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Abstract We investigated how the high small-scale spe-
cies richness of an alpine meadow on the Qinghai-Tibet
Plateau, China, is maintained. This area is characterized
by strong wind and severe cold during long winters. In
winter, most livestock is grazed on dead leaves in small
pastures near farmers’ residences, whereas in the short
summer, livestock is grazed in mountainous areas far
from farmers’ residences. The number of plant species
and the aboveground biomass were surveyed for three
adjacent pastures differing in grazing management: a
late-winter grazing pasture grazed moderately from 1
February to 30 April, an early-winter grazing pasture
grazed lightly from 20 September to late October, and a
whole-year grazing pasture grazed intensively through-
out the entire year. In each pasture, we harvested the
aboveground biomass from 80 or 100 quadrats of
0.01 m? along a transect and classified the contents b2y
species. We observed 15.5-19.7 species per 0.01 m~,
which is high richness per 0.01 m? on a worldwide scale.
The species richness in the two winter grazing pastures
was higher than that in the whole-year grazing pasture.

J. Chen - Y. Yamamura - Y. Hori
Faculty of Science, Ibaraki University,
Bunkyo 2-1-1, Mito 310-8512, Japan

M. Shiyomi (X))

The University of the Air, Ibaraki University,
Bunkyo 2-1-1, Mito 310-0056, Japan

E-mail: shiyomi@mx.ibaraki.ac.jp

Tel.: +81-29-2280683

Fax: +81-29-2280685

T. Yasuda
Yamanashi Institute of Environmental Sciences, 5597-1,
Kenmarubi, Kamiyoshida, Fujiyoshida 403-0005, Japan

H. Zhou - Y. Li

Northwest Plateau Institute of Biology,
Chinese Academy of Sciences, Xining 810001,
People’s Republic of China

Y. Tang
National Institute for Environmental Studies,
Tsukuba 305-8506, Japan

The spatial variation in species richness and species
composition in the two winter grazing pastures in which
species richness was high was greater than that in the
whole-year grazing pasture in which species richness was
lower. Most of the leaves that are preserved on the
winter grazing pastures during summer are blown away
by strong winds during winter, and the remaining leaves
are completely exhausted in winter by livestock grazing.
A pasture with a high richess is accompanied by a high
spatial variation in species richness and species compo-
sition. There is a high possibility that the characteristic
of spatial variation is also caused by traditional grazing
practices in this area.

Keywords Grazing - Kobresia meadow - Qinghai alpine
meadow - Winter grazing

Introduction

The Qinghai-Tibet Plateau, which ranges in altitude
from 3,000 to 6,000 m, is an important source of water
for central and northern China, as the headwaters of the
Yangtze and Yellow rivers are located here. It is also
important in determining global atmospheric circulation
and global climate (Schaller 1998; Zhou et al. 2005).
Despite the high altitude of this region, grasslands de-
velop due to the relatively mild climate, and people have
used these grasslands to raise livestock such as yaks and
sheep in a traditional manner for centuries (Zhou et al.
1987; Zhou 2001).

The traditional use of grassland in this area differs
from grassland use in other areas. In summer, farmers
graze the livestock in alpine meadows located on hills
and mountainous areas located several kilometers from
their residences (Cincotta et al. 1992; Zhao and Zhou
1999). In September, when the severe winter begins,
farmers take their livestock from the mountainous areas
to small pastures near their residences and graze it in
these areas until the following May. Most of the
standing crop, standing dead matter, and litter that are
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preserved on this resident grassland area during summer
is blown away and lost because of strong winter winds,
or is exhausted during the long winter grazing season
(James and Calvin 1986; Vickery 1992; Pierre 1998; Liu
et al. 1999; Thomas et al. 1999).

