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• Effects of O3 pollution on poplar were
quantiﬁed by a meta-analysis.
• Current [O3] has reduced photosynthesis (33%) and total biomass (4%).
• High [O3] (88 ppb) signiﬁcantly reduced
the isoprene emission rate by 34%.
• Relationships of Asat, Chl and biomass
with the exposure metric AOT40 are
provided.
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a b s t r a c t
The effects of current and future elevated O3 concentrations (e[O3]) were investigated by a meta-analysis for poplar, a widely distributed genus in the Northern Hemisphere with global economic importance. Current [O3] has
signiﬁcantly reduced CO2 assimilation rate (Pn) by 33% and total biomass by 4% in comparison with low O3
level (charcoal-ﬁltered air, CF). Relative to CF, an increase in future [O3] would further enhance the reduction
in total biomass by 24%, plant height by 17% and plant leaf area by 19%. Isoprene emissions could decline by
34% under e[O3], with feedback implications in reducing the formation of secondary air pollutants including
O3. Reduced stomatal conductance and lower foliar area might increase runoff and freshwater availability in O3
polluted areas. Higher cumulated O3 exposure over a threshold of 40 ppb (AOT40) induced larger reductions
in Pn, total biomass and isoprene emission. Relationships of light-saturated photosynthesis rates (Asat), total biomass and chlorophyll content with AOT40 using a global dataset are provided. These relationships are expected
to improve O3 risk assessment and also to support the inclusion of the effect of O3 in models addressing plantation productivity and carbon sink capacity.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Poplars are one of the most economically important trees in temperate areas of the world (Weisgerber and Han, 2000). They provide
raw material supplies for industrial processing (e.g., pulp, paper,
engineered wood products, pallets, furniture and increasingly
bioenergy) and valuable non-wood products (e.g. livestock fodder
or medicinal extracts). Furthermore, as fast-growing species, poplars sequester carbon faster than many other woody plants, thus
contributing to the mitigation of climate change effects (Liang
et al., 2006). Natural forests and woodlands host 91% of the poplar
resources, while plantations represent a 6% and agroforestry systems a 3% (Balatinecz et al., 2014). The total area of poplars in the
world is 79.1 million ha and the total area of poplar plantations is
5.3 million ha (FAO, 2009).
Despite signiﬁcantly control efforts and legislation to reduce its
precursor emissions, tropospheric ozone (O3) is the most important
air pollutant in terms of adverse effects on natural vegetation and
cultivated crops (Feng and Kobayashi, 2009; Li et al., 2017; The
Royal Society, 2008), and it is also of primary interest due to its
strictly relation with climate change (Ochoa Hueso et al., 2017;
Lefohn et al., 2018). A recent analysis based on measured data from
air quality stations has shown that the increasing trend in [O3] observed since the 19th century has stopped in Europe and other
parts of the world (Cooper et al., 2014) but, on the contrary, [O 3]
are still increasing in Asia due to rising NO2 emissions (Cooper
et al., 2014; Feng et al., 2015). Compared to 2000, the relative
changes in the mean tropospheric O3, estimated using an ensemble
of 15 models, will be −4%, 2%, 1% and 7% in 2030, and −16%, −7%,
−9% and 18% in 2100, for IPCC scenarios RCP2.6, RCP4.5, RCP6.0
and RCP8.5, respectively (Young et al., 2013).
The effects of O3 on poplar have been documented in many studies, and poplars are considered to be rather O3 sensitive plants with a
variable sensitivity among clones (Berrang et al., 1991; Dumont
et al., 2014; Hu et al., 2015; Karnosky et al., 1996; Shang et al.,
2017). Common effects of this pollutant on poplar were an onset of
visible leaf injuries (Marzuoli et al., 2009; Novak et al., 2003), an impairment of photosynthetic processes (e.g., Shang et al., 2017; Yun
and Laurence, 1999), a decrease in growth (e.g., Mäenpää et al.,
2011; Volin et al., 1998) and biomass production (e.g., Hu et al.,
2015; Nikula et al., 2009), but also reductions in isoprene emission
(e.g., Calfapietra et al., 2008; Yuan et al., 2017) and changes in the
chemical composition of leaves and wood (e.g., Häikiö et al., 2009;
Seija et al., 2010). However, despite the high economic relevancy of
this widely distributed tree, and its well-recognized O3 sensitivity,
at present there is no review including globally published results
summarizing and quantifying the impact of current and elevated
[O3] (e[O3]).
