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Biogenic volatile organic compounds (BVOC) emitted by plants can originate from
both anabolism (metabolite production through anabolic processes) and catabolism
(metabolite degradation by oxidative reactions). Drought can favor leaf oxidation by
increasing the oxidative pressure in plant cells. Thus, under the precipitation decline
predicted for the Mediterranean region, it can be expected both strong oxidation of
anabolic BVOC within leaves and, as a result, enhanced catabolic BVOC emissions.
Using an experimental rain exclusion device in a natural forest, we compared the
seasonal course of the emissions of the main anabolic BVOC released by Q. pubescens
(isoprene and methanol) and their catabolic products (MACR+MVK+ISOPOOH and
formaldehyde, respectively) after 3 years of precipitation restriction (−30% of rain). Thus,
we assume that this repetitive amplified drought promoted a chronic drought. BVOC
emissions were monitored, on-line, with a PTR-ToF-MS. Amplified drought decreased all
BVOC emissions rates in spring and summer by around 40–50 %, especially through
stomatal closure, with no effect in autumn. Moreover, ratios between catabolic and
anabolic BVOC remained unchanged with amplified drought, suggesting a relative stable
oxidative pressure in Q. pubescens under the water stress applied. Moreover, these
results suggest a quite good resilience of this species under the most severe climate
change scenario in the Mediterranean region.
Keywords: amplified drought, anabolism, catabolism, BVOC, VOC oxidations

INTRODUCTION
Continental biosphere contributes to global emissions of biogenic volatile organic compounds
(BVOC) with an estimated emission rate of 1 PgC.yr−1 (Guenther et al., 1995; Harrison et al., 2013).
The main BVOC emitted by plants is isoprene, with an annual emission rate of 400–600 TgC.yr−1
(Arneth et al., 2008) and methanol, with annual emissions ranging between 122 and 350 Tg.yr−1
(Tie et al., 2003; Singh et al., 2004; Jacob et al., 2005; Millet et al., 2008). Both, isoprene and
methanol are considered as anabolic BVOC since they are produced through anabolic processes as
defined by Oikawa and Lerdau (2013). Precursors of isoprene (DMAPP and IPP) are produced by
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forested ecosystems dominated by long-lives species (Smith et al.,
2009).
In the Mediterranean area, climatic models predict an
intensification of the chronic summer drought, typical of this
region, for 2100 with the most severe scenario of global
change. This scenario involves a rain reduction that can, locally,
reach 30% (Giorgi and Lionello, 2008; IPCC, 2013) and an
extension of drought period (Polade et al., 2014). It is thereby
expected a change in primary (growth) and secondary (defense)
metabolisms in trees that could consequently modify the anabolic
and catabolic BVOC emissions. The model selected here is the
Downy Oak (Quercus pubescens Willd.) which is well-widespread
in the northern part of the Mediterranean basin (Quézel and
Médail, 2003) occupying 2 million ha (personal communication
from T. Gauquelin). It also represents the major source of
isoprene emissions in the Mediterranean area (Simon et al., 2005;
Keenan et al., 2009) and, the impact of watering withholding
has only been studied under short term periods (RodríguezCalcerrada et al., 2013; Genard-Zielinski et al., 2014). The impact
of chronic drought on trees in terms of physiology is not wellunderstood but it seems that this phenomenon can decrease
the trees growth (Brzostek et al., 2014) and, in terms of BVOC
emissions, this impact has been poorly tackled (Lavoir et al.,
2009).
Using a rain exclusion device installed in a natural Downy
Oak forest, we aimed to evaluate the effect of a chronic amplified
drought (restriction precipitation of 30%) applied since 2012 and
repeated every year on (i) the main anabolic BVOC emission,
that is, isoprene and methanol (ii) catabolic BVOC produced
from isoprene and methanol and (iii) the ratio between catabolic
BVOC and their precursors as an indicator of the oxidative
pressure due to drought. These data allow to better understand
the tolerance mechanisms of Q. pubescens to climate change.

