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Effects of ozone exposure on growth and photosynthesis of the seedlings
of Liriodendron chinense (Hemsl.) Sarg, a native tree species
of subtropical China
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Abstract

Little is known about the response of trees to elevated ozone (O3) in the subtropical region of China, where ambient O3
concentrations are high enough to damage plants. In this study, pigment content, gas exchange and chlorophyll (Chl) a
fluorescence in leaves of Liriodendron chinense (Hemsl.) Sarg seedlings, a deciduous broadleaf tree species native in
subtropical regions, were investigated at 15, 40, and 58 days after O; fumigation (DAF) at a concentration of 150 mm’
m (E-Os). At the end of experiment, seedlings were harvested for biomass measurement. E-O caused visible injuries
on the mature leaves e.g. necrotic patches and accelerated early defoliation. Relative to the charcoal-filtered air (CF)
treatment, E-O; significantly decreased shoot and root biomass, pigment content, light-saturated net photosynthesis
(Pnsat), stomatal conductance (gs), maximum rate of carboxylation (Vmax), photochemical quenching coefficient (q,) and
effective quantum yield of PSII photochemistry (®psy), and also caused a slight reduction in relative increase of basal
diameter. Therefore, L. chinense can be assumed to be an Oj;-sensitive tree species, which will be threatened by
increasing ambient O; concentrations in China.
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Introduction

Tropospheric O; is assumed to be the most important air
pollutant in many parts of the world due to its potential
threat to crops, (semi)natural grassland and forest
ecosystems (Ashmore 2005, Feng ef al. 2009, Mills et al.
2011). The concentration of O; has increased globally by
about 36% since preindustrial times (IPCC 2007) and is
currently increasing at an annual rate of 0.5-2.0% on a

global scale (Vingarzan 2004). From a regional scale, the
increasing trend in [Os] has leveled off or slightly
reversed in North America and Europe (IPCC 2007);
however, it has been continuing in East Asia and South-
East Asia (The Royal Society 2008).

Chronic exposure to elevated [Os3] significantly
decreased net photosynthetic rates, accelerated leaf
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senescence and increased dark respiration in many tree
species, such as deciduous temperate tree species,
evergreen Mediterranean trees (reviews: Matyssek and
Sandermann 2003, Karnosky et al. 2007, Wittig et al.
2007, Paoletti 2009). Os-induced reduction in photosyn-
thesis rate has been attributed to two factors: stomatal and
nonstomatal limitation. A reduction in V .y is considered
to be the primary effect of O; on photosynthesis in trees,
which induces stomatal closure via an increase in
intercellular CO, concentration (C;) (Bortier et al. 2000,
Noormets et al. 2001, Yamaguchi et al. 2007), although
stomatal regulation is considered as a very important
factor in controlling the ozone sensitivity of plants
(Novak et al. 2005) and O; uptake (Paoletti and Grulke
2005). O can also alter photosynthetic process at the
level of the electron transport, such as decreases in leaf
Chl content, reduction in the efficiency of excitation
capture in plants, reduced numbers of intact or open
photosystem II (PSII) reaction centers, and increases in
dissipation of energy through alternative means such as
heat (Bortier et al. 2000, Ribas et al. 2005, Ryang et al.
2009). Notably, almost all studies focused on temperate
and boreal species (review by Wittig et al. 2007).
However, there is very little information on the effects of
O; on subtropical tree species (Feng ef al. 2008).

The effects of elevated [O;] on Liriodendron

Materials and methods

Experimental site: The experimental site was located at
the Tiantong National Field Observation and Research
Station for Forest Ecosystems (29°48" N, 121°47" E),
Ningbo City, Zhejiang province, China. It is typical of the
humid subtropical monsoon climate with cold dry winters
and warm wet summers. The annual mean temperature is
16.2°C and the warmest month is July with a mean
temperature of 28.1°C. Average annual precipitation is
1,375 mm, concentrated from June to August.

