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Abstract Characterizing the spatial variation in the CO2

flux at both large and small scales is essential for precise

estimation of an ecosystem’s CO2 sink strength. However,

little is known about small-scale CO2 flux variations in an

ecosystem. We explored these variations in a Kobresia

meadow ecosystem on the Qinghai-Tibetan plateau in

relation to spatial variability in species composition and

biomass. We established 14 points and measured net eco-

system production (NEP), gross primary production (GPP),

and ecosystem respiration (Re) in relation to vegetation

biomass, species richness, and environmental variables at

each point, using an automated chamber system during the

2005 growing season. Mean light-saturated NEP and GPP

were 30.3 and 40.5 lmol CO2 m-2 s-1 [coefficient of var-

iation (CV), 42.7 and 29.4], respectively. Mean Re at 20�C

soil temperature, Re20, was -10.9 lmol CO2 m-2 s-1 (CV,

27.3). Re20 was positively correlated with vegetation bio-

mass. GPPmax was positively correlated with species

richness, but 2 of the 14 points were outliers. Vegetation

biomass was the main determinant of spatial variation of Re,

whereas species richness mainly affected that of GPP,

probably reflecting the complexity of canopy structure and

light partitioning in this small grassland patch.
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Introduction

Grassland ecosystems, which cover 24% of the terrestrial

surface (Sims and Risser 2000) and have a high capacity to

act as a carbon sink (Scurlock and Hall 1998; Scurlock

et al. 2002), play an important role in the global carbon

cycle. Recent reports on the possible influence of global

climate change on terrestrial ecosystems predict a

remarkable impact on vegetation growing at high altitudes

and high latitudes (Høye et al. 2007; IPCC 2007), including

structural and functional changes caused by the extinction

or limited growth of species (Chapin 2003; Van der Wal

2006). Therefore, it is of critical importance to reveal the

how grassland structure and distribution affect carbon

sequestration. However, the sink strength of the world’s

grasslands has yet to be well quantified, mainly because of

the large temporal and spatial variations in the CO2 flux of

grassland ecosystems (e.g., Kim et al. 1992; Flanagan et al.

2002; Xu and Baldocchi 2004). The ecosystem CO2 flux

can vary spatially at both large scales, such as at the level

of climate zones, and small scales, such as at the micro-

habitat level (Kicklighter et al. 1999; Gilmanov et al. 2007;

Risch and Frank 2006). Characterizing the large-scale
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spatial CO2 flux variation (Turner et al. 2003; Kato and

Tang 2008) is necessary for precise estimation of the CO2

sink strength of the world’s extensive and diverse grass-

lands. Understanding the small-scale spatial variation of

the CO2 flux is also very important, for two main reasons.

First, the CO2 flux is strongly dependent on the distribution

and species composition of the vegetation, which show a

high degree of small-scale spatial variability (Bubier et al.

2006), mainly because each species has species-specific

ecophysiological traits. Second, the distribution and spe-

cies composition of vegetation may be easily altered by

environmental change (Chapin 2003); therefore, CO2 flux

is likely to show small-scale variability reflecting vegeta-

tion changes caused by environmental change.

Small-scale spatial variation of ecosystem CO2 flux (i.e.,

at the meter to centimeter level) can be caused by various

abiotic and biotic factors and their interactions (Risch and

Frank 2006; Sjögersten et al. 2006; Shaver et al. 2007;

Street et al. 2007). Previous studies have shown that abiotic

factors such as hydrological variation and soil carbon

content may control small-spatial-scale variation in both

gross primary production (GPP) and ecosystem respiration

(Re) in grasslands (Sjögersten et al. 2006; Risch and Frank

2006). Furthermore, biotic factors such as grazing intensity

(Wilsey et al. 2002), vegetation biomass (Risch and Frank

2006; Hirota et al. 2009; Zhang et al. 2009), leaf area index

(LAI; Shaver et al. 2007; Street et al. 2007), and leaf

nitrogen content (Risch and Frank 2006; Arndal et al.

2009) are also recognized as being among the main factors

controlling small-scale spatial variations in GPP and net

ecosystem production (NEP) in grasslands. In contrast,

little information is available on the relationship between

species richness and small-scale spatial variation of the

ecosystem CO2 flux, though species richness has been

demonstrated to be a major determinant of above-ground

biomass and net primary productivity in grasslands (e.g.,

Loreau and Hector 2001; Tilman et al. 2001). Given the

strong relationship between species richness and produc-

tivity, species richness should also affect small-scale spa-

tial CO2 flux variation in grassland ecosystems. Thus, we

aimed to reveal the possible effects of species richness and

vegetation biomass on CO2 flux in a high-altitude grassland

characterized by high spatial heterogeneity in the distri-

bution of vegetation in terms of species composition and

biomass.

