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Abstract
• Introduction In the context of global environmental chan-
ges, better understanding of tree response to soil drought
in young mixed species stands is needed to anticipate forest
adaptation and management practices for the future.
• Materials and methods We investigated the functional
response of five co-occurring broad-leaved tree species
growing in a 15- to 25-year-old mixed stand in northeast-
ern France during the 2006 summer drought. We measured
functional traits related to water acquisition (phenology,
rooting pattern and vulnerability of xylem to cavitation)
and the ecophysiological response (sap flux density, leaf
water potential) of these species to soil water shortage.
• Results Our study highlights contrasted drought response
strategies among these species and a trade-off between leaf
phenology, resistance of xylem to cavitation and root system
depth.
• Conclusion At this site, a deep root system seemed to
be a key functional trait for the species to cope with drought.
Quercus robur and Salix capreae can be characterised as

drought-avoidance species as they possess a deep root system
and therefore did not strongly experience soil drought.
Despite deep rooting capacity, Betula pendula did not really
avoid soil drought and strongly regulated transpiration dur-
ing dry periods. Nevertheless, the earliness of budburst
of this species contributes to high annual growth rate. In
contrast,Carpinus betulus and Fagus sylvatica both displayed
typical characteristics of drought-sensitive species.

Keywords Broad-leaved species . Leaf water potential .

Mixed forest . Phenology . Root distribution . Sap flow . Soil
drought sensitivity . Vulnerability to cavitation

1 Introduction

In the context of global environmental changes accompa-
nied by increasing climatic and biotic hazards (Schär et al.
2004), better understanding of species interactions and for-
est stand composition is needed to anticipate forest manage-
ment practices for the future. Coping with increasing climate
uncertainties requires forest managers to adapt their sylvi-
cultural practices, particularly by maintaining more natural
dynamics and promoting mixed stands at pure stand expense
(Lacaze 2000). Indeed, mixed forest stands, through in-
creased biodiversity and ecological niche complementarity,
may be more resilient and better able to resist environmental
disturbances such as storms, drought, flooding or pest
attacks (Bodin and Wiman 2007; Zhang et al. 2012).

Adapting temperate European forest management practi-
ces to changing environmental conditions requires being
able to characterise the functional responses to disturbance
and climatic events of co-occurring tree species under nat-
ural conditions, particularly in terms of carbon and water
acquisition and use. Most field studies conducted so far in
broad-leaved forests have focused on productive,
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economically important species such as Fagus or Quercus
(e.g. Bréda et al. 1993a, 1995, 2006; Coners and Leuschner
2002; Leuschner et al. 2004; Granier et al. 2007). Only a
few studies have included one or more accompanying spe-
cies (Pataki et al. 2000; Holscher et al. 2005; Leuzinger et
al. 2005; Kocher et al. 2009). A comprehensive study point-
ing out potential trade-offs among co-occurring species for
water uptake, water transport or transpiration regulation
during a summer drought has not yet been conducted. In
this study, we investigate this issue in a mixed broad-leaved
stand with five co-occurring species in northeastern France
where soil water content is often reduced during summer.

Different drought tolerance or resistance strategies are
well-known for xeric species in arid habitats (Kramer
1983). For temperate broad-leaved forests, Kramer (1983)
described three contrasted responses to soil drought. Firstly,
avoidance: some species are able to avoid reduced soil water
content during drought periods by a temporal shift in phe-
nology such as early budburst in spring (e.g. Gould et al.
2011) or by relying on deep root systems to access deep wet
soil layers (e.g. Zapater et al. 2011). Secondly, tolerance:
some species are able to delay drought impact, through
delayed stomatal closure and the ability to maintain high
photosynthetic activity despite low leaf water potential (e.g.
Cedrus species, Aussenac and Finkelstein 1983). Thirdly,
dehydration tolerance: some species implement efficient
osmotic adjustments under soil water depletion that allow
them to maintain high water potential levels for photosyn-
thesis and summer growth (Hsiao et al. 1976). The identifi-
cation of these different strategies should not obscure the
likelihood that broad-leaved temperate tree species undergo
a continuum of responses to drought. Furthermore, the co-
existence of certain tree species in mixed stands may be
explained by niche differentiation among species (Tilman
1982). It is thus worthwhile to investigate the role of water
resource partitioning in the growth performance of mixed
temperate forest species submitted to severe summer
drought, as such extreme conditions will increasingly occur
under global environmental changes (Granier et al. 2007).