Plant material: At April 2008, eight-month-old seed-
lings of L. chinense (Hemsl.) Sarg, provided by Nanjing
Agricultural University, were individually planted into
plastic pots (13.8 dm’) in a temperature-controlled
double-glazed greenhouse (25 +2°C, air humidity 70—
90%). Pots were filled with native yellowish brown
lateritic soil (soil organic C 0.98%, total N 1.36 g kg ',
total P 0.27 g kg ', total K 1.41%) in mixture with litter
collected under firry forest at the ratio of 1:1 (v/v). After
one and a half months cultivation in the greenhouse, these
seedlings were moved to open-air conditions for field
acclimation. By the time of O; fumigation, L. chinense
seedlings (1-year-old) grew to a height of about 35 cm
and basal diameter of 8.0 mm with fully expanded leaves.
On 1 August, plants with similar height and number of
leaves were selected and randomly assigned to six open
top chambers (OTCs, octagonal base, 5.5 m® of growth
space and 2.6 m in height, covered with transparent
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tulipifera L. have been widely investigated in potted
seedlings in terms of injury, growth, and photosynthesis
(Karnosky et al. 2007). L. tulipifera has been used as a
bioindicator of O; in eastern US forests for a long time
due to its sensitivity to O; (Davis and Skelly 1992).
However, no information is available on L. chinense, the
other species within the genus Liriodendron, in response
to O;. L. chinense is an ecologically and economically
important hardwood species in subtropical China, where
O; concentrations are high enough to induce significant
yield loss in wheat and rice (Feng et al. 2003, Wang et al.
2007). It is currently widely grown at both sides of main
roads in the city or countryside areas of the southern part
of China as a greening woody species. Many scientists in
China wonder whether this tree species can live long in
an environment full of high concentrations of air
pollutants due to rapid urbanization. The forest decline
and dieback of L. chinense has been observed in
mountainous areas like Longquan County of Zhejiang
Province (Feng et al. 1999). In this study, therefore, we
investigated effects of O; on the growth, gas exchange
and Chl a fluorescence of the L. chinense seedlings. The
objective was to determine the sensitivity of L. chinense
to O; and to investigate which factors were responsible
for the reduced photosynthetic rate.

plastic film) with five plants in each chamber. The OTCs
were located in an open field and thus shading by other
buildings or forest trees did not exist. The position of
plants was changed every 3—5 days within each OTC to
eliminate positional effects. During the growth of
seedlings, average air temperature, relative air humidity,
and total radiation density were 25.6°C, 90% and 13.8 MJ
m > d”', respectively. Plants were well watered with tap
water to avoid drought stress.

Ozone exposure: Ozone was generated from pure
oxygen by an electrical discharge O; generator (HY003,
Chuangcheng Co., Jinan, China) and then mixed with CF
to achieve the target [Os] in three OTCs. The mean air
velocity in the chambers corresponded to approximately
two complete air changes per minute. The concentration
of O; in the OTCs was continuously monitored at
approximately 10 cm above plant canopy using a UV
absorption Os analyzer (Model 49i, Thermo, USA).

In this study, there were two treatments: CF and
elevated [O5] (=150 mm® m™, E-Os) with three chambers
replicates. Due to a rainy day on 1 August, O; exposure
started from 2 August and ran until 28 September with a
maximum of 8 h (from 08:00 to 16:00) each day, because
the timing of O; fumigation was dependent on the
weather conditions. Ozone was added only in the daytime
when there was no rain, fog, mist, or dew. The
cumulative O; exposure over a threshold of the 1-h



average [Os] of 40 mm’ m~ (AOT40) were calculated as
the sum of differences between the hourly ozone
concentrations in mm® m > and 40 mm® m* for each hour
when the concentration exceeded 40 mm® m™ during
daylight hours over the course the experiment.

