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Abstract Responses of growth, photosynthesis and
emission of volatile organic compounds of Pinus tabulae-
formis exposed to elevated CO, (700 ppm) and O3
(80 ppb) were studied in open top chambers. Elevated CO,
increased growth, but it did not significantly (p > 0.05)
affect net photosynthetic rate, stomatal conductance,
chlorophyll content, the maximum quantum yield of pho-
tosystem II, or the effective quantum yield of photosystem
II electron transport after 90 d of gas exposure. Elevated O3
decreased growth (by 42.2% in needle weight and 25.8% in
plant height), net photosynthetic rate and stomatal con-
ductance after 90 d of exposure, but its negative effects
were alleviated by elevated CO,. Elevated O significantly
(p < 0.05) increased the emission rate of volatile organic
compounds, which may be a helpful response to protect
photosynthetic apparatus against O3 damage.

Keywords Elevated CO, - Elevated O3 - Photosynthesis -
Pinus tabulaeformis

As the two most important greenhouse gases, levels of
atmospheric CO, and O; have increased rapidly in the last
five decades, and are expected to continue to climb well
into the future (Eastburn et al. 2010). CO, is expected to
double the preindustrial levels by 2050, while Oz is
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increasing by as much as 2.5% annually. Furthermore, it is
predicted that at the end of this century, the average levels
of CO, and Os in the Earth’s atmosphere are going to reach
700 ppm and 80 ppb, respectively (IPCC 2007).

Approximately half of the world’s forests are expected
to experience increased co-exposure of CO, and O3 by
2100 (Kopper and Lindroth 2003). The two gases affect
trees physiologically in diametrically opposite ways. There
have been many discussions as to the physiological
responses of trees to elevated CO, and/or O; following
long-term exposure. In general, elevated CO, stimulates
tree growth through increased photosynthetic rates, bio-
mass and leaf area, but the CO,-induced stimulation of
photosynthesis has often been found to decrease over a
longer time (Liberloo et al. 2007).

As a phytotoxic secondary air pollutant, O3 is formed
from photochemical reactions involving NOx and volatile
organic compounds (VOCs), and it usually decreases the
growth, damages the photosynthetic apparatus, and disturbs
the physiological and biochemical processes of trees. This
often results in the reduction of chlorophyll content,
decrease of net photosynthetic rate and stomatal conduc-
tance, decline of the activities of photosynthetic enzymes,
the inhibition of photosynthetic electron transport rates and
the inhibition of photochemical reactions in photosystem II
(PSII) (Wang et al. 2009).

The combined effects of elevated CO, and elevated O3
on growth and photosynthesis of trees have been investi-
gated by some authors but the results are often contradic-
tory, even for the same species. There have been
contradictory reports that elevated CO, ameliorated the
negative effects of elevated O3 on trees (Wang et al. 2009),
or did not ameliorate them (McDonald et al. 2002), but
even sometimes exacerbated the detrimental impacts of
elevated O3 (Niewiadomska et al. 1999).
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Pinus tabulaeformis Carr. (Chinese pine) is an endemic
and dominant species of coniferous tree used for timber
and soil conservation in northern China (Xia et al. 2009). It
is also a typical tree species for forestation in urban areas of
northeast China (Lu et al. 2009). Despite its cultural and
ecological importance, little is known about the growth,
physiological and biochemical responses of P. tabulae-
formis to elevated CO, and/or Os. It is known that tropo-
spheric Oz levels are increasing parallel to CO,
concentrations around urban areas with development of
urbanization (Eichelmann et al. 2004). Therefore, urban
trees are simultaneously experiencing elevated CO, and O3
levels. We have reported responses of the anti-oxidative
system in needles of P. tabulaeformis to elevated CO, or
O; concentrations in the urban area (Lu et al. 2009).
However, the responses of photosynthesis and VOCs
emission of the urban tree species have not been tested,
particularly under the combined fumigation of the two
gases. As one of the precursors of ozone, VOCs can have
direct or indirect effects on the carbon cycle at the terres-
trial level. Trees emit VOCs, which may scavenge O3 and
help provide protection of the photosynthetic apparatus
against oxidative stress (Loreto and Velikova 2001). Given
the importance of VOCs in the interactions between the
biosphere and atmosphere, it is essential to understand
whether current and future environmental changes, which
include increased CO, and O3 (IPCC 2007), will affect
VOC emissions by plants.

