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Abstract

Aims The growing demand from forest managers is to
identify silvicultural practices to overcome projected
water scarcity during the next decades. One solution is
to mix tree species in the same stand, thereby increasing
resource partitioning and minimizing competition for
limited soil water. This study investigates the mixture
approach for Quercus petraea (Matt.) Liebl. and Pinus
sylvestris L. during an extreme summer drought event.
Methods During the summer drought event in 2016, we
analyzed the isotopic signatures of large- and small-tree
xylem and soil water throughout the soil profile to assess
the depth of water uptake for both tree species. We also
measured predawn leaf water potentials (PLWP) to as-
sess water availability for individual tree species.
Results When grown in pure stands, both species primar-
ily utilized soil water near the surface. In contrast, partial
niche complementarity for limited water resources
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between the two species in mixed stands resulted in less
water constraint (i.e., less negative PLWP) for oak trees
compared to pure stands, especially for small trees.
Conclusions Results from this study show that contrast-
ing water use strategies can change water availability for
trees and could help some species, though not all, to cope
with the water scarcity predicted in a changing climate.

Keywords Monoculture - Mixture - Stable isotopes -
Resource partitioning - Predawn leaf water potential -
Complementarity

Abbreviations

PLWP  Predawn leaf water potential
VWC  Volumetric Water Content
SWC Soil water content

5'%0 Isotopic signature of '*Oxygene
Uprwp Predawn leaf water potential
Introduction

Mean annual temperatures as well as the frequency and
intensity of summer drought events are predicted to
increase in the coming decades in temperate regions
(IPCC 2014). Trees growing in temperate forests are
dependent on summer precipitation. Changes in the
timing and amount of summer precipitation could there-
fore have severe effects on tree growth and increase
mortality (Allen et al. 2010; Bigler et al. 2006). Several
studies have examined how trees are able to cope with
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changing climatic conditions when different silvicultur-
al practices are applied, including changing composition
through migration (Higgins et al. 2003) or assisting
genetic migration by human selection (Aitken and
Whitlock 2013). Other studies have investigated chang-
es in stand density (Giuggiola et al. 2013; Trouvé et al.
2017) and mixing different tree species (del Rio et al.
2016; Forrester and Bauhus 2016).

Mixing tree species in a forest stand may be favorable
according to the idea of niche complementarity, which
can occur as the result of resource partitioning (Loreau
and Hector 2001) and result in increased tree growth in
mixed forest stands compared to pure monoculture
stands. However, there are contrasting results in the
literature with regard to the benefits of growing trees
in a mixture; some studies show greater tree growth in
mixed stands (Liang et al. 2016), whereas other studies
have revealed greater tree growth in monoculture stands
(Richards et al. 2010). These contrasting results are
likely coupled to variations in local abiotic conditions
(Condés et al. 2013; Grossiord et al. 2014b; Lu et al.
2016; Toigo et al. 2015), including the amount and
duration of stress undergone by the stands. It is also
important to point out that these previous studies fo-
cused primarily on tree growth (Condés et al. 2013;
Forrester and Tang 2016) and, as a result, a mechanistic
understanding of the observed differences is still lack-
ing. However, this understanding is crucial for identify-
ing appropriate silvicultural practices to maintain tree
growth in the light of climate change.

The concept of niche complementarity may be ex-
tremely important for the co-existence of plant species
in water limited ecosystems in which different plant
species utilize different water sources either spatial or
temporally. For instance, certain species may preferen-
tially utilize soil water near the surface whereas other
species may have the ability to access soil water at
deeper depths, thereby minimizing competition for
available soil water (Brinkmann et al. 2018; Grossiord
et al. 2017; Loreau and Hector 2001; Martin-Gomez
et al. 2017; Wu et al. 2016). Based on measurements
of root distribution throughout the soil profile, there is
some evidence for niche complementarity (Moreno
et al. 2005; Rowe et al. 2006), though some studies
have shown little evidence for niche complementarity
(Hendriks and Bianchi 1995; Mommer et al. 2010;
Schmid and Kazda 2002). However, the mere physical
presence of roots does not necessarily parallel the area of
active water uptake; considerable uncertainty therefore
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exists when identifying the water sources used by plants
based solely on root distribution within the soil profile.

Over the past 20 years, advances in stable isotope
techniques have enabled researchers to more accurately
determine water sources for individual plants (Brunel
et al. 1995; Ehleringer and Dawson 1992; Hasselquist
et al. 2010; White et al. 1985). It is generally assumed
that there is no fractionation of water isotopes during
water uptake by plant roots (Dawson and Ehleringer
1991; White et al. 1985); therefore, by comparing the
isotopic signature of xylem water to the isotopic signa-
ture of different water sources throughout the soil pro-
file, it is possible to determine the water uptake depth. In
addition to stable isotope measurements to determine
water sources for individual plants, measurements of
pre-dawn leaf water potential are also useful to assess
the plant’s hydric state (Scholander et al. 1965) and to
determine the hydric potential at equilibrium for the
entire active rooting zone.

Under drought conditions, it is commonly thought
that Quercus petraea (Matt) Liebl. trees utilize deeper
water sources (Bréda et al. 1995; Epron and Dreyer
1990) than do Pinus sylvestris L. trees, which are more
dependent on water sources near the soil surface
(Michelot et al. 2012). It can therefore be assumed that
growing a mixture of Q. petraea and P. sylvestris would
reduce tree competition for water resources during
drought events thanks to niche complementarity. In
addition to interspecific competition, individuals of the
same species could also be competing for soil water
(i.e., intraspecific competition), and this competition
could vary as trees mature. Some studies have shown
that the growth of larger trees is more severely affected
by drought (Castagneri et al. 2012; Zang et al. 2012),
whereas other studies have shown a greater effect on
smaller trees (Piutti and Cescatti 1997; Zang et al.
2012). Yet, the mechanism responsible for these con-
trasting results is not well understood, although it may
be related to intraspecific competition for limited water
sources.

The goal of this study was to assess sources of water
uptake for Q. petraea and P. sylvestris trees when grown
in either pure or mixed forest stands during an especially
pronounced drought in the summer of 2016. Specifical-
ly, we addressed the following questions:

(1) Do Q. petraea and P. sylvestris trees change where
they access their water when grown in mixtures
compared to pure stands?
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(ii)) Do Q. petraea and P. sylvestris trees utilize differ-
ent water sources when grown in mixed stands
(i.e., interspecific niche complementarity)?

(iii) Do small and large Q. petraea and P. sylvestris trees
access different water sources when grown in pure
stands (i.e., intraspecific niche complementarity)?

By addressing these questions, we aimed to provide
insight into both intra- and interspecific relationship
between Q. petraea and P. sylvestris trees in both pure
and mixed stands in order to help identify effective
silvicultural practices to mitigate projected water scarci-
ty in a changing climate.

Materials and methods
Study site

This experiment was conducted at the OPTMix (Oak/
Pine Tree Mixture, https://optmix.irstea.ft/) long-term ex-
perimental site located in the 35,000-ha Orléans state
forest in central France (47°49'N2°29'E)
(Korboulewsky et al. 2015). The OPTMix site is charac-
terized by even-aged (60-80-year old) forest stands of
pure Pinus sylvestris, pure Quercus petraea and mixed P,
sylvestris | Q. petraea stands (N = 3 per stand type) grown
in two different stand densities (low and medium). The
stands are either fenced or unfenced, and there is a total of
33 plots (0.5 ha each). For the current study, we selected
plots which were as similar as possible to one another in
terms of stand composition, stand age, number of trees
per hectare and soil texture and profile (Fig. 1).

For this experiment, we choose the 0.5 ha unfenced
plots with a medium stem density (Relative Density
Index, RDI=0.7, Appendix Table 2) (Reineke 1933).
We selected the medium density treatment in order to
maximize the probability of observing interaction effects
between individual trees (Forrester et al. 2013). In the
pure P. sylvestris and Q. petraea stands, the mean tree
diameter was respectively 33.6 and 22.5 cm. In the mixed
stands, mean tree diameter was 36.0 cm for P. sylvestris
and 23.6 cm for Q. petraea (Appendix Table 2)
(Korboulewsky et al. 2015). We had three replications
in each of the three forest stands for a total of nine plots.

