the
“west China” group throughout the Holocene (Figure 2b). The trend
in the number of total taxa increases from 11.5 to ca. 8 cal. ka BP, be-
fore decreasing from 7 to 5.5 cal. ka BP, and then fluctuating prior to
reaching a low point at 0.5 cal. ka BP. There is no significant temporal
pattern for the number of common taxa during the Holocene until
0.5 cal. ka BP, but there is a slight reduction afterwards (Figure 2b).
Beta diversities for the “east China” group are higher than those
for the “west China” group throughout the Holocene. For the “east
China” group, the highest beta diversities occur in the early Holocene
(range: 2.5-2.9; between 11.5 and 8.7 cal. ka BP), then the values
fluctuate around 2.4 (range: 2.3-2.6) until 2 cal. ka BP, after which
they reduce sharply and stay low in the last millennium (this pattern
is also found for the two subgroups; Appendix S3c). Beta diversities

for the “west China” group show minor fluctuations throughout the
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Holocene with values ranging between 1.8 and 2.1, with relatively

high values between 7 and 5 cal. ka BP (Figure 2c).

3.2 | Temporal changes in major taxa of pollen
assemblages

In pollen spectra from the “east China” group, the scores of Artemisia
(negative direction of the first PCA axis) and Pinus (negative direc-
tion of the second PCA axis) are relatively stable throughout the
Holocene. However, some other dominant or common taxa have
clear temporal changes in their PCA scores during the late Holocene,
such as thermophilous broadleaved trees (including Quercus [undiff.],
Quercus [evergreen), Castanopsis, and Cyclobalanopsis) and Poaceae.
For instance, scores of Quercus (undiff.) shift from a positive direc-
tion in the early and mid-Holocene to a negative position on the first
PCA axis in the late Holocene (Figure 3a; Appendix S4).
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In contrast to the temporal patterns in the “east China” group,
pollen spectra from “west China” are dominated by herbaceous
pollen taxa, such as Artemisia, Poaceae, Chenopodiaceae, and
Cyperaceae, with Pinus as the dominant arboreal taxon. The scores
of dominant pollen taxa on PCA plots have no obvious temporal
changes throughout the Holocene, indicating their stable distribu-
tion and relationship (Figure 3b; Appendix S5).

Generally, the Procrustes fit between each pair of neighbor time
slices (from 10 to 0.5 cal. ka BP) for the “west China” group produce
higher r-values and lower residuals for major pollen taxa than that for
the “east China” group (Figure 4), indicating the relatively week tempo-
ral changes of pollen distribution in the western part of China. For the
Procrustes fits of “east China,” the temporal comparison of 2-1 cal. ka
BP is relatively poor with the lowest r-value (.68) and highest residuals
for dominant and major taxa, including Poaceae (0.50), Pinus (0.33),
Quercus (evergreen) (0.19), Castanopsis (0.13), Betula (0.12), Quercus
(undiff.) (0.11), Cyperaceae (0.10), and Artemisia (0.10) (Figure 4a),
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FIGURE 3 Plots of the principal component analysis (PCA) based on common pollen taxa (those present in at least 10 samples and with a
maximum 210% in at least one sample) for four key time slices (9, 6, 2, and 0.5 cal. ka BP). (a) “East China” group and (b) “west China” group

suggesting that the most remarkable change occurred between 2 and
1 cal. ka BP; while the Procrustes fits for other pairs of time slices
perform well with high r-values (from 0.97 to 0.99) and low residuals.
For the “west China” group, the most remarkable change occurs be-
tween 5 and 4 cal. ka BP, and the low r-value (0.88) could be caused by
changes in the abundances of Pinus (residual 0.35), Cyperaceae (resid-
ual 0.22), and Poaceae (residual 0.17) (Figure 4b).

