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A B S T R A C T

In an attempt to quantify Holocene anthropogenic land-cover change in temperate China, we 1) applied the
REVEALS model to estimate plant-cover change using 94 pollen records and relative pollen productivity for 27
plant taxa, 2) reviewed earlier interpretation of pollen studies in terms of climate- and human-induced vege-
tation change, and 3) reviewed information on past land use from archaeological studies. REVEALS achieved a
more realistic reconstruction of plant-cover change than pollen percentages in terms of openland versus
woodland. The study suggests successive human-induced changes in vegetation cover. The first signs of human-
induced land-cover change (crop cultivation, otherwise specified) are found c. 7 ka BP in the temperate de-
ciduous forest, and S and NE Tibetan Plateau (mainly grazing, possibly crop cultivation), 6.5–6 ka BP in the
temperate steppe and temperate desert (grazing, uncertain), and 5.5–5 ka BP in the coniferous-deciduous mixed
forest, NE subtropical region, and NW Tibetan Plateau (grazing). Further intensification of anthropogenic land-
cover change is indicated 5–4.5 ka BP in the E temperate steppe, and S and NE Tibetan Plateau (grazing,
cultivation uncertain), 3.5–3 ka BP in S and NE Tibetan Plateau, W temperate steppe, temperate desert (grazing),
and NW Tibetan Plateau (probably grazing), and 2.5–2 ka BP in the temperate deciduous forest, N subtropical
region, and temperate desert (grazing). These changes generally agree with increased human activity as docu-
mented by archaeological studies. REVEALS reconstructions have a stronger potential than biomization to

https://doi.org/10.1016/j.earscirev.2020.103119
Received 5 July 2019; Received in revised form 8 February 2020; Accepted 10 February 2020

⁎ Corresponding author.
E-mail address: furong.li@lnu.se (F. Li).

Earth-Science Reviews 203 (2020) 103119

Available online 13 February 2020
0012-8252/ © 2020 LINNAEUS UNIVERSITY. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/00128252
https://www.elsevier.com/locate/earscirev
https://doi.org/10.1016/j.earscirev.2020.103119
https://doi.org/10.1016/j.earscirev.2020.103119
mailto:furong.li@lnu.se
https://doi.org/10.1016/j.earscirev.2020.103119
http://crossmark.crossref.org/dialog/?doi=10.1016/j.earscirev.2020.103119&domain=pdf


evaluate scenarios of anthropogenic land-cover change such as HYDE, given they are combined with information
from archaeological studies.

1. Introduction

The three major objectives of this study are to i) present the first
REVEALS-based reconstruction of plant cover in time and space based
on Holocene pollen records from entire temperate and northern sub-
tropical China, ii) quantify landscape openness in the study region, and
iii) infer the role of climate and land use in plant-cover change over the
Holocene using the pollen-based REVEALS reconstructions and a review
of earlier interpretations of pollen records, palaeoclimate reconstruc-
tions, and land-use history based on archaeological studies. In addition,
we discuss the difference between pollen percentages and REVEALS
estimates of plant cover and the value of REVEALS reconstruction to
evaluate the scenarios of anthropogenic land-cover change (ALCC) used
by earth-system modelers. The goal of the study is to gain insights on
the impact of land-use history on Holocene land-cover change in China,
as a first step towards quantification of anthropogenic land-cover
change as a climate forcing.

Terrestrial land-cover is an integral part of the climate system. It
affects climate by modulating exchanges of energy, water vapour and
greenhouse gases through biogeophysical and biogeochemical pro-
cesses (e.g. Foley et al., 2005). For instance, studies using regional
climate models show that vegetation and ocean feedbacks can amplify
the East Asian climate response to the Earth's orbital factors and at-
mospheric CO2 concentrations during the Mid-Holocene (e.g. Jiang and
Zhang, 2006). These feedback processes still represent a major source of
uncertainties in climate modelling (e.g. Smith et al., 2016). Human
activities have modified land cover on Earth and influenced many as-
pects of the environment during the last several millennia (e.g.
ArchaeoGlobe, 2019). However, quantification of anthropogenic land-
cover change (mainly deforestation) over the Holocene and its feedback
effects on past climate remains a matter of debate (e.g. Ruddiman,
2003, 2005; Tarasov et al., 2006; Gaillard et al., 2010; Kleinen et al.,
2011; Wagner et al., 2013; Ruddiman et al., 2016).

Incorporation of anthropogenic land-cover change in climate models
is a major priority in Earth System modelling. Dynamic vegetation
models (DVMs) coupled to Earth System Models (ESMs) are increasingly
sophisticated, but they do not simulate anthropogenic land-cover change.
Land-use is therefore prescribed using land-use datasets based on sce-
narios of anthropogenic land-cover change (ALCCs) such as HYDE (Klein
Goldewijk et al., 2017) and KK10 (Kaplan et al., 2009). For instance, the
CMIP and PMIP climate modelling programs (Ma et al., 2019) apply the
“Land-Use Harmonization (LUH)” dataset (LUH2, Hurtt et al., 2017,
2019). However, ALCC scenarios differ significantly in their estimates of
past land use and need to be evaluated and improved (e.g. Gaillard et al.,
2010, 2018; Gaillard and LandCover6k Interim Steering Group members,
2015; Harrison et al., 2019). Pollen-based reconstructions of plant cover
and information on land use inferred from archaeological records have
the potential to provide the necessary datasets for this evaluation. The
PAGES LandCover6k working group has the goal to provide datasets of
land use and land cover for large parts of the globe with the purpose to
improve ALCCs and contribute to more realistic land-use harmonization
schemes for studies of past land use as a climate forcing. (http://
pastglobalchanges.org/landcover6k) (Gaillard and LandCover6k
Interim Steering Group members, 2015, Gaillard et al., 2018; Morrison
et al., 2018; Kaplan et al., 2017; Harrison et al., 2019). ArchaeoGLOBE
(http://globe.umbc.edu/archaeoglobe) is another initiative that recently
produced a global synthesis of archaeological knowledge on land-use
history over the Holocene (ArchaeoGlobe, 2019). ArchaeoGLOBE how-
ever still does not provide quantified land-use characteristics that can be
used in ALCC and climate modelling.

In this context, China is a key region because agricultural civiliza-
tions already flourished there in the Mid-Holocene (e.g. Wagner et al.,
2013; Wagner and Tarasov, 2014; Hosner et al., 2016; Barton, 2016). A
vast amount of archaeological studies (e.g. Wagner et al., 2013; Wagner
and Tarasov, 2014) show that humans transformed the landscapes of
central-eastern and northern China at least since ca. 6 ka BP. The re-
view of spatio-temporal distribution patterns of archaeological sites
between 10 and 2.5 ka BP by Hosner et al. (2016) indicates asynchro-
nous changes in site densities and onset of agriculture north and south
of the Yangtze River. At the northeastern margins of the Tibetan Plateau
Neolithic agriculture was introduced ca. 5.2 ka BP (Barton, 2016). The
earliest sustained settlements on the plateau itself, at altitudes
>2500 m up to >4000 m a.s.l., are dated to ca. 3.6 ka BP (Chen et al.,
2015). Historiographical information is available for the time from ca.
4 ka BP, but until 2 ka BP it is restricted mainly to central China and
peripheral zones. Bronze metallurgy became an economic factor from
ca. 3.5 ka BP and iron industry from ca. 2.5 ka BP. Moreover, the very
large economic and population development under the rules of Qin
(221–206 BCE) and early Han (206 BCE–206 CE) dynasties (Twitchett
and Loewe, 1995) likely influenced the vegetation cover significantly
around 2 ka BP over most of China's territory. Based on the difference
between simulated potential vegetation and modern vegetation and the
assumption that this difference represent human-induced vegetation,
Fu (2003), Fu and Yuan (2001), and Fu et al. (2008) suggest that >60%
of China was affected by conversion of natural forest into agricultural
land (mainly in eastern China) and grassland into desert (primarily in
northwestern China) over the past 3000 years. Fu et al. (2008) assume
that these major changes might have led to a significant decrease of the
leaf-area index and land-surface roughness, and to an increased albedo.
High-resolution satellite-image data and historical archives show that
forest cover decreased by 22% over the last 300 years, while cropland
increased by 42% and urban areas expanded substantially (Liu and
Tian, 2010).

Our objective is to better understand the impact of past land use on
Holocene land-cover change in China using pollen-based REVEALS re-
construction of plant cover as a new line of evidence besides traditional
interpretation of pollen percentages. An earlier study by Cao et al.
(2019) applied the REVEALS model using pollen records from north
Asia, including China N of 40 degrees. However, the goal of the re-
construction was different from ours; it aimed at inferring the major
driver(s) of land-cover change at large spatial and temporal scales over
the last 40 ka BP. The geographical extent of the study regions, the time
resolutions, and the methodologies of the two studies therefore differ.
We use different groups of plant taxa than Cao et al. (2019) in order to
revisit the traditional interpretation of pollen records in terms of human
impact. Cao et al.'s reconstruction has a generally larger spatial scale
(i.e. approximate size of the area of reconstructed vegetation up to ca.
5°x 5° or larger) and a lower time resolution (1000 years over the
studied period, except for the time between 12 ka and 40 ka BP (lower
resolution) and the last millennium (higher resolution)) than ours. The
spatial scale we are using is mainly 1°x 1° to 2°x 2°, and our re-
construction is transient with a time resolution of 500 yr. between 1 ka
and 11.5 ka BP. Other earlier REVEALS reconstructions are based on
pollen records from single sites (Wang and Herzschuh, 2011, 4 lake
sites in the steppes of the Qinghai-Tibet Plateau; Xu et al., 2014, 2016, 2
lake sites in the steppes and meadows of Inner Mongolia).

In the last decades, many studies were conducted to infer past re-
gional vegetation using multiple fossil pollen records in China (e.g. Yu
et al., 2000; Ren and Beug, 2002; Ren, 2007; Zhao et al., 2009a, 2009b;
Ni et al., 2010, 2014; Zhao and Yu, 2012; Cao et al., 2015, 2019; Tian
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Fig. 1. Study region and study sites (Holocene pollen records). 1A. Topographic map of China with location of the site groups (Gr 1–36) and the directions of
Westerlies, Indian Summer Monsoon (ISM), and East Asia Summer Monsoon (EASM) indicated by arrows. 1B. Map of the vegetation zones in China (Wu, 1980) and
location of the site groups (Gr 1–36). Roman numbers refer to the vegetation zones: I. Boreal forest, II. Coniferous-deciduous mixed forest, northeastern China, III.
Temperate deciduous forest, central eastern China, IV. Subtropical broadleaved evergreen and deciduous forest, southern China, V. Tropical monsoonal rainforest, VI.
Temperate steppe, north-central China; VII. Temperate desert, northwestern China; VIII. Highland vegetation, Tibetan Plateau.
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et al., 2016). Most of these studies focus on climate-induced vegetation
change and rarely mention human impact. However, land use might
have been a major factor behind vegetation change in large parts of
China during Late Holocene (e.g. Ni et al., 2014). The syntheses of
pollen-based Holocene vegetation change by Zhao et al. (2009a; east
monsoonal region), Zhao et al. (2009b; arid and semi-arid region), and
Zhao and Yu (2012; monsoon marginal region) are the most exhaustive
existing overviews that can be used for a discussion on the interpreta-
tion of pollen records in terms of climate- and human-induced vegeta-
tion changes. In addition, we review the recent literature on Holocene
pollen-based vegetation history, multi-proxy reconstructions of climate
change, and archaeological studies on the Holocene development of
agriculture in temperate China. An evaluation of the REVEALS esti-
mates of plant cover combined with a review of climate history and
archaeological evidence of settlements and land-use is necessary to
identify the land-cover changes most probably related to anthropogenic
activities.

2. Material and methods

2.1. Study region

The study region covers the area between 26.70°N and 49.28°N and
79.12°E and 134.70°E (Fig. 1). Given that estimates of relative pollen
productivity (RPP) and fall speed of pollen (FSP) are necessary for the
application of the REVEALS model, the RPP and FSP estimates available
so far for major plant taxa of temperate China governed the choice of
study region. Estimates of RPP and FSP are available for 29 pollen taxa
from studies in west-central, north-central, north-eastern and central
eastern China (Li et al., 2018). We include the northern part of the
subtropical vegetation zone in the study with the assumption that the
RPP and FSP estimates of deciduous Quercus (oak) species and Castanea
sativa (chestnut) are comparable to those of evergreen oak (Cyclobala-
nopsis) and Castanopsis (chinquapin), respectively. Wu (1980) defined
eight vegetation zones (I − VIII) in China, of which six zones are in-
cluded in our study region (Fig. 1). Zones I and V are not included in
our study. Zone I (Boreal Forest) lack pollen records that meet the se-
lection criteria for REVEALS reconstruction (see details below), and
there are no available published RPP estimates for major plant taxa of
Zone V (Tropical monsoon rainforest). The modern climate character-
istics of the six vegetation zones discussed in this paper are provided in
Table 1.

2.2. The REVEALS model and its application in China

For details on the protocol and the parameter settings used for the
application of the REVEALS model in this study, see section 2.4 below.
The reader is referred to the original publication of the model (Sugita,
2007a) for a complete description of the REVEALS model, its assump-
tions, and tests. A useful overview of the theory of pollen dispersal and
deposition can be found in Bunting et al. (2013).

The REVEALS model has the aptitude to correct the biases imbedded
in pollen data, i.e. inter-taxonomic differences in pollen productivity
and dispersal characteristics, and other factors such as differences in
lake size. Tests of the REVEALS model in Europe (e.g. Hellman et al.,
2008a; Trondman et al., 2015) and north America (Sugita et al., 2010),
have shown that the REVEALS estimates of plant abundance provide a
more accurate picture of the regional cover of major plants than un-
adjusted pollen percentages. The REVEALS model was developed for
pollen records from large lakes. However, Sugita (2007a) showed that,
in theory, the model can also be applied using pollen records from
multiple small lakes, but the REVEALS estimates will generally have
larger standard errors than those based on pollen data from large lakes.
Application of the model on pollen data from bogs violates the as-
sumption that no plants grow on the basin. Nevertheless, the REVEALS
program implements models of pollen dispersal and deposition for both

lakes and bogs. The “Prentice-Sugita” model calculates pollen deposi-
tion on the lake floor entire surface after homogenous pollen mixing in
the lake water-body (Sugita, 1993; Sugita et al., 1999). The “Prentice
model” calculates pollen deposition at one point in the centre of the bog
(Parsons and Prentice, 1981; Prentice, 1985). However, it is difficult, in
both theory and practice, to eliminate the effects of pollen coming from
plants growing on sedimentary basins (e.g. Poaceae and Cyperaceae) on
regional vegetation reconstruction. Previous studies have assessed the
impacts of the violation of this assumption on the REVEALS and LRA
outcomes (e.g. Sugita et al., 2010; Mazier et al., 2012; Trondman et al.,
2015, 2016). It was found that, when a large number of sites (bogs or
lakes) with various sizes were available, REVEALS generally provided
realistic estimates of regional vegetation when considering un-
certainties associated with the parameter estimates. An empirical study
in southern Sweden (Trondman et al., 2016) indicates that REVEALS
estimates based on pollen records from multiple small sites (lakes and/
or bogs) are comparable to the REVEALS estimates based on pollen
records from large lakes (an ideal application scenario of REVEALS;
Sugita, 2007a). The study also indicates that increasing the size of the
pollen counts significantly decreased the standard error of the REVEALS
estimates, as expected based on simulations (Sugita, 2007a).

