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ARTICLE INFO ABSTRACT

The influences of elevated ozone (O3) concentrations on biomass, leaf gas exchange, fluorescence parameters,
and leaf physiological and biochemical traits were examined in Elaeocarpus sylvestris and Michelia chapensis
seedlings under four Oz conditions for a growing season in open-top chambers (OTCs). The four O; con-
centrations were charcoal-filtered air (CF) (20 ppb), 1 X Os air (40 ppb), 2 X Os air (80 ppb), and 4 x Os air
(160 ppb), respectively. The significant decrease in the root/shoot (R/S) ratios of both species indicated that
under Oj stress root biomass was more negatively affected than shoot biomass for both tree seedlings. Along with
the loss of chlorophyll and carotenoid contents, decrease in the superoxide dismutase (SOD), and enhanced level
of lipid peroxidant, the light-saturated net photosynthesis rate (P,max) of E. sylvestris, the effective quantum yield
of PSII photochemistry (Y(II)) and the electron transport rate (ETR) of both species decreased, suggesting that
impaired photosynthesis occurred. The negative effect of O3 on physiological and biochemical parameters was
greater for M. chapensis than for E. sylvestris. As the O3 concentration increased, the leaf mass per area (LMA) of
E. sylvestris decreased, while that of M. chapensis increased. Therefore, the increased SOD activity as a hormetic-
compensatory response, the increases in LMA and longer vegetative period contributed to the good adaptability
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and high tolerance of M. chapensis.

1. Introduction

Ozone (O3) in the troposphere is a potent phytotoxic air pollutant,
which is a pressing concern for forests due to phytotoxic effects
(Matyssek et al., 2007; Jolivet et al., 2016; Cailleret et al., 2018). The
ground-level concentration of O3 has continuously increased since the
last century (Derwent et al., 2007). With rapid industrialization and
urbanization in the Pearl River Delta of China, the annual mean O3
concentrations of 23 stations in the network were 17-40 ppb in 2015.
Twenty-two of these stations recorded average O3 concentrations that
exceeded the 1-h limit (GB3095-2012; 200 pg/m°, ie., 93 ppb)
(PRDAIR, 2016). Therefore, the increasing trend of the tropospheric O3
concentration is expected to continue and further threaten the function
and productivity of terrestrial ecosystems (Vingarzan, 2004; Dai et al.,
2017).

Generally, an increased ground-level Os; concentration causes
growth reduction (Diaz-de-Quijano et al., 2012) and impairs plant
physiological traits, such as leaf gas exchange (Gao et al., 2017), which
ultimately leads to a decrease in biomass and net primary productivity

(Diaz-de-Quijano et al., 2012). Elevated ground-level O3 changes leaf
structural traits, nutrient allocation and absorption, and alters photo-
synthetic responses and reducs plant biomass (Pleijel et al., 2006).
Moreover, some researchers reported that the activities of reactive
oxygen species (ROS)-scavenging enzymes increased with increasing
ozone (Nali et al., 2004), whereas other authors found that enzyme
activities decreased (Polle et al., 1993; Then et al., 2009). The changes
of antioxidants induced by O3 exposure was largely due to the varied
dose and the duration of O3 exposure (Nali et al., 2004). Therefore, the
dose-responses of leaf structural and physiological traits and leaf nu-
trient status to O3 and their role in the O; sensitivity among woody
plants species is still unclear.

Although the O; effect on some deciduous broadleaved species (e.g.,
Li et al., 2016) and needle leaf species (Polle et al., 1993; Then et al.,
2009) has been widely studied, little research has been conducted on
subtropical evergreen species in China (Zhang et al., 2012; Yu et al.,
2017; Feng et al., 2019), which creates a knowledge gap that limits the
understanding of this important part. Further studies are needed to
determine the responses of O3 on broadleaf evergreen tree species (e.g.,
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Elaeocarpus sylvestris (Lour.) Poir and Michelia chapensis Dandy) that are
endemic to particular regions where background Oz concentrations
exceed the thresholds (GB3095-2012) for forest protection in South
China. E. sylvestris and M. chapensis are two dominant tree species in
secondary evergreen broadleaf forests of the subtropical zones of China.
With the increasing background Os; concentration in China, the re-
sponses of elevated O3 concentrations on the forests in the subtropical
zone have received considerable attention from scientists, especially the
dominant species.

