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Abstract. Biogenic volatile organic compounds (BVOCs)
profoundly affect atmospheric chemistry and ecosystem
functioning. BVOCs emission and their responses to global
change are still unclear in grasslands, which cover one quar-
ter of the Earth’s land surface and are currently undergoing
the largest changes. Over two growing seasons, we con-
ducted a field experiment in a semi-arid grassland (Inner
Mongolia, China) to examine the emission and the responses
of BVOCs emissions to warming and nitrogen deposition.
The natural emission rate (NER) of monoterpene (dominant
BVOCs here) is 107± 16 µg m−2 h−1 in drought 2007, and
266± 53 µg m−2 h−1 in wet 2008, respectively. Warming de-
creased the standard emission factor (SEF) by 24 % in 2007,
while it increased by 43 % in 2008. The exacerbated soil
moisture loss caused by warming in dry season might be re-
sponsible for the decrease of SEF in 2007. A possible thresh-
old of soil moisture (8.2 % (v/v)), which controls the direc-
tion of warming effects on monoterpene emission, existed in
the semiarid grassland. Nitrogen deposition decreased the
coverage ofArtemisia frigidaand hence reduced the NER
by 24 % across the two growing seasons. These results sug-
gest that the grasslands dominated by the extendedArtemisia
frigida are an important source for BVOCs, while the re-
sponses of their emissions to global changes are more uncer-
tain since they depend on multifactorial in-situ conditions.

1 Introduction

Biogenic volatile organic compounds (BVOCs), as the
largest source of non-methane VOCs (Guenther et al., 1995),
have essential roles in regional and global atmospheric chem-
istry with important implications in climatic change (Laotha-
wornkitkul et al., 2009; Pẽnuelas and Llusià, 2003; Pẽnuelas
and Staudt, 2010). BVOCs can strongly affect OH and
O3 concentration in the atmosphere (Di Carlo et al., 2004;
Lelieveld et al., 2008) and can increase secondary organic
aerosol (SOA) formation (Fuentes et al., 2001; Kleindienst
et al., 2007; Shallcross and Monks, 2000; Sharkey et al.,
2008), greatly affecting ecological functions of the biosphere
(Lerdau, 2007). However, the present data about BVOCs
emission are extremely limited due to the character of high
species-specific emission potential (Arneth et al., 2008; Ler-
dau and Slobodkin, 2002). Grasslands covering one quarter
of the Earth’s land surface still receive disproportionately lit-
tle attention with regard to BVOCs emissions (Guenther et
al., 2006; Lerdau and Slobodkin, 2002; Peñuelas and Llusià,
2003). Moreover, grasslands are sensitive to climatic and an-
thropogenic disturbances, and are currently undergoing the
largest changes (Lerdau and Slobodkin, 2002), which may
affect BVOCs emission pattern. Global warming and in-
crease of CO2 concentrations have substantially enhanced
the abundance of shrub and subshrub (Morgan et al., 2007;
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Post and Pedersen, 2008; Sturm et al., 2001) which might
be strong BVOCs emitters, especially some aromatic species
(Lopes-Lutz et al., 2008). AromaticArtemisia frigida, as an
indicator of overgrazing, tends to increase and invade deteri-
orated grasslands globally under anthropogenic disturbance
and increased CO2 concentration. A. frigida coverage in-
creased 20 times in a 5-yr double CO2 enrichment experi-
ment in US shortgrass steppe (Morgan et al., 2007). Tem-
perate semi-arid grassland in northern China is an important
part of the Eurasian grassland ecosystem. Over-grazing and
climate change have degraded more than 60 % China’s grass-
land (Bao and Wang, 2005), with an increase in the area ofA.
frigida by 100 % (1960s–1980s) and 500 % (1980s–2000s) in
Xilinguole region (20 % of total area in Inner Mongolia), as
indicated by remote sensing data and field investigation (Liu,
2003). Artemisiaspecies storing large amounts of monoter-
penes might be important BVOCs emitters according to some
studies on essential oil (Karlik et al., 2002; Lopes-Lutz et
al., 2008). Therefore, we speculate that semi-arid grassland,
whereA. frigida will greatly expand in future, might be an
important BVOCs source.