In order to maximize the number of pollen records, our study uses
all available records that meet the criteria mentioned in the method
section, whether small or large, bog or lake. Although interpretation of
the REVEALS estimates requires caution when bog pollen records are
included, we choose to proceed with the use of pollen records from both
bogs and lakes, considering the current understanding and evidence
available for REVEALS applications. REVEALS estimates of taxa that
may grow on large bogs, such as Poaceae and Cyperaceae, can bias the
reconstruction of regional plant cover by overestimating the cover of
these taxa (see e.g. discussion in Nielsen et al., 2012). This problem also
exists in traditional vegetation reconstructions using pollen percen-
tages. A solution has often been to exclude these taxa from the per-
centage calculation sum. However, excluding taxa has also dis-
advantages, given that e.g. Poaceae and Cyperaceae may also belong to
vegetation outside the bog. We therefore include these taxa and take
into account a possible bias of the results when interpreting the RE-
VEALS reconstructions including pollen records from large bogs.

When REVEALS is applied using pollen records from multiple sites,
one of the important assumptions is that there is no spatial gradients in
vegetation composition within the multiple sites region (Sugita, 2007a).
In addition it is assumed (and computer simulations support it) that,
when the basin size is >100 ha, the site-to-site variation of pollen as-
semblages becomes negligible even if the spatial structure of vegetation
is highly patchy (Sugita, 2007a). Accordingly, the averaged values of
the REVEALS estimates using pollen records from multiple large sites

Table 1
Ranges of mean annual precipitation (MAP) based on 30 years of measurements
(1981–2011) interpolated from meteorological stations and elevation range of
the six vegetation zones covered by this study (see Fig. 1).

Vegetation zone (Wu, 1980)
Code and name

Mean annual
precipitation (mm)

Elevation
(m a.s.l.)

II Coniferous-deciduous mixed
forest

400–700 50–800

III Temperate deciduous forest 400–1000 100–300
IV Subtropical broadleaved

evergreen and deciduous forest
800–1300 2–4500

VI Temperate steppe 300–400 200–2500
VII Temperate desert 100–300 200–3200
VIII High land vegetation in Tibetan

Plateau
200–700 3400–5100

Note that the study includes only the northern part of zone IV. MAP is extracted
from http://data.cma.cn. The elevation range is based primarily on the eleva-
tions of the pollen sites used in the REVEALS reconstructions, but also on the
elevation ranges around these sites in a radius of ca 50 km.
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approximate the species composition of the regional vegetation rea-
sonably well as simulations and empirical studies have demonstrated
(e.g. Hellman et al., 2008a, b). In theory and practice, however, the
strict definition of the pollen source area is difficult for REVEALS ap-
plication. Sugita (2007a) defined it as the area within which most of the
pollen comes from. Simulations and previous empirical studies (e.g.
Sugita, 2007a, b; Hellman et al., 2008a; Sugita et al., 2010; Mazier
et al., 2012) have indicated that, when the radius of the source area
defined varies from 50 km to 400 km, the REVEALS results of regional
vegetation reconstruction do not change significantly. The basin size is
potentially important for REVEALS-based estimate of regional vegeta-
tion, because differences in basin size among sites can lead to a sig-
nificant site-to-site variation in the pollen assemblages. However, as
long as the multiple study sites are located within a region that satisfies
the first assumption as described above (no gradients in the overall
vegetation composition), the averaged REVEALS estimates effectively
represent the regional vegetation composition as demonstrated in
Hellman et al., 2008a. The accuracy of the reconstructed vegetation
against the observed vegetation composition was assessed for areas of
50 km × 50 km and 100 km × 100 km around each site in two regions
of southern Sweden. The pollen records used are from 5 large lakes in
each region, thus 10 lakes in total, that vary in size between 76 ha and
1965 ha. The results support the main conclusions and implications for
the REVEALS application based on the theory and the simulations de-
scribed in Sugita (2007a). Such evaluation is an essential step for
credible application of the REVEALS model. Unfortunately, no other
evaluation studies following the strategy of Hellman et al., 2008a have
been published so far for other regions of the world. Nevertheless, it has
been assumed that the spatial scale of the REVEALS reconstructions in
southern Sweden can be used for the whole of Europe based on other
types of validation (e.g. Fyfe et al., 2013; Trondman et al., 2015). Si-
milarly, based on the evaluation of relative pollen productivities using
the REVEALS model on multiple modern pollen assemblages (Li et al.,
2017a; Jiang et al., 2019, in revision;) we assume that REVEALS is
adequate for application in temperate China and that the spatial scale of
reconstruction is comparable with the one in southern Sweden and
Europe.

2.3. Pollen records

We use the pollen records from the archive compiled by Cao et al.
(2013) and original pollen data contributed by individual palynologists.
The selection of pollen records follows the same criteria as those ap-
plied in Europe (Mazier et al., 2012; Trondman et al., 2015; Marquer
et al., 2014, 2017). We use records from both lakes and bogs, large and
small, in order to maximize the number of sites in the dataset (see ra-
tionale in “the REVEALS model”, section 2.2 above). The criteria for the
selection of pollen records/sites are as follows. The pollen records
should:

- include the original pollen counts (i.e. not pollen percentages; see
section 2.4 below),

- have a chronology based on a minimum of three dates,
- cover all or parts of the Holocene,
- have a pollen sample (i.e. pollen count) resolution that ensures a
large number of time windows with several pollen counts and few
time windows without pollen counts,

- have a good quality of pollen identification, i.e. pollen types should
be identified to the taxonomic level that is most common in pollen
analysis. We excluded records in which e.g. Poaceae and
Cyperaceae, and/or Pinus and Piceawere counted as one pollen type.

The final dataset comprises 94 selected pollen records. They are
listed with details on their location, vegetation, chronology, and bib-
liographic references in Appendix A (Table A.1). All chronologies were
carefully checked and for some sites, new age/depth models were

established using the BACON software (Blaauw and Christen, 2011).
Hereafter, all ages are expressed in ka (=1000 years) BP (Before Pre-
sent = 1950 CE). In order to minimize the standard errors (SE) on the
REVEALS estimates (see section 2.4 below), we increase the size of
pollen counts for each pollen record by summing up pollen counts
within time windows. For consistency, we use the same time windows
as Marquer et al. (2014, 2017) and PAGES LandCover 6 k (http://
pastglobalchanges.org/landcover6k) to facilitate comparison between
results over the globe, as follows: 0–0.1 ka BP, 0.1–0.35 ka BP,
0.35–0.7 ka BP, and windows of 0.5 ka from 0.7 to 11.7 ka BP.

REVEALS estimates of plant cover should be representative of the
regional vegetation (spatial scale of ca. 100 km × 100 km, see section
2.2 above). To avoid possible biases of REVEALS estimates from single
sites we use, as much as possible, pollen records from several sites
within areas of ca. 100 km × 100 km and calculate mean REVEALS
estimates of plant cover (see section 2.4 below). Therefore, pollen re-
cords/sites are grouped based on the combination of several criteria,
i.e. modern vegetation zones, mean annual precipitation (MAP), vege-
tation community types, and similar vegetation history over the Holo-
cene (based on PCAs of all sites' pollen assemblages for selected time
windows, see Appendix B). Several studies of the modern relationship
between pollen, vegetation and climate have shown that MAP is the
major climate factor that controls the distribution of vegetation in
northern China today (e.g. Li et al., 2014; Li et al., 2017b). These cri-
teria led to 36 site groups (Appendix B, Table B.1). Although some
groups include sites located within relatively large distances and/or at
different elevations (e.g. groups 22 and 24), the MAP and vegetation
types are similar between sites within a group.

2.4. Application of the REVEALS model

2.4.1. Input data and parameters
The application of the REVEALS model in this study follows the

LandClim protocol described in detail in Mazier et al. (2012) and
Trondman et al. (2015). This protocol was adopted for all REVEALS
reconstructions contributing to PAGES LandCover6k (http://
pastglobalchanges.org/landcover6k; e.g. Dawson et al., 2018).

The application of the REVEALS model requires pollen counts as
input data. For each site, the identified pollen types are harmonized
with the 27 plant taxa for which we have relative pollen productivity
(RPP) and fall speed of pollen (FSP) values (see section 2.3 above, and
examples of harmonization in Mazier et al., 2012; Trondman et al.,
2015, Appendix S2). Moreover, the pollen counts of the 27 pollen taxa
within each time window (see section 2.3 above) are summed up into
one single pollen count before the REVEALS application.

Besides pollen counts, the REVEALS model requires a number of
input parameters, i.e. the radius of each site, the Relative Pollen
Productivity (RPP) and the Fall Speed of Pollen (FSP) of each plant
taxon corresponding to the pollen-morphological taxa used in the re-
construction, the wind speed, and the maximum extent of the regional
vegetation (Zmax) (see section 2.2 above). The site radius (m) was cal-
culated from the total area (ha) assuming that the site shape is circular
(Mazier et al., 2012). The site area was found in the pollen archive
assembled by Cao et al. (2013), publications, or was provided directly
by the author of the pollen record. If no such information was available,
the site was identified on Google Earth and its size was measured by
dividing the area into regular shapes (e.g. circles, triangles, and
squares), calculating their areas, and summing them into a total area.
The radius was then calculated using that area, assuming a circular
lake.

We use the available recommended mean RPP (and related standard
error SE) and the FSP values from the synthesis of all published RPP
studies in temperate China (Li et al., 2018; for the FSP values, see Li
et al., 2018, Supplementary Material, Table S3). The RPPs in the
synthesis were calculated from datasets of modern pollen and related
vegetation data using the ERV model (e.g. Li et al., 2017c), and the FSPs
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using the Stoke's law (Gregory, 1973) and measurements of the pollen
grains, adjusted by a shape factor following McNown and Malaika
(1950). The synthesis by Li et al. (2018) includes RPP and FSP values
for 29 plant taxa. We harmonized the 29 taxa with the pollen-mor-
phological taxa found in the fossil pollen records selected for the re-
construction (see section 2.3 above), which resulted in a RPP-FSP da-
taset with 25 plant taxa. In addition, we assume that Cyclobalanopsis
(evergreen oak) and Castanopsis (chinquapin) have similar RPP and FSP
values as deciduous oak (Quercus) and Castanea, respectively, which
results in a final RPP-FSP dataset with 27 plant taxa (Table 2). In
contrast with the reconstruction by Cao et al. (2019), we did not use
RPP and FSP values from studies performed in other parts of the world,
i.e. Siberia and Europe. There are two reasons for this choice: Picea and
Abies are major taxa only in few areas of temperate China (mainly in the
Northeast) and the applicability of RPPs from Europe in China has not
been evaluated so far. These taxa are more widespread in the region
studied by Cao et al. (2019), which supports the authors' decision to use
the RPP values from Europe in spite of the uncertainty regarding their
adequate application.

We use a constant wind speed of 3 m/s, which is assumed
to correspond approximatively to the modern mean annual wind speed
in continental China. This is also the wind speed that was used for the
REVEALS reconstruction of Holocene regional vegetation cover in
Europe (Trondman et al., 2015). Zmax (maximum extent of the regional
vegetation) is set to 100 km. The influence of the choice of Zmax
and wind speed on REVEALS estimates has been evaluated in simula-
tion and empirical studies (e.g. Sugita, 2007a; Mazier et al., 2012). The
general conclusion is that changing wind speed from 2 to 6 m/s and
Zmax from 50 to 200 km does not change the ranking of taxa or groups
of taxa in terms of their REVEALS-based % cover, although the absolute
values might differ significantly, in particular for different wind speeds.

2.4.2. Calculation of REVEALS estimates of plant cover and their standard
errors

We used a series of computer programs (REVEALS.V.5.0, bog.lake.-
data.fusion, and plant.pft10) to calculate the pollen-based mean
REVEALS estimates of plant cover for each site group. The most updated
version of the REVEALS computer program, LRA.REVEALS.v6.2.4.exe,
now implements in a single application all calculations executed in the
earlier three computer programs. LRA.REVEALS.v6.2.4.exe and example
files can be downloaded as a zip file from the link https://1drv.ms/u/
s!AkY-0mVRwOaykdgmINfXVsC-4t4n5w?e=7U55hO. The calculations
of pollen-based mean REVEALS regional plant cover using the REVEALS
model are implemented as follows: the REVEALS estimates of plant cover
for 27 taxa are first calculated for all time windows of each site in a site
group individually (site group: see section 2.3 above). Different models
of pollen dispersal and deposition are applied for bogs and lakes (section
2.2 above). The outputs are then used to calculate the mean REVEALS
estimates of the 27 pollen taxa for the site group. To do so, the REVEALS
estimates from individual sites within the site group are weighted with
the taxon-specific “pollen dispersal-deposition coefficient” of the 27
pollen taxa. This coefficient (named K) is also influenced by the basin
size (i.e. the larger the basin the heavier the weighting for each taxon)
(Sugita, 2007a).

The reliability and accuracy of the REVEALS reconstruction at each
site is partly indicated by the standard errors (SEs) of the estimates for
individual taxa (in proportion). The formulation of the standard error
can be found in the Appendix B of Sugita (2007a). The REVEALS SE
takes into account the standard errors on the relative pollen pro-
ductivities for the individual pollen taxa (see Table 2) and the number
of pollen grains counted at the site. The uncertainties of the averaged
REVEALS estimates of plant taxa for a site group are expressed as the
standard errors derived from the sum of the within- and between-site
variations of the REVEALS results in the group.

In order to summarize the results for the 27 individual plant taxa,
we grouped these taxa into plant functional types (PFTs) and land-cover

types. In this paper, we follow the same “nomenclature” for groups of
plant species or taxa as in Europe (Trondman et al., 2015), i.e. we use
the PFTs and “biomes”/vegetation types as generally defined in dy-
namic vegetation models and climate models. PFTs can be either in-
dividual taxa (e.g. Pinus, Betula) or groups of taxa (Quercus, Ulmus,
Tilia). Land-cover types are large groups of taxa such as summer-green
trees, evergreen trees, openland. Moreover, we harmonized our groups
of plant taxa with the definitions of PFTs and biomes used in the large
syntheses by Ni et al. (2010, 2014) for China. Our PFTs and biomes are
in some cases groups of several PFTs/biomes in Ni et al.'s classification
(see Table 3). Note that Ni et al. (2014) define an “anthropogenic
biome” although anthropogenic vegetation can include plants with
different functional traits. Trondman et al. (2015) used instead the term
“land-cover type” for plant/pollen indicators of openland in general
and the term PFT for pollen/plant indicators of grassland and cropland.
In this paper we use the term PFT for Poaceae, Cyperaceae, Rosaceae
and the remaining herbs. We separated Poaceae, Cyperaceae and Ro-
saceae from the remaining herbs to allow evaluation of the effect of
these taxa on the reconstruction in cases where these taxa may be as-
cribed to local vegetation (Poaceae and Cyperaceae growing on bogs) or
shrubby vegetation (e.g. the Rosaceae Potentilla fruticosa (shrubby cin-
quefoil)). In contrast with PFTs used by vegetation and climate mode-
lers, a plant taxon cannot be included in several PFTs or land-cover
types in REVEALS reconstructions. This is because REVEALS cannot
quantify the cover of a single plant taxon in different plant groups from
pollen data. Conversion of the standard errors (SEs) for the taxon-based
mean REVEALS estimates to SEs for the PFT (or land-cover type) mean
REVEALS estimates is calculated by the delta method (Stuart and Ord,
1994). The REVEALS program of Sugita's provides output files neces-
sary for this conversion. The formula is explained in Appendix C.