methylerythritol-4-phosphate (MEP) and mevalonate pathway
(MVA) but isoprene is synthesized through MEP pathway the
in the chloroplasts (Lichtenthaler, 1999; Pazouki and Niinemets,
2016). This molecule is known to be a defense molecule against
abiotic stresses, especially drought, with variable responses
according to stress severity (Peñuelas and Staudt, 2010). As
a whole, increases are mostly observed when water stress is
moderate, (Funk et al., 2004; Pegoraro et al., 2005), and decreases
when water stress is severe (Brüggemann and Schnitzler,
2002; Fortunati et al., 2008). Moreover, seasonality of isoprene
emissions is well-known with the highest emission rates in
summer (Goldstein et al., 1998). After its production, isoprene
can be oxidized in different products including methacrolein
(MACR), methyl vinyl ketone (MVK), and isoprene hydroxy
hydroperoxides (ISOPOOH) (Jardine et al., 2013; Kalogridis
et al., 2014). However, the effect of drought and seasonality on
isoprene oxidation products has never been studied before.
Methanol emissions, such as other oxygenated BVOC
with one carbon, are strongly bound to the vegetal growth
(Kreuzwieser et al., 1999). Methanol is formed through pectin
demethylation in plant cell walls (Fall, 2003; Oikawa and Lerdau,
2013). This compound could be considered as an indicator
of growth process (Folkers et al., 2008) and, consequently, its
seasonal course follows this process (Karl et al., 2003). Methanol
can be degraded into formaldehyde (Kotzias et al., 1997) but its
emissions originated from plants have been poorly investigated
(Seco et al., 2008), and never under water stress as well as
seasonality.
Oxidation reactions of isoprene and methanol with OH
radicals, O3 , and NOx , are well-known to occur in the
atmosphere (Calogirou et al., 1999; Atkinson and Arey, 2003),
but these reactions can also occur within leaves with reactive
oxygen species (ROS, Oikawa and Lerdau, 2013). In this case,
catabolic BVOC emissions, formed by oxidation of anabolic
BVOC, will be observed (e.g., formaldehyde, isoprene oxidation
products). Because of these cellular oxidative reactions, anabolic
BVOC are considered as ROS scavengers, while catabolic
foliar emissions have been suggested as indicators of both
oxidative stress and recycling carbon (Oikawa and Lerdau,
2013). Catabolic BVOC have thereby been suggested to play
a role in the tolerance of environmental stress and in plantatmosphere interactions (Peñuelas and Staudt, 2010; Oikawa
and Lerdau, 2013). Although interesting information about plant
stress arises from catabolic emission analysis, there are large
uncertainties associated with these emissions since (i) they can
have a biogenic or anthropogenic origin (ii) they can be primary
or secondary—i.e., oxidized by catabolic reactions in leaves
(primary) or oxidized in the atmosphere (secondary), (iii) their
measurements can be complex because of the strong affinity of
some compounds to water (e.g., formaldehyde), (iv) vegetation
can act as a sink (deposition) or a source of catabolic BVOC
(Guenther, 2013), (v) large uncertainties also remain on how
climate change might affect catabolic BVOC through the seasonal
cycle, especially when drought (expected with climate change) is
applied during few years, defining a chronic drought (Niinemets,
2010b; Brzostek et al., 2014). Indeed, chronic reduced rainfall
have progressive and cumulative effects over time, especially on
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MATERIALS AND METHODS
Experimental Site
This experiment was performed at the O3 HP site (Oak
Observatory at the Observatoire de Haute Provence, OHP),
located in 60 km north from Marseille (5◦ 42′ 44" E, 43◦ 55′ 54"
N), at an elevation of 650 m above mean sea level. The O3 HP
(955 m2 ), free from human disturbance for 70 years, consists of
a homogeneous forest mainly composed of Q. pubescens (≈ 90%
of the biomass and ≈ 75% of the trees). The remaining 10%
of the biomass is mainly represented by Acer monspessulanum
L. trees. The O3 HP site was created in 2009 in order to study
the impact of climate change on Q. pubescens forest ecosystem.
Using a rainfall exclusion device (an automated monitored roof
deployed during rain events) set up over part of the O3 HP
canopy, it was possible to reduce natural rain by 30% and to
extend the drought period in an attempt to mimic the current
climatic model projections for 2100 (Giorgi and Lionello, 2008;
IPCC, 2013; Polade et al., 2014). Two plots were considered
in the site; a plot receiving natural precipitations where trees
grew under natural drought (ND, 300 m2 ) and a second plot
submitted to amplified drought (AD, 232 m2 ). Rain exclusion
on AD plot started on April 2012 and was continuously applied
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every year, principally, during the growth period. Ombrothermic
diagrams indicated that the drought period was extended for
2 months in 2012, 4 months in 2013, and 3 months in 2014 for
AD relative to ND (Figure 1). Data on cumulative precipitation
(Figure S1 in Supplementary Files) showed that 35% of rain was
excluded in 2012 (April 29th from to October 27th), 33% in
2013 (July 7th from to December 29th), 35.5% in 2014 (from
April 8th to December 8th). This experimental set up involved
a chronic drought for AD plot and in a lesser extent for ND
plot (depending on the climatic conditions of the year). In this
study, three measurement campaigns are presented from October
2013 to July 2014, that is, during part of the 2nd and 3rd year
of AD, including an entire seasonal cycle: from October 14th
to 28th 2013 for autumn, May 12th to 19th 2014 for spring
and July 13th to 25th 2014 for summer. Five trees per plot
were studied throughout the 3 seasons. These trees were already
studied in 2012 and 2013 (Genard-Zielinski et al., 2015, personal
communication from A.C. Genard-Zielinski). The sampling was
performed at the branch-scale at the top of the canopy.

