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The basis for the interpretation of fossil-pollen assemblages in terms of vegetation and
climate is the present-day relationship of vegetation and climate to pollen rain. Detailed
modern pollen spectra from the Tibetan Plateau are described here to explore the
relationship between modern pollen rain and vegetation. Two hundred and thirty four
(234) pollen surface samples were collected from moss polsters, top soil, and lake surface
sediments from forests, shrublands, shrub meadows, meadows, steppes, and deserts in
the Tibetan Plateau. Pollen assemblages from each vegetation type are detailed described
using pollen percentage data, and compared descriptively and numerically using cluster
analysis. Pollen spectra from forests are characterized by high percentages of tree pollen
types including Pinus, Abies, Picea, Quercus, and Betula. Pollen spectra from shrublands
have highest amounts of shrub pollen. The dominants of shrublands, such as
Rhododendron, Juniperus, Salix, and shrub Quercus, are well-represented in most of
these pollen spectra. Pollen spectra from shrub meadows have less shrub pollen than
those from shrublands, but more than those from meadows, steppes and deserts. The
most frequent shrub pollen in this vegetation type is Rosaceae. Most of pollen spectra from
shrub meadows are dominated by Cyperaceae pollen. Pollen spectra from meadows are
characterized by the very high percentages of Cyperaceae pollen. The highest amounts of
Cyperaceae pollen occur in pollen spectra from alpine-marshy meadows. Pollen spectra
from Stipa steppes are characterized by the highest percentages of Poaceae pollen, and
high Cyperaceae pollen percentages, whereas pollen spectra from Artemisia steppes have
the highest percentages of Artemisia pollen. Pollen spectra from arid deserts are
dominated by Chenopodiaceae. Main vegetation types can be distinguished by their
modern pollen rain, i.e., modern pollen spectra do reflect the modern vegetation at local
and regional scale in the Tibetan Plateau. This modern pollen database can thus be used to
explore the pollen/vegetation and pollen/climate relationships by a variety of numerical
methods.
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INTRODUCTION

The basis for the interpretation of fossil-pollen assemblages in terms of
vegetation and climate is the present-day relationship of vegetation
and climate to pollen rain (Webb and Bryson, 1972; Liu and Lam,
1985; Bartlein et al., 1986; Delcourt et al., 1987; Gajewski et al., 2002;
Schofield et al., 2007; Birks et al., 2010; Seppä et al., 2010; Davis et al.,
2013; Ge et al., 2017). In China, modern pollen studies are limited by
extensive human impacts on the modern vegetation (Liu, 1988; Xu
et al., 2016). Although some studies of surface pollen samples were
conducted before this century, most of these earlier studies focused on
relation of pollen rain to regional vegetation and climate in some
mountainous regions such as Changbaishan and Xiaoxinanling
Mountains in northeastern China (Zhou et al., 1983; Shen and
Tang, 1992; Li et al., 2000), Zhongtiao Mountain in northern
China (Yao, 1989), Shengnongjia Mountain in central China (Li,
1991), the West Kunlun Mountains and Haoniu Mountains in
western China (Weng et al., 1989; Jarvis and Clay-Poole, 1992). In
this century, Chinese and western palynologists have made great
efforts in developing a modern pollen database and applying it into
vegetation and climate reconstructions (e.g., Members of China
Quaternary Pollen Database, 2001; Yu et al., 2001; Shen et al.,
2006, 2008a, b; Zheng et al., 2008, 2014; Herzschuh et al., 2010; Lu
et al., 2011; Xu et al., 2016; Chen et al., 2017; Liang et al., 2020).

The Tibetan Plateau (TP), the least anthropologically-disturbed
region in China, provides an unusual opportunity to study the
relationship between modern pollen rain and vegetation. In the
TP, most of the earlier work on pollen surface samples was
conducted separately and locally as part of paleoenvironmental
studies (e.g., Li and Liu, 1988; Jarvis and Clay-Poole, 1992; Sun
et al., 1993; Van Campo and Gasse, 1993; Xiao et al., 1996). In
this century, modern pollen studies were extensively conducted in the
TP (e.g., Yu et al., 2001; Shen et al., 2006; Herzschuh et al., 2010; Lu
et al., 2011; Ma et al., 2017; Liang et al., 2020). These studies examined
the spatial distribution of pollen taxa and analyzed the relationship
between the modern pollen assemblages and regional vegetation and
climate based onmodern pollen data sets frommoss polsters, top soil,
and lake surface sediments. However, none of them gave a detailed
description of modern pollen spectra and vegetation at sampling sites
involving most of vegetation types in the TP.

This paper describes the modern pollen spectra of the TP as
recorded in a network of 234 pollen surface samples. The samples
were derived from a variety of vegetation types from monsoonal
climate regions to arid and semi-arid regions, including forests,
shrublands, shrub meadows, meadows, steppes, and deserts. The
relationship between modern pollen rain and vegetation types is
examined. This study provides basic information for the
quantitative analysis of the relationships among modern pollen
rain, vegetation, and climate as well as the quantitative
reconstruction of paleovegetation and paleoclimate (Shen
et al., 2006, 2008a, b; Lu et al., 2011; Liang et al., 2020).