3. Results

In this section, we summarize the results of the REVEALS re-
construction in terms of relationship between tree/woodland and
openland PFTs, i.e. I − VI (woodland)/VII − X (herbs and a few

Table 2
Fall speed of pollen (FSP) and mean relative pollen productivities (RPP) with
their standard errors (SE) in brackets according to the synthesized RPP dataset
Alt2 of Li et al. (2018); see text for more explanations.

Taxa Abbreviations FSP(m/s) RPP(SE)

Trees & shrubs Betula Bet 0.014 12.42(0.12)
Castanea Cas 0.004 11.49(0.49)
Castanopsis Caop 0.004 11.49(0.49)
Cupressaceae Cup 0.010 1.11(0.09)
Cyclobalanopsis Cycl 0.019 5.19(0.07)
Elaeagnaceae Ela 0.012 8.88(1.30)
Fraxinus Fra 0.017 3.94(0.73)
Juglans Jug 0.031 7.69(0.24)
Larix Lar 0.126 2.14(0.24)
Pinus Pin 0.035 18.37(0.48)
Quercus Que 0.019 5.19(0.07)
Rubiaceae Rub 0.010 1.23(0.36)
Tilia Til 0.028 0.65(0.11)
Ulmus Ulm 0.021 4.13(0.92)

Herbs Amaranth./Chenop. Amar/Chen 0.013 4.46(0.68)
Artemisia Art 0.010 21.15(0.56)
Asteraceae Ast 0.019 4.4(0.29)
Brassicaceae Bra 0.012 0.89(0.18)
Cannabis/Humulus Can/Hum 0.010 16.43(1.00)
Convolvulaceae Con 0.043 0.18(0.03)
Cyperaceae Cyp 0.022 0.44(0.04)
Fabaceae Fab 0.017 0.49(0.05)
Lamiaceae Lam 0.015 1.24(0.19)
Liliaceae Lili 0.013 1.49(0.11)
Poaceae Poa 0.021 1(0)
Ranunculaceae Ran 0.007 7.77(1.56)
Rosaceae Ros 0.009 0.22(0.09)
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cultivated trees/openland) (Figs. 2−6). PFTs VII − X (Biome group 4,
Table 3) represent either the natural biomes tundra, desert, and tem-
perate xerophytic shrub land and grassland, desert, and tundra (TEXE,
TEGR, DESE, CUSH, DRYT, PROS, DWAR, SHRU) or the “anthropogenic
biome” (ANBI) (Ni et al., 2010, 2014). Below we use the term “open-
land” (OL) for PFTs VII − X. Holocene changes in REVEALS-based plant
cover of the seven PFTs (single genus/family) and three PFT groups
(multi genus/family) as defined in Table 3 (see Appendix D for corre-
spondence to Ni et al. (2010, 2014) PFTs and biomes) (Figs. 2 to 6).
Changes in relative cover of individual taxa (Appendix E, Figs.
E.1 − E.15) are described in more detail and interpreted in terms of
natural, climate-induced or human-induced vegetation change in the
discussion section 4.4, below. In order to put the Holocene history of
plant cover in the context of today's vegetation, we describe briefly
modern plant cover in each vegetation zone before summarizing the
past changes. Knowledge on modern vegetation and its major plant taxa
also helps interpretation of the pollen-based REVEALS reconstructions
of past vegetation cover.

3.1. Coniferous-deciduous broadleaved mixed forest zone, north
easternmost China (zone II, site groups (Gr) 1–3, Figs. 2 and E.1)

The modern vegetation is dominated by cultivated land with Carex-
and Poaceae-dominated meadows and patches of natural vegetation
consisting of coniferous-broadleaved mixed woodland dominated by
Pinus koraiensis (red pine) with other common taxa including Picea
(spruce), Abies (fir), Larix (larch), Tilia (linden), Fraxinus (ash), Betula
(birch) and Corylus (hazel) shrubs.

Openland (OL, PFTs VII − X) has the largest cover in site group (Gr)
1 over the entire Holocene. OL clearly increases from ca. 10.5 ka BP in
site group 3, and from ca. 10 ka BP in site group 2, while it increases
from ca. 5.5 ka BP only in site group 2. There is an increase in Artemisia

at the expense of trees and other herbs in site group 3 (Fig. E.1) and an
increase of woodland at the expense of OL in site group 2 in recent
times (1750 CE until present). Cyperaceae are likely largely of local
origin in site group 1 (bog sites) which implies that the regional cover
of OL might be similar to that of site groups 2 and 3. However, the
results with Cyperaceae excluded (not shown) do not reveal any clear
changes in OL over the Holocene.

3.2. Temperate deciduous forest, central eastern China (Zone III, single sites
13 and 14; Figs. 2, E.5)

The modern vegetation around the two sites is characterized by
cultivated cropland, marshes dominated by Phragmites communis
(common reed) (Poaceae), and meadows with Suaeda glauca (common
sea-blite) (Chenopodiaceae).

The two pollen records are from bogs, which imply that large part of
the Poaceae and Cyperaceae might be of local origin. However,
REVEALS reconstructions excluding Cyperaceae (results not shown)
still indicate large regional OL cover. There are no clear changes in the
relationship between OL and woodland at site 14. In contrast, woodland
cover clearly decreases from ca. 2 ka BP at site 13 due to an increase of
Cyperaceae, followed by an increase of Poaceae and Artemisia (Fig. E.5)
from ca. 1.5 ka BP until 0.5 ka BP. Poaceae further increases at the
expense of Artemisia (Fig. E.5) and Cyperaceae in recent times.

3.3. Subtropical broadleaved evergreen and deciduous forest, southern
central and eastern China (Zone IV, site groups (15–21); Figs. 3, E.6, E.7,
and E.8)

The modern vegetation of the three northeastern site groups 15–17
is dominated by cultivated land with small patches of woodlands,
steppe and meadows. The woodlands include the following types i)
Pinus massoniana (Masson's pine), ii) mixed Pinus kesiya var. langbia-
nensis (Khasi pine), Cunninghamia lanceolata (China fir), Ulmus, Fraxinus
and Juglans, iii) Quercus variabilis, iv) Phyllostachys pubescens (Bamboo),
v) mixed Castanea seguinii (Chinese chinquapin), Quercus serrata
(jolcham oak), and Platycarya strobilacea (Platycarya), vi) Castanopsis
sclerophylla (chinquapin), and vii) Cyclobalanopsis glauca (Japanese blue
oak). The openland (cultivated land excluded) comprises Themeda ja-
ponica (red oat grass) steppe, and Phalaris arundinacea (reed canary
grass) and Alopecurus aequalis (shortawn foxtail) meadows. The modern
vegetation of the westernmost part of the vegetation zone (site group
21) is dominated by Kobresia (perennial sedges) meadow, alpine sparse
vegetation, Salix vaccinioides (“WuFanYe” low willow shrub) shrub, and
Rhododendron simsii (Sims's rhododendron) shrub with patches of Picea
likiangensis var. balfouriana (LiJiang spruce) woodland and Abies squa-
mata (flaky fir) woodland. The modern vegetation in the region of the
three site groups 18, 19 and 20 in the southwestern part of the study
region consists of shrubs, woodland, alpine sparse vegetation and
meadows. Major shrubs include Rhododendron simsii, Pinus yunnanensis
var. pygmaea (YunNan pine), Castanea seguinii, Quercus fabri (Faber's
oak). Tree taxa are mainly Pinus thunbergii (black pine), P. yunnanensis,
P. densata (SiKang pine), and Abies delavayi (Delavay's fir), and the
meadows are characterized by Festuca ovina (sheep fescue),
Calamagrostis arundinacea (bunch grass and other herbs).

All pollen records are from lakes except one bog in site group 15
(together with 4 lakes), one bog in site group 18 (together with 2 lakes),
and 2 bogs in site group 16. Cyperaceae has a large cover in the three
site groups, which might be due to local vegetation on the bogs that
might bias the reconstruction. Site group 21 (3 lakes) is located in a
region with large areas of Kobresia meadows which might explain the
dominance of Cyperaceae cover throughout the Holocene. Within the
Openland (OL) cover, Rosaceae is dominant throughout the Holocene in
site group 19, and in Early Holocene in site groups 17 (8.5 to 3.5 ka BP)
and 20 (8.5 and 6 ka BP). Poaceae is dominant in Late Holocene in site
groups 15 (4 to 0.5 ka BP), 17 (from 3 ka BP), and 20 from 5.5 ka BP.

Table 3
Plant taxa included in this study's REVEALS reconstructions, plant taxa or
groups of taxa defined as “plant functional types” (PFTs), and related biomes
following Ni et al. (2014). The correspondence with the PFT ID, codes and
names, and the biomes of Ni et al. (2010, 2014) is shown in Appendix D, Table
D.1.

Taxa PFTs Biome group description Landscape

Pinus I A. Cold deciduous, cold and cool
evergreen, and cold temperate
evergreen and mixed forest

Woodland
Cupressaceae II
Larix III
Betula IV

Fraxinus V B. Cool mixed forest and
temperate deciduous broad-
leaved

Quercus
Tilia
Ulmus

Castanopsis VI C. Warm temperate evegreen and
mixed forest, and tropical semi-
evergreen and evergreen
broadleaved forest

Cyclobalanopsis
Elaeagnaceae
Rubiaceae

Amaranth./Chenop. VII D1. Temperate xerophytic
shrubland and grassland, desert,
and tundra or D2. Anthropogenic
biome

Openland or/
and cultivated
trees

Artemisia
Asteraceae
Brassicaceae
Cannabis/Humulus
Castanea
Convolvulaceae
Fabaceae
Juglans
Lamiaceae
Liliaceae
Ranunculaceae
Poaceae VIII
Cyperaceae IX
Rosaceae X
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Other herbs such as Artemisia and Chenopodiaceae (PFT group VII, Fig.
E.5) are dominant in site group 15 from 0.25 ka BP. The subtropical/
tropical evergreen broad-leaved trees (PFT group VI) have their highest
cover in site groups 15, 17 and 18. The OL cover is dominant in all site
groups except for site group 20 before 6 ka BP and site group 18 before
1.5 ka BP. OL is largest in the site groups located in the northeastern
and westernmost part of the vegetation zone (site groups 15–17, 21).
Woodland cover is largest in the southwestern part of the vegetation
zone (site groups 18–20). The major periods of decreased woodland
cover are between ca. 5.5 (5.0) and 4.5 (4.0) ka BP (site groups 15, 17,
19 and 20) and between 3 (2.5) and 0.5 (0.25) ka BP (site groups 16,
17, 19 and 20) or between 1.5 and 0.5 ka BP (site groups 15 and 18). In
site group 19 there is also an increase in OL from 7.5 ka with relatively
low woodland cover until 6.5 ka BP. The cover of woodland is very low
in site group 21 throughout the Holocene, and the periods of lowest
cover are due to higher cover of Cyperaceae 11.5–11 ka BP, 9.5 ka BP,
7.5 ka BP, 5.5 ka BP and 3–0.25 ka BP. In site group 18 the relationship
OL/woodland is stable except for two “outlier levels” (7.5–7 ka BP) and
the Late Holocene from 1.5 ka BP.

3.4. Temperate steppe, northern central and northeastern China, and
northernmost western China (Zone VI, site groups 4–11; Figs. 4, E.2, E.3,
and E.4)

The entire sub-region is located in the temperate steppes of central
northern China. The modern vegetation for the site groups 4–11 con-
sists of Poaceae-dominated temperate steppe with sparse Ulmus trees
and meadows, and cultivated land with patches of Populus forest, and
Populus and Betula mixed forest. Site groups 4, 5, 10, and 11 include
sites that are close to the vegetation zones II, III and IV characterized by
a dominance of woodlands.

Five site groups (5, 8–11) are characterized by relatively large
REVEALS-based tree cover in comparison to the other site groups. This
is the case from ca. 8.5 ka to 3.5 (2.5) ka BP in particular. Pine is
dominant within the woodland cover between 6.5 and 1.5 ka BP in site
group 8, between 8.5 and 1 ka BP in site group 9, and 11.5–10.5 ka BP
and between 7.5 and 1 ka BP in site group 10. In contrast, pine is
dominant only in recent times in site group 5 where temperate broad-
leaved trees (PFT V) are dominant throughout the Holocene. Site
groups 8, 10 and 11 also exhibit relatively large cover of PFT V and
birch (Fig. E3), in particular over Early Holocene. Site group 12 is
characterized by almost 100% OL with a dominance of Cyperaceae. The
two sites are bogs and therefore the reconstruction is most probably
biased by local vegetation. However, site group 6 (two sites from one
lake), in northernmost eastern China, also shows very high percentage
cover of OL throughout the Holocene. Woodland cover reaches 10 to
20%, except for four “outlier” levels with high cover of Larix (see ex-
planation in the discussion section below). Site group 4 (two bogs) also
exhibits a high cover of Cyperaceae until 1 ka BP. Cyperaceae is
dominant in the Early Holocene in site groups 5 and 6 (11.5 ka BP), 7
(11.5–7.5 ka BP), and 9 (11–7 ka BP). Rosaceae is dominant within OL
only in site group 11 from 6 to 2 ka BP, and has a relatively large cover
(10–25%) over the Early Holocene in site group 9 (until 6 ka BP), and
over the Late Holocene in site group 4 (from 5.5 ka BP). Poaceae is
dominant within OL throughout the Holocene in site group 8 (except at
few levels) and in site groups 7 (7 to 3 ka BP), 9 (6.5 to 4 ka BP and ca.
0.25 ka BP), 11 (from 2 to 0.5 ka BP), and 6 (in recent time from 0.5 ka
BP). Site groups 5, 8, 10 and 11 have a similar history of the re-
lationship between woodland and OL cover. The woodland cover is

largest from 8 (7.5) to 3.5 (2.5) ka BP and decreases at 7 ka BP and from
3 ka BP in site group 5, from 4.5 ka BP and 2.5 ka BP in site groups 8
and 10, and from 2.5 ka BP in site group 11. Woodland has its highest
cover between 7 and 5.5 ka BP in site group 7, between 5 and 4.5 (4) ka
BP in site groups 4 and 9, and between 3.5 and 1 ka BP in site group 6.
Woodland cover decreases from 5 until 1 ka BP in site group 7, from 4
to 2 ka BP in site group 4, and from 3.5 to 2 ka BP in site group 9. In all
site groups except 4 and 12 the lowest woodland cover is reached from
1, 0.5 or 0.25 ka BP. After the lowest woodland cover is reached, it
increases again from 1.5 ka BP in site group 4, 0.25 ka BP in site groups
5 and 7, and from 0.1 ka BP in site groups 8, 11 and 12.

