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a b s t r a c t

It has been reported that elevated CO2 can enhance plant growth and water use, and that desert plants in
particular will show the strongest response to rising atmospheric CO2 due to the strong water stress on
these plants. In this study experiments were conducted to understand the responses of seedlings from
four species, which are dominant in different successional stages in the semi-arid sandy grassland of
central Inner Mongolia, to rising temperature and elevated CO2. Seedlings of the four species were grown
for 8 weeks at two air temperatures and two CO2 concentration regimes in growth chambers. It was
found that for the two Artemisia species and Hedysarum laeve elevated CO2 level resulted in increased
relative growth rates (RGR) (6–12%), height increments (24–106%), net assimilation rates (20–45%) and
water use efficiencies (WUE) (43–105%), and decreased transpiration (16–55%). For Caragana korshinskii,
the elevated CO2 significantly increased the ratio of below ground to above ground biomass (16–23%),
aragana korshinskii
rowth
edysarum laeve
emi-arid regions
emperature

height increment (31–65%) and WUE (79–84%). At elevated CO2 level and the higher temperature, the
two Artemisia species showed decreased RGR and height increments, while for, C. korshinskii and H. laeve
increased RGR and height increments were observed. For A. sphaerocephala the higher temperature also
resulted in increased WUE, but decreased WUE for the other three species. Obvious differences were
observed between the two Artemisia species and C. korshinskii, with the Artemisia species characterized
by higher RGR, lower ratio of below ground to above ground biomass and lower WUE. These findings

milar
should be applicable to si

. Introduction

The atmospheric CO2 concentration has increased from
80 �mol mol−1 before the industrial revolution to around
65 �mol mol−1 currently (Wall et al., 2006), and is projected to
xceed 600 �mol mol−1 by the end of this century (IPCC, 2001).
nthropogenic increases in atmospheric CO2 are inevitably cou-
led with global climate change (IPCC, 2001). General circulation
odels have predicted average global surface air temperature

ncreases of 1.5–5.2 ◦C, if the ambient CO2 concentration doubles

Saralabai et al., 1997). Increased atmospheric CO2 in combination
ith climate change may directly or indirectly affect ecosystem
roductivity (Riedo et al., 2001). Studies of plant responses to global
limate changes are essential to understand both plant impacts and

∗ Corresponding author. Tel.: +86 10 62836508; fax: +86 10 82590429.
E-mail address: zhengyr@ibcas.ac.cn (Y. Zheng).

098-8472/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.envexpbot.2009.11.005
shrub species located in other arid and semi-arid environments.
© 2009 Elsevier B.V. All rights reserved.

potential feedback to the global change systems (Diaz and Cabido,
1997).

There is a vast amount of literature on the direct effects of
elevated CO2 concentrations on plants and ecosystems, and it is
clear that elevated CO2 may contribute to increased plant pro-
ductivity (Drake et al., 1997; Centritto et al., 2002; Yoon et al.,
2009). Most terrestrial plants increase the rate of photosynthesis
under elevated CO2 (Geissler et al., 2009) but growth responses
vary from zero to 50% gain per season depending on the plant age,
duration of observations and growth conditions (Beismann et al.,
2002). A common response of plants to elevated atmospheric CO2 is
decreased stomatal conductance (Bazzaz, 1990). This can result in
reduced transpiration per unit leaf area and higher soil water con-

tent compared with non-CO2 enriched plant communities (Field et
al., 1995). At the stand level, stomatal responses to CO2 often lead to
higher plant biomass and water use efficiency in CO2 enriched envi-
ronments (Morgan et al., 2001). Increasing the atmospheric CO2
stimulates root biomass in many plant species more than above

http://www.sciencedirect.com/science/journal/00988472
http://www.elsevier.com/locate/envexpbot
mailto:zhengyr@ibcas.ac.cn
dx.doi.org/10.1016/j.envexpbot.2009.11.005
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round biomass or leaf area production (Bernacchi et al., 2000). For
esert plants, especially those in the seedling stage, CO2 induced

ncreases in root system size and the rate of root deployment may
ncrease water acquisition by these plants and enhance their sur-
ival in arid and semi-arid environments (Obrist and Arnone, 2003).
oreover, elevated CO2 may lead to an increase in plant water

otential and a delay in the onset of water stress, thus improving
rowth. It has been reported that elevated CO2 increased biomass
roduction in water stressed plants (Centritto et al., 2002; Yoon et
l., 2009) and resulted in higher integrated water use efficiency.
hese observations show that water limited ecosystems would be
he most responsive to increasing CO2 concentrations (Melillo et
l., 1993; Centritto et al., 2002; Morgan et al., 2004).