Grasslands in the Qinghai-Tibet Plateau, particularly
the Qinghai alpine meadows with their characteristic
species Kobresia spp. and Potentilla fruticosa (shrub), are
among the most beautiful in the world (Wang et al.
1999). The grasslands have been grazed by animals at
appropriate densities for centuries (Zhou et al. 2005).
Even when the growth and reproduction of plants in
alpine or arid areas are suppressed by severe low tem-
peratures or drought, the plants can recover after several
years if there is no heavy anthropogenic disturbance
(Jiang 1997). Thus, these grasslands are maintained
semipermanently under the traditional grazing regime.
The maintenance of species diversity and stable biomass
in grasslands is presumably associated with the sus-
tainable management of grazing pastures (McNaughton
1979; Noy-Meir et al. 1989; Belsky 1992; Yiruhan et al.
2001; Tsutsumi et al. 2003).

In natural grasslands, invasion, establishment, intra/
interspecific competition, and natural perturbations
cause and amplify the heterogeneity of vegetation
(Rusch and Fernandez-Palacios 1995; Adler et al. 2001).
In addition, small-scale disturbances such as feeding,
trampling, and excreting on grazed grasslands accelerate
the formation of spatial heterogeneity (Hakamata and
Hirashima 1978; Hirata et al. 1987; Haynes and Wil-
liams 1993; Shiyomi et al. 2000). Species diversity and
composition, along with spatial variability, are depen-
dent on small-scale geographical and biological spatial
variation and are contingent on invasions or establish-
ment from the environment (Collins 1992; Adler et al.
2001; Wang et al. 2002). The overall large-scale diversity
is dependent on the sum of such local, small-scale
diversity (Currie 1991; Chen et al. 2005).

We examined how high sg)ecies richness is maintained
in small areas (e.g., 0.01 m~) in a Qinghai alpine mea-
dow, where the overall richness of the area is thought to
be high (Wang et al. 1999). We also examined whether
grazing styles such as winter grazing and year-round
grazing alter species richness, spatial variation in rich-
ness, and species composition.

Study area and methods

The study was conducted at the Haibei Alpine Meadow
Ecosystem Research Station (37°29"-37°45" N, 101°12"-
101°23” E; 3200 m a.s.l.) of the Chinese Academy of
Sciences. The Haibei Station is located on the east side
of Lenglongling, the northern branch of Qilian Moun-
tain, on the northeastern edge of the Qinghai-Tibet
Plateau. The climate in the Haibei Research Station area
is dominated by the southeast monsoon and high pres-
sure from Siberia. The annual mean air temperature and

precipitation at the research station are —1.7°C and
600 mm, respectively (Wang et al. 1994; Zhao and Zhou
1999; Zhou 2001). The soil type of the study area is
alpine meadow soil (Cryo-sod soil), rich in nitrogen,
phosphorus, and potassium (Zhao and Zhou 1999). The
study area is located in a basin 3,200 m in altitude sur-
rounded by mountains that are 4,000-5,000 m in alti-
tude.

One sheep-day is defined as a grazing intensity that
an adult sheep is grazed a day per hectare. Therefore,
sheep days were calculated as (total body weight of
grazing sheep in kilograms) X (number of grazing days)/
(50 kg x total grazing pasture area in hectares), where
50 kg is the standard body weight of a Tibetan sheep (a
local breed of Ovis aries). One adult yak is equivalent to
five sheep in body weight.