The experimental site is characterized by a temperate
continental climate with an oceanic influence, a mean
annual temperature of 10.8 °C and a mean annual rain-
fall of 729 mm (based on data from the SAFRAN and

ISBA analytical platforms between 1981 and 2010,
Météo-France (Durand et al. 1993)). The soil is classi-
fied as a primary planosol (IUSS Working Group WRB
2015) with a pH of 4.5, less than 1% carbon and a
carbon to nitrogen (C/N) ratio below 20. The upper soil
horizon is loamy sand that overlies a more or less
impermeable clay horizon at ca. 50 cm in depth (Fig.
1; Appendix Table 1), which leads to temporarily wa-
terlogged conditions in winter and spring. Though some
roots were found in this clayey layer, 80% of the roots
were in the upper layer.

Microclimate and edaphic measurements

We measured air temperature (CS215 Campbell Scien-
tific®, Inc) and relative humidity (CS215 Campbell
Scientific®, Inc) under the canopy in each plot at two
locations at a height of 1.65 m. Temperature and relative
humidity were measured every 3 mins and recorded as
hourly averages (2 repetitions/plot making 6 repetitions
per forest stand). Precipitation (ARG100 Campbell Sci-
entific®, Inc.; mm) was measured in an open clearing at
a height of 1.5 m. We also measured soil volumetric
water content (VWC) with a probe (CS616 Campbell
Scientific®, Inc) in each forest stand at depths of 20, 40
and 60 cm. The probe was comprised of two 30-cm-
long stainless-steel rods connected to the measurement
electronics, and used the time-domain method to mea-
sure VWC: the probe generates an electromagnetic
pulse, then the elapsed travel time and pulse reflection
are measured and used to calculate soil VWC.

In each plot, VWC measurements were taken every
half hour at three locations and recorded as 12 h averages
(N=9 per forest stand). All micro-meteorological and
volumetric water content data were recorded on CR1000/
CR800 data loggers (Campbell Scientific®, Inc).

In order to compare values among forest stands, the
data on volumetric water content was expressed as a
percentage of the maximum volumetric water content,
as follows:

VWCi

Relative VWCi = ————~
clatve : max(VWCi)

x 100, (1)
where VWC represents the value of the volumetric
water content for each 7 sensor, and max (VWCi) repre-
sents the maximum VWC for each sensor during the
waterlogged period, when the VWC reached its highest
plateau.
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Fig.1 Soil profile horizons in the
different forest plots studied in the
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In addition, we also collected soil core samples in
each plot (2.5 cm in diameter) to determine the gravi-
metric soil water content (SWC) and the isotopic signa-
ture of the soil water at different depths in the soil
profile. For each soil sample (=1 per plot), a sub-
sample was taken at 5, 10, 20, 30, 40, 60 and 80 cm in
depth to analyze the stable isotopes in the soil water (see
below). One centimeter of soil above and below the
target depth was removed from the core sample, placed
in sealed vials and stored in a freezer (—20°C) until
isotopic analysis. A second sub-sample was collected
2 cm above and below each target depth in order to
determine SWC, which was calculated as [(fresh weight
— dry weight)/ dry weight x 100] according to the
difference in sample weight before and after thorough
drying in an oven (105 °C, 48 h).

Root distribution throughout the soil profile

For both pine and oak trees, the distribution of roots in
the soil profile was determined during the original set up
of the OPTMix experiment (2013-2015). Within each
plot, three soil pits were dug to a depth of 100 cm and
the number of roots was measured in a vertical grid of
40 x 100 cm. from which roots were counted in the
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10 cm squares. The pits were dug in the autumn. We
classified the roots as follows: (i) pine and oak roots
(first group) were separated from all the other species
(second group); (ii) roots were classified according to
size based on diameter: fine roots (<2 mm) and thick
roots (>2 mm); and (iii) we separated living roots from
dead roots. In this study, we were especially interested in
the physical distribution of fine roots in the soil profile
and were less concerned about root activity at a precise
date; therefore, root distribution was determined by
counting fine roots, both living and dead.

Soil and plant sampling for isotopic analyses

In each plot, we selected two large trees (> 71% of the
stand DBH distribution) and two small trees (< 28% of
the stand DBH distribution) of each species for isotopic
analyses of xylem water (stand characteristics in
Appendix Table 2). In the mixed stands, species abun-
dance was assessed inside a circle 10m in diameter.
Then, individual trees were selected if the other species
within the 10-m circle represented between 40 and 80%
ofthe neighboring tree species. We sampled a total of 48
trees for isotopic analysis of xylem water (2 trees x 2
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sizes x 2 species x 2 compositions (pure, mixed) x 3
replicates = 48 trees sampled).

On September 7, during the driest period of the 2016
summer drought (Fig. 2), suberized twigs were collected
from the canopy of the selected trees. The outer bark and
phloem were removed to eliminate potentially enriched
isotope water sources before isotopic analysis. The twig
samples were then stored in sealed glass vials in a
freezer (—20 °C). At the same time we collected the
twigs, we also took soil samples in each plot as de-
scribed above, and stored those samples in a freezer
(=20 °C) until isotopic analysis. Samples of groundwa-
ter were also collected 12 m below the soil surface from
a well that was centrally located inside the OPTMix
experimental site. We carried out three sampling cam-
paigns (August 17th 2016, September 7th 2016, Sep-
tember 13th 2016), but present only the second one here,
since the two other did not fulfill the basic conditions
necessary to accurately interpret the soil water sources.
The first campaign was removed because no gradient in
isotopic signature was observed with depth (Appendix
Fig. 8). The third campaign gave unreliable results
since, the xylem water showed a 5'%0 value which
was more enriched than the most enriched soil water
source (campaign 3) (Appendix Fig. 8). Though the
laboratory confirmed that all the water had been correct-
ly extracted, the data could not be used. Such problems
have been reported in other studies (Barbour 2007). This
over-enrichment may have had several causes. First, due
to time and budget constraints, we took only one soil
core per campaign in each plot. This may have created a
discrepancy in homogeneity between the isotopic sig-
nature of the soil core and the rooting zone. Second, the
environmental conditions previous to sampling the
twigs were conducive to water evaporation and this
could have enriched the xylem isotopic signature, as
per the Péclet effect (Farquhar and Lloyd 1993). Never-
theless, the sampled twigs should have been far enough
away from the leaves to avoid this, and the transpiration
flux was likely limited due to the drought. Third, some
authors have discussed the possibility of isotopic frac-
tionation when water is taken up by the roots (Lin and da
S. L. Sternberg 1993). Nonetheless, we were unable to
prove that any of these possible explanations were in-
volved, and therefore, we removed campaign 3 from our
data set.

Water was extracted from the frozen plant and soil
samples with a cryogenic distillation line (90 °C, 50
mtorr, 3 h) at the Basel Stable Isotope Ecology

Laboratory at the University of Basel, Switzerland. Af-
ter complete extraction, the water from the individual
samples was transferred to a non-combusted GC glass
vial through a 4mm PTFE filter. Stable isotope analyses
were conducted with a high-temperature elemental ana-
lyzer coupled to a Delta”™™V mass spectrometer (Ther-
mo Electron corporation®, Bremen, Germany). Isotope
ratios are reported using the standard delta notation in
per mil (%o0) relative to VSMOW. Analytical precision
for 8°H and &'%0 measurements were 0.3%o and 0.2%o,
respectively (Newberry et al. 2017). For more details on
this method, see Wemer et al. (1999).

Predawn leaf water potential

Predawn water potential was measured on the same
trees from which xylem water was collected for the
isotopic analyses (n =48). We collected leafy twigs of
both oak and pine from the canopy before sunrise and
stored them in plastic bags in a cool box. The samples
were transported to the laboratory within 3 h after col-
lection and leaf water potential was immediately mea-
sured in a Scholander-type pressure chamber (Model
600, PMS Instrument Company, Oregon, USA)
(Scholander et al. 1965). Measurements were taken on
three different leafy twig samples from each individual
tree to prevent a local effect. Then, the average of the
two closest values was used as the predawn leaf water
potential (PLWP) for the individual trees. PLWP mea-
surements were carried out on three separate dates:
during the drought, on August 25 and September 7;
and after a rain event on September 25.

