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Ψ50 *  - 
Pente  - * 
Densité du bois -0.79 [21]  -(Pt )  - 

δ13C 0.67 [15]  -(Sc, Pa, Qr )  - 
Date de débourrement  - -0.80 [21] ����� �
SFD% (DOY 213)  - ����� [15] ������������� �
Ψwm (MPa, DOY 206) 0.45 [21] ����� � ���	 [21] ����� �
Ψwp (MPa, DOY 213)  - ���	
 [21] ����� �
Racine% ��
� "
�# ��	� "
�#

Ψ50 Pente
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Espèce �50 (MPa) matériel age de l'arbre méthode réferences
-2.13 ± 0.04 branches jeunes arbres  injection d'air Barigah et al. 2006
 -2.31 ± 0.12 standard 
 -2.34 ± 0.03 centrifuge

Populus 
tremula

� -1.20 
segments de branches 

agés de 3 à 5 ans
arbres matures (9m de 

haut
déshydratation de 

branches
Tognetti et al. 1999

Salix 
capreae

-2.22 pousses centrifuge Cochard et al. 2005

-2.91 ± 0.04 branches jeunes arbres  injection d'air Barigah et al. 2006

-2.7 branches de l'année
déshydratation de 

branches ou injection 
d'air

Tyree and  Cochard 
1996

-2.85 pétioles
30 ans (données 

d'aprèsCochard et al. 
1992 b)

standard Bréda et al. 1993b

-3.3 pétioles
30 ans (données 

d'aprèsCochard et al. 
1992 b)

standard Bréda et al. 1993b

-2.94 ± 0.03 branches jeunes arbres  injection d'air Barigah et al. 2006

-3.3 branches de l'année
déshydratation de 

branches ou injection 
d'air

Tyree and  Cochard 
1996

Prunus 
avium

� -4.70 pousses adultes centrifuge Cochard et al. 2008

Carpinus 
betulus

 -3.95 ± 0.06 pousses adultes centrifuge Cochard et al. 2005

 -2.94 ± 0.04 branches jeunes arbres  injection d'air Barigah et al. 2006

-3.22 ± 0.07
branches de lumière de 

l'année
70 ans

branches
-2.92 entre nœud jeunes arbres en pots

 -3.15 ± 0.18 standard
 -3.16 ± 0.14 centrifuge 

-3.1 branches de lumière 30 ans  injection d'air Lemoine et al. 2002

Quercus 
petraea

Fagus 
sylvatica

déshydratation de 
branches

Cochard et al. 1999

pousses Cochard et al. 2005

Betula 
pendula tiges Cochard et al. 2005

Quercus 
robur
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Espèce DR totale 
DR sous l'horizon  

BT  
% de racine 

sousl'horizon BT

B. pendula 14988 5949 40
C. betulus 16363 3786 23
F. sylvatica 10046 1533 15
S. Capreae 11733 3912 33
Q. robur 12871 4194 33
P. tremula 8554 1671 20
P. avium 14592 3826 26 	
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Proportion de racine sous le BT (%)
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δD  = 96.9728-357.0342*Ψwp

r² = 0.4095;  r = -0.6399; p = 0.0137
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Considering the general idea that mixed stands would be more resistant and resilient to 24 

disturbances (storms, drought, flooding, pests attacks…), and the expected increase of 25 

summer drought events, it appears necessary to characterize mixed stands functioning and co-26 

occuring species behavior. In this work, drought responses of 6 co-occurring deciduous tree 27 

species in a young naturally regenerated stand were characterized, and contribution of each 28 

species to stand behaviour was assessed. We analyzed sap flow, tree transpiration, canopy 29 

conductance to water vapour and stand transpiration variation in response to predawn water 30 

potential, global radiation and vapor pressure deficit. 31 

We found that investigated species were characterized by contrasted responses in regard to 32 

soil and to atmospheric drought. Fagus sylvatica, Carpinus betulus, Betula pendula strongly 33 

reduced their water flux during drought, while others did not seem to experience drought 34 

(Quercus petraea and Quercus robur). Response to atmospheric drought was similar in all 35 

species in the absence of water stress. However, when drought occurred, pioneer species (B. 36 

pendula and S. caprea) exhibited a lower sensitivity than late successional ones (F. sylvatica, 37 

C. betulus, Q. petraea, Q. robur). These results are discussed in term of functional diversity. 38 

The up-scaling to stand transpiration allowed to determine the contribution of each 39 

functioning type, and to discuss the advantage of diversity in the ecosystem. 40 

41 

B	�
C����0  42 

Drought / broad leaved forest / sap flow / up scaling / functional diversity.  43 

44 
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Climate change is expected to provoke global warming that will be gone with an increase of 48 

extreme events in some regions of the globe, mainly in the Northern hemisphere, modifying 49 

the hydrological cycle at regional scale (GIEC , 2007 ; Saxe et al., 2001; Schär et al., 2004; 50 

Tebaldi et al., 2006). These extreme events, like heat waves, heavy rain or snow events and 51 

droughts are responsible for a disproportionately large part of climate-related damages 52 

(Tebaldi et al., 2006).  53 

Tree species are known to have different responses to drought, due to their anatomical and 54 

morphological differences (root system distribution and architecture, xylem resistance to 55 

cavitation, root/shoot ratio…) and/or physiological traits (stomatal conductance, osmotic 56 

adjustments…) involved in drought avoidance or desiccation tolerance (see Bréda et al., 2006 57 

for a recent review; Levitt, 1980). As a consequence, drought is an important factor limiting 58 

the species growth and is involved in changes in species composition of mixed stands, 59 

selecting species that possesses most of the characteristics that allow avoidance to drought or 60 

tolerance to desiccation (Levitt, 1980). 61 

In this context, one of the most important question of the foresters is how to manage the 62 

different forests in regard to climatic change?  63 

Since several decades, researches have been conducted to assess the impact of plant diversity 64 

for ecosystem functioning. Studies have found that high diversity leads to more reliable 65 

ecosystem functions over time when environmental conditions change (Angelstam, 1998; 66 