MATERIAL AND METHODS

Two hundred and thirty four (234) pollen surface samples were
collected from moss polsters, top soil, and lake surface sediments

in the TP in the summers of 1993–1995, 1999 and 2001 (Figure 1
and Supplementary Material). Pollen sites are located between
29 and 40°N and 90–104°E, and cover an elevation range from
1,100 m to 5,230 m (Figure 2). Samples were processed according
to the standard procedure described by Faegri and Iversen (1975).
The procedure involves treatment with cold 10% HCl, hot 10%
KOH, hot 50%HF, and acetolysis solution, staining with safranin,
dehydration with tertiary butyl alcohol, and mounting in silicone
oil. Prior to chemical treatment, moss polsters and soils were
stirred in distilled water and sieved to remove coarse detritus and
sand. More than 400 pollen grains were counted for most samples
except for some desert samples that contain few pollen grains.

Pollen percentages are calculated from a total pollen sum.
ArcGIS and TILIA software are used for mapping, plotting of
pollen diagrams, and statistical analysis of modern pollen spectra.

VEGETATION OF THE TP

The TP, known as the “roof of the world”, is a vast highland with
an area of nearly 2 × 106 km2 situated at an average elevation of
over 4,000 m above sea level. Its climate shows a marked
southeast to northwest precipitation gradient due to the
decreasing influence of the Southwest Asian monsoon.
Following the steep altitudinal and latitudinal climatic gradient
on the TP, the vegetation changes from forests to high-cold alpine
meadows and shrublands, and to alpine steppes and desert. Based
on a large-scale vegetation map of the whole plateau (Institute of
Geography, 1990), ten major vegetation regions are recognized
(Figure 1).

A. Tropical rainforest-seasonal rainforest: This vegetation type
occurs on the south-facing slopes and river valleys of the East
Himalayas. The climate is tropical and monsoonal with high
annual precipitation (2000–3,000 mm) and a high mean annual
temperature (>20°C). Tropical rainforest dominated by
Dipterocarpus, Artocarpus, Canarium, Shorea, and Tetrameles
occurs at elevations lower than 600 m. Seasonal rainforest
consisting of Dysoxylum, Chukrasia, Terminalia,
Lagerstroemia, and Altingia occurs at elevations of
600–1,000 m. Above 1,000 m are subtropical monsoonal or
montane rain forests dominated by a variety of evergreen oaks
(Cyclobalanopsis, Quercus), Lithocarpus, Castanopsis, mixed with
subalpine conifers such as Picea, Abies, and Tsuga (Wu, 1980;
Tibetan Investigation Group, 1988).

B. Subalpine conifer forest: It occurs in the southeastern part of
the Plateau, which is deeply dissected by several NNW-SSE
trending rivers. These river gorges punctuate the Himalayan
barrier and permit the SW Indian Monsoon to penetrate
deeply into the TP and the western interior parts of China.
The annual precipitation ranges from 400 to 1,200 mm and is
concentrated in the monsoon season between May and October
(Wu, 1980). The mean annual temperature varies from 3°C to
12°C, with a coldest air temperature of −20.7°C and a warmest air
temperature of 32.7°C. Coniferous trees are the dominants in this
region, which are represented by five genera—Abies, Picea, Pinus,
Tsuga, and Juniperus. The formation also contains an admixture
of deciduous hardwood genera such as Alnus, Betula, and
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Populus; these are successional replacements of the coniferous
forest after natural or anthropogenic disturbance. The conifer
forest zone, dominated by Abies, Picea, and Juniperus, typically
occurs between 3,000 and 4,000 m elevation. With an increase in
elevation, the conifer forest zone changes to a shrub zone
composed of Rhododendron shrubs together with rosaceous
genera, and an alpine meadow zone. Evergreen needle-leaved
and deciduous broad-leaved mixed forests, consisting of Pinus,
Tsuga, Quercus, Acer, Betula, and Corylus, exists below the
conifer forest zone. In addition, arid desert also occurs in hot
and dry river valleys. It is mainly composed of Pertya,

Cotoneaster, Androsace, Artemisia, Chenopodium, and
Miscanthus (Editorial Broad of Sichuan’s Vegetation, 1980).

C. Alpine meadow and shrubland: These vegetation types
occur on the relatively open and flat terrains in the eastern
part of the Plateau at elevations between 3,500 and 5,000 m.
This region is characterized by cold and wet climatic conditions,
with a mean annual temperature of −4°C to 3°C, coldest month
temperature of −17 to −7°C, and warmest month temperature of
5–13°C. The annual precipitation varies between 350 and
700 mm, which is mostly brought by the summer monsoon
penetrating into this region through the river gorges. The
shrubland consists of Dasiphora, Salix, Sibiraea,
Rhododendron, Juniperus, Potentilla, and Caragana. Alpine
meadow is dominated by Kobresia spp, together with
Polygonum, Thalictrum, Anaphalis, Artemisia, and some
species of Poaceae, Asteraceae, and Caryophyllaceae (Editorial
Broad of Sichuan’s Vegetation, 1980).

