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Abstract
& Key message Mixing sessile oak and Scots pine in central
France to reduce intraspecific competition for water re-
sources did not improve the ability of these two species to
withstand severe drought during the summer.
& Context In order to reduce the impact of increasingly ex-
treme droughts on forests, managers must adapt their practices
to future climate conditions. Maintaining a greater diversity of
tree species in temperate forest ecosystems is one of the rec-
ommended options.
& Aims We addressed how interactions between sessile oak
and Scots pine in mixed forests in central France affect their
functional response to drought.
& Methods We characterized the carbon isotope composition
(δ13C) in the tree growth rings formed during wet (2001,
2007) or dry (2003, 2004) summers for each of the two

species growing both in pure and in mixed stands in order to
compare the effect of stand composition on variations in car-
bon isotope discrimination (Δ13C) among contrasted years.
& Results The severe drought in 2003 induced a strong de-
crease in Δ13C for all trees and in all stands as compared to
2001. This decrease was greater in pine than in oak. There was
no significant difference between pure and mixed stands in the
response of either species to drought.
& Conclusion Mixing sessile oak and Scots pine in stands in
central France does not improve the ability of either species to
withstand severe drought during the summer.
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1 Introduction

Due to their longevity, trees must not only be adapted to
their current climatic conditions, but also be able to adapt
to future ones. Yet, in the context of climatic changes, a
relatively sudden rise in temperatures accompanied by an
increase in the frequency and intensity of droughts is ex-
pected at temperate latitudes in the northern hemisphere
over the next decades (IPCC 2013) and this is likely to
dramatically affect forests. Indeed, extreme droughts cause
stomatal closure (Granier et al. 2007), leading to a decrease
in both photosynthesis (Saxe et al. 2001) and secondary
growth (Bréda and Badeau 2008; Toïgo et al. 2015).
Droughts induce fine-root mortality (Jany et al. 2003)
which further limits a tree’s ability to absorb water.
Finally, droughts can sometimes cause partial or total de-
foliation (Bréda et al. 2006) and ultimately tree death
(Allen et al. 2010; McDowell et al. 2008).
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In order to limit the impact of extreme droughts on forests,
managers must adapt their practices to future climate condi-
tions. Many studies have shown the benefits of species-
diverse forests over mono-specific ones (Gamfeldt et al.
2013; Jactel and Brockerhoff 2007; Knoke et al. 2008; Perot
et al. 2013; van der Plas et al. 2016). Some of these studies
have suggested that mixed forests might be better adapted to
soil drought, since the impact of drought on tree growth or tree
transpiration was found to be lower in mixed forests than in
pure ones (Grossiord et al. 2015a; Lebourgeois et al. 2013;
Pretzsch et al. 2013). These results encourage forest managers
to promote greater diversity of tree species in temperate forest
ecosystems in order to limit the impact of extreme droughts on
forests. However, other results suggest that this pattern cannot
be generalized. Indeed, in various forest types across Europe,
greater tree species diversity has not always been found to
improve resistance to drought (Forrester et al. 2016;
Grossiord et al. 2014c; Merlin et al. 2015). Negative effects
have even been observed in some boreal and temperate forests
(Grossiord et al. 2014b; Toïgo et al. 2015): drought affected
tree growth more in mixtures than in pure stands. The effect of
species mixture on drought resistance depends on species
identity, forest type and local environmental conditions (pre-
cipitation, drought, soil characteristics etc.) (Grossiord et al.
2015b). Further work is therefore needed to address the effect
of species mixture on the resistance of tree species and forest
communities to drought with a view to developing forest man-
agement strategies adapted to climate change.

The impact of drought on tree function has been extensive-
ly studied over the past decades. Limited soil water availabil-
ity induces a series of short- or long-term biophysical, physi-
ological and morphological responses in trees, thus allowing
them to acclimate and adapt to adverse conditions and, hope-
fully, survive (e.g. Bréda et al. 2006; Chaves et al. 2003;
McDowell et al. 2008). Typical plant responses to drought
stress include leaf stomatal regulation and reduced carbon
assimilation rates. Of the two reactions, stomatal conductance
for water vapour is affected to a greater extent than is carbon
assimilation and a concomitant decrease in the ratio of internal
leaf CO2 to ambient CO2 concentrations occurs during the
period when the carbon is fixed (Farquhar et al. 1989).
During photosynthetic assimilation of atmospheric CO2, it
has been shown that plants discriminate against molecules of
CO2 containing 13C, because the heavier isotope diffuses
more slowly to the site of carboxylation and reacts less readily
than does 12C with the primary carboxylating enzyme
(Farquhar et al. 1982). This leaf-level discrimination is pro-
portional to the ratio of internal leaf CO2 to ambient CO2