Statistical analyses

We used the IsoSource mixing model (freely available at
https://www.epa.gov/eco-research/stable-isotope-
mixing-models-estimating-source-proportions; Phillips
and Gregg 2003) to determine the relative contribution
of the different soil water sources (i.e., different depths)
for both P. sylvestris and Q. petraea. This model is
based solely on isotopic mass balance constraints and
gives the distribution of feasible source proportions
when there are a high number of potential water
sources. We defined different water sources based on
distinct 5'%0 signatures of the soil water found at
different levels in the soil profile; we aggregated
adjacent soil layers with similar mean 5'%0 signatures
into a single source (Phillips et al. 2005). Thus, we
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Microclimate and soil moisture
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Fig. 2 Mean daily precipitation (histograms) and temperature
(black line)(top panels) and mean Relative Soil Volumetric Water
Content (VWC, bottom panels) at 20cm (solid line), 40cm (dashed
line) and 60 cm (dotted line) in depth for pure pine (a), mixture (b)
and pure oak (¢) stands. Arrows in the bottom panels represent the

obtained five distinct soil water sources (5, 10, 20, 30—
45 and > 60 cm, which included groundwater). We used
a source increment of 1% as suggested by Phillips and
Gregg (2003). To account for the variability in our
samples, we selected a mass balance tolerance of 0.25
%o, as suggested by Phillips and Gregg (2003):

t = 0.5 X increment

X maximum difference between sources

With sensitivity analyses, changes in source incre-
ment and mass balance tolerance do not change the mean
contribution from each source and only moderately in-
fluence the range of contribution from individual sources
(Phillips and Gregg 2003). All the other statistical anal-
yses were performed with the R version 3.4.4 software
(R_Core Team 2018). We assessed the differences in
SWC among the three different forest stands at each
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date of sampling for predawn leaf water potential (I) and isotope
(6) measurements, and the dashed straight lines point out the date
when VWC at 20-cm-depth fell to 40%. Dates for VWC at 20 cm
fell below 40% are given

depth with linear mixed models in the “n/me” package
(Pinheiro et al. 2018). Plot was a random effect because
three plots in one forest stand contained the same stand
composition. Linear mixed models were also used to
detect significant differences in PLWP among the three
sampling dates, with plot as a random effect because two
individuals were sampled from the same plot in each of
the forest stands and were therefore not completely in-
dependent. We used a “varldent” function to take into
account the variability between the two tree sizes in the
model. A significant difference was defined as oc=0.05.

Results
Microclimate and soil water content

There was little variation in microclimatic conditions
among the three forest stands (Fig. 2, Appendix Fig. 9).
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Precipitation was intense during late May, where rainfall
was greater than 50 mm a day and mean month precip-
itation was 183.44+12.91 mm (Fig. 2). After a rainy
May, there was a considerable decrease in precipitation,
with mean monthly precipitation falling to 65.87 £
7.55 mm in June, 6.81 £0.97 mm in July, then recover-
ing only slightly (10.7+0.65 mm) in August. At the
same time, there was a corresponding increase in mean
daily temperature; a maximum of ca. 25 °C was reached
at the end of July, then temperatures remained more or
less steady until the middle of September (Fig. 2).

As a result of the heavy rains in May, relative soil
volumetric water content for the three depths (20, 40 and
60 cm) was close to saturation (i.e., 100% VWC) during
this period (Fig. 2, Appendix Figs. 11, 12, and 13).
Then, starting in June, soil VWC continuously de-
creased to reach a minimum on September 14th, where
relative VWC was only 21.6+4.8% for pure pine
stands, 18.7+1.2% for mixed stands and 11.5+0.7%
for pure oak stands (Fig. 2). It is worth noting that the
decrease in relative VWC during July—August occurred
more quickly in pure oak stands compared to the other
two stand types. Indeed, relative VWC at 20 cm in depth
fell below 40% in pure oak stands on July 8th, whereas
in the mixed and pure pine stands this did not occur until
July 30th and August 8th, respectively. On September
15, there was a three-day rain event leading to an in-
crease in soil VWC at all three depths (Fig. 2).

Soil water content (SWC), as determined from col-
lected soil samples, was not significantly (p > 0.05)
different between pure oak and the mixed stands, rang-
ing between 3.0% in the upper soil layers (540 cm) to
9.4% at deeper soil depths in the pure oak stands, and
between 3.2 and 9.4% in mixed stands. In contrast, soil
SWC in pure pine stands was considerably higher than
the other two stand types, especially at 10, 20 and 30 cm
in depth (p =0.048, p=0.017, p=0.047, respectively)
(Fig. 3).

Root distribution

In the pure stands of both tree species, the proportion of
fine roots was greatest in the organic humus layer and
then gradually decreased with soil depth. Very few fine
roots were found at depths >90 cm (Fig. 4a). The distri-
bution of fine roots in the mixed stands did not reflect
the addition of the two pure stands (Fig. 4a). Instead, the
root density observed in the mixed stands was similar in
magnitude to the root densities observed in each of the

two pure stand types (Fig. 4b). As in the pure stands,
root density in the mixed stands was highest in the
organic humus layer, then gradually decreased with soil
depth (Fig. 4). Regardless of forest plot, around 70% of
all fine roots where in the top 50 cm of the soil, though
some were observed in the clay layer at ca. 50 cm depth
in all three forest stands.

Isotopic signature in xylem and soil water

The 6'®0 signature of the groundwater collected at 12 m
in depth from a centralized well at our study site was
—7.81+0.70 %o. We used this value for all the studied
stands (Fig. 5). In the pure pine stands, the mean 5'%0
signature of soil water ranged from —5.15 + 0.40 %o near
the soil surface to —7.38+£0.12 %o at 80 cm in depth
(Fig. 5a). There was no difference in the §'*0 signature
of xylem water between small (—5.11+0.43 %o) and
large (—4.97 £ 0.35 %o) pine trees (p = 0.64). In the pure
oak stands, the range in the 5'*0 signature of soil water
was greater than in the pure pine stands - from —3.09 +
0.43 %o at 5 cm in depth to —8.04 £0.85 %o at 80 cm in
depth (Fig. 5¢). As in the pure pine stands, there was no
significant difference in the 5'0 signature of xylem
water between small (—4.49 £0.47 %o) and large
(=3.70 £ 1.04 %o) oak trees (p = 0.44; Fig. 5c).

In mixed stands, we observed the greatest variation in
soil water 5'%0 signatures in the soil profile; the mean
ranged from —2.72+0.74 %o near the soil surface to
—7.74+0.31 %o at 40 cm in depth. In general, the xylem
water 5'%0 signature was slightly greater for pine trees
(—4.03 £0.77 %o) than for oak trees (—5.50£0.59 %o),
although this difference was not significant (p =0.12).
The xylem water 5'°0 signature was 2 %o greater in
large pine trees than in large oak trees (p = 0.25), where-
as there was little difference between smaller pine and
oak trees (Fig. 5b). Overall, there were no significant
differences in xylem water 5'%0 signatures between
small and large trees, regardless of species (Fig. 5b).

Water partitioning

When grown in pure stands, both large and small pine
trees primarily utilize soil water near the surface, with
the relative contribution ranging between 56 and 75%
(mean = 64.3%) for large trees and between 63 and 77%
(mean = 68%) for small trees. The relative contribution
from deeper water sources was considerably less and
ranged from 0% to less than 40% (Fig. 6a), respectively.
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Fig. 3 Differences in soil water
content in the soil profile on
September 7, the same day
samples that isotopic
measurement of plant xylem was
made: pure pine stands (dotted
line with triangles), pure oak
stands (dashed line with circles)
and mixtures (solid line with
squares). Symbols are on the
mean and error bars show the
stand error. An asterisk indicates a
significant difference (P < 0.05)
between pure pine stands and the
other two stand types
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Similarly, in pure oak stands, the primary water source
utilized by both large and small oak trees was near the
soil surface, with the relative contribution of soil water
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total fine roots (b) found in the soil profile in the pure pine
(triangles), mixed (circles) and pure oak (squares) stand types.
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Soil moisture

at 10 cm in depth ranging between 72 and 98% (mean =
83.7%) for large trees and between 65 and 87% (mean =
77.3%) small trees (Fig. 6¢). The relative contribution
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The symbol is on the mean and error bars show the standard error.
Note that root density in the mixed stand represents total root
density since we were unable to differentiate pine and oak roots
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from deeper water sources was <25% (Fig. 6¢) for both
size classes.