3.3 | Temporal evolution of analogue quality
during the Holocene

Modern pollen data within a 1000km radius from the fossil site can
support good or poor analogues for most Holocene pollen spectrain

the “east China” group generally (Figure 5; Appendix S6). However,
a detailed assessment finds spatiotemporal patterns of analogue
quality for these pollen spectra. Pollen spectra without good ana-
logues are mainly located in north-east and south China. Analogue
quality for pollen spectra from north-east China does not improve
throughout the Holocene, while for pollen spectra from south China
it clearly improves after ca. 2cal. ka BP (particularly after 1 cal. ka
BP; Figure 5; Appendix S6). The statistical results show that about
50% of available pollen spectra can find good analogues within their
1000 km radius boundary before 3 cal. ka BP, and about 30% of them
can be matched by poor analogues. After ca. 3cal. ka BP (particularly
after 2 cal. ka BP), more and more pollen spectra can be matched by
good analogues, and the percentage increases to ca. 80% at O cal. ka
BP, indicating the increasing similarity between fossil and modern
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pollen data (Figure 6a). The statistical results of analogue quality for
the two subgroups from the eastern part of China also show the in-
creasing similarity between fossil and modern pollen data in the late
Holocene; however, it begins ca. 1000years earlier for the “north
China” subgroup (ca. 3cal. ka BP) than the “south China” subgroup
(ca. 2cal. ka BP; Appendix S7).

For the pollen spectra from the “west China” group, modern
pollen data within 1000km around the fossil site include good an-
alogues for most pollen spectra (ca. 80%), and the percentage has
no significant temporal pattern throughout the Holocene (Figures 5
and 6b; Appendix S6).

4 | DISCUSSION

4.1 | Pollen assemblages from non-forest
communities might be insensitive to human impacts

The impact of human activities on vegetation (represented by pol-
len assemblages) is highly debated, particularly for the arid and sub-
arid parts of China (e.g., Herzschuh et al., 2010; Miehe et al., 2019).
Taking the eastern Tibetan Plateau as an example (currently alpine
meadow), modern vegetation surveys suggest that in the plant com-
munities there are grazing resilient and that overgrazing is limited
(Miehe et al., 2011; Mipam et al., 2019; Wang et al., 2017). However,
the degree of human impact on vegetation over a long temporal
scale is still debated due to ambiguities in the pollen data. Based
on a series of Holocene pollen spectra, Herzschuh et al. (2010,
2011) conclude that the increase in Cyperaceae percentage since
ca. 7cal. ka BP might be caused by changes in climate and atmos-
pheric CO, concentration; but this phenomenon could also be ex-
plained as the consequence of pastoralism (Liu et al., 2021; Miehe
et al., 2009, 2014, 2019; Schliitz & Lehmkuhl, 2009). In addition, the
regional plant-cover changes (based on pollen data) during the late
Holocene in arid and subarid parts of China are ascribed to enhanced
land use, although there is no convincing archeological evidence (Li
et al., 2020). It is thus necessary to address the contradiction and
uncertainty with more evidence.

In this study, we assume that modern pollen assemblages should
be indicative of greater human impact than past pollen assemblages,
because human populations are currently at their highest level. The
similarity between modern and fossil pollen assemblages (analogue
quality) could thus be a potential and feasible index to assess the
intensity of human impacts.

In the western part of China with less than 400mm precipitation
and/or higher than 3000 m.a.s.l. elevation, steppe, meadow, and des-
ert dominate the landscape with simple community components at
family or genus level. It is quite difficult to distinguish whether the
modern plant community is disturbed by humans or not during sample
collection. PCA reveals that the fossil pollen spectra are dominated by
herbaceous pollen taxa such as Artemisia, Poaceae, Chenopodiaceae,
and Cyperaceae with Pinus as the dominant arboreal taxon. Their
prominence in pollen spectra shows little temporal variation

throughout the Holocene (Figure 3b; Appendix S5), implying that the
major compositions and their abundance in the vegetation have been
relatively stable at the regional spatial scale during the Holocene.
From the analogue quality testing, 80% of fossil pollen spectra can
be matched with good modern analogues within a 1000km distance,
and this proportion shows insignificant temporal changes (Figure 6b).
This phenomenon can be explained in two potential ways: (1) the pol-
len assemblages from “west China” indicate that this region has not
been disturbed by human activities during the Holocene (including at
present); or (2) the simple pollen assemblages dominated by only a
few herbaceous taxa might be insensitive to human impacts (mostly
pastoralism) because of the low taxonomic resolution of pollen identi-
fication (family level for herbaceous taxa generally).