concentrations (Farquhar et al. 1982), and carbon isotope dis-
crimination during photosynthesis (Δ13C, ‰) is thus influ-
enced by drought (Ehleringer and Cooper 1988; O’Leary
1995). When photosynthate products move from the sites of
carboxylation in the leaf to woody tissues, post-

photosynthetic fractionation processes and a mixing of mole-
cules with different compositions occur (Gessler et al. 2014).
These processes modify the isotope composition of the woody
tissues and cause a partial decoupling between leaf and wood
carbon isotope signals. However, this decoupling remains
moderate and estimates of Δ13C in wood still provide an in-
teresting integrated record of the functional response of trees
to drought (e.g. Ehleringer and Farquhar 1993; Saurer et al.
1995; Stewart et al. 1995; Bert et al. 1997).

Sessile oak and Scots pine have contrasting growth char-
acteristics, and Scots pine is more sensitive to summer drought
than is sessile oak (Merlin et al. 2015). Furthermore, Toïgo
et al. (2015) showed that tree ring density decreased more in
mixtures than in pure stands under drought conditions for both
species, even though there was no clear trend for ring width.
Herein, we address how interactions between sessile oak
(Quercus petraea (Matt.) Liebl.) and Scots pine (Pinus
sylvestris L.) trees in mixed forests in central France affected
the functional response of the two species to a severe drought.
To estimate the effect of stand composition, we used a retro-
spective approach: we compared Δ13C found in the rings of
mature trees of the two species, growing in either pure or
mixed stands, among years with different climatic conditions
(wet or dry growing seasons). We tested whether the decrease
in Δ13C between a wet and a dry summer differed according
to tree species (oak vs. pine) and stand composition (pure vs.
mixed stands). We also tested whether stand composition in-
fluenced the resistance, the recovery and the resilience of the
species to severe soil drought conditions. If complementarity
for water use is occurring among the two species under
drought conditions, Δ13C values should decrease less be-
tween wet and dry soil conditions in mixed than in pure
stands. We, therefore, hypothesized that

(i) theΔ13C for both species would strongly decrease from
a wet summer to an extremely dry one,

(ii) the Δ13C response to drought would not be similar
among species, and

(iii) species interactions would affect theΔ13C response of
both species to severe drought with a lower decrease inΔ13C
expected in mixed stands than in pure ones.

2 Material and methods

2.1 Study site and species

A precise description of the study site is presented in Toïgo
et al. (2015); only the most important features are given below.
The site (47° 82′N, 2° 48′ E) is located in north-central France
in the Orléans forest, which covers 35,000 ha. The climate is
semi-continental with mild rainy winters and warm dry sum-
mers. The mean annual temperature is 11.2 °C, with a mean
maximum temperature of 24.0 °C during summer and a mean
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minimum temperature of 1.5 °C during winter. The mean
annual rainfall is 739 mm (data from the Irstea weather station
at Nogent-sur-Vernisson from 1980 to 2010). The soil is com-
posed of sand on a dense clay layer. The clay layer can cause
waterlogging in winter while the top layer of sand severely
constrains vegetation growth during summer drought events.

The species under study were Scots pine (Pinus sylvestris
L.) and sessile oak (Quercus petraea (Matt.) Liebl.), both em-
blematic commercial species in Europe. These species grow in
both pure and mixed stands in north-central France and have
contrasting characteristics (Bréda and Badeau 2008; Bréda
et al. 2006; Eilmann et al. 2006; Merlin et al. 2015;
Michelot et al. 2012). Notably, they use different strategies
to cope with periods of severe drought. Sessile oak has a deep
root system with a large taproot and strong lateral roots
(Zapater et al. 2011), whereas Scots pine roots are mainly
superficial (Grossiord et al. 2014a). During summer drought
periods, stomatal closure to minimize the risk of xylem cavi-
tation is more marked in Scots pine than in oak (Tyree and
Cochard 1996; Zweifel et al. 2009).

2.2 Sampling design and tree ring measurements

To conduct this study, we used tree cores that were sampled by
Toïgo et al. (2015) in early 2013. The sampling design and
collection methods of these cores are described in Toïgo et al.
(2015) and are briefly recalled below.