In this context, the aim of the present study was to
highlight drought response strategies among five co-
occurring broad-leaved tree species growing in a 15- to
25-year-old mixed temperate forest northeastern France.
The studied species—Betula pendula, Carpinus betulus,
Fagus sylvatica, Quercus robur, Salix capreae—cover a
wide successional forest gradient. We investigated function-
al traits related to water acquisition (phenology, rooting
pattern and vulnerability of xylem to cavitation) and the
ecophysiological response of these species to soil water
shortage. Furthermore, we identified whether potential func-
tional trait combinations and trade-offs exist among the
species and whether these trade-offs were consistent with
the three above-mentioned strategies.

2 Materials and methods

2.1 Study site

The study was carried out in a young 15-ha mixed broad-
leaved stand in the state forest of Hesse (France, 48°40′27″
N; 7°03′53″E, elevation 305 m). The climate is semi-
continental with a mean annual temperature of 9.2 °C and
mean annual precipitation of 820 mm. The soil is a meso-
saturated neoluvisol redoxisol. A clear shift in soil structure
and texture can be noticed in the transition between the E2
(eluviated) and the BT horizons at approximately 0.50 m in
depth. The less permeable BT horizon is enriched in clay
(clay content up to 31 %) and presents a prismatic structure.
Periods of low rainfall during the summer can lead to
substantial water shortage in the upper soil layers whereas
late spring rainfall can induce periods of water-logging.

The study stand is composed of 15- to 25-year-old natu-
rally regenerated trees including, from the most to the least
abundant tree species: European beech (F. sylvatica), horn-
beam (C. betulus), oaks (Q. robur), goat willow (S. cap-
reae), silver birch (B. pendula), aspen (Populus tremula)
and wild cherry (Prunus avium). In 2002, stand basal area
was 12.6 m2 ha−1 and stand density was 17,820.
Contribution of each species to stand basal area was 63 %
for beech, 26 % for hornbeam and 7 % for oaks (Le Goff
and Ottorini, personal communication). The other species
represented ca. 4 %.

Measurements were conducted in a 1,600-m2 plot located
near the middle of the stand and surrounded by a fence. The
fenced plot was equipped with three 10- to 14-m-high
scaffolding towers, allowing access to the sun-exposed
branches of each studied tree. Measurements were per-
formed during the summer of 2006 except those concerning
the vulnerability to cavitation that were recorded during the
2007 summer. In the fenced plot, leaf area index, estimated
using a Li-2000 leaf area meter (Li-Cor, Lincoln, NE, USA)
was 7.60±0.08 in 2006 and 7.55±0.12 in 2007.

2.2 Microclimate

To characterise the microclimatic conditions during the
study period, the following instruments were installed in
the stand at a height of 14 m: a pyranometer (CM6, Kipp
& Zonen), a rain gauge (Model ARG 100, Campbell
Scientific, Courtaboeuf, France), a temperature and relative
humidity probe (HMP45 model Vaisala, Helsinki, Finland)
and an ultrasonic 3D anemometer (Solent R3 Windmaster,
Gill Instruments Ltd., Lymington, UK). Data were acquired
every 10 s, and 30-min averages were stored in a datalogger
(CR5000, Campbell Scientific, Courtaboeuf, France).
Penman evapotranspiration (PET) was calculated using the
Penman formula.
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2.3 Tree sampling

Four dominant or co-dominant trees were randomly selected
for B. pendula, C. betulus, Q. robur and S. capreae and six
trees for F. sylvatica (Table 1). The trees vary little in total
height and diameter at breast height. Characteristics of the
studied trees are given in Table 1.