On the other hand, several modeling studies have considered the
impact of current and future e[O3] on the productivity of the plants
and on the CO 2 land carbon sink, highlighting the importance of
changes in atmospheric chemistry as a driver of twenty-ﬁrstcentury climate change (e.g., Sitch et al., 2007). For modeling approaches, the availability of robust response relationships between
relevant variables such as light-saturated CO 2 assimilation rate
(Asat ), chlorophyll content (Chl) or biomass and [O 3 ] is essential
for estimating the impacts of this pollutant on different plant receptors. Response relationships, especially of biomass in the case of
trees, are also central for risk assessment of the O3 effects (LRTAP,
2017). At present, both exposure- and ﬂux-based response relationships have been proposed for several species (e.g. birch and beech,
Norway spruce) and plant functional types (Büker et al., 2015;
Mills et al., 2007, 2011), including ﬁve poplar clones (Hu et al.,
2015; Shang et al., 2017). However, response functions based on
multiple studies with the potential of being used worldwide are
not available yet for poplar.
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Therefore, the main two objectives of the present paper are to provide a synthesis of the O3 effects on poplar by means of a metaanalytic review and also to develop O3 exposure-response relationships
for key response variables. The following questions are speciﬁcally addressed: 1) to what extent current and future e[O3] affect response variables such as gas exchange, growth, biomass, or nutrient content of
leaves in comparison with low O3 levels? 2)Do the O3 effects differ for
different poplar genotypes, for different O3 exposures (i.e., AOT40, the
accumulated O3 exposure over a threshold of 40 ppb during daylight
hours)?; 3) Can robust exposure-response relationships (AOT40) for selected tree responses indicators (Asat, Chl and biomass) be established
when different poplar species and clones are taken into account?
2. Material and methods
2.1. Database
The database for this meta-analysis was built based on peerreviewed journal articles searched in the Web of Science (ThompsonISI, Philadelphia, PA, USA, http://apps.webofknowledge.com). A search
was done using the key words ‘ozone’ and ‘poplar’ between years
1980 and 2017. To avoid missing relevant references, the reference
lists of any article identiﬁed by the key-word search were crosschecked. Articles and their measurements were excluded if (1) O3 fumigation was shorter than thirty days and therefore not representative of
chronic exposure, (2) the average concentration in elevated [O3] treatment during the experiment was lower than 30 ppb or higher than
150 ppb, (3) the data were reported in another article, (4) the standard
deviation could not be determined or there was no replication, (5) the
data were obtained in free-air O3 fumigation systems (O3-FACE), because the mean [O3] used for the fumigations and the experimental conditions (e.g. rooting environment and plant ages) were very different
from the chambers; (6) The studies were conducted in close chambers,
growth chambers or greenhouses because plant growth conditions
were different from those of experiments carried out in Open-Top
Chamber (OTC), dominant in the dataset; (7) Chlorophyll content
(Chl) was measured by leaf chlorophyll meter SPAD because SPAD
value has a non-linear relationship with Chl; (8) The data of drought
treatment was removed in the interaction study between O3 and
drought. After excluding articles based on these criteria, a total of 43
studies were used for this meta-analysis (Appendix). For each observation of variables, the mean value, the standard deviations and the replication in the control and elevated [O3] treatment were extracted and
entered into the database. Information on mean [O3], genotype, exposure duration and additional treatments in each study was listed in
Table S1. The values of each variable were taken directly from tables
or text or extracted from the graphs using the GetData Graph Digitizer,
version 2.26 (http://getdata-graph-digitizer.com/).