Twenty-four plots with a 15-m radius were selected: eight
plots in pure oak stands, eight in pure pine stands and eight in
oak–pine mixtures. The mean basal area was 20.1 ± 3.7 m2

ha−1 in pure oak stands, 30.5 ± 8.6 m2 ha−1 in pure pine stands
and 28.4 ± 4.7 m2 ha−1 in mixed stands. In the mixtures, the
mean basal area ratio of oak represented 40.4 ± 10.5% of the
total basal area (i.e. 59.6% for pines). The mean tree age was
66 years for oak in pure stands, 60 years for pine in pure stands
and, respectively, 62 and 56 years for oak and pine in mixed
stands. Finally, the mean tree height was 21 m for oak in pure
stands, 20 m for pine in pure stands and, respectively, 20 and
23 m for oak and pine in mixed stands. In each plot, three
dominant or co-dominant trees were sampled per species for a
total of 48 oak and 48 pine trees.

A 5-mm internal diameter Pressler auger was used to col-
lect a wood core at breast height on the north side of the trunk
for each of the 96 trees. After drying, the cores were sawn into
thin flat slices to make it possible to measure the X-ray density
of each ring. Once prepared and radiographed, the cores were
cross-dated and ring width measurements were taken (Toïgo
et al. 2015).

2.3 Climate data and selection of the target years

Our objective was to conduct a retrospective analysis to com-
pare tree response to drought during summer periods (July–

August) with different water limitation levels. To avoid a po-
tential bias from tree ageing, the target period needed to be as
short as possible; we, therefore, selected the 2001–2007 peri-
od which included an extreme drought in 2003. The selected
years include (i) 1 year without water limitation in the late
summer (wet year), taken as the reference year; (ii) 1 year with
strong water limitations in summer (dry year) to test for
drought effect and tree resistance to drought; (iii) 1 year that
followed the dry year when water was also limited to test for
the cumulative effect of drought and (iv) 1 year without water
limitations after the dry year to test the trees’ resilience and
recovery ability to drought (resilient year).

To select our study period, the approach described in
Grossiord et al. (2014c) was followed. We used the daily
water balance model BILJOU© (Granier et al. 1999) to
calculate the daily relative extractable soil water and the
soil water stress index (SWSI) for each stand type. Stand
characteristics used to parameterize the model (leaf area
index, soil depth) were obtained from Toïgo et al. (2015).
The daily relative extractable water is a dimensionless
number and varies from 1 when the soil is at field capacity
to 0 when the soil is at the wilting point. Water stress is
assumed to occur when relative extractable water drops
below a threshold of 0.4. It has been shown that below this
threshold, the stomata close and radial growth stops
(Granier et al. 1999). The SWSI reflects the intensity of
soil water limitation for trees for a given day. To select the
target years, we calculated the SWSI for the July–August
period, i.e. during the heart of the summer drought.

Based on SWSI values, 2 years with extreme July and
August droughts were identified: 2003 and 2006.
However, 2006 followed several years with some level of
water stress (2003 to 2005); we, therefore, discarded it as
the target dry year because tree functioning might have
been affected by the succession of previous dry years
(Bréda and Badeau 2008). We selected 2001 as the wet
year, 2003 as the dry year, 2004 as the year with an inter-
mediate drought following the extreme drought in 2003
and 2007 as the resilient year without drought but which
followed a series of years with water limitations (Fig. 1).

2.4 Selecting the part of the ring to analyse

For many species, including oak, the isotopic signature of the
reserves accumulated during the year n − 1 strongly influences
the isotopic signature of the wood formed during the spring of
the subsequent year n (Lipp et al. 1991). Therefore, to avoid
any delayed effects of accumulated reserves, it is essential to
analyse the carbon isotope composition (δ13C) of the wood
that was formed towards the end of the growing season and
not the spring wood. Following Michelot et al. (2012), we
analysed the last third of the ring for oak and the last quarter
of the ring for pine for each selected year. This ensured that the
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carbon isotope signature we obtained for each sample and
each given year characterized the functioning of the selected
trees during the second part of the growing season, i.e. under
high soil water conditions during the wet years and under
limited soil water conditions during the dry years.

2.5 Sample preparation

Sample preparation was conducted at the PTEF facility at
INRA Nancy-Lorraine. For each core and each selected year,
we oven-dried the cores at 50 °C for 48 h and then carefully
separated the desired piece of wood from the rest of the ring
with a scalpel. Of the 384 pieces initially planned (2 species ×
2 stand composition types × 8 plots × 3 trees × 4 years), 56
were impossible to collect because the rings were not distin-
guishable. Each of the resulting 328 samples was then
weighed.