Bengtsson et al., 2000; Hansen et al., 2001). Furthermore, ecological studies conclude that 67 

certain combinations of species are complementary in their patterns of resource use and can 68 

increase average rates of productivity and nutrient retention. At the same time, they 69 
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highlighted that environmental conditions can influence the importance of complementarities 70 

in structuring communities (Hooper et al., 2005).  71 

Hence, the new stake is the identification of which and how many species act in a 72 

complementary way in complex communities.  73 

In order to help this way, we propose to investigate atmospheric and soil drought response, in 74 

terms of sap flow, transpiration and canopy conductance, of six co-occurring species in a 75 

young naturally regenerated forest, and to determine their contribution to stand transpiration. 76 

The study was constituted to different parts: First, we observed relative sap flow density to 77 

allow qualitative comparison of response to drought and climatic drivers of the different 78 

species. Second, we analyzed sap flow density and quantified tree transpiration. Then, the up-79 

scaling to canopy conductance, via inverted Penman-Monteith equation, give access to the 80 

determination of the importance of each climatic driver and soil drought for each species. 81 

Finally the estimation of stand transpiration allows us to assess the contribution of each 82 

species. 83 

84 
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The study was conducted in a young broad-leaved mixed stand in the state forest of Hesse 88 

(France, Moselle, N 48°40’27”; E 7°03’53”, elevation 305 m). The studied stand is composed 89 

of 15 to 25 years-old naturally regenerated trees, including, from most to less abundant tree 90 

species: European beech (Fagus sylvatica: Fs), hornbeam (Carpinus betulus: Cb), oaks 91 

(Quercus robur: Qr and Quercus petraea: Qp), goat willow (Salix capreae: Sc), silver birch 92 

(Betula pendula: Bp), aspen (Populus tremula) and wild cherry (Prunus avium). In 2002, 93 

beech, hornbeam and oak contributed to 63%, 26% and 7% of the stand basal area, 94 

respectively. Stand basal area was 12.6 m2/ha (Le Goff and Ottorini, personal 95 

communication). Leaf area index (LAI), as estimated using a Li-2000 leaf area meter (Li-Cor, 96 

Lincoln, Nebraska, USA) was 7.60 in 2006 and 7.55 ± 0.12 in 2007. 97 

The stand is composed of small clusters of each species, rather than being randomly mixed.   98 

The climate is semi-continental (mean annual temperature of 9.2°C, mean annual rainfall of 99 

820 mm). 100 

The soil is a brunisol (Quentin et al., 2001), with an enriched clay layer (so called “BT”) at 101 

approximately 50 cm depth. Clay content was 18.8% in the 0-50 cm layer and 31% in the 50-102 

80 cm layer. 103 

Measurements were performed during 4 successive years (2003-2006). The year 2003 was an 104 

exceptionally dry in north eastern France (Granier et al., 2007; Schär et al., 2004). The 3 105 

following years were characterised by moderate summer drought (Fig.1). We can range the 106 

year in the following sequence, from the driest to the wettest 2003>2004>2005=2006. 107 
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However, note that 2006 July month was particularly dry, with almost no rain events, in 108 

comparison with the other years, even 2003.  109 

All the investigated tree species were not studied each year (see Tab. 1). All measurements 110 

were performed on dominant or co-dominant trees, that were approximately 9 m tall on 111 

average in 2006. Scaling from sap flow to canopy transpiration and derivation of canopy 112 

conductance to water vapour were only made in 2006.  113 

114 
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The following instruments were installed above the stand, at 12 m height: a pyranometer 116 

(CM6, Kipp & Zonen), a rain-gauge (model ARG 100, Campbell Scientific, Logan, UT), a 117 

temperature and relative humidity probe (model HMP45, Vaisala, Helsinki, Finland), and an 118 

ultrasonic anemometer (Solent R3 Windmaster, Gill Instruments Ltd., Lymington, UK), a 119 

diffuse/direct device (model BF2, Delta-T Devices Ltd, Cambridge, United Kingdom). Above 120 

and below the canopy, Photosynthetic Active Radiation (PAR) was measured with PAR 121 

Quantum Sensors (model SKP 215, SKYE Instruments Ltd 21, Ddole Enterprise Park, 122 

Llandrindod Wells, Powys LD1 6DF United Kingdom).  123 

All the data were measured every 10 s and 30-min averages were stored in a data logger 124 

(Model CR5000, Campbell Scientific, Courtaboeuf, France). 125 

126 
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Available soil water at stand scale was estimated daily, using a water balance model. The 128 

model BILJOU (Granier et al., 1999) implemented here uses daily climate data, as measured 129 

above the stand and site-related parameters: LAI, budburst and leaf fall dates, maximum 130 

extractable soil water, vertical root distribution and soil macro and micro-porosity. This 131 
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model was previously applied in a neighbour pure beech stand (Granier et al., 2000; Granier 132 

et al. 2008). It was used in the present study because beech is the main tree species in this 133 

mixed stand and because soil characteristics are similar. From the simulated soil water content 134 

in the rooting zone, we calculated, daily, the relative extractable soil water (REW) as follow: 135 