Little is known regarding the species-specific tolerance of the two
dominant species to Os. Furthermore, comprehensive studies on as-
sessment of dose-relationship for these two species are currently little.
We studied the effects of ozone fumigation on the biochemical, phy-
siological and morphological traits of E. sylvestris and M. chapensis in
field-established open-top chambers (OTCs). The objectives were to 1)
reveal the effects of O3 fumigation on the biomass allocation, photo-
synthetic and physiological characteristics, and nutrient availability of
E. sylvestris and M. chapensis and 2) compare the pleiotropic adaptive
responses, dose-responses and O sensitivity of the two dominant tree
species in the subtropical mountainous regions of China. Our first hy-
pothesis was that the seedlings with higher leaf mass per area (LMA)
would be more tolerant to Os. Second, we hypothesized that different
changes in antioxidants would also affect the tolerance to Os.

2. Material and methods
2.1. Ogzone fumigation and plant materials

The study site was located at the campus of the South China
Agricultural University, Guangzhou, China (N 23°8’, E 113°17’°). The
experimental area has a humid subtropical monsoon climate. The an-
nual mean temperature was 22.3 °C and the annual precipitation was
2015.4 mm (Guangzhou Central Meteorological Observatory, 2015).
The OTCs for the four O3 conditions was hexagonal. The size was
11.7 m? (side length 1.5 m and height 2.0 m). The CFY5 oxygen con-
centrator (Shanmeishuimei Co., Ltd) and COM-AD-01 O3 generator
(Anseros, Germany) were used for producing Os. In addition, the
charcoal-filtered ambient air was also used for mixing the four O3
condition in the OTCs. Chamber O; conditions were monitored at
10 min intervals for every OTC using a GT903-O3 monitor (Keernuo
Co., China). The whole-plot treatment comprised four O3 concentra-
tions: charcoal-filtered air (CF) (20 ppb), 1 x Oj3 air (40 ppb), 2 X O3
air (80 ppb), and 4 x Os air (160 ppb), respectively. The four condi-
tions were randomly assigned and applied to each OTC. The 8-h mean
O3 concentration of the CF, 1 X O3, 2 X O3 and 4 X O3 treatment
groups during the fumigation period were 19.2, 38.7, 77.6 and
156.3 ppb, respectively. The AOT40 (accumulated O3 exposure over a
threshold of 40 ppb) by the end of the fumigation in these treatments
were 3.4, 25.8, 74.9 and 144.8 ppm h, respectively. The 40 one-year-
old seedlings (around 49 and 44 cm height for Elaeocarpus sylvestris and
Michelia chapensis, respectively) were individually planted in 40 pots
(diameter 16 cm and height 17 cm) filled with peat and yellow forest
soil and grown in the OTCs. The seedlings were under well-watered
condition during the experiment. Plants were fumigated from March 1
to December 30, 2013 (a ten month experimental period) with a daily
maximum exposure of 8 h (from 09:00 to 17:00) when there was no
rainfall.

2.2. Plant biomass

At the end of the experiment (December 30, 2013), fifteen plants
per species were randomly collected from each OTC, and the leaves,
stems and roots were sampled. The dry weight was measured after
drying the seedlings in a forced-air dryer at 70 °C to a constant weight.
The dry weights of the stem, leaves and roots were used to calculate the
root/shoot (R/S) (stem + leaves) ratio.
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2.3. Gas exchange and chlorophyll a fluorescence

Gas exchange measurements and chlorophyll a fluorescence mea-
surement were performed on the plants treated with different O3 con-
centrations at the end of the experimental period (December 30, 2013).
The five seedlings of every treatment were randomly chosen, and the
three fully expanded current-year leaves of every seedling were mea-
sured. Data on the light-saturated net photosynthesis rate (P,max), Sto-
mata conductance (Gg) and internal CO, concentration (C;) were col-
lected using LI-COR LI-6400 photosynthesis system (Lincoln, America).
All parameters were measured under a photosynthetically active ra-
diation of 1000 pumol (photon) m~2 s, leaf temperature of 20-25 °C
and 400 pumol (CO5) mol ™! (Cp.