We surveyed the vegetation in a farmer’s pasture at
the research station. In summer (beginning of May to
end of September), the farmer of this pasture grazes his
livestock in mountainous areas located several kilome-
ters from his residence; he grazes his livestock in pas-
tures near his residence only in winter (from October to
end of April). We surveyed three pastures that differ in
grazing management, i.e., two winter grazing pastures
and one whole-year grazing pasture: (1) a flat late-winter
grazing (LWG) pasture, grazed by five Tibetan sheep per
hectare from 1 February to 30 April every year since
1997 (yearly grazing intensity, approximately 450 sheep
days); (2) an early-winter grazing (EWGQG) pasture that
has a gentle slope to the south, grazed with lower
grazing intensity than the LWG from 20 September to
late October every year since 1997 (yearly grazing
intensity, approximately 200 sheep days); and (3) a flat
whole-year grazing (WYG) pasture, grazed with higher
grazing intensity than the LWG from October to April
and with a few hundred sheep days from May to 20
September every year since 1998, for the rehabilitation
of animals after medical treatment or illness (yearly
grazing intensity, approximately 1,000 sheep days). The
WYG is a public pasture that is open to all village
farmers. These three adjoining pastures were separated
by fences, and livestock is strictly excluded from the
LWG and EWG by fences in summer. Most of the dead
herbage biomass that remains in pastures until winter is
blown away and lost from the pastures by the strong
winter wind, and sheep can graze only a small part of the
remaining herbage mass (Li and Zhou 1998, Zhou et al.
2005). The per-capita body weight of an adult Tibetan
sheep is approximately 65 kg in the warm season and
approximately 40 kg in the cold season because of the
shortage of feed and the cold weather (Zhao and Zhou
1999). The daily per-capita intake of herbage biomass
measured in dry weight for one adult sheep is 3-4% of
live body weight (Li and Zhou 1998).

The soil water content values, from ground level to
25 cm in depth, measured at the survey sites on 1 August
2002 were 27.5-29.2% (cm?/cm?). The soil water content
did not differ among the sites.



We conducted surveys in August of 2002 and 2003.
In 2002, we established a survey plot with 80 consec-
utive 10 X 10 cm quadrats along an 8§ m transect in
each of the pastures (EWG, LWG, and WYG) and
harvested the aboveground parts in every quadrat. The
plants were classified to species, dried at 70°C for 48 h,
and weighed. In 2003, we established a survey plot with
100 quadrats of 10 x 10 cm every 50 cm along a 50 m
transect in the LWG and WYG pastures. The above-
ground parts were harvested, identified to species, and
weighed as in 2002. Different sites were sampled in
each year. There were no replications of survey.

The following similarity index (S) was used to quan-
tify the compositional relationship between quadrats
expressed by species presence/absence (Zhang 2004):

Xr: ’xij - xik|
i=1
-

>~ (i + xi)

i=1

S=1 0<S<1, (1)

where r indicates the number of species occurring in a
survey, and x; and x; express presence/absence data
for species 7 in the j-th and k-th quadrats, respectively
(1 for present, 0 for absent). A large S indicates high
similarity (i.e., low spatial variation) in species com-
position among quadrats.

Results
Dominant species

We identified 51 genera and 81 species belonging to 22
families in the entire set of the study area. We fre-
quently observed species of Leguminosae (10 species),
Compositae (10), Ranunculaceae (8), and Gentiana-
ceae (8), followed by species of Poaceae, Scrophulari-
aceae, and Cyperaceae.

The 10 dominant species measured by biomass are
shown in Table 1. Species of Poaceae such as Festuca
ovina, Stipa aliena, and Elymus nutans; Kobresia humilis
(Cyperaceae), which is the characteristic species of this
area; and Gueldenstaedtia diversifolia (Leguminosae)
were decidedly abundant, followed by Saussurea ka-
tochaete (Compositae) and Carex moorcroftii (Cyper-
aceae). Many species were common in both the winter
grazing pastures (EWG and LWG) and the WYG
pasture. Species of Rosaceae, including Potentilla
anserina and Potentilla nivea, and Poa alpigena (Poa-
ceae), which are trample-resistant plants, frequently
occurred in the WYG pasture. Fifteen species, repre-
sented by Morina chinensis (Dipsacaceae) and Therm-
opsis lanceolata (Leguminosae; Table 1), were found
only in the winter grazing pastures. At each plot, more
than three of the ten dominant species were endemic in
the connecting plateaus of Qinghai-Tibet, Gansu, and
Sichuan [species underlined in Table 1; Northwest
Plateau Institute of Biology (NPIB) 1997].