Alpine meadows such as Kobresia meadows on the

Qinghai-Tibetan plateau are potentially suitable ecosys-

tems for investigating spatial CO2 flux heterogeneity

because direct CO2 flux measurement is relatively easy

owing to the small size of the plants. For example, Chen

et al. (2007) recently reported high plant species richness

at very small scales (16–20 species per 0.01 m2) in an

alpine meadow on the plateau. It is also noteworthy that

the Kobresia meadows on the plateau are very likely to

be a huge sink for atmospheric CO2, and several studies

have assessed CO2 exchange at a large spatial scale using

the eddy-covariance system (Kato et al. 2004; Gu et al.

2005; Zhao et al. 2006). In contrast, little is known about

how ecosystem CO2 flux may vary at small-spatial scales

or about the environmental factors that determine its

spatial variation. Moreover, because alpine ecosystems

are predicted to be extremely sensitive to environmental

changes such as global warming (e.g., Diaz et al. 2003),

high-resolution estimates of ecosystem CO2 flux and its

relationship with vegetation properties, which are likely

to be affected by such environmental changes, are valu-

able for predicting the consequences of such changes. In

this study, we considered the instantaneous ecosystem

CO2 flux components NEP, Re, and GPP, obtained using

the closed-chamber method (Hirota et al. 2006, 2009;

Zhang et al. 2009), to be characteristics of CO2 sink

strength, and we investigated the small-spatial-scale var-

iation in these parameters in relation to that in vegetation

properties. This measurement technique can be used for

accurate small-scale observations of both ecosystem CO2

flux and related vegetation properties, whereas the eddy-

covariance technique is more suitable for larger scale

observations.

Our major objectives were (1) to characterize the mag-

nitudes of three ecosystem CO2 fluxes, NEP, daytime Re,

and GPP, in relation to species richness, species compo-

sition, and vegetation biomass, and (2) to clarify the

underlying mechanisms regulating small-scale spatial var-

iation in these fluxes in a Kobresia meadow.

Study site and methods

Study site

Ecosystem CO2 flux measurements were conducted in an

alpine meadow on the Qinghai-Tibetan plateau. The study

site is at the northern edge of the plateau (37�3604700N,

101�1802400E; 3,250 m a.s.l.). Topographically, the mea-

dow is fairly flat, and it is situated in a wide intermountain

grassland basin. From 1981 to 2000, the annual mean air

temperature was -1.7�C and the annual precipitation was

561 mm. The soil is a clay loam, and its average thickness

is 65 cm. The top 5–10 cm of the soil is wet and high in

organic matter. Details are given elsewhere (Kato et al.

2004; Gu et al. 2005). This alpine meadow is dominated by

three perennial sedges, Kobresia humilis (C.A.Mey. ex

Trautv.) Serg., Kobresia pygmaea C.B.Clarke ex Hook.f.,

and Kobresia tibetica Maxim. (Li and Zhou 1998). The

growing period is May to October. From 1980 to 1993, the

maximum above-ground biomass varied within the range
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of 342 ± 50 g dry weight (DW) m-2 (average ± SD)

during summer, and LAI peaked at about 4 in July (Li and

Zhou 1998). The study site is grazed by yaks and sheep

every winter.

Sampling design

To examine the spatial variation in the CO2 flux and the

relationship between the flux and the vegetation composi-

tion within the alpine meadow, we chose a flat area

(30 m 9 40 m) about 300 m east of a micrometeorological

flux tower (Fig. 1) for intensive study. On 8 July 2005,

more than a week before our flux measurements began, we

randomly chose 14 points by throwing 14 small markers

into the intensive study area, with our eyes closed so that

distances between the points would not be equal. The

minimum distance was 0.5 m, and the maximum was

30 m. Then, we installed a stainless-steel base at soil level

(30 cm in diameter 9 20 cm high) at each point to reduce

the influence of vegetation and soil disturbances on the

ecosystem CO2 flux measurements. At the 14 points, we

measured the net ecosystem CO2 exchange (NEE) under

different light conditions, as well as the soil temperature

and soil moisture, between 0900 hours and 1600 hours

(Beijing Standard Time) from 15 to 30 July. On 31 July,

after the final flux measurement, we sampled and quantified

the vegetation biomass at each point.