2.4 Soil water content

Available soil water at the stand scale was estimated daily
with the BILJOU water balance model (Granier et al. 1999).
This model uses daily climatic data, as measured above the
stand, and site parameters—mainly leaf area index, leaf
unfolding dates, leaf fall dates, maximum extractable soil
water in the root zone, vertical root distribution and soil
macro- and micro-porosity. From the simulated daily soil
water content in the rooting zone (down to 1.5 m in depth),
we calculated the daily relative extractable soil water (REW;
i.e. the standardized available soil water) as follows:

REW ¼ EW=EW0;

where EW is the actual extractable soil water in the rooting
zone and EW0 is the maximum available water, i.e. the
difference in soil water content between field capacity and
the minimum water content. EW was equal to 175 mm down
to 1.5 m in depth. REW varies between 1 (at field capacity)
and 0 (at the permanent wilting point, i.e. −1.6 MPa). In this
study, REWwas taken as an indicator of soil water availability
at plot scale, not at tree level.

2.5 Sap flow measurements

Sap flow was monitored with 20-mm-long thermal dissipa-
tion sensors (Granier 1985) radially inserted in the xylem at
breast height on the 22 studied trees (Table 1), with one
sensor per tree. This technique makes it possible to measure
sap flux density (SFD, i.e. the sap flow per unit of sapwood
area, in L dm-2 h-1), integrated along the 20-mm radial axis.
Sensor signals were sampled at 10-s intervals, averaged

every 30 min and stored in two data loggers (Campbell
Scientific, models CR 10 and CR 21X, Courtaboeuf,
France). Data were collected during the growing season,
from mid June (day of year (DOY) 164) to mid September
(DOY 258), 2006.

The daily sap flux density of each tree was calculated as the
sum of 0.5-h SFD values. We defined maximum seasonal sap
flux density SFDmax for each species as the mean value of
daily sap flux density under non-limiting soil water availabil-
ity, i.e. from DOY 165 to 194. For each species, we calculated
the variability of sap flux density within each species. Over
the whole measurement period, coefficients of variation (0
100×mean/standard deviation) were low, ranging from 2.5 %
in F. sylvatica to 7.8 % in S. capreae. Daily relative sap flux
density (SFD%) for each tree was then calculated as the ratio
of daily sap flux density to SFDmax.

2.6 Leaf water potential

Predawn (Ψwp, MPa) and midday (Ψwm, MPa) leaf water
potentials were measured on two to five leaves for each tree
with a Scholander-type pressure chamber (PMS instrument,
Corvallis, OR, USA). We checked that ambient air was
close to saturation (H>98 %) during Ψwp measurements.
Ψwm measurements were performed between 1000 and
1400 hours UT. Ψwp and Ψwm were measured on, respec-
tively, four and five different dates.

2.7 Phenological observations

Leaf unfolding and leaf fall observations were made on the
targeted trees two to three times a week frommidMarch to the
end of May and from October to the end of November. An
additional five to 16 trees per species were also observed to
ensure better species pattern characterisation. Bud develop-
ment was described on a six- to eight-stage scale (Bréda and
Granier 1996) depending on the species (dormant winter buds,
swollen buds, broken buds, just unfolding leaves, unfolded
leaves, developed leaves with elongation twigs and interme-
diate stages for some species). Leaf fall was described through
four steps according to leaf yellowing and fall.

2.8 Xylem vulnerability curves to cavitation

Xylem vulnerability curves to cavitation were established on
excised, sun-exposed, current-year shoot internodes. In order to
avoid damage to trees where sap flow was measured, branches
were sampled from nearby trees with dominant crown status.
We collected sun branches from three trees of each species in
August and September for B. pendula, C. betulus and S. cap-
reae and between mid-July and the end of August for the other
species. Before cutting the branches, water was sprayed onto
the leaves in order to minimize transpiration. The branches

Table 1 Number of replicates (n), mean diameter at breast height
(DBH) and mean height (H) of the studied tree species

Tree species n DBH (cm) H (m)