Growth measurements: Plant height and stem basal
diameter of all plants per chamber were measured at the
beginning and at the end of the experiment, respectively.
Stem diameters were measured in two directions at
a fixed position at 10 cm of stem height. Absolute diffe-
rences in stem diameter or height increment were
calculated from the differences between the final and
initial diameters. The relative growth was calculated as
the percentage increase of diameter or height compared
with the initial diameter or height at the start of the
experiment. At the end of experiment, five plants per
chamber were harvested and separated into leaves, stems,
and roots, respectively. The plant organs were oven-dried
at 80°C until a constant mass was reached.

Photosynthetic pigment determination: Two leaf discs
(1 cm in diameter) per plant taken from upper fully
developed sun leaves (two plants per chamber) were
extracted with 4 cm® 95% ethanol in the dark for 48 h at
4°C. The absorbance of leaf pigment extracts was
measured at 470, 646, and 663 nm. Chl and carotenoids
(Car) were calculated according to specific absorption
coefficients of Lichtenthaler (1987).

Gas exchange and Chl a fluorescence: Two upper fully
expanded sun leaves per plant and three different plants
per chamber were randomly selected. The gas exchange
and Chl a fluorescence were determined with a portable
photosynthesis system fitted with a 6400-40 leaf chamber
fluorometer (LCF) (LI-6400, LI-COR Inc., Lincoln, NE,
USA). Measurements were first performed by increasing
photosynthetic photon flux density (PPFD) to estimate
saturating light values for mature leaves of L. chinense.
During the experiment, all measurements were performed
at 1,000 pmol m? s', within the range of saturating
PPFD observed in initial experiments. Due to large
variability in ambient temperature between mid-August
and the end of September, the block temperature was set
to the ambient average at each measurement (35 + 1, 30 +
0.5, 27 + 0.5°C from the 1% to the 3™ measurement,
respectively). Relative humidity (RH) was controlled at

Results

Ozone exposure: Due to rainy and cloudy days, there
was a total of 25 days for effective O; fumigation during
the experiment. Mean daily 8-h [O;] in the CF and E-O;
were 16.8 mm® m™ and 79.5 mm’ m”, respectively,
calculated from the start until the end of fumigation

(totally 58 days). Fig. 1 shows the daily O; exposure as
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50-65%. CO, was set at 380 umol mol ' with a supply
from a pure CO, gas cylinder. All gas exchange mea-
surements were conducted during the periods of 09:00—
12:00 h. For Chl a fluorescence, steady-state fluorescence
yleld (FS) was recorded at saturating PPFD of 1,000 pmol
m The 1nten51ty of the saturation pulses of 6,000
umol m? s for 0.8 s was then used to produce the
maximum ﬂuorescence yield (F,,') by temporarily inhibi-
ting PSII photochemistry. Measurements of minimum
fluorescence yield (F,”) were carried out in the presence
of far-red light (5 pmol m™ s™") in order to fully oxidize
the PSII acceptor side. The following Chl a fluorescence
parameters were calculated: actual photochemical
efficiency of PSII in the saturated light [F,”/F,’=
(Fw — Fy’)/Fy’] (Harbinson et al. 1989), q,= (F,’ — Fy)/
(F” — F”) (Schreiber et al. 1986) and ®pgy; = (F,” — Fy)/
F..’ (Genty ef al. 1989).

At the end of the experiment, Py, vs. C; curves were
measured using the automatic program in the LI-6400
photosynthesis system. Before measurement, each sample
leaf was illuminated with saturated PPFD provided by the
light-emitting diodes light source of the equipment for
1030 min to achieve fully photosynthetic induction.
Measurements were taken by changing [CO,] in LCF in
10 steps (380, 200, 100, 150, 50, 400, 600, 900; 1,200,
and 1,500 pumol mol' under a constant PPFD of
1,000 pmol m 2 s™', block temperature of 27 + 0.5°C and
relative humidity of 50-70%. Measurements were per-
formed on upper leaves of two different plants per
chamber with three chambers replicates. V.n.x and the
maximum of electron transport (Jy,.,) were derived by
iteratively fitting curves (using nonlinear least square
regression methods) to Py,/C; response data according to
the program of Sharkey et al. (2007), as described by
Long and Bernacchi (2003).