3.5. Temperate desert, northwestern China (Zone VII, site groups 22–30,
Figs. 5 and E.9–E.11)

The modern vegetation is dominated by desert and cultivated land
except for site group 27 that belongs to the Picea forest zone, most sites
of group 26 characterized by Kobresia myosuroides (Pacific Kobresia)
meadows, and few lake sites surrounded by large marsh areas. All site
groups are dominated by OL with only site groups 23 and 29 having a
woodland cover of more than 2% and up to 10–15% over most of the
Holocene. Site group 22 differs from the other site groups due to high
percentage cover of Cupressaceae from 11.5 to 7.5 ka BP. Large changes
in the relationship between Rosaceae, Cyperaceae, Poaceae, and all
other herbs (PFT VII) occur in all site groups. A distinct decrease in PFT
VII occurs in Late Holocene in site groups 29 (3.5 ka BP), 23 and 25
(3 ka BP), 24 (2.5 ka BP), 30 (2 ka BP), 22 (1.5 ka BP) and 27 (0.5 ka
BP). These decreases are related to increases of the cover of Poaceae or
Cyperaceae, and Rosaceae in the case of site group 29. Site groups 26
and 27 show a significantly different history with an increase in
Cyperaceae from 6.5 ka BP in site group 26 and an increase in PFT VII
from 2.5 ka BP in site group 28.

3.6. Highland vegetation of the Tibetan Plateau, south western China (Zone
VIII, site groups 31–36, Figs. 6 and E.12–E.15)

The eastern part of the Tibetan Plateau is dominated by alpine
meadows and steppes, while semi alpine desert and temperate desert is
dominant in the western part. Modern vegetation for the site groups 31,
32 and 33 located in the eastern part of the vegetation zone is domi-
nated by Kobresia meadows (e.g. Kobresia myosuroides, K. setchwanensis
(SiChuan Kobresia), K. capillifolia (simple Kobresia), and K. littledalei).
Stipa purpurea (species of feather grass, Chinese “ZiHua”) steppe is also
abundant, and patches of Polygonum macrophyllum (red knotweed or
large leaved knotweed) and P. viviparum (alpine bistort) meadows, and
Carex muliensis (species of true sedge, Chinese “MuLiTaiCao”) marsh
occur within the Kobresia meadows. Potentilla fruticosa (shrubby cin-
quefoil) shrub vegetation occurs close to the site Zoige RH (site group
31). Modern vegetation in the area of site groups 34, 35, and 36 in the
western part of the Plateau is dominated by Stipa purpurea and S.
glareosa (sandy needlegrass) steppe and Ceratoides compacta (winterfat)
desert.

OL has a cover of almost 100% and woodland never exceeds 7%
cover in all site groups except in site groups 31 and 33 where Larix has
high percentage cover at several levels (see possible causes for this in
the discussion section below). Cyperaceae are dominant throughout the
Holocene in site groups 31 (five bogs and four lakes), 32 (one bog and
six lakes), and 36 (one single lake), whereas the proportions of the herb
taxa change over time in site groups 33, 34, and 35 (Figs. E.14 and

Fig. 2. REVEALS estimates for ten plant functional types (PFTs) (single plant taxa or groups of plant taxa) (see Table 3) in vegetation zones II (Coniferous-deciduous
mixed forest) and III (Temperate deciduous forest). PFT groups V-VII are as follows: V. Cool mixed forest, temperate broad-leaved forest, i.e. Fraxinus, Quercus, Tilia
and Ulmus; VI. Warm temperate forest and tropical forest, i.e. Castanopsis, Cyclobalanopsis, Elaeagnaceae, and Rubiacea; VII. Cultivated land, temperate grassland,
tundra, and desert taxa, i.e. Artemisia, Asteraceae, Brassicaceae, Castanea, Amaranthaceae/Chenopodiaceae, Convolvulaceae, Fabaceae, Cannabis/Humulus, Juglans,
Lamiaceae, Liliaceae, and Ranunculaceae.
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Fig. 3. REVEALS estimates for ten plant functional types (PFTs) (single plant taxa or groups of plant taxa) (see Table 3) in vegetation zone IV (Subtropical
broadleaved evergreen and deciduous forest). PFT groups V-VII see caption of Fig. 2.
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Fig. 4. REVEALS estimates for ten plant functional types (PFTs) (single plant taxa or groups of plant taxa) (see Table 3) in vegetation zone VI (Temperate steppe). PFT
groups V-VII see caption of Fig. 2.
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Fig. 5. REVEALS estimates for ten plant functional types (PFTs) (single plant taxa or groups of plant taxa) (see Table 3) in vegetation zone VII (Temperate desert).
PFT groups V-VII see caption of Fig. 2.
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Fig. 6. REVEALS estimates for ten plant functional types (PFTs) (single plant taxa or groups of plant taxa) (see Table 3) in vegetation zone VIII (Highland vegetation,
Tibetan Plateau). PFT groups V-VII see caption of Fig. 2.
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E15). The most consistent change is the increase and dominance of PFT
VII in Late Holocene, from 3.5 ka BP in site group 34, and from 2.5 ka
BP in site group 35. Poaceae is dominant in most levels of the Early- and
Mid-Holocene in both site groups. The cover of Rosaceae is largest in
site groups 34 and 36.

4. Discussion

4.1. Reliability and accuracy of the REVEALS estimated vegetation cover

The reliability of the REVEALS reconstructions depends mainly on
how reliable the relative pollen productivity (RPP) estimates and
chronologies of the pollen records are. Pollen records were carefully
selected and represent the best dated ones, either based on a large
number of dates, or based on fewer dates (≥3) but for which the ob-
tained dated pollen stratigraphy was checked against pollen records
with strong chronologies (see Method section for more details). The
reliability of the RPP values and applicability of the REVEALS model
are best tested by applying the REVEALS model using modern pollen
assemblages from large lakes and the available RPPs, and comparing
the REVEALS-based vegetation cover with modern plant cover ex-
tracted from various sources (forest inventories, vegetation maps, field
surveys, etc.). So far, such test was performed only in Europe (Hellman
et al., 2008a, b) and northern America (Sugita et al., 2010). Reliability
of RPPs was tested in China with modern datasets of pollen from moss
pollsters or soils and related vegetation cover (e.g. Li et al., 2017a;
Jiang et al., 2019, in revision). Li et al., 2017a used both the Modern
Analogue Technique (MAT, e.g. Jackson and Williams, 2004; Simpson,
2012) and the Landscape Reconstruction Algorithm (LRA, i.e. the RE-
VEALS and LOVE models; Sugita, 2017a, b) to reconstruct local plant
cover and compared the reconstructions with the actual vegetation
within the RSAP of the pollen sample sites. The authors found that the
actual vegetation was significantly more similar to the LRA- than the
MAT-based vegetation cover. These results imply that the LRA re-
construction was better in reconstructing plant cover than MAT, and
demonstrate that the RPPs are reliable when used in the same study
area to reconstruct modern plant cover with the LRA approach.

The accuracy of the reconstructions depends on the dating resolu-
tion and the number of pollen records used in each reconstruction
(Trondman et al., 2015). Besides the standard errors (SEs) on RPPs, the
number of sites/pollen records (i.e. the size of pollen counts) and the
between-site variation in pollen assemblages are the factors that affect
the SEs of the REVEALS estimates most (see details on SEs in the
Method section and in Sugita (2007a), Trondman et al. (2016). The
higher the pollen counts and the lower the between-site variation, the
smaller the SE on the REVEALS estimate, i.e. the more accurate the
REVEALS reconstruction. In this study, the SEs are smaller than the
REVEALS mean estimates for almost all taxa and time windows (Figs.
E.1–E.15), i.e., pollen counts and the number of sites are generally
large. The REVEALS estimates with the lowest standard errors are found
for major taxa in the vegetation, primarily Pinus, Juglans, Quercus,
Poaceae, Amaranthaceae/Chenopodiaceae, Artemisia, Asteraceae and
Cyperaceae, and for high values of plant cover in general. In contrast,
the SEs are generally large for low values of plant cover (Figs.
E.1 − E.15). When SEs are large on high REVEALS plant cover, it is due
to large differences in pollen assemblages between the pollen records
used in the reconstructions.

The effect of more complex pollen dispersal and deposition char-
acteristics (e.g. complex patterns of orographic wind fields) in moun-
tainous areas of China on the application of the REVEALS model is not
studied. Marquer et al. (2020) examined such effects in the French
Pyrenees (Europe). The authors showed that the REVEALS estimates of
regional plant cover based on pollen records from multiple small sites
located above the tree line were significantly different from the actual
plant cover. However, these results do not demonstrate that the RE-
VEALS model performs poorly in mountainous regions. In this case, the

cause behind the bias might be primarily the use of sites located ex-
clusively above the tree line. Nevertheless, numerous studies of modern
pollen deposition in mountains and at northern tree lines have shown
that tree pollen from altitudes below/within the tree line is often
overrepresented at sites over/beyond the tree line (e.g. Markgraf, 1980;
Hicks et al., 2001; Knaap Van Der et al., 2001; Cañellas-Boltà et al.,
2009 for Europe; Li, 1985; Lu et al., 2008; Zhang et al., 2017 for China).
In this study, the mountainous regions are found primarily in the
western part of vegetation zone IV, and the eastern part of vegetation
zones VII and VIII. The bias of pollen assemblages in terms of tree
pollen (pine, but also birch and other summer-green trees) due to
orographic winds might influence and bias the REVEALS reconstruc-
tions in particular for site groups 18, 19 and 21 (vegetation zone IV), 23
(zone VII), and 31–36 (zone VIII). However, such biases can be de-
monstrated only with proper validation studies using modern pollen
records from large lakes or multiple small lakes and related vegetation
surveys within an area of minimum 100 km× 100 km around the lakes
(e.g. Hellman et al., 2008a, b).

4.2. Differences between pollen percentages and pollen-based REVEALS
estimates of plant cover

PCA was used to explore the difference between pollen percentages
and REVEALS-based plant cover for all site groups of five vegetation
zones (II, IV, VI, VII and VIII) and for three time periods, 0–0.1 (0 k),
2.7–3.2 (3 k) and 5.7–6.2 (6 k) ka BP. Details on the implementation of
the PCA and results are presented in Appendix B.

The difference between pollen percentages and REVEALS estimates
is shown to be large for most site groups. The largest difference is found
for site groups 1 (3 k), 2 (6 k, 3 k), and 3 (6 k, 3 k) in vegetation zone II
(Coniferous deciduous mixed forest), 4 (6 k, 3 k, 0 k), 6 (6 k, 3 k), 9 (6 k,
3 k), 10 (6 k, 3 k, 0 k), and 11 (6 k, 3 k, 0 k) in vegetation zone IV
(Subtropical broadleaved evergreen and deciduous forest), and 22 (6 k,
3 k, 0 k), 23 (6 k, 3 k, 0 k), 24 (6 k, 3 k, 0 k), 26 (6 k, 3 k, 0 k), and 28
(6 k, 3 k) in vegetation zone VII (Temperate desert). In contrast, there is
little difference for site groups 18 (6 k, 3 k, 0 k) and 21 (6 k, 0 k) in
vegetation zone IV, site group 27 (3 k) in vegetation zone VII, and site
groups 32 (6 k, 3 k, 0 k), 33 (3 k), 34 (0 k), and 35 (3 k, 0 k) in
vegetation zone VIII (Highland vegetation, Tibetan Plateau). The lar-
gest effect of REVEALS correction due to taxa with particularly high
(e.g. Betula, Pinus, Poaceae, Artemisia) or low (e.g. Larix, Rosaceae,
Cyperaceae, deciduous broad-leaved trees in general) RPPs is generally
seen in regions where - and at times when:

- the vegetation is a mix of woodland and openland characterized by
relatively high values of these taxa (vegetation zones II and IV),

- or the open vegetation is characterized by high values of Artemisia,
Cyperaceae and/or Rosaceae (vegetation zone VII).

Moreover, the difference between the pollen assemblages at 6 k, 3 k
and 0 k is generally larger for the REVEALS estimates of plant cover
than for the pollen percentages. It implies that changes in REVEALS-
based vegetation composition between time windows are larger than
changes in assemblages of pollen percentages.

These results broadly agree with earlier comparisons in both tem-
perate Europe and China. As in the study of Cao et al. (2019), pollen
percentages generally overestimate the abundance of Pinus, Betula, and
Artemisia when compared to the REVEALS plant abundance, and the
pollen percentages of Larix are much lower than its REVEALS cover.
Moreover, the pollen percentages generally underestimate the abun-
dance of deciduous broadleaved trees and most herbs (in particular
Poaceae and Cyperaceae) as in Europe. Marquer et al. (2014) also found
that changes in REVEALS plant cover over the Holocene were often
larger than the corresponding changes in pollen percentages.

Comparison of pollen percentages with REVEALS estimates has been
discussed in many European studies earlier (e.g. Sugita et al., 2008;
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Hellman et al., 2008a; Nielsen et al., 2012; Fyfe et al., 2013; Cui et al.,
2013), and in North America (Sugita et al., 2010). These studies show a
general underrepresentation of herbs and deciduous broadleaved trees
in pollen percentages, while Pinus is always strongly overrepresented
compared to the REVEALS estimated plant cover. These differences
have major implications in studies of the effect of land-cover change on
climate because different proportions of land covered by evergreen
trees, summer-green trees and herbs will have significantly different
effects on climate. Wang and Herzschuh (2011) published the first
REVEALS reconstruction of Holocene plant cover in China (Upper Ti-
betan Plateau). Their results indicated that Cyperaceae were more
abundant in the vegetation cover than suggested by pollen percentages.
Xu et al. (2014) compared REVEALS estimates of plant cover with
pollen percentages for two sites in Inner Mongolia (see also Xu et al.,
2016). They found that Poaceae and Cyperaceae were more abundant
than suggested by pollen percentages and dominant over Artemisia and
Chenopodiaceae during most of the Holocene. The REVEALS re-
constructions of Cao et al. (2019) exhibit higher cover of Larix and
lower cover of Pinus compared to the pollen percentages due to the high
RPP of Pinus and low RPP of Larix. Cao et al. (2019) argue that the
REVEALS reconstructions are consistent with modern vegetation com-
position in the study area. The low RPP of Larix in relation to the RPP of
Pinus, Betula, and Artemisia is confirmed by studies of modern pollen-
vegetation relationships in northeastern Siberia (Pisaric et al., 2001;
Klemm et al., 2016), southern Siberia (Pelánková et al., 2008), and
north-central Mongolia (Ma et al., 2008).

4.3. Comparison between earlier REVEALS reconstructions in China and
this study

Earlier REVEALS reconstructions of vegetation cover in China in-
clude only parts of our study area: (i) four sites on the upper Tibetan
Plateau (Wang and Herzschuh, 2011) corresponding to our site group
31, (ii) two sites in inner Mongolia (Xu et al., 2014) corresponding to
our site group 7, and (iii) northern China North of 40° comprising ve-
getation zone II and the northern parts of zones VI and VII (Cao et al.,
2019) (i.e. site groups 12, 13, 17, 21, 22, 29, and 31 corresponding to
our site groups 1–8 and 24–26. The RPPs used in Wang and Herzschuh
(2011) and part of RPPs used in Cao et al. (2019) are included in the
selected RPP values used to generate the synthesized RPP dataset of Li
et al. (2018). However, the RPPs used by Xu et al. (2014) are not part of
those selected values (for rationale behind the selection of RPP values,
see Li et al., 2018).