years for methanol under controlled conditions) (Atkinson
and Arey, 2003), the sampling conditions should be, by far,
sufficient to impede BVOC oxidations due to ozone. The inlet
air was dried using drierite before being analyzed by PTRToF-MS. A PTFE fan ensured a rapid mixing of the chamber
air and a slight positive pressure within the enclosure enabled
it to be held away from the leaves to avoid biomass damage.
Environmental parameters (temperature, relative humidity, and
photosynthetically active radiation or PAR) were continuously
(every minute) monitored using a data logger (LI-COR 1400 R ;
Lincoln, NE, USA) with a RHT probe placed inside the chamber
(relative humidity and temperature, LI-COR 1400–04 R , Lincoln,
NE, USA) and a quantum sensor (PAR, LI-COR, PAR-SA 190 R ,
Lincoln, NE, USA) placed outside the chamber. The latter sensor
was set up and maintained horizontally. Branch enclosures were
installed on the previous day before the first measurement and
were continuously flushed with purified air. Air flow rates were
controlled using mass flow controllers (MFC, Bronkhorst) and
all tubing lines were PTFE-made.

Branch Scale-Sampling Methods

Ecophysiological Parameters
Exchanges of CO2 and H2 O from the enclosed branches were
also continuously (every minute) measured using infrared gas
analysers (IRGA 840A R , LI-COR). All gas exchanges were
averaged between 12:00 and 15:00 (local time) where branches
were the most physiologically active. Net photosynthesis (Pn,
µmolCO2 .m−2 .s−1 ) was calculated using equations described by
von Caemmerer and Farquhar (1981) as follows:

Dynamic branch enclosures used for monitoring gas exchanges
and BVOC were fully described in Genard-Zielinski et al.
(2015) and only slight modifications described herein
were made. Branches were enclosed in a ≈30 L PTFE
(polytetrafluoroethylene) frame closed by a 50 µm thick
PTFE film. Inlet air was introduced at 9 L.min−1 (insuring an
air renewal time of only 3.33 min) using a PTFE pump (KNF
N840.1.2FT.18 R , Germany) and, ozone was removed from inlet
air by placing PTFE filters impregnated with sodium thiosulfate
(Na2 S2 O3 ) according to Pollmann et al. (2005). Since isoprene
and methanol are oxidized by ozone under relatively high
residence times only (1.3 days for isoprene and more than 4.5

Pn =

F ∗ (Cr − Cs)
− CS ∗ E
S

where F is the inlet air flow (mol.s−1 ), Cs and Cr are the sample
and reference CO2 molar fraction respectively (ppm), S is the

FIGURE 1 | Ombrothermic diagram of (A) natural drought (ND) plot for 2012, (B) amplified drought (AD) plot for 2012, (C) ND plot for 2013, (D) AD plot in 2013,
(E) ND plot for 2014 and (F) AD plot for 2014. Bars represent mean monthly precipitation (mm) and curves represent mean monthly temperature (◦ C).
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leaf surface (m2 ), Cs ∗ E is the fraction of CO2 diluted in water
evapotranspiration and E (molH2 O.m−2 .s−1 then transformed
in mmolH2 O.m−2 .s−1 , afterward) is the transpiration rate
calculated as follow:
E=

drift tube and the experimentally determined ion transmission
efficiency. The relative ion transmission efficiency was assessed
using a standard gas calibration mixture (TO-14A Aromatic
Mix, Restek Corporation, Bellefonte, USA) (100 ± 10 ppb in
Nitrogen). Formaldehyde sensitivity dependence to air water
content, was taken into account and corrected according to
Vlasenko et al. (2010) method.
BVOC emissions rates (ER) at noon (between 12:00 and 15:00
local time), where emissions were the strongest, were calculated
by considering the BVOC concentrations at the inlet and outlet
of the PTFE chamber such as:

F ∗ (Ws − Wr)
S ∗ (1 − Ws)

where Ws and Wr are the sample and the reference H2 O molar
fraction respectively (molH2 O.mol−1 ). Stomatal conductance
(Gw, mmolH2 O.m−2 .s−1 ) was calculated using the following
equation:

ER =

)
E ∗ (1 − (Ws+Wl)
2
Gw =
Wl − Ws

-1 .h-1 , Q is the flow rate
where ER is expressed in µgC.gDM
0
of the air introduced into the chamber (L.h−1 ), Cout and Cin
are the concentrations in the outflowing and inflowing air
respectively (µgC.L−1 ) and B is the total dry biomass matter
(gDM ). The ER expressed in µgC.m−2 .h−1 were also calculated
and presented in Supplementary Files (Figure S3). Moreover,
diurnal cycle of BVOCs were presented in Supplementary Files
(Figures S4, S5).The ratio of the catabolic BVOC emission rates
(MACR+MVK+ISOPOOH, formaldehyde) to their respective
anabolic precursor emission rates (isoprene, methanol) was
calculated as follows:

where Wl is the molar concentration of water vapor within the
leaf (molH2 O.mol−1 ) calculated as follows:
Wl =

Vpsat
P

where Vpsat is the saturated vapor pressure (kPa) and
P is the atmospheric pressure (kPa). Water use efficiency
(WUE, mmolCO2 .molH2 O−1 ) was calculated with the following
equation:
WUE =

(Q0 ∗ (Cout − Cin ))
B

Pn
E

ERcatabolic /ERanabolic =

ERcatabolic ∗ 100
ERanabolic

Diurnal cycles for Pn and Gw were presented in Supplementary
Files (Figure S2). Leaves from enclosed branches were directly
collected after the sampling. Then, the surface of this leaves was
assessed with a leaf area meter (AM350) to calculate physiological
parameters on a leaf area basis. After that, leaves were lyophilized
to assess the dry mass. Stem water potential was measured at
midday (9m) for each season and at predawn (9pd) only for
summer with a scholander pressure chamber (PMS instrument
Co. Oregon USA).

This parameter is an indirect indicator of oxidative pressure,
that is, increasing ERcatabolic/ERanabolic ratio would reflects
an enhanced oxidation of anabolic BVOC within leaves through
catabolic processes. Moreover, in order to understand isoprene
emission changes, the allocation of the assimilated CO2 in
isoprene emissions was calculated according to the following
equation:

Quantification of BVOC

where ER isoprene used in this equation was expressed in
µgC.m−2 .h−1 and Pn was transformed also in µgC.m−2 .h−1 .

CO2 allocation in isoprene emissions =

A commercial PTR-ToF-MS 8000 instrument (Ionicon Analytik
GmbH, Innsbruck, Austria) was used for online measurements
of BVOC (Tholl et al., 2006; Jordan et al., 2009). The reaction
chamber pressure was fixed at 2.1 mbar, the drift tube voltage
at 550 V and the drift tube temperature at 313 K corresponding
to an E/N ratio (electric field strength over buffer gas number
density) of ≈125 Td (1 Td = 10−17 V cm2 ). Each sample
(AD—inlet air—ND—ambient air—catalyser) was sequentially
monitored every hour during 15 min over 1 or 2 days using a
multi-position common outlet flow path selector valve system
(Vici) and a vacuum pump. Mass spectra were recorded up to
m/z 500 at 1 min integration time. BVOC targeted in this study
and their corresponding ions include formaldehyde (m/z 31.018),
methanol (m/z 33.033), isoprene (m/z 41.038, 69.069), and
MACR+MVK+ISOPOOH (m/z 71.049, these three compounds
were detected with the same ion). BVOC mixing ratios are
calculated using the proton transfer rate constants k (cm3 .s−1 )
reported by Cappellin et al. (2012), the reaction time in the

Frontiers in Plant Science | www.frontiersin.org

ERisoprene ∗ 100
(4)
Pn

Data Treatment
Statistical analyses were performed with STATGRAPHICS R
centurion XV (Statpoint Technologies, Inc.). To evaluate the
effect of AD and season on the ecophysiological parameters and
BVOC emissions, two-way repeated measure ANOVA followed
by Tukey post-hoc tests were performed, after having checked
the normality and homoscedasticity of the data set. When
interactions between seasonality and drought occurred, oneway repeated ANOVA followed by Tukey post-hoc tests were
performed to evaluate the effect of season on AD and ND
separately, and Student tests to evaluate differences between
ND and AD during each season. 9pd, only available for
summer, was analyzed using Student test whereas 9m was
analyzed in the same way than BVOC emissions. Moreover,
Pearson’s correlations were made between the anabolic ER and
catabolic ER.
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RESULTS