At the regional scale, the emission potential of BVOCs
is controlled by temperature and species composition (Ar-
neth et al., 2008; Peñuelas and Staudt, 2010), which are
greatly affected by global warming and nitrogen deposition.
Based on the frequently used algorithms of BVOCs emis-
sion in response to temperature (Guenther et al., 1995), the
projected climatic warming in this century would increase
BVOCs emission by 30–45 % (Peñuelas and Llusià, 2003).
However, many other factors, especially the limiting factors,
might affect the responses of emission to climatic warm-
ing. For example, enhanced BVOCs emissions have been ob-
served under moderate drought condition (Llusià et al., 2009;
Staudt et al., 2008). In contrast, severe drought, which can be
exacerbated by warming, can decrease the BVOCs emission
(Brilli et al., 2007; Fortunati et al., 2008; Lavoir et al., 2009).
Therefore, we hypothesize that soil water content might con-
trol the effects of climatic warming on BVOCs emission, and
such contribution might countervail the predicted stimulation
of BVOCs emission under climate warming in arid and semi-
arid terrestrial ecosystems where severe drought occurs fre-
quently.

Many studies showed that nitrogen deposition changes
species composition in grassland (Stevens et al., 2004; Wedin
and Tilman, 1996), then it will also influence BVOCs emis-
sion. Our study in semi-arid grassland proved that nitrogen
deposition significantly reduced the coverage ofA. frigida
(Niu et al., 2009), which might be the dominant BVOCs con-
tributor in grassland. Therefore, we suppose that nitrogen
deposition might decrease BVOCs emission.

Given the above three hypotheses and on-going global
change experiments, BVOCs emission, gross ecosystem pro-
duction, plant biomass and related abiotic factors were in-
vestigated simultaneously in a long-term manipulated exper-
iment simulating climatic warming and nitrogen deposition

in Inner Mongolia in 2007. The objective of this study was
to obtain the first estimate of BVOCs emission, and to assess
the effects of climatic warming and nitrogen deposition on
their emission from arid and semiarid grassland.

2 Materials and methods

2.1 Site description and experimental design

The study site is located in a typical semiarid grassland
in Duolun County (42◦02′ N, 116◦17′ E, 1324 m a.s.l), In-
ner Mongolia, China. The climate (1953–2007) is char-
acterized by a mean annual temperature of 2.1◦C, mean
annual precipitation of 383 mm (90 % in May–October),
mean annual evaporation of 1710 mm, and the growing
season spanning from May to October. The sandy soil
here contains 62.75± 0.04 % sand, 20.30± 0.01 % silt, and
16.95± 0.01 % clay. Soil organic C, total N contents
and pH are 16.10± 0.89 g kg−1, 1.48± 0.10 g kg−1, and
6.84± 0.07, respectively (Wan et al., 2009). The dominant
species in the grassland areA. frigida Willd., Stipa krylovii
Roshev.,Potentilla acaulisL., Cleistogenes squarrosa(Trin.)
Keng, Allium bidentatumFisch. ex Prokh., andAgropyron
cristatum(L.) Gaertn. The average coverage ofA. frigida
was more than 20 % (Wu, 2008), and up to 80 % in many
patches. The study site is severely degraded due to over-
grazing from the 1980s to 2001, and since 2001 has been
fenced to exclude grazing for ecological restoration.

In the growing seasons of 2007 and 2008, the emission
of BVOCs was monitored in a long-term manipulated ex-
periment simulating climatic change. The detailed exper-
iment design was described in Xia et al. (2009) and Wan
et al. (2009). Thirty-six 3× 4 m plots, including 6 treat-
ments with 6 replicates, were set up with random block
design in September 2005. The treatments include con-
trol, day (06:00 a.m.–06:00 p.m., local time) warming, night
(06:00 p.m.–06:00 a.m.) warming, diurnal (24 h) warming, N
addition, and diurnal warming plus N addition. The warm-
ing treatment commenced on 23 April 2006. Day and night
warming were not considered in this study. Warming plots
were continuously heated by MSR-2420 infrared radiators
(Kalglo Electronics Inc, Bethlehem, PA, USA) suspended
2.25 m above the ground. Nitrogen was added once a year
as NH4NO3 (10 g N m−2) in early July. Warming increased
soil temperature (10 cm) by 1.79◦C (1 August 2006–31 Oc-
tober 2007) and decreased soil moisture (0–10 cm) by 5 %
(v/v), while N addition had no effects on either soil tempera-
ture or moisture (Xia et al., 2009).