In mixed stands, large pines appeared to primarily
utilize two different water sources: ca. 55% from soil
water near the soil surface (5 cm in depth) and 40% from
soil water at 3045 c¢m in depth. Similarly, small pine
trees also appeared to primarily utilize the same two
water sources, although small pine trees appeared to be
more dependent than larger trees on deeper water
sources. For small pine trees, the relative soil water
contribution ranged from ca. 35% at 5 cm in depth to
ca. 50% at 3045 cm in depth (Fig. 6b). Oak trees grown
in mixed stands utilized deeper primary water sources
compared to when they were grown in pure stands (Fig.
6c¢ and d). In mixtures, large oak trees primarily utilized
soil water at 3045 cm in depth, with a relative contri-
bution ranging between 72 and 86% (mean =79.6%).
The relative contribution from shallower water sources
was less than 10% (Fig. 6d). Small oak trees also mostly
utilized soil water at 30—45 cm in depth when grown in
mixed stands, with a relative contribution ranging be-
tween 66 and 72% (mean = 68.9%), even though small
oak trees also continued to utilize some (ca. 20%) soil
water near the surface (Fig. 6d).

Predawn leaf water potential (PLWP)

The first two dates PLWP was measured corresponded
to strong drought conditions, whereas the last PLWP
sampling date, September 22, occurred shortly after a
rain event (Fig. 1). In general, there was no significant
(p =0.94) difference in PLWP between large and small
pine trees during the drought period: —0.61 +0.09 MPa
and —0.62 +0.18 MPa, respectively (Fig. 7a, ¢ and e);
nor was there any difference (p = 0.88) in PLWP for pine
trees grown in mixed and pure stands (Fig. 7a, ¢ and e).
For oak trees, there was no significant difference (p =
0.44) in PLWP between large and small trees, excepted
during the second sampling date where the interaction
with the stand composition was significant (p = 0.0031)
(i.e. when grown in pure versus mixed stands). Contrary
to pine trees, there was a significant difference (p =
0.039) in PLWP for oak trees growing in mixed stands
and for those growing in pure stands (Fig. 7b, d and f).

On the first sampling date, pine trees had significant-
ly (p=1.10"% less negative PLWP than did oaks trees
(Fig. 7a and b); yet, regardless of species, there was no
difference (p =0.69) between large and small trees.
Moreover, there was no difference (p =0.45) in PLWP

for pine trees grown in mixed and pure stands (—0.66 =
0.07 MPa and —0.56 +0.07 MPa, respectively) (Fig.
7a). For oak trees, PLWP was considerably less negative
for trees in pure stands compared to trees in mixed
stands (—1.14+0.15 MPa and—1.91+0.17 MPa, re-
spectively) (Fig. 7a and b), although the difference was
only marginally significant (p =0.075).

On the second sampling date, the PLWP for oak trees
grown in pure stands was ca. twice as low as for oak
trees grown in mixtures (—1.41+0.24 MPa and — 0.63
+0.06 MPa for pure and mixed stands, respectively),
although this difference was not significant (p = 0.49).
There was, however, a significant (p = 0.003) interaction
between tree size and stand composition (Fig. 7c and d).
When grown in pure stands, small oak trees had a
significantly (»p =0.015) lower PLWP than did their
larger counterparts (—1.91 MPa+0.38 and —0.92 MPa
+0.09, respectively; Fig. 7d). In contrast, there was no
difference (p = 0.80) between large and small oak trees
growing in mixed stands (Fig. 7d).

On the last sampling date, shortly after a rain event,
PLWP was globally and significantly (p=2.1x10"%)
higher compared to the other two sampling dates (Fig.
7). At this date, there was no significant difference in
PLWP between species (p=0.75), size classes (p =
0.78) or stand composition types (p =0.85) (Fig. 7e
and f).

Discussion

The major finding of this study is that when Q. petraea
and P, sylvestris trees grow in mixed stands, both species
appear to utilize deeper water sources compared to when
they grow in pure stands (Fig. 6). This downward shift
in water source utilization was especially pronounced
for oak trees. Despite similar amounts of precipitation
and similar soil moisture content in the soil profile in
both the pure oak and oak/pine mixed stands (Fig. 3),
soil water was depleted faster in pure oak stands than in
the mixtures (Fig. 2). In addition, the oak trees in the
pure stands relied more heavily on soil moisture near the
surface (Fig. 6) and showed signs of tricky water uptake
- as indicated by more negative PLWP values (Grossiord
etal. 2017; Scholander et al. 1965) in pure than in mixed
stands. This was especially true for small oak trees (Fig.
7d). These differences in pure and mixed oak stands
result from both intra- and interspecific competition,
which is due to different water use strategies between
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the two species. It is well known that pine trees imple-
ment a water conservative strategy (i.e., isohydric spe-
cies) when exposed to drought conditions (Irvine et al.
1998; Sturm et al. 1998), which results in reduced
transpiration and a subsequent reduction in plant water

Relative contribution (%)

uptake (Buckley 2005). In contrast, oak trees do not
display strong stomatal regulation during drought events
(i.e., anisohydric species) (Renninger et al. 2015;
Zweifel et al. 2007); they continue to consume soil
water long after isohydric species have reduced their
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stands (b), pure oak stands (¢) and oaks in mixed stands (d).
Symbols are on the mean and the bars represent the 1st and the
99th distribution percentiles
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water consumption (Buckley 2005; Martinez-Sancho
et al. 2018). When grown in pure stands, oak trees are
surrounded by co-specific anisohydric neighbors. The
trees in the stand therefore have only limited stomatal
control (Buckley 2005; Martinez-Sancho et al. 2018),
water is depleted faster, water uptake is shallow and
greater water issues occur in times of drought. In con-
trast, when grown in mixed stands, oak trees shift their
water sources downward and primarily utilize deeper,
more reliable sources; they are therefore less susceptible
to water stress. These findings suggest that, for oak
trees, intraspecific competition for limited water sources
is stronger than interspecific competition; therefore, oak

growth may be enhanced when trees are grown in mixed
stands, particularly in a future climate where drought
events are predicted to be more frequent and more
intense (Bello et al. 2019).

We also observed a downward shift in water source
utilization in pine trees, but to a lesser extent then in oak
trees. In fact, even when grown in mixed stands, pine
trees - especially large trees - still derived nearly 50% of
their water from shallow sources (< 10 cm depth) (Fig.
6b). This shift, though partial, is consistent with previous
studies that have shown low root system plasticity in pine
trees, which tend to keep most of their fine roots near the
soil surface (Curt and Prevosto 2003). In any case, SWC
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was not enough (Al Majou et al. 2008) to support high
transpiration rates; all pine trees showed signs of reduced
growth during this drought event (Bello et al. 2019). In
pure pine stands, soil SWC was higher than in the two
other stands (Fig. 3) and some water was still available at
these values for this soil type (pure pine stands) (Al
Majou et al. 2008). It seems likely that pine trees de-
creased their stomatal conductance in order to overcome
water limitations during the 2016 drought event (Irvine
et al. 1998; Sturm et al. 1998), making sufficient soil
water available to support low transpiration rates; this
would explain the observed PLWP values, which indicate
little water stress (Pena and Grace 1986).

Our study addressed the question of whether or not
there is complementarity in water source use between
Q. petraea and P. sylvestris. Indeed, it is commonly
thought that oak trees are capable of utilizing deeper
water sources compared to pine trees (Kolb and Stone
2000), based on previous studies assessing the vertical
distribution of roots in the soil profile (Hendriks and
Bianchi 1995; Schmid and Kazda 2002). Nevertheless,
our results do not provide evidence that there is physical
complementarity in root distribution in the mixed stands
since we did not distinguish pine roots from oak roots.
We were able to evaluate potential competition from
overall root density data, however. Root density in the
soil profile in mixed stands was no different from the root
density profile in the pure stands (Fig. 4b), suggesting
that inter-specific competition between oak and pine trees
may function in a similar way to intra-specific competi-
tion in pure stands (Curt and Prevosto 2003). This lack of
physical complementarity in root distribution at our site
may result from the presence of a distinct clay layer at
50 cm in depth; this layer acted as a physical barrier for
root penetration (Meinen et al. 2009) and may explain
why nearly 70% of all fine roots were between 5 and
50 cm in depth.