D. Alpine steppe and shrubland: These vegetation types
occur in southern Tibet under the rain shadow of the
Himalayas, where the annual precipitation ranges from 230
to 450 mm. The temperature is relatively high compared with
that in alpine meadow, with a mean annual temperature of 0°C
to 8°C, coldest month temperature of –12°C to −2°C, and
warmest month temperature of 10°C to 16°C. The river
valleys and mountains below 4,000 m in elevation are
covered by Sophora moorcroftiana shrub and Aristida
triseta steppe. The mountains at elevations of 4,000–4,700 m
are occupied by alpine steppe dominated by Stipa bungeana, S.
capillacea, Artemisia wellbyi, A. stracheyii, and shrubland
dominated by Caragana, Potentilla, and Juniperus. An
alpine meadow zone above 4,700 m elevation is composed
of Kobresia and Polygonum.

FIGURE 1 | The vegetation of the TP and location of surface samples.

FIGURE 2 | Elevation at which the surface sample sites are located.

Frontiers in Earth Science | www.frontiersin.org August 2021 | Volume 9 | Article 7324413

Shen et al. TP Modern Pollen Rain

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


E. High-cold steppe: This vegetation type occupies a vast
region at elevations of 4,400–5,400 m in the interior of the
Plateau. The climate is cold and dry, with a mean annual
temperature of −6°C to 0°C and an annual precipitation of
150–300 mm. Stipa purpurea, S. basiplumosa, Carex
moorcroftii, and Artemisia wellbyi are dominants of the high-
cold steppe. Frequent companion components include Stipa
penicillata, S. glareosa, Carex montis-everestii, Festuca ovina,
Poa spp., Artemisia minor, and Astraglus heydei. Usually there
are some cushion plants (e.g., Arenaria musciformis, Androsace
stapete, Thylacospermum rupifragum) and mesic herbs such as
Kobresia pygmaea (Chang, 1981; Wang, 1988).

F. High-cold desert: High-cold desert occurs in the
northwestern part of the TP, where the elevation is over
5,000 m. This region experiences the coldest and driest climate
of the Plateau. The mean annual temperature is about −8 to
−10°C. Mean monthly temperature is lower than 0°C for
9–10 months. The mean annual precipitation is only
20–50 mm (Chang, 1981). The dominants of this vegetation
type are cushion minor semi-shrubs adapted to extremely cold
and dry climate. The representative community is composed of
Ceratoides compacta, with few companion species such as Ajania
trilobata, Arenaria monticola, Carex moorcroftii, Hedinia tibetica,
Oxytropis densa, Pegaeophyton scapiflorum, Stipa basiplumosa,
and Thylacospemum caespitosum. The only woody plant in the
region is Myricaria hedinii, which grows along rivers (Chang,
1981; Wang, 1988).

G. Mountain desert: This vegetation type occupies the
mountains and valleys on the western edge of the Plateau
between the northwestern Himalayas and the Karakoram
ranges. The center of the summer thermal low of Tibet is
located in this region, the driest and hottest region on the
Plateau. The July mean temperature is 15°C. The annual
precipitation is no more than 50–75 mm (Chang, 1981). The
desert community consists of suffrutescent Ceratoides lateens,
Ajania fruticulosa, and the endemic perennial Christolea
crassiflora. Some feathergrasses (e.g., Stipa glareso, S.
subsessiliflora, S. breviflora) and xeric shrubs (e.g., Ephedra
gerardiana and Caragana versicolor) are present in the desert
community where the climate becomes slightly more humid.

H. Arid desert: In the northern part of the Plateau lies the
Qaidam Basin. Its general elevation is 2,600–3,000 m, ca. 2000 m
lower than the surrounding mountains. The annual precipitation
decreases from 200 mm in the east to 20 mm in the west. The
annual mean temperature is 1°C to 5°C, with a coldest monthly
temperature of −15°C to −10°C and a warmest monthly
temperature of 15°C to 17.5°C. The arid desert is dominated
by Chenopodiaceae, Artemisia, Ephedra, Tamarix (T. laxa, T.
ramosissima), Nitraria (N. tangutorum, N. sibirica), Populus,
Calligonum, Poaceae, Asteraceae, Fabaceae, Polygonaceae, and
Cyperaceae (Wu, 1980).