Betula pendula 4 6.45 (0.83) 8.95 (0.34)

Carpinus betulus 4 6.13 (1.33) 8.35 (0.13)

Fagus sylvatica 6 8.58 (1.29) 8.47 (0.45)

Quercus robur 4 8.28 (1.03) 8.45 (0.54)

Salix capreae 4 7.68 (2.36) 9.25 (0.59)

Standard deviation is indicated in brackets. All trees belong to domi-
nant and co-dominant crown classes
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were cut rapidly, then re-cut under water and enclosed in
airtight black plastic bags, with the basal ends immerged in
water. Then, they were transported to the laboratory as quickly
as possible for measurements. The air injection method was
used to induce cavitation and embolism (Cochard et al. 1992).
The degree of embolism was assessed by measuring the loss of
hydraulic conductance caused by air blockage in the xylem
conduits of the short branch internodes (Cochard et al. 1992). In
a pressure chamber (PMS instrument, Corvallis, OR, USA), the
branches (0.15 to 0.30 m long) were submitted to a progressive
decrease in xylem water potential by pressurisation with step-
wise pressure increments until sap exudation ceased. Theywere
then enclosed in a black airtight bag for at least 5 h to remove
water potential gradients between leaves and xylem tissues.
Five to ten shoot internodes (0.008 to 0.015 m long) of each
branch were then excised under water and the initial hydraulic
conductance (Ki, in mmol s-1 MPa-1) was measured by perfus-
ing a solution (KCl 10 mM; CaCl2 1 mM) at 3.5 kPa pressure.
The solution rate flowing through each sample was measured
(in mmol s-1) with a Xyl’EM device (Xylem Embolism Meter,
Instrutec, Montigny les Cormeilles, France). The maximum
hydraulic conductivity (Kmax) was obtained after embolism
removal by flushing with the solution at a higher pressure
(0.1 MPa) until hydraulic conductance no longer increased.
The percentage loss of conductivity (PLC) was calculated as
follows:

PLC ¼ 100 � 1� Ki

Kmax

� �
:

The following sigmoid-type function was fitted to each data set:

PLC ¼ 100

1þ exp
SV
25 Ψ�Ψ50ð Þ ; ð1Þ

where Ψ50 is the pressure inducing 50 % loss of conductivity,
SV is the slope at the xylem water potential valueΨ50 andΨ is
the actual xylem water potential.

2.9 Root distribution

In order to circumvent the problem of root identification,
dominant and co-dominant trees of the studied species were
chosen in mono-specific clusters located in the study stand
as close as possible to the fenced plot. To study root distri-
bution both vertically and tangentially to the tree stems, we
used the 2D root mapping technique from soil trenches.
Trenches of about 0.75 m wide, 2.40 m long and 1.50 to
1.70 m in depth were dug tangentially to the stems at a
distance of approximately 0.25 to 0.65 m, where most of the
fine roots are usually found (Thomas and Hartmann 1998).
An observation plane (a vertical area of ca. 3.6 m2 per tree)
was cleaned with a knife just before counting the number of
fine roots (diameter <3 mm) crossing each 0.10×0.10 m

square of a 0.60×0.60-m metal grid; only living fine roots
were counted. The number of roots counted in each 0.10×
0.10 m square was averaged for each 0.1 m deep soil layer
over the entire soil profile (i.e. over ca. 0.24 m2) and then
converted into either total fine root density (down to 1.20 m)
(RD) or root density below the depth of change in soil
texture (ca. 0.50 m depth) (RDb%).

2.10 Statistical analyses

Between-species differences in functional traits were tested
with “PROC GLM” followed by a Tukey range test with
SAS software (SAS 9.0, SAS Institute, Cary, NC, USA).
Fitted parameters of the vulnerability curves were obtained
with Statgraphics Plus for Windows 4.1 (Statistical graphics
Corp., Herndon, VA, USA). A principal component analysis
was performed on variables involved in the response of the
studied species to soil drought in order to explore whether
these species would display similar or different response
strategies. The variables injected into this analysis were
either related to the drought intensity experienced by the
trees (Ψwp, Ψwm, SFD% and RDb%) or characterised vul-
nerability to cavitation (Ψ50 and Slope) or earliness of the
growing season (leaf unfolding date). The analysis was done
with the SAS software. We used the “PROC CLUSTER”
options in SAS (i.e. cubic clustering criterion, the pseudo-F
statistic, and the pseudo t2 statistic) to detect any clusters of
trees after the principal component analysis had been
performed.