Table 1 Ten most dominant species based on aboveground biomass. Numbers indicate the percentage of aboveground biomass contributed by each species to total aboveground
biomass. Festuca ovina and Stipa aliena were grouped, because separate identification of these species was not possible in August. EWG early winter grazing pasture, LWG late winter

grazing pasture, WYG whole-year grazing pasture

wWYG

LWG

EWG

Order

2003

2002

2003

2002

2002

14.4

Elymus nutans

233

22.1 Elymus nutans

Festuca ovina +
Stipa aliena

333

Festuca ovina +
Stipa aliena

21.8

Festuca ovina +
Stipa aliena *

10.2

Kobresia humilis

11.39

Festuca ovina +
Stipa aliena

8.65

Saussurea katochaete

5.82

Saussurea katochaete

8.37

Elymus nutans

8.8

Festuca ovina +

9.03

Potentilla anserina

6.02

Morina chinensis

5.66

Morina chinensis

6.02

Anemone obtusiloba
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diversifolia

diversifolia

5.2

Gueldenstaedtia
diversifolia

3.82

Kobresia humilis

4.48

Kobresia humilis

3.03

Kobresia humilis

3.65

Saussurea katochaete

4.5

Carex moorcroftii

Geranium pylzowianum 3.40

3.02

Carex moorcroftii

2.61

Gueldenstaedtia
diversifolia

Thermopsis lanceolata 3.17

9

3.5

Saussurea katochaete 3.31 Potentilla nivea

291

Gentiana straminea

2.60

Thalictrum alpinum

3.13

Saussurea superba

10
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# Underlined names indicate species endemic to the connecting plateaus of Qinghai-Tibet, Gansu, and Sichuan
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Table 2 Mean species richness observed in 80 quadrats of 0.01 m? in 2002 and 100 quadrats of 0.01 m? in 2003, variance in richness
among quadrats and coefficient of variation (CV) of richness, and total aboveground biomass per 0.01 m? quadrat

Item EWG LWG WYG

2002 2002 2003 2002 2003
Mean species richness 19.36 + 0.30 19.09 + 0.33 19.69 + 0.38 16.11 + 0.24 15.51 + 0.30
(number of species 0.01 m~?) + SE
Evenness for species biomass® 0.770 0.688 0.775 0.727 0.780
Variance for richness (0.01 m—2) 7.22 8.79 14.64 4.51 9.08
Observed CV of richness 0.139 0.155 0.194 0.132 0.194
Theoretical CV of richness® 0.137 0.144 0.146 0.145 0.156
Observed CV/theoretical CV 1.01 1.08 1.33 0.91 1.24
Biomass (g/0.01 m?) + SE 3.32 £ 0.115 3.10 £+ 0.097 3.02 £ 0.081 3.26 + 0.109 3.14 + 0.099

# Calculated as the natural logarithm

® Calculated by the formula of {Zp(1—p,)/(Zp;)?}"%, where p; denotes the occurrence rate per quadrat for species i, and ¥ means sum for
all species appeared. The theoretical CV-value was calculated under the assumption that each species was distributed at random quadrats

Species richness and biomass

The mean number of species per 0.01 m? was between 19
and 20 in the winter grazing pastures (EWG and LWG)
and approximately 16 in the WYG (Table 2). The mean
number of species was considerably higher in EWG and
LWG than in the WYG pasture (Table 2), indicating
that whole-year grazing reduced the species richness.
The maximum number of species in a 0.01 m* quadrat
was 30 in the LWG in 2003.

The aboveground biomass ranged from 3.0 to 3.3 g
per 0.01 m? among the five surveys, each of which were
composed of 80 or 100 quadrats, and no large differ-
ences were observed among surveys (Table 2). No
standing dead matter or litter was present at the time of
the August survey in any quadrats. Pielou’s (1975)
evenness values for the five suveys were relatively high,
with no large differences among them (Table 2).