REW= EW/EW0136 

Where EW is the actual extractable soil water in the rooting zone and EW0 is the maximum 137 

available water, i.e. the difference in soil water content between field capacity and the 138 

minimum water content (i.e. the permanent wilting point, -1.6 MPa). Therefore, REW varies 139 

between 1 (field capacity) and 0 (permanent wilting point). Simulated REW was used to 140 

estimate Ψwp as explained in the next section. 141 

3�	��C�
�	��
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Trees responses to drought were here related to Ψwp, which is more relevant than REW as it is 143 

a mechanistic indicator of water constraint in tree. However, REW was used here to estimate 144 

 Ψwp daily following Equation 1. 145 

Predawn water potentials (Ψwp) were measured on 2 to 5 sun-exposed leaves using a 146 

Scholander-type pressure chamber (PMS instrument, Corvallis, Oregon, USA). Number of 147 

sampled trees is indicated in (Tab. 1). Measurements were performed weekly from mid June 148 

to mid September, avoiding rainy periods. 149 

In order to estimate daily Ψwp, measured Ψwp from 2003 to 2006 were fitted to modeled REW 150 

using a non-rectangular hyperbola function for each tree species: 151 

152 

4.1

)8.2)( 2 REWcbREWcbREWcb
awp

×××−×+−×+
+−=Ψ

  [1] 153 

154 

Where a, b and c are the fitted coefficients. 155 
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Except for Sc and Bp, that were not measured in 2003, our data set covers a large range of soil 156 

water condition, from well-watered to very dry. All r2 coefficients of these relationships were 157 

higher than 0.78. It is noteworthy that intraspecific variability of Ψwp was very low, indicating 158 

an homogeneous species behaviour. 159 

160 
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Sap flow measurements were performed using 20 mm-long heat dissipation sensors (Granier, 162 

1985; Granier, 1987), inserted radially in the xylem, at breast high. This technique allows 163 

measuring the average sap flux density (SFD, i.e. the sap flow per unit of sapwood area) along 164 

the 20 mm sensor length. 165 

Sensors signals were sampled at 30 s intervals, averaged every 30 min and stored (dataloggers 166 

Campbell Scientific, models CR 10 and CR 21X, Courtaboeuf, France). 167 

Each year, SFD was measured on 9 to 22 trees of 4 to 5 species (Tab. 1). Data presented here 168 

were collected during the growing season, from mid-June (day of year, DOY 164) to mid 169 

September (DOY 258).  170 

We calculated the relative sap flux density (SFD%) for each tree and each year, as the ratio of 171 

SFD to the maximum observed SFD (SFDmax). For each year, SFDmax is the mean value of 172 

SFD during the beginning of the season, from DOY 165 to 200, (i.e. when soil water content 173 

was not limiting and LAI was maximum) for days when evaporative demand was high (VPD 174 

> 1.5 kPa).   175 

176 
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Tree transpiration (dm3.d-1) was estimated from SFD (dm3.dm-2.d-1) multiplied from estimated 180 

sapwood area (dm2), which was evaluated from diameter at breast high at the end of the 181 

growing season. Depending the species, the depth of active xylem varies. We consider that in 182 

the diffuse porous species (Fs, Cb, Bp) the sensor was installed in the most active xylem 183 

pathway, and then, we assume the active xylem to decrease linearly until the core wood. In 184 

the (semi-) ring porous species (Quercus and Salix) we assume that the active xylem is only 185 

located in the 2 cm under the cambium. So sapwood area was characterized by the 2cm ring 186 

under the cambium. 187 

      [2] 188 

189 

Up-scaling transpiration from trees to stand (Ec  mm.d-1) was performed in 2006 through stand 190 

sapwood area for each species and hence from their basal area (Tab. 2; Equation [3]). 191 

192 

      [3] 193 

194 

Where SFDi and SAi are the mean sap flow density (dm3.dm-2.d-1) and the sapwood area 195 

(m2.ha-1) of a species i (Bp, Cb, Fs, Qr, Sc), respectively.  196 

197 
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Canopy conductance for water vapour (gc, cm.s–1) was calculated from transpiration 199 

measurements and from climate data using the rearranged Penman Monteith equation (see 200 

[4]):  201 

202 
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   [4] 203 

204 

where ga (m.s-1) is the arerodynamic conductance, Ec (kg.m–2
.s–1) is the stand transpiration, 205 

λ (J.kg–1) is the latent heat of water vaporisation, γ (Pa.K-1) is the psychometric constant, �206 

(Pa.K–1) is the rate of change of saturating vapour pressure with temperature, Rn (W.m–2) is the 207 

available energy of the forest canopy, ρ (kg.m–3) is the density of dry air, Cp (J.K–1.kg–1) is the 208 

specific heat of air and VPD (Pa) is the vapour pressure deficit.  209 

We calculated ga using the following equation: 210 

ga = k² u / ln[(z-d)/z0]     [5] 211 

where z0 is the surface roughness (= 0.1 h), h is the mean tree height (= 9 m), d is the zero 212 

plane displacement (= 0.75 h), k is the von Kármán constant, u is the windspeed at height z. 213 

214 

When computing gc, periods during rainfall and for the 2 following hours were excluded. Data 215 

under low radiation and low vapour pressure deficit condition (net radiation < 20 W.m-2, VPD 216 

< 0.5 kPa) were also eliminated, because of the too large relative uncertainties. 217 

Typically, those discarded data corresponded to early morning and late afternoon periods. 218 

Furthermore, when VPD is low during the early morning, dew likely occurs and affects tree 219 

transpiration and its measurement. Excluding these data had only limited consequences on 220 

calibrating the gc functions. Modeling stand transpiration under condition of maximum 221 

transpiration rates, i.e. when both D and gc are high (and therefore the product gc.VPD is 222 

high), is more critical. 223 

224 

As gc derives from transpiration, we calculated gc for each studied species in 2006 (Bp, Sc, 225 