Procrustes rotation reveals slight temporal changes for pol-
len spectra from the “west China” group, with the most notable
change occurring between 5 and 4 cal. ka BP (Figure 4b). Past cli-
mate records based on non-pollen proxies and model estimation
reveal reducing precipitation in the monsoon fringe areas (e.g.,
Chen et al., 2021; Chen, Xu, et al., 2015; Cheng et al., 2016; Liu
et al., 2014) and increasing precipitation in arid central Asia (e.g.
Chen et al., 2016) during the transition from mid-Holocene to late
Holocene. We argue that the notable changes in the pollen spectra
between 5 and 4 cal. ka BP could be caused mainly by precipitation
changes with strong regional peculiarities (increasing or decreasing).
The slightly enhanced biotic homogenization between 5 and 3 cal. ka
BP, indicated by decreasing beta diversity (Figure 2c), might also be
caused by the convergent moisture conditions in the western part
of China (increasing precipitation in arid areas and decreasing pre-
cipitation in subarid areas). In addition, there is a slight change in
the pollen spectra after 2 cal. ka BP (revealed by Procrustes rotation)
when human populations increase sharply (Figure 7). Hence, we con-
clude that the modern and Holocene pollen assemblages from “west
China” provide inconclusive evidence of human impact at a regional
spatial scale. Investigating past human impacts on vegetation based
on pollen data should be done with caution for non-forest regions,
and comparisons with an independent regional climate record and

archeological data are essential (Li et al., 2020).

4.2 | Pollen assemblages after 2 cal. ka BP from the
“east China” group record vegetation disturbance due
to human impacts

The extended modern pollen dataset employed in this study in-
cludes abundant pollen samples collected from vegetation com-
munities which are obviously affected by human disturbance (or
even modification) from the north-east, north-central, east, and
south China, including cropland, abandoned cropland, economic
gardens, etc. (Ding et al., 2017; Li et al., 2015; Pang et al., 2011;
Wang et al., 2010; Yang, Zheng, et al., 2012). We argue that the
better quality of modern analogues over time for pollen spectra
can be used as an index of land-use intensity as they become more
and more similar to the present.
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FIGURE 4 Procrustes analysis results comparing the pollen abundances among the temporal datasets at 10 key time scales (at 1 ka
interval, plus 0.5 cal. ka BP; all p-values are .001). The residuals of Procrustes fit for the 20 major taxa are presented as bar lengths. (a) “East
China” group and (b) “west China” group. Pollen taxa for each group are arranged by their abundance in the datasets. The values in brackets

are the r-values of the Procrustes fits

For those pollen spectra from north-east China, the poor and
bad analogue quality throughout the Holocene can be explained by
the sparsity of available modern pollen data (e.g., no data from the
Korean Peninsula; Figure 1) and incomplete modern pollen assem-
blages from Russia and Japan (Tarasov et al., 2011). Statistical results

of analogue quality for the “east China” group show that analogue
quality rises notably from ca. 2 cal. ka BP and the proportion of good
analogues increases from around 50% before 3 cal. ka BP to ca. 80%
at O cal. ka BP (Figures 5 and 6a), with the rising analogue quality
occurring in both the “north China” and “south China” subgroups
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FIGURE 5 Spatial distribution of analogue quality for four key time slices (9, 6, 2, and 0.5 cal. ka BP). Blue dots indicate fossil pollen spectra with a
good analogue, green dots indicate a poor analogue, while red dots indicate a bad analogue [Colour figure can be viewed at wileyonlinelibrary.com)

(Appendix S7). The clear improvement of analogue quality after ca.
2 cal. ka BP indicates that the fossil pollen spectra become more and
more similar to the modern pollen assemblages over time, and we
argue that the pollen spectra from the “east China” group are record-
ing disturbance by human activities since ca. 2 cal. ka BP at a regional
spatial scale and the degree of this impact increases strongly, partic-
ularly after ca. 1cal. ka BP.