The REVEALS reconstructions for site group 31 (our study) and from
lakes Kuhai, Koucha and Donggi Cona (Wang and Herzschuh, 2011) on
the Tibetan Plateau show similar changes in the cover of common taxa,
although the RPPs applied and the selection of taxa are different. Wang
and Herzschuh (2011) reconstructed the cover of Artemisia, Poaceae,
Amaranthaceae/Chenopodiaceae and Cyperaceae, while our study in-
cludes the cover of 22 taxa. Cyperaceae is dominant over Artemisia,
Poaceae, and Amaranthaceae/Chenopodiaceae in both Wang and
Herzschuh (2011) and our study. Moreover, the cover of Artemisia de-
creases slightly from ca. 4 ka BP in both studies, but it is generally
higher in Wang and Herzschuh (2011) (5–20%) than in our study (ca.
1% or lower values). The latter is mainly due to the very high RPP value
we are using for Artemisia (21, mean of four RPP values) compared to
the single RPP value (3.27) used by Wang and Herzschuh (2011).

The REVEALS reconstructions for site group 7 (our study) and Lake
Bayanchagan (Xu et al., 2014) in Inner Mongolia use different RPP
values. Xu et al. (2014) use 11 taxa (of which seven herbs), while we
use 15 taxa (of which 10 herbs). Nevertheless, the reconstructions are
strikingly similar, which suggests that the differences in RPPs between
the two studies do not significantly influence the major trends in re-
constructed plant cover. The tree cover increases from 11.5 ka BP and
reaches a maximum cover 6.5–5.5 ka BP in both reconstructions. The
cover of Pinus exceeds the combined cover of Betula and Ulmus from ca.

8–7.5 ka BP at Lake Bayanchagan (Xu et al., 2014), while Pinus never
exceeds the cover of other trees in our study, except in very recent time.
Pinus does however exceed the cover of Betula 6.5–5.5 ka BP in our
reconstruction. The changes in composition of the major herb taxa are
also very consistent in the two studies, with an increase in the cover of
Poaceae at the expense of Cyperaceae from 7 ka BP and an increase of
Artemisia, Asteraceae and Amaranthaceae/Chenopodiaceae at the ex-
pense of Poaceae from 4.5 ka BP. The major difference is the dominance
of Cyperaceae over the other herbs until 7.5 ka BP in our reconstruc-
tion, while Poaceae is dominant in Xu et al. (2014). The latter dis-
crepancy and the lower cover of Pinus in our study are likely due to the
different RPPs used in the two studies, in particular for Cyperaceae
(lower RPP in our study), Pinus and Betula (higher in our study). Xu
et al. (2014) used the RPP values from Europe for Pinus and Betula,
while we used RPP values from China (Li et al., 2018).

The REVEALS reconstructions of Cao et al. (2019) use RPPs from
Europe for Picea, Abies, Salix and Ericaceae, while we do not reconstruct
the cover of these taxa due to the lack of RPP values from China. We
reconstruct Rosaceae in our study, while Cao et al. (2019) often include
a larger number of sites than our site groups and correspond to larger
geographical areas than in our reconstruction. The major dissimilarities
between the two studies are mainly due to the more detailed re-
constructions in our study in terms of spatial resolution. Individual sites
included in one study but not in the other may also cause major dis-
crepancies. In northeast China (vegetation zone II, temperate mixed
coniferous-deciduous broad-leaved woodland), the results for three site
groups (29, 30 and 31) in Cao et al. (2019) can be compared to our
reconstructions for site groups 1 (four of the seven sites in group 31 and
one of the eight sites in group 30), 2 (two of the 12 sites in group 29 and
one of the seven sites in group 31), and 3 (two of the 10 sites in group
29). There are some similarities between the two reconstructions
mainly for the second part of the Holocene. The taxa group VII (with
Poaceae, Cyperaceae and other herbs) is dominant over taxa group I
(Pinus, Picea, Abies) 12–4 ka BP in site group 31 (Cao et al., 2019), and
Cyperaceae strongly dominates all other taxa in site group 1 over the
entire Holocene (this study). Trees are dominant over herbs 4 − 1 ka
BP in Cao et al. (2019) while there are only small fluctuations of the
tree cover in our reconstruction. There is a slight, gradual increase of
the cover of Pinus 6.5–1 ka BP and a stronger increase in the last 0.5 ka
BP, which is also seen in the curve of taxa group I in Cao et al. (2019),
although the strong increase occurs around 1 ka BP. The cover of Larix
is high 2.5–1.5 ka BP in our study, and 2–0.5 ka BP in Cao et al. (2019).

In vegetation zone VI (temperate steppe), three of our site groups (5,
7, 8) correspond to site group 21 in Cao et al. (2019), and two groups
(6, 4) to site groups 22 and 29, respectively. In our reconstruction,
differences are very large in terms of vegetation history between site
groups, as follows, i) site group 4, ii) site groups 6 and 7, and iii) site
groups 5 and 8. There are also large differences between site groups 5
and 8 in terms of total forest cover over the Holocene, and time of
maximum forest cover. Site group 21 (Cao et al., 2019) provides a re-
construction for a very large region corresponding to the three site
groups 5, 7 and 8 in our study. The dominance of herb over tree cover
12–8 ka BP and 3 ka BP to modern time in Cao et al. (2019) appears to
be a “mixture” of the development in our three site groups. Herb
dominates over tree cover 11.5–8.5 ka BP (site group 5) or 11.5–8 ka BP
(site groups 8), and from 3.5 ka BP (site group 8) or 3 ka BP (site group
5). The maximum tree cover is reached 8–5 ka BP in Cao et al. (2019),
and 7.5–5 ka BP for site group 8 in our study. However, it is clear from
our more detailed reconstruction that the period of maximum tree
cover varies from NE to SW.

Site group 6 (this study) and 22 (Cao et al., 2019) both exhibit a
large dominance of herb over tree cover for the entire Holocene. In Cao
et al. (2019), the taxa group VII with Cyperaceae, Poaceae and other
herbs is dominant over taxa group VI with Artemisia, Amaranthaceae/
Chenopodiaceae and Ephedra. Our reconstruction shows a varying re-
lationship over the Holocene between Cyperaceae, Poaceae, and our
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taxa group VII with Artemisia, Chenopodiaceae and other herbs. Cy-
peraceae and Poaceae together are dominant over taxa group VII,
which is similar to the results of Cao et al. (2019). Larix has high cover
over short periods of the Holocene in both studies, which is obviously
due to a single pollen record included in both studies.

In vegetation zone VII (semi desert and desert), site groups 12 and
13 of Cao et al. (2019) together can be compared with our groups 25,
26, 27 and 29; site group 16 with our group 25 (one of four sites in
group 16); and site group 17 with our group 24. The reconstruction of
Cao et al. (2019) for site group 12 is most similar to our site group 29,
with conifers increasing from 10 to 9.5 ka BP, and the conifer maximum
cover occuring between 2 and 0.5 ka BP. The taxa group VII (Poaceae,
Cyperaceae and other herbs) is dominant over taxa group VI (Artemisia,
Amaranthaceae/Chenopodiaceae, Ephedra) for most of the Holocene
(Cao et al., 2019), while in our site group 29, taxa group VII (Artemisia,
Amaranthaceae/Chenopodiaceae and other herbs) is dominant over
Cyperaceae and Poaceae together 11–4 ka BP. This might be due partly
to the fact that we have grouped “other herbs” with Artemisia andA-
maranthaceae/Chenopodiaceae, while Cao et al. (2019) grouped “other
herbs” with Poaceae and Cyperaceae. Moreover, our taxa group VII
decreases from 4 ka to 3 ka BP, while Poaceae, and later (from 2.5 ka
BP) Rosaceae, increase. Our site groups 25, 26 and 27 are characterized
by no or less than 2% tree cover over most of the Holocene, and the
relationship between Poaceae, Cyperaceae, Rosaceae, and taxa group
VII varies over time and between site groups. The reconstruction for site
group 17 (Cao et al., 2019) and our site group 24 exhibit a gradual
decrease of the taxa group including Artemisia and Amaranthaceae/
Chenopodiaceae 11–2 ka BP, while Poaceae and Cyperaceae together
(our study) and taxa group VII (Cao et al., 2019) increase.

4.4. Holocene forest dynamics and landscape openness: climate or human
induced?

In this section, we discuss the insights provided by the REVEALS
reconstructions of plant cover on Holocene woodland dynamics and the
role of climate and human activities (deforestation and land use). As
discussed in earlier studies (e.g. Trondman et al., 2015; Ni et al., 2014),
the interpretation of changes in the relationship between trees and
herbs (either pollen percentages or REVEALS-based plant cover) in
terms of human-induced deforestation and reforestation/afforestation
is not straightforward. Many of the pollen taxa generally used as pollen
indicators of human impact (e.g. Behre, 1981, 1988 for Europe, Li et al.,
2013 for China) include plant species characteristic of both natural and
human-induced vegetation. Trondman et al. (2015) discusses in parti-
cular Poaceae, Cyperaceae and Artemisia as indicators of grasslands that
are not necessarily human induced, and Cerealia Type (including Se-
cale) that represents alone cropland because RPPs are not available for
other cultivars that moreover are very rare in pollen records. Ni et al.
(2014) also discuss in detail the difficulties encountered in the inter-
pretation of pollen data in terms of anthropogenic vegetation change
and the attribution of pollen taxa to pure anthropogenic “plant func-
tional types” or “biomes”. We do not reconstruct agricultural land in
this study, because RPPs are lacking for cereals in China. Moreover,
even if the cover of cereals was reconstructed it would in many cases
strongly underestimate the cover of cropland. However, Setaria italica
(millet) and Zea mays (corn) might possibly be included in the cover of
Poaceae, and several crops belong to the families Fabaceae, Brassica-
ceae, Compositae, and Apiaceae, and produce pollen grains that cannot
be distinguished from wild species (e.g. Ni et al., 2014). Therefore, the
cover of grassland in our REVEALS reconstructions (PFTs VII-X or
openland, Table 3) might overestimate deforested land in areas where
Poaceae, Cyperaceae and Artemisia might be common in natural wet-
land, steppe, and desert vegetation. But it can also underestimate de-
forested land due to the large underestimation of cropland in cases
where crop cultivation is largely dominant over grazing. It implies that
the reconstructed absolute cover of openland has to be interpreted with

caution in terms of anthropogenic land cover. An increase or decrease
in absolute cover of openland can however represent essentially
human-induced deforestation or reforestation if climate change can be
ruled out as an explanatory factor and archaeological data can confirm
a synchronous increase or decrease of settlements and/or human ac-
tivity.

In an attempt to disentangle human-induced from climate-induced
changes in land cover, we discuss below the REVEALS reconstructions
of plant cover in the context of the known history of climate change and
human settlements in the study region. We handle the two major cli-
matic regions of temperate China separately, and we focus on a com-
parison of the REVEALS estimates of plant cover with the syntheses
based on pollen percentages by Zhao et al. (2009a and b) and on the
implications of the REVEALS reconstructions.

4.4.1. East Asia Monsoon-dominated region of China (Zhao et al., 2009a)
This region comprises the following vegetation zones (Roman nu-

merals) and site groups (Arabic numerals) used for REVEALS re-
constructions: II 1, 2, 3; III 13, 14; IV 15–21; VI 4–11; VIII 31, 32
(eastern part of the Tibetan Plateau).

4.4.1.1. Conifer-deciduous mixed forest (Zone II, site groups 1–3; Figs. 2
and E.1).. The pollen percentage results from Qindeli bog and Jinchuan
bog (REVEALS site group 1) show a dominance of deciduous
broadleaved trees from Early Holocene until ca. 5.5 ka BP, and an
increase in coniferous trees (Pinus, Picea, Abies) at the expense of
deciduous trees after 5.5 ka BP (Zhao et al., 2009a). Although the
REVEALS reconstruction does not include Picea and Abies and is
dominated by Cyperaceae, it shows a comparable woodland change
in Mid-Holocene. The cover of pine starts to increase slightly from
6.5 ka BP and PFT V (Fraxinus, Quercus, Tilia, Ulmus) decreases from
5 ka BP to then maintain rather constant cover until 3 ka BP. Pinus and
Larix together become dominant over the temperate broadleaved-
deciduous trees first at ca. 2.5 ka BP. PFT VI is represented by
Rubiaceae only. Both Rubiaceae and Rosaceae are taxa that can
belong to several PFTs characteristic of woodland or openland, and
therefore their interpretation is not straightforward. Moreover, there is
only one value of relative pollen productivity (RPP) for each taxon
(Galium type and Potentilla type; Li et al., 2018). Both RPPs are low and
we do not know how reliable they are. The REVEALS-based cover of
these taxa might therefore be overestimated.

Ren (2007) described a decrease of woodland cover from 10 to 8 ka
BP for North East China, and a continuous and significant increase of
woodland cover from 8 ka BP to high values at 2 ka BP. The REVEALS
reconstructions also indicate decreases of total woodland cover from
10.5 and 9.5 ka BP in site groups 2 and 3, respectively. However, there
is no increase of tree cover after 8 ka BP for sites groups 1 and 2. An
increase from 64% to 85% cover over the Holocene from 10.5 ka BP
occurs only in site group 3, and there is a decrease of ca. 7.5% between
6.5 ka and 6 ka BP. An et al. (2000) suggested based on pollen per-
centages that the Holocene temperature optimum was reached between
10 ka and 8 ka BP in the region. The REVEALS estimates suggest that
pine increases its cover after 7 ka BP, and in particular from 5 ka BP, in
all three site groups. It might be due to decreased humidity at the end of
HO as described by Ran and Feng (2013), or during the period of weak
EASM following the maximum Mid-Holocene EASM in northern China
(ca. 8 ka to 4 ka BP, Liu et al., 2015; ca. 8.3 ka – 5.9 ka BP, Wang et al.,
2019). The tree succession observed in the REVEALS reconstructions
over the first half of the Holocene is in general agreement with the
regional synthesis of Wang et al. (2019), although not always at the
taxon level. Broadleaved trees (in our case Ulmus, Fraxinus, Quercus,
Juglans) increase their cover at the expense of birch from ca. 11 ka BP
and pine expends at the expense of broadleaved trees (mainly Ulmus
and Juglans) from ca. 6 ka BP.

There is a slight increase in the cover of Poaceae from 5.5 ka BP in
site group 1. Although the cover of Chenopodiaceae is small, it also
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increases at 5.5 ka BP from >0.5% to >1% at 5.5 ka BP. It is accom-
panied by the regular occurrence of Convolvulaceae and Fabaceae be-
tween 6 ka and 0.5 ka BP (Fig. E.1). Such features are possible in-
dications of human impact, such as deforestation of the broadleaved
woodlands for agriculture. Wagner et al. (2013) argue that settlement
activity in northeastern China increased substantially at ca. 4 ka BP.
The latter might be compared to the higher cover of Poaceae from 4 ka
to 0.5 ka BP in site group 1. Modern human impact and/or climate
warming is visible in all reconstructions for the last ca. 300 years with
decrease of Larix in the three site groups, increase in Cyperaceae (site
groups 1 and 2), increase in woodland cover (site group 2), and increase
in PFT VII (all herbs except Gramineae, Cyperaceae, and Rosaceae; site
group 3).