Given the short lifetime of BVOCs, we only randomly se-
lected three plots from six replicates of each treatment and
permanently installed one stainless steel collar (40 cm in di-
ameter) as pedestal for BVOCs sampling in each plot in early
May 2007. A. frigid, which might be the main contributor
to BVOCs emission, in the collars had consistent biomass
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across the treatments at the beginning (p = 0.475), while the
grass biomass in the non-N-addition plot was lower than that
in the N-addition plot resulting from nitrogen addition (Niu
et al., 2009).

2.2 BVOCs emission

BVOCs emission was measured by static chamber tech-
nique. The chamber consisted of two parts: upper cham-
ber and pedestal. The upper chamber was built from
Teflon film (140 µm thickness) enclosed around stainless-
steel-framework (35 cm in height, 40 cm in diameter), and
the transmission of photosynthetic active radiation (PAR)
through the chamber was more than 95 %. Each chamber
was equipped with a thermometer (±0.1◦C). The pedestal
(5 cm in height, 40 cm in diameter) had a gutter around the
outside in the upper rim that could be filled with water to
make an airtight seal with upper chambers on the sampling
time.

We took samples for BVOCs analysis between
10:00 a.m. and 02:00 p.m. on sunny days only (PAR>

1000 µmol m−2 s−1) every week. However, sometime there
were no samples in one week due to no sunny days, then in
total we took samples 11 times from 20 June to 30 Septem-
ber 2007 and 13 times from 25 June to 25 September 2008.
Every time, the upper chamber was inserted into the water-
filled gutter of the pedestal. In the preliminary experiment,
four gas samples were taken at 3–4 min intervals from
the headspace of the chambers through Teflon tubes and
placed into 150 ml gas sampling bags (multi-layer polymer
with aluminum foil) by syringe, and the temperature in the
chamber was recorded at the start and end of the sampling.
We found that BVOCs concentration linearly increased
with time (r2 > 0.90). To ensure the minimal increase in
temperature (about 0.3–1.1◦C min−1) in the chamber and to
reduce the variation of BVOCs in the bag before analysis,
only two gas samples were taken for each chamber in the ex-
periment. Six chambers were used to simultaneously sample
for two treatments once. The 12 gas samples were sent to
the laboratory (500 m away) and analysed immediately.

The sample was directly analyzed by gas chromatography
(GC-4400, East & West Analytical Instruments, Inc., China)
with photoionization detector (PID at 10.6 eV). Monoter-
pene and isoprene were separated using a packed Teflon col-
umn (3 m× 3 mm, 5 %β,β ’-Oxydipropionitrile coating on
Chromosorb PNAN (60–80 mesh)). Compressed air pass-
ing through a dry Molecular Sieve and Active Carbon was
chosen as the carrier gas with flow rate of 20 ml min−1.
The column and injection port temperatures were 60◦C. The
quantity of the injection was 1 or 2 ml. According to the
main reported BVOCs in grassland in this region and the re-
ported essential oil inA. frigida (Bai et al., 2006; He et al.,
2005; Lopes-Lutz et al., 2008), we first qualitatively anal-
ysed mixed BVOCs, including isoprene,α-pinene,β-pinene,
limonene, 3-carene, 1.8-cineole, camphor, which were made

from standard isoprene (9.9 ppmv, Institute of Standard Ma-
terial, Beijing) and monoterpenes (Aldrich, 98–99 % purity).
The column can quickly and efficiently separate isoprene
and these monoterpenes, and had also been used in Zhang
et al. (2000). The GC-PID system allowed large number
of samples without any pretreatment in situ. In this study,
we reliably detected isoprene (only in a few N-added plots,
not included in this paper) andα-pinene, the most abundant
monoterpene emitted here.

Given the high absorption and boiling points of monoter-
pene, the standard gas was made by static method. We added
10 µl standardα-pinene with purity of 98 % into No. 1 Teflon
bag containing 2000 ml VOCs-free gas, quickly gasified, and
transferred 5 ml gas from No. 1 Teflon bag into No. 2 Teflon
bag at 50◦C in consistent-temperature container. We re-
peated these two processes until consistent concentration was
detected in No. 2 bag, which means that the adsorption was
saturated. By the same method, different concentrations
(176–1763 ppbv) were achieved and the peak area linearly
responded to monoterpene concentration (r2 > 0.90). The
accuracy of the GC-PID for analysingα-pinene was about
2–3 % (standard deviation of the mean;n = 10) and the time
resolution of the analytical cycle was 10 min.