For isotope analyses, around 1 mg of fine dry powder is
needed. When the mass of the samples was above 4 mg, the
whole piece of wood was ground into fine powder and put into
tin capsules. However, since some powder is always lost during
grinding, small samples were not ground. The following pro-
cedure was applied to avoid the risk of losing all the available
biomass: When the dry mass of the ring samples was below
4 mg, the piece of wood was crushed into very small pieces
with a scalpel; a subsample of 1 mgwas then randomly selected
and put into the tin capsules. Previous tests conducted at the
PTEF facility showed that this procedure does not impact the
results of the isotope analyses (N. Angeli, pers. comm.).

2.6 Isotopic analyses

Isotopic analyses were performed at the PTEF facility at
INRA Nancy-Lorraine. The carbon isotopic ratio was mea-
sured in an IRMS isotope mass spectrometer (Isoprime 100,

Isoprime Ltd., Cheadle Hulme, UK) coupled with an elemen-
tary analyser (Elementar vario, ISOTOPE cube, Elementar
Analysen Systeme GmbH, Hanau, Germany) and was
expressed as the carbon isotope composition δ13C (‰).
Unfortunately, due to a temporary malfunction of the spec-
trometer, 44 samples were lost. Statistical analyses were there-
fore carried out on 284 samples (Table 1).

2.7 Carbon isotope discrimination

The carbon isotope discrimination for each sample and for
each year (Δ13Cy,‰) was calculated based on the δ13C values
of each year (δ13Cy, ‰) according to the following equation
(Farquhar et al. 1982):

Δ13Cy ¼ δ13Cay−δ13Cy

1þ 0:001� δ13Cy
;

where δ13Cay (‰) is the mean annual atmospheric δ13C of year
y. We used δ13Cay data provided by GLOBALVIEW-CO2C13
(2008). δ13Cay changes continuously, becomingmore andmore
negative independently of any other factor (GLOBALVIEW-
CO2C13 2008). Our comparison of Δ13Cy among years took
these changes into account, thus making it possible to compare
carbon and water use in plants among different years.

2.8 Statistical analyses

The resistance, recovery and resilience of trees to drought are
influenced by a range of extrinsic and intrinsic factors. We
evaluated these capacities based on variations in Δ13C be-
tween 2 years (Δ13Cyear 2 − year 1 =Δ13Cyear 2 −Δ13Cyear 1,
‰) for each tree for the following pairs of years: 2001–
2003, 2001–2004, 2001–2007, 2003–2004, 2003–2007 and
2004–2007. The year 2003 was considered representative of
an extreme drought event.Δ13C2003− 2001 was then used as an
indicator of the water stress suffered by a tree during the
drought and, by extension, its degree of drought resistance:
The more negative itsΔ13C2003 − 2001 value, the less a tree was
resistant to drought. Δ13C2007 − 2003 was used as an indicator
of the recovery capacity of the tree after drought stress: The
more positive its Δ13C2007− 2003, the more the tree recovered
from drought.Δ13C2007 − 2001 indicated the resilience capacity
of the tree after drought stress: IfΔ13C2007− 2001 was close to
0, there was high resilience; in contrast, ifΔ13C2007− 2001 was
negative, the tree was not resilient.

For each of the Δ13Cyear 2 − year1 variables, we tested for
species effect and stand composition effect separately. Species
effect was tested only in pure stands. In order to check that our
selection of target years was relevant in terms of the SWSI, we
plotted the average Δ13C with the variations in SWSI values
(ΔSWSI) for each period and visually interpreted the data. We

Fig. 1 Soil water stress index (SWSI) calculated with the BILJOU©
model for the July–August period for the years 1999 to 2010. Arrows
indicate years selected in this study
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could not statistically analyse the relationship between
Δ13Cyear 2 − year1 and ΔSWSI because of the strong correla-
tions between the different periods. As 2004 was chosen be-
cause water stress was lower than in 2003, we, therefore,
tested whether Δ13C2003 − 2001 was indeed different from
Δ13C2004− 2001 for each species.

For all analyses, we used linear mixed models to take into
account the random effects related to our sampling structure
(plot and tree random effects) (Pinheiro and Bates 2000). For
some analyses, because the variance of the residuals was sig-
nificantly different among groups (tree species or stand com-
position), we added a model variance to estimate the standard
deviation per group (Pinheiro and Bates 2000). Simplified
results without random-effect parameters or variance models
are presented in the “Results” section. Detailed results are
available in the supplementary material (see Tables S1, S2
and S3). All analyses were performed with the lme function
of the nlme package (Pinheiro et al. 2016) in the R software,
version 3.3.2 (R Core Team 2016).