Spatial variation in species richness

The spatial variation in species richness, i.e., the degree
of heterogeneity in species richness among quadrats, was
expressed using the variance and the coefficient of vari-
ation (CV) among quadrats, which indicates variation
standardized by the mean value. The variance was larger
in 2003 than in 2002 (F-test, P < 0.05; Table 2). Owing
to differences in the survey method between the two
years, the degree of heterogeneity was compared within
each year. The heterogeneity measured by the variance
in the winter grazing pastures (EWG and LWG), in
which the species richness was high, was higher than the
heterogeneity in the WYG pasture, in which the species
richness was lower (F-test, P < 0.01; Table 2). The
observed CV, calculated based on data, in EWG and
LWG was equal to or larger than that in the WYG
pasture for within-year comparisons (Table 2). Fur-
thermore, we calculated a theoretical CV under the
assumption that each species was randomly distributed
among quadrats, and compared the observed and the-
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Fig. 1 Similarity index (S) quantifying the relationship of species
composition expressed by the presence/absence between two
quadrats along a transect. a 2002, b 2003

oretical CVs (CV ratio; Table 2). The CV ratios were
greater for the EWG and LWG pastures than for the
WYG pasture for within-year comparisons.

Figure 1 indicates similarities, calculated using Eq. 1,
in the species composition between quadrat pairs sepa-
rated by different distances along on each transect. The
similarity in the species composition between two nearby
quadrats was somewhat higher than that between two
distant quadrats. Similarities in the WYG pasture were
higher than those in the EWG and LWG pastures for
both 2002 and 2003. The similarity between several
nearby quadrats was higher based on data from 2002
than data from 2003, possibly because the survey
method differed between the two years. All similarities
measured appeared to reach a stationary value between



quadrats at approximately 1-2 m in 2002 and 5-10 m
in 2003.

Discussion

At the study sites, the mean number of species per
0.01 m? quadrat ranged from 15.5 to 19.7 (maximum
30; Table 2). This area has one of the highest species
richness in the world for very small areas i.e., 0.01 m?.

Examples from other studies that used small-scale
quadrats are shown in Table 3 to allow comparison to
the richness in this Qinghai alpine meadow. Kull and
Zobel (1991) surveyed a wooded meadow at Laelatu,
on the coast of eastern Estonia, using 0.01 m> quad-
rats. Although the species richness differed greatly
among the sites surveyed, the mean number of species
per 0.01 m? quadrat at a site that contained the max-
imum recorded richness was 17.7 (maximum per
quadrat 25). The richness at Oland, Sweden, was also
very high, with a maximum of 16.3 species per 0.01 m?
(van der Maarel and Sykes 1993). Most of such high
richness occurred in alvar habitat, which occurs on
limestone bedrock with little or no soil on islands or
coasts of the Baltic Sea. Researchers have conducted
surveys in these grasslands to examine the niche par-
titioning among so many plant species, and they were
confident that their experimental sites represented the
richest areas in the world in terms of small-scale species
diversity. The small-scale species richness of the
Qinghai alpine meadow was equivalent to that of these
sites near the Baltic Sea (Tables 2, 3).

The characteristics of grassland vegetation are usu-
ally expressed using species richness or diversity and,
secondly, using spatial variation in species richness and
composition (Collins 1992; van der Maarel et al. 1995;
Wang et al. 2000). Here, we describe characteristics of
the spatial variation in species richness and composi-
tion among Qinghai alpine meadow pastures differing
in grazing management (Table 2, Fig. 1). The winter
grazing pastures (EWG and LWG) exhibited higher
richness and higher spatial variation in species richness
than did the WYG pasture (Table 2), indicating that
species richness and spatial variation might be posi-
tively related. The similarity index (S) for species
composition was lower in the EWG and LWG pastures
than in the WYG pasture (Fig. 1). That is, the spatial
variation in species composition was larger in the EWG
and LWG than in the WYG pastures. This low simi-
larity (i.e., high spatial variation) in the EWG and
LWG pasture suggests that high spatial variation
might also be positively related to high species richness
because higher species richness theoretically causes a
more variable species combination, i.e., high spatial
variation in species composition.

We infer two reasons for the high species richness in
the Qinghai alpine meadow. The first is dependent on
grazing types, and the second is related to the vertical
structure of the plant community. The research site was

Table 3 Species richness per small quadrat (0.01-0.04 m?) in grassland

Remarks

Mean species richness

Quadrat size (m?)