This GC-PID was calibrated by the standard gas ofα-
pinene in each sampling day in 2007, and it was steady-going
with less than 4 % fluctuation in 2007. Then we only ana-
lyzed standard gas monthly in 2008. Because the monoter-
pene emission rate is sensitive to temperature, and the in-
creased temperature in the chamber during sampling might
quickly accelerate the emission; we first calculated the emis-
sion from the linear change of its concentrations in the cham-
ber headspace as a function of time, base area, chamber vol-
ume, and the molar volume of monoterpene at the average air
temperature in chamber, and then converted it into the natu-
ral monoterpene emission rate (NER, µg m−2 h−1) at the air
temperature out of chamber (Tingey et al., 1980). In order
to compare with other reports, NER also was standardized to
a temperature of 30◦C (Guenther et al., 1993; Tingey et al.,
1980) and normalized by biomass. The recalculated emis-
sion rate was named as the standard monoterpene emission
factor (SEF, µg g−1 dw h−1, dw is dry biomss weight), which
represented the standard emission potential.

Additionally, in order to grossly compare the SEF of dif-
ferent species in this study site, we got fresh leaves of each
species, put it into glass syringe with 100 ml VOCs-free air,
and incubated it for 3 min under sunshine, then measured the
concentration of monoterpene in it to calculate SEF. Here,
we can not consider the wounding effects on SEF.

2.3 Gross ecosystem productivity (GEP)

We measured net ecosystem CO2 exchange (NEE) by trans-
parent static chamber. Following NEE measurement, ecosys-
tem respiration (ER) was obtained using the same cham-
ber covered with opaque cloth. GEP was calculated as the
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difference between NEE and ER and represented the photo-
synthesis at the ecosystem level. The detailed method and
the primary results about effects of warming and N addi-
tion had been reported in Xia et al. (2009). In order to
detect the possible relationship between the photosynthesis
and monoterpene emission at ecosystem level, we selected
NEE and ER measured in the selected plots (6 times in 2007,
7 times in 2008) almost during the same period (±3 days)
when BVOCs samples were taken.

2.4 Environmental factors

We recorded number of individuals, height and cover-
age of each plant species inside the chamber during each
sampling time. According to the green dry biomass
(g individual−1 cm−1 height or g cm−2 cm−1 height) of each
species near the sampling site, we calculated the green
biomass of each species in the chamber. Volumetric soil
moisture (SM, 0–10 cm) was measured using Diviner-2000
Portable Soil Moisture Probe (Sentek Pty Ltd., Balmain,
NSW, Australia). Soil temperature (ST, 10 cm) was recorded
by an automatic Datalogger (STM-01 Soil Temperature Mea-
surement System; Henan Electronic Institute, China). Data
of precipitation, atmospheric pressure/humidity/temperature,
PAR and daily mean SM (0–10 cm) were achieved from one
half-hour aerograph in the eddy tower near our experimental
site (200 m away).

2.5 Statistical analyses

First, three-way ANOVAs were used to examine the main
effects of year, warming, N addition, and their possible inter-
actions on SEF, NER,A. frigida biomass, and grass biomass.
Because there was a significant interannual variability, a Re-
peated Measures ANOVAs with Duncan test were used to
further detect warming, N addition, and their possible inter-
active effects on SEF, NER, SM, ST,A. frigida biomass, and
grass biomass over the growing seasons in 2007 and 2008, re-
spectively. Between-subject effects were evaluated as warm-
ing, N addition, and their interaction, and within-subject ef-
fects were date and its interactions with warming and N addi-
tion. Polynomial regression was applied to describe the rela-
tionship between warming-induced changes in SEF and soil
moisture, and simple linear regressions were used for other
relationships. We analysed the contribution of biotic and abi-
otic factors to the monoterpene emission variation by step-
wise multiple linear regression. Additionally, since sampling
date significantly affected NER and SEF even in one month,
so the difference in SEF and NER among the sampling dates
across all the treatments was also performed by pairwise t-
test, and the emission in the adjacent sampling dates without
significant difference were sorted out as one group. Then all
the emission were classified into five groups in each year for
Fig. 2, and the mean emission rates in the growing season
were also calculated from the group mean value. p-values

under 0.05 and 0.05–0.10 were considered statistically sig-
nificant and marginally significant, respectively. All the anal-
yses were conducted with SAS software (SAS Institute Inc.,
Cary, NC, USA).