3 Results

3.1 Phenology

Leaf unfolding and leaf fall showed large differences in
time-course among species, up to 12 and 18 days, respec-
tively (Fig. 1). The growing season started earlier for B.
pendula (DOY 111) and C. betulus (DOY 112) than for Q.
robur (DOY 123) and F. sylvatica (DOY 121). Though
slightly shorter for B. pendula (169 days), the average
length of the growing season was rather similar among
species, i.e. 175 days (±5 days) (Table 2).

3.2 Leaf water potential and sap flow measurements

In northeastern France, the summer of 2006 was character-
ised by a drought period in July (Fig. 2a). From June to the
middle of July (DOY 190), when REW was still high (>0.6),
the variation in SFD% followed that of PET for all studied
species. Stand-scaled transpiration, as calculated from sap
flux density measurements and estimated sapwood area of
each studied species, reached a maximum rate of 2.8 mm
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day−1. Thereafter, when REW decreased below 0.4, the time
courses of SFD% diverged among species and they displayed
contrasted transpiration and Ψwp (Fig. 2a, b). B. pendula, C.
betulus and F. sylvatica showed a strong reduction in SFD%
andΨwp, whileQ. robur, and to a lesser extent S. capreae, did
not show any major change in these variables (Fig. 2). The
drop in SFD% first occurred in B. pendula, followed by F.
sylvatica and then C. betulus. At the end of the dry period,
Ψwp ranged from −0.52 MPa for B. pendula to −1.45 MPa for
C. betulus and F. sylvatica. In all species,Ψwm also decreased
from about −1.25 to −1.50 to about −1.90 to −2.25 MPa,
except for B. pendula which exhibited rather stable values
all along the summer (around −1.35 MPa).

3.3 Fine root distribution

All species displayed a sharp decrease in fine root density from
the soil surface to a depth of 0.5–0.6 m (Fig. 3). This decrease
was strongly related with the increase in bulk soil density (r2

ranged from 0.87 for B. pendula to 0.99 for C. betulus)
(Table 3). Total fine root density (down to 1.20 m) and root
density below 0.50 m depth revealed large interspecific differ-
ences (Table 3); for example, C. betulus had 30 % more roots
than F. sylvatica. From higher to the lower root densities, the
species ranked as follows: C. betulus>B. pendula>Q. robur>
S. capreae>F. sylvatica. Large interspecific differences were
also observed in the proportion of deep fine roots: B. pendula
andQ. robur had the highest fine root densities below the clay-
enriched layer (40 and 33 %, respectively, Table 3), while F.

sylvatica and C. betulus had only 23 and 15 %, respectively. It
is noteworthy that there was no significant relationship between
total root density and deep root proportion (Table 3; Fig. 3).

3.4 Vulnerability to cavitation

All vulnerability curves had a typical sigmoid shape and
were well-fitted to the function in Eq. 1. There was a
significant species effect on the 50 % loss in xylem conduc-
tivity (Ψ50) and intraspecific variability was very low (data
not shown). Ψ50 of S. capreae, the most vulnerable tree
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Table 2 Mean leaf unfolding and leaf fall dates (day of the year) and
length of the growing season (in days) in 2006 for the studied tree
species