-1 .h-1 for ND and AD plots, respectively),
(124.3 and 81.1 µgC.gDM
when PAR and temperatures were the highest. Isoprene emission
-1 .h-1 under
rates in spring ranged between 20.3 and 10.2 µgC.gDM
ND and AD respectively, and were not significantly different
-1 .h-1 for ND and AD
from those of autumn (2.9 and 5.2 µgC.gDM
plots, respectively). Yet, isoprene emission rates were impacted
by AD (Figure 3A, P < 0.01) as they decreased by 35% in
summer and by 50% in spring compared to ND plot. However,
there was no significant effect of AD in autumn. Regarding the
allocation of assimilated CO2 to isoprene emissions, AD had
no effect (Figure 4, P > 0.05). Nevertheless, such allocation
was clearly favored in summer in both plots (P < 0.001).
Indeed, ∼3% of the assimilated CO2 was released as isoprene
in summer whereas in the other seasons, this value was less
than 1%.
Methanol emission rates (Figure 3B) were highly sensitive to
seasonality (P < 0.001) with the lowest emissions occurring in
-1 .h-1 for ND and AD respectively)
autumn (0.17 and 0.23 µgC.gDM
compared to the other seasons when methanol emissions were
-1 .h-1 for both merged plots. AD also
higher or close to 0.5 µgC.gDM
had a significant effect on methanol emissions rates (P < 0.01),
especially in spring and summer, where emissions decreased by
40%. As for isoprene, AD had no effect on methanol emissions
rates in autumn.

Ecophysiological Parameters
The water status of trees at midday, indicated by 9m, was not
decreased with amplified drought (AD, Figure 2A) and dropped
below -2 MPa for both treatments whatever the season. By
contrast, the predawn water potential (9pd) was significantly
lower under AD (Student test, P < 0.05, −0.61 ± 0.02 MPa for
ND and −0.85 ± 0.10 MPa for AD, data not shown), indicating
that the water availability in the AD plot decreased at predawn
but this difference was blurred during the day. Gw decreased
with AD, especially in summer (−56%, P < 0.001) and to a
lesser extent in spring (−47%, 0.05 < P < 0.1, Figure 2B). Thus,
Q. pubescens, with AD, closed its stomata leading to a decrease
of Pn by 36% in summer but it is only a trend (Figure 2C, 0.05
< P < 0.1), while it did not reduce Pn in spring. Trees from
the AD plot used water more efficiently for CO2 assimilation in
spring (WUE was 34% higher in the AD plot than the ND plot,
Figure 2D, 0.05 < P < 0.1). By contrast, in summer, water was
used in the same way by trees growing in both plots.

Anabolic BVOC
Seasonality had a strong effect on isoprene emission rates
(P < 0.001) in both plots with a peak of emissions in summer

FIGURE 2 | (A) Leaf water potential at midday (9m, MPa) (B) Stomatal conductance (Gw, mmolH2 O.m−2 .s−1 ) (C) Net photosynthesis (Pn, µmolCO2 .m−2 .s−1 ) (D)
Water use efficiency (WUE) according to natural (ND) and amplified drought (AD) over the seasonal cycle. Asterisks denote significant differences between treatments
for each season with Student tests with (*) = 0.05 < P < 0.1 and ** = 0.001 < P < 0.01. Values are means ± S.E and n = 5.
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-1 .h-1 ) of (A) isoprene and (B) methanol according to natural (ND) and amplified drought (AD) over the seasonal
FIGURE 3 | Anabolic emissions rate (ER, µgC.gDM
cycle. Asterisks denote significant differences between treatments according to a two-way repeated measures ANOVA with * = 0.01 < P < 0.05 and letters denote
significant differences among seasons with Tukey post-hoc test with a>b. Values are means ± S.E and n = 5.

(P > 0.05) but there was a significant interaction between both
factors. The strongest emissions were observed in autumn (0.29
-1 .h-1 ) compared to the other seasons, when emissions
µgC.gDM
-1 .h-1 . Thus, AD modified the
were lower to close to 0.1 µgC.gDM
seasonality pattern of formaldehyde emission rates unlike the
other compounds. Furthermore, these emissions were impacted
by AD especially in summer (P < 0.01) with a decrease of 74%,
and to a lesser extent in spring with 48% of reduction (0.1 > P >
0.05).