3 Results

3.1 Environmental factors andA. frigida biomass

The monthly precipitation and air temperature both dis-
played one peak value in the middle of growing season
(Fig. 1). Compared with long-term (1953–2007) mean
growing-season precipitation (348 mm), the growing-season
precipitation in 2007 (194 mm) was the lowest in the past
55 yr, which resulted in that the daily mean SM was lower
than 9 % (v/v) during the growing season (Fig. 1). Such se-
vere dry vitally depressed the growth ofA. frigidawith about
58 g m−2 dry biomass across all the plots. The precipitation
in 2008 (335 mm) was close to the mean value, which sup-
plied the necessary water for plant growth, and the highest
dry biomass ofA. frigida (nearly 80 % coverage) in some
plots was up to 750± 124 g m−2 in August. As to the pre-
cipitation pattern, it did not occur simultaneously with the
growth of plants in 2007 (Figs. 1, 2), especially in the early
growing season. The precipitation in May allowed health
plant growth, but the stress of lower precipitation and higher
temperature in the following two months caused most of
plants to die away. The surviving plants did not grow well af-
ter heavy precipitation in August (Fig. 2). Although the 2008
precipitation was slightly less than the long-term mean pre-
cipitation and the early drought delayed germination in 2008,
enough precipitation in the growing season ensured normal
plant growth (Figs. 1, 2).

The mean PAR in all sampling times was 1276±

35 µmol m−2 s−1 in 2007, and 1303± 23 µmol m−2 s−1 in
2008. Mean ST (10 cm) in 2007 across all the plots dur-
ing the experiment was 24.4± 0.4◦C, which was 5◦C higher
than that in 2008. Warming substantially increased ST by
2.2◦C in 2007 (p = 0.01), and 1.8◦C in 2008 (p = 0.01).
Warming marginally significantly decreased SM by 0.9 %
(v/v) in 2007 (p = 0.07), especially in the non-N-addition
plots (1.4 % (v/v), p < 0.05), while N addition did not
change ST or SM in either year.

Although the coverage ofA. frigida was similar among all
chambers inside at the beginning of this experiment, great
changes happened during the experiment (Tables 1, 2, 3,
Fig. 2). Warming did not changeA. frigida biomass over
the two growing seasons (Table 1). When the biomass was
separately analysed in 2007 and 2008 (Table 2), warming
marginally increased the biomass ofA. frigida by 56 % (p =

0.087) in 2007, especially in the N-addition plots (180 %),
while reducing it by 48 % in the non-N-addition plots in
2008. N addition evidently reduced the biomass ofA.
frigida by 48.6 % (p = 0.016) over the two growing seasons
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Table 1. Results (p-values) of three-way ANOVAs on the effects
of warming (W), N addition (N), year (Y), and their interactions
on standard monoterpene emission factor (SEF), natural monoter-
pene emission rate (NER), greenA. Frigida biomass (AF) and
green grass biomass. Arrow direction shows the significantly and
marginally positive (↑) or negative (↓) effects, which are high-
lighted in bold type.

SEF NER AF Grass

W 0.672 0.254 0.721 0.890
N 0.081↓ 0.006↓ 0.016↓ 0.002↑
W · N 0.635 0.049 0.139 0.516
Y <0.001 <0.001 <0.001 0.001
Y · W 0.006 0.029 0.274 0.665
Y · N 0.031 0.021 0.037 0.012
Y · W · N 0.271 0.274 0.412 0.571

(Table 1), especially during the middle and late growing
season in 2008 (Fig. 2). Warming had no effects on grass
biomass in either year. N addition significantly increased the
grass biomass by 201 % (p = 0.002) over the two growing
seasons (Table 1). We did not detect any significant inter-
acting effects of warming and N addition on biomasses ofA.
frigida or grass species in either 2007 or 2008.