Tree species Unfolding
date

Leaf fall
date

Growing
season length

Betula pendula 111 280 169

Carpinus betulus 112 293 181

Fagus sylvatica 121 298 177

Quercus robur 123 295 172

Salix capreae 117 291 174
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Fig. 2 a Time course of the daily relative sap flux density (SFD%) and
the potential evapotranspiration (PET; Penman formula) for the studied
tree species studied in 2006. Symbols correspond to species: Bp, B.
pendula; Cb, C. betulus; Fs, F. sylvatica; Qr, Q. robur; Sc, S. capreae.
b Predawn leaf water potential (black symbols, Ψwp; left vertical axis),
midday leaf water potential (grey symbols, Ψwm; left vertical axis) and
relative extractable soil water (grey line, REW; right vertical axis) in
summer 2006. Vertical bars indicate standard error
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species, was −1.6 MPa and that of the least vulnerable, C.
betulus, was −3.6 MPa. The species also displayed large
differences in the slope at the inflection point: from 30 to
130 %MPa−1. No significant relationship between slope and
Ψ50 was found (p value00.264).

3.5 Principal component analysis

The first two axes of the principal component analysis
explained 85.2 % of the observed variability (Fig. 4a). The
first axis explained 50.0 % of the total variance and was
strongly negatively correlated with budburst date and posi-
tively correlated with control of embolism (Slope), midday
leaf water potential (Ψwm) and percentage of roots below
0.5 m (RDb%). The second axis explained 35.2 % of the
total variance and was positively correlated with intensity of
drought experienced by trees (Ψwp), stomatal control of
transpiration (SFD%), vulnerability to xylem cavitation
(Ψ50) and RDb%.

On this factorial plane, the trees of a given species were
clearly aggregated (Fig. 4b). Furthermore, the statistical
options of the CLUSTER analysis revealed five clusters of
trees in our data that correspond exactly to the five studied
species (Fig. 4b).

4 Discussion

In summer 2006, reduced rainfall and high evapotranspira-
tion in the experimental plot induced a decrease in modelled
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Table 3 Total root density (RD, i.e. the number of fine roots per m2 of
vertical plane down to 1.20 m in depth), root density below the depth
of change in soil texture (ca. 0.50 m, RDb), percentage of roots below
this depth (RDb%), and correlation coefficients (r2) of relationships
between bulk soil density and RD for the studied tree species

Tree species RD RDb RDb% r2

Betula pendula 14,988 5,949 40 0.87

Carpinus betulus 16,363 3,786 23 0.99

Fagus sylvatica 10,046 1,533 15 0.98

Quercus robur 12,871 4,194 33 0.97

Salix capreae 11,733 3,912 33 0.96
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drought response: (1) variables related to drought intensity experienced
by the trees (Ψwp, Ψwm, SFD%, depth of root system), (2) variables
characterising vulnerability to cavitation (Ψ50, Slope) and (3) earliness
of the growing season (budburst date). Ψwp and Ψwm were measured at
the driest time of the 2006 summer, i.e. DOY 213 and 206, respective-
ly. a Projection of the studied variables on the first factorial plane. b
Projection of the trees on the same plane; each data point is one tree.
Symbols correspond to species: Bp, B. pendula; Cb, C. betulus; Fs, F.
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REW to below the threshold of 0.4, which is known to
induce stomatal closure and a decrease in canopy conduc-
tance for most temperate tree species (Granier et al. 1999).
However, we observed contrasted functional responses
among the co-occurring species we investigated: B. pendula,
C. betulus and F. sylvatica experienced severe water stress,
with a strong decrease in both their transpiration and predawn
leaf water potential (Fig. 2). On the contrary,Q. robur, and to a
lesser extent S. capreae, did not experience water stress (low
or no decrease in predawn leaf water potential) and main-
tained high transpiration rates. Such a contrasted response to
drought among co-occurring trees had previously been
reported during the 2003 drought in a mature mixed hardwood
forest including Quercus petraea, F. sylvatica and C. betulus
by Leuzinger et al. (2005) and in a companion study con-
ducted at the same site in 2008 onQ. robur and F. sylvatica by
Zapater et al. (2011). In the latter study, performed in the same
experimental site during the following year, the hydraulic lift
phenomenon was evidenced, leading to soil water redistribu-
tion in such mixed stand.