I. Dry steppe: This vegetation type occurs in the northeastern
part of the Plateau at elevations of 2000–5,000 m, where the
annual precipitation ranges from 300 to 500 mm, and the mean
annual temperature is −4°C to 4°C. In the south of this region, the
vegetation is dry steppe, dominated by Stipa bugeana, S.
breviflora, S. purpurea, Orinus kokonorica, Leymus secalinus,

Artemisia scoparia, Achnatherum splendens, and Carex
ivanova. The high mountains to the north support alpine
meadows dominated by Kobresia. Picea and Juniperus forests
occur between 2,400 and 4,100 m on the northern and wetter
southeastern slopes of mountains in the northern and eastern
margins of the region.

J. Warm temperate deciduous broadleaved forest: This
vegetation type grows in the mountains on the eastern edge of
the Plateau. The general elevation of the mountains is above
2,800 m. The climate is warm and wet, with cold winters and cool
summers. The annual precipitation is 500–750 mm, of which
70–80% is concentrated in the months of May to September. The
mean annual temperature at an elevation of 2,300 m is about 8°C.
Below 2,500 m is the coniferous and deciduous broadleaved
mixed forest zone, characterized by Quercus, Tilia, Acer,
Pterocarya, Betula, Carpinus, Pinus, Tusga, Abies, and Picea.
Between 2,500 and 3,800 m occurs a subalpine conifer forest
zone, dominated by Abies, Picea, and Rhododendron. Above
3,800 m is an alpine meadow zone, consisting of Cyperaceae,
Poaceae, and Asteraceae.

MODERN POLLEN RAIN IN THE TP

Although theoretically each modern pollen sample can be
assigned to a major vegetation region based on its
geographical location, this is difficult and unsound in
practice because the vegetation boundaries are transitional
and hard to recognize in the field. Moreover, azonal
vegetation communities can and often occur locally within a
major vegetation region; for example, isolated stands of forest
can occur near the ecotone within the alpine meadow region,
and shrub meadow or even hot valley deserts can occur within
the subalpine conifer forest region. The regional vegetation
pattern is further complicated by the altitudinal vegetation
zonation. Due to the great variations in elevation, a wide
variety of vegetation types can occur within a vegetation
region. Therefore, in the field, each pollen sample was
classified into a vegetation type (e.g., oak forest,
Rhododendron shrub, marshy meadow) according to the
local vegetation community from which it is derived, and
the characteristic or common plant taxa that occur locally
were recorded at each site (Supplementary Material). These
local vegetation communities were then aggregated into six
main vegetation groups — forest, shrubland, shrub meadow,
meadow, steppe, and desert. Among the 234 pollen surface
samples, 50 are derived from forest, 37 from shrubland, 20
from shrub meadow, 66 from meadow, 42 from steppe, and 19
from desert. Based on their palynological signatures, the pollen
samples from each major vegetation type are classified into
several sub-groups by means of cluster analysis (Grimm,
1987). Here we describe the main features of pollen spectra
in each vegetation type.

Forest
The pollen sample sites are located in the subalpine conifer forest
and warm temperate deciduous broadleaved forest regions. The
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pollen spectra are characterized by high percentages of tree pollen
(Figure 3). As expected, the main tree pollen types are Pinus,
Abies, Picea, Quercus, and Betula. Common herbaceous pollen
types are Artemisia, Poaceae, Cyperaceae, Asteraceae, Thalictrum
and Ranunculaceae. Pollen of shrubs such as Salix,
Rhododendron, and Rosaceae are frequently present. Pollen
spectra can be classified into eight groups based on the local

vegetation communities from which the surface samples were
collected.

Pollen spectra from subalpine mixed forest (MF) are
dominated by tree pollen, including Pinus, Picea, Abies,
Quercus, and Betula. Other tree pollen such as Tsuga, Larix,
Alnus, and Corylus are also present in most of the pollen samples.
The highest percentages of Picea, Pinus, Quercus, and Betula

FIGURE 3 | Pollen percentage diagram for surface samples from forests in the Tibetan Plateau. Forest types are: subalpine mixed forest (MF), pine forest (PF), pine
and oak forest (POF), oak forest (OF), oak and birch forest (OBF), birch forest (BF), spruce forest (SF), juniper forest (JF), and larch forest (LF).

FIGURE4 | Pollen percentage diagram for surface samples from shrublands in the TP. Shrubland types include rhododendron shrub (RS), juniper shrub (JS), willow
shrub (WS), rosaceous shrub (RPS) and alpine oak shrub (OS).

Frontiers in Earth Science | www.frontiersin.org August 2021 | Volume 9 | Article 7324415

Shen et al. TP Modern Pollen Rain

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


occur in pollen spectra from spruce forest (SF), pine forest (PF),
oak forest (OF), and birch forest (BF), respectively. One sample
taken from larch forest (LF) has up to 60% Larix pollen, whereas
one sample taken from Juniperus forest (JF) contains more than
25% Cupressaceae pollen. The pollen spectra from oak-birch
forest (OBF) are mainly composed of tree pollen from Quercus
and Betula, but herbaceous pollen like Artemisia can be abundant
in some samples. In the pollen spectra from pine-oak forest
(POF), Pinus and Quercus are common tree pollen, but the most
frequent pollen is Artemisia.