3.2 Monoterpene emission and the effects of warming
and N addition

One peak value for NER occurred in the middle of grow-
ing season (July–August) in both years, which synchronized
with SEF in 2008, not in 2007 (Fig. 3). The mean NER was
266± 53 µg m−2 h−1 in 2008, which was significantly higher
than that in 2007 (107± 16 µg m−2 h−1). However, the
mean SEF (0.96± 0.12 µg g−1 dw h−1) in 2008 was substan-
tially lower than that in 2007 (1.87± 0.33 µg g−1 dw h−1).
The average loss of carbon as monoterpene to the at-
mosphere across all measurements was (0.177± 0.041) %
and (0.040± 0.003) % of the GEP in 2007 and 2008,
respectively. The highest mean SEF was up to
6.73± 1.36 µg g−1 dw h−1, which occurred in the control
plots during the extensive dry period (June and July) of early
growing season in 2007. The SEF ofA. frigida cultured in
syringe was up to 7.7± 1.0 µg g−1 dw h−1, which was sig-
nificantly higher than grass (0.41± 0.08 µg g−1 dw h−1) and
forbs (0.56± 0.01 µg g−1 dw h−1) in this study site (Fig. 4).

The effects of warming and N addition on monoterpene
emission were different each year (Table 1). Over the two
growing seasons, warming did not change the emission, and
N addition reduced the NER by 22.6 % (p = 0.006) and SEF
by 15.7 % (p = 0.081).

In the dry growing season of 2007, the mean NER was
128± 49, 96± 29, 104± 34, and 99± 29 µg m−2 h−1 under
the control, warming, N addition, and warming+N addition
treatments, respectively. Neither warming nor N addition

Table 2. Average biomass (mean± 1 SE, g m−2) of A. frigida and
grass in the control (C), warming (W), N addition (N), and warm-
ing+N addition (W+N) plots across the growing season in 2007 and
2008. Different letters in the same column indicated significant dif-
ference (p < 0.05) among the treatments.

2007 2008

A. frigida Grass A. frigida Grass

C 65± 6a 6± 1c 345± 36a 28± 2b

W 67± 5a 24± 2ab 180± 27b 25± 3b

N 28± 2b 30± 3a 125± 26c 99± 8a

W+N 77± 12a 20± 2b 148± 22bc 92± 10a
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Fig. 3. Temporal variation of standard monoterpene emission
rate (SEF, mean + 1 SE)(a) and natural monoterpene emission rate
(NER, mean + 1 SE)(b), and soil moisture (mean± 1 SE) (c) in
2007 and 2008.

affected NER (Table 3), while they both decreased SEF by
24–25 % (p < 0.05). If the measurements in each sampling
day were analysed separately, the negative effects of warm-
ing on SEF were found to be most pronounced (reduced by
38 %, p = 0.02) when SM was lower than 9 % (v/v), and
significant positive effect of warming (58 %,p = 0.04) was
detected in 5–9 August when SM was more than 15 % (v/v).
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Table 3. Results (p-values) of Repeated Measures ANOVAs on the effects of warming (W), N addition (N), measuring date (D), and their
interactions on standard monoterpene emission factor (SEF), natural monoterpene emission rate (NER),A. frigida biomass (AF) and grass
biomass in 2007 and 2008. Arrow direction shows the significantly and marginally positive (↑) or negative (↓) effects, which are highlighted
in bold type.

2007 2008

SEF NER AF Grass SEF NER AF Grass

D <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
D · W 0.004 0.009 0.083 0.042 0.835 0.991 <0.001 0.623
D · N <0.001 0.089 0.005 0.074 0.085 0.096 0.037 0.004
D · W · N 0.4462 0.904 0.108 0.636 0.865 0.762<0.001 0.296
W 0.042↓ 0.262 0.087↑ 0.502 0.047↑ 0.056↑ 0.247 0.826
N 0.050↓ 0.572 0.216 0.124 0.792 0.015↓ 0.059↓ 0.011↑
W · N 0.409 0.426 0.580 0.139 0.556 0.074 0.135 0.932

G r a s s S u b s h r u b F o r b
0 . 0
1 . 5
3 . 0
4 . 5
6 . 0
7 . 5
9 . 0

b

 

 

SE
F (

µg
 g-1 dw

 h-1 )

P l a n t  f u n c t i o n a l  g r o u p s

a

b

Fig. 4. Standard monoterpene emission factor (SEF, mean± 1 SE)
for different plant functional groups incubated in syringe. Differ-
ent letters up the column indicate significant difference (P < 0.05)
among the plant functional groups (Artemisia frigida is the only
subshrub here).