With the exception of B. pendula, we confirmed that for
this broad-leaved mixed stand the species that develop deep
rooting systems efficiently postpone, or even avoid, the
effects of reduced upper soil water availability (Bréda et
al. 1995). Indeed, for Q. robur and S. capreae, the absence
of a decrease in predawn leaf water potential and transpira-
tion regulation is largely explained by the depth of their root
system (Fig. 3; Table 3), whereas the strong decrease in
transpiration for C. betulus and F. sylvatica was consistent
with a shallow rooting system.

With regards to plant survival to drought, the importance
of preventing hydraulic failure in the soil–plant–atmosphere
continuum has been extensively studied (Sperry et al. 2002;
McDowell et al. 2008). Hydraulic failure occurs when re-
duced soil water availability, coupled with high evaporative
demand, leads to cavitation. Our estimates of Ψ50 are close
to those of previous studies on broad-leaved temperate
species (e.g. Bréda et al. 1993b; Tyree and Cochard 1996;
Cochard et al. 1999). Strong differences among tree species
in both Ψ50 and slope were found (Table 4), with low

intraspecific variability. We observed that Ψ50 and the depth
of the root system were located close together on the prin-
cipal component analysis plane (Fig. 4a), thus indicating for
the studied species that the deeper the fine roots, the less
negative Ψ50. Furthermore, some studies had previously
reported that Ψ50 could be related to stem wood density
(Hacke et al. 2001). Our results thus suggest for these
species a trade-off in carbon allocation to the different
tissues of the plant: when more carbon is invested in branch
xylem to protect xylem elements against cavitation (Hacke
et al. 2001), less carbon can then be invested in the root
system to explore deeper and wetter soil layers. Sperry and
Hacke (2002) and Hukin et al. (2005) previously mentioned
such a trade-off for plants growing in xeric habitats.

The slope of the vulnerability curves at Ψ50 is assumed to
be linked to xylem heterogeneity, i.e. the variability in
vulnerability to cavitation inside water conducting elements
making up the xylem (Pammenter and Vander Willigen
1998). For our species, the slope was correlated with mid-
day leaf water potential (r200.66) and to a lesser extend
with the SFD% reached during the driest period (r200.28).
These relationships further point to interesting strategies in
terms of drought avoidance and preservation from embo-
lism: species like B. pendula and C. betulus that display a
steep cavitation slope are also characterised by a high degree
of stomatal regulation (decrease in SFD%) when soil
drought increases, thus protecting the xylem from cavita-
tion. Nevertheless, this pattern was not observed for F.
sylvatica, which also displayed a strong reduction in sap
flow density during the dry period.

Combining dynamic variables (phenology, regulation of
transpiration, leaf water potential), architecture character-
istics (rooting pattern) and intrinsic functional traits (vulner-
ability to cavitation) allowed us to define five contrasted
clusters of trees in terms of response strategy to soil water
depletion that statistically correspond to the five studied
species (Fig. 4b). The location of the clusters on the factorial
plane suggests a gradient of drought response strategies
among these co-existing broad-leaved species and points
to ecological niche differentiation and water resource parti-
tioning (Tilman 1982). We clearly observed functional sim-
ilarities among Q. robur, S. capreae, F. sylvatica and C.
betulus along the first factorial axis, while B. pendula is
clearly distant from those species, and three distinct groups
of species along the second factorial axis: (a) Q. robur and
S. capreae, (b) B. pendula and (c) F. sylvatica and C.
betulus. Based on these axes, three different response strat-
egies to soil water depletion among these co-occurring
species can be highlighted:

1. Q. robur and S. capreae can be characterised as drought
avoidance species (sensu Kramer 1983) as they possess
a deep root system and high (less negative) Ψwp under

Table 4 Parameters characterising the vulnerability to cavitation of the
studied tree species: values of Ψ50 (i.e. the water potential inducing a
50 % loss in hydraulic conductivity) and the slope of drought-induced
cavitation variation at Ψ50

Tree species Ψ50 (MPa) Slope (%MPa−1)