To further investigate the controversial changes of
photosynthesis and VOCs emission of plants under ele-
vated CO, and O;, we here studied the responses of
growth, photosynthesis and VOC emissions of P. fabu-
laeformis to elevated CO, and O; in an urban area. This
study may serve as a scientific reference for the manage-
ment and sustainable development of urban forests under
the background of global climate change.

Materials and Methods

The study was conducted at Shenyang Arboretum, Chinese
Academy Science, located in the populated central area of
Shenyang city (41°4631.29” N, 123°26'27.51” E) in
northeastern China. Four-year-old Chinese pine (P. tabu-
laeformis) trees were planted in loamy soil with no extra
fertilizer in twelve open top chambers (OTCs) in May
2006. The OTCs have a diameter of 4 m, a height of 3 m,
and distance between neighbors of 4 m. Three OTCs each
were used for ambient air (CK, about 400 ppm for ambient
CO, and 40 ppb for ambient O3), elevated CO,
(700 £ 80 ppm), elevated O3z (80 ppb £ 10 ppb) and ele-
vated CO, 4+ O3 (700 £ 80 ppm CO, + 80 = 10 ppb
0O;), respectively. CO, was injected into the chambers from
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cylinders 24 h daily and the concentrations were monitored
with a CO, infrared transducer (SenseAir, Sweden). O3 was
generated from pure compressed oxygen by electric dis-
charge (GP-5 J, China), and then added to the OTCs 9 h
daily (08:00-17:00). The concentrations of Oz in the
chambers were continuously monitored with an Oj ana-
lyzer (S-900 Aeroqual, New Zealand).

The trees were randomly planted, 12 trees per chamber.
The trees were fumigated by elevated CO, (24 h day ™),
and elevated O3 (08:00-17:00 h) from 2006 to 2008. The
fumigation periods were June 17—October 10 in 2006, June
18—October 10 in 2007, and June 13-September 28 in
2008. All the data in this study were obtained from 2008
(the third growing-season of gas fumigation). One-year-old
needles from the middle canopy of six-year-old P. tabu-
laeformis were sampled in each chamber at 9:00-10:00 a.m
after O (June 12, the day before gas fumigation beginning),
30 (July 13), and 90 (September 11) days of gas fumigation
in 2008. During the growing season in 2008, mean daily
temperature and relative humidity in the OTCs were
22.3 £ 3.5°C and 64.3 £ 15.3%, respectively. The mean
daily CO, concentration in the elevated CO, treatment was
608.7 = 155.9 ppm. The mean daily Oz concentration in
the elevated O3 treatment was 66.1 £ 2.4 ppb.

Growth parameters were evaluated by fresh and dry
weight per needle (48 h at 70°C), tree height and stem
diameter at ground level. Gas exchange measurements
were made periodically on the healthy needles on sunny
days from 20 June to the end of September, 2008. Mea-
surements were taken on eight intact, sun-exposed needles
per plant selected from the middle canopy. All photosyn-
thetic parameters including net photosynthesis rate (Pn)
and stomatal conductance (g;) were measured by a portable
photosynthesis system (LI-6400, Li-Cor Inc., Lincoln NE,
USA) with a red/blue LED light source (LI6400-02B)
mounted onto a 6 cm? clamp-on leaf chamber, and mea-
sured in the CO, concentration where they were growing
(700 ppm for elevated CO,-plants, and 400 ppm for
ambient CO,-plants). The gas exchange parameters were
recorded under saturated light (1,000 pmol photons
m s~ ' of PPED) provided by the red/blue LED light
source between 9:00 and 11:00 on one-year-old needles on
the middle parts of lateral branches. All measurements
were done at a constant air flow rate of 500 pmol s .

Chlorophyll fluorescence was measured at ambient
temperature in OTCs using a FMS-2 pulse modulated
fluorometer (Hansatech, UK). The environmental condi-
tions were similar to gas exchange measurement. The
maximum quantum yield of photosystem II (F,/F,,) was
determined in dark-adapted (30 min) samples. The steady-
state fluorescence (F,) and the maximum Chl fluorescence
in the light-adapted state (F',,) were both measured,
respectively. The effective quantum yield of PSII electron
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transport (DPSII) was calculated as (F',—F,)/F .. The total
chlorophyll content was determined using the same needles
as used for the Chl fluorescence measurements. The chlo-
rophyll was extracted by 80% acetone from 0.2 g needles
samples. The chlorophyll content was determined according
to the methods of Lichtenthaler and Wellburn (1983) by the
absorbance at wavelengths of 663, 646 and 470 nm mea-
sured by a Shimadzu (Japan) UV-1601 spectrophotometer.