In the wet growing season of 2008, the average NER was
313± 137, 313± 123, 165± 57, and 273± 111 µg m−2 h−1

under the control, warming, N addition, and warming+N
addition, respectively. Warming interacted with N addition
to affect NER (p = 0.07). NER was increased by 61 %
(p < 0.05) under warming in the N-addition plots where the
biomass ofA. frigida was consistent, while warming did
not change the NER in the non-N-addition plots where the
biomass ofA. frigida was significantly lower in the warmed
plots (48 %). NER was reduced by 43 % (p < 0.05) under
N addition in the unwarmed plots where the biomass ofA.
frigida was reduced by 63 % (p < 0.05). SEF was signifi-
cantly increased by 44 % under warming (p < 0.05) but was
not affected by N-addition.

3.3 Impacts of biotic and abiotic factors on
monoterpene emission

A. frigida, as the dominant species in the selected subplots,
was the main monoterpene emitter in the degraded grassland.
Its biomass determined the quantity of monoterpene emis-
sion, which contributed to 27 % of NER variation over all
measurements according to stepwise multiple linear regres-
sions. Following factors entering in the regression were tem-
perature in the chamber, SM, and PAR, and all these factors
together explained 44 % of NER variation. Additionally, if
we analysed the relationship over 12 measurements in each
sampling day, onlyA. frigidabiomass significantly positively
related to NER (data not shown). We also found significant
relationship between NER and GEP with different directions
each year, negative in 2007 (r = −0.208,p = 0.08), but pos-
itive in 2008 (r = 0.383,p < 0.001).

Further analysis by polynomial regression revealed that
warming-induced variation of SEF quadratically correlated
with SM (Fig. 5). When SM ranged from 8.2 to 24.4 %
(v/v), warming increased the SEF. If SM was lower than
8.2 % (v/v), warming seriously reduced the SEF. N-induced
variation inA. frigida biomass positively correlated with N-
induced changes in NER (r2

= 0.210,p < 0.001, Fig. 5).

4 Discussion

4.1 Degraded grassland as a BVOCs source

Due to high essential oil content inA. frigida (Karlik et
al., 2002; Lopes-Lutz et al., 2008), the investigated de-
graded grassland dominated byA. frigida is an important
source for BVOCs, and the emission rate is much higher
than that from the healthy grassland in this region (Bai et al.,
2006). The natural emission rate in 2008 was twice that in
2007. The quantity and pattern of annual precipitation deter-
mined the plant biomass, and hence, controlled the emission
rate in the semiarid grassland. This result, consistent with
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Fig. 5. Relationship between a warming-induced change in stan-
dard monoterpene emission factor (SEF) and soil moisture, and
between N-induced changes in natural monoterpene emission rate
(NER) and N-induced changes inArtemisia frigidabiomass. The
treatment-induced changes of each variable were determined by the
value in warming or N addition site minus the mean in non-warming
or non-N-addition sites.

others studies, also suggest that drought stress dominantly
affected the inter-annual BVOCs emission patterns in arid
area (Lavoir et al., 2009; Llusià and Pẽnuelas, 2000; Plaza et
al., 2005). The temporal pattern of BVOCs emission is the
same in both years with the highest emission rate in August,
when plants fully developed (Lerdau and Gray, 2003; Tiiva
et al., 2008).

Although mainlyα-pinene was detected in this study, the
mean SEF, 1.87 and 0.96 µg g−1 dw h−1 in 2007 and 2008,
was substantially high in the degraded grassland, and even
comparable to some high emitters, such asPinus, Picea,
Abies(Guenther et al., 1994; Klinger et al., 2002). It should
be mentioned thatA. frigidacontained the largest amounts of
essential oil (1.5 %w/w dry basis) amongArtemisiaplants,
in which monoterpenes and oxygenated monoterpenes ac-

counted for 10.4 and 75.6 %, respectively (Lopes-Lutz et al.,
2008). The quantity of oxygenated compounds and monoter-
pene other thanα-pinene might also be emitted substan-
tially. Therefore, the standard BVOCs emission factors for
A. frigida dominated grassland might be much higher than
the present value.