Chlorophyll o fluorescence parameters were assessed using Heinz
Walz PAM-2500 fluorimeter (Effeltrich, Germany) at the end of the
experiment. The sun-lit leaves were covered with an opaque paper bag
for 1 h, and then, the minimal fluorescence (Fj) in the dark-adapted
state was measured. A saturating pulse of irradiation of
2000 pmol m~2 s~ was applied for 3 s to measure the maximal
fluorescence (F,,) in the dark-adapted state. Then, the leaves were il-
luminated with actinic light (300 pmol m~2s™ 1) for 10 min in order to
measure minimum fluorescence (F,’), maximal fluorescence (F’), and
steady-state fluorescence (F;). The following parameters were de-
termined: The maximum quantum efficiency of PSII (F,/Fy,) =(F-Fp)/
F,), the maximum quantum yield of PSII in the light-adapted state (F,”/
F.) =(Fy- Fy)/Fy’, the effective quantum yield of PSII photo-
chemistry [Y(II) = (Fy'-Fs)/Fu’], electron transport rate (ETR Y
(I) X 0.5 x absorbance x PPFD, PPFD: 300 pmol m~2 s~ ! absorbance
was measured by Heinz Walz PAM-2500 fluorimeter directly) and non-
photochemical dissipation of absorbed light energy [NPQ = F,,/F,’-1].

2.4. Leaf traits

The leaf traits of the mature fresh leaves of seedlings, such as
chlorophyll, carotenoid, superoxide dismutase (SOD) activity, mal-
ondialdehyde (MDA), soluble protein, leaf carbon (C), nitrogen (N),
phosphorus (P) and leaf mass per area (LMA), were determined at the
end of the experimental period (December 30, 2013).

The chlorophyll and carotenoid contents were determined by the
method of Lichtenthaler (1987).

SOD activity was determined according to the method provided by
the nitroblue tetrazolium (NBT) photoreduction method (Chen and
Wang, 2002). MDA was determined by the thiobarbituric acid method
of determination (Chen and Wang, 2002). Soluble protein content was
determined by the Coomassie Brilliant Blue G-250 method (Li, 2000).

Plant C concentrations were determined with a combustion/non-
dispersive infrared gas analyzer (Shimadzu TOC 5000 A Total Organic
Carbon Analyzer, Kyoto, Japan). The leaf N and P were determined by
the alkali hydrolysis method and molybdenum-antimony-D-isoascorbic-
acid-colorimetry, respectively (ISSCAS, 1978). Fifteen leaves were
collected to determine the leaf mass per area (LMA) and the N content
in the leaves (December 30, 2013). The LMA was calculated from the
area and dry mass of the leaves (g m~2). We calculated the area-based
N content (N,.ea) as the product of the leaf N and LMA and the pho-
tosynthetic nitrogen-use efficiency (PNUE) as Pyayx divided by Nyrea.

2.5. Statistical analysis

A completely randomized experimental design was adopted. All
data analyses were performed using the statistical software IBM SPSS
Statistics 20. For each biomass parameter and physiological and bio-
chemical variables, data were analyzed using a two-way ANOVA. Here,
O3 and tree species served as the main fixed factors plus an O3 X tree
species interaction term. Comparisons between the O3 treatment groups
were analyzed using one-way ANOVA followed by the Tukey HSD post
hoc test (different letters denote a significant difference among the four
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Table 1

Effects of O3, tree species, and their interactions on biomass allocation, leaf gas
exchange, chlorophyll fluorescence parameters, and physiological and bio-
chemical traits.