Arid and semi-arid ecosystems occupy 40% of the Earth’s land
urface (Dregne, 1991) and an understanding of the responses of
omponent species to increasing atmospheric CO2 is critical (Lecain
t al., 2003; Zavaleta et al., 2003). However, desert ecosystems have
eceived comparatively little attention with respect to elevated CO2
Naumburg et al., 2003).

The objective of this study was to investigate the response of
rowth, biomass allocation, transpiration and water use efficiency
f four species to the combined effects of air temperature and ele-
ated CO2. These four species: Artemisia sphaerocephala Krasch.
Asteraceae); Hedysarum laeve Maxim. (Leguminosae); Artemisia
rdosica Krasch.; and Caragana korshinskii Kom. (Leguminosae),
re indigenous species in the semi-arid area of Inner Mongolia in
hina. They are often used in restoring the degraded sandy grass-

and in the Mu Us Sandy land in Inner Mongolia (Qi, 1998) where
esertification significantly affects social and economic develop-
ent. These species are of significant ecological and practical value

or vegetation rehabilitation (Zheng et al., 2003). The four species
re dominant in different successional stages of the local ecosys-
em, i.e., mobile dunes, semi-fixed dunes and fixed dunes. These
ifferent successional stages have different micro-environments,
articularly soil moisture, and hence the four species may show
ifferent responses to elevated CO2. The effect of increased tem-
erature on growth in dominant plant species from the Mu Us
andy land, including H. Laeve and A. ordosica, and their growth
esponse to soil water availability have already been investigated
eparately (Xiao et al., 2003). However, there are no studies on the
ombined effects of CO2 enrichment and increased temperature on
he four species selected. Therefore, it is necessary to understand
he response of seedling growth in these species to the combina-
ion of CO2 enrichment and global warming. The following question
as specifically addressed in this study: what are the differences

n growth responses of the four species located in different succes-
ional stages to elevated CO2 and increasing temperature?

. Materials and methods

.1. Plant materials

Seeds of the four species, A. sphaerocephala, H. laeve, A. ordosica,
nd C. korshinskii, were collected in the Mu Us Sandy land, and were
andomly chosen with 20 replicates from sampling quadrants of
he whole plant population to get an adequate representation of
enetic variation (Zheng et al., 2003). The seeds were collected
n 2002, then transported to Japan and stored at 4 ◦C until they

ere sown. The seedlings emerged within 15 days and were then
ransferred to pots made of PVC (11.2 cm in diameter and 20 cm
n height). Previous investigations indicated that pots of this size

ad no significant effect on root growth for the studied plants. After
ransfer to the pots, the seedlings were left for 30 days before the
xperiment began.

The pots were filled with prepared sand, which was collected
rom river beds in Japan, and washed several times with tap water.
rimental Botany 68 (2010) 31–36

The prepared sand used for the experiments was mixed from dif-
ferent particle size groups with proportions similar to the field
conditions in the study area (Qi, 1998). The percentage compo-
sition (percent of gravimetric content) for the four particle size
groups (>0.5, 0.5–0.25, 0.25–0.1, and 0.1–0.05 mm) were 3.3 ± 1.1,
45.0 ± 3.7, 47.3 ± 2.4, and 2.4 ± 0.5 respectively. Finally, the mixed
sand containing the four particle size groups was mixed with arti-
ficial clay (20% of the total volume) and this mixture was used as
the soil for the experiment. The soil used in this experiment con-
tained 3.47 g/kg organic matter, 0.65 g/kg total nitrogen, 0.26 g/kg
available P (P2O5), and 21.25 g/kg available K (K2O). This nutri-
ent composition was prepared to simulate natural conditions. The
drainage outlet at the bottom of the pots was covered with strips
of nylon mesh to prevent the loss of soil while allowing drainage
of excess water. The experiments were conducted in Japan in
2004.