Net ecosystem CO2 exchange

The custom-made, multi-channel, automated chamber

system consisted of four transparent acrylic chambers

(30 cm in diameter 9 30 cm high, with a wall thickness of

3 mm) and a control box (Fig. 1). Each chamber had a

removable lid. Silicone tape was used to seal the join

between the lid and the chamber wall. The lid was gently

opened and closed by a double-acting pneumatic cylinder

(RCC2 series, CKD, Aichi, Japan). The air supply for the

pneumatic cylinder was provided by a small air compressor

(3IMP-0.5, JUN-AIR International, Nørresundby, Den-

mark), and a portable personal computer was used to

control the timing of the opening and closing of the lid. We

set the period of closure to 150 s for measurement of

ecosystem CO2 fluxes. Measured variables were the con-

centration of atmospheric CO2 in the chamber, photosyn-

thetically active radiation (PAR), relative humidity (RH),

air temperature inside and outside the chamber, soil tem-

perature at a 5-cm depth, and the pressure differential

between the inside and outside of the chamber. CO2 was

directly monitored by a CO2 probe, which was a silicon-

based non-dispersive infrared sensor (GMP343, Vaisala,

Helsinki, Finland). PAR was measured with a quantum

sensor (IKS-27, Koito Industries, Kanagawa, Japan), and

RH and air temperature were measured with a temperature/

RH probe (HMP50, Vaisala). The pressure differential was

recorded with a pressure sensor (NPH-8, GE Sensing

Japan, Tokyo, Japan; Fig. 1). All data were recorded by a

data logger (8422-50, Hioki, Nagano, Japan) at intervals of

1 s. To control the air temperature inside the chamber

while it was closed, we used an electronic cooler (FTA951,

Ferrotec, Tokyo, Japan) controlled by a proportional-inte-

gral-derivative (PID) controller (TTM1520, Toho Elec-

tronics, Tokyo, Japan). Two small DC-powered fans mixed

the air inside the chamber. With this cooling system, we

could maintain the air temperature within the chamber

while it was closed at no more than 1.2�C above the outside

air temperature. The pressure differential between the

inside and outside scarcely changed during opening and

closing of the chamber, because the slow movement of the

lid barely disturbed the air system inside the chamber.

Minimization of pressure changes within the chamber is

critical for flux measurements (Lund et al. 1999; Davidson

et al. 2002).

We calculated NEE (lmol CO2 m-2 s-1) from the

temporal change in CO2 concentration during the closure

period as:

NEE ¼ dCO2=dt � P=½Rð273:15þ TÞ�V=A; ð1Þ

where dCO2/dt is the slope of the change in CO2 concen-

tration in the chamber in relation to time (lmol

mol-1 s-1); P is atmospheric pressure (kPa); R is the gas

constant, 8.314 (kPa m3 K-1 mol-1); T is the air temper-

ature inside the chamber (�C); V is the chamber volume

(m3); and A is the chamber bottom area (m2). To obtain a

linear relationship between CO2 concentration and time in

the shortest possible time, we used only data collected from

30 s to 90 s after chamber closure. To measure the daytime

Re and to obtain light–response curves, we measured NEE

under 65% light, using a shade screen over the chamber,

and 0% light, using a completely dark cloth, right after the

NEE measurement under 100% light. It took about 10 min

to perform the NEE measurements under the three light

conditions at each point. To quantify the NEE at the 14

points as close to simultaneously as possible, we measured

NEE at four points and then relocated all the chambers to

another four points. It took about 1 min to set the four

chambers up at the next four points. Because there were 14

points, the final series of measurements was performed at

only two points. To minimize the impact on the measure-

ment data of setting up the chambers, we waited at least

1 min after setting up the chamber before measuring the

CO2 flux. In total, one measurement cycle at all 14 points

required about 50 min. Hence, NEE was measured at each

point about every 50 min between 0900 hours and

1600 hours, i.e., seven or eight times per day. So that we

could compare NEE among the 14 points under weather
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conditions that were as similar as possible, we used only

those data obtained under clear-sky conditions between 15

and 30 July 2005. We defined clear sky conditions as no

rain or hail, regardless of cloud cover. We also excluded

data obtained within 1 h after the cessation of rain or hail.

The excluded data accounted for 26.7% of the total data.

Air temperature and soil temperature at a 5-cm depth

during the daytime measurement period ranged from 15.4

to 27.2�C and from 18.1 to 26.3�C, respectively.

Immediately after the flux measurements, we measured

the soil moisture content (v/v) within each measurement

point at 0–12 cm soil depth with a soil moisture probe

(CD620, Campbell Scientific, Logan, UT).