Nevertheless, the studies mentioned above showed
that partial niche complementarity for water source utili-
zation during droughts between pine and oak trees in
mixtures can result from root plasticity. Both species
utilize deeper water sources in mixtures than in pure
stands, and while large oaks primarily utilize soil water
at deeper depths, half of the water sources used by large
pine trees remains in the shallow horizon. This indicates
that partial niche complementarity is at play between
large pine and oak trees in the case of limited water
sources. The downward shift in water sources must in-
volve associative relationships between tree roots and

@ Springer

certain mycorrhizas. Indeed, ectomycorrhizas are impor-
tant in plant water uptake, helping to sustain photosyn-
thesis and whole plant performance, especially during
drought (Khalvati et al. 2005; Lehto and Zwiazek
2011). Differences in underground plant communities in
mixed and pure stands could favor these relationships in
mixed stands. Nevertheless, the role mycorrhizas play is
poorly known, especially during long-term or repeated
droughts (Lehto and Zwiazek 2011) and in the deeper soil
horizons. Moreover, allelopathy (mutual interactions be-
tween organisms through the excretion of matter into the
environment) is known to play an important role in forest
ecosystems, and could affect root distribution in mixed
stands. Although, allelopathy has been widely proven in
germination and seedling growth, few studies have
investigated its role in the root development of adult
trees or in water uptake. A recent study by Fruleux
et al. (2016) on beech, pine and oak seedlings found that
developmental, morphological and anatomical root traits
responded only weakly to competition and that there was
no clear shift in soil exploitation under well-watered
conditions. However, under drought conditions, the au-
thors found a positive interaction between beech and oak,
and none with pine. Further investigations should be
made to understand the causes, which may very well be
multifactorial.

Interestingly, only oak seems to benefit from mixture
(less negative PLWP values). Water uptake from shal-
low sources are generally found in pure stands in tem-
perate regions under favorable conditions; then when
water availability decreases, some species are able to
shift to deeper water sources while others are not
(Brinkmann et al. 2018). Similarly, Grossiord et al.
2014a, showed that managing mixed-species stands in
Mediterranean forests would only alleviate the effect of
water stress during summer droughts for the deepest-
rooted species like Q. faginea and P. nigra, to the
detriment to shallow-rooted trees such as P. sylvestris.
In addition, they showed that P. sylvestris decreased its
sap flux density more in mixed stands that when
interacting with conspecific neighbors in pure stands.
This confirms our finding that mixing effect is species
specific, and that for pine, interspecific competition is
greater than intraspecific competition. The situation is
the opposite for oak where a beneficial mixture effect is
clear. It is also worth pointing out that even larger pine
trees received ca. 40% of their water from the 3045 cm
depth, which is also the primary water source for large
oak trees. This results in competition between large oak



Plant Soil

and large pine trees for the limited water sources at this
depth. Whereas the oak root systems are capable of
accessing deeper soil layers (Kolb and Stone 2000), in
our study, we found the highest root density in the top
50 cm. The presence of a distinct clay layer at 50 cm in
depth discouraged deeper root growth (Meinen et al.
2009), and created more competition between the two
species for the water available at 3045 cm in depth.
Additionally, small pore sizes are associated with clay,
and this means that water moves much more slowly
through clay than through other soil textures (Al
Majou et al. 2008). This in turn could have caused soil
water to pool above the clay layer, which could partially
explain the relatively high SWC around 40 cm in depth.
To sum up, not only is the identity of the species present
in the direct neighborhood of a given tree important, the
pedological characteristics of the site also determine the
influence of tree species mixtures on water availability
and on how co-existing tree species use the available
water during summer droughts.

Interestingly, in pure stands, we found that small oak
trees had significantly more water uptake challenges
than did large oak trees, as indicated by their lower
PLWP values on the second sampling date. One possible
explanation is that, under water stress conditions, larger
oak trees may be able to utilize deeper water sources.
However, our 5'%0 signature data did not confirm this
hypothesis. Both small and larger oak trees in pure
stands primarily utilized soil water near the surface
(Fig. 6¢). An alternative explanation for in the large
oak trees’ better resistance to water stress may involve
the light rain which occurred 3 days prior to the second
PLWP sampling date. This rain may have been better
intercepted by the large trees since they have a larger
crown and leaf surface compared to small trees. Larger
trees may also have greater stemflow (Van Stan et al.
2014) leading to a higher soil moisture near the soil
surface, thereby reducing water stress of large oak trees.

Conclusion

In light of the predicted changes in the intensity and
frequency of rain events in temperate regions, grow-
ing different tree species in a mixed stands may en-
hance trees’ resistance to drought. This is based on the
niche complementarity concept: different tree species
utilize different soil resources. Isotopic measurements
of xylem water and the soil water found at different

levels in the soil profile show that both pine and oak
trees primarily utilize soil water near the surface,
when growing in pure stands. However, when the
two species are together in mixed stands, we observed
a downward shift in access to soil water, especially for
oak trees. Although we did also observe a downward
shift in water utilization for pine trees in mixed stands,
their primary water source remained near the soil
surface. These findings suggest only partial niche
complementarity for drought-limited water resources
between Q. petraea and P. sylvestris in mixed stands
during a drought event. Small oak trees, in particular,
were benefitted (easier water uptake - i.e., less nega-
tive PLWP values) by the downward shift in water
sources and mixing species with two different water
regulation strategies (anisohydric, isohydric). Larger
oak trees also benefitted, though less so than the small
oak trees (Fig. 7b,d). Finally, the results from this
study show that growing a mixture of tree species
can change water availability for some trees and could
help certain species, though not all, to cope with the
water scarcity forecast in a changing climate.
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Appendices

Table 1 Description of the thickness, depth and sand, silt and clay content of the soil horizons in the different stand types and the depth of
the clay layer

Horizon  Thickness (cm+sd) Depth (cm+sd) Sand (%) Silt (%) Clay (%) Depth of clay layer (cm + sd)

Pine H1 70+1.8 70+ 1.8 64.3+. 204 +. 9.5+.
H2 29.3 + 14.7 36.3 £13.5 762+78 159+6.8 6.9+0.7
H3 14773 51.0 £ 14.7 708+183 155+9.0 128+135 532+159
H4 342+ 183 852 £ 18.6 56.5+17.7 99+23 32.8%15.6
H5 32.7 +£10.0 106.7 £ 5.2 93+. 26.5+. 63.5+.
Mixture HI 10.6 £ 6.5 10.6 £ 6.5 . . .
H2 22.1+6.0 32754 69.2+85 21.7£6.0 7.6+2.4
H3 204 +13.2 53.1 £ 13.0 65.8+11.3 17.9+4.8 15464 458 =x11.1
H4 369 +21.8 90.0 £ 21.1 545+10 11.5+5.1 33.3+8.8
H5 26.5+17.3 983 +3.5 72.6+. 55+. 212+,
Oak H1 10.7 £ 2.1 10.7 £ 2.1 722+, 144 +. 75+,
H2 23.6 £6.8 342 £82 72.8+6.1 183+42 74+1.6
H3 152+6.1 494 £ 11.7 68.6+43 19.6+2.1 11.1+28 464+ 102
H4 228 £ 11.1 722 +£21.7 58.0+£8.2 94+42 319117
H5 36.7+9.3 95.0+55 584+43 84+54 325+1.1

Table 2 Dendrometrical characteristics of the three stands in 2015

Density Composition Species Dg Basal area Number of stems RDI
(cm) (m’/ha) (/ha)
Medium Pure oak Oak 22.52.4) 20.8 (1.6) 530 (75) 0.57 (0.05)
Mixture Oak 23.6 (1.9) 10.4 (1.1) 245 (60) 0.29 (0.03)
Pine 36.0 (3.3) 15.7 (2.8) 154 (19) 0.35 (0.06)
Pure Pine Pine 33.6(1.7) 30.7 (1.7) 348 (23) 0.68 (0.04)

For the mixture, Basal area, Number of stems and RDI are partial values by species. The total value for the stand is the sum of the two partial
values. Standard deviations are given in parentheses
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in depth for the three mixed stands (057, 0216 and O598).