2.2. Experimental design

The growth experiments were carried out within automatic
temperature, humidity and light controlled growth chambers (KG-
50HALS-W, Koito Co. Ltd., Japan). The chambers were set for
50/70% relative humidity (day/night) and daily photoperiods of 14 h
(600 �mol m−2 s−1), using cool white fluorescent lights for the light
conditions.

Two air temperature treatments (15/25 ◦C and 17.5/27.5 ◦C –
night/day) were distributed among four growth chambers with two
chambers for each temperature regime. CO2 concentrations of 400
and 800 �mol mol−1, relating to reference and elevated CO2 lev-
els respectively, were maintained for each temperature treatment
using an infrared gas analyzer (ZRH1DZY1-OAZYY, Fuji Electric Co.
Ltd., Japan). A water supply regime of 11.25 mm every 3 days was
applied for each treatment, which is equivalent to 112.5 mm per
month. The control levels for the ambient temperature (15/25 ◦C
night/day) and water supply (112.5 mm per month) regimes were
set in accordance with the monthly average conditions during the
main growing season (15/25 ◦C temperature and 112.5 mm rainfall
per month from July to August) in the Mu Us Sandy land, based on
the 30 year average of micro-environmental data (Qi, 1998). The
17.5/27.5 ◦C increased temperature regime is based on predictions
for this region from the general circulation models (Gao et al., 2003).

There were eight replicates (each replicate had one pot, one
seedling per pot) per treatment for each species. At the beginning of
the experiment, eight plants of each species were harvested imme-
diately to provide initial growth values for each species to be used
in the final growth analysis for each treatment (Xiong et al., 2000).
Pots with seedlings were randomly assigned to each treatment.
The pots were well watered then they were placed in the differ-
ent growth chambers for the experiment (Machado and Paulsen,
2001). After the first week, seedlings in all treatments were watered
every 3 days with tap water, and the locations of the seedlings
were changed every 3 days. Plants had sufficient space to prevent
the shading of smaller plants by larger ones (Clifton-Brown and
Lewandowski, 2000). The experiment lasted for 8 weeks.

Two days before the final harvest, all replicates for each treat-
ment were weighted using an electronic balance and then the soil
surface and bottom of half of the pots were sealed to prevent soil
evaporation. One day later, all pots were weighted again, so that
transpiration could be determined. The height of each seedling was
measured weekly throughout the experiment. After 8 weeks, the
plants were harvested. Plants were divided into roots, shoots and

leaves. Soil was washed from the roots by hand. The fresh weight
of the leaves was measured using an electronic balance (Mettler
PC 440, Mettler Instrument AG, Switzerland) and the leaf area was
measured using a planimeter (Li-Cor 3100, Lincoln, NE, USA). Dry
weights were determined after oven drying at 80 ◦C for 3 days.
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Fig. 1. Relative growth rate (±SE) of Caragana korshinskii (CK), Hedysarum laeve
(HL), Artemisia sphaerocephala (AS), Artemisia ordosica (AO) under CO2 concentra-
tion (400 �mol mol−1 (C1), 800 �mol mol−1 (C2)), and alternating temperatures
(15/25 ◦C (T1), 17.5/27.5 ◦C (T2)) (night:day) in growth chamber. (�) C1T1, ( ) C1T2,
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.3. Parameter calculations

The net assimilation rate (NAR) and the relative growth rate
RGR) of each plant was estimated using the equations:

AR = 1
t2 − t1

∫ t2

t1

1
s

dW

dt
dt = (w2 − w1)(ln s2 − ln s1)

(s2 − s1)(t2 − t1)
(1)

GR = 1
t2 − t1

∫ w2

w1

d(ln w) = ln w2 − ln w1

t2 − t1
(2)

here w1 and s1 are the plant dry mass and total leaf area, respec-
ively, at the initial time (t1), and w2 and s2 are the plant dry mass
nd total leaf area at the final harvest (t2) (Hunt, 1990; Xiong et al.,
000).