Statistical analysis: In this study, the open-top chamber
was treated as an independent experimental unit for either
treatment, which means that we first obtained the average
of each chamber from observations of 3—4 plants per
chamber and then analyzed the data. ANOVA was
performed to test the effects of O;, exposure time and
interaction between them with the SPSS statistical
package (Ver. 16, SPSS, Chicago, IL, USA). Treatment
effects between CF and E-O; on each date were evaluated
by Duncan’s HSD test, and differences between
treatments were considered significant if P<0.05.

expressed by AOT40 in detail. The AOT40 value in E-O,
was 12.3, 16.6 and 20.3 cm® m > h at 15, 40 and 58 DAF,
respectively. For those days with no AOT40 value, it
meant that the O; fumigation was stopped due to rainy,
cloudy, or foggy days.
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Table 1. The growth change in Liriodendron chinense seedlings after exposure to different ozone concentrations [charcoal-filtered air
(CF) and elevated ozone (E-Os)]. Mean = SD (n = 3). * and ** indicate significant difference at p<0.05 and p<0.01, respectively.

DM - dry mass.

Parameter CF E-O;
Relative increment in stem height [%] 59.6 £ 13.6 59.1+13.0
Relative increment in basal diameter [%] 72.5+10.2 66.3 +13.6
Absolute increment in stem height [cm] 21.5+6.3 16.1+2.9
Absolute increment in basal diameter [mm]  5.72 +0.74 5.06 £0.77
Stem biomass [g(DM)] 282+ 1.6 21.9+23"
Root biomass [g(DM)] 26.1£3.0 17.8+1.5"
Foliage biomass [g(DM)] 152+1.8 11.6+23
Total biomass [g(DM)] 69.5+34 513+6.17
Shoot/root ratio 1.70+ 0.2 1.96+0.2

Visible injuries first appeared on the edges of fully
expanded leaves with necrotic spots on the upper surface
of mature leaves and a light-brown coloration on the
younger leaves. With the increase in AOT40, the light-
brown coloration turned dark brown and necrotic spots
formed necrotic patches. Finally, the mature leaves turned
yellow and withered, resulting in early defoliation.

Growth response: E-O; had significant negative effects
on the several growth parameters of L. chinense seedlings
in comparison with CF (Table 1). Relative increases in
main stem height and basal diameter did not show a
significant difference between O; treatments, although
absolute increments of seedlings grown in E-O; were
reduced by 25.6% and 14.0% in comparison with CF,
respectively. Relative to CF, total biomass, stem, and root
dry mass in E-O; were significantly reduced by 26.2%,
23.0% and 31.8%, respectively (Table 1).

Leaf pigments: The differences between E-O; and CF
were significant at the first sampling date (15 DAF). The
ANOVA results indicated a significant interaction between
O; and DAF for Chl and Car, which was due to
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O;-induced significant decreases at 15 and 58 DAF and
no difference at 40 DAF (Fig. 24,B). Across three
measurements, E-O;, as compared with CF, significantly
decreased Chl and Car contents by 40.6% and 35.9%,
respectively. Chl a/b ratio was not affected by E-O;
during O; fumigation (Fig. 2C), indicating similar
response to E-O; between Chl a and Chl b.

Gas exchange parameters: ANOVA results indicated that
E-O; significantly decreased Pyg, and g but had no effect
on C; (Fig. 3). Due to similar response to O; at each
measurement, interactions between Oz and DAF were not
observed in Png; and g Relative to CF, E-O;
significantly decreased Pngx by 27.0% and 41.6% at
40 and 58 DAF, respectively. However, significant
reduction (34.7%) in g, was only observed at 40 DAF. In
comparison with CF, E-Oj significantly decreased by
20% in V., Whereas had no significant effect on J, or
Jinax/ Vemax despite a 12% decrease in J,,,x (Table 2).