Qr, Cb, Fs) assuming the stand was a monospecific stand of each species. This kind of 226 



�����������	1	

90 

approach has already been used in Wullschleger et al., 2000, who determined the canopy 227 

conductance of different tree status in a red maple forest as if each status characterized the 228 

whole stand.  229 

Furthermore, we estimated the stand gc normalizing each species gc by their basal area.  230 

231 

Using this filtered data set, we modelised canopy conductance (Equation [6] gc (cm.s-1)) when 232 

leaves were fully expended, from the DOY 135 to DOY 270. Equation [6]) depends on 233 

climatic variables (global radiation (Rg W.m-2) and vapor pressure deficit (VPD, kPa)) as well 234 

as drought experienced by the trees (�wp, MPa).   235 

�236 

     [6] 237 

238 
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Canopy sensitivity to VPD was calculated under both well-watered (Ψwp > -0.4 MPa) and 240 

water-stress conditions (-1.4 < Ψwp < -0.8 MPa), as the ratio between gc2 (see Equation [7]) at 241 

VPD = 3kPa vs. 1 kPa, (Rg being fixed at 600 W.m-2, Tab. 4, Fig. 8).  242 

      [7] 243 

244 
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Each year, the leaf area index (LAI) was estimated using an optical leaf area meter Li-2000 246 

(LiCor Lincoln, Nebraska, USA) on bright days. Optical measurements were taken 247 

simultaneously above the canopy and below the canopy at 49 locations in the stand.  248 

249 
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Fig. 2 shows the seasonal variation of Rg, VPD, Tair, rainfall, REW and SFD% from mid-June 253 

to mid-September in 2003 and 2006, two years with a summer drought. The 2006 growing 254 

season was characterized by warm and sunny June and July, with a clear REW decrease. On 255 

early August of both years (about DOY 210), there was a clear drop in temperature, VPD and 256 

Rg and frequent rain events. 257 
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Sap flow density was driven by both climatic parameters (VPD, Rg) and soil water content 259 

(Fig. 2, 3 4). This was observed just as well at daily (Fig. 3) and seasonally time scale (Fig. 4). 260 

The decrease of transpiration with drought is clearly illustrated in Fig. 3 where SFD in 5 of 261 

the 6 investigated species are shown during two days in 2006, with similar Rg and VPD but 262 

under contrasted soil water content (REW= 0.74 and 0.22 for DOY 166 and 209 respectively). 263 

This drought-induced transpiration decrease can also be observed over the growing season 264 

(Fig. 2) : during dry periods, when the available soil water decreased (from mid-June to end 265 

of July in 2006 and from end of July to end of August in 2003 (Fig. 1 and 2)), SFD% showed 266 

a strong decrease in Bp (2006), Cb and Fs (2003 and 2006), while only a slight reduction was 267 

observed in the two Quercus species (Qr: 2003 and 2006; Qp: 2003) and no reduction in Sc 268 

(2006).  269 

The effect of water stress on SFD was analysed as a function of estimated predawn water 270 

potential. Fig. 4 shows the relationships obtained in our six tree species, over the four years of 271 

measurements. The response of transpiration to decreasing Ψwp was very contrasted among 272 

tree species. Three of them, Bp, Cb and Fs, showed a steep SFD% decrease. The strongest 273 
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reduction was observed in Bp: at Ψwp of ca. -1.3 MPa, SFD% was reduced by 80% of its 274 

maximum value. A 80% reduction in SFD% was observed at Ψwp = -2.0 MPa in Cb and Fs, 275 

while there was almost no SFD% decrease in the two Quercus species. Behaviour of Sc has to 276 

be underlined: unlike the other studied species, the decrease was not exponential, but seemed 277 

to occur abruptly, when Ψwp reached the threshold of -0.8 MPa.  278 

A�		
�������������
279 

Fig. 5 shows the seasonal variation of the mean transpiration rate for each species. In absence 280 

of water stress, at the beginning of the growing season, mean daily transpiration was higher in 281 

Fs, reaching 20 to 25 dm3 day-1, than in the other species; in Qr, maximum transpiration was 282 

only ca. 10 dm3 day-1. In Bp, Cb, and Sc, transpiration rates were comparable, 10 to 15 dm3283 

day-1.  284 

Cumulated transpiration over 165 days (from the beginning of May to mid-October) was 285 

calculated for each species. When comparing similar tree on DBH bases, we found that Fs and 286 

Sc reached the largest values, with seasonal transpiration rates about 1400 dm3 and Qr the 287 

lowest (about 500 dm3). Bp and Cb exhibited almost the same values (900 and 850 dm3288 

respectively).  289 
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Fig. 6 shows the seasonal evolution of Ec and REW during the 2006 growing season. At the 291 

beginning of the growing season, in absence of water shortage and quite high PET (3 to 4 mm 292 

day-1), the mean daily Ec was about 2.0 to 2.5 mm day-1. When drought developed, Ec293 

progressively decreased, reaching very low rates, around 0.5 mm day-1 at the maximum 294 

drought intensity (REW=0.2; DOY 213-215), i.e. 20% of the maximum Ec. 295 
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The cumulated stand transpiration over 165 days (from beginning of May to mid-October) 296 

reached 170 mm; in a nearby 40 yr.-old beech stand (Carboeurope site), cumulated 297 

transpiration was 184 mm (data not shown).  298 
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We calculated the canopy conductance to water vapour for each tree species, via the stand 300 

characteristics (basal area and leaf area) of each species. 301 

Fig. 7 shows the dependency of gc to VPD and Rg. In each of the studied species, the canopy 302 

conductance increased with Rg and decreased when VPD increased. As for sap flux density 303 

and transpiration (Fig. 3and 5) large differences in canopy conductance between species were 304 

observed. In the absence of water stress (Ψwpi > -0.4 MPa), gc reached 1.4 cm.s-1 in Fs when 305 