Air samples were collected and VOCs content was
measured using a method described by Li et al. (2009).
Transparent polyethylene bags were used to cover well-
lighted plant branches. After 0, 30, 90 days of gases
fumigation in 2008, the samples were collected from inside
of the bags on glass adsorbent tubes (11.5 cm long and
0.4 cm internal diameter) filled with Tenax-TA, Carboxen
1000 and Carbosieve SIII (Supelco Inc., Bellefonte, PA,
USA) using a constant-flow type pump. The flow rates
were 100 mL min~" and the sampling time was 5 min. The
air samples were kept at 4°C until analysis. After sampling,
the needles enclosed in the bags were removed from the
trees, and placed in a drying oven at 60°C for 48 h. The dry
weights were used for normalization of VOCs emission
rate to unit needle mass.

VOCs were separated and detected by a gas chromato-
graph with flame ionization detection (FID). Desorption
and analysis of VOCs was carried out using a thermal
disorber sample injection system (ACEM 9300, CDS,
USA) connected by a thermal transfer line maintained at
250°C to a gas chromatograph (14B, Shimadzu, Japan)
with FID. For details of the experimental procedures see Li
et al. (2009).

The emission rate of VOCs was calculated using the
following equation.
M-V
224-At-W

Where ER is the emission rate of VOCs (ugeg 'DWeh ™",
mainly consisting of isoprene), c; is the isoprene concen-
tration (ppb) over the branches before the sampling bag
was closed, ¢, is the isoprene concentration inside the bag
after the sampling bag closed, V is the effective volume of

ER = (c2—c1) x 1073

the bag, At is time of closing bag for the sample collection,
W is dry weight of all the needles in the closed bag (g), and
M is the molecular weight of isoprene.

Chambers corresponding to the same treatment were
considered statistical replicates. There were three repicates
for each OTC. ANOVA was carried out using the SPSS
computer package (SPSS Inc. 1999, Chicago, IL, USA) for
all sets of data. The values presented are the means of all
measurements, and the significance of the differences of
means were evaluated by the least significance differences
(LSD) test at the 95% confidence level.

Results and Discussion

At the end of the growing season in 2008, elevated CO,
and its combination with elevated O3 significantly
increased the weight of needles (p < 0.05), plant height
and stem diameter at ground level under elevated CO,
(Table 1). Compared with the CK, elevated Oz alone
significantly decreased the fresh weight per needle, dry
weight per needle and plant height by 42.2, 38.6 and
25.8%, respectively (Table 1). According to Kubiske et al.
(2006), elevated CO, increased the height and diameter of
Populus tremuloides by 11 and 16%, respectively, whereas
elevated O3 decreased these endpoints by 11, 8%,
respectively. In our previous study, elevated CO,
increased the leaf dry weight by 26% in leaves of Ginkgo
biloba, while elevated O3 decreased leaf dry weight by
22%. In this study, elevated CO, increased dry weight per
needle of P. tabulaeformis by 17.7%, while elevated O3
decreased needle weight by 42.2% (Table 1). Elevated
CO, did not significantly increase plant height of P. rab-
ulaeformis (p > 0.05), but elevated Oz significantly
decreased plant height by 25.8% compared with the CK
(Table 1). This is not in agreement with the recent study
by Nikula et al. (2009) who reported that elevated O3 did
not have an effect on tree height of European aspen
(P. tremula), but rather tended to slightly increase it by
10%. This different result may have been due to a lower
O3 exposure concentration and a shorter exposure period

Table 1 Growth parameters of P. tabulaeformis exposed to ambient air (CK), elevated CO,, elevated O and elevated CO, + elevated O; at the

end of growing season in 2008

Treatments Fresh weight Dry weight Plant Stem diameter at
per needle (mg) per needle (mg) height (cm) ground level (mm)