Chl a fluorescence: Across three measurements, E-O;
significantly decreased g, and @pg;; by 30.6% and 35.6%,
respectively, but there was no effect on F,”/F,’ .
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Fig. 2. The change of chlorophyll (Chl), carotenoids (Car)
contents, and Chl a/b in Liriodendron chinense seedlings after
exposure to different ozone concentrations (CF — charcoal-
filtered air; E-Oz — elevated ozone). Mean + SD (n = 3). * and
** indicate significant difference at p<0.05 and p<0.01,
respectively. ns — not significant; DAF — days after fumigation.

Individual measurements indicated that O; treatment
induced a significant decrease in q, and ®pg;; at 40 DAF
with AOT40 of 16.6 cm® m™ h (Fig. 4). Similar to Py

Discussion

To the best of our knowledge, this is the first study to
investigate the effects of elevated [O;] on native
deciduous broadleaf tree species in subtropical regions,
where the typical climate is a humid and hot summer with
more than 70% of annual precipitation, accompanied with
typhoons.

Growth parameters are the major criterion considered
when critical ozone levels are discussed; their change can
reflect the damage or disruption to metabolic and
physiological processes (Broadmeadow 1998). In this
study, there was no significant difference between O;
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Fig. 3. The change of light-saturated rates of photosynthesis
(Pnsa), stomatal conductance (g;), and intercellular CO,
concentration (C;) in Liriodendron chinense seedlings after
exposure to different ozone concentrations (CF — charcoal-
filtered air; E-O; — elevated ozone). Mean + SD (n = 3). * and
** indicate significant difference at p<0.05 and p<0.01,
respectively. ns — not significant; DAF — days after fumigation.

and g, the Chl a fluorescence parameters showed no
significant interaction between Oz and DAF due to the
similar response to E-O; at each measurement.

treatments in relative increase of both basal diameter and
stem height. However, there was a tendency towards a
reduction in absolute stem diameter increment (11.5%)
and in the stem height (25.6%) after exposure to E-O;
(AOT40 20.3 cm’ m > h) compared with CF treatment.
Similar responses to O; were also reported in other broad-
leaved tree species, e.g. beech (Fagus sylvatica L.)
(Dixon et al. 1998, Bortier et al. 2000). On the other
hand, E-O; (AOT40 of 20.3 cm® m™ h) significantly
reduced the biomass of different organs in L. chinense by
23-32%, with the largest reduction in root. Oksanen and
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Table 2. The change of maximum rate of carboxylation (Vpax)
and maximum rate of electron transport contributing to RuBP
regeneration (Ji,,,) and the ratio of J./Vemax in Liriodendron
chinense seedlings after exposure to different ozone
concentrations [charcoal-filtered air (CF) and elevated ozone
(E-O3)]. Mean + SD (n = 3). * and ** indicate significant
difference at p<0.05 and p<0.01, respectively.

CF E-O,
Vemax [UmMol(CO) m?s™']  62.6+£4.94 50.0 + 6.69"
Jnax [umol(electron) m2s™']  93.4 +14.9 82.4+10.6
Jinax! Vemax 1.51£0.19 1.68 +0.14
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Fig. 4. The change of actual photochemical efficiency of PSII
(F,’/Fy’), photochemical quenching coefficient (qp), and
effective quantum yield of PSII photochemistry (®pgy) in
Liriodendron chinense seedlings after exposure to different
ozone concentrations (CF — charcoal-filtered air; E-O; —
elevated ozone)]. Mean + SD (n = 3). * and ** indicate
significant difference at p<0.05 and p<0.01, respectively. ns —
not significant; DAF — days after fumigation.

Holopainen (2001) found that the dry shoot mass and
stem height increment of an ozone-sensitive clone of
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white birch (Betula pendula Roth) were reduced by up to
17% and 46%, respectively, after exposure to O; for
20 days (AOT40 of 14.4 cm’ m* h). Another recent study
found that ambient O; (AOT40 of 27.3 c¢cm’ m” h)
reduced the total biomass by 17.6% in Fagus crenata
seedlings, a sensitive Japanese tree species relative to CF
(Yamaguchi et al. 2007).