Parameters O3 Tree species O3 x Tree species

1 Total biomass < 0.001 0.033 0.21

2 Leaf biomass < 0.001 0.30 0.28

3 Stem biomass < 0.001 0.97 0.81

4 Root biomass 0.003 < 0.001 0.62

5 LWR 0.029 0.78 0.093

6 SWR < 0.001 < 0.001 0.40

7 RWR < 0.001 < 0.001 0.16

8 R/S ratio < 0.001 < 0.001 0.071

9 Prnas 0.22 0.018 0.78

10 G, 0.009 < 0.001 < 0.001
11 G 0.44 < 0.001 < 0.001
12 Fy/Fp < 0.001 0.035 0.14

13 F,/Fy' < 0.001 0.085 0.39

14 YD) < 0.001 < 0.001 < 0.001
15 ETR < 0.001 < 0.001 < 0.001
16 NPQ < 0.001 0.072 0.48

17 Chlorophyll content < 0.001 < 0.001 < 0.001
18 Carotenoid content < 0.001 < 0.001 < 0.001
19 MDA < 0.001 < 0.001 < 0.001
20 SOD < 0.001 < 0.001 < 0.001
21 Soluble protein < 0.001 < 0.001 0.011
22 Leaf C content < 0.001 < 0.001 < 0.001
23 Leaf N content < 0.001 < 0.001 < 0.001
24 Leaf P content < 0.001 < 0.001 < 0.001
25 Leaf C/N ratio < 0.001 < 0.001 < 0.001
26 LMA < 0.001 < 0.001 < 0.001
27 Narea < 0.001 < 0.001 < 0.001

treatment groups at P < 0.05).
3. Results
3.1. Plant biomass allocation

Across all measurements, levels of total biomass, leaf biomass, stem
biomass and leaf dry weight ratio (LWR) differed significant among O3
treatments with no significant differences in the species and the inter-
actions (Table 1, Figs. 1 and 2). The root biomass, stem plus branch dry
weight ratio (SWR), root dry weight ratio (RWR) and R/S ratio were
significantly affected by O3 and species but not in interactions between
O3 and species (Table 1). The SWRs of both species showed a sig-
nificantly increasing trend, while the root biomass, total biomass, RWR
and R/S ratio significantly decreased (Figs. 1 and 2).

3.2. Leaf gas exchange and fluorescence parameters

Significant differences in G, Y(II), ETR, chlorophyll and carotenoid
contents were detected in response to Os, species and their interaction
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(Table 1, Fig. 3). For E. sylvestris, exposure to elevated O3 levels sig-
nificantly decreased G; and C; at the end of the experimental period
(Fig. 3). Exposure to the 4 X Oj concentration (160 ppb) significantly
decreased the P« of E. sylvestris. For both species, the F,'/F,’, Y(II)
and ETR decreased with increasing Os; concentration, while NPQ in-
creased (Fig. 3). Relative to CF, the chlorophyll and carotenoid contents
of the 4 x O3 concentration group significantly decreased 58.7% and
40.7%, respectively, in E. sylvestris and 38.7% and 24.1%, respectively,
in M. chapensis (Fig. 3).

3.3. Leaf physiological and biochemical traits

Significant differences in physiological and chemical parameters
were demonstrated in response to Os, tree species and the interaction
between them (Table 1, Fig. 4). Relative to CF, the MDA of the 4 X O;
concentration group significantly increased 65.9% and 117.4% in E.
sylvestris and M. chapensis, respectively (Fig. 4). SOD levels in the CF
treatment group of E. sylvestris significantly increased compared with
other treatments, while that of M. chapensis significantly increased and
then decreased. Relative to CF, SOD levels in the 4 X O; concentration
group significantly decreased by 36.0% and 25.4% in E. sylvestris and
M. chapensis, respectively. O3 caused a significant reduction in the so-
luble protein of E. sylvestris. For both species, O3 caused a significant
reduction in leaf C/N ratio and an increase in leaf N, P and N, by the
end of the experimental period. Exposure to elevated O3 conditions
significantly decreased LMA of E. sylvestris but increased that of M.
chapensis.