Rg was high and 0.5 < VPD < 1 kPa, while  gc reached 0.5 cm.s-1 in Qr and intermediate 306 

values for the other species. The decrease of gc with VPD was exponential in all the studied 307 

species and the all the Rg classes. Response of gc to Rg had a non-quadratic hyperbola shape, 308 

whatever species or the VPD.  309 

gc variation was fitted according to a non linear  model (equation 6). The fitted parameters are 310 

shown in Tab. 3.  Species sensitivity to drought can be assessed through the fitted coefficient 311 

d. We obtained the following species ranking from the most to the less sensitive: Bp > Fs > 312 

Cb > Sc > Qr.  313 

314 
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In this study, canopy was tightly coupled with the atmosphere: the decoupling coefficient, as 316 

calculated from Jarvis and McNaughton (1986) ranged between 0.05 and 0.10 under high soil 317 

water availability (data not shown). Such low values indicate a strong stomatal control of 318 

transpiration and a strong influence of VPD on the canopy conductance to water vapour. 319 
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Stomatal sensitivity was estimated in absence of water shortage and during drought periods 320 

for each species, calculating the reduction of gc due to atmospheric drought (Fig. 8, Tab. 4). 321 

Under well watered condition (Ψwp> -0.4 MPa), gc reduction due to VPD was quite similar for 322 

all the studied species, but we can note that Cb seemed to be the most sensitive species to 323 

VPD, and Bp the least. Under drought conditions (-0.8 < Ψwp<-1.4 MPa), investigated species 324 

were more sensitive to VPD. The pioneer species (Bp, Sc) seemed to be less sensitive to VPD 325 

than the late successional species (Fs, Cb). Unfortunately, 2006 summer drought was not dry 326 

enough to induce water stress in Qr. 327 

328 
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Tree species are known to exhibit different behaviour in their water relation when an extreme 331 

drought occurs (Bréda et al., 2006): predawn water potentials levels (Bréda et al., 2004 ; 332 

Leuzinger et al., 2005), sap flux densities (Holscher et al., 2005; Leuzinger et al., 2005; Pataki 333 

et al., 2000) and stomatal and canopy conductances to water vapour (Ciencela et al., 1997; 334 

Leuschner et al., 2008 ) are strongly reduced. 335 

The novelty of our study lays in the fact that (i) it was conducted in a naturally regenerated 336 

stand, with tree species belonging to a large range of the forest succession (from pioneer to 337 

late successional) and grown under the same pedo-climatic context, (ii) measurements were 338 

performed under contrasted meteorological conditions; (iii) we analysed the effects of both 339 

soil and atmospheric drought (iv) transpiration measurement were scaled up to the stand.  340 

341 
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Response to soil drying was analysed at both tree (SFD, transpiration) and canopy level, 343 

assuming the homogeneity of the canopy. 344 

On the analytic point of view, SFD% leaded to the stomatal behaviour of each species. We 345 

highlighted contrasted response of SFD% to water potential decrease among the studied 346 

species (Fig. 4). At Ψwp = -1.2  MPa (i.e. the lowest value allowing comparison among all 347 

species, except Sc), Qp and Qr showed almost no reduction in transpiration, while in Cb and 348 

Fs it decreased of ca. 50% and 80% in Bp. The fact that Qp and Qr maintained  high 349 

transpiration rates during the 2003 summer drought (-2.0 MPa < Ψwp < -2.2 MPa), the most 350 

severe drought for the last 50 years in this area (Granier et al., 2007) was amazing. The same 351 

observation was also reported in Switzerland in 2003 in a 80-100 years mixed broadleaved 352 
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stand, were comparable predawn water potential levels were found (Leuzinger et al., 2005). In 353 

2003, SFD% of Cb and Fs decreased to 20%, when their Ψwp were close to -2.2 MPa. Such 354 

drastic reduction of transpiration was already observed by Leuzinger et al. (2005), for 355 

comparable Ψwp level. Bp showed the strongest and the earliest response to Ψwp variation 356 

(Fig. 4), caused by an early stomatal conductance regulation, as shown by Aspelmeier and 357 

Leuschner, (2004). In contrast to the others species, the SFD% response to Ψwp did not follow 358 

an exponential decrease for Sc (Fig. 4): SFD% remained at maximum until Ψwp reached the 359 

threshold of -0.8MPa. Then, a drastic decrease was observed. This lack of stomatal closure 360 

when soil begin to dry was observed on willow clones (Wikberg and  Ögren, 2004) and could 361 

be linked to low rates of endogenous ABA transported from roots to shoots (Aasamaa et al., 362 

2002; Loewenstein and  Pallardy, 1998). 363 

 SFD (Fig. 3) showed a large range of rates depending species. In the absence of water 364 

stress, Fs showed the highest midday SFD rates (3.5 dm3.dm-2.h-1) while Qr showed the 365 

lowest (1.2 dm3.dm-2.h-1). Maximum SFD rates in Fs were similar to those cited in literature 366 

(Granier et al., 2000), and Quercus displayed slightly lower values in our study (1.2 dm3.dm-367 