Shrubland
Shrublands generally occur in forest regions above the treeline;
few can be found in meadow regions. Pollen spectra (Figure 4)
are characterized by high percentages of shrubs such as
Rhododendron, Salix, Quercus and Cupressaceae (probably
Juniperus). According to their local vegetation types observed
in field, pollen spectra are classified into five groups.

Two subgroups of pollen spectra from Rhododendron
shrublands (RS) can be recognized based on pollen
percentages. Pollen spectra of subgroup RS1 are dominated by
Rhododendron pollen, accounting for more than 50% of total
pollen sum. Common herbaceous pollen types include Poaceae,
Asteraceae, Artemisia, Polygonum, and Cyperaceae. Percentages
of tree pollen are low, and only Pinus, Quercus, and Betula pollen
are frequently present. Pollen spectra from subgroup RS2 contain
somewhat lower percentages of Rhododendron pollen, but tree
pollen such as Abies, Picea, Pinus, Quercus, and Betula occur
more prominently. Pollen spectra from juniper shrublands (JS)
are characterized by high percentages of Cupressaceae pollen.
Two pollen spectra (subgroup JS1) are completely dominated by
Cupressaceae (>70%). Other pollen spectra (subgroup JS2) have
less Cupressaceae pollen (10–30%), but more tree pollen such as
Abies, Picea, and Pinus, and more herbaceous pollen from
Poaceae and Artemisia. The samples from willow shrublands

(WS) have the highest percentages of Salix pollen. Relatively low
percentages of Rosaceae pollen and high percentages of
herbaceous pollen (Artemisia, Poaceae, Asteraceae, and
Cyperaceae) distinguish the pollen spectra of rosaceous
shrublands (RPS) from the others. Pollen spectra from alpine
dry oak shrublands (OS) are characterized by the highestQuercus
pollen percentages among pollen spectra from shrublands, and
relatively high percentages of Abies, Picea, Pinus, Rosaceae, and
Artemisia.

Shrub Meadow
Shrub meadows occur in the vegetation regions of alpine meadow
and shrubland. The main components of shrubs are similar to
those in shrublands, including Rhododendron, Salix, Juniperus,
and Potentilla. Shrubs are scattered amid meadow herbs as
accompanying components, thus they cannot be used as
indicators to further distinguish meadows. Pollen spectra from
shrub meadows can be classified into five distinct groups
(Figure 5) based on the result of cluster analysis on pollen
percentages.

Group SM1 is characterized by its abundance of arboreal
pollen, and by moderate amounts of herbaceous pollen such
as Artemisia, Cyperaceae, Ranunculaceae, Thalictrum, and
Polygonum. The most frequent tree pollen is Quercus, followed
by Pinus, Abies, Picea, Betula, and Larix. Common shrub pollen
types are Rosaceae, Salix, Rhododendron, and Potentilla. Group
SM2 has the highest amounts of Artemisia in shrub meadows,
together with moderate amounts ofQuercus, Betula, Poaceae, and
Cyperaceae. Group SM3 is readily distinguished by its highest
Cyperaceae pollen (more than 50% for most samples), low
amounts of tree pollen, and some shrub pollen such as
Rosaceae, Salix, and Tamarix. Group SM4 is well defined by
the highest amounts of Rosaceae pollen (15–25%). The
dominants of herbaceous pollen in this group are Cyperaceae,
Polygonum, Artemisia, and Asteraceae. Group SM5 contains only

FIGURE 5 | Pollen percentage diagram for surface samples from shrub meadows in the TP. Samples of groups SM1 and SM2 are from the southeast, and the
others (SM3, SM4, and SM5) from the northeast.
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one sample. This spectrum is dominated by Asteraceae pollen,
together with Cupressaceae, Apiaceae, Cyperaceae, and
Ranunculaceae pollen.

Meadow
In the TP, alpine meadow communities occur not only in the
alpine meadow and shrubland regions, but also in areas above
treeline in the tropical rainforest-seasonal rainforest and
subalpine conifer forest regions. Except in a few samples,
pollen spectra are characterized by high percentage of
Cyperaceae (more than 50%) and low percentages of arboreal
pollen (Figure 6). Seven groups are recognized by cluster analysis
of pollen percentages.