3 Results

3.1 Intra- and inter-specific variabilities in Δ13C

For a given species, there was considerable variability in
Δ13C among individuals (Fig. 2) and this intraspecific vari-
ability was greater in oaks than in pines. On average, pine
always had lower Δ13C than oak (Fig. 2). For the year 2001
(a year without water limitation) and in pure stands (no species
interactions), the average Δ13C of pine (18.0‰) was signifi-
cantly lower than that of oak (19.9‰) (p < 0.001).

3.2 Drought effect onΔ13C and tree species effect in pure
stands

The change inΔ13C over time for both species in pure stands
followed the expected pattern: Δ13C was lower in dry years
(2003, 2004) than in wet years (2001, 2007) (Fig. 2), with the
lowest values in 2003 and the highest in 2007.

For pine, Δ13C2007 − 2004 and Δ13C2004 − 2001 did not sig-
nificantly differ from 0 (p > 0.10), whereas Δ13C2003 − 2001,
Δ13C2007 − 2001, Δ

13C2004 − 2003 and Δ13C2007 − 2003 were

significantly different from 0 (p < 0.05, Table 3, Fig. 3).
Δ13C2003 − 2001 and Δ13C2007 − 2001 were negative whereas
Δ13C2004− 2003 and Δ13C2007 − 2003 were positive. Δ13C2003

− 2001 was significantly more negative than Δ13C2004 − 2001

(p < 0.001, Table S3).
For oak, Δ13C2007 − 2001, Δ

13C2007 − 2003 and Δ13C2007 −

2004 were significantly different from 0 (p = 0.020, 0.003 and
0.048, respectively), whereas the other Δ13Cyear 2 − year 1

values were not (p > 0.05) (see results for pure oak stands in
Table 3, Fig. 3). However, though Δ13C2003 − 2001 did not
significantly differ from 0 (p = 0.064, Table 3), when the stand
composition effect was removed from the analysis (nomixture
effect), the value did significantly differ from 0 (Δ13C2003 −

2001 = − 0.59, p = 0.004). Finally, Δ13C2003 − 2001 was more
negative than Δ13C2004− 2001, but the difference was not sta-
tistically significant (p = 0.226, Table S3).

In pure stands, tree species effect was significant for
Δ13C2003− 2001 and Δ13C2007 − 2001 (Table 2): Δ

13C2003 − 2001

for oak was significantly less negative than the values for pine
(p < 0.01), andΔ13C2007− 2001 for oak was significantly great-
er than the values for pine (p < 0.01).

3.3 Stand composition effect on Δ13C

For pine, meanΔ13C values in pure andmixed stands in 2001,
2003 and 2004 did not significantly differ (p > 0.10). In 2007,
the difference was around 0.5‰ but was still not significant
(p = 0.131). We did observe a significant mixture effect on
Δ13C2007 − 2003 (p = 0.003) and Δ13C2007 − 2004 (p = 0.009),
but not on the other variations inΔ13C between pairs of years
(p > 0.10) (Table 3, Fig. 3).

Fig. 2 Mean Δ13C values for each year according to tree species and
stand composition. Vertical bars represent standard errors of the mean

Table 1 Number of observations by tree species, stand composition
and selected year

Species Stand composition 2001 2003 2004 2007

Sessile oak Pure 15 14 10 15

Mixed 19 15 14 17

Scots pine Pure 24 23 21 22

Mixed 21 18 18 18
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For oak, mean yearly Δ13C values in pure stands were on
average lower by about 1.0‰ than those in mixed stands
(Fig. 2). Yet, this difference was not significant when all years
were included in the model (p = 0.132) nor when the values
for each year were tested separately: 2001 (p = 0.153), 2003
(p = 0.058), 2004 (p = 0.237) and 2007 (p = 0.205). We, there-
fore, conclude that there was no significant effect of stand
composition on Δ13C for oak (Table 3, Fig. 3).

4 Discussion

4.1 Intra- and inter-specific variabilities in Δ13C

The pine and oak trees differed strongly in carbon isotope
discrimination, notwithstanding stand composition or year
(Fig. 2). These results, which are consistent with previous
studies that have shown a wide range of δ13C values among

Fig. 3 Variations in carbon isotope discrimination between 2 years
(Δ13Cyear 2 − year 1) according to variations in the soil water stress index
between the 2 years (ΔSWSI) for each period (2003 − 2001, 2007 −
2003, 2007 − 2001, 2004 − 2003, 2004 − 2001) and each stand
composition. For the sake of clarity, the values corresponding to 2007

− 2004 are not shown. Horizontally, the upper part of the graph
corresponds to an increase in Δ13C between year 1 and year 2 and the
lower part to a decrease. Vertically, the right side corresponds to an
increasing drought intensity and the left side to a return to high soil
moisture content