Data analysis

We calculated NEP as -NEE under full light conditions

with the chamber uncovered, and adopted a sign conven-

tion according to which ecosystem CO2 uptake is positive

and CO2 emission via respiration is negative. Thornley and

Johnson (1990) used a curve-fitting technique to describe

the relationship between NEP and PAR based on a rect-

angular hyperbola:

NEP ¼ ðaNEP� NEPmax � PARÞ=ðaNEP� PAR

þ NEPmaxÞ þ Rint; ð2Þ

where aNEP is the initial slope of the rectangular

hyperbola, also called the ‘‘apparent quantum yield,’’

NEPmax is the asymptotic approach to maximum NEP at

high light intensity, and Rint is the y axis intercept, or

apparent dark respiration. The observed Re was then

regressed exponentially against soil temperature at a 5-cm

depth (ST5):

daytime Re ¼ a� exp(ST5 � bÞ; ð3Þ

where a and b are regression coefficients. The Q10 value,

i.e., the rate of change in Re with a change of 10�C in soil

temperature (Raich and Schlesinger 1992), is expressed as:

Q10 ¼ exp(10� bÞ; ð4Þ

GPP was calculated from Re and the immediately

preceding NEP under full light as:

30cm50 (km)
0       500

30cm HS

EC
MF

PS

AOC

30

40

DPS

TCU

20cm

CP

E90 100 110

N20

N

120

Chamber plot 
(30 x 40m)

Multi-channel chamber system
Flux tower

Fig. 1 Location of the study site and layout of the ecosystem flux

measurement site, showing the location of the micrometeorological

tower and the chamber measurement plot (30 m 9 40 m; lower left
figure). Tall crosses and dotted line in the lower left figure represent

utility poles and electricity wires. The distance between the tower and

the study area was about 300 m. In the lower right figure, the four

cylinders and the box represent the net ecosystem CO2 exchange

(NEE) chambers and the main system, respectively. The upper right
figure represents a custom-made automated chamber. AOC Auto-

mated open/close system; CP CO2 probe, EC electronic cooler with

micro-fan, HS humidity sensor, PS photosynthetically active radiation

(PAR) sensor, MF micro-fan, DPS sensor for detecting pressure

differential between inside and outside of chamber, TCU temperature

control unit
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GPP ¼ NEP� Re; ð5Þ

The relationship between GPP and PAR is also

described by a rectangular hyperbola:

GPP ¼ ðaGPP� GPPmax � PARÞ=ðaGPP� PAR

þ GPPmaxÞ; ð6Þ

where aGPP is the initial slope of the rectangular hyper-

bola, also called the ‘‘apparent quantum yield of GPP,’’ and

GPPmax is the asymptotic approach to maximum GPP at

high light intensity. We determined each parameter in

Eqs. 2, 3, and 6 at each measurement point using nonlinear

regression, minimizing the root-mean-square error by the

Gauss–Newton method, with the Systat v. 11 software

(Systat Software, Chicago, IL).

To examine the spatial variation in ecosystem CO2 flux

among the 14 points, we calculated three characteristic

parameters (GPPmax, NEPmax, and Re20—the value of

daytime Re at a soil temperature of 20�C). We used a soil

temperature of 20�C because that is the approximate mean

daytime soil temperature during the growing season in this

alpine meadow. We also calculated aGPP, which is highly

relevant to the photosynthesis light–response curve, and

Q10, which is an indicator of the sensitivity to temperature

of Re. We compared the three calculated ecosystem CO2

fluxes (GPPmax, NEPmax, and Re20) and the two parameters

(aGPP and Q10) among the 14 points, and determined the

coefficient of variation (CV) of each to characterize the

magnitude of spatial variation of each variable.

Vegetation properties

On 31 July we harvested the above-ground biomass (AGB)

and the below-ground biomass (BGB) down to a 20-cm soil

depth at all measurement points. The AGB was divided by

species, dried at 80�C for 2 days, and weighed. BGB was

divided into shallow (0–10 cm soil depth, sBGB) and deep

(10–20 cm soil depth, dBGB) parts, washed gently in

running water, dried at 80�C, and weighed. We defined the

species richness at a point as the total number of species

within the 30-cm-diameter point.

Statistical analyses

Pearson’s correlation coefficient (r) and multiple linear

regression analysis were used to identify significant asso-

ciations between ecosystem CO2 fluxes and vegetation

properties. All data from the 14 points were analyzed by

one-way ANOVA, and then differences among means were

analyzed with Tukey–Kramer multiple-comparison tests,

with the level of statistical significance taken as P \ 0.01.

We performed all statistical analyses with the SYSTAT

ver. 11 software (Systat Software).

Results

Ecosystem CO2 exchange

Ecosystem CO2 flux varied markedly among the 14 points.

PAR-saturated NEP (NEPmax) differed by 3.9-fold (16.8–

64.9 lmol CO2 m-2 s-1), PAR-saturated GPP (GPPmax)

by 2.8-fold (24.7–69.3 lmol CO2 m-2 s-1), and ecosys-

tem respiration at 20�C and a 5-cm soil depth (Re20) by

2.5-fold (-7.5 to -18.9 lmol CO2 m-2 s-1; Fig. 2).