During our experiment, there were three typhoons,
respectively with a 6-day, 8-day and 9-day rain period,
resulting in the significantly reduced AOT40 value
(4.8 cm® m~ h) between 21 August and 28 September
compared to that (15.5 cm® m™ h) between 1 August and
20 August. The climate in subtropical regions might
curtail the negative effects of ozone on plant growth due
to recovery at some degree during the long segments of
rainy days (Heath 1996). However, the significant nega-
tive impacts of O3 (AOT40 of 20.3 cm® m ™ h) on growth
parameters indicated that L. chinense is an Os-sensitive
tree species. This also supports the idea that faster
growing species tend to be more sensitive than slower
growing species (Bortier et al. 2000, Novak et al. 2005).

Numerous experiments have demonstrated that O; can
cause significant reductions in photosynthetic rates
(Heath 1996, Bortier et al. 2000, Novak et al. 2005,
Ribas et al. 2005, Yamaguchi et al. 2007, Wittmann ef al.
2007, Ryang et al. 2009). In the present study, significant
reduction in Pygy (27.0%) and g, (34.7%) of L. chinense
was observed after 40 days of O3 exposure with AOT40
of 16.6 cm® m~ h. E-O; induced similar patterns of
change in both Pyg and g, during the fumigation,
suggesting that reduced Py may be due to stomatal
closure. However, the two should change in the same
direction if CO, uptake and photosynthesis were only
regulated by stomatal opening. In contrast, our result
showed that E-O; did not affect C; across three
measurements or at individual measurement, thus Ppygy
had no definite pattern of decrease or increase with C;,
which became more evident in the lower correlation
coefficient in relationships of Pyng with C; (r = 0.052,
n = 6) as compared with that of Py, and g (r = 0.839,
n = 6). It can be inferred that stomatal closure is not a
direct effect of O3, but a reaction to an increased internal
CO, concentration resulting from the inhibition of carbon
assimilation (Reich 1987). Significant correlation
between Pngye and g, (7 = 0.955, n = 6) or Pyg and Dpgyy
(r =0.945, n = 6) was found, suggesting that L. chinense
exposure to E-Oj; failed to keep PSII centers in an open
state so that excitation energy can not be fully used for
noncyclic electron transport. The results support the
notion that the decrease in the quantum yield of PSII
electron transport may be a mechanism to down-regulate
photosynthetic rate. Moreover, V.max, the primary target
for O3 injury, was also significantly reduced by the end of
experiment. Therefore, the present results indicated that
non-stomatal factors, including electron transport and
biochemical changes, contributed more to the decreased
photosynthesis than stomatal closure.



Admittedly, this experiment was conducted using a
relatively high O; concentration for a short duration.
However, artificial exposure of seedlings was a useful
surrogate to confirm the sensitivity of plants to Oz and to
determine the physiological effects of O; (Manning
2005). Therefore, this approach of seedlings exposure can
help understanding whether ambient O; is the cause of
visible foliar injury of mature trees. Similar exposure
dose experiments were also conducted in other tree
species (Oksanen and Holopainen 2001, Wittmann et al.

References

Ashmore, M.R.: Assessing the future global impacts of ozone
on vegetation. — Plant Cell Environ. 28: 949-964, 2005.

Bortier, K., Ceulemans, R., De Temmerman, L.: Effects of
ozone exposure on growth and photosynthesis of beech seed-
lings (Fagus sylvatica). — New Phytol. 146: 271-280, 2000.

Broadmeadow, M.: Ozone and forest trees. — New Phytol.139:
123-125, 1998.

Davis, D.D., Skelly, J.M.: Growth response of four species of
eastern hardwood tree seedlings exposed to ozone, acidic
precipitation, and sulfur dioxide. — J. Air Waste Manage
Assoc. 42: 309-311, 1992.

Dixon, M., LeThiec, D., Garrec, J.P.: Reactions of Norway
spruce and beech trees to 2 years of ozone exposure and
episodic drought. — Environ. Exp. Bot. 40: 77-91, 1998.