4. Discussion
4.1. Biomass allocation

Several previous studies have demonstrated a significant reduction
in root biomass (King et al., 2005; Vollsnes et al., 2010) and whole plant
biomass under elevated ambient O3 concentration (Diaz-de-Quijano
et al., 2012; Yu et al., 2017), which is consistent with the results of this
study (Table 1, Fig. 1). Exposure to elevated O3 concentration reduced
the root biomass of E. sylvestris and M. chapensis by 28-40% and
12-25%, respectively, which led to a significant reduction in the R/S
ratio and RWR and an increase in the SWR (Table 1, Fig. 2). Typically,
exposure to O3 leads to a shift in biomass allocation in the above-
ground part of a tree species with an indeterminate growth pattern
(Hoshika et al., 2013Matyssek et al., 2010;Hoshika et al., 2013;
Agathokleous et al., 2015). Shorter and less branched roots in exposed
plants cause an alternation of source-sink balance, which can be at-
tributed to a decrease in the carbon translocation to roots and maintains
a certain net photosynthesis in the shoots (Gimeno et al., 2004;
Agathokleous et al., 2015). As noted in Table 1, the lack of interaction
between O3 and species suggested that the influences of O3 on these
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Fig. 1. Biomass of E. sylvestris (Es) and M. chapensis (Mc) grown under ozone stress in December 2013. Different letters indicate that the means are significantly
different between ozone treatments. Error bars represent standard deviations of means (n = 15).
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Fig. 2. Leaf dry weight ratio (LWR), stem plus branch dry weight ratio (SWR), and root dry weight ratio (RWR) relative to the whole dry plant weight and R/S ratio of
E. sylvestris (Es) and M. chapensis (Mc) grown under ozone stress in December 2013. Error bars represent standard deviations of means (n = 15).

parameters were fairly constant for tree species seedlings, i.e., the re-
lative impacts of O3 on biomass accumulation and allocation did not
change with different tree species. The decrease in root accumulation
induced by O3 fumigation might affect the efficient use of water and
nutrients to the aboveground portion of the plant. The changed root/
shoot balance might negatively affect the productivity and function of
terrestrial ecosystems, especially when the trees are exposed to elevated
background O; for growing seasons.

4.2. Leaf photosynthetic and chlorophyll fluorescence parameters, and
physiological and biochemical traits

Significant differences in G, Y(II), ETR, chlorophyll and carotenoid
content were found in response to Os, species and the interaction
(Table 1, Fig. 3), indicating that negative effects of elevated O; were
strongly dependent on tree species, as showed by greater effects of
elevated O3 on E. sylvestris than M. chapensis. The decreased as G and C;
values of E. sylvestris (Hoshika et al., 2013) Py« declined under ele-
vated O3 conditions (Fig. 3), indicating that P,y downregulation was
probably caused by a G reduction-induced C; decrease. When the gas
levels increased, the decrease in Gy may be a significant adaptive
strategy, which hinders O3 entering into the leaves via the stomatal
apertures, which is consistent with previous studies in other plants
(Guidi et al., 2001; He et al., 2007; Yan et al., 2010; Huntingford et al.,
2018).

The general tendency of change observed in Os-exposed seedlings
involved reductions in F,’/F,’, Y(II) and ETR and an increase in NPQ
(Fig. 3), reflecting the occurrence of more damage. Previous studies
suggested that the decline of Y(II) might reflect a downregulatory
process related to limitation of the Calvin cycle, which implies irre-
versible damage to the light harvesting system or noncyclic electron
transport by O3 (Calatayud et al., 2007; Li et al., 2017). But significant
decreases in chlorophyll and carotenoid contents in both species in this
study suggested that the chloroplast ultrastructure and photosynthetic
pigments were impaired, especially in E. sylvestris, which could lead to

the decline of photosynthetic efficiency and relative electron transport
rate (Alonso et al., 2001; Calatayud et al., 2003). Therefore, these re-
sults indicats that CO, assimilation decline mainly attributes to the
occurrence of fluorescence impairment, instead of photoinhibitory da-
mage in PSII reaction centers.