Mean NEPmax was 30.3 lmol CO2 m-2 s-1 (CV = 42.7),

mean GPPmax was 40.5 lmol CO2 m-2 s-1 (CV = 29.4),

and mean Re20 was -10.9 lmol CO2 m-2 s-1 (CV =

27.3; Table 1). The apparent quantum yield of GPP (aGPP)

also varied among the 14 points by 7.4-fold (0.011–

0.081 mol CO2 mol-1 photons), and its mean value was

0.034 mol CO2 mol-1 photons (CV = 17.4; Fig. 2, Table 1).

The temperature sensitivity of Re (Q10) also varied among

the 14 points by 2.9-fold (1.3–3.8), with a mean of 2.1

(CV = 16.0; Fig. 2, Table 1). The soil temperature varied

from around 18–26�C with time (0900–1600 hours), but

values obtained at the same time showed no significant

spatial variation among the 14 points (P [ 0.05, mean

SD = 1.8, n = 14). The soil moisture content also varied

temporally from around 35–50% (v/v) and was affected by

rain and hail, but values obtained at the same time showed

no significant spatial variation among the 14 points

(P [ 0.05, mean SD = 2.4, n = 14).

Vegetation properties

Vegetation differed quantitatively and qualitatively among

the 14 points (Table 2). AGB of vascular plants differed

by 4.0-fold, from 76.2 to 306.7 g DW m-2; sBGB at 0–

10 cm soil depth by 6.4-fold, from 427.5 to 2,722.9 g DW

m-2; and dBGB at 10–20 cm soil depth by 3.7-fold, from

188.0 to 701.5 g DW m-2. The mean values were 155.1,

1,188.7, and 338.6 g DW m-2, respectively (Table 1). We

identified 55 species belonging to 18 families at the 14

points. Most points were dominated by grasses (Table 2),

such as Festuca ovina L., Stipa aliena Keng., Elymus

nutans Griseb., and Poa alpigena Lindm., Anaphalis

lactea Maxim., Aster flaccidus Bunge., Oxytropis kansu-

ensis Bunge., Saussurea nigrescens Maxim., and Scirpus

distigmaticus (Kük.) Tang & F.T.Wang were abundant.

Species richness varied from 17 to 31 species among the

points (mean value = 25.1, Table 1). Judging from the

CV values of the vegetation properties, the spatial varia-

tion in plant diversity was small compared with that of

biomass (Table 1). The species composition of the vege-

tation at points B and K was unusual compared with the

other points: the proportions of the dominant Poaceae and

Cyperaceae biomass were very large (78.5% at B and
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72% at K), and species richness was relatively low (23 at

B and 17 at K; Table 2).

Vegetation biomass did not correlate significantly with

species richness (r2 = 0.11, P [ 0.001 for AGB;

r2 = 0.15, P [ 0.001 for sBGB; and r2 = 0.13, P [ 0.001

for dBGB).

Relationship between ecosystem CO2 flux

and vegetation properties

Regression analyses using all 14 sets of data showed that

NEPmax and GPPmax were not significantly correlated with

any biomass component or with species richness (Table 3).

More than 60% of the variation in Re20 among the points,

however, could be explained by vegetation biomass

[sBGB, r2 = 0.66, P \ 0.001; total biomass (TB),

r2 = 0.62, P \ 0.001]. Apparent quantum yield for GPP

(aGPP) was positively correlated with both AGB and

sBGB (r2 = 0.38, P = 0.022, and r2 = 0.32, P = 0.046,

respectively; Table 3). The temperature sensitivity of Re,

Q10, was not significantly correlated with any variable.

Further regression analyses with 12 sets of data

(excluding the data from points B and K, which had rela-

tively simple species compositions dominated by the Poa-

ceae and Cyperaceae) gave different results. NEPmax and

GPPmax showed significant positive correlations with spe-

cies richness (r2 = 0.53, P \ 0.001, and r2 = 0.66,

P \ 0.001, respectively; Fig. 3), and more than 72% of the

variation in aGPP could be explained by biomass (AGB,

r2 = 0.79, P \ 0.01; sBGB, r2 = 0.62, P = 0.044; TB,

r2 = 0.72, P \ 0.001). Re20 was similarly positively cor-

related with biomass components (AGB, r2 = 0.35,

P = 0.042; sBGB, r2 = 0.66, P \ 0.001; TB, r2 = 0.62,

P \ 0.001, Table 3).