CK 106.2 (30.3)° 45.6 (9.3)° 141.1 (27.3) 32.6 (6.6)°

CO, 127.8 (11.9)* 53.7 (1.7)* 141.3 (14.4)* 36.4 (4.4)*

03 61.4 (11.8)° 28.0 (3.8)° 104.7 (19.5)° 30.5 (5.0°

CO, + 05 141.8 (22.7)* 60.0 (10.5)* 137.4 (14.8)* 32.5 (4.6)™

Data shown are means with standard deviations (SD) in parentheses. For comparison of means, variance analysis (ANOVA) followed by the least
significance differences (LSD) test, calculated at 95% confidence level, was performed. Values followed by the same letter indicate no significant

differences
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Fig. 1 Net photosynthetic rate (P,, A), stomatal conductance (g, B),
and chlorophyll content (Chl, C) in needles of P. tabulaeformis
exposed to ambient air (CK), elevated CO,, elevated O3 and elevated
CO, + elevated O; during the growing season in 2008. Data shown
are means with standard deviations (SD) of three replicates. Different
lower case letters indicate significant difference at p < 0.05

(1.5 times ambient Oz) and 76 days, respectively, as
compared to those of our study.

As seen in Fig. 1A, elevated CO, did not significantly
increased net photosynthetic rate (P,) in needles of
P. tabulaeformis (p > 0.05) after 30 and 90 days of gas
exposure in 2008. Elevated CO, did not affect stomatal
conductance (gy) at any time, compared to CK (Fig. 1B),
but elevated O3 alone and in combination with elevated
CO, reduced g, after 90 d of exposure. No significant
differences in chlorophyll content were observed between
elevated CO, and CK during the growing season except for
after 30 days of fumigation (Fig. 1C). Our observation is in
agreement with other studies that elevated CO, had no
significant effect on chlorophyll content in plants (Turnbull
et al. 1998; Riikonen et al. 2005; Zhao et al. 2010).
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Fig. 2 Maximal photochemical efficiency of PSII in dark-adapted
state (F,/F,, A) and effective quantum yield of PSII electron transport
(OPSII, B) in needles of P. tabulaeformis exposed to ambient air
(CK), elevated CO,, elevated O3z and elevated CO, + elevated O3
during the growing season in 2008. Data shown are means with
standard deviations (SD) of three replicates. Different lower case
letters indicate significant difference at p < 0.05

Elevated O3 decreased significantly P,, especially after
30 days of gas exposure. Much of the decline in g
occurred after 90 days of exposure to elevated O;. Elevated
O; significantly decreased the chlorophyll content
(»p <0.05). Elevated CO, increased photochemical
requirements for light-saturated electron flow through
Photosystem II (Hymus et al. 2001), whereas elevated CO,
was also reported to have a depressive effect on plant
photochemistry (Scarascia-Mugnozza et al. 1996). In our
studies, elevated CO, had no significant impact on F,/F,,
and OPSII (Fig. 2), as is consistent with a previous study
by Kellomaki and Wang (1997) who reported that doubled
ambient CO, treatment did not lead to a significant change
in either the F,/F,, or OPSIL. Ozone has the potential to
damage the photosynthetic apparatus and to affect the
photochemistry of PSII (Riikonen et al. 2005). In this
study, elevated Os decreased F,/F,, and OPSII, especially
for F,/F,, after 30 days of exposure (Fig. 2A).

For the combined treatment of elevated CO, and O3, no
significant changes were observed in F,/F,, or OPSII after
30 and 90 days of gas exposure, compared with 0 day of
gas exposure. It can be inferred that elevated CO, ame-
liorated the adverse impact of elevated O; on photosyn-
thetic apparatus. Generally, elevated CO, reduced g, and
O3 uptake, and it might therefore decrease the potential risk



Bull Environ Contam Toxicol (2012) 88:443-448

447

from oxidative stress. Our recent studies showed that ele-
vated CO, ameliorated the oxidative stress on cell mem-
brane induced by elevated O3 in Quercus mongolica (Yan
et al. 2010) and G. biloba (Lu et al. 2009). However, our
results in this study are not in agreement with some earlier
results showing that elevated CO, did not alleviate the
adverse impact of elevated O3 on growth and photosyn-
thesis of trees (Manes et al. 1998), but even exacerbated the
damaging effects of elevated Oz (McDonald et al. 2002).
Therefore, it is still a controversial issue to evaluate exactly
the degree of interaction on trees when simultaneous
exposure of elevated levels of CO, and O are provided.
The outcome may vary with gas concentrations, the time
and duration of exposure, the species of tree being exposed,
and other experimental conditions.