Relationship between Catabolic and
Anabolic BVOC
The ERMACR+MVK+ISOPOOH/ERisoprene ratio, which can
reflect the degree of oxidation within leaves, showed a strong
seasonality (Figure 6A, P < 0.001) with the highest ratio
in autumn, intermediate ratio in spring and the lowest in
summer. However, these ratios were similar under AD and
ND (P > 0.05). Likewise, the ERformaldehyde/ERmethanol
ratio was not impacted by AD (Figure 6B, P > 0.05).
Moreover, a strong effect of seasonality was observed (P
< 0.001) with larger oxidation rates (i.e., higher ratios) in
autumn with regard to other seasons. Moreover, formaldehyde
emission rates were higher than methanol emissions rates, and
thereby, the ERformaldehyde/ERmethanol ratio, in autumn, was
superior to 100%.
Isoprene and MACR+MVK+ISOOOH emission rates were
well-correlated at any season and whatever the drought treatment
(Table 1). Isoprene emission rates explained more than 85%
of MACR+MVK+ISOPOOH emission rates whatever the
season or the drought treatment (R2 > 0.85). By contrast,
more reserved results were obtained with correlation between
methanol and formaldehyde, especially in autumn when
methanol emission rates explained less than 25 and 41% for
ND and AD respectively, of formaldehyde emission rates. For
the other seasons, correlations were stronger than but not
as strong as between isoprene and MACR+MVK+ISOPOOH
emission rates.

FIGURE 4 | Allocation of assimilated CO2 to isoprene emissions (%)
according to natural (ND) and amplified drought (AD) over the seasonal
cycle. Letters denoted significant differences between seasons according to a
two-way repeated measures ANOVA with Tukey post-hoc test with a>b.
Values are means ± S.E and n = 5.

Catabolic BVOC
MACR+MVK+ISOPOOH emissions rates (catabolic products
of isoprene) showed, as isoprene, a clear seasonal course
(Figure 5A, P < 0.001) with the highest emissions in summer
-1 .h-1 , for ND and AD plots respectively)
(0.38 and 0.21 µgC.gDM
compared to the other seasons where emission rates were lower
-1 .h-1 for both merged plots. Moreover, as
or close to 0.1 µgC.gDM
isoprene, seasonality remained the same with AD. By contrast,
MACR+MVK+ISOPOOH emission rates were impacted by AD
(P < 0.01) which decreased emissions by 44% in summer (P <
0.05) and, by 48% in spring (0.1 > P > 0.05). Nevertheless, AD
did not modify catabolic products of isoprene emissions as in
autumn.
The effect of seasonality on formaldehyde emissions was less
clear than for the other compounds (Figure 5B). Results of twoway repeated measure ANOVA did not show a seasonality effect
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-1 .h-1 ) of (A) isoprene catabolic products (MACR/MVK/ISOPOOH) and (B) methanol catabolic product
FIGURE 5 | Catabolic BVOC emissions rate (µgC.gDM
(Formaldehyde) according to natural (ND) and amplified drought (AD) over the seasonal cycle. Asterisks denote significant differences between treatments according
to a two-way repeated measures ANOVA with (*) = 0.05 < P < 0.1; * = 0.01 < P < 0.05; ** = 0.001 < P < 0.01 and letters denote significant differences among
seasons according to a Tukey post-hoc test with a>b. For formaldehyde, there is only a season effect on AD plot. Values are means ± S.E and n = 5.

FIGURE 6 | Ratio between catabolic BVOC and their precursors (%) (A) catabolic way of isoprene (B) catabolic way of methanol according to natural (ND) and
amplified drought (AD) over the seasonal cycle. Asterisks denote significant differences between treatments according to a two-way repeated measures ANOVA with
*** = P < 0.001 and letters denote significant differences among seasons according to a Tukey post-hoc test with a>b>c. Values are means ± S.E and n = 5.

DISCUSSION

It is likely that Q. pubescens developed such a strategy to be
competitive under prolonged water stress periods. Other authors
have showed under controlled experimental conditions that
water scarcity induced a strong decay of Pn in young Q. pubescens
saplings and, at the same time, Gw went down (Brüggemann
and Schnitzler, 2002; Gallé et al., 2007; Genard-Zielinski et al.,
2014). However, in these studies, the water status, defined by
9pd, was very low compared with our experiment (below –3 MPa
against –0.85 MPa). Q. pubescens 9pd can actually drop below –
4 MPa before the first signs of real decay (Damesin and Rambal,
1995), which confirms the implementation of sustainable stress
for Q. pubescens during our experiment even after 3 consecutive
years of AD.