Numbers of both the total pollen taxa and the common taxa
(representing plant diversity) in the “east China” group decrease
markedly after ca. 2cal. ka BP, with abundances of thermophilous
broadleaved trees (including Quercus [undiff.], Quercus [evergreen],
Castanopsis, and Cyclobalanopsis) decreasing, while those of herba-
ceous taxa (Artemisia, Poaceae, Chenopodiaceae, etc.) and Pinus in-
crease (Figure 3a; Appendix S4). The changes between 2 and 1 cal.
ka BP in the pollen spectra are confirmed to be the most signifi-
cant temporal changes during the Holocene by Procrustes rotation
(Figure 4). The low pollen diversities (Figure 2a; Appendix S3) and
enhanced openness of the landscape after ca. 2cal. ka BP might re-
flect high population levels and enhanced land cultivation (Figure 7).

The clear reduction in the pollen beta diversities also indicates
homogenization of the vegetation since 2 cal. ka BP in the east-
ern part of China (Figure 2c). Proxy-reconstructed and model-
estimated climate records indicate a drying trend since ca. 5cal.
ka BP for north-central China, while a wetting trend is seen since
ca. 4cal. ka BP for south China (Chen, Xu, et al., 2015; Cheng
etal, 2016; Herzschuh et al., 2019; Liu et al., 2014, 2015; Liu, Shen,
et al., 2020). These different spatial patterns of climate change fail
to explain the same processes in diversity loss in north and south
China (Appendix S3). Improvement of analogue quality and the
reduction in pollen diversity since ca. 3cal. ka BP for the “north
China” subgroup might be caused (at least partly) by the drying cli-
mate; however, as the analogue quality improves sharply after ca.
2cal. ka BP, it is likely that human impact is responsible, since there
have been no notable climatic fluctuations at either the global or
regional scales during the last 2 ka (relative to the entire Holocene;
global scale, e.g., Andersen et al., 2004; Pailler & Bard, 2002; re-
gional scale, e.g. Chen, Xu, et al., 2015; Cheng et al., 2016; Liu
et al., 2014). Our analyses of the “south China” subgroup provide
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FIGURE 6 Temporal changes of percentages for three analogue
types (blue, good analogue; green, poor analogue; and red, bad
analogue) at 100-year intervals. (a) “East China” group and (b) “west
China” group [Colour figure can be viewed at wileyonlinelibrary.com]

further evidence to support the idea that the improvement of ana-
logue quality and reduction in pollen diversity is caused by human
impacts because precipitation levels here in the late Holocene have
been high and stable (e.g., Herzschuh et al., 2019; Liu et al., 2014;
Liu, Shen, et al., 2020). In summary, we argue these simple and
homogeneous pollen spectra may well reflect anthropogenic de-
forestation and land cultivation, with rice and wheat as the major
crops (both of which are in the Poaceae family).

A series of studies about human-impacted pollen assemblages
has been completed for north-east China (Li et al., 2015), the north
China Plain (Pang et al., 2011; Wang et al., 2010), and south China
(Yang, Zheng, et al., 2012). These previous studies reveal that mod-
ern pollen assemblages of cropland and other artificial plant commu-
nities are dominated by herbaceous pollen taxa (including Poaceae,
Artemisia, and Chenopodiaceae) with Pinus as the dominant arboreal
taxon generally. Other studies about human impacts based on fossil
pollen spectra also conclude that the anthropogenic deforestation
and land cultivation in eastern China are mostly restricted to the last
2 or 1 ka. Human activities are reflected by decreasing arboreal taxa
abundances and increasing herbaceous taxa abundances (including
planted Poaceae). Such fossil pollen evidence for human impact has
been found for north-central China (e.g., Cao et al., 2010; Huang,
Ren, et al.,, 2021; Xu et al., 2017; Zhang et al., 2010), east China
(Wu et al., 2008), and south China (Xiao et al., 2020; Yang, Zheng,
etal, 2012; Yue et al., 2015; Zhao et al., 2017; Zheng et al., 2021). In
addition, stable climatic conditions (relative to the entire Holocene),
at both global and regional scales during the last 2 ka, support
our argument that enhanced human impact (Li et al., 2009) is the
main reason for the pollen data deviation since ca. 2cal. ka BP (and
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particularly after 1 cal. ka BP) with reduced pollen diversity and sim-

pler and more homogeneous pollen assemblages (Figure 7).