For each variable, values were considered independent if they were
associated to different [O3], to different experiments or to the same experiment but on different dates or years, or to different additional treatments such as e[CO2] and N addition. Treatments with reduced [O3]
through charcoal-ﬁltering ambient air (CF) low O3 level have been
used as control to estimate the O3 effects caused by current [O3] and future e[O3] since those times (e.g., Li et al., 2017; Wittig et al., 2007,
2009).
2.2. Sources of variation
The response of poplar to elevated [O3] was investigated for the following two categories: (a) AOT40 over the entire experiment (0–5,
5–10, 10–15, 15–20, N20 ppm h); (b) genotypes: hybrid vs nonhybrid. The duration of the daily exposure mostly varied from 8 to
10 h, and the mean [O3] in the control and in the treatment was deﬁned
as the hourly average [O3] of the entire exposure period. AOT40 was calculated based on the reported O3 mean values and the fumigation
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period (i.e. ([O3] − 40) × hours per day × days / 1000) if it was not reported in the original paper.

3. Results
3.1. Effects of ambient [O3] relative to CF

2.3. Meta-analyses
The meta-analytical software METAWIN 2.1.3.4 (Sinauer Associates, Inc., Sunderland, MA, USA) was used in order to perform
the meta-analysis (Rosenberg et al., 2000). The natural log of the
response ratio (r = variable in O 3 treatment/variable in control
air) was used as the metric for estimating the treatment effect
(Rosenberg et al., 2000). Following Feng et al. (2008) and Wittig
et al. (2009), the percentage change from the control was calculated as (r − 1) × 100%. Resampling techniques were used for the
calculation of the variance of the effect size, using 9999 iterations
(Feng et al., 2008), while a bootstrap method was used to estimate
the conﬁdence limits around the effect size (Rosenberg et al.,
2000). Effect size estimates were considered signiﬁcant when the
95% conﬁdence intervals (CI) did not overlap zero (Ainsworth
et al., 2002; Feng et al., 2008).
For each category listed in the sources of variation, betweengroup heterogeneity (QB ) was assessed, and if QB was signiﬁcant
(i.e. P value b 0.05), data were subdivided based on the levels of
those categorical variables. Means were considered signiﬁcantly different among them when there was no overlapping of the 95% CI
(Feng et al., 2008). Each category must include a minimum of 10 observations from one study or N8 observations originating from two or
more independent papers, in order to make the results more robust,
following to the previous meta-analysis paper (e.g., Feng et al., 2008;
Wittig et al., 2009).

2.4. Relative responses
To determine the exposure-response relationship, relative responses for Asat, Chl and total biomass were calculated. For consistency among experiments, in the case of repeated measurements,
only the last sampling time was considered for total biomass,
while August or September measurements were selected for A sat
and Chl to account for the cumulative effects of O3. For each variable
and experiment, ﬁrst order regressions of the values of each variable
with the AOT40 values were performed in order to obtain the yintercept (i.e., the hypothetical maximum value of the variable at
zero ozone exposure). For each variable, relative values were subsequently calculated as their actual values divided by their corresponding y-intercept, so that they were comparable on a common
relative scale (Büker et al., 2015; Feng et al., 2018).

Current ambient O3 concentrations (means of 40–50 ppb) induced
signiﬁcant effects in several variables in comparison with CF (means
of 7–27 ppb) (Fig. 1). Compared with CF, current [O3] signiﬁcantly impaired photosynthesis, as indicated by the reduction in CO2 assimilation
rate (Pn) by 33%, Chl by 13% and the maximum quantum yield of PSII
photochemistry (Fv/Fm) by 2%. The stomatal conductance (gs) was also
signiﬁcantly reduced by 25%. Signiﬁcant effects were also observed in
growth and in the biomass of the different plant organs although not
in its partitioning between roots and shoots. Ambient [O3] strongly enhanced leaf senescence, as shown by the reduction in the number of attached leaves (15%) and the total leaf biomass (16%). Plant height and
base diameter were signiﬁcantly reduced by current [O3] by 5% and
18%, respectively, while root, stem and total biomasses were reduced
by 11%, 21% and 4%, respectively.