Ecophysiological Parameters
Results showed that 9m remained unchanged with AD. By
contrast, 9pd supported the hypothesis that the restricted
precipitations in the AD reduced water availability compared to
ND. This species has a high hydraulic stem efficiency (Nardini
and Pitt, 1999) which is likely to allow for compensation of water
loss by an equal amount of water uptake during the day, enabling
Q. pubescens to maintain its midday water status even under
AD. The poor water availability under AD induced stomata
closure both in spring and summer. Despite stomata closure,
Pn was only slightly reduced in summer, while in spring, the
higher WUE allowed to maintain Pn. Increasing the efficiency of
water used to fix CO2 allows Q. pubescens to reduce the effect
of AD. This results indicated that Q. pubescens can cope with
a 30% reduction of natural rain involving a moderate stress in
this species compared with trees under ND (Niinemets, 2010a).
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Anabolic BVOC
Several mechanistic studies have supported the role of isoprene
as a protective metabolite against the oxidative damage induced
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previously observed for other species (Schade and Goldstein,
2006; Lappalainen et al., 2009; Hu et al., 2011). Methanol
was especially released during the growth period (elongation
and maturation of leaves) when demethylation of pectin in
the primary cell walls occurred (Hüve et al., 2007; Oikawa
and Lerdau, 2013). AD did not modify the seasonality but
had a slight effect on methanol emissions with an emission
decrease in spring and summer that could probably be due to
the stomatal closure observed in these seasons. Indeed, since
oxygenated BVOC have a higher water affinity, they are mainly
released during water exchanges and hence stomatal aperture
(Niinemets et al., 2004).

TABLE 1 | R-squared (R2 ) coefficients and, in parentheses, the slope of
linear correlations between anabolic and catabolic BVOC emissions rate
according to natural (ND) and amplified drought (AD) over the seasonal
cycle.
Isoprene-MACR+MVK+

Methanol-Formaldehyde

ISOPOOH
ND

AD

ND

AD

Autumn (2013)

0.94 (0.01)

0.95 (0.01)

0.25 (0.66)

0.41 (1.03)

Spring (2014)

0.91 (0.01)

0.96 (0.01)

0.73 (0.24)

0.70 (0.18)

Summer (2014)

0.86 (0.002)

0.88 (0.002)

0.74 (0.33)

0.54 (0.28)

All the correlations are significant with P < 0.001.

Catabolic BVOC and their Relationship
with their Respective Anabolic BVOC
Precursors