Pollen spectra of group M1 are dominated by Cyperaceae
pollen, together with Poaceae, Asteraceae, Chenopodiaceae, and
Ranunculaceae. Very few arboreal pollen grains are found in
pollen spectra of this group. In group M2, pollen percentages of
Cyperaceae, Poaceae, Chenopodiaceae, and Ranunculaceae
decrease markedly, whereas arboreal pollen such as Abies,
Picea, Pinus, Rosaceae, and Potentilla increase. Cyperaceae
dominates the pollen spectra of group M3, with its pollen
percentages exceeding 60%. The pollen spectra of group M3
also contain more Artemisia, Quercus, Betula, and less Poaceae
and Chenopodiaceae than those of group M1. The lowest
percentages of Cyperaceae pollen among pollen spectra from
meadows distinguish groupM4. Some pollen spectra of groupM4
also have the highest amounts of Chenopodiaceae, Artemisia,

Thalictrum, Quercus, and Betula pollen. In group M5, 50–75% of
the pollen sum are Cyperaceae pollen. Pinus, Artemisia, Rosaceae
and Asteraceae pollen are present in modest amounts, whereas
Poaceae, Ranunculaceae, Thalictrum, and Caryophyllaceae pollen
are absent in the most samples. Pollen spectra of group M6 are
characterized by the highest amounts of Cyperaceae pollen
(70–100%) in the meadow samples. Comparing to group M6,
pollen spectra of group M7 have slightly less Cyperaceae pollen,
but more Chenopodiaceae, Asteraceae, and Thalictrum pollen.

Steppe
Steppe is the most widely-distributed vegetation type in the TP.
Three types of steppes, i.e., alpine steppe, high-cold steppe, and
dry steppe, can be found in the southern, central and northeastern
parts of the Plateau. Pollen spectra from different steppe types
have completely different characteristics (Figure 7). The
dominants are herbs, including Poaceae, Artemisia,
Cyperaceae, Chenopodiaceae and Asteraceae. The samples can
be classified into four groups by cluster analysis.

Pollen spectra of group S1 are dominated by Cyperaceae and
Poaceae pollen. Chenopodiaceae, Artemisia, Asteraceae and
Fabaceae are present in modest amounts. In group S2,
Chenopodiaceae becomes dominant instead of Poaceae,
together with modest amounts of Cyperaceae, Artemisia, and
Poaceae. Arboreal pollen is present occasionally in both groups S1
and S2. Group S3 is characterized by high pollen percentages of
Artemisia (30–50%) and Poaceae (10–30%), and low percentages

FIGURE 6 | Pollen percentage diagram for surface samples from meadows in the TP. Samples of groups M1-3, M4, M5-7 are mainly from alpine meadows,
steppe-meadows, and alpine marshy meadows, respectively.

Frontiers in Earth Science | www.frontiersin.org August 2021 | Volume 9 | Article 7324417

Shen et al. TP Modern Pollen Rain

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


of arboreal pollen such as Pinus, Quercus, Betula, Cupressaceae,
Rosaceae, and Rhamnus. Pollen spectra of group S4 are
distinguished by the highest percentages of Artemisia with
some Poaceae and Chenopodiaceae pollen.

Desert
Nineteen samples were taken from hot valley desert and arid
desert communities. The hot valley deserts are an azonal
vegetation type occurring in the subalpine conifer forest region

in the southeastern part of the Plateau. The arid desert occurs in
the Qaidam Basin and the southern margin of the Tarim Basin.
Pollen spectra from deserts (Figure 8) are characterized by high
pollen percentages of Chenopodiaceae and Artemisia. Common
herbaceous pollen types include Cyperaceae, Poaceae, and
Asteraceae. Ephedra and Nitraria are the main shrub pollen
types. Little tree pollen is found in desert samples except those
from hot valley deserts. The pollen samples can be divided into
three groups by cluster analysis. Group D1 is distinguished by the

FIGURE 7 | Pollen percentage diagram for surface samples form steppes in the TP. Samples of groups S1, S2, S3, and S4 are from Stipa steppe, dry steppe,
Poaceae-Artemisia steppe, and Artemisia steppe, respectively.

FIGURE 8 | Pollen percentage diagram for surface samples from deserts in the TP. Samples of groups D1 and D2 are from arid desert, and samples of group D3
from hot valley desert.
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FIGURE 9 | Summary pollen diagram of selected pollen types for surface samples in the TP.

FIGURE 10 | Forest types in the TP and their common plant taxa and representative pollen assemblages. Pie graphs in the right show the mean percentages of the
common pollen taxa, calculated by averaging the pollen percentages of the corresponding taxa within each group. For forest type classification, see Figure 3.
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highest Chenopodiaceae pollen percentages (>70%). Artemisia
and Chenopodiaceae dominate the pollen spectra of group D2,
together with some Ephedra and Poaceae. The samples of Group
D3 were taken from the hot valley deserts. Their pollen spectra
contain very little Chenopodiaceae but relatively high percentages
of arboreal pollen, including Abies, Picea, Pinus, Cupressaceae,
Quercus, Salix, and Rosaceae. The dominant of herbaceous pollen
is Artemisia (27–50%). Poaceae, Asteraceae, Ranunculaceae,
Fabaceae, and Cyperaceae are present in low or modest amounts.

DISCUSSION AND CONCLUSION

Modern Pollen-Vegetation Relationships
Modern pollen spectra in the TP show a strong relationship with
the local vegetation types at the sampling sites. These vegetation
types, including forest, shrubland, shrub meadow, meadow,
steppe and desert, can be characterized by their pollen spectra.