Farquhar, G.D., Sharkey, T.D.: Stomatal conductance and
photosynthesis. — Ann. Rev. Plant Physiol. 33: 317-345, 1982.

Feng, J.G., Xu, Y.T., Chen, Y.T.: [Growth performance of eight
native broadleave species on hill country in Southwestern
Zhejiang.] — Forest. Res. 12: 438-441, 1999. [In Chin.]

Feng, Z.W., Jin, M.H., Zhang, F.Z., Huang, Y.Z.: Effects of
ground-level ozone (O;) pollution on the yields of rice and
winter wheat in the Yangtze River Delta. — J. Environ. Sci.-
China. 15: 360-362, 2003.

Feng, Z.Z., Kobayashi, K.: Assessing the impacts of current and
future concentrations of surface ozone on crop yield with
meta-analysis. — Atmos. Environ. 43: 1510-1519, 2009.

Feng, Z.Z., Zeng, H.Q., Wang, X.K., Zheng, Q.W., Feng, Z.W.:
Sensitivity of Metasequoia glyptostroboides to ozone stress. —
Photosynthetica 46: 463-465, 2008.

Genty, B., Briantais, J.M., Baker, N.R.: The relationship
between the quantum yield of photosynthetic electron
transport and quenching of chlorophyll fluorescence. —
Biochem. Biophys. Acta 990: 87-92, 1989.

Harbinson, J., Genty, B., Baker, N.R.: Relationship between the
quantum efficiencies of photosystem I and II in pea leaves. —
Plant Physiol. 90: 1029-1034, 1989.

Heath, R.L.: The modification of photosynthetic capacity
induced by ozone exposure. — In: Baker, N.R. (ed.):
Photosynthesis and the Environment. Pp. 409-433. Kluwer
Acad. Publishers, Dordrecht — Boston — London 1996.

IPCC, 2007: Climate Change 2007. — The Physical Science
Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge Univ. Press, Cambridge 2007.

Karnosky, D.F., Skelly, J.M., Percy, K.E., Chappelka, A.H.:
Perspectives regarding 50 years of research on effects of
tropospheric ozone air pollution on US forests. — Environ.
Pollut. 147: 489-506, 2007.

Lichtenthaler, H.K.: Chlorophylls and carotenoids: pigments of

LIRIODENDRON CHINENSE IS SENSITIVE TO OZONE

2007, Ryang et al. 2009).

In conclusion, our results suggested that E-O; caused
significant reductions in biomass and net photosynthetic
parameters. The main causes of reduced Py Wwere
nonstomatal factors, including noncyclic electron
transport in light reaction and V.. Based on the results
obtained from the present study, L. chinense can be
assumed to be an Os-sensitive tree species. Current
ambient ozone concentrations in Southern China could be
an important limiting factor for growth of L. chinense.

photosynthetic biomemberance. — Meth. Enzym. 148: 350-
382, 1987.

Long, S.P., Bernacchi, C.J.: Gas exchange measurements, what
can they tell us about the underlying limitations to
photosynthesis? Procedures and sources of error. — J. Exp.
Bot. 54: 2393-2401, 2003.

Manning, W.J.: Establishing a cause and effect relationship for
ambient ozone exposure and tree growth in the forest:
progress and an experimental approach. — Environ. Pollut.
137: 443-53, 2005.

Matyssek, R., Sandermann, H.: Impact of ozone on trees: an
ecophysiological perspective. — Progr. Bot. 64: 349-404,
2003.

Mills, G., Hayes, F., Simpson, D., Emberson, L., Norris, D.,
Harmens, H., Buker, P.: Evidence of widespread effects of
ozone on crops and (semi-) natural vegetation in Europe
(1990-2006) in relation to AOT40- and flux-based risk maps.
— Global Change Biol. 17: 592-613, 2011.