by environmental stresses (Vickers et al., 2009; Velikova et al.,
2011; Pollastri et al., 2014). In agreement, numerous studies have
reported an isoprene emission sensitivity to moderate water or
heat stress (Behnke et al., 2007; Fortunati et al., 2008; GenardZielinski et al., 2014). It is also already known that terpenes
(mainly isoprene and monoterpenes) follow a seasonal trend with
the highest emissions in summer (Goldstein et al., 1998; Pio et al.,
2005). In our study, a clear seasonality appeared with the largest
isoprene emissions in summer when the oxidative stress was
strongest due to climatic conditions. This observation confirms
the possible role of isoprene in the protection of photosynthetic
apparatus against oxidative damage in Q. pubescens.
In the first year of AD, it was observed an increase of isoprene
emissions in our experiment (personal communication from
A.C. Génard-Zielinski), especially in summer (August 2012) with
a simultaneous decrease of Gw and Pn. By contrast, after 3 years
of drought, isoprene emissions were reduced by 50 and 35%
(in spring and summer respectively) whereas we expected an
increase of these emissions according to the results obtained in
2012. This decrease cannot be explained by stomata closure alone
as isoprene can also be emitted through the cuticle (Monson and
Fall, 1989; Sharkey and Yeh, 2001). The most reliable explanation
is that the reduction of Pn observed in our study involving
a lower carbon availability in trees. This is confirmed by the
stability of the carbon allocation in isoprene with 2.95 and
3.19% of the carbon assimilated through Pn invested in isoprene
production, in summer for AD and ND, respectively. Moreover,
this poor allocation of the assimilated carbon indicated that
trees did not suffer a strong water stress. Indeed, under optimal
conditions, this allocation usually ranges between 2 and 5% and
can reach between 10 and 50% under strong stressed conditions
(Brilli et al., 2007; Genard-Zielinski et al., 2014). These results
suggest that Q. pubescens was able to sustain a 30% reduction of
natural rain, after three consecutive years of application, without
increasing the investment in isoprene emissions; contrary to
what had been observed during the first year of this experiment
(personal communication from A.C. Génard-Zielinski). It is
possible that isoprene is only a response to short-term water
stress and when the drought becomes chronic, other antioxidant
metabolites are favored but this hypothesis deserves ongoing
research.
Methanol emission rates followed a seasonal course with
high emissions in spring and summer compared to autumn as
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MACR+MVK+ISOPOOH emission rates followed the same
pattern of seasonality than isoprene emission rates with the
strongest emissions observed in summer. The effect of AD
is also the same than isoprene emissions with a trend to
decrease under AD in spring and summer. These results and
the high correlations between MACR+MVK+ISOPOOH and
isoprene emissions, suggest that MACR+MVK+ISOPOOH
formation in plants originated only from isoprene
oxidations within leaf tissues. However, there are still large
uncertainties about the MACR+MVK+ISOPOOH origin
within leaves (Guenther, 2013) and this hypothesis needs to
be further investigated. Seasonality had a strong effect on
ERMACR+MVK+ISOPOOH/ERisoprene ratio with the highest
values occurring in autumn. Although, at this time of the year,
leaf senescence promotes lipid peroxidations which is a known
source of ROS (Bhattacharjee, 2005). These ratios did not show
any significant difference between ND and AD probably due
to the slight intensity of AD as previously discussed. The ratio
of isoprene oxidized in MACR+MVK+ISOPOOH can vary
strongly across species. Jardine et al. (2012) found a ratio of 25%
between isoprene and MACR+MVK+ISOPOOH in controlled
conditions for Phytolacca dioica L. whereas we only found 1.54%
for ND and 1.30% for AD in autumn. These differences could be
explained by leaf temperature during measurement with 47◦ C
for Jardine et al. (2012) and only 30◦ C during the warmest season
of our study.
Formaldehyde and methanol emission rates did not follow the
same seasonality unlike isoprene and MACR+MVK+ISOPOOH
emission rates. Indeed, higher formaldehyde emissions were
observed in autumn only in the AD plot whereas higher
methanol emissions were observed during the growth period.
Nevertheless, formaldehyde and methanol emissions rates were
impacted by AD in the same way; especially in spring and
summer, when a strong decrease of emissions occurred. As
formaldehyde is also an oxygenated BVOC, we can assume
that, as for methanol, stomatal aperture is a driver of its
emission. Moreover, in autumn, methanol and formaldehyde
showed a relatively weak correlation and formaldehyde emissions
represent more than 100% methanol emissions. These results
suggest that methanol and formaldehyde emissions were not
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products of cell membranes) but that requires some further
research.

strongly bounded in autumn with other sources of formaldehyde
formation occurring in Q. pubescens during this season such
as the dissociation of 5,10-methylene-tetrahydrofolate, oxidative
demethylation reactions or the glyoxylate decarboxylation or
isoprene oxidations (Atkinson and Arey, 2003; Seco et al., 2007;
Oikawa and Lerdau, 2013). Moreover, Holzinger et al. (2000)
who worked on Q. ilex, found that ratio of formaldehyde to
methanol was only equal to 4%, whereas we found, for all
seasons, a ratio always higher. This difference can be due to the
implementation of water stress. Indeed, Holzinger et al. (2000)
worked on flooding stress in roots whereas we worked on water
stress.
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CONCLUSION
Anabolic and catabolic BVOC emissions were observed to
be strongly seasonal dependent. Moreover, all anabolic and
catabolic emission rates decreased, especially in summer. While
the decrease of oxygenated BVOC (methanol, formaldehyde,
and isoprene catabolic products) can, probably, be attributed
to stomata closure, isoprene emission decrease is rather related
to the decrease of Pn. Catabolic emissions and the ratios could
be an indicator of oxidative pressure but it depends on the
relationship between catabolic BVOC and their precursors.
Our results highlighted that MACR+MVK+ISOPOOH could
be a potential good indicator unlike formaldehyde. Other
catabolic BVOC could be used as indicators of oxidative
pressure such as acetaldehyde (catabolic products of ethanol)
or the green leaf volatile compounds (GLVs, catabolic
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