Discussion

Characteristics of spatial variation of ecosystem CO2

flux in an alpine meadow

In this study, to examine the range of spatial variation of

ecosystem CO2 flux under similar conditions, we calcu-

lated three characteristic parameters, NEPmax, GPPmax, and

Re20, and two additional variables, aGPP and Q10, which

are related strongly to the light–response curve of GPP and

to the sensitivity to temperature of Re, respectively, as

parameters suitable for comparison, at least during the

study period. These five parameters showed large spatial

variation within an area of about 1,200 m2 (Fig. 2). Within
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Fig. 2 a Spatial variation in ecosystem CO2 flux in the 14

measurement points. Broken lines means of maximum gross primary

production (GPPmax), net ecosystem production (NEPmax), and

ecosystem respiration (Re20). Bars are sorted from high to low

above-ground biomass (AGB). b Spatial variation in apparent

quantum yield of GPP (aGPP). c Spatial variation in temperature

sensitivity of Re (Q10). Broken lines mean values of aGPP and Q10

Table 1 Mean values and coefficients of variation (CV, %) of eco-

system CO2 flux, its response to light intensity (a) for gross primary

production (GPP) and temperature for ecosystem respiration (Re;

Q10), and vegetation properties

Mean value CV (%)

Net CO2 flux

Re20 (lmol CO2 m-2 s-1) -10.9 27.3

GPPmax (lmol CO2 m-2 s-1) 40.5 29.4

NEPmax (lmol CO2 m-2 s-1) 30.3 42.7

Response characteristics of CO2 flux

aGPP (mol CO2 mol-1 photons) 0.034 17.4

Q10 2.1 16

Vegetation properties

AGB (g DW m-2) 155.1 36.2

sBGB (g DW m-2) 1,188.7 49.8

dBGB (g DW m-2) 338.6 37.1

Species richness 25.1 14.6

NEP Net ecosystem production, AGB above ground biomass, BGB
below ground biomass
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a small, flat area, spatial variations in light availability

above the plant canopy, as well as those in air temperature

and air humidity, should be very limited. Although soil

temperature and soil moisture did not differ significantly

among the points (P [ 0.05), vegetation biomass, vegeta-

tion composition, and species richness were different

among the 14 measurement points (Table 2). Furthermore,

spatial CVs were similar between the CO2 flux variables of

Table 2 Biomass (g DW m-2), number of vascular plant species, and list of dominant vascular plant species in each measurement point. AGB

and BGB were recorded on 29 July 2005 following flux measurement

Point AGB

(g DW m-2)

sBGB

(g DW m-2)

dBGB

(g DW m-2)

Species

richness

Vegetation composition (relative biomass, %)

A 306.7 2,722.9 408.4 26 Poaceae (48.0), Aster flaccidus Bunge (9.7), Morina chinensis
(Batal. ex Diels) Pai (9.5)

B 204.1 1,298.2 285.9 23 Poaceae (75.8), Kobresia humilisa (C.A.Mey. ex Trautv.) Serg.

(2.4), Aster flaccidus Bunge (2.4)

C 187.7 1,405.0 314.8 28 Poaceae (45.3), Saussurea nigrescens Maxim. (12.4), Kobresia
humilisa (C.A.Mey. ex Trautv.) Serg. (10.7)

D 173.7 839.1 355.8 25 Anaphalis lactea Maxim.(19.2), Poaceae (17.7), Aster flaccidus
Bunge (12.3)

E 171.1 1,234.7 246.3 31 Poaceae (46.2), Oxytropis kansuensis Bunge (13.2), Gentiana
farreri Balf.f. (5.4)

F 170.3 1,228.0 404.1 27 Poaceae (29.6), Lancea tibetica Hook.f. & Thomson (14.1),

Gentiana farreri Balf.f. (9.1)

G 158.0 1,212.6 201.3 26 Scirpus distigmaticus a(Kük.) Tang & F.T.Wang (20.5), Poaceae

(16.0), Saussurea nigrescens Maxim. (17.9)

H 132.8 846.0 188.0 28 Poaceae (35.5), Scirpus distigmaticusa (Kük.) Tang & F.T.Wang

(10.1), Saussurea nigrescens Maxim. (10.8)

I 126.1 829.6 259.3 25 Poaceae (35.5), Saussurea nigrescens Maxim. (10.8), Scirpus
distigmaticusa (Kük.) Tang & F.T.Wang (10.1)

J 122.7 1,058.7 315.9 23 Anaphalis lactea Maxim. (18.9), Poaceae (17.5), Leontopodium
nanum Hand.-Mazz. (11.8)

K 117.5 2,063.3 701.5 17 Poaceae (41.9), Kobresia humilisa (C.A.Mey. ex Trautv.) Serg.