Noormets, A., Sober, A., Pell, E.J., Dickson, R.E., Podila, G.K.,
Sober, J., Isebrands, J.G., Karnosky, D.F.: Stomatal and non-
stomatal limitation to photosynthesis in two trembling aspen
(Populus tremuloides Michx.) clones exposed to elevated CO,
and/or O;. — Plant Cell Environ. 24: 327-336, 2001.

Novak, K., Schaub, M., Fuhrer, J., Skelly, J.M., Hug, C.,
Landolt, W., Bleuler, P., Krduchi, N.: Seasonal trends in
reduced leaf gas exchange and ozone-induced foliar injury in
three ozone sensitive woody plant species. — Environ. Pollut.
136: 33-45, 2005.

Oksanen, E., Holopainen, T.: Responses of two birch (Betula
pendula Roth) clones to different ozone profiles with similar
AOTA40 exposure. — Atmos. Environ. 35: 5245-5254, 2001.

Paoletti, E., Grulke, N.E.: Does living in elevated CO,
ameliorate tree response to ozone? A review on stomatal
responses. — Environ. Pollut. 137: 483-493, 2005.

Paoletti, E.: Ozone and Mediterranean ecology: Plants, people,
problems. — Environ. Pollut. 157: 1397-1398, 2009.

Reich, P.B.: Quantifying plant response to ozone: a unifying
theory. — Tree Physiol. 3: 63-91, 1987.

Ribas, A., Pefiuelas, J., Elvira, S., Gimeno, B.S.: Ozone
exposure induces the activation of leaf senescence-related
processes and morphological and growth changes in seedlings
of Mediterranean tree species. — Environ. Pollut. 134: 291-
300, 2005.

Ryang, S.Z., Woo, S.Y., Kwon, S.Y., Kim, S.H., Lee, S.H.,
Kim, K.N., Lee, D.K.: Changes of net photosynthesis,
antioxidant enzyme activities, and antioxidant contents of
Liriodendron  tulipifera  under elevated ozone. -
Photosynthetica 47: 19-25, 2009.

Schreiber, U., Schliwa, U., Bilger, W.: Continuous recording of

35



W.W. ZHANG et al.

photochemical and non-photochemical chlorophyll fluores-
cence quenching with a new type of modulation fluorometer.
— Photosynth. Res. 10: 51-62, 1986.

Sharkey, T.D., Bernacchi, C.J., Farquhar, G.D., Singsaas, E.L.:
Fitting photosynthetic carbon dioxide response curves for C,
leaves. — Plant Cell Environ. 30: 1035-1040, 2007.

The Royal Society: Ground-Level Ozone in the 21% Century:
Future Trends, Impacts and Policy Implications. Science
Policy Report 15/08. Royal Society, London 2008.

Vingarzan, R.: A review of surface ozone background levels
and trends. — Atmos. Environ. 38: 3431-3442, 2004.

Wang, X.K., Zheng, Q.W., Yao, F.F, Chen Z, Feng, Z.Z.,
Manning, W.J.: Assessing the impact of ambient ozone on
growth and yield of a rice (Oryza sativa L.) and a wheat
(Triticum aestivum L.) cultivar grown in the Yangtze Delta,

36

China, using three rates of application of ethylenediurea (EDU).
— Environ. Pollut. 148: 390-395, 2007.

Wittig, V.E., Ainsworth, E.A., Long, S.P.: To what extent do
current and projected increases in surface ozone affect
photosynthesis and stomatal conductance of trees? A meta-
analytic review of the last 3 decades of experiments. — Plant
Cell Environ. 30: 1150-1162, 2007.

Wittmann, C., Matyssek, R., Pfanz, H., Humar, M.: Effects of
ozone on the gas exchange and chlorophyll fluorescence of
juvenile birch stems (Betula pendula Roth.). — Environ.
Pollut. 150: 258-266, 2007.

Yamaguchi, M., Watanabe, M., Iwasaki, M., Tabe, C.,
Matsumura, H., Kohno, Y., Izuta, T..: Growth and
photosynthetic responses of Fagus crenata seedlings to O,
under different nitrogen loads. — Trees. 21: 707-718, 2007.