Altitude (m)

Vegetation type

Study area

Mean =+ SE: 4.0 + 0.22, 17.7 + 0.49;

4.0-17.7 (30)

0.01

Coast

Wooded meadow of Sesleria

Laelatu, Estonia

Maximum richness: 25; Kull and Zobel 1991

Willems et al. (1993)

coerulea-Filipendula hexapetala

Chalk grassland of

5.85-12.87 (50)

0.01

130-170

Limburg, The Netherlands

Mesobrometum erecti

Oland, Sweden

Maximum richness, 29; van der Maarel

12.1-16.3 (40)

0.01

Coast

Alvar habitat of Veronica

and Sykes (1993)
Mean + SE:9.5 + 0.34, 13.1 & 0.42;

spicata-Avenula pratensis
Alvar habitat of Veronica

Oland, Sweden

9.5-13.1 (10 to 35)

0.01

Coast

van der Maarel et al. (1995)
Data at 3 different sites; Wilson et al. (1995)

spicata-Avenula pratensis
Alvar habitat of Veronica

Oland, Sweden

11.2, 12.5, 13.3 (10)

0.01

Coast

spicata-Avenula pratensis

Pirtel and Zobel (1999)

10-25 (10)

0.04

Coast

Alvar type grassland of Filipendula
hexapetala-Trifolium montanum

Alvar grassland of

Saaremaa and Muhu, Estonia

Mean + SE: 13.2 + 0.22, 17.1 + 0.23;

13.2-17.1 (60)

0.01

Coast

Hanila, Estonia

Zobel et al. (2000)
Observed by 5 persons; Klimes et al. (2001)

Filipendula-Trifolium montani

29 (1)

0.015625

440

Bromus electus and Carex montana

dominated grassland

Czech Republic

% The number of quadrats measured for estimating mean species richness
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located in a typical winter grazing pasture. In the LWG
and EWG pastures, grazing occurs only in winter, and the
plants are not damaged during the summer growing sea-
son. Thus, the complete loss of live aboveground biomass
of herbaceous plants, standing dead matter, and litter due
to consumption by animals occurs only in winter, and no
aboveground standing dead matter or litter was observed
in the following summer (Table 2). The elimination of
litter and standing dead matter generally facilitates light
penetration in summer, which causes increased photo-
synthesis, and reduces the mechanical obstruction of
plant growth (Klein et al. 2004). Under such pasture
conditions, both inferior and superior species, with re-
spect to interspecific competition in summer and grazing
and trampling, are able to survive and invade gaps that
were formed by trampling and feeding in winter, espe-
cially in the two winter grazing pastures. This would allow
them to germinate and become established, as explained
by Grubb’s (1977) regeneration niche. High species rich-
ness resulting from a mixture of superior and inferior
plant species could have been maintained in this way in
the meadows of the two winter grazing pastures. In con-
trast, in the WYG pasture, which has lower richness
compared with that in the two winter grazing pastures,
inferior species that are intolerant to summer grazing
(e.g., Morina chinensis and Thermopsis lanceolata) might
have been eliminated by interspecific competition in
summer. Although the grazing intensity was higher in the
WYG pasture than in the two winter grazing pastures, it
was not great enough to cause overgrazing; the biomass in
the WYG pasture (>3 g/0.01 m?; Table 2) was common
for this area (e.g., Li and Zhou 1998) and not smaller than
in the other two pastures.

The vegetation of the Qinghai alpine meadow is dense
and relatively short (5-20 cm high; Zhou et al. 2005),
and the canopy is open because Elymus nutans and
Saussurea katochaete, which are the most common
species in these plots, are tall, erect types (Zhou et al.
1987; NPIB 1997). Therefore, sunlight can penetrate to
the bottom layer of the community, allowing shorter
species to use the light resources effectively and to sur-
vive. This is the second reason for the high species
richness. Thus, the high species richness and spatial
heterogeneity in the EWG and LWG pastures are also
maintained by grazing only during winter and light
penetration to the bottom layer of the vegetation. We
need another experiment to definitely evaluate why the
high species richness is maintained in such a small area.
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