Table 2 Parameter estimates and associated p values for the model
testing the effect of tree species on Δ13Cyear 2 − year 1. μ0 is the value of
Δ13Cyear 2 − year 1 estimated for pure pine stands. If μ0 is significantly
different from 0, then, Δ13Cyear 2 − year 1 is significantly different from 0
in pure pine stands. μ1 is the difference inΔ

13Cyear 2 − year 1 between pure

oak stands and pure pine stands. If μ1 is significantly different from 0,
then, the Δ13Cyear 2 − year 1 of pure oak stands is significantly different
from that of pure pine stands. n = number of observations; Est. =
parameter estimate; Std. err. = standard error of parameter estimate

Δ13Cyear 2 − year 1 Pine (n) Oak (n) Parameter Est. Std. err. p value

2003 − 2001 23 13 Pine (μ0) − 1.27 0.16 < 0.001

Oak − pine (μ1) 0.79 0.25 0.007

2007 − 2001 22 13 Pine (μ0) − 0.38 0.13 0.010

Oak − pine (μ1) 1.18 0.38 0.006

2007 − 2003 21 13 Pine (μ0) 0.87 0.16 < 0.001

Oak − pine (μ1) 0.45 0.38 0.254

2004 − 2001 21 10 Pine (μ0) − 0.37 0.28 0.201

Oak − pine (μ1) 0.39 0.59 0.516

2004 − 2003 21 8 Pine (μ0) 0.77 0.12 < 0.001

Oak − pine (μ1) − 0.20 0.57 0.730

2007 − 2004 19 9 Pine (μ0) 0.02 0.20 0.928

Oak − pine (μ1) 1.13 0.62 0.092
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temperate tree species (Grossiord et al. 2014b; Michelot 2011;
Ponton et al. 2001), point to clear differences between pine
and oak related to the functional traits at play in the trade-off
between carbon gain and water loss at the plant level
(Ehleringer 1993).

One intriguing observation was that levels of intraspecific
variability were greater in oak than in pine, notwithstanding
stand conditions or year (Fig. 2). Micro-environmental and/or
genetic factors could be the main causes of such variability
(Leavitt 2010; Michelot 2011; Ponton et al. 2001). Since no
information about the genetic structure of the pine and oak
populations exists, the genetic origin of this variability cannot
be precisely addressed. With regards to micro-environmental
conditions, the greater intraspecific variability in oak Δ13C
could not have been related to soil water availability since
the same variability patterns were found in both wet and dry
years. Climatic variability among plots cannot explain the
intraspecific variability observed for oak either: the studied
plots are located in a lowland forest with little altitudinal var-
iability and, consequently, little variability in micro-climatic
parameters such as air temperature or air humidity.

Under wet conditions (2001), while pine Δ13C did not
differ between pure and mixed stands, for oak trees, there
was a trend for slightly higher Δ13C values in mixed stands

than in pure stands, though the effect was not significant
(Fig. 2). Differences in soil water availability are known to
explain gradients of Δ13C among trees (Saurer et al. 1995;
Stewart et al. 1995), but this effect should not have contributed
to the trend for oak since water levels remained high in 2001
in all the stands (Fig. 1). Access to other resources, such as
light or soil nutrients, may therefore have had an influence. It
is well-known that gradients of light levels (Francey et al.
1985), carbon isotope composition in atmospheric CO2

(Schleser and Jayasekera 1985) and air humidity (Winter
et al. 1982) influence Δ13C in trees. The greater mean basal
area in the mixed stands as compared to the pure oak stands
may indicate that a denser canopy in the mixed stands reduced
light interception by oak trees, thereby inducing slightly
higher Δ13C values. However, in the same forest, Perot et al.
(2017) demonstrated that despite differences in stand basal
area among pure and mixed oak/pine stands, mean solar radi-
ation transmittance did not differ between pure oak and mixed
stands. Nevertheless, pines and oaks drastically differ in can-
opy shape. The dense pine canopy in the mixed stands might
have created micro-climatic conditions where respired CO2

could possibly be re-assimilated more easily and where higher
air humidity might prevail. Such conditions influenceΔ13C in
the same direction (higher Δ13C values), and one cannot rule

Table 3 Parameter estimates
and associated p values for the
model testing the effect of stand
composition onΔ13Cyear 2 − year 1.
μ0 is the estimated value of Δ13

Cyear 2 − year 1 for pure stands. If μ0
is significantly different from 0,
then, Δ13Cyear 2–year 1 is
significantly different from 0 in
pure stands. μ1 is the difference in
Δ13Cyear 2 − year 1 between mixed
stands and pure stands. If μ1 is
significantly different from 0,
then, theΔ13Cyear 2 − year 1 of pure
stands is significantly different
from that of mixed stands. n =
number of observations; Est. =
parameter estimate; Std. err. =
standard error of parameter
estimate