O3 enters in plants and generates reactive oxygen species (ROS).
Antioxidative compounds localized in the apoplast are potential sca-
vengers of ROS and considered as critical components in plant re-
sponses against O3 stress (Chaudhary and Agrawal, 2015; Vainonen and
Kangasjarvi, 2015). The increase in MDA indicates enhanced levels of
lipid peroxidant in Oz fumigation seedlings of both species (Fig. 4).
Some studies reported an Osz-induced increase in the synthesis of ROS-
scavenging enzymes to mop up the highly reactive and membrane-da-
mage molecules (Conklin and Barth, 2004; Kangasjarvi et al., 2005;
Vainonen and Kangasjarvi, 2015), while a study found decreasing ROS-
scavenging enzymes with increasing Oz (Biswas et al., 2010). In this
study, the significant decrease in SOD activity of E. sylvestris seedlings
under ozone fumigation and the 4 X Oj treatment groups of M. cha-
pensis seedlings (Fig. 4), which suggested higher oxidative stress in the
seedlings potentially beyond the capacity of antioxidants to detoxify
Os-induced ROS sufficiently to protect photosynthetic apparatus. This
could lead to aggregation of the Os-induced increase in ROS production
and potential leaf senescence (Yan et al., 2010).

N is an important component of the chlorophyll structure and
stromatic enzymes, mainly Rubisco (Calatayud et al., 2007). Some
studies suggest that in the presence of Os;, the maintenance of basic
plant functions increases proteolysis activity and necessitates a faster
protein turnover rate, which subsequently imposes an elevated demand
for energy and nutrients (Manderscheid et al., 1992; Inclan et al.,
2011). Thus, the improvement of internal nutrient translocation related
to repair or compensatory processes in the prematurely senescing fo-
liage of the declining trees induced by O3 would enhance the avail-
ability of N for redistribution to the newly flashed leaves (Temple and
Riechers, 1995; Guan and Wen, 2011). Therefore, higher leaf N and P in
both species (Fig. 4), which were induced by the cumulative effects of
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O3 exposure, were considered as compensatory responses in the seed-
lings to reduce the negative effects of O3 exposure on nutrient ab-
sorption.

For E. sylvestris, exposure to O3 induces a reduction in the leaf so-
luble protein and the of total N use efficiency for soluble protein con-
tent and causes a decrease in photosynthetic parameters, which are in
line with the findings in some previous studies (Yamaguchi et al., 2010;
Watanabe et al., 2013). Some studies suggested that Os-induced re-
duction in Rubisco content without reduction in N content (H&aikio
et al., 2009; Watanabe et al., 2018). Given the increase in structural
protein nitrogen, the N content allocated to plant photosynthetic me-
chanisms decreased under elevated O3, which reduced the PNUE (Guan
and Wen, 2011; Watanabe et al., 2013). Therefore, the decrease in the
soluble protein and the increased foliar N content and N, of both
species under elevated O3 concentration exposure in this study (Fig. 4)
indicated that more N allocation to structural protein was utilized to
build structural defenses instead of altering photosynthesis capacity.