It has been suggested that the photosynthesis apparatus
of plants may be protected against air pollutants by the
emission of VOCs (Li et al. 2009). Loreto and Velikova
(2001) posited that isoprene (the main VOC emitted from
plants) has antioxidant properties and can protect plants
from O3 damage. In our studies, elevated O significantly
increased the emission rate of VOCs compared to CK
(p < 0.05) after 30 and 90 d of gas exposure compared
with O d of gas exposure (Fig. 3), which may be a helpful
response to protect the photosynthetic apparatus against O3
damage. However, the results in our studies are not in
agreement with a study which reported that elevated O3
had no significant effect on the emission of VOCs in Q. ilex
(Loreto et al. 2004). In our previous study, elevated CO, or
Oj significantly increased the isoprene emission rate from
G. biloba after 30 d of exposure (Li et al. 2009). However,
one study suggested that elevated CO, decreased the
emission of VOCs (Rosenstiel et al. 2003). Therefore, there
is still some controversy. These varing responses in VOC

251 oOck
a
O co2
20
03
g
5 C02+03

Emission Rate (ug.g 'DW.h™")

(=}

Days of Exposure

Fig. 3 Emission rates of volatile organic compounds (VOCs) from
P. tabulaeformis exposed to ambient air (CK), elevated CO,, elevated
O; and elevated CO, + elevated Oz during the growing season in
2008. Data shown are means with standard deviations (SD) of three
replicates. Different lower case letters indicate significant difference
at p < 0.05

emission rates may vary with the pollutant, exposure
concentration and duration, plant species, its nutrition state,
and specific environmental factors, such as light, temper-
ature, and water, especially in an urban area (Li et al.
2009).

In conclusion, our results showed that elevated CO,
significantly increased growth of P. tabulaeformis, while
elevated O3 decreased growth of this tree species, partic-
ularly in needle weight and plant height. Elevated CO,
alleviated the negative effects of elevated O; on growth
and photosynthesis. No significant changes between ele-
vated CO, and CK were observed in P,, chlorophyll con-
tent, F,/F,,, OPSII, or emission rate of VOCs. Elevated O
significantly increased VOC emission rates, which may be
a helpful response to protect the photosynthetic apparatus
against O3 damage.

Acknowledgments This study was financially supported by the
National Natural Science Foundation of China (31170573) and the
Key Project of National Natural Science Foundation of China
(90411019), and the National Science and Technology Pillar Program
of China (2008BAJ10B04). We thank Prof. Dali Tao for critically
reading the manuscript. We also thank all the anonymous reviewers
for constructive comments to help improve the manuscript.

References

Eastburn DM, Degennaro MM, Delucia EH, Dermody O, McElrone
AJ (2010) Elevated atmospheric carbon dioxide and ozone alter
soybean diseases at SOoyFACE. Global Change Biol 16:320-330

Eichelmann H, Oja V, Rasulov B, Padu E, Bichele I, Pettai H, Mols
T, Kasparova I, Vapaavuori E, Laisk A (2004) Photosynthetic
parameters of birch (Betula pendula Roth) leaves growing in
normal and in CO, and Oj; enriched atmospheres. Plant Cell
Environ 27:479-495

Hymus GJ, Baker NR, Long SP (2001) Growth in elevated CO, can
both increase and decrease photochemistry and photo inhibition
of photosynthesis in a predictable manner. Dactylis glomerata
grown in two levels of nitrogen nutrition. Plant Physiol 127:
12041211

IPCC (2007) Climate change 2007. Working group I report: the
physical basis of climate change. http://ipcc-wgl.ucar.edu/wgl/
wgl-report.html

Kellomaki S, Wang KY (1997) Effects of elevated O3 and CO, on
chlorophyll fluorescence and gas exchange in Scots pine during
the third growing season. Environ Pollut 97:17-27

Kopper BJ, Lindroth RL (2003) Responses of trembling aspen
(Populus tremuloides) phytochemistry and aspen blotch leaf-
miner (Phyllonorycter tremuloidiella) performance to elevated
levels of atmospheric CO, and O5. Agr Forest Entomol 5:17-26

Kubiske ME, Quinn VS, Heilman WE, McDonald EP, Marquardt PE,
Teclaw RM, Friend AL, Karnosky DF (2006) Interannual
climatic variation mediates elevated CO, and Oj effects on
forest growth. Global Change Biol 12(6):1054-1068

Li D, Chen Y, Shi Y, He X, Chen X (2009) Impact of Elevated CO,
and O; Concentrations on Biogenic Volatile Organic Com-
pounds Emissions from Ginkgo biloba. Bull Environ Contam
Toxicol 82:473-477