A summary pollen diagram of all 234 surface samples is plotted in
Figure 9 according to the orders they appear in Figures 3–8. Forests
are well defined by high amounts of tree pollen. Generally, tree pollen
percentages from forests exceed 60%. Pollen spectra from forests not
only reflect regional vegetation patterns by their overall composition,
but also indicate local forest communities by the relative abundance of
their characteristic taxa. Each group of pollen spectra defined by
vegetation types corresponds well with the dominant trees in the
forests (Figure 10). For example, high percentages of Pinus, Quercus,
and Picea clearly indicate the occurrence of pine, oak and spruce

forests, respectively. However, some pollen spectra (e.g., TS94-05)
from mixed forests also show a complexity in composition, in which
some pollen types (e.g., Betula) that occur at relatively high pollen
percentages are derived from trees that are not found in their local
forest communities. This complexity probably reflects a mosaic
vegetation pattern largely controlled by slope aspect and elevation.
In the southeast of the Plateau pure or mixed forests of pine, oak,
birch, spruce, and fir can occur on adjacent slopes with different
aspects within a short distance from each other, thus resulting in a
mixed pollen assemblage representing different vegetation types.

The samples from shrublands have the highest amounts of shrub
pollen (38% on average) among all the samples (Figure 9). The
dominants of shrublands, such as rhododendron, juniper, willow, and
shrub oak, are well-represented in most of these pollen spectra
(Figure 11). However, some pollen spectra have high percentages
of both tree pollen and shrub pollen. It should be pointed out that
these shrubland samples are easily distinguished from forest samples
according to the local vegetation types in the field (e.g., oak shrub and
oak forest), however, it is difficult to distinguish them from pollen
composition and percentage. They are generally classified into forest
group in the numerical analysis of pollen data (Shen et al., 2008a).

Pollen spectra from shrub meadows have less shrub pollen
than those from shrublands, but more than those from meadows,
steppes, and deserts. The most frequent shrub pollen in this
vegetation type is Rosaceae. Except in a few samples with high
amounts of Asteraceae and Artemisia, most of the pollen spectra
are dominated by Cyperaceae pollen. A major difference in the
quantity of tree pollen exists between shrub meadows from the

FIGURE 11 | Shrubland and shrub meadow types in the TP and their common plant taxa and representative pollen assemblages. Pie graphs in the right show the
mean percentages of the common pollen taxa, calculated by averaging the pollen percentages of the corresponding taxa within each group. For Shrubland and shrub
meadow type classification, see Figures 4, 5.
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southeast (groups SM1-2) and the northeast (groups SM3, 4, 5)
(Figure 11). Pollen spectra from the former region contain more
tree pollen than those from the latter region, reflecting a
difference in regional vegetation. In the southeast shrub
meadows are common vegetation communities near or above
treeline, whereas they occur at warmer or more sheltered sites
within subalpine or alpine meadows in the northeast where
forests are absent or scattered.

In the TP, meadows are dominated by Kobresia. As expected,
pollen spectra from meadows are characterized by very high
percentages of Cyperaceae. The highest amounts of Cyperaceae
pollen occur in pollen spectra from alpine-marshy meadows
(groups M6 and M7 in Figure 6) (Figure 12). Pollen spectra from
the transitional region between meadows and steppes (referred to as
steppe-meadow in Figure 12) have much less Cyperaceae pollen than
those from alpine meadows (mainly in the south-central parts of the
Plateau) and alpine-marshy meadows (mostly in the eastern Plateau).
Besides Cyperaceae pollen, common pollen types in the meadows are
Artemisia, Poaceae, Asteraceae, Caryophyllaceae, Polygonum, and
Thalictrum, whose producer plants are frequently found in meadows.

Pollen spectra from Stipa steppes are characterized by the
highest percentages of Poaceae pollen, and high Cyperaceae
pollen percentages. The general trend is that, the closer the
sampling sites are to the steppe/meadow ecotone, the higher
the Cyperaceae pollen percentages. Pollen spectra from Artemisia
steppes have the highest percentages of Artemisia pollen, whereas
pollen spectra from dry steppes located close to the steppe/desert

ecotone have relatively high percentages of Chenopodiaceae
(Figure 12).

Pollen spectra from the arid desert are dominated by
Chenopodiaceae, although Ephedra, Artemisia, Poaceae, and
Cyperaceae are frequently present. On the other hand, pollen
spectra from the hot valley deserts are distinguished by little or no
Chenopodiaceae but relatively high frequencies of Artemisia and
arboreal pollen. It is evident that the tree pollen grains are derived
from the forests growing on more humid mountain slopes above
the river valley.