4.3. O3 adaptability strategy and compensatory mechanisms

A significant interaction between O3 and tree species was showed in
all physiological and biochemical traits (Table 1). The Pyax of E. syl-
vestris seedlings under exposure to the 4 X O3 concentration (160 ppb)
significantly decreased. In contrast, there was no significant difference
in Gs and P« for the M. chapensis seedlings treated with different O3
levels, suggesting that the adaptability strategy for O3 was strongly
dependent on tree species. It should be noted that as O3 concentration
increased, the LMA of E. sylvestris decreased but that of M. chapensis
increased, which was likely due to a compensatory increase in the
mesophyll tissues density and/or leaf thickness (Dai et al., 2017). Plant
sensitivity to O3 was correlated with Oz uptake, leaf physiological
properties, internal resource allocation for defense, repairs, and the
compensatory strategies for reducing O; damage (Wieser and Matyssek,
2007; Agathokleous, 2018). The increase in leaf thickness enhanced the
foliage assimilation capacity per unit area and sustained a high level of
photosynthesis under elevated O3 (Niinemets, 1999). Furthermore, the
increased LMA indicated a higher apoplastic leaf fraction, suggesting
that a decreased O3 uptake and oxidative products reached the plas-
malemma (Dizengremel et al., 2013). The needle-leaf evergreen species
and broadleaf deciduous species with high LMA are less sensitive to O3
(Feng et al., 2018). A lower O3 load and internal O3 exposure per unit
leaf mass (Li et al., 2016; Feng et al., 2018) due to the increased LMA
can account for the high O3 tolerance and low sensitivity of M. chapensis
to O3 fumigation in terms of leaf biomass, leaf gas exchange and
fluorescence parameters, which was consistent with our first hypoth-
esis. E. sylvestris seedlings used stomatal closure as a defense barrier
against O3 uptake, while M. chapensis seedlings increased LMA, prob-
ably leading to a dilution of O3 and ROS within the leaf cells. In ad-
dition, for M. chapensis, the larger increase in MDA for lipid peroxida-
tion and the smaller decreases in antioxidants (carotenoid content and
SOD) led to smaller decreases in leaf biomass, total biomass, P,max and
chlorophyll a fluorescence parameters (Fy,/F,, F,’/Fn’, YAII) and ETR)
than E. sylvestris. These findings indicated that the higher antioxidant
activities improved the tolerance of seedlings to O3, which supports our
second hypothesis.

Some studies reported that the susceptibility of plants to O3 effects
varied among species with different growth patterns probably due to
their distinct compensatory mechanisms (Manninen et al., 2009). E.
sylvestris exhibited a determinate-like growth pattern with the rapid
height growth of the seedlings ceasing in early June (Dong et al., 2016).
Compared with E. sylvestris, M. chapensis had a longer vegetative period,
which was from May to November every year (Yu et al., 2012). Com-
pared with M. chapensis, the rapid phenological development and de-
terminate growth pattern of E. sylvestris suppressed the compensatory
growth in its shoots and leaves in response to Oj stress. Furthermore, M.
chapensis has high cold tolerance and is naturally distributed in valleys
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at elevations from 500 to 1500 m, while E. sylvestris is naturally dis-
tributed in the hilly area at elevations below 1000 m (Editorial
Committee of Flora of China, 1996). The high Os tolerance of M. cha-
pensis corresponded with the average O3 levels in the species’ natural
environments because of the higher average O3 levels in the higher
elevation of the mountainous area (Jin et al., 2008).

5. Conclusions

In this study, Os-induced effects on two representative evergreen
broad-leaved tree species native to South China, E. sylvestris and M.
chapensis, were studied for the first time. The significant decrease in the
R/S ratios of both species indicated that Os stress shifted the allocation
of biomass to the aerial part rather than below-ground part. The re-
ductions in F,/Fy, F,’/F,’, Y(II) and ETR and an increase in NPQ sug-
gested that fluorescence impairment occurred in both species, which
ruled out the photoinhibitory damage of O3 to the PSII reaction centers
and noncyclic electron transport. A significant interaction between O;
and tree species was showed in all physiological and biochemical
parameters, indicating that negative effect of O3 stress was strongly
dependent on tree species, as demonstrated by greater effects of O3 on
E. sylvestris than M. chapensis. M. chapensis showed high O3 tolerance
during the ten-month experimental period as indicated by the leaf
biomass, photosynthetic, physiological and fluorescence parameters
(F,’/Fy’, Y(II) and ETR). Compared to E. sylvestris, the higher SOD ac-
tivity as a hormetic-compensatory mechanism, the increase in the LMA
and its longer vegetative period of M. chapensis contributed to the high
tolerance of this species to Oj stress.
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