Liberloo M, Tulva I, Raim O, Kull O, Ceulemans R (2007)
Photosynthetic stimulation under long-term CO, enrichment

@ Springer


http://ipcc-wg1.ucar.edu/wg1/wg1-report.html
http://ipcc-wg1.ucar.edu/wg1/wg1-report.html

448

Bull Environ Contam Toxicol (2012) 88:443-448

and fertilization is sustained across a closed Populus canopy
profile (EUROFACE). New Phytol 173:537-549

Lichtenthaler HK, Wellburn AR (1983) Determinations of total
carotenoids and chlorophylls a and b of leaf extracts in different
solvents. Biochem Soc Trans 11:591-592

Loreto F, Velikova V (2001) Isoprene produced by leaves protects the
photosynthetic apparatus against ozone damage, quenches ozone
products, and reduces lipid peroxidation of cellular membranes.
Plant Physiol 127:1781-1787

Loreto F, Pinelli P, Manes F, Kollist H (2004) Impact of ozone on
monoterpene emissions and evidence for an isoprene-like
antioxidant action of monoterpenes emitted by Quercus ilex
leaves. Tree Physiol 24:361-367

Lu T, He X, Chen W (2009) Effects of elevated O3 and CO, on Pinus
tabulaeformis antioxidant system. Chinese J Ecol 28:1316-1323

Manes F, Vitale M, Donato E, Paoletti E (1998) O; and O3 4+ CO,
effects on a mediterranean evergreen broadleaf tree. Holm Oak
(Quercus ilex L.). Chemosphere 36:801-806

McDonald EP, Kruger EL, Riemenschneider DE, Isebrands JG (2002)
The role of competition in modifying growth responses of
trembling aspen to elevated CO, and tropospheric ozone. Funct
Ecol 16:792-801

Niewiadomska E, Gaucher VC, Chevrier N, Maufette Y, Dizengremel
P (1999) Elevated CO, does not provide protection against ozone
considering activity of several antioxidant enzymes in the leaves
of sugar maple. J Plant Physiol 155:70-77

Nikula S, Percy K, Oksanen E, Holopainen T, Manninen S (2009)
Effects of elevated ozone on growth and foliar traits of European
and hybrid aspen. Boreal Environ Res 14(suppl A):29-47

Riikonen J, Holopainen T, Oksanen E, Vapaavuori E (2005) Leaf
photosynthetic characteristics of silver birch during three years

@ Springer

of exposure to elevated concentrations of CO, and O; in the
field. Tree Physiol 25:621-632

Rosenstiel TN, Potosnak MJ, Griffin KL, Fall R, Monson RK (2003)
Increased CO, uncouples growth from isoprene emission in an
agriforest ecosystem. Nature 421:256-259

Scarascia-Mugnozza G, Angelis PD, Matteuci G, Valentin R (1996)
Long term exposure to elevated CO, in a natural Quercus ilex L.
community: net photosynthesis and photochemical efficiency of
PSII at different levels of water stress. Plant Cell Environ
19:643-654

Turnbull MH, Tissue DT, Griffin KL, Rogers GND, Whitehead D
(1998) Photosynthetic acclimation to long-term exposure to
elevated CO, concentration in Pinus radiata D. Don. is related to
age of needles. Plant Cell Environ 21:1019-1028

Wang L, He X, Chen W (2009) Effects of elevated ozone on
photosynthetic CO, exchange and chlorophyll a fluorescence in
leaves of Quercus mongolica grown in urban area. Bull Environ
Contam Toxicol 82:478-481

Xia JB, Zhang GC, Zhang SY, Shao HB (2009) Growth process and
diameter structure of Pinus tabulaeformis forest for soil and
water conservation in the hilly loess region of China. Afr J
Biotechnol 8:5415-5421

Yan K, Chen W, He X, Zhang G, Xu S, Wang L (2010) Responses of
photosynthesis, lipid peroxidation and antioxidant system in
leaves of Quercus mongolica to elevated O;. Environ Exp Bot
69(2):198-204

Zhao X, Mao Z, Xu J (2010) Gas exchange, chlorophyll and growth
responses of Betula Platyphylla seedlings to elevated CO, and
nitrogen. Int J Biol 2(1):143-148



	Responses of Growth, Photosynthesis and VOC Emissions of Pinus tabulaeformis Carr. Exposure to Elevated CO2 and/or Elevated O3 in an Urban Area
	Abstract
	Materials and Methods
	Results and Discussion
	Acknowledgments
	References