Pollen Representation
As expected, tree pollen decreases as the vegetation changes from
forests to non-forest vegetation types (Figure 9). However, tree
pollen percentages are still higher than 20% for some samples
from shrublands, shrub meadows, and even meadows, where no
trees grow. Some pollen spectra from non-forest vegetation types
above treeline in the West Himalayas and Nepal also have high
percentages of tree pollen (Bera and Gupta, 1989; Yonebayashi
and Minika, 1997). Many researchers have noted the
phenomenon of upslope transportation of low-elevation pollen
in mountainous region (Maher, 1963; Flenley, 1979; Markgraf,
1980; Solomon and Silkworth, 1986; Spear, 1989). Winds on the
mountains are usually up-valley (anabatic) during the day and
down-valley (katabatic) at night. Up-valley wind brings pollen
uphill during the afternoon, and pollen is deposited in the
afternoon or evening by rainfall (Flenley, 1979; Markgraf,

FIGURE 12 |Meadow, steppe, and desert types in the TP and their common plant taxa and representative pollen assemblages. Pie graphs in the right show the
mean percentages of the common pollen taxa, calculated by averaging the pollen percentages of the corresponding taxa within each group. For meadow, steppe, and
desert type classification, see Figures 6–8.
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1980). This distortion of the pollen signal has made it difficult
to recognize high elevation vegetation types on the basis of
their pollen assemblages in many areas. However, a systematic
study of both the local and regional pollen rain from
mountainous regions can still permit the identification of
vegetation patterns from their high-elevation pollen
signatures (Minckley and Whitlock, 2000).

In the TP, pollen samples with relatively high tree pollen
percentages from non-forest vegetation types were collected from
the forest region. Generally, shrublands, shrub meadows, and
meadows are located above the treeline, and conifer forests, oak
forests and birch forests grow below them. These pollen spectra
thus do indeed detect the vegetation patterns at the regional scale.
On the other hand, the local pollen signatures such as high
percentages of shrub pollen also reflect their vegetation zones
at local level. Therefore, these pollen spectra can be used to
identify the vegetation and climate patterns.

Abies, Picea, Pinus,Quercus, and Betula are dominant tree taxa in
a variety of forests. It is difficult to discuss their pollen
representation in detail without quantitative data on the
abundance of their producers. However, based on our
qualitative field observations on common plant taxa near the
sampling sites (SupplementaryMaterial), we can still make some
inference about the pollen representation of these tree taxa. Pollen
percentages of Abies never exceed 20% although Abies is very
common in some sites. Previous studies have shown that Abies is
under-represented in the pollen rain (Jarvis, 1993; Sugita, 1993).
Other tree taxa, including Picea, Pinus, Quercus and Betula, are
well-represented or even over-represented in the pollen
rain. They usually occur at fairly high pollen percentages
where their producers are present, and at low to moderate
percentages even where their producers are absent. Comparing
pollen spectra and local vegetation types, it can be found that
Picea is well-represented, whereas Pinus, Quercus, and Betula are
over-represented, especially in meadow and desert.

Most of the shrubs are under-represented in the pollen rain.
Pollen grains of Rhododendron, Salix, and Juniperus are rarely
found beyond their growing area, and rarely exceed 20%.
However, high Cupressaceae pollen percentages occur in some
samples (e.g., T94–19 and T94-29). This phenomenon is probably
due to the sample materials and local vegetation types. These
samples are moss polsters instead of top soil collected from
Juniperus shrub and Sabina scrub, so pollen spectra are multi-
year accumulations of pollen rain experiencing less corrosion
after their deposition and high Cupressaceae pollen percentages
are not unexpected in these pollen spectra. Rosaceae pollen is
present in all sites where the vegetation is dominated by rosaceous
shrubs, but its pollen percentages never exceed 25%. For
Cyperaceae, Poaceae, Artemisia, and Chenopodiaceae, their
pollen is abundantly produced and wind-transported. These
herbaceous taxa seem well represented in the pollen rain.

Summary
Our modern pollen network consisting of 234 surface samples,
which were taken in 1993–1995, 1999 and 2001 before the
completion of the Qinghai-Tibet Railway, provides a precious
modern pollen and vegetation dataset in the least

anthropologically-disturbed TP of China. The results of our
study show that modern pollen spectra do reflect the
contemporary vegetation at local and regional scales.
Therefore, we can use this modern pollen dataset as a basis
for reconstructing past vegetational and climatic changes by
means of a variety of numerical and mapping methods (Shen
et al., 2006, 2008a, b; Lu et al., 2011; Liang et al., 2020; Sun et al.,
2020; Chevalier et al., 2020). Detailed vegetational and climatic
histories from the TP are vital for testing hypotheses concerning
the relative importance between solar insulation changes and
altered glacial boundary conditions in controlling the timing and
changing strengths of the Southwest Asian monsoon and
assessing paleoclimate simulations (Chen et al., 2020; Tang
et al., 2021). Thus, this modern pollen database will continue
to contribute into vegetational and climatic changes in the TP as
well as global changes and biome mapping.
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