2.h-1)  than in Bréda et al., (1994) (2.5 dm3.dm-2.h-1) for quite lower LAI (6 against 7.6), and 368 

quite older trees (40 years old against 15-25). Our lower values have not to be related to a 369 

drought-differed effect, as we obtained the same SFD values for Qr in 2003 before the 370 

drought and the others studied years (data not shown). Furthermore, Holscher et al. (2005), 371 

using the same sap flow technique, found lower values than ours in Fs and Cb: 2 and 1 372 

dm3.dm-2.h-1, respectively, against 3.5 and 2.8 dm3.dm-2.h-1 in our study) that could be 373 

attributable to lower  LAI (5 against 7.6) and tree DBH and ages (180 years old). In the same 374 

way, the high LAI and the youth of our stand could involved highest birch SFD rates than 375 

generally observed in the literature (midday values reached 2.6 dm3.dm-2.h-1 in our study 376 

against 1.3 (Bovard et al., 2005)  to 1.8 (Daley and Phillips, 2006) for stand LAI comprised 377 
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between 2.8 and 3.8 and tree age from 50 to 90 years old. Amazingly, Salix genus displayed 378 

almost the same SFD rates, from 2 to 5 dm3.dm-2.h-1 (Lambs and  Muller, 2002; Schaeffer et 379 

al., 2000) whatever the species, the stand age and structure). 380 

 Our tree species exhibited a large range of different transpiration rates (Fig. 5), from 5-381 

10 dm3.day-1 (in Qr, Bp and Cb) to 20-25 dm3.day-1 (in Fs) under non-limiting conditions. 382 

There is no apparent relationship between the stomatal behaviour of the species (as derived 383 

from sap flux measurement) and the amount of water transpired: among species that did not 384 

reduce their SFD%, one showed the lowest transpiration rates (Qr) while another had much 385 

higher rates (Sc). On the other hand, Fs, that strongly reduced its SFD% during drought was 386 

characterized by the highest transpiration rate.  387 

 Derivation of canopy conductance from tree transpiration depends on several 388 

assumptions, especially the homogeneity of the canopy. We made this assumption, even if 389 

surface roughness, leaf dimension, and aerodynamic properties, or tree height, may slightly 390 

vary between trees. However, LAI measurements in 49 points of the stand showed a very 391 

slight dispersion indicated a relative homogeneity and allowed the “big leaf” approach. 392 

Furthermore, in order to compare the behaviour and the contribution of each species in the 393 

stand under large soil water and climatic conditions, we calculated gc for each species, like if 394 

stand was a mono-specific stand of each species. This assumption allowed us (i) to modelise 395 

the variation of gc with climatic variables (Rg and VPD) and the response to water stress (Tab. 396 

3); (ii) to estimate the decoupling coefficient, which low values (�=0.05 to 0.1) indicated, in 397 

all investigated species, a strong stomatal control of transpiration, and therefore a strong 398 

influence of VPD on canopy conductance (iv) to test the stomatal sensitivity to VPD of each 399 

species. 400 

As expected, due to its large transpiration rates, Fs exhibited the highest values of gc (about 1 401 

cm.s-1 for Rg > 600 W.m-2 and VPD = 1 kPa) whereas Qr showed the lowest (about 0.5 cm.s-1 402 
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in the same conditions).  The values were similar to that found in other beech stands (Granier 403 

et al., 2000); however, we found lower values in oaks than those reported in the literature (1.2 404 

to 1.4 cm.s-1 Granier and  Bréda, 1996; Granier et al., 1996). Such low values of gc are linked 405 

to low SFD rates (see above).  406 

Through gc modelling, we could assess the drought sensitivity of the species, as related to 407 

measured or estimated �wp measurements. The most sensitive species were those that strongly 408 

reduced their SFD and transpiration rates: Bp, Fs and Cb (Tab. 3). However, even if Cb and 409 

Fs were characterized by similar decrease in SFD in response to �wp (Fig. 4), the sensitivity to 410 

�wp of Fs and Bp seemed to be similar, whereas Cb exhibited a slighter one. As expected, Sc 411 

and Qr were the least sensitive. 412 
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As gc is tightly coupled to the atmosphere, we focused on its sensitivity to VPD. Oren et al., 414 

1999 analysed canopy sensitivity to VPD through the fit of a logarithmic decreasing function, 415 

where the slope (m) represents the stomatal sensitivity to VPD. However, in our study, we 416 

preferred to calculate the reduction of gc when increasing VPD from 1to 3 kPa, that represents 417 

normally observed values, using the model gc2 (Rg being fixed at 600 W.m-2) at two water 418 

stress intensities (no (Ψwp > -0.4 MPa) and water-stress (-1.4 < Ψwp < -0.8 MPa). In the 419 

absence of water stress, we observed a similar range of canopy conductance decrease among 420 

our species, from 35% for the least sensitive, Bp, to 42% for the most sensitive, Cb. Some 421 

studies found that beech is a very atmospheric drought sensitive species (Herbst et al., 2008; 422 

Oren et al., 1999), but Herbst et al. (2008) found that beech sensitivity was lower than in oak 423 

or in birch and Kocher et al., 2009 found that it is lower than in hornbeam. As these later 424 

authors, but  unlike Oren et al. (1999), we did not report a tendency for ring-porous trees to 425 

have higher stomatal sensitivity than co-occuring diffuse porous trees. To our knowledge, 426 

there are no published data on stomatal sensitivity of goat willow. 427 
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Under drought condition, stomatal sensitivity was more important for all the considered 428 

species, as described in Kocher et al., 2009. Furthermore, pioneer species, Bp and Sc, showed 429 

the least sensitivity to VPD (ca. 45%) in comparison with the late successional ones (Cb and 430 