Δ13Cyear 2 − year 1 Species Pure (n) Mixed (n) Parameter Est. Std.err. p value

2003 − 2001 Pine 23 17 Pure (μ0) − 1.27 0.16 < 0.001

Mixed − pure (μ1) − 0.32 0.25 0.226

Oak 13 15 Pure (μ0) − 0.44 0.22 0.064

Mixed − pure (μ1) − 0.25 0.39 0.538

2007 − 2001 Pine 22 17 Pure (μ0) − 0.38 0.15 0.017

Mixed − pure (μ1) 0.32 0.26 0.237

Oak 13 17 Pure (μ0) 0.81 0.31 0.020

Mixed − pure (μ1) − 0.58 0.41 0.184

2007 − 2003 Pine 21 16 Pure (μ0) 0.87 0.15 < 0.001

Mixed − pure (μ1) 0.82 0.23 0.003

Oak 13 15 Pure (μ0) 1.32 0.36 0.003

Mixed − pure (μ1) − 0.35 0.49 0.495

2004 − 2001 Pine 21 17 Pure (μ0) − 0.39 0.22 0.090

Mixed − pure (μ1) − 0.44 0.32 0.193

Oak 10 14 Pure (μ0) 0.02 0.5 0.972

Mixed − pure (μ1) − 0.57 0.53 0.303

2004 − 2003 Pine 21 16 Pure (μ0) 0.78 0.12 < 0.001

Mixed − pure (μ1) 0.01 0.18 0.974

Oak 8 12 Pure (μ0) 0.51 0.52 0.351

Mixed − pure (μ1) − 0.34 0.69 0.630

2007 − 2004 Pine 19 17 Pure (μ0) 0.02 0.18 0.921

Mixed − pure (μ1) 0.79 0.26 0.009

Oak 9 14 Pure (μ0) 1.16 0.53 0.048

Mixed − pure (μ1) − 0.45 0.68 0.524
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out that they contributed to the slightly higherΔ13C values for
oaks in mixed stands.

4.2 Drought effect and differences in tree species responses

As expected, the severe drought in 2003 induced a strong
decrease in Δ13C for all the trees in both stand types (Figs. 2
and 3). This result is consistent with previous literature (Saurer
et al. 1995; Stewart et al. 1995) and shows that in dry years,
the decrease in photosynthesis is less than the decrease in
stomatal conductance for water vapour (Farquhar et al.
1989). Our results confirm the literature on species differences
in response to drought: On average, the decrease inΔ13C from
2001 to 2003 was greater in pine than in oak (Table 2, Fig. 3),
suggesting that the impact of drought on the trade-off of car-
bon and water flux was greater in pine trees than in oaks. Scots
pine is known to regulate stomatal conductance for water va-
pour more than oak in order to minimize the risk of xylem
cavitation (Tyree and Cochard 1996; Zweifel et al. 2009). The
difference in the two species’ response to drought could also
be explained by the deep rooting system of oaks (Zapater et al.
2011), which allows them to access deeper soil water, whereas
pine trees often have shallower root systems (Grossiord et al.
2014a). Our results are in line with those of Merlin et al.
(2015) who evidenced that the 2003 summer drought caused
a 5% reduction (compared to the 3 years before the drought
event) in radial growth for sessile oak whereas the reduction
was 20% for Scots pine.

It is interesting to note that the decrease in Δ13C for both
species was greater from 2001 to 2003 than from 2001 to
2004, although this difference was not significant for oak
(Table S3). Soil drought was greater in 2003 than in 2004
(Fig. 1), and this trend is therefore consistent with the expect-
ed relationship between soil drought and Δ13C (Saurer et al.
1995; Stewart et al. 1995): The greater the intensity of the
drought, the stronger the decrease in Δ13C, if there are no
carry-over effects of an extreme drought on the Δ13C of the
following year.

The wet growing season in 2007, where extractable water
levels never fell below the critical threshold inducing stomatal
closure in trees (Fig. S1), followed a series of five growing
seasons with dry summers (Fig. 1). For oak, Δ13C values in
2007 were close to the ones in 2001 (Figs. 2 and 3), pointing
to this species’ strong functional resilience in terms of carbon
and water acquisition and use to a series of dry summers.
However, for pine, the variation in Δ13C between 2007 and
2001 in both pure and mixed stands was significantly greater
than 0 (Table 3, Fig. 3), suggesting that there was no full
recovery after several successive years with high drought.
Though we studied resilience to the 2003 drought through
Δ13C only, in the same forest, Merlin et al. (2015) evaluated
the resilience of tree growth to the same drought event based
on tree ring width indices. In their study, both sessile oak and

Scots pine showed strong resilience to drought. This indicates
that for pine at least, functional and growth resilience to a
given drought event differed. Further exploration of resilience
issues for both oak and pine is needed since research findings
could have a strong impact on mixed forest management
practices.