From the primary data the following variables were derived:
eaf mass ratio (LMR; leaf mass/total plant mass, in g g−1); leaf area
atio (LAR; leaf area/total plant mass, in m2 kg−1); and water use
fficiency (WUE; plant biomass increment/transpiration, in g kg−1)
Poorter, 1999); height increment (presented for the time interval
f 8 weeks).

.4. Statistical tests

All observed values were log transformed before statistical anal-
sis to achieve normality and homogeneous variances (Carey et al.,
998). The transformed values were analyzed using a three-way
nalysis of variance (ANOVA). If significant differences were found,
ukey’s test was used to determine the mean differences between
he treatments (Chen and Maun, 1999). All statistical analyses,
ncluding the test for homogeneity of variance, were performed
sing the SPSS 10.0 package (SPSS, 2000).

. Results

The F values were significant for species, temperature and ele-
ated CO2 for all growth variables. The F values were insignificant
or RGR, below ground to above ground biomass ratio (BAMR), NAR
nd WUE for all interactions, while the F values were significant for
ther growth variables for most interactions (Table 1).

.1. Relative growth rate (RGR)
The RGR was highest for A. ordosica (0.08 g g−1 day−1 with the
reatment of 15/25 ◦C and elevated CO2) followed by A. sphaero-
ephala, then H. laeve and lowest for C. korshinskii. Elevated CO2
evels significantly increased RGR for A. sphaerocephala at 15/25 ◦C,

able 1
esults of a three-way ANOVA with species, CO2 concentration and temperature.

Variables Effect

Species (S) Elevated CO2 (C) Tempe

RGR 4.7*** 0.03** 0.02*
BAMR 108.4*** 3.6* 3.7*
LMR 55.9 *** 5.5* 6.0*
LAR 12.0*** 31.4*** 16.2**
Height increment 502.7*** 55.7*** 54.2**
NAR 204.9*** 35.2*** 4.3*
Transpiration 314.8*** 52.1*** 3.9*
WUE 46.2*** 70.1*** 3.2*
DF 3 1 1

-values were shown. Seedlings of four species were exposed to two levels of CO2 concen
n growth chamber.
ote: Significance levels: ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, P ≥ 0.05.
bbreviations: relative growth rate, RGR; below ground to above ground biomass ratio, B
se efficiency, WUE.
( ) C2T1, (�) C2T2. Each bar represents the mean of eight replicates; bars with dif-
ferent lowercase letters are significantly different from each other for same species
under various treatments, and different capital letters indicate difference among
species at P < 0.05 (Tukey test).

and for A. ordosica and H. laeve at 17.5/27.5 ◦C, while it had no signif-
icant effect on C. korshinskii. The increased temperature combined
with elevated CO2 significantly increased the RGR for H. laeve and
decreased the RGR for A. sphaerocephala (Fig. 1).

3.2. Dry matter allocation

The BAMR was lower for the two Artemisia species (0.2–0.3:1),
but higher for C. korshinskii and H. laeve (0.8–1.6:1). Neither CO2 nor
temperature significantly affected the BAMR for the two Artemisia
species. Elevated CO2 significantly increased the BAMR at 17.5/27.5
and 15/25 ◦C for C. korshinskii and H. laeve, respectively (Fig. 2).