Fs: 55%). As VPD and Rg displayed the same evolution, this greater ability of pioneer species 431 

to maintain stomata open under soil water stress allowed photosynthesis. This feature may 432 

confer them an advantage in water use capacity. Moreover,  better water use efficiency for 433 

pioneer than late successional species had already been observed in tropical rainforest species 434 

(Bonal et al., 2000; Nogueira et al., 2004). 435 

Unfortunately, as the up-scaling concerns 2006 growing season, no data were available for Qr 436 

species in drought conditions. 437 

438 
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First, even if Bp and Sc are pioneer species and showed comparable transpiration rates under 441 

optimal conditions, they displayed contrasted SFD, transpiration and gc responses to both soil 442 

and atmospheric drought. Bp showed strong sensitivity to Ψwp and to VPD, while Sc showed 443 

a lesser sensitivity to Ψwp but a similar sensitivity to VPD. The causes of such discrepancy 444 

could lead in their root distribution and therefore their water uptake capacities: even if Bp and 445 

Sc are both characterized by deep root systems, water uptake of Bp would take place only in 446 

the shallower soil layers (Zapater et al. in prep). Second, Quercus species did not experience 447 

drought in 2006. More surprisingly, they almost did not reduce their flux in 2003 (Leuzinger 448 

et al., 2005). We suggested that this behaviour would be related to the lower transpiration 449 

rates than Fs and a deep root system (Bréda et al., 1995; Zapater et al in prep) allowing oaks a 450 

deep water uptake. Third, Cb and Fs displayed the same behaviour when drought developed. 451 
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Fig. 4 shows their strong SFD% decrease with Ψwp. However, when modeling canopy 452 

conductance, we highlighted that Fs was more sensitive to Ψwp while Cb was more sensitive 453 

to VPD. Quantitatively, sap flow and tree transpiration were lower in Cb than in Fs, as also 454 

reported by Holscher et al. 2005.  455 

456 
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The occurence of contrasted water-use strategies in a same stand provides advantages whose 458 

more reliable ecosystem in regard to increase of extreme events (see Bengtsson et al., 2000 459 

for more details).  460 

Testing this hypothesis in situ is very difficult, due to the complexity of interactions between 461 

responses to climatic variables and drought, to stand structure, but our study is a step in this 462 

direction. Amazingly, the cumulative estimation of transpiration in our mixed stand (Tab.2) 463 

and in a neighbour pure beech stand were very close (170 and 184 mm respectively on 165 464 

days), although contrasted functional diversity in drought responses species, different age (15-465 

25 and 40 years old) and LAI (7.9 and 6.5). Such result was also highlighted by Leuchner et 466 

al., 2008,  who compared three stands differing in their degree of biodiversity, but similar in 467 

terms of basal area, tree age and LAI. They concluded that species diversity seemed to have a 468 

weak effect on stand transpiration, even if specific traits were contrasted.  469 

Nevertheless, even if our stand is mainly composed of beeches and hornbeams (Tab. 2), the 470 

contribution of the others species, even if less abundant, induce some differences in 471 

comparison with a pure beech stand :  472 

(i) in terms of quantities of water transpired (When modeled stand transpiration, 473 

simulated pure beech stand reached 3mm day-1, and mixed stand reached only 474 

2mm. day-1, data not shown). Note that the neighbour pure beech stand showed 475 
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the same daily values as the younger mixed stand, probably because of lower 476 

LAI and basal area, due to a thinning two winters ago 477 

(ii)  in terms of water use by the different species: in a monospecific stand, 478 

competition for water and nutrient would be more drastic, because confined in 479 

the same soil layers, and therefore stomatal regulation could take place earlier 480 

in the season. However, the comparison of the two neighbouring stand did not 481 

allow to conclude at an earlier regulation in the pure stand during the 2006 482 

summer drought. This could be due to the difference in age and structure of the 483 

stands : as the trees are older and higher in the pure stand, we can suppose that 484 

the root sytem of these trees are more developed in depth (Dawson, 1996b), 485 

allowing access to water later in the season than in younger stands. 486 

Furthermore, the lower LAI consecutive to the thinning led to less competition 487 

for soil available water, mainly in the shallower layers.   488 

489 

In this study, we showed that interspecific functional diversity in the forest ecosystem can be 490 

an important factor to face the actual and coming extreme climatic events: resources, like 491 

water in our study, could be optimized. This kind of study has to be completed by studies 492 

considering older mixed stands. 493 

To conclude, as these contrasted responses to drought between species could alter tree 494 

performances and species specific competitiveness in regard to climatic change (Zweifel et 495 

al., 2009), these kind of results could partially drive to changes in vegetation dynamics, 496 

favouring drought tolerant species like Quercus at Fagus expense.  497 

498 
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636 

Table 1: 637 

 Numbers of trees measured in sap flux density (SFD) and predawn  water potential (Ψwp), for 638 

the years 2003 to 2006 of the investigated tree species (Bp: birch, Sc: goat willow, Qr: 639 

pedunculate oak, Qp: sessile oak, Cb: hornbeam, Fs: beech) 640 
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644 
645 

Table 2 646 

Characteristic of the studied trees of the different tree species in 2006: diameter at breast 647 

height (DBH), tree height, stand basal area and proportion of each species in basal area and 648 

stem density (N/ha).  649 
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* Data acquired in 2002 from Le Goff and Ottorini (personal communication) 651 
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658 

659 

Table 3 :  660 

Fitted parameters of the canopy conductance functions depending on climatic variables 661 

(global radiation, Rgl), vapor pressure deficit, VPD) and predawn leaf water potential (Ψwp) as 662 

an estimate of drought experienced by trees. See equation [6]  663 
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Table 4:  665 