Betula pendula −1.84 (0.02) 139.4 (15.7)

Carpinus betulus −3.64 (0.17) 101.5 (32.0)

Fagus sylvatica −3.25 (0.02) 46.9 (4.4)

Quercus robur −2.62 (0.05) 48.1 (3.4)

Salix capreae −1.60 (0.07) 80.4 (9.2)
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dry soil conditions. They therefore do not seem to
strongly experience soil drought and consequently show
a limited decrease in SFD% over the dry period. These
species are also characterised by an intermediate grow-
ing season length and by xylem tissues which are rather
vulnerable to cavitation, especially S. capreae (Ψ500

−1.6 MPa). In S. capreae, at the end of the dry period,
high embolism levels were reached (close to 60 %, data
not shown), while stomatal regulation was not initiated
(Fig. 2a, b). Such behaviour is similar to that reported
for Populus euphratica, a species growing along river
banks in arid regions of Central Asia (Hukin et al.
2005). This species is characterised by a higher vulner-
ability to drought-induced cavitation than other species
of Populus, which can lead to important embolism
levels (Hukin et al. 2005).

2. B. pendula displays a different response to soil water
depletion than the two species in the previous group.
Even though the rooting system of B. pendula explores
deep soil layers, we observed a strong decrease in both
SFD% and Ψwp during the summer drought, while Ψwm

remained rather constant. This pattern typically recalls
the isohydric behaviour in leaf transpiration control
described by Tardieu and Simonneau (1998), which
implies efficient stomatal regulation when soil water
depletion starts. This regulation is probably mediated
by chemical messengers (e.g. ABA) (Tyree and Yang
1990) that fine roots growing in the upper soil layers
may synthesize when they encounter a rapid decrease in
soil water availability at the onset of the dry summer
(Martin-Vertedor and Dodd 2011). Our results suggest
that B. pendula does not really avoid soil drought de-
spite its deep rooting capacity. This hypothesis is also
supported by the fact that this species is highly vulner-
able to cavitation in the twigs (Ψ500−1.8 MPa).
Furthermore, as the roots of Betulus species have higher
vulnerability to cavitation than do the twigs (Sperry and
Saliendra 1994), one can hypothesize that the fine roots
of B. pendula are subject to cavitation early when soil
water depletion first occurs, leading to stomatal closure.
Nevertheless, the earliness of budburst and the shorter
growing season compared to some other species allows
B. pendula to display high annual growth rate.

3. C. betulus and F. sylvatica both displayed typical char-
acteristics of drought-sensitive species, unable to avoid
soil drought. These results are consistent with the strong
stomatal regulation observed for F. sylvatica during the
exceptional drought in the summer of 2003 (Granier et
al. 2007). Both species have a shallow root system; they
showed the highest resistance to drought-induced cavi-
tation and a stronger reduction in transpiration with soil
water depletion compared to the three drought-avoiding
species (1).

5 Conclusions

Our study highlights contrasted drought response strategies
among co-occurring and competing tree species in a mesic
environment frequently submitted to summer droughts. For
the five studied species, we showed a trade-off between leaf
phenology, resistance of xylem to cavitation and root system
depth, as had previously been observed in xeric habitats. In
the mesic environment we studied, a deep root system
allowing access to available water when superficial soil
layers dry out during summer droughts seems to be a key
functional trait for the species to cope with drought. Indeed,
deep roots allow the plant to limit stomatal regulation during
dry periods and thus to potentially maintain high levels of
carbon assimilation and growth. However, our results only
address the short term impact of water stress on tree species
water acquisition and use; they do not reflect possible
delayed effects such as the mobilisation of stored reserves
for growth under limiting soil water levels. Furthermore, our
study was conducted in a young regenerating stand (15 to
25 years old), and mature trees may have different response
patterns since the root systems of some species are likely to
extend to deeper soil layers. Hence, further long-term, com-
prehensive observations are needed to elaborate functional
models that can simulate mixed species forest ecosystem
response to global environmental changes and lead to im-
proved management in temperate naturally regenerating
mixed stands.
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