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a b s t r a c t

Tropospheric ozone (O3) pollution frequently overlaps with drought episodes but the combined effects
are not yet understood. We investigated the physiological and biomass responses of an O3 sensitive
hybrid poplar clone (‘546’) under three O3 levels (charcoal-filtered ambient air, non-filtered ambient air
(NF), and NF plus 40 ppb) and two watering regimes (well-watered (WW) and reduced watering (RW),
i.e. 40% irrigation) for one growing season. Water stress increased chlorophyll and carotenoid contents,
protecting leaves from pigment degradation by O3. Impairment of photosynthesis by O3 was also reduced
by stomatal closure due to water stress, which preserved light-saturated CO2 assimilation rate, and the
maximum carboxylation efficiency. Water stress increased water use efficiency of the leaves while O3

decreased it, showing significant interactions. Effects were more evident in older leaves than in younger
leaves. Water stress reduced biomass production, but the negative effects of O3 were less in RW than in
WW for total biomass per plant. A stomatal O3 flux-based dose-response relationship was parameterized
considering water stress effects, which explained biomass losses much better than a concentration-based
approach. The O3 critical level of Phytotoxic Ozone Dose over a threshold of 7 nmol O3.m�2.s�1 (POD7) for
a 4% biomass loss in this poplar clone under different water regimes was 4.1 mmol m�2. Our results
suggest that current O3 levels in most parts of China threaten poplar growth and that interaction with
water availability is a key factor for O3 risk assessment.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Tropospheric ozone (O3) is a phytotoxic air pollutant causing
negative effects on crops and forests (Avnery et al., 2011; Felzer
et al., 2005; Feng et al., 2014, 2015). In China, regional O3 pollu-
tion is assumed of great environmental concern as hourly
maximum O3 concentration may reach values as high as
164e316 ppb (Feng et al., 2015). Furthermore, tropospheric O3
levels in the summer months are expected to increase by 1e10 ppb
over the coming decades in polluted regions of theworld (Jacob and

Winner, 2009), while background O3 levels are estimated to rise up
to 80 ppb in 2100 (IPCC, 2013) with peak episodes that will occa-
sionally exceed 200 ppb (Richet et al., 2012). Elevated O3 levels have
detrimental effects on vegetation (The Royal Society, 2008; Wittig
et al., 2009), lowering plant resilience, competitiveness and car-
bon sequestration, and inducing yield and biomass losses
(Broadmeadow, 1998; Edwards and Zak, 2011; Karnosky et al.,
2005).

During the present and last century, many parts of the world
(Dai, 2011; Mishra and Singh, 2010) including China (Qiu et al.,
2013; Xiao et al., 2009) have experienced widespread drought ep-
isodes that significantly affected global terrestrial net primary
production (NPP) (Zhao and Running, 2010) and ecosystem carbon
exchange processes (Krishnan et al., 2006; Rambal et al., 2003).
Furthermore, climate change is raising temperature and increasing
frequency and intensity of drought in many regions, particularly
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during the summer and normally drier months (IPCC, 2013). In
many parts of the world, high O3 levels are concurrent with water
stress periods, as it is the case of theMediterranean area in summer
(Alonso et al., 2014; Grulke et al., 2002), southern Appalachian
forest (USA) at mid-July (McLaughlin et al., 2007), or Central Europe
in the exceptionally dry year 2003 (Matyssek et al., 2006). As these
episodes are expected to be exacerbated in the future (IPCC, 2013;
Katul et al., 2012; Matyssek et al., 2014), the interactive effect of O3
and water stress on trees is a matter of current and future concern
(Matyssek et al., 2006; Nikolova et al., 2010).

Co-occurrence of two or more stresses may result in additive
effects, but frequently plants respond in a non-additive manner,
producing effects that could not have been predicted from the
study of either stress individually (Atkinson and Urwin, 2012). In
the case of O3 and water stress, stomata play an important role, as
O3 enters the plant through the stomata, while water vapour es-
capes through them, and it has been proposed that water stress
may exert a protective effect against O3 (Bohler et al., 2013). So far,
several studies have been carried out addressing the effects of O3 in
interaction with water stress on trees. However, contrasting re-
sponses have been found. For deciduous species, several studies on
Japanese beech (Fagus crenata Blume), European beech (F. sylvatica
L.) and pedunculated oak (Quercus robur L.), did not show any sig-
nificant interaction in terms of photosynthesis, growth or biomass
(Kuehn et al., 2015; L€ow et al., 2006; Pollastrini et al., 2010;
Yonekura et al., 2004). Interactive effects on transpiration and
stomatal conductance were observed by Shimizu and Feng (2007)
on Erman's birch (Betula ermanii Cham.), but not on biomass. On
the contrary, interactive effects on pigment contents and also on
biomass were found in a maple (Acer truncatum Bunge) by Li et al.
(2015). Results from birch also revealed that experimental condi-
tions may have an effect on the observed responses, as drought
protected plants from O3 injury in a chamber experiment, while an
increase of O3 injury was observed under milder drought condi-
tions in an open-field experiment (P€a€akk€onen et al., 1998a,b). A
comprehensive understanding of the combined processes is still
limited, given the variability of responses between species and
even clones. Also foliar responses may differ depending on the
target leaf position and growth stage, further increasing the het-
erogeneity of the results, e.g. in terms of activity of antioxidant
enzymes, photosynthetic capacity, chlorophyll a fluorescence, cell
structure, leaf gas exchange and stable isotope ratios (Alonso et al.,
2001; Beyers et al., 1992; Desotgiu et al., 2012; Kivim€aenp€a€a et al.,
2003; L€ow et al., 2006; Pollastrini et al., 2014). Although the im-
pacts of current and future tropospheric O3 on tree biomass,
growth, physiology and chemistry were quantified by a meta-
analysis, Wittig et al. (2009) failed to provide conclusive insights
into the interaction of drought and O3, as well as its magnitude or
significance for current O3 levels, due to gaps in these types of
studies. For these reasons, it is important to test the interactive
responses of O3 and water stress in a large number of species and
clones under the current and future climatic conditions of the
territory where they grow.