4.4.1.2. Temperate deciduous forest (Zone III; site groups 13 and 14, Figs. 2
and E.5). Our study shares only one site with the synthesis of Zhao
et al. (2009a), i.e. Maohebei bog (in the REVEALS site group 14). Our
comparison therefore uses mainly this site, but we also use in the
discussion the REVEALS reconstruction from site group 13 and pollen
percentages from other sites discussed in Zhao et al. (2009a). High
pollen percentages of deciduous trees, dominated by Quercus, Betula,
Ulmus, Carpinus, and Corylus, characterise the time period 11.5–8.5 ka
BP, and arboreal pollen (AP) percentages decrease after 8.5 ka BP.
Moreover, a significant decrease in pollen percentages of deciduous
Quercus and an increase of Pinus occur at ca. 4 ka BP (Zhao et al.,
2009a). The authors suggest that this vegetation change might be
human-induced. However, they also argue that pollen records from the
region do not provide clear indication of human influence on the
vegetation before 2 ka. The latter is supported by the archaeological
and palaeoenvironmental studies from the Taishizhuang site showing
that changes in pollen assemblages between 5.7 and 2.1 ka BP reflect
natural fluctuations in precipitation rather than human-induced
deforestation (Tarasov et al., 2006). Zhao et al. (2009a) interpret the
evidence of buckwheat (Fagopyrum) pollen at around ca 1.3 ka as an
indication of intensive cultivation. The REVEALS reconstruction for site
groups 13 and 14 together provide a comparable woodland history to
that described in Zhao et al. (2009a) and Cao et al. (2015). The major
change occurs at ca. 3 ka BP with an increase in Pinus cover from <5%
ca. 3.5 ka BP to 17% ca. 2.5 ka BP. In the REVEALS reconstructions, PFT
V (deciduous trees) and total woodland cover exhibit a continuous
decrease of cover from 35% to 5% over the last ca. 2.5 ka BP due to the
increase of Poaceae and PFT VII (herbs such as Artemisia and
Chenopodiaceae) at the expense of deciduous woodland and
Cyperaceae. This land-cover change can be compared to the first peak
of population numbers in historical times in the region during the reign
of the early Han dynasty (206 BCE–24 CE; 2.156–1.926 ka BP). The
very high cover of Cyperaceae throughout most of the Holocene is
probably due to the local vegetation on the bogs used for the REVEALS
reconstruction and explain most of the changes in REVEALS woodland
cover before 3 ka BP. However, the increase of Poaceae and Artemisia at
the expense of woodland cover between 8.5 ka BP and 6.5 ka BP (site
group 14, Fig. E.5) might correspond to deforestation due to early
agriculture. Archaeological evidence from 100 sites indicate human
presence in the region from ca. 8.2 ka BP, although there is no evidence
for use of wood resources or large farmlands that would have implied
significant deforestation (Tarasov et al., 2006). However, findings of
macro-remains from crops in the Yellow River valley region suggest the
existence of farming from 7 ka BP at the latest (Barton et al., 2009).
Further, remains of millet and wheat also demonstrate early agriculture
in the area at that time (Shelach, 2000; Tarasov et al., 2007).

4.4.1.3. Subtropical vegetation zone (IV; site groups 15–21; Figs. 3, E.6,
E.7, and E.8).. For this vegetation zone, the synthesis of Zhao et al.
(2009a) and the REVEALS reconstructions have three pollen records in
common in site groups 15, 16 and 18. The eastern part of vegetation
zone IV (site groups 15–17) is characterized by subtropical monsoon,

with a strong EASM in Mid-Holocene leading to dry conditions from ca.
7 ka to ca. 4 ka BP (in contrast to the wet conditions prevailing in NE
China) (Liu et al., 2015; Wang et al., 2019). The western part of
vegetation zone IV (site groups 18–21) belongs to the Indian Summer
Monsoon (ISM) regime with maximum wetness ca. 11 ka–6 ka BP, drier
conditions from ca. 5 ka BP (Chen et al., 2008; Wang et al., 2010; Liu
et al., 2015), and wetter conditions again from ca. 2 ka BP (Chen et al.,
2008). Pollen percentages from nine sites in zone IV suggest a change
over the Holocene from evergreen broadleaved woodland dominated by
Cyclobalanopsis and Castanopsis to evergreen-deciduous mixed
broadleaved woodland dominated by Betula, Carya, and Ulmus, or to
mixed forest dominated by Pinus and deciduous trees (Zhao et al.,
2009a). An increase in herbs during the Late Holocene is also
characteristic. The latter is also a major trend in the REVEALS
reconstructions, except in site group 21. The change in woodland
type described by Zhao et al. (2009a) is also found in the REVEALS
reconstructions for site groups 15, 16 and 17. PFT VI (Castanopsis,
Cyclobalanopsis, Elaeagnaceae, and Rubiaceae) decrease in cover from
6.5 ka BP at site group 15 and from 5 ka BP at site group 17, while Pinus
and broadleaved trees increase slightly in cover at site group 17. At site
group 15, the increase in Cyperaceae is the main cause of the decrease
of woodland cover in general, which makes the interpretation difficult
in terms of woodland change. The REVEALS reconstructions suggest
other interesting characteristics of the woodland composition over the
Holocene that differ from the composition of pollen percentages.
Temperate deciduous trees dominate over pine and Cupressaceae
during most of the Holocene, except for site group 20 where Pinus
and temperate deciduous trees have a comparable cover from 5.5 ka to
3.5 ka BP, and Pinus is the dominant tree from 2 ka BP until today.
Cyclobalanopsis and Castanopsis are most abundant in the two
easternmost site groups (15, 17) and site group (18), and have their
highest cover 9–6 ka BP in site group 15. Pine has its highest cover in
the three southernmost of the western site groups (18, 19, and 20).

In the eastern part of zone IV, pollen percentages of Cyclobalanopsis
and deciduous Quercus increase from 11 ka BP (Dajiuhu, site group 16)
or 10.5 ka BP (Chaohu, site group 15) (Zhao et al., 2009a). The latter is
also seen in the REVEALS reconstruction for site group 15. In site group
16, the cover of PFT VI and woodland as a whole is very small which is
due to the high dominance of all herbs and Rosaceae in Late Holocene.
Pollen percentages of evergreen broadleaved aboreal trees decrease
after 3.7 ka BP and these trees are largely replaced by herbs, while Pinus
increased until 2 ka BP (Chaohu). In site group 15, the cover of PFT VI
decreases from 6.5 ka BP, and more clearly from 4.5 ka BP, while the
cover of grasses in particular increases. The pollen percentages of
coniferous trees increase at the expense of evergreen broadleaved trees
from 4.5 ka BP at Dajiuhu, which is not seen in the REVEALS re-
construction for site group 16. However, there is a change in vegetation
from ca 6 ka BP with a general increase of cover of herbs and Rosaceae
at the expense of woodland cover. The change of vegetation seen in the
REVEALS reconstructions at all three site groups 15, 16 and 17 at ca.
6–5.5 ka BP may be due to the climatic shift from wet to dry conditions
in SE China due to the influence of a strong EASM in the Mid-Holocene
(Liu et al., 2015), and/or to human impact. The Rosaceae family (PFT
X) includes species with different ecological requirements, and may
indicate either climate or land-use change, or both. Therefore, the de-
crease in Rosaceae from 3 ka BP at site group 17 may be related to the
climatic shift from dry to wet conditions in Late Holocene (change from
strong to weak EASM), while the increase in Rosaceae from ca. 3.5 ka
BP at site group 16 might be related to human impact.

Detailed records of pollen, algal, fungal spore, and micro-charcoal
from the Kuahuqiao archaeological site (peat sequence; close to site
group 15) in the Yangtze Delta demonstrate that rice cultivation began
in the coastal wetlands of eastern China at 7.5 ka BP (Zong et al., 2007).
Moreover, pollen, charcoal and photoliths evidence at three archae-
ological sites in the lower Yangtze River region suggest that human
influence started ca. 7 ka BP, substantial human impacts occurred ca.
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4.7 ka BP, and that widespread human activities characterized the
period 2.8–2.2 ka BP (Atahan et al., 2008). There is no indication of
human impact on the regional plant cover as reconstructed by REVEALS
around 7 ka BP. But later Holocene phases of human impact as inter-
preted from archaeological sites can be compared with the decreases in
REVEALS woodland cover from ca. 5 ka BP (site groups 15 and 17), ca.
2 ka BP (site groups 16, 17), and ca. 1 ka BP (site group 15). The re-
construction of the spatial and temporal distribution of major tree taxa
in eastern continental Asia (Cao et al., 2015) also indicates a decrease in
the abundance of Quercus in the middle and lower reach of the Yangtze
River after 6 ka BP, and particularly after 3 ka BP, that could be as-
cribed to anthropogenic deforestation in Late Holocene.

In the western part of zone IV, at Shayema Lake (site group 18),
pollen percentages of deciduous trees decrease between 10.6 and 7.9 ka
BP (Zhao et al., 2009a), while evergreen oak increases. Such changes
are not seen in the REVEALS reconstruction for site group 18 where
woodland PFTs have a relatively unchanged composition and cover all
through the Holocene until 2.5 ka BP. Betula and Cupressaceae decrease
between 8.5 and 8 ka BP (given we interpret the two levels without
Cyperaceae as artefact/outlier samples). The increase in the cover of
Poaceae from 2 ka BP might be due to human impact, as well as the
increase in Pinus cover over the last century. At site group 19 (located
on the Yunnan-Guizhou Plateau), the REVEALS reconstruction suggests
a more open landscape (between 70% and 80% of herb cover) than at
site groups 18 (ca. 45–50% of openland cover) and 20 (ca. 45–55% of
openland cover until 3 ka BP) both located East of site group 19. Ro-
saceae is abundant all through the Holocene at site group 19 and may
therefore represent a common species in this region, for instance a
shrubby Potentilla. In site group 20 (single site on the Yunnan-Guizhou
Plateau), the woodland history may be related to both climate change
and human impact. A change at ca. 5.5 ka BP is mainly characterized by
an increase in the cover of Poaceae at the expense of both Rosaceae and
woodland, with a decrease in Cupressaceae and broadleaved trees (PFT
VI), and an increase in Pinus. There is a new increase in the cover of
Pinus (at ca 2 ka BP) and of Poaceae (from 1 ka BP) at the expense of
broadleaved trees. The change at 5.5 ka BP is likely due to the shift from
wet to dry conditions characteristic of the Indian Summer Monsoon
(ISM) in Mid-Holocene (e.g. Liu et al., 2015). In contrast, the change
around 2 ka BP might be human-induced rather than climate-induced.
Information on the demography of the province of Yunnan indicates an
increase in population during late Holocene (Zhao and Xie, 1988).
Moreover, grain size analysis from Xingyun Lake shows the occurrence
of coarse sediment and suggests a significant increase in soil erosion
due to human activity during late Holocene (Wu et al., 2015). The
REVEALS reconstruction for site group 21, located at the southeastern
edge of the Tibetan Plateau, suggests a very open landscape (90–98%
openland cover) with a strong dominance of Cyperaceae. Tree cover
increases slightly from 11.5 ka to 9 ka BP, and from 5 ka to 3.5 ka BP
(Pinus in particular). The slight decrease in tree cover from 3 ka BP
might be due to human activities. There is, for instance, a significant
increase in pollen indicator taxa of grazing, e.g. Rumex, Sanguisorba and
Apiaceae, occuriing at that time at Naleng Co lake (Kramer et al.,
2010).

4.4.1.4. Temperate steppe (Zone VI; site groups 4–12; Figs. 4 and
E.2 − E.4). The synthesis of Zhao et al. (2009a) includes pollen
records in common with the REVEALS site groups 7, 8 and 11. The
entire region is influenced by the EASM, which implies a maximum
wetness in Mid-Holocene from ca. (8 ka) 7 ka to 4 ka (3 ka) BP (Liu
et al., 2015). Wang et al. (2019) dated the period of strong EASM and
maximum wetness to 8.3 ka–5.9 ka BP. Based on pollen percentage
data, Zhao et al. (2009a) describe a maximum of arboreal taxa ca. 8
(7) − 5 ka BP, a drop to half the values ca. 5–4 (3) ka BP, and minimum
values after 3 ka BP. The REVEALS reconstructions show a similar
development. Woodland cover is largest in Mid-Holocene, 55–70% ca.
7.5–5.5 (4.5) ka BP in site group 8, 35–60% ca. 8–3.5 ka BP in site

group 5, and 50–65% ca. 7.5–5 ka BP in site group 10. The tree cover is
also large (37–47%) in site group 11 between ca. 6 and 2.5 ka BP, and
in site group 9 between ca. 5 and 4 ka BP. The time of significant
increase in tree cover from ca. 8 to 5 ka BP in most site groups, and the
increase in pine cover from ca. 8.5, 8, or 7.5 ka BP at the expense of
broadleaved trees are in good agreement with the maximum wetness
period as dated by Wang et al. (2019).

The REVEALS reconstructions also provide new insights on the tree
composition in the different parts of zone VI. In the site groups located
around 40°N, pine is dominant over broadleaved trees in most of the
Holocene (site groups 9 and 10) or it is subdominant over the Early and
Mid-Holocene and becomes dominant from 4.5 ka BP (site group 8). In
site group 11 (ca. 35°N), the pollen record covers the second half of the
Holocene. The REVEALS estimates show that deciduous trees were
dominant from 6 ka BP until modern time. In the northeastern part of
the zone, deciduous trees are dominant (site group 5, ca 42°N, 120°E) or
co-dominant with pine (site group 7, ca 42°N, 125°E) until 0.5 ka BP or
over the entire Holocene (site group 6, ca. 48°N). Site groups 4, 6 and 7
are characterized by the lowest woodland cover of the region, i.e.
maximum 20% 6.5–6 ka BP in site group 7, and maximum 23% ca. 2 ka
BP in site group 6. The REVEALS woodland cover is low in those site
groups because we do not have RPP values for Abies and Picea and
therefore cannot reconstruct their cover. It should also be stressed that
the single available RPP value for Larix is low (2.14) compared to the
RPPs of e.g. Betula (12.42) and Pinus (18.37). The REVEALS estimates
for this taxon is therefore very high. Consequently, REVEALS re-
constructions based on few, random findings of pollen grains from Larix
may strongly exaggerate its cover in some time windows. Moreover, the
pollen of Larix is difficult to identify and might be either missed or
confused with non-pollen palynomorphs.

After 5 ka BP, and more significantly after ca. 3 ka BP, the openland
cover increases in all site groups in zone VI, and reaches high values (up
to 95%). The composition of openland varies over the Holocene and
differs between areas. Most of the pollen records used in the REVEALS
reconstructions are lakes, except for site groups 4 (two bogs) and 5 (two
lakes and two bogs). Therefore, the large cover of Cyperaceae in site
groups 6, 7 and 9 is probably a characteristic of the regional plant
cover, whereas it likely represents local vegetation on the bogs in site
groups 4 and 5. A large number of archaeological sites in this region
indicate widespread human activity during the Holocene Optimum
(HO, maximum wetness, Jia et al., 2016a and Jia et al., 2016b). Cereal
pollen from archaeological sites indicate that agriculture started ca.
7.7 ka BP at the latest (Zhao, 2010, 2014). Buckwheat was cultivated
from 5.5 ka BP in the western Loess Plateau (site group 11; Jia et al.,
2012), in the Guanzhong basin at the southern border of the Loess
Plateau in vegetation zone III (East of site group 11; Li et al., 2009), and
in the western Liao River Basin (site group 5, Li et al., 2006). The de-
crease in total woodland cover and related increase in Poaceae and/or
PFT V (mainly Chenopodiaceae, see Fig. E.3, site group 10) from ca.
4.5 ka BP in site groups 5, 7, 8, 10, and 11 may correspond to the start
of a significant impact of agriculture on woodland cover in the region.
In site group 8, woodland cover decreases from 70% at 6 ka BP to 10%
at 0.5 ka BP. In site group 10, a second decrease in woodland cover
occurs at ca. 2.5 ka BP. Ulmus and Tilia are the first broadleaved trees
that decrease in cover, while Pinus, Betula, and Quercus start to decrease
later, from ca. 2.5 ka BP (Fig. E.3, site group 10). Woodland cover
decreases from ca. 50% at 4 ka BP to ca. 10% at 2 ka BP in site group 9,
from 30% at 3.5 ka BP to ca. 5% at 1 ka BP in site group 5, and from ca.
40% at 2.5 ka BP to 15% at ca. 1 ka BP in site group 11. The REVEALS
reconstruction of changes in woodland cover from 6 ka BP in most site
groups matches well with the current knowledge on population growth
in northern China. Wang et al. (2014) describe periods of demographic
growth dated to 8.5–7 ka BP, 6.5–5 ka BP, and 4.3–2.8 ka BP. The only
possible human-induced change in site group 6 is the decrease in
woodland cover (mainly Pinus) and increase in Poaceae from ca. 2 ka
BP possibly related to the maintenance of grazing grounds for horses by
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population groups belonging to the Xiongnu confederation that started
ca. 2.2 ka BP (Beckwith, 2011).