4.3 | Uncertainty of our pollen evidence in
investigating past human impacts on vegetation and
significance of this research

Our results are based on the synthesis of multiple pollen spectra
across a broad spatial scale, where only pollen taxa (including an-
thropogenic indicators) above a certain abundance are included in
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algorithms and analyses; hence, our results about human distur-
bance on vegetation at a broad spatial scale do not deny the oc-
currence of pollen signals of human activities for particular areas at
particular times. Our analyses cannot therefore provide evidence
that the early and mid-Holocene vegetation of the eastern part of
China are devoid of ancient human impact. There are, for example,
palynological signals of early rice cultivation since ca. 7.7 cal. ka BP
in eastern China (Zong et al., 2007) and early crop cultivation and
grazing on the north-east Tibetan Plateau (Huang et al., 2017; Wei
et al., 2021), which our broader-scale synthesis overlooks.

Our evidence is obtained from a series of numerical analyses
based on regional or even subcontinental pollen datasets and com-
parisons with global and regional independent climate records and
archeological data. However, our argument would benefit from more
evidence at local scales, for instance, by investigating human impacts
for single pollen records alongside local independent climate records
and archeological data, which could provide more detailed evidence
of human impacts on vegetation (e.g., the tropical south-east China;
Zheng et al., 2021). In addition, the available pollen records included
in our analyses reduce notably after ca. 0.5cal. ka BP for both the
“east China” and “west China” groups (Appendix S2) such that the
decrease in pollen diversities during the last 0.5 cal. ka BP could be
an artefact (Figure 2), but this should not influence our conclusion
since heavy human disturbance occurs from ca. 2cal. ka BP in the
eastern part of China.

For the western part of China, our evidence confirms that pol-
len assemblages dominated by herbaceous pollen taxa are mainly
unrelated to human impacts, meaning that the pollen-based inves-
tigations for past human impacts in non-forest communities could
be overestimated to some extent. For example, the transition from
alpine steppe to alpine meadow in the mid-Holocene has been at-
tributed to anthropogenic grazing (Miehe et al., 2009, 2014, 2019;
Schliitz & Lehmkuhl, 2009), but may have other causes. Pollen anal-
ysis fails to provide strong evidence for anthropogenic vegetation
change in arid and subarid regions, because the fossil pollen spectra
can be matched well to nearby modern pollen assemblages through-
out the Holocene. In the eastern part of China, the temporal varia-
tion of pollen diversity is relatively stable until the sharp decrease in
pollen diversity (including beta diversity) after ca. 2 cal. ka BP, which
could indicate that land use was sustainable for long-term mainte-
nance of regional plant diversity until 2 millennia ago (Li et al., 2009;
Zong et al., 2007). Land use became less sustainable from ca. 2cal.
ka BP, likely causing a significant decrease in species and commu-
nity diversities in eastern China as a strongly human-impacted land-
scape began to form with widespread farmland and patchy forest
restricted to mountainous areas (Li et al., 2009). This knowledge sug-
gests people and government should pay more attention in protect-
ing the diversity of species and communities of the patchy forest,
because this is where the main plant refugia will be found.

Finally, as both modern pollen assemblages and fossil pollen
spectra after ca. 2cal. ka BP are already impacted by human activ-
ities, past vegetation and climate reconstructions based on mod-
ern pollen-vegetation and pollen-climate relationships should be

completed with caution for the eastern part of China, because the

relationship linking vegetation and climate may be distorted.

5 | CONCLUSIONS

By assessing the quality of modern analogues, and estimating the pol-
len diversity for Holocene fossil pollen spectra from China, we con-
clude that human impact on vegetation comparable to modern human
disturbance starts after 2 cal. ka BP in the eastern part of China (north-
central, east, and south China) where there is a long history and high
intensity of human activities. Human disturbance to vegetation is rep-
resented by reduced pollen diversity together with simpler and more
homogeneous pollen assemblages. For the non-forest plant communi-
ties in western China (Tibetan Plateau and north-west China), pollen
data with low taxonomical levels of identification and using only the
presence/absence of taxa rather than their relative composition (in
percentage) are unable to provide robust evidence of non-natural dis-
turbance of vegetation at a regional spatial scale. As our results imply
that the modern and late Holocene pollen assemblages from eastern
China may have been disturbed by human activities, pollen-based re-
constructions of changes in climate and potential vegetation over the
last 2 ka should be interpreted with caution.
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