The LMR was higher for the two Artemisia species than for C.
korshinskii and H. laeve. Neither CO2 nor temperature significantly
affected the LMR for C. korshinskii and the two Artemisia species,
but the interaction of CO2 and temperature affected the LMR for
A. sphaerocephala. Elevated CO2 decreased the LMR at the lower
temperature for H. laeve. The higher temperature combined with
elevated CO2 increased the LMR for H. laeve (Table 1, Fig. 3).
3.3. Leaf morphological traits

The LAR was higher for A. ordosica, A. sphaerocephala and C.
korshinskii, and lower for H. laeve. Neither CO2 nor temperature
alone significantly affected the LAR for C. korshinskii and A. ordosica

rature (T) S × C S × T C × T S × C × T

0.01ns 0.01ns 0.003ns 0.01 ns

0.6ns 2.2ns 0.7ns 1.3ns

1.1ns 0.6ns 0.0ns 5.8**
* 3.5* 0.7ns 7.9** 2.8*
* 4.1* 29.0*** 12.0*** 0.7 ns

0.7 ns 0.8 ns 3.4 ns 0.3 ns

3.7* 7.4*** 0.8 ns 4.9**
1.1ns 1.9ns 0.2ns 0.2ns

3 3 1 3

tration (400, 800 �mol mol−1) and two levels of temperature (15/25, 17.5/27.5 ◦C)

AMR; leaf mass ratio, LMR; leaf area ratio, LAR; net assimilation rate, NAR; water



34 Y. Zheng et al. / Environmental and Experimental Botany 68 (2010) 31–36

Fig. 2. Below ground to above ground biomass ratio (BAMR) (±SE) of four species.
Other description is same as Fig. 1.
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Fig. 5. Height increment (presented for the time interval of 8 weeks) (±SE) of four
species. Other description is same as Fig. 1.
ig. 3. Leaf mass ratio (±SE) of four species. Other description is same as Fig. 1.

lthough their interaction affected the LAR for A. ordosica. Elevated
O2 decreased the LAR at the lower temperature for H. laeve and
. sphaerocephala, while the higher temperature increased the LMR
hen combined with elevated CO2 for H. laeve (Table 1, Fig. 4).

.4. Growth height

The height increment was higher for A. ordosica (46.9 cm) and
. sphaerocephala (46.8 cm), and lower for C. korshinskii (10.0 cm)
nd H. laeve (10.1 cm). For all four species at the lower temper-
ture (15/25 ◦C), elevated CO2 significantly increased the height
ncrement. At the higher temperature an increased height incre-

ent for C. korshinskii and H. laeve was observed under both CO2

oncentrations, an increased height increment was noted for A.
phaerocephala under current CO2 conditions. The positive effect
f the elevated CO2 was decreased under higher temperature for
he two Artemisia species (Fig. 5).

ig. 4. Leaf area ratio (±SE) of four species. Other description is same as Fig. 1.
Fig. 6. Net assimilation rate (±SE) of four species. Other description is same as Fig. 1.

3.5. Physiological traits

The NAR was highest for A. ordosica and A. sphaerocephala, mod-
erate for H. laeve, and lowest for C. korshinskii. The elevated CO2
level significantly increased the NAR for all species except C. kor-
shinskii. The higher temperature (17.5/27.5 ◦C) and elevated CO2
significantly decreased the NAR for A. sphaerocephala and H. laeve
(Fig. 6).

The transpiration was highest for A. sphaerocephala and A.
ordosica, moderate for H. laeve, and lowest for C. korshinskii. Neither
CO2 nor temperature alone significantly affected transpiration, but
their interaction had a significant effect on C. korshinskii. Elevated
CO2 at the higher temperature significantly decreased transpiration
for A. sphaerocephala while elevated CO2 at the lower temperature
significantly decreased transpiration for H. laeve and A. ordosica. The
higher temperature combined with elevated CO2 decreased tran-
spiration for A. sphaerocephala and increased transpiration for H.
laeve (Tables 1 and 2).

The WUE was highest for C. korshinskii, and there was no signif-
icant difference between A. ordosica, H. laeve and A. sphaerocephala.
The temperature had no significant effect on the WUE for all species
except C. korshinskii. Elevated CO2 significantly increased the WUE
at lower temperature for all four species, but at the higher temper-
ature it only significantly increased the WUE for C. korshinskii, and
A. sphaerocephala (Table 3).