4.4.1.5. Highland vegetation, southern and eastern-northeastern Tibetan
Plateau (altitudes > 3000 m a.s.l., southern – eastern-northeastern part of
Zone VIII, site groups 31, 32, and 36, Figs. 6, E.12 and E.13, and site group
23 in zone VII, Figs. 5 and E.9). We also discuss site group 23 (Zone VII)
in this section because it is located at the northern margin of the eastern
Tibetan Plateau and is influenced by the same climate regime as the
other site groups, i.e. the tropical monsoon or Indian Summer Monsoon
(ISM). The climate history of these regions is characterized by
maximum wetness in Early Holocene until ca. 6 ka BP (Wang et al.,
2010; Liu et al., 2015), dry conditions ca. 5 to 2 ka BP, and wetter
conditions after 2 ka BP (Chen et al., 2008). Zhao et al. (2009a) inferred
from pollen percentages in Zone VIII a development from a meadow-
steppe to a steppe-woodland (with Pinus, Picea, and Abies) from early to
Mid-Holocene, and a return to meadow-steppe over the Late Holocene.
The pollen assemblages from Qinghai Lake (site group 23) indicate a
vegetation change from steppe in Early Holocene to steppe-woodland in
Early and Mid-Holocene followed by an Artemisia-dominated steppe
during Late Holocene (Zhao et al., 2009a). The authors interpreted the
inferred Holocene vegetation changes as climate-induced and ascribed
the steppe woodland ca. 10.6 to 4.2 ka BP to wetter conditions. In site
groups 23, 31 and 32 (Figs. 5 and 6), the REVEALS reconstructions
show high values of openland cover (over 95%) with a dominance of
Cyperaceae, which suggests that the region was dominated by open
meadows and steppes over the entire Holocene. However, we do not
reconstruct Picea and Abies. Therefore, the available REVEALS
reconstructions do not inform us on the actual woodland cover in the
region over the Holocene. The few high values of Pinus cover are all in
the second part of the Holocene, from 5.5 ka BP in site groups 23 and 33
(Figs. 5 and 6). There are a number of features suggesting changes in
the cover of broadleaved trees, pine, and herbs over the second part of
the Holocene (from ca. 6 ka BP and later) that might correspond to
climate change (a decrease in moisture from ca. 6 ka BP) and human
impact (in particular from ca. 5 ka BP). These features are a) a decrease
in cover of Betula from 5 ka BP in site group 23, from 7 ka BP and from
4.5 ka BP in site group 31, and from 6 ka BP in site group 32 (Figs. E.9,
E.12 and E.13), and b) the lowest cover of Poaceae from 5 to 4 ka BP, of
Rosaceae from 7.5 to 4 ka BP, and of Fabaceae from 6 to 2 ka BP, and a
decrease of Ulmus, Pinus and Cupressaceae from 3.5–3 ka BP in site
group 23 (Fig. E.9). Based on geomorphological and palynological data,
Schlütz and Lehmkuhl (2009) found that Poaceae-rich natural
vegetation was transformed into Kobresia (Cyperaceae) pastures
between 5.9 and 2.7 ka BP by nomadic grazing in the Nianbaoyeze
Moutains in the eastern margin of the Tibetan Plateau. The remains
from wheat and barley found in various layers of several archaeological
sites suggest widespread wheat agriculture on the Tibetan Plateau as
early as 3.4–2.4 ka BP (d'Alpoim Guedes et al., 2015). Chen et al.
(2015) also demonstrated that humans began to settle on the Tibetan
Plateau from 3.6 ka BP when agriculture became possible at those
altitudes. Other archaeological data suggest that Neolithic groups
started agriculture at the northeast margins of the Tibetan Plateau
already 5.2 ka BP (Barton, 2016). The latter suggests that the decrease
in tree cover in site group 31 from 4.5 ka BP might be a result from
these early human activities. In addition to agriculture and wood
harvesting, grazing did of course affect vegetation in this part of
China, as well as northern China (Zones VI and VII). Some studies
suggest that nomadic cultures did start to influence vegetation already
ca. 7.2 ka BP in the northeastern part of the Tibetan Plateau (Miehe
et al., 2009; Schlütz and Lehmkuhl, 2009; Miehe et al., 2014). The PFT
group VII does indeed increase slightly in cover (by ca. 5%) from 7 ka
BP for site group 31 (Fabaceae and Brassicaceae in particular, Fig.
E.12). Other pollen studies (Miehe et al., 2006) within the area of site
group 32 also indicate that the present pastures of the southern Tibetan
Plateau were wooded at 8 ka. Moreover, large amounts of Juniperus

pollen and charcoal dated to 4.6 ka BP, together with indication of
increased erosion and sedimentation of alluvial soil suggest that the
desert pastures of southern Tibet were most probably wooded at that
time (Miehe et al., 2006).

4.4.2. Arid and semi-arid region (Zhao et al., 2009b)
This region comprises the following zones (Roman numerals) and

site groups (Arabic numerals) used for REVEALS reconstructions: VII
22, 24–30 (western part of zone VII; Figs. 5, E.10, and E.11) and VIII
33–35 (northern-northwestern part of the Tibetan Plateau; Figs. 6, E.14,
and E.15). We also include in the discussion site group 12 (zone VI;
Figs. 4 and E.4) because it is influenced by the same climate regime, i.e.
the westerlies (Chen et al., 2008, 2010).

The Holocene climate history of Arid central Asia (ACA) is char-
acterized by synchronous and coherent moisture changes. A dry Early
Holocene (11–8 ka BP) is followed by a wet Early to Mid-Holocene
(8–4 ka BP; maximum effective moisture of the Holocene), a moder-
ately wet Late Holocene from 4 ka BP and a return to wetter conditions
from 2 ka BP. There are however large regional variations from 5 ka BP
(Chen et al., 2008). The Medieval Climate Anomaly was dry, while the
Little Ice Age was wet (Chen et al., 2010). Herzschuh (2006) and Wang
et al. (2010) also found that the period of maximum wetness occurred
during Mid-Holocene. These features are significantly different from the
climate characteristics of regions driven by tropical monsoon (e.g. Chen
et al., 2008). The North Atlantic sea surface temperatures and the to-
pography of the Tibetan Plateau determined the moisture changes in
ACA and lead to an intensification of the dry conditions in Early Ho-
locene (Chen et al., 2008, 2010).

4.4.2.1. Temperate steppe (western part of Zone VI, site group 12; Figs. 4
and E.4). In site group 12 (Figs. 4 and E.4), Cyperaceae is largely
dominant in the reconstructed plant cover, which might be due to local
vegetation on the bogs. However, there are significant changes at 6.5 ka
BP and 3 ka BP with increases in Artemisia, Asteraceae, Brassicaceae,
Chenopodiaceae, Fabaceae, Poaceae, Rosaceae, and Rubiaceae, although
the values of percentage cover are low. These changes can be compared
to the transformation from steppe-desert to steppe from 5.5 ka BP
inferred from pollen percentages in other sites of the region and
interpreted as climate induced by Zhao et al. (2009b). However, they
may also be related to human impact, given that a change from desert to
steppe would result in a decrease rather than an increase of taxa such as
Artemisia and Chenopodiaceae. The archaeological evidences of
cultivation in arid and semi-arid areas of northwest China dated to
4–2.5 ka BP (Spengler et al., 2016a) confirm that vegetation cover might
have been influenced by human activity during Late Holocene.

4.4.2.2. Temperate desert (western part of Zone VII, site groups 22, 24–30;
Figs. 5, E.10, and E.11). In this region, patterns of change over the
Holocene differ between areas. At Hurleg lake (included in site group
22), the pollen assemblages are dominated by Chenopodiaceae (before
9 ka BP) and Artemisia (9 ka–6 ka BP) during early Holocene, while
Poaceae increases 6 ka–3.5 ka BP to become dominant in Late Holocene
(Zhao et al., 2009b). The REVEALS reconstructions suggest that
Artemisia was slightly dominant over Poaceae from 7 to 2 ka BP,
while Poaceae is dominant from 1.5 ka BP until today (Fig. 5). The large
cover of Cupressaceae (probably Juniperus Sabina, ca. 60% cover) in site
group 22 from 11.5 to 7.5 ka BP is due to low RPP values of
Cupressaceae (1.1) compared to e.g. Betula (12.42) and Pinus (18.37).
The latter implies low REVEALS cover of Poaceae and Artemisia. There
is only one value of relative pollen productivity for Cupressaceae
available (Li et al., 2018). It is also a unique feature in the REVEALS
reconstructions available. It is therefore uncertain whether
Cupressaceae was dominant until 7.5 ka BP in this region. A high
cover of Cupressaceae could be explained by a dry Early Holocene.

In western Inner Mongolia (site group 24) and Xinjiang (site groups
25, 26, 27), changes in pollen percentages over the Holocene were

F. Li, et al. Earth-Science Reviews 203 (2020) 103119

19



interpreted as changes from desert to steppe-desert, and steppe (Zhao
et al., 2009b). The transition from desert to steppe was dated to the
period 8.5–5.5 ka BP. The REVEALS reconstructions (Figs. 5, E.10 and
E.11) show a very strong dominance of openland cover (90–100%) over
most of the Holocene and exhibit trends that can be interpreted in a
similar way as Zhao et al. (2009b). The PFT group VII (mainly Artemisia
and/or Chenopodiaceae) is dominant (50–90%) over Poaceae during
most of the Holocene. There is a decrease in cover of PFT VII in favour
of Poaceae from ca. 8.5 (9.5) ka BP and it remains more or less constant
until 6 ka BP (site groups 24 and 25), 4.5 ka BP (site group 26), and
3.5 ka BP (or 1.5 ka BP) (site group 27). In site group 25 there is an
increase in Artemisia at the expense of Poaceae between 5.5 and 3 ka BP
that might be due to a regional decrease in moisture. Chen et al. (2008)
suggest that there are large regional variations in climate from 5 ka BP
in the climate zone governed by the westerlies. Some of the taxa in PFT
VII increase from ca. 3.5 ka BP, see e.g. Brassicaceae, Fabaceae, and
Liliaceae (Fig. E.10). The latter taxa were found to be indicators of
human impact in modern pollen-vegetation studies (e.g. Li et al., 2013)
and their increase may be interpreted in terms of anthropogenic in-
fluence on vegetation. Site group 30 covers the last 3.5 ka BP. The
REVEALS reconstruction is comparable to that of site group 24 with a
decrease of PFT VII ca. 2.5–2 ka BP in favour of Poaceae, followed by an
increase of PFT VII. However, Cyperaceae and Rosaceae do not occur in
site group 30. These features may be due to both climate change and
human impact. Wetter conditions from ca. 2 ka BP are indicated by an
increase in Poaceae (most site groups) or Cyperaceae (site group 24). At
the same time, an increase in PFT VII from 2 to 1.5 ka BP suggests a
change in land use.

The REVEALS estimates of land cover at site groups 28 and 29
(single sites, Lake Swan and Lake Sayram respectively) are different
from those discussed above. At Lake Swan, the REVEALS estimates
exhibit very high percentage cover of Cyperaceae (55–93%) from 8.5 to
3 ka BP including two periods with higher cover of Poaceae (8.5–7 ka
BP and 5.5–4.5 ka BP). From 3 ka BP to 1.5 ka BP, Cyperaceae decrease
progressively, while Poaceae and PFT VII increase from 2.5 ka to 1 ka
BP. Cyperaceae increase again at the expense of Poaceae from 1.5 ka BP
until today. At Lake Sayram, trees are present with ca. 2 to 19% of cover
(Pinus dominant over Cupressaceae from 8.5 ka BP). PFT VII is domi-
nant over Poaceae from 9 ka BP to 4 ka BP. Chenopodiaceae decreases
from 5.5 ka BP and Artemisia from 3.5 ka BP (Fig. E.11). From 4 to 3 ka
BP Poaceae and Cyperaceae increase at the expense of PFT VII, and
from 2.5 ka BP Rosaceae exhibits a higher percentage cover at the ex-
pense of Cyperaceae, and later Poaceae. Cyperaceae and Poaceae are
generally associated with higher annual precipitations than Artemisia
and Chenopodiaceae that are strongly related to steppe and desert ve-
getation, respectively (e.g. Li et al., 2017b). The features characteristic
for the ACA climatic region influenced by the westerlies are a maximum
effective moisture in Mid-Holocene (ca. 8 to 5 ka BP), a decrease in
moisture after 5 ka BP, and a return to wetter conditions from 2 ka BP.
The changes in cover of Poaceae, Cyperaceae, Artemisia and Chenopo-
diaceae between 8 ka and 2 ka BP described above do not agree with
the regional climate history. It is therefore tempting to interpret the
REVEALS-based vegetation changes in terms of human impact 5.5–4.5,
4–3.5, and 2.5–1.5 ka BP. Landuse was probably dominated by grazing
from ca. 5.5 ka BP. Some agriculture may have occurred from ca. 4 ka
to 2.5 ka BP as suggested by archaeological evidence in arid and semi-
arid areas of northwest China (Spengler et al., 2016b).

4.4.2.3. Highland vegetation, Tibetan Plateau (northern-northwestern part
of Zone VIII, site groups 33, 34 and 35; Figs. 6, E.14, and E.15). On the
northern, northwestern Tibetan Plateau, the increase in pollen
percentages of trees to maximum values at 6.5 ka BP and their
decrease over Late Holocene were interpreted in climatic terms with
maximum wetness in Mid-Holocene (Zhao et al., 2009b). The REVEALS
reconstructions are characterized by large cover of openland (>90%)
over the entire Holocene, except for some time windows in site group

33 (single site, Lake Gounong Co) where Pinus and Larix can have high
percentage cover. The interpretation of high REVEALS percentage cover
of Larix is discussed above (Temperate steppe, Zone VI). The scarcity of
pollen assemblages from 5 ka BP makes interpretation of this site
difficult. In site group 34 (single site, Sumxi Lake), the cover of
Rosaceae is relatively high (up to 40%) in the first part of the
Holocene to then decrease gradually from 10 ka to 5.5 ka BP, while
PFT VII increases (Brassicaceae and Chenopodiaceae mainly, Fig. E.14)
and the overall landscape openness increases with ca. 15–20% cover.
PFT VII (Artemisia and Chenopodiaceae mainly, Fig. E.15) also increases
from 3 ka BP in site group 35 (single site, Bangong Co). These changes
might be due to human impact, primarily grazing (see discussion on
archaeological findings on the Tibetan Plateau above). However,
convincing archaeological evidence of agriculture in this region is
lacking.