4.3 Effect of stand composition on tree functional response
to drought

The main objective of this study was to test for interacting
effects of drought and species mixture on pine and oak
Δ13C. Our results clearly indicate a lack of significant inter-
actions between abiotic and biotic factors. There was a trend
towards a slightly greater decrease inΔ13C in mixed stands as
compared to pure ones for pine and a slightly lower decrease
in mixed stands for oak (Fig. 3). However, statistical tests
revealed no significant difference in Δ13C between stand
composition types (pure vs. mixed) for either species
(Table 3). Thus, despite the extreme soil drought conditions
which occurred at the study site in 2003, one cannot conclude
that mixing the two species significantly altered their function-
al response to drought. Even though positive effects of mixed
species stands on tree growth or transpiration respiration in
reaction to drought have been found in some case studies
(Grossiord et al. 2015a; Lebourgeois et al. 2013; Pretzsch
et al. 2013), our results are consistent with the recently in-
creasing body of literature indicating that greater tree species
diversity in temperate forests does not always improve tree
and forest ecosystem resistance to drought (Forrester et al.
2016; Grossiord et al. 2014c; Merlin et al. 2015).

The absence of any clear species interaction effect under
drought conditions suggests that even though these two spe-
cies strongly differ in ecological and functional characteristics
(phenology, root systems, growth patterns, stomatal regulation
etc.), the processes involved in species interactions were not
strong enough to modify species response to drought. This
contrasts with previously published results showing positive
effects of mixing coniferous and broadleaf species (e.g.
Grossiord et al. 2015a) and suggests that even though mech-
anisms of competition (negative interactions) and comple-
mentarity (positive interactions) for resource acquisition
(light, water, nutrients) between conifers and broadleaves
may be at play in mixed stands, mixing is neither beneficial
nor harmful to the trees. Though mixing certainly contributes
to greater biodiversity, it does not necessarily enhance future
ecosystem survival in a context of more frequent and severe
droughts.

Stand mixture did not influence oak resilience to the series
of dry summers from 2002 to 2006. However, for pine,
Δ13C2007− 2001 was negative for both pure and mixed stands
and Δ13C2007 − 2003 was much less positive in pure than in
mixed stands (Fig. 3). This suggests that the pines in pure
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stands were less resilient to the period of dry summers (2002–
2006) than the pines in mixed stands and indicates a positive
effect of the presence of oak trees on pine resilience to
drought. Yet, it is important to note here that 2001 cannot be
considered as a true reference year in terms of long-term tree
functional response to soil water conditions. Indeed, the trees
sampled were around 60 years old and had certainly suffered
from several severe summer drought events over their
lifespan. Furthermore, as previously pointed out, both 2001
and 2007 had been preceded by a series of dry summers
(Fig. 1). In view of our results, the question of the long-term
response of pine to successive drought years remains. The
variability in Δ13C values among individual pine trees in
2007 was low and exactly within the range of the values for
individual pine trees in other years. The results of Δ13C ob-
served in 2007 in pure stands thus do not seem to be related to
a few specific trees, but they rather seem to represent a true
response of the pure-stand populations. Analysing Δ13C
values in tree rings over a longer period of time would be of
great value in understanding the origin of the pine response to
drought.

5 Conclusion

In conclusion, we show that in mixed forests in central
France, summer droughts influence carbon isotope dis-
crimination during photosynthesis in both Scots pine and
sessile oak. Though managing for tree mixtures has been
encouraged to reduce intraspecific competition for re-
sources, the impact of summer drought on Δ13C did not
clearly differ for either species in mixed as compared to
pure stands. This result is consistent with a recently in-
creasing body of literature showing that greater tree species
diversity in temperate forests does not necessarily improve
the res is tance of fores t ecosys tems to drought .
Nevertheless, it is important to point out that the response
to drought of the two species in our study was no worse in
mixed stands than in pure ones. Therefore, even though
mixing Scots pine and sessile oak may not avoid the neg-
ative effects of future severe droughts in the region, the
practice would still contribute to improving other ecosys-
tem services such as biodiversity and long-term productiv-
ity (Perot and Picard 2012).
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