(17.8), Scirpus distigmaticusa (Kük.) Tang & F.T.Wang (11.3)

L 112.7 664.8 356.0 27 Poaceae (32.0), Aster flaccidus Bunge (20.0), Medicago ruthenica
Trautv. (11.2)

M 112.1 811.2 313.0 27 Saussurea nigrescens Maxim. (26.8), Poaceae (24.2), Scirpus
distigmaticusa(Kük.) Tang & F.T.Wang (16.4)

N 76.2 427.5 389.7 19 Aster flaccidus Bunge (24.9), Saussurea nigrescens Maxim. (21.2),

Lancea tibetica Hook.f. & Thomson (14.7)

Points were named A–N in order of size of AGB for convenience. Vegetation in points B and K had large contributions from Poaceae and

Cyperaceae biomass (78.5% in B and 72% in K)
a Species belonging to Cyperaceae

Table 3 Pearson’s coefficient of correlation (r) among vegetation properties, three ecosystem CO2 fluxes, and two parameters, aGPP and Q10,

using all data (n = 14)

Vegetation properties Ecosystem CO2 flux Parameters of GPP and Re

NEPmax Re20 GPPmax aGPP Q10

AGB -0.09 0.59* -0.29 -0.62* -0.85

sBGB -0.49 0.81*** -0.43 -0.57* -0.18

dBGB -0.50 0.30 -0.43 0.12 -0.02

TB -0.50 0.79*** -0.63 -0.52 -0.15

Species richness 0.35 0.03 0.23 -0.29 -0.19

Soil moisture content 0.11 -0.03 0.04 -0.15 -0.13

sBGB Shallow below-ground biomass, dBGB deep below-ground biomass, TB total biomass

* P \ 0.05, ** P \ 0.01, *** P \ 0.001

J Plant Res (2010) 123:531–541 537

123



NEPmax, GPPmax, and Re20 and biomass. These results

suggest that vegetation properties, including plant biomass

and species richness, determined the small-scale hetero-

geneity of these CO2 fluxes.

Similar results have been reported for arctic ecosystems

(Sjögersten et al. 2006; Shaver et al. 2007; Street et al.

2007) and other alpine grasslands (Arndal et al. 2009;

Hirota et al. 2009). Risch and Frank (2006) demonstrated

that spatio-temporal variations in GPP, Re, and NEP in a

temperate grassland were related to differences in AGB

and total shoot nitrogen content. Street et al. (2007) found

that LAI was the main factor determining the spatial var-

iation of GPP: about 80% of the variation in GPP among

sites with various plant species could be explained by the

variation in LAI. Uchida et al. (2009) investigated factors

controlling NEP in a high-latitude arctic ecosystem during

the non-snow period and showed that the coverage and

growth of the dominant vascular plant, Salix polaris

Wahlenb., were the main factors controlling summer NEP.

Hence, such quantitative aspects of vegetation have been

considered important factors causing small-scale hetero-

geneity of ecosystem CO2 flux. In contrast, the importance

of qualitative aspects of vegetation such as species richness

to small-scale heterogeneity of ecosystem CO2 flux has

been less well understood. Our results demonstrate that a

key factor affecting spatial variation in GPP is species

richness, and a key factor affecting that in Re is biomass

(Table 3).

Vegetation biomass affects ecosystem respiration

Re is the sum of respiration by above- and below-ground

plant parts and soil microbes. Thus, our finding of a sig-

nificant and high correlation between Re and vegetation

biomass (Table 3) can probably be attributed to a high

contribution of plant respiration to Re and to facilitation of

soil microbe respiration by the supply of degradable

organic matter from plants (Meharg and Killham1995;

80 80

60

40

0 034 20 69y = . x + .
r2 = 0.09

y = 1.53x - 13.96 
r ² = 0.54

60

40

s-
1 )

  
2
m

-2
N

E
P

 m
ax

 (
µ

m
o

l C
O

 

20

0
0 5 10 15 20 25 30 35 0 100 200 300 400

AGB (g DW m-2)sp. richness

AGB (g DW m-2)sp. richness

sBGB (g DW m-2)sp. richness

20

0

y = 0.08x + 25.09
r ² = 0.36

10.52y = 1.81x -
r ² = 0.65

80

60

40

80

60

40
2
m

-2
s-

1 )
G

P
P

m
ax

 (
µ

m
o

l C
O

 

0 5 10 15 20 25 30 35 100 200 300 4000

20

0

20

0

-15

-20
y = -0.004x -6 .14
r ² = 0.6984

y = -0.28x -3.44
r ² = 0.08

-15

-20

2
m

-2
s-

1 )
R

e2
0 

(µ
m

o
l C

O

-5

-10

-5

-10

0 5 10 15 20 25 30 35 0 1000 2000 3000
00

Fig. 3 Relationships between

species richness and ecosystem

CO2 fluxes: NEPmax, GPPmax,

and Re20 (left); between AGB or

shallow below-ground biomass

(sBGB) and NEPmax, GPPmax,

and Re20 (right). Open symbols
Data from points F and I, which

contained large contributions

from the Poaceae and

Cyperaceae in their biomass

(see Table 2). The solid line in

each graph represents linear

regression using only the black
symbols (n = 12), excluding

data from points F and I
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Farrar et al. 2003). A similar positive correlation between

Re and vegetation biomass has been reported for similar,

fairly humid grassland ecosystems (Wang et al. 2005;

Zhang et al. 2009). However, Nakano et al. (2008) found

no such significant correlation in an arid grassland in Inner

Mongolia. The strong positive correlation that we found

between Re and vegetation biomass, but not between Re

and species richness (Table 3, Fig. 3), suggests that the

quantity of vegetation, rather than its quality, is the

essential factor causing spatial variation in Re.