3.2. Effects of elevated [O3] relative to CF
When the effects of e[O3] (means of 70–106 ppb), representative of a
future scenario with higher [O3], are compared with CF (means of
2–29 ppb), the same patterns as current [O3] in comparison with CF
were observed but the effects were much higher for most of the variables (Fig. 2). For photosynthetic variables, e[O3] signiﬁcantly reduced
Pn by 33%, Rubisco activity by 31%, the maximum carboxylation efﬁciency (Vcmax) by 26% and the maximum rate of electron transport
(Jmax) by 18%, while the dark respiration increased by 8%. Chl was reduced by 34% and ﬂuorescence parameters such as Fv/Fm also declined
by 7%, respectively. A mean [O3] of 88 ppb signiﬁcantly reduced the gs
by 16%. As for the growth parameters, e[O3] induced larger reductions
than ambient O3 relative to the same control: plant height, relative
growth rate and basal diameter were reduced by 17%, 12% and 14%, respectively. Total leaf area and the total leaf biomass of plants declined by
19% and 24%, respectively. Elevated O3 reduced the total biomass, stem
dry biomass and root biomass, and stem dry weight/stem length by 24%,
25%, 23% and 39%, respectively. The biomass partitioning between roots
and shoots was also affected by elevated [O3], as indicated by the significant reduction in the root/shoot biomass ratio by 26%. Isoprene
emission was reduced signiﬁcantly by 34% at e[O3] of 88 ppb in comparison with CF.
3.3. Effects of different AOT40 levels
For most of the variables considered, the observed effects were
not signiﬁcantly different among them when the different AOT40

Fig. 1. Effects of current ambient [O3] relative to CF on different physiological, growth and biomass variables of poplar. Symbols represent the mean percent change at ambient [O3] relative
to control [O3], and the bars show the 95% bootstrapped conﬁdence intervals. The number of measurements and papers is shown in parentheses, whereas mean control [O3] and current
[O3] (in brackets) are given along the y axis.
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Fig. 2. Effects of future e[O3] relative to CF on different physiological, growth and biomass variables of poplar. Symbols represent the mean percent change at elevated [O3] relative to
control [O3], and the bars show the 95% bootstrapped conﬁdence intervals. The number of measurements and studies are shown in parentheses, whereas mean control [O3] and
elevated [O3] (in brackets) are given along the y axis.

ranges below 20 ppm h (in steps of 5 ppm h) were compared. However, for the class with highest accumulated O3 exposures (AOT40
N 20 ppm h), signiﬁcant differences were observed with regard to
one or more of the other AOT40 classes (Fig. 3). Exposure to
AOT40 levels above 20 ppm h induced larger reductions in Pn (42%

against 17% in AOT40 class 0–5 ppm h) and isoprene emission
(43% against 13% in AOT40 class 15–20 ppm h). Stomatal conductance, however, was more affected with increasing AOT40 values
but the effects were reduced under experimental conditions with
AOT40 N 20 ppm h.

Fig. 3. Effects of e[O3] on poplar considering different AOT40 exposure levels in the experiments. Symbols represent the mean percent change at elevated [O3] relative to control [O3], and
the bars show the 95% bootstrapped conﬁdence intervals. The number of measurements and studies are shown in parentheses. P value b 0.05 means the signiﬁcant difference between
AOT40 levels.
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3.4. Effects of genotypes
From Fig. 4, elevated O3 treatment induced signiﬁcantly larger reduction in hybrid clones (−27%) than in non-hybrid species (−14%)
in total biomass, while on the contrary there were no signiﬁcant differences in root and leaf biomasses. Neither the effects on Pn nor on the
total leaf area differed signiﬁcantly between hybrid and non-hybrid
poplars exposed to similar O3 concentration.