4. Discussion

It has been shown that arid and semi-arid vegetation shows

growth increments of 0–40% under elevated CO2 conditions
(Morgan et al., 2001), so dryland plants were predicted to demon-
strate a large relative increment in primary productivity (Melillo et
al., 1993), which may aid the early survival of seedlings (Housman
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Table 2
Results of multi-variable comparison of temperature and CO2 effects on transpiration (g day−1) (mean ± SE) of four species (Tukey test).

Species 400 �mol mol−1 CO2, 15/25 ◦C 400 �mol mol−1 CO2, 17.5/27.5 ◦C 800 �mol mol−1 CO2, 15/25 ◦C 800 �mol mol−1 CO2, 17.5/27.5 ◦C

Caragana korshinskii 4.5 ± 0.7ab 5.7 ± 1.2a 2.8 ± 1.2b 4.0 ± 0.7ab

Hedysarum laeve 18.6 ± 0.5a 18.3 ± 2.1a 8.4 ± 1.2b 14.3 ± 1.8c

Artemisia sphaerocephala 24.5 ± 3.5a 24.3 ± 3.3a 23.9 ± 2.1a 15.6 ± 4.2b
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Artemisia ordosica 26.7 ± 3.2a 25.2 ± 4.7ab

eedlings of four species were exposed to two levels of CO2 concentration and two
ifferences in transpiration between different temperature and CO2 treatments for

t al., 2003). Morgan et al. (2001) reported a 26–47% increase in
bove ground biomass in elevated CO2 plots and the increased
rowth increment was even more obvious during a drought year
ith a biomass increment of 95%. Gifford (1979) proposed that

levated CO2 could compensate for drought induced reductions in
rowth, and it was further suggested that the beneficial effects of
levated CO2 on plant growth would increase progressively with
ncreasing water deficit (Centritto et al., 2002). Although the mea-
ured growth increment in this experiment was smaller than in
ome previous results, our results showed similar trends, i.e., ele-
ated CO2 increased the RGR for three of the studied species (Fig. 1),
specially the two Artemisia species which have higher transpira-
ion demands compared with C. korshinskii and H. laeve (Table 2)
nd therefore might encounter a greater soil water deficit.

The beneficial effect of elevated CO2 on plant production
ay result from various reasons, including direct photosynthetic

nhancements due to CO2 enrichment (Geissler et al., 2009; Niklaus
nd Körner, 2004) and an increase in the amount of photosynthate
vailable for the development of resource acquisition structures
ue to enhanced water use efficiency (Bazzaz, 1990). Mbikayi et
l. (1983) reported that the increased production of biomass with
O2 enrichment was associated with an increased net assimilation
ate and relative growth rate. Our results indicate that elevated CO2
nduced a significant increase in net assimilation rate and water use
fficiency for the two Artemisia species, which therefore resulted
n an increased RGR although this was not significant for some
reatments.

It is often assumed that the leaf area increment (LAI) will be
igher in a CO2 enriched atmosphere (Norby et al., 2003), but Drake
t al. (1997) concluded that at canopy closure the LAI of field grown
rops is not generally affected by CO2. The LAI of a native grass-
and has also been unaffected by elevated CO2 (Niklaus and Körner,
004). Our results showed that the leaf area ratio and leaf mass ratio
id not increase significantly with elevated CO2 in most conditions,
hich indicates that the RGR increment for the four species is not

he result of an increased LAI.
Increasing the atmospheric CO2 level stimulates root biomass

nd root length production in many plant species (Pritchard
nd Rogers, 2000) and has led to increased soil exploration and
ncreased water capture (Obrist and Arnone, 2003). Nijs et al.