4.5. Evaluation of the anthropogenic land-cover change scenarios

Evaluation of the Anthropogenic Land-Cover Change (ALCC) sce-
narios currently used in climate modelling with REVEALS estimates of
plant cover requires detailed comparison between the two over time
and space. Such a comparison was performed for north-western Europe
(Kaplan et al., 2017; Roberts, 2019) and is currently in progress for
China. Kaplan et al. (2017) found that the KK scenarios (Kaplan et al.,
2011) were closer to the REVEALS land-cover reconstructions
(Trondman et al., 2015) than the HYDE 3.1 scenarios (Klein Goldewijk
et al., 2010). Here we explore the potential of the pollen-based RE-
VEALS estimates presented in this paper for the validation of HYDE 3.2
(Klein Goldewijk et al., 2017). We compare the % cover for crops and
grazing land in HYDE 3.2 and the % cover of the anthropogenic
openland cover inferred from the REVEALS estimates for three time
windows, 4 ka BCE (Before Common Era) (= 5.95 ka BP, ca. 6 ka),
1 ka BCE (= 2.95 ka BP, ca 3 ka) and 1500 CE (=0.45 ka BP, ca. 0.5 ka)
(Fig. 7). The REVEALS reconstructions do not include cereals. Artemisia,
Chenopodiaceae, Asteraceae, Fabaceae, and Brassicaceae, possibly re-
lated to cereal cultivation (Li et al., 2013) therefore represent cropland.
Moreover, the REVEALS-inferred anthropogenic land cover either may
under- or overestimate the actual human-induced land-cover change
depending on the region and the plant taxa involved (see introductory
discussion under section 4.4., above). The REVEALS-inferred anthro-
pogenic land-cover changes are based on arguments developed in sec-
tion 4.4 above. See Appendix F for details on HYDE 3.2 and description
of the scenarios for cropland and grazing land for the three selected
time windows.

The REVEALS estimates show some increase of openland around
6 ka BP that might be anthropogenic mainly in vegetation zone VI
(temperate steppes; site groups 4–11). The openland cover rises to ca.
5–10% of the total land area. In vegetation zones III (temperate de-
ciduous forest) and IV (subtropical broadleaved evergreen and decid-
uous forest) an increase in openland with 10–15% of the total land area
in site groups 14, 15 and 16 might also be due to early agriculture.
HYDE 3.2 simulates cropland in those regions with a cover of 1.2–5.8%
of the total land cover. There is also indication of REVEALS-estimated
anthropogenic openland around 6 ka BP in regions where HYDE 3.2
does not simulate crop land (at 5.95 (ca. 6) ka BP), i.e. in site groups 1
(vegetation zone II, coniferous-deciduous mixed forest), 5 (northeastern
part of vegetation zone VI, temperate steppe), and 20 (western, upper
part of the Yangtze river basin, vegetation zone IV). Moreover, the
REVEALS reconstructions exhibit land-cover changes from ca. 6 ka BP
in the southern and north-eastern parts of the Tibetan Plateau (vege-
tation zone VIII) that might be related to human impact. Therefore, the
REVEALS results suggest that HYDE 3.2 might strongly underestimate
the cover of anthropogenic openland at 5.95 (ca. 6) ka BP in most of
temperate China, Eastern China and the eastern part of the Tibetan
Plateau in particular.

The REVEALS reconstructions indicate increases in openland of up
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to 20% of the total land area from ca. 3.5 ka BP in vegetation zone II
(coniferous-deciduous mixed forest) that might be anthropogenic and
ca. 3 ka BP in vegetation zone VI (temperate steppe; site groups 5, 8 and
9). In contrast, there is no clear change in the cover of openland around
3 ka BP in both vegetation zones III (temperate deciduous forest) and IV
(subtropical broadleaved evergreen and deciduous forest), except in site
group 20 (zone III, increase of cover with ca 5% of the total land cover).
Otherwise, the REVEALS-estimated cover of openland is generally
smaller around 3 ka BP than around 6 ka BP by ca. 20% of the total land
cover. It increases first around 2.5 ka BP in zone III (site group 13)
where it is assumed to correspond to the first peak of population
numbers in historical times in the region during the reign of the early
Han dynasty (206 BCE–24 CE), and in zone IV (site groups 17 and 16
(ca. 2 ka BP)). The REVEALS reconstructions also show changes in land
cover around 3 ka or 2.5 ka BP in vegetation zone VII (temperate

desert) for site groups 23, 24, 25 and 28. However, these changes do not
imply an increase in openland cover, but suggest that 10–20% of the
total land area might have been transformed into grazing land. HYDE
does not simulate human-induced openland in zone II and most of ve-
getation zone VI. In zones III and IV, HYDE simulates at 2.95 ka BP a
cover of 10–40 km2 cropland per grid cell (ca. 12–47% of the grid cell
area) restricted to the neighbourhoods of the Yellow River and Yangtze
River. In the rest of the region the cover of cropland is estimated to
5–10 km2 (ca. 5.8–12% of the grid cell area) or less. HYDE simulates
grazing land in vegetation zones VII and VIII with ca. 1–5 km2 per grid
cell (ca. 1.2–5.8% of the grid cell area), which is a smaller area than the
REVEALS-estimated area transformed into grazing land.

The REVEALS reconstructions indicate an increase in openland of ca
25% of the total land area in vegetation zone III (temperate deciduous
forest) between 2.5 ka and 0.5 ka BP. In vegetation zone IV (subtropical

Fig. 7. Cover of cropland and grazing land in km2 per grid cell extracted from the HYDE database (Klein Goldewijk et al., 2017) for three time windows, 0.45 ka,
2.95 ka, and 5.95 ka BP. The spatial resolution of the maps is 5′ x 5′ (ca. 185 km2).
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broadleaved evergreen and deciduous forest), there is an increase in
openland of ca. 10–15% of the total land area from 1.5 ka to 0.5 ka BP
(site group 15), 2.5 ka to 2 ka BP (site group 17), 2.5 ka to 1 ka BP (site
group 16), and 1.5 ka to 0.5 ka BP (site group 20). Compared to the area
of openland before 7 ka (i.e. before the start of early agriculture), the
highest pollen-based increases in area of openland ca. 0.45 ka BP are
estimated to 30% (site group 2, zone II, coniferous-deciduous mixed
forest), 35% (site group 15, zone IV), and 25% (site group 20, zone IV).
This should be compared to the areas of cropland in HYDE 3.2 at
0.45 ka BP of up to 47% in vegetation zones III and IV, and > 87% at
the location of settlements along the Yellow River and the Yangtze
River. In those vegetation zones, the HYDE scenarios are probably
realistic.

HYDE does not simulate cropland in vegetation zones II and most of
vegetation zone VI (temperate steppe) at 0.45 (ca. 0.5) ka BP as at 2.95
(ca. 3) ka BP (see above). According to the REVEALS reconstructions,
the cover of anthropogenic openland in vegetation zone VI is at least as
large at 0.5 ka BP as at ca. 3 ka BP, or larger by 50 to 100% (site groups
5, 8, 10 and 11). In contrast, HYDE simulates a maximum of 10 km2

grazing land per grid cell (12% of the cell area). It implies that HYDE
greatly underestimates the anthropogenic openland around 0.45 ka BP
in most of the vegetation zone VI. The REVEALS reconstructions in
vegetation zone VII (temperate desert) indicate a similar cover of
grazing land (10–20%) at 0.45 ka BP as at 3 ka BP. Therefore, the
5–10 km2 per grid cell (ca. 5.8–12% of the grid cell area) simulated by
HYDE 3.2 for 0.45 (ca. 0.5) ka BP is close to the REVEALS estimates.

5. Conclusions

1. Novelty: we present the first attempt at large scale, pollen-based
quantitative reconstructions of Holocene plant cover in temperate
China for 27 plant taxa using the REVEALS model. These re-
constructions of plant taxa composition (in percentage cover) in the
past differ significantly from the pollen taxa composition (in per-
centages). This new information on land cover combined with a
review of earlier interpretations of pollen studies, and independent
information on Holocene climate change and archaeology-based
settlement history provides novel insights on anthropogenic land-
cover change through time and space in temperate China. Other
syntheses of Holocene pollen-based vegetation change covering the
whole of China or large parts of Asia reconstruct changes in broad
vegetation units such as biomes (Yu et al., 1998; Yu et al., 2000; Ni
et al., 2014; Cao et al., 2015; Tian et al., 2016). None of these stu-
dies, except that of Ni et al. (2014), attempted to quantify anthro-
pogenic land-cover change. Ni et al. (2014) defined three anthro-
pogenic plant functional types (one anthropogenic biome).
However, the reconstructed anthropogenic biome did not capture
the history of human-induced land cover satisfactorily, which is due
to the difficulties in assigning pollen taxa to appropriate anthro-
pogenic PFTs and biomes. Biome reconstruction so far does not
allow evaluating anthropogenic land-cover change (ALCC) sce-
narios. For this purpose, REVEALS reconstructions have a stronger
potential than biomization, given that they are combined with de-
tailed information from archaeological studies (Gaillard et al., 2018;
Harrison et al., 2019).

2. Uncertainties: the REVEALS reconstruction of Holocene plant-cover
change in this study is strongly dependent on the reliability of the
standardized dataset of relative pollen productivities (RPP; Li et al.,
2018) we are using. Although the number of RPP values is relatively
high for many plant taxa, it is still low for some important taxa.
More RPP studies are necessary to evaluate the possible effect of
climate, vegetation type, and land use on the RPP values, and to
refine the RPP datasets. Moreover, we need further validation of the
REVEALS reconstructions in China using modern pollen and vege-
tation data (Xu et al., 2016). The major uncertainties are due to taxa
for which only one RPP value is available, such as Rosaceae and

Larix. These taxa have very low RPP and, subsequently, their RE-
VEALS estimates of cover can become very high and strongly in-
fluence the percentage cover of other taxa. Reconstructions in-
cluding high cover of Rosaceae and Larix therefore should be
considered with caution. Another source of uncertainty is the lack of
RPP values for Abies and Picea in China. The use of RPP values from
Europe would require validation using modern pollen and vegeta-
tion from China. We excluded those two taxa from our reconstruc-
tion, which implies overestimation of the percentage cover of other
trees and openland plant taxa in the regions of China where Abies
and Picea were common. In spite of these uncertainties and differ-
ences between our RPP dataset and those used in earlier REVEALS
reconstructions for single sites (Wang and Herzschuh, 2011; Xu
et al., 2014) and groups of sites in northern China (Cao et al., 2019),
the reconstructions are in many cases strikingly similar. It suggests
that the correction by REVEALS of the biases imbedded in pollen
percentages is often robust and can be used to estimate the actual
changes in plant cover over the Holocene.

3. Insights on vegetation composition: if we assume that the standar-
dized RPP dataset used in this study is robust enough for the most
common taxa in temperate China, we can draw some major con-
clusions from the REVEALS results. In general, pollen percentages
overestimate the abundance of Pinus and Betula among trees, and
Artemisia among herbs, while they underestimate the abundance of
Quercus, Fraxinus, Ulmus and Tilia and all herbs except Artemisia.
Therefore, a dominance of pine over broad-leaved deciduous trees in
pollen percentages often corresponds to a dominance of broadleaved
deciduous trees over pine in the REVEALS reconstructions. The herb
total percentage cover is generally higher than the pollen percen-
tages because all herbs have RPP values lower than trees except
Artemisia. Therefore, pollen percentages use to underestimate the
cover of herbs. However, if Artemisia is dominant among herbs,
pollen percentages may overestimate herbs, i.e. the REVEALS esti-
mate of the total herb cover will be lower than the pollen percen-
tages. This is the case in some areas of the temperate steppe zone
(VI) and temperate desert zone (VII). The correction by REVEALS of
the pollen percentages implies a more realistic reconstruction of the
actual plant-cover change over the Holocene in terms of conifers
versus broadleaved trees and openland versus woodland in most
regions of temperate China. A realistic description of vegetation
cover is particularly important for studies on past anthropogenic
plant/land-cover change and on the interactions between climate
and land cover/land use (e.g. Gaillard et al., 2010, 2018). Such
description is also essential to understand the combined effects of
climate and human activities on vegetation (e.g. Marquer et al.,
2017) and for all studies using pollen data to reconstruct past bio-
diversity and climate change (e.g. Marquer et al., 2014; Wang and
Herzschuh, 2011; Cao et al., 2019).

4. Human-induced plant-cover change: We tentatively interpreted in-
creases in openland or individual herbs (Poaceae, Cyperaceae,
Rosaceae, PFT group VII) as an indication of human impact on ve-
getation through deforestation or transformation of the openland
into cropland or grazing land. We proposed such interpretation if
two conditions were realized, i.e. the vegetation change a) could not
be interpreted as induced by climate change (not always realized),
and b) could be confirmed by archaeological records. The REVEALS
reconstructions suggest successive human-induced vegetation
changes over the Holocene in all vegetation zones of temperate
China. The first signs of human impact (cultivation if nothing else
specified) are found from a) ca. 7 ka BP in the temperate deciduous
forest, and the southern and northeastern Tibetan Plateau (mainly
grazing, possibly cultivation), b) 6.5–6 ka BP in the temperate
steppe, and the temperate desert (grazing, uncertain), and c)
5.5–5 ka BP in the coniferous-deciduous mixed forest, the eastern
northern subtropical region, and the northwestern Tibetan Plateau
(grazing). There is indication of further increase in human impact
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from a) 5–4.5 ka BP in the eastern temperate steppe, and the
southern-northeastern Tibetan Plateau (grazing, cultivation un-
certain), b) 3.5–3 ka BP in the southern and northeastern Tibetan
Plateau, the western temperate steppe, the temperate desert
(grazing), and the northwestern Tibetan Plateau (probably grazing),
and c) ca. 2.5–2 ka BP in the temperate deciduous forest, the
northern subtropical region, and the temperate desert (grazing).
These REVEALS-inferred changes correspond to known periods of
increased human activity as documented by archaeologists and
suggest that humans transformed wooded landscapes into more
open vegetation already from ca. 7 ka BP and that open vegetation
increased significantly (or changed its character/composition) from
Mid-Holocene and through the Late Holocene. The REVEALS re-
constructions also indicate that the human-induced vegetation
transformation over temperate China during the Holocene was more
widespread and often more significant than the ALCC scenarios
proposed by Klein Goldewijk et al. (2017) suggest. REVEALS re-
constructions have a stronger potential than biomization to evaluate
ALCC scenarios, given they are combined with detailed information
from archaeological studies.

5. Prospects: the REVEALS model has a great potential for pollen-based
reconstructions of past plant cover. Such reconstructions will im-
prove in quality and accuracy with an increasing number of RPP
values for the major plant taxa of China. Collaboration with ar-
chaeologists needs to be further developed in order to improve
knowledge on the effect of the number and size of human settle-
ments and their activities (i.e. population growth) on vegetation/
land-cover change over the Holocene in China. Modelling studies
are currently undertaken to attempt disentangling the effects of
climate and human impact on vegetation during periods of com-
bined climate and population/settlement change (e.g. Marquer
et al., 2017).
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