3.5. Exposure-response relationships
The relationships between relative reductions of Asat, Chl and biomass with AOT40 metric were calculated by means of regression analysis (Fig. 5). A linear decline of 1.36% in Asat and 1.18% in Chl per ppm h of
AOT40 was found, with R2 values of 0.564 and 0.649, respectively. However, the O3 effects were less for the total biomass, with reductions of
0.60% per ppm h of AOT40.
4. Discussion
4.1. Effects of ambient [O3] relative to CF
In meta-analytic reviews addressing O3 effects, CF is considered as a
representative of [O3] in preindustrial times (e.g., Feng et al., 2008;
Wittig et al., 2007, 2009), when average [O3] was around 15 ppb
(Marenco et al., 1994; Volz and Kley, 1988). Certainly, the [O3] in CF
treatment exceed this value at preindustrial times due to air ﬁltration
technical limitations and high ambient O3 concentration; hence the estimation of the effects may be conservative in these cases. Our results
suggest that the ambient [O3] (40–50 ppb) have already caused signiﬁcantly negative effects on photosynthesis (e.g. Pn by 33%, Chl by 13%, Fv/
Fm by 2%), gs and biomass in poplar. Current O3 levels were estimated to
cause a mean 11% decrease on Pn of trees (Wittig et al., 2007), for an average [O3] of 47 ppb, comparable to the average [O3] of 41 ppb of the
present study. If functional groups were taken into account, a marked
difference between gymnosperms (genera Picea and Pinus, with no signiﬁcant effect of O3 on Pn), and angiosperms (genera Fagus, Fraxinus,
Prunus, Poplar, Quercus and Viburnum, with a signiﬁcant decrease of
14%) was observed (Wittig et al., 2007). In comparison, the much higher
magnitude of the Pn decline for poplar suggests that, in terms of photosynthetic responses, poplar species are among the most sensitive trees
to O3. Possible reasons for such a high sensitivity are the high gs values
(e.g., gmax = 296.3 mmol O3 m−2 PLA s−1, Hu et al., 2015) observed in
poplar species, which promote O3 uptake by the plants, in combination
with their relatively low values of leaf mass per area (i.e., the leaf dry

mass per unit leaf area), a leaf trait that is related to a higher O3 sensitivity (Feng et al., 2018; Li et al., 2016). A closer value, however, was observed for total biomass, with a 4% mean reduction in poplar at
current ambient mean [O3] of 50 ppb against a 7% reduction for trees
from the Northern Hemisphere at mean [O3] of 40 ppb (Wittig et al.,
2009). Both stem biomass and root biomass were signiﬁcantly reduced
by O3, but O3 had no signiﬁcant effect on the root-to-shoot ratio. Other
variables not included in previous meta-analysis of O3 effects were the
height and base diameter of the plants, which in poplar were signiﬁcantly reduced by an average of 5% and 18%, respectively. These results
indicated that the current carbon-sink strength of poplar forest and
plantations have been reduced by present [O3].
4.2. Effects of elevated [O3] relative to CF
Elevated [O3], as a representative of a future scenario in some areas
(RCP8.5), is expected to produce more negative effects on poplar plants
at different levels. At leaf level, Pn declined by 33% at an average [O3] of
84 ppb. This reduction was associated to reductions in Vcmax (26%) and
Jmax (18%), conﬁrming that O3 can have negative effects on the Rubisco
activity. Consistently with the results for current [O3], ﬂuorescence parameters (Fv/Fm but also the quantum yield efﬁciency of PSII) were
also impaired. On the other hand, the observed increase in dark respiration (8%) may be indicative of enhanced production of energy for feeding detoxiﬁcation and repair cellular damage (Ainsworth et al., 2012). In
another meta-analytic review including gymnosperms and angiosperms trees (Wittig et al., 2007), a lower average decrease in Pn of
19% (at a similar mean [O3] of 85 ppb) was observed. On the other
hand, in a meta-analysis of plants with different functional types from
China, e[O3] was shown to reduce Pn by 28%, although under a much
higher mean [O3] of 102 ppb (Li et al., 2017). The latter study also identiﬁed deciduous broadleaves plants including poplar as more sensitive
to O3 than evergreen species, while Wittig et al. (2007) had previously
pointed out the lower O3 sensitivity of gymnosperms (e.g., pines)
against deciduous broadleaves (reported as the angiosperm group).