@ Springer



Plant Soil

Pure Oak

012 0214 0593
.1 @ e o] @ (o] @ R
> ~-o 60cm | & >
- 8 -8 ]
£ g+ 2 -8 -8
Pit1 o - o o
g < g -2 Fe
iy
s] ® 5] © (] @ [ s
8 8 8 8
8 8 -8 -8
_ 8- 2 -8 -8
E g A 2 -8 -8
Pit2 o _ < < o
g < g -2 Fe
3 3 - s ]
] ] - Fe
ER ER = Fe
- - - - -
W
¢l @ sl ® fgl ® [ o
8 - 8 - -8 -8
_ 84 8 - -8 -8
S B 8 -2 2
Pit3 g ¢ 1 s - = .
89 hFsho . 8 -8 re
- — - - -
ey
. . . : . . . . .
janv. mars mai Juil. sept. nov. janv. janv. mars mai Juil. sept. nov. janv. janv. mars mai Juil. sept. nov. janv.
Date Date Date

Fig. 13 Volumetric Water Content (VWC) for each soil pit at Arrows indicate the sampling date for predawn leaf water potential

20 cm (solid line), 40 cm (dashed line) and 60 cm (dotted line) () and isotope (0) measurements

in depth for the three pure oak stands (012, 0214 and O593).

@ Springer



Plant Soil

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

References

Aitken SN, Whitlock MC (2013) Assisted gene flow to facilitate
local adaptation to climate change. In: Futuyma DJ (ed)
Annual review of ecology, evolution, and systematics, Vol
44, Annual Reviews, Palo Alto

Al Majou H, Bruand A, Duval O, Le Bas C, Vautier A (2008)
Prediction of soil water retention properties after stratification
by combining texture, bulk density and the type of horizon.
Soil Use Manag 24:383-391. https://doi.org/10.1111/j.1475-
2743.2008.00180.x

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell
N, Vennetier M, Kitzberger T, Rigling A, Breshears DD,
Hogg EH, Gonzalez P, Fensham R, Zhang Z, Castro J,
Demidova N, Lim J-H, Allard G, Running SW, Semerci A,
Cobb N (2010) A global overview of drought and heat-
induced tree mortality reveals emerging climate change risks
for forests. For Ecol Manag 259:660-684. https://doi.
org/10.1016/j.forec0.2009.09.001

Barbour MM (2007) Stable oxygen isotope composition of plant
tissue: a review. Funct Plant Biol 34:83-94. https://doi.
org/10.1071/fp06228

Bello J, Vallet P, Perot T, Balandier P, Seigner V, Perret S, Couteau
C, Korboulewsky N (2019) How do mixing tree species and
stand density affect seasonal radial growth during drought
events? For Ecol Manag 432:436-445. https://doi.
org/10.1016/j.foreco.2018.09.044

Bigler C, Briker OU, Bugmann H, Dobbertin M, Rigling A (2006)
Drought as an inciting mortality factor in scots pine stands of
the Valais, Switzerland. Ecosystems. https://doi.org/10.1007
/s10021-005-0126-2

Bréda N, Granier A, Barataud F, Moyne C (1995) Soil-water
dynamics in an oak stand. Plant Soil 172:17-27. https://doi.
org/10.1007/b100020856

Brinkmann N, Eugster W, Buchmann N, Kahmen A (2018)
Species-specific differences in water uptake depth of mature
temperate trees vary with water availability in the soil. Plant
Biol 0. https://doi.org/10.1111/plb.12907

Brunel JP, Walker GR, Kennettsmith AK (1995) Field validation
of isotopic procedures for determining sources of water used
by plants in a semiarid environment. J Hydrol 167:351-368.
https://doi.org/10.1016/0022-1694(94)02575-v

Buckley TN (2005) The control of stomata by water balance. New
Phytol 168:275-291. https://doi.org/10.1111/j.1469-
8137.2005.01543.x

Castagneri D, Nola P, Cherubini P, Motta R (2012) Temporal
variability of size-growth relationships in a Norway spruce
forest: the influences of stand structure, logging, and climate.
Can J For Res 42:550-560. https://doi.org/10.1139/x2012-
007

Condés S, del Rio M, Sterba H (2013) Mixing effect on volume
growth of Fagus sylvatica and Pinus sylvestris is modulated
by stand density. For Ecol Manag 292:86-95. https://doi.
org/10.1016/j.foreco.2012.12.013

Curt T, Prevosto B (2003) Rooting strategy of naturally regener-
ated beech in silver birch and scots pine woodlands. Plant
Soil 255:265-279. https://doi.org/10.1023/a:1026132021506

Dawson TE, Ehleringer JR (1991) Streamside trees that do not use
stream water. Nature 350:335-337. https://doi.org/10.1038
/35033520

del Rio M, Pretzsch H, Alberdi I, Bielak K, Bravo F, Brunner A,
Condes S, Ducey MJ, Fonseca T, von Lupke N, Pach M,
Peric S, Perot T, Souidi Z, Spathelf P, Sterba H, Tijardovic M,
Tome M, Vallet P, Bravo-Oviedo A (2016) Characterization
of'the structure, dynamics, and productivity of mixed-species
stands: review and perspectives. Eur J For Res 135:23—49.
https://doi.org/10.1007/s10342-015-0927-6

Durand Y, Brun E, Merindol L, Guyomarc'h G, Lesaffre B, Martin
E (1993) A meteorological estimation of relevant parameters
for snow models. Ann Glaciol 18:65-71. https://doi.
org/10.3189/S0260305500011277

Ehleringer JR, Dawson TE (1992) Water uptake by plants: per-
spectives from stable isotope composition. Plant Cell
Environ 15:1073-1082. https://doi.org/10.1111/j.1365-
3040.1992.tb01657 x

Epron D, Dreyer E (1990) Stomatal and non stomatal limitation of
photosynthesis by leaf water deficits in three oak species: a
comparison of gas exchange and chlorophyll a fluorescence
data. Ann For Sci 47:435-450

Farquhar GD, Lloyd J (1993) 5 - carbon and oxygen isotope
effects in the exchange of carbon dioxide between terrestrial
plants and the atmosphere. In: Ehleringer JR, Hall AE,
Farquhar GD (eds) Stable isotopes and plant carbon-water
relations. Academic, San Diego

Forrester DI, Bauhus J (2016) A review of processes behind
diversity-productivity relationships in forests. Curr Forestry
Rep 2:45-61. https://doi.org/10.1007/s40725-016-0031-2

Forrester DI, Kohnle U, Albrecht AT, Bauhus J (2013)
Complementarity in mixed-species stands of Abies alba and
Picea abies varies with climate, site quality and stand density.
For Ecol Manag 304:233-242. https://doi.org/10.1016/j.
foreco.2013.04.038

Forrester DI, Tang X (2016) Analysing the spatial and temporal
dynamics of species interactions in mixed-species forests and
the effects of stand density using the 3-PG model. Ecol
Model 319:233-254. https://doi.org/10.1016/j.
ecolmodel.2015.07.010

Fruleux A, Bonal D, Bogeat-Triboulot MB (2016) Interactive
effects of competition and water availability on above- and
below-ground growth and functional traits of European
beech at juvenile level. For Ecol Manag 382:21-30.
https://doi.org/10.1016/j.foreco.2016.09.038

Giuggiola A, Bugmann H, Zingg A, Dobbertin M, Rigling A
(2013) Reduction of stand density increases drought resis-
tance in xeric scots pine forests. For Ecol Manag 310:827—
835. https://doi.org/10.1016/j.foreco.2013.09.030

Grossiord C, Gessler A, Granier A, Pollastrini M, Bussotti F,
Bonal D (2014a) Interspecific competition influences the
response of oak transpiration to increasing drought stress in
a mixed Mediterranean forest. For Ecol Manag 318:54-61.
https://doi.org/10.1016/j.foreco.2014.01.004

Grossiord C, Granier A, Ratcliffe S, Bouriaud O, Bruelheide H,
Checko E, Forrester DI, Dawud Muhie S, Finér L, Pollastrini
M, Valladares F, Bonal D, Gessler A (2014b) Tree diversity