Grassland is generally considered a weak BVOCs emit-
ter at the global scale. However, climatic change and an-
thropogenic disturbances have influenced species distribu-
tion in grassland, e.g. over-grazing and CO2 enrichment
have greatly increased shrub coverage in grassland, such as
A. frigida (Morgan et al., 2007). Such community changes
might affect the emission profoundly. This preliminary study
showed thatA. frigida dominated grassland is a strong emit-
ter. Accompanying with the increased of fossil fuel com-
bustion in Inner Mongolia, the extension ofA. frigida might
alter the local tropospheric ozone and hence affect the local
ecosystem. Additionally, some studies suggest that BVOCs
also can retard nocturnal cooling and increase the minimum
temperature by altering local radiative balance in arid region
(Fuentes et al., 2001; Hayden, 1998). Our study site was
located in just such a region and the historical meteorologi-
cal records showed greater increases in daily minimum than
maximum temperature during the past half century, and the
manipulated experiment indicated that the increased night
minimum temperature significantly affected C cycling here
(Wan et al., 2009). The reason why the nocturnal tempera-
ture increases most in such dry regions is still unclear (Zhou
et al., 2007). Although nocturnal temperature increment is
beyond the scope of this study, the high monoterpene emis-
sion here might give some insights. Monoterpenes, in place
of water vapour, also can act as greenhouse gases thereby
elevating minimum temperature.

4.2 Effects of nitrogen deposition and warming

The responses of monoterpene emission to nitrogen depo-
sition and warming are just as expected. Nitrogen addition
significantly decreased the quantity of monoterpene emis-
sion in semi-arid grassland due to the reducing coverage
of A. frigid. Soil moisture quadratically mediated the re-
sponse of SEF to warming. Warming increased SEF only
in a suitable range of soil moisture, which mainly occurred
in 2008. When drought occurred in the early growing sea-
son in 2007, the SEF was greatly enhanced in comparison
with that in 2008, while the plant growth was seriously de-
pressed. This was demonstrated by the negative relationship
between NER and GEP in 2007, and agreed with the drought
experiment conducted by Monson et al. (2007). But in com-
parison with the control plots, SEF in the warmed plots was
evidently reduced during the drought period in 2007, which
might result from exacerbated severe dry condition caused
by warming (Llusìa et al., 2009). The result confirmed the
previous conjecture that drier condition induced by warming
might largely offset the predicted warming effects (Peñuelas,
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2008), especially in semiarid and arid area where warming
and drought occurred simultaneously, and was also consis-
tent with several drought experiments about monoterpene
emission (Blanch et al., 2007; Lavoir et al., 2009; Staudt et
al., 2008), which found that moderate drought enhanced the
monoterpene emission and severe drought depressed it.

Although climate warming changed the SEF, the response
of natural emission rate to warming did not keep pace with
it, which mainly resulted from the variation ofA. frigida
biomass in this study. Some studies have shown that climate
warming extended the shrub coverage in arctic area (Sturm
et al., 2001; Walker et al., 2006). This study and our primary
results in all these plots both showed no effect of warming on
A. frigida biomass (Xia et al., 2009). This indicated, at least
in the short term, that the response ofA. frigida to warming
in semiarid grassland was different from deciduous shrubs
in the arctic area where water is abundant. In addition, the
temperature in 2007 was higher than in 2008, and the SEF in
2007 was also higher, while the natural emission rate in 2007
was lower for drought-depressedA. frigida. The different
emission rates between 2007 and 2008 further highlighted
that the frequently used algorithms of emission response to
temperature could not be simply applied in semiarid and arid
area, where NPP was more sensitive to drought (Bai et al.,
2008; Yang et al., 2008).

In conclusion, semi-arid grassland, whereA. frigida will
expand, is a potential important BVOCs emitter. The ex-
tension ofA. frigida resulting from CO2 enrichment and
over-grazing, combined with the increased emission poten-
tial by warming in normal precipitation year, might greatly
increase the monoterpene concentration in the atmosphere
in local region. A. frigida coverage, unlike Arctic shrubs
(Sturm et al., 2001; Walker et al., 2006), did not signifi-
cantly change in our simulated warming experiment. Warm-
ing also did not increase the monoterpene emission, and was
mediated by the soil moisture. These results highlight that
warming-induced drier conditions might largely offsets the
warming effect on BVOCs emission in arid regions. More-
over, N deposition tends to favor the low-monoterpene pro-
ducing species, mainly grasses in our study. Therefore, less
monoterpene emissions are possible in semiarid or arid grass-
land in future climate scenarios. In addition, our results indi-
cate that the effects of climatic and atmospheric changes on
BVOCs emissions are complex, since many factors simulta-
neously alter them positively or negatively. Further BVOCs
studies in on-going long-term multi-factorial global change
experiments are warranted for a better prediction of BVOCs
emission in future.
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