Therefore, all these comparative results clearly emphasize that poplar
species are among the most sensitive trees for ground-level O3.
Under current [O3], deleterious effects on the photosynthetic performance of the leaves were clear but were translated into slight reductions in biomass. However, under e[O3], the decline in biomass of
poplar in comparison with preindustrial times was 24% at an average
[O3] of 83 ppb. Wittig et al. (2009) estimated that elevated [O3] of
97 ppb reduced total biomass of all tree species by 17% compared to preindustrial [O3], and Li et al. (2017) reported a mean reduction but of 23%
if only the deciduous broadleaves were considered (although at a higher

Fig. 4. Effects of e[O3] on poplar considering genotypes difference. Symbols represent the mean percent change at elevated [O3] relative to control [O3], and the bars show the 95%
bootstrapped conﬁdence intervals. The number of measurements and studies are shown in parentheses, whereas mean control [O3] and elevated [O3] (in brackets) are given along the
y axis. P value b 0.05 means the signiﬁcant difference between hybrid and non-hybrid clones.
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Fig. 5. Relationships of different response variables with AOT40. A) Relative lightsaturated CO2 assimilation rate (Asat). B) Relative chlorophyll content (Chl). C) Relative
biomass.

average [O3] of 107 ppb). Reductions in biomass are consistent with the
observed signiﬁcant reductions in several growth variables such as
plant height (17%), relative growth (12%) and basal diameter of the
plants (22%). Overall, increases in the levels of this pollutant may partly
compromise its productivity and, as one of the fast growing species with
more potential to mitigate climate change (e.g., through afforestation),
also its capacity for carbon sequestration (McKenney et al., 2004). Interestingly, root/shot ratio declined a 26% with an average [O3] of 77 ppb,
i.e., O3 affected comparatively more the roots than the shoots. A greater
sensitivity of roots than shoots was also reported by Wittig et al. (2009)
for trees in general and this is also a common observation in herbs
(Grantz et al., 2006). The lower leaves of the canopy act as preferential
sources of assimilate for roots and accelerated senescence and reduced
phloem loading causes that below ground biomass becomes more
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affected (Grantz et al., 2006). Decreased root/shoot ratio might potentially make the plants more vulnerable to strong winds and to drought
episodes, although ﬁeld evidences are so far lacking (Braun et al.,
2003). Also, the foliar area of poplar trees was signiﬁcantly affected by
e[O3] with a reduction of 19%, which is consistent with a reduction in
the number of attached leaves (−35%).
Another relevant variable considered is isoprene emission from
leaves. Elevated [O 3] reduced it by 34% in comparison with CF.
Lichtenthaler et al. (1997) observed that leaf-level isoprene emission
increased with increasing Pn and Chl rather than with gs. In the present study, e[O3] induced signiﬁcant negative effects on Pn and Chl. On
the other hand, the observed reductions in Vcmax and Jmax by O3 may
lead to an increase in intercellular CO 2 concentration, which is
known to inhibit isoprene synthesis (Yuan et al., 2016). The reduced
emission at leaf level in combination with a reduction of the foliar
area of the plants (i.e., the surface available for isoprene emissions)
suggests that isoprene emission will decline in the future in areas
highly polluted by O3. Isoprene represents up to 80% of the carbon
emitted as BVOCs by plants (Calfapietra et al., 2009) and poplar are
among the highest isoprene emitter species (Yuan et al., 2016).
BVOCs contribute to the formation of tropospheric O3 and other secondary pollutants and affect large-scale atmospheric photochemical
processes (Kulmala et al., 2013). Benjamin and Winer (1998) estimated the actual Ozone Formation Potential (OFP) of trees and
shrubs, and found poplar species are high OFP plant with an OFP
N 20 g O3 tree−1 day−1. Zenone et al. (2016) also considered the poplar emitting isoprene was a potential threat for air quality and
human health. Therefore, changes in isoprene emission may also
have a feedback to air quality.