@ Springer


https://doi.org/10.1111/j.1475-2743.2008.00180.x
https://doi.org/10.1111/j.1475-2743.2008.00180.x
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1071/fp06228
https://doi.org/10.1071/fp06228
https://doi.org/10.1016/j.foreco.2018.09.044
https://doi.org/10.1016/j.foreco.2018.09.044
https://doi.org/10.1007/sl0021-005-0126-2
https://doi.org/10.1007/sl0021-005-0126-2
https://doi.org/10.1007/bf00020856
https://doi.org/10.1007/bf00020856
https://doi.org/10.1111/plb.12907
https://doi.org/10.1016/0022-1694(94)02575-v
https://doi.org/10.1111/j.1469-8137.2005.01543.x
https://doi.org/10.1111/j.1469-8137.2005.01543.x
https://doi.org/10.1139/x2012-007
https://doi.org/10.1139/x2012-007
https://doi.org/10.1016/j.foreco.2012.12.013
https://doi.org/10.1016/j.foreco.2012.12.013
https://doi.org/10.1023/a:1026132021506
https://doi.org/10.1038/350335a0
https://doi.org/10.1038/350335a0
https://doi.org/10.1007/s10342-015-0927-6
https://doi.org/10.3189/S0260305500011277
https://doi.org/10.3189/S0260305500011277
https://doi.org/10.1111/j.1365-3040.1992.tb01657.x
https://doi.org/10.1111/j.1365-3040.1992.tb01657.x
https://doi.org/10.1007/s40725-016-0031-2
https://doi.org/10.1016/j.foreco.2013.04.038
https://doi.org/10.1016/j.foreco.2013.04.038
https://doi.org/10.1016/j.ecolmodel.2015.07.010
https://doi.org/10.1016/j.ecolmodel.2015.07.010
https://doi.org/10.1016/j.foreco.2016.09.038
https://doi.org/10.1016/j.foreco.2013.09.030
https://doi.org/10.1016/j.foreco.2014.01.004

Plant Soil

does not always improve resistance of forest ecosystems to
drought. Proc Natl Acad Sci U S A 111:14812-14815

Grossiord C, Sevanto S, Dawson TE, Adams HD, Collins AD,
Dickman LT, Newman BD, Stockton EA, McDowell NG
(2017) Warming combined with more extreme precipitation
regimes modifies the water sources used by trees. New
Phytol 213:584-596. https://doi.org/10.1111/nph.14192

Hasselquist NJ, Allen MF, Santiago LS (2010) Water relations of
evergreen and drought-deciduous trees along a seasonally
dry tropical forest chronosequence. Oecologia 164:881—
890. https://doi.org/10.1007/s00442-010-1725-y

Hendriks CMA, Bianchi F (1995) Root density and root biomass
in pure and mixed forest stands of Donglas-fir and beech.
Neth J Agric Sci 43:321-331

Higgins SI, Clark JS, Nathan R, Hovestadt T, Schurr F, Fragoso
IJMV, Aguiar MR, Ribbens E, Lavorel S (2003) Forecasting
plant migration rates: managing uncertainty for risk assess-
ment. J Ecol 91:341-347. https://doi.org/10.1046/j.1365-
2745.2003.00781.x

IPCC (2014) Synthesis report. GIEC

Irvine J, Perks MP, Magnani F, Grace J (1998) The response of
Pinus sylvestris to drought: stomatal control of transpiration
and hydraulic conductance. Tree Physiol 18:393—402

TUSS Working Group WRB (2015) International soil classification
system for naming soils and creating legends for soil maps.
FAO, Rome

Khalvati MA, Hu Y, Mozafar A, Schmidhalter U (2005)
Quantification of water uptake by arbuscular mycorrhizal
hyphae and its significance for leaf growth, water relations,
and gas exchange of barley subjected to drought stress. Plant
Biol 7:706-712. https://doi.org/10.1055/s-2005-872893

Kolb TE, Stone JE (2000) Differences in leaf gas exchange and
water relations among species and tree sizes in an Arizona
pine-oak forest. Tree Physiol 20:1-12

Korboulewsky N, Pérot T, Balandier P, Barrier R, Boscardin Y,
Daufty-Richard E, Dumas Y, Seigner V, Vallet P (2015)
OPTMix - Dispositif expérimental de suivi a long terme du
fonctionnement de la forét mélangée. Rendez-vous
Technique 47:60-70

Lehto T, Zwiazek JJ (2011) Ectomycorrhizas and water relations
of trees: a review. Mycorrhiza 21:71-90. https://doi.
org/10.1007/s00572-010-0348-9

Liang J, Crowther TW, Picard N, Wiser S, Zhou M, Alberti G,
Schulze ED, McGuire AD, Bozzato F, Pretzsch H, de Miguel
S, Paquette A, Herault B, Scherer-Lorenzen M, Barrett CB,
Glick HB, Hengeveld GM, Nabuurs GJ, Pfautsch S, Viana H,
Vibrans AC, Ammer C, Schall P, Verbyla D, Tchebakova N,
Fischer M, Watson JV, Chen HYH, Lei X, Schelhaas MJ, Lu
H, Gianelle D, Parfenova EI, Salas C, Lee E, Lee B, Kim HS,
Bruelheide H, Coomes DA, Piotto D, Sunderland T, Schmid
B, Gourlet-Fleury S, Sonke B, Tavani R, Zhu J, Brandl S,
Vayreda J, Kitahara F, Searle EB, Neldner VJ, Ngugi MR,
Baraloto C, Frizzera L, Ba azy R, Oleksyn J, Zawi a-Nied
wiecki T, Bouriaud O, Bussotti F, Finer L, Jaroszewicz B,
Jucker T, Valladares F, Jagodzinski AM, Peri PL, Gonmadje
C, Marthy W, Obrien T, Martin EH, Marshall AR, Rovero F,
Bitariho R, Niklaus PA, Alvarez-Loayza P, Chamuya N,
Valencia R, Mortier F, Wortel V, Engone-Obiang NL,
Ferreira LV, Odeke DE, Vasquez RM, Lewis SL, Reich PB
(2016) Positive biodiversity-productivity relationship

@ Springer

predominant in global forests. Science 354:aaf8957.
https://doi.org/10.1126/science.aaf8957

Lin G, da S. L. Sternberg L (1993) 31 - hydrogen isotopic frac-
tionation by plant roots during water uptake in coastal wet-
land plants. In: Ehleringer JR, Hall AE, Farquhar GD (eds)
Stable isotopes and plant carbon-water relations. Academic,
San Diego

Loreau M, Hector A (2001) Partitioning selection and comple-
mentarity in biodiversity experiments. Nature 412:72-76.
https://doi.org/10.1038/35083573

Lu H, Mohren GMJ, den Ouden J, Goudiaby V, Sterck FJ (2016)
Overyielding of temperate mixed forests occurs in
evergreen—deciduous but not in deciduous—deciduous spe-
cies mixtures over time in the Netherlands. For Ecol Manag
376:321-332. https://doi.org/10.1016/j.foreco.2016.06.032

Martin-Gomez P, Aguilera M, Peman J, Gil-Pelegrin E, Ferrio JP
(2017) Contrasting ecophysiological strategies related to
drought: the case of a mixed stand of scots pine (Pinus
sylvestris) and a submediterranean oak (Quercus
subpyrenaica). Tree Physiol 37:1478-1492. https://doi.
org/10.1093/treephys/tpx 101

Martinez-Sancho E, Dorado-Linan I, Merino EG, Matiu M, Helle
G, Heinrich I, Menzel A (2018) Increased water-use efficien-
cy translates into contrasting growth patterns of scots pine
and sessile oak at their southern distribution limits. Glob
Chang Biol 24:1012-1028. https://doi.org/10.1111
/gcb.13937

Meinen C, Hertel D, Leuschner C (2009) Biomass and morphol-
ogy of fine roots in temperate broad-leaved forests differing
in tree species diversity: is there evidence of below-ground
overyielding? Oecologia 161:99-111. https://doi.
org/10.1007/s00442-009-1352-7

Michelot A, Simard S, Rathgeber C, Dufrene E, Damesin C (2012)
Comparing the intra-annual wood formation of three
European species (Fagus sylvatica, Quercus petraea and
Pinus sylvestris) as related to leaf phenology and non-
structural carbohydrate dynamics. Tree Physiol 32:1033—
1045. https://doi.org/10.1093 /treephys/tps052

Mommer L, van Ruijven J, de Caluwe H, Smit-Tickstra AE,
Wagemaker CAM, Ouborg NJ, Bogemann GM, van der
Weerden GM, Berendse F, de Kroon H (2010) Unveiling
below-ground species abundance in a biodiversity experi-
ment: a test of vertical niche differentiation among grassland
species. J Ecol 98:1117-1127. https://doi.org/10.1111
/j.1365-2745.2010.01702.x

Moreno G, Obrador JJ, Cubera E, Dupraz C (2005) Fine root
distribution in Dehesas of Central-Western Spain. Plant Soil
277:153-162. https://doi.org/10.1007/311104-005-6805-0