Given their sensitivity to O3 (Bortier et al., 2000; Hu et al., 2015;
Novak et al., 2005) and water stress (Monclus et al., 2006; Zhang
et al., 2004), poplar species are of particular interest for studies
on interactions between these two factors. However, available in-
formation on O3 response relationships for poplar from experi-
ments considering both factors is still limited (Desotgiu et al., 2013;
Pollastrini et al., 2014), and in none of them the stomatal O3 flux
approach has been applied so far. While response relationships
have been derived in the past using exposure-based metrics (e.g.
AOT40, Fuhrer et al., 1997; Holland et al., 2002), a newgeneration of
response relationships are being currently developed using the
stomatal O3 flux approach (Büker et al., 2015; Hu et al., 2015;

Karlsson et al., 2007) which relies on the O3 uptake by the plant
rather than on the O3 concentrations in the air (CLRTAP, 2015).

The first objective of the present paper is to assess the physio-
logical and biomass responses to O3 in combination with water
stress at leaf and plant level in a poplar clone widely cultivated in
China. We postulate a protective effect of water stress against O3
and that the interactive effects of both factors may depend on leaf
age. The second objective is to compare exposure-based and flux-
based metrics for establishing O3 critical levels for sensitive spe-
cies in Asia taking into account water stress interactions with O3.
We postulate that a flux-based risk assessment would better ac-
count for the effects of water stress on O3-induced biomass losses
than an exposure-based approach.

2. Materials and methods

2.1. Experimental site and plant material

The experiment was conducted in open-top chambers (OTCs)
assembled at the Seed Station Field of Changping, Northwest Bei-
jing (40�190N, 116�1300E), China. The region has a semi-humid
continental climate, with an annual mean temperature of 11.8 �C,
and a total annual precipitation of 550 mm measured in 2015 (Hu
et al., 2015). Rooted cuttings of the O3-sensitive hybrid poplar
clone ‘546’ (Populus deltoides cv. ‘55/56’ � P. deltoides cv. ‘Imperial’)
were cultivated in a greenhouse in early March 2015, and moved to
the Station on 2 May 2015, when they were transplanted into in-
dividual 20 l circular plastic pots filled with local light loamy
farmland soil. Leaf number, height and stem diameter of all the
seedlings were measured on 27 May. Similar-size plants were
selected, randomly distributed in nine OTCs (10e12 plants per
chamber), and pre-adapted to chamber conditions for 10 days
before O3 fumigation. No additional fertilization was applied and
some plants were occasionally treated with a pesticide when in-
sects were detected.

2.2. Ozone and water stress treatments

Plants were exposed to three O3 treatments: charcoal-filtered
ambient air (CF), non-filtered ambient air (NF), and NF with tar-
geted O3 addition of approximately 40 ppb (E-O3) in three repli-
cated chambers. The last treatment simulates a future scenario for
China (Feng et al., 2015;Wang et al., 2012). Fumigation lasted for 96
days, from 5 June to 8 September 2015. Ozone was generated from
pure oxygen by an O3 generator and simultaneously mixed with
ambient air as described in Hu et al. (2015) to achieve the target O3
concentrations. Daily O3 fumigation was from 08:00 to 19:00 (5
June-13 July) or 9:00 to 18:00 (14 July-8 September), in order to
adapt to the local seasonal daylight period.

Ozone concentrations inside the OTCs were continuously
monitored using an UV absorption O3 analyzer (Model 49i, Thermo
Scientific, USA), via a Teflon solenoid valve switch system, which
collected air from sampling points at approximately 10 cm above
the plant canopy during the whole experiment. The analyzer was
calibrated with a 49i-PS calibrator (Thermo Scientific, USA) before
the experiment and once a month during the experiment. Mean O3

concentration during the growing season was 33.5 ± 2.4 ppb
(mean ± 95% CI, Confidence Interval) in the CF treatment,
51.1 ± 4.1 ppb in the NF treatment, and 78.2 ± 5.5 ppb in the E-O3
treatment (Fig. S1). The monthly averages, peak concentrations and
AOT40 (accumulated daytime O3 exposure over an hourly threshold
of 40 ppb) values for each treatment are shown in Table S1. The
monthly average of daily O3 concentration in NF was 59.5, 58.3 and
41.6 ppb, and peak daily concentration reached 109, 93 and 72 ppb
in June, July and August, respectively. The charcoal filtration
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