Stomatal conductance was signiﬁcantly reduced by ambient and
elevated [O3] in comparison with CF controls, which may have implications both for the water relations of the plant in combination with
other stresses and, at larger scale, for the water cycle in poplardominated ecosystems. Poplar plants exposed to O3 may require
less water due to their diminished gs and also by having a smaller foliar area, on the other side, a reduction in root development may increase the plant susceptibility against drought. However, these
changes in water exchange between the plants and the atmosphere
have to be better considered in combination with the changes in
the carbon balance. In this sense, several studies have reported a signiﬁcant reduction in the water use efﬁciency of the plants in O 3 exposed trees including poplar, i.e. more water vapor is released by
the plants for the same amount of CO2 assimilated (Gao et al.,
2017; Hoshika et al., 2012), which is clearly detrimental for the
plants. At ecosystem level, these results are consistent with the
modeling estimate that high O3 concentration is expected to increase
river runoff and freshwater availability due to reduced water use via
transpiration from vegetation (Sitch et al., 2012).
Although the low number of studies for several of the clones or species included in this study (Table S1) prevented from a comparative
analysis among clones, it has been possible to compare the effects on
hybrid against non-hybrid clones for the ﬁrst time. Under similar O3 exposure conditions, total biomass of hybrid clones (−27%) was signiﬁcantly more affected by O3 than in non-hybrid clones (−14%). Hybrid
poplars are selected for plantations due to their higher growth rates
and productivity in comparison with their parent non-hybrid species
(e.g., Zanewich et al., 2018). A higher productivity in hybrid clones in
comparison with their parent species, but also when different hybrid
clones are compared among them, has been related to the larger foliar
areas observed in hybrid-clone plants (Marron et al., 2005; Zanewich
et al., 2018). Our results would be consistent with the hypothesis that
at plant level (i.e., in terms of biomass responses) hybrid clones may
be more sensitive to O3 than non-hybrid ones due to a higher O3 uptake
by the whole plant (i.e., in relation to their larger foliar area). Interestingly, the effects considered at leaf level, like Pn, were not signiﬁcantly
different between hybrid and non-hybrid clones.
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4.3. AOT40 exposure levels and response relationships
The O3 exposure index AOT40, widely applied for risk assessment
(Lefohn et al., 2018), is an index that takes into account both the concentration of O3 and also the exposure time to this pollutant. The inﬂuence of AOT40 levels on several variables (isoprene emission, Pn and
total biomass) was signiﬁcant for the higher AOT40 class considered
in the present study (AOT40 N 20 ppm h) with regard to other lower
AOT40 classes. AOT40 values over 20 ppm h are common in Asia, (especially in China, Li et al., 2017) and Southern and central Europe (EEA,
2015). These results indicated that O3 damage to the plants is cumulative, as shown by other studies based on mean [O3] (Li et al., 2018;
Wittig et al., 2009). Despite the better performance of threshold-based
indices such as AOT40 over mean [O3] for predicting O3 effects on plants
(Musselman et al., 2006) and the wide use of AOT40 for risk assessment
(Avnery et al., 2011; Li et al., 2018; Mills et al., 2007), as far as we know,
this is the ﬁrst meta-analysis highlighting the inﬂuence the different
AOT40 levels on several response variables. Admittedly, the effects of
O3 on plants depend on the O3 dose absorbed through stomata during
the growing season and to the amount of O3 that overwhelm the detoxifying capacity of plants (Mills et al., 2011). The Phytotoxic Ozone Dose
(POD) is considered to be better than the AOT40 for ecological risk assessment of O3 at global or regional scales (Anav et al., 2016; Mills
et al., 2018). However, POD calculation strongly depends on the parameterization applied for modeling gs. Therefore, different parameterizations may induce large differences in POD (De Marco et al., 2016).