Newberry SL, Nelson DB, Kahmen A (2017) Cryogenic vacuum
artifacts do not affect plant water-uptake studies using stable
isotope analysis. Ecohydrology 10. https://doi.org/10.1002
/ec0.1892

Pena J, Grace J (1986) Water relations and ultrasound emissions of
pinus sylvestris L. Before, during and after a period of water
stress. New Phytologist 103(3):515-524. https://doi.
org/10.1111/1.1469-8137.1986.tb02889.x

Phillips DL, Gregg JW (2003) Source partitioning using stable
isotopes: coping with too many sources. Oecologia 136:261—
269. https://doi.org/10.1007/s00442-003-1218-3

Phillips DL, Newsome SD, Gregg JW (2005) Combining sources
in stable isotope mixing models: alternative methods.


https://doi.org/10.1111/nph.14192
https://doi.org/10.1007/s00442-010-1725-y
https://doi.org/10.1046/j.1365-2745.2003.00781.x
https://doi.org/10.1046/j.1365-2745.2003.00781.x
https://doi.org/10.1055/s-2005-872893
https://doi.org/10.1007/s00572-010-0348-9
https://doi.org/10.1007/s00572-010-0348-9
https://doi.org/10.1126/science.aaf8957
https://doi.org/10.1038/35083573
https://doi.org/10.1016/j.foreco.2016.06.032
https://doi.org/10.1093/treephys/tpx101
https://doi.org/10.1093/treephys/tpx101
https://doi.org/10.1111/gcb.13937
https://doi.org/10.1111/gcb.13937
https://doi.org/10.1007/s00442-009-1352-7
https://doi.org/10.1007/s00442-009-1352-7
https://doi.org/10.1093/treephys/tps052
https://doi.org/10.1111/j.1365-2745.2010.01702.x
https://doi.org/10.1111/j.1365-2745.2010.01702.x
https://doi.org/10.1007/s11104-005-6805-0
https://doi.org/10.1002/eco.1892
https://doi.org/10.1002/eco.1892
https://doi.org/10.1111/j.1469-8137.1986.tb02889.x
https://doi.org/10.1111/j.1469-8137.1986.tb02889.x
https://doi.org/10.1007/s00442-003-1218-3

Plant Soil

Oecologia 144:520-527. https://doi.org/10.1007/s00442-
004-1816-8

Pinheiro JC, Bates D, DebRoy S, R_Core Team (2018) {nlme}:
linear and nonlinear mixed effects models. R package version
31-137

Piutti E, Cescatti A (1997) A quantitative analysis of the interac-
tions between climatic response and intraspecific competition
in European beech. Can J For Res 27:277-284. https://doi.
org/10.1139/x96-176

R _Core Team (2018) R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing

Reineke LH (1933) Perfecting a stand-density index for even-aged
forests. J Agric Res 46:627-638

Renninger HJ, Carlo NJ, Clark KL, Schafer KVR (2015) Resource
use and efficiency, and stomatal responses to environmental
drivers of oak and pine species in an Atlantic coastal plain
forest. Front Plant Sci 6. https://doi.org/10.3389
/fpls.2015.00297

Richards AE, Forrester DI, Bauhus J, Scherer-Lorenzen M (2010)
The influence of mixed tree plantations on the nutrition of
individual species: a review. Tree Physiol 30:1192-1208.
https://doi.org/10.1093/treephys/tpq035

Rowe EC, Van Noordwijk M, Suprayogo D, Cadisch G (2006)
Variable responses of the depth of tree nitrogen uptake to
pruning and competition. Tree Physiol 26:1529-1535.
https://doi.org/10.1093/treephys/26.12.1529

Schmid I, Kazda M (2002) Root distribution of Norway spruce in
monospecific and mixed stands on different soils. For Ecol
Manag 159:37-47. https://doi.org/10.1016/s0378-1127(01
)00708-3

Scholander PF, Hammel HT, Bradstreet ED, Hemmingsen EA
(1965) Sap pressure in vascular plants. Science 148:339-346

Sturm N, Kostner B, Hartung W, Tenhunen JD (1998)
Environmental and endogenous controls on leaf- and stand-
level water conductance in a scots pine plantation. Ann Sci
For 55:237-253. https://doi.org/10.1051/forest: 19980114

Toigo M, Vallet P, Perot T, Bontemps J-D, Piedallu C, Courbaud
B, Canham C (2015) Overyielding in mixed forests decreases
with site productivity. J Ecol 103:502—512. https://doi.
org/10.1111/1365-2745.12353

Trouvé R, Bontemps JD, Collet C, Seynave I, Lebourgeois F
(2017) Radial growth resilience of sessile oak after drought
is affected by site water status, stand density, and social
status. Trees (Berl West) 31:517-529. https://doi.
org/10.1007/s00468-016-1479-1

Van Stan JT, Van Stan JH, Levia DF (2014) Meteorological
influences on stemflow generation across diameter size clas-
ses of two morphologically distinct deciduous species. Int J
Biometeorol 58:2059-2069. https://doi.org/10.1007/s00484-
014-0807-7

Werner RA, Bruch BA, Brand WA (1999) ConFlo III - an interface
for high precision delta(13)C and delta(15)N analysis with an
extended dynamic range. Rapid Commun Mass Spectrom
13:1237-1241. https://doi.org/10.1002/(sici)1097-0231
(19990715)13:13<1237::aid-rcm633>3.0.c0;2-¢

White J, Edward R, Cook R (1985) The D/H ratios of sap in trees:
implications for xater sources and tree ring D/H ratios.
Geochim Cosmochim Acta 49:237-246

Wu H, Li X-Y, Jiang Z, Chen H, Zhang C, Xiao X (2016)
Contrasting water use pattern of introduced and native plants
in an alpine desert ecosystem, Northeast Qinghai-Tibet pla-
teau, China. Sci Total Environ 542(Part A):182—-191.
https://doi.org/10.1016/j.scitotenv.2015.10.121

Zang C, Pretzsch H, Rothe A (2012) Size-dependent responses to
summer drought in scots pine, Norway spruce and common
oak. Trees (Berl West) 26:557-569. https://doi.org/10.1007
/300468-011-0617-z

Zweifel R, Steppe K, Sterck FJ (2007) Stomatal regulation by
microclimate and tree water relations: interpreting ecophysi-
ological field data with a hydraulic plant model. J Exp Bot
58:2113-2131. https://doi.org/10.1093/jxb/erm050

@ Springer


https://doi.org/10.1007/s00442-004-1816-8
https://doi.org/10.1007/s00442-004-1816-8
https://doi.org/10.1139/x96-176
https://doi.org/10.1139/x96-176
https://doi.org/10.3389/fpls.2015.00297
https://doi.org/10.3389/fpls.2015.00297
https://doi.org/10.1093/treephys/tpq035
https://doi.org/10.1093/treephys/26.12.1529
https://doi.org/10.1016/s0378-1127(01)00708-3
https://doi.org/10.1016/s0378-1127(01)00708-3
https://doi.org/10.1051/forest:19980114
https://doi.org/10.1111/1365-2745.12353
https://doi.org/10.1111/1365-2745.12353
https://doi.org/10.1007/s00468-016-1479-1
https://doi.org/10.1007/s00468-016-1479-1
https://doi.org/10.1007/s00484-014-0807-7
https://doi.org/10.1007/s00484-014-0807-7
https://doi.org/10.1002/(sici)1097-0231(19990715)13:13<1237::aid-rcm633>3.0.co;2-c
https://doi.org/10.1002/(sici)1097-0231(19990715)13:13<1237::aid-rcm633>3.0.co;2-c
https://doi.org/10.1016/j.scitotenv.2015.10.121
https://doi.org/10.1007/s00468-011-0617-z
https://doi.org/10.1007/s00468-011-0617-z
https://doi.org/10.1093/jxb/erm050

	Complementary water uptake depth of Quercus petraea and Pinus sylvestris in mixed stands during an extreme drought
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study site
	Microclimate and edaphic measurements
	Root distribution throughout the soil profile
	Soil and plant sampling for isotopic analyses
	Predawn leaf water potential
	Statistical analyses

	Results
	Microclimate and soil water content
	Root distribution
	Isotopic signature in xylem and soil water
	Water partitioning
	Predawn leaf water potential (PLWP)

	Discussion
	Conclusion
	Appendices
	References