1989) reported that the promoted allocation towards the root
ystem under CO2 enrichment became greater in the course of
anopy development with Lolium perenne. Our results showed sim-
lar behavior for C. korshinskii and H. laeve, but not for the two
rtemisia species. The first two species had a higher BAMR with

able 3
esults of multi-variable comparison of temperature and CO2 effects on water use efficie

Species 400 �mol mol−1 CO2, 15/25 ◦C 400 �mol mol−1 CO2, 17

Caragana korshinskii 8.2 ± 3.0ab 5.8 ± 0.7a

Hedysarum laeve 3.1 ± 0.4a 2.7 ± 0.9a

Artemisia sphaerocephala 3.3 ± 0.9a 3.4 ± 0.7a

Artemisia ordosica 3.1 ± 0.6a 3.0 ± 0.6ab

eedlings of four species were exposed to two levels of CO2 concentration and two levels
ifferences in water use efficiency between different temperature and CO2 treatments fo
22.6 ± 3.7b 23.0 ± 3.9b

of temperature in growth chamber. Different lowercase letters indicate significant
species, P < 0.05.

elevated CO2 (Fig. 2), which provides the ability to enable them
to acquire more water when the soil water is limited and reduce
the effect of water deficit. Therefore, C. korshinskii and H. laeve
are more adaptive to dry environments given the scenario of CO2
enrichment.

It has been identified that a complete water balance in the
semi-arid grassland of Israel showed a 10% decrease in evapo-
transpiration at elevated CO2, compared with pre-industrial levels,
during the wet part of the growing season (Morgan et al., 2004).
Morgan et al. (1994) reported that stomatal conductance was
reduced by 27 and 36%, and transpiration was reduced 24 and 20%
in leaves of Pascopyrum smithii and Bouteloua gracilis respectively
under elevated CO2 levels. The decline in transpiration was also
observed in our experiment for all species except C. korshinskii as
the other species had comparatively higher transpiration rates.

The change in transpiration inevitably affected the water use
efficiency. Lecain et al. (2003) observed improvements in WUE,
soil water conservation and plant water relationships in a semi-
arid ecosystem under elevated CO2 conditions, and concluded that,
although a 14% improvement in soil water content was small, the
effect might be larger in a water limited ecosystems. Jones et al.
(1985) observed an approximate twofold increase in water use effi-
ciency when the CO2 level doubled. The four species in our study
showed increased water use efficiencies under elevated CO2 con-
ditions especially at the current temperature regime (15/25 ◦C).
Because water is the primary limiting factor in desert ecosystems
(Smith et al., 2000), increasing water use efficiency under elevated
CO2 conditions may be especially important in arid lands (Nowak et
al., 2004). However, the observed effect of mitigation of the water
stress by elevated CO2 could depend on water status of the plants.
Additional experiment with more precisely controlled irrigation
and experiment that soil and plant water status is monitored should
be performed when one would like to seriously address water stress
mitigation by elevated CO2.

The effect of CO2 on growth may be temperature dependent
(Overdieck et al., 1998), so the interactions between CO2 and tem-
perature must be taken into account in the interpretation of results
(Saralabai et al., 1997). This was also observed in interpreting the
results of our experiments. For the two Artemisia species, which had
the highest transpiration, increasing the temperature decreased

the RGR under both CO2 concentrations and the RGR showed
decreasing trends under elevated CO2 levels when the temperature
increased from 15/25 to 17.5/27.5 ◦C (meaning that soil moisture
decreased) although these differences were not significant for most
treatments (Fig. 1). As increasing temperature may enhance soil

ncy (g kg−1) (mean ± SE) of four species (Tukey test).

.5/27.5 ◦C 800 �mol mol−1 CO2, 15/25 ◦C 800 �mol mol−1 CO2, 17.5/27.5 ◦C

14.6 ± 3.0c 10.7 ± 2.5b

6.4 ± 1.9b 4.2 ± 0.6ab

5.5 ± 0.3b 6.3 ± 1.6b

4.4 ± 0.2b 4.1 ± 0.9ab

of temperature in growth chamber. Different lowercase letters indicate significant
r same species, P < 0.05.



3 Expe

w
c
l

n
t
m
c
a

A

I
S
a
m
I
m

R

B

B

B

C

C

C

C

D

D

D
F

G

G

G

H

H
I

J

L

Zavaleta, E.S., Shaw, M.R., Chiariello, N.R., Thomas, B.D., Cleland, E.E., Field, C.B.,
6 Y. Zheng et al. / Environmental and
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are should be taken when evaluating the effects of elevated CO2
evels on semi-arid ecosystems.
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