Given these limitations, the O3 concentration and exposure can be considered as a proxy of the absorbed dose, as long as gs is not impaired by
O3 or limited by climatic variables.
Regarding the AOT40-response relationships, the different slopes for
the three selected variables could be indicative of their relative sensitivity
to [O3]. Asat was the most strongly affected variable per AOT40 unit (slope:
−1.36% ppm h−1), followed closely by Chl (slope: −1.18 ppm h−1).
Among the three variables, biomass was the least affected one against
O3 (slope: −0.6 ppm h−1). The ranking in sensitivity of these variables
conﬁrms (with a much larger dataset) and is fully consistent with the
conclusions of an experiment with two poplar clones by Shang et al.
(2017). A mechanism contributing to this lower sensitivity of biomass
in plants with indeterminate growth like poplar is that the plant compensates the decline in photosynthesis of mature and older leaves of the tree
with more active new leaves, supported by more N allocated to them
from senescent ones (Shang et al., 2018). Furthermore, at plant level, a
dynamic use of the carbohydrate reserves may partially buffer the effects
on growth of increasing O3 and other stresses. Interestingly, the AOT40
relationships with the total biomass for poplar is fully consistent with
the relationship reported for broadleaf functional type in Europe (slope:
−0.6 ppm h−1, a lower R2 = 0.41), the slope of which is importantly determined by the inclusion of very O3-sensitive birch clones (Büker et al.,
2015).
Robust O3 exposure response relationships of key variables based on
a large number of studies as those presented here for the ﬁrst time may
provide a realistic basis for estimating the impact of O3 in the carbonsink capacity and productivity of poplar-dominated natural ecosystems
and plantations as well. Relative biomass responses with different O3
metrics, together with visible foliar O3 injury, are important tools in O3
risk assessment and calculation of the exceedance of critical levels for
protection of vegetation (e.g., Büker et al., 2015; LRTAP, 2017; Mills
et al., 2007; Karlsson et al., 2004; Sicard et al., 2016). Modelled response
relationships of productivity with cumulative O3 uptake have also been
used in a global land carbon cycle model in order to estimate the O3 effects on vegetation worldwide (Sitch et al., 2007). Estimation of response functions of measured Asat against O3 metrics as presented
here is relevant for improving model performance in the assessment
of the impacts of O3 on the CO2 sink capacity of the different types of
vegetation. Finally, leaf Chl is easy to measure with chlorophyll meters
in the ﬁeld, it is frequently well correlated with Asat, and can also be

estimated with sensors at canopy level and also by remote sensing
(NDVI and other reﬂectance indices) (Chi et al., 2016). However, exposure response relationships obtained in the OTC experiments should
complementarily be tested under real-world conditions, in order to derive proper critical levels.
5. Conclusions and implication
The results of the present study suggest that current [O3] have produced negative effects on poplar, signiﬁcantly increasing leaf senescence, and reducing the carbon-sink capacity and productivity of
natural and planted poplar stands. Future increases of [O3] in some
parts of the world (e.g. Asia) are expected to further enhance the decline
in total biomass and to compromise growth. The magnitude of the effects in comparison with other tree species conﬁrms that poplar is
among the most sensitive species to O3, and that its potential for climate
change mitigation by afforestation may be lowered by this pollutant.
Therefore, it is particularly relevant to take O3 as a factor into account
in models for estimating the productivity and carbon sink capacity of
this species under current and future scenarios.
Our results have also implication for air pollution feedbacks. Isoprene emissions are signiﬁcantly reduced under e[O3], and thus reduction in the formation of secondary pollutants including O3 could be
expected, given that poplar is a high isoprene emitter plant and that
this compound plays an outstanding role in the secondary chemical reactions of the atmosphere. Finally, robust response relationships of Asat,
Chl and total biomass based on a global dataset are provided here for
poplar for the ﬁrst time. They are expected to help improving risk assessment to this plant under different levels of O3 pollution and also
to enhance the performance of models addressing the carbon cycle
and productivity in this species by integrating the effects of this important pollutant.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.11.179.
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