The sensitivity of Re to soil temperature, described by

Q10, also showed large small-scale heterogeneity (CV =

16, Table 1) in this study, but Q10 was not significantly

correlated with vegetation properties or soil moisture

(Table 3). Many other studies estimating Q10 based on

microbial respiration have reported that a large heteroge-

neity of Q10 is determined mainly by the quality relevant to

decomposability of the soil organic matter (e.g., Canadell

et al. 2000; Knorr et al. 2005; Fierer et al. 2006). Therefore,

it is likely that the spatial variation of the Q10 in this study

was mainly controlled not by vegetation properties or soil

moisture but by the quality of the soil organic matter. To

examine this possibility, further studies on Q10 calculated

from data obtained over a wider temperature range and on

the qualitative and quantitative properties of the soil

organic matter are required.

Species richness affects GPP

Our results demonstrated that GPPmax was positively cor-

related with species richness rather than with vegetation

biomass, except at the two outlier points (Fig. 3). The

possible positive relationship that we identified might be

attributable to efficient light utilization resulting from the

complementary effects of the different architectures in the

plant canopy structure or to different photosynthetic light

utilization efficiencies of leaves (such as sun and shade

leaves) among species, as suggested by Anten and Hirose

(1999, 2003) and Vojtech et al. (2008). Further observation

and analysis on canopy architecture of different species,

however, are needed to confirm the speculation. We found,

on the other hand, no significant relationships between the

community ABG and species richness in this study. In

many grasslands, species richness seems to be the major

determinant of AGB or NPP (e.g., Loreau and Hector 2001;

Tilman et al. 2001). The lack of correlation between spe-

cies richness and AGB may partly due to some disturbance

such as grazing of livestock. Further experimental

approaches are needed to clarify the effect of species

richness on community biomass in the alpine ecosystem.

Both outlier points (B and K) had very high Poaceae and

Cyperaceae biomass (78.5% in B and 72% in K; Table 2)

and high GPPmax and NEPmax (Fig. 3) despite their relatively

low species richness and large biomass. One possible

explanation for these findings is that these two groups of

species, which are often the dominant species in Kobresia

alpine meadows (Li and Zhou 1998), may have relatively

high photosynthetic capacity and productivity, since domi-

nant species generally have large bodies and are able to

preferentially take advantage of limited resources (Grime

2001). To demonstrate the underlying mechanisms of how

species richness affects productivity, species-specific eco-

physiological performance and complementary effects in

plant communities with various species compositions should

be examined more carefully.

Implications of spatial variation in ecosystem CO2

flux at a small scale in an alpine meadow

Arapidlygrowingnumberofstudieshaveestimatedterrestrial

CO2 flux at various scales by remote sensing and modeling

approaches(e.g.,Kicklighteretal.1999;Turneretal.2003;Ito

2008). An understanding of the spatial variation in vegetation

propertiesandecosystemCO2 fluxat the landscapeandbiome

levels is essential if we are to estimate ecosystem carbon

budgets with high accuracy. However, we believe that dem-

onstrating these spatial variations and clarifying their under-

lying mechanisms at small scales are of equal importance, for

the following reasons.

First, demonstrating the relationships between ecosys-

tem CO2 flux and vegetation properties is essential for

understanding the relative roles played by biomass and

biodiversity at the community level, one of the central

challenges in community and ecosystem ecology today

(Loreau et al. 2002). Second, demonstrating each major

factor influencing the spatial variation in ecosystem pro-

duction and ecosystem respiration will help us to accu-

rately predict CO2 sink strength in high-altitude ecosystems

under future climate conditions. It is highly likely that

environmental change due to global and local disturbances

will alter not only the vegetation biomass but also the

species composition within an ecosystem. Especially in

fragile ecosystems such as the high-altitude ecosystems of

our study area, which are easily influenced by environ-

mental change, the vegetation structure will alter drasti-

cally under future climate conditions. One recent study has

suggested that climate warming will reduce species rich-

ness in alpine meadows on the Qinghai-Tibetan plateau

(Klein et al. 2004). If species richness decreases, but with

little change in vegetation biomass under future warming,

ecosystem productivity expressed as GPP in Kobresia

meadows may decrease, as suggested by the results of this

study. Further research focused on the spatial variation of

ecosystem CO2 flux with vegetation properties, including

biomass and species composition, at small-scale is there-

fore needed.
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