Canopy conductance (gc) reduction (in %) under well-watered and stressed conditions, when 666 

VPD increases from 1 kPa to 3 kPa (equation [7]; Rg was set at 600 W.m-2).  667 
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671 

672 
673 

Figure 1 :  674 

Seasonal cumulative rain (mm) of five growing seasons (beginning of May to End of 675 

September) from 2002 to 2006. 676 

677 

Figure 2:  678 
Seasonal course of global radiation (Rg, MJ.m-2), vapour pressure deficit (VPD, hPa), rainfall 679 

(mm), simulated relative extractable soil water (REW) over 160 cm depth, minimum, mean, 680 

and maximum air temperature (Tair) and relative sap flux density (SFD%) for the 6 studied 681 

tree species during the 2003 and 2006 growing seasons (DOY 166 to 258) (Betula pendula682 

(�), Salix Capreae (�), Quercus robur (�), Quercus petraea (�), Carpinus betulus (�), 683 

Fagus sylvatica (�). 684 

685 

Figure 3: 686 

Diurnal courses of sap flux density (SFD, dm3.dm2.h-1) in 5 of the 6 investigated species, 687 

vapour pressure deficit (VPD, kPa) and global radiation (Rg W.m-2.h-1) on two dates in 2006: 688 

early (left) and late (right) during the growing season (Relative extractable water = 0.74 and 689 

0.22 respectively). SFD is the average of 4 individuals per tree species.  690 

691 

Figure 4: 692 

Daily SFD% in the 6 studied tree species in relation to estimated predawn leaf water potential 693 

(�wp, MPa), using the equation [1]. Each symbol represents a single tree. Measurements were 694 

performed between DOY 165 (mid-June) and DOY 258 (mid-September) during 4 years, 695 

from 2003 to 2006 (see table 1).   696 
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697 

Figure 5 698 

Mean tree transpiration (dm3.d-1) during the 2006 growing season (mean +/- standard error; 699 

n=4 to 6 depending the species see table 2). 700 

701 

Figure 6: 702 

Seasonal evolution of daily stand canopy transpiration (Ec, mm.d-1, bars) and REW (circles). 703 

Insert, the relationship between Ec (mm.d-1) and potential evapotranspiration (mm.d-1). 704 

705 

Figure 7 706 

Canopy conductance to water vapour, as calculated from the Penman Equation (see [4]) under 707 

well-watered conditions (Ψwp > -0.4 MPa). Canopy conductance of each species was 708 

calculated as if the stand was monospecific. Each symbol represents a global radiation range 709 

Rg < 200 W.m-2(�), 200 < Rg < 400 W.m-2 (�),400 < Rg< 600 W.m-2 (�), Rg > 600 W.m-2710 

(�). We considered only the following conditions: net radiation > 20 W.m-2, VPD > 0.5 kPa, 711 

periods of rainfall and the two following hours measurements removed of the analysis. 712 

713 

Figure 8 714 

Variation of the modeled canopy conductance (gc; after Equation [7]) with vapour pressure 715 

deficit (VPD) for 5 species, left: under well-watered conditions (Ψwp > -0.4 MPa) and right: 716 

under water stress (-1.4 < Ψwp < -0.8 MPa). gc of the different species was calculated as if it 717 

was monospecific stand of each species, and then modelized with equation [7] (see table 3). 718 

719 
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Abstract 27 

Since decades, studies had been conducted on water balance in forest. However, although tree 28 

or stand transpiration and soil water content are widely studied, less is known on fine root 29 

distribution and root water uptake, for obvious technical reasons.  30 

To describe water uptake among co-occurring species, a combined approach of root densities 31 

distribution, isotopic experiment, predawn leaf water potential and sap flow measurements 32 

was mobilized in a young mixed broadleaved stand. We found that 33 

(i) the use of natural isotopic abundance is not suitable on the neoluvisol studied and in a 34 

semi-continental climate;  35 

(ii) soil labelling is an alternative that provides interesting results, but long term 36 

experiments (more than a growing season) are difficult to manage  37 

(iii) labelling experiments allowed the determination of water uptake depth of different 38 

tree species (from deeper to shallower Quercus petraea > Carpinus betulus> 39 

Betula pendula=Fagus sylvatica)  40 

(iv)Relationship between water uptake and rooting pattern are not always highlighted, 41 

whereas we observed a strong relationship between sap isotopic signature and sap 42 

flow regulation, and a slighter one with �wp indicating that in the same site soil 43 

and climatic situation, the most the species experienced drought, the shallowest the 44 

water uptake and the strongest the sap flow regulation. 45 

It appears that water strategies of the investigated species are complementary, allowing a 46 

partitioning and better use of soil resources. 47 

48 

49 
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50 

Introduction 51 

52 

Tree species are known to have different behavior in their drought response, some species 53 

being able to maintain their transpiration rate while others show a strong transpiration 54 

regulation. These contrasted strategies are partly linked to capacities of trees to uptake water 55 

when soil is drying out (see Bréda et al. 2006 for a recent review; Levitt 1980) which is 56 

determined by resistance to cavitation of xylem, root distribution and density, and root to leaf 57 

ratio (Sperry et al. 1998).  58 

The expected increase in frequency of summer droughts in Europe (GIEC  2007; Saxe et al. 59 

2001; Schär et al. 2004, Tebaldi et al. 2006) is driving concern in accurately understanding 60 

the effects of drought on forest trees water use, and trees water uptake patterns. Furthermore, 61 

the increasing interest in biodiversity needs an overall understanding of mixed forest 62 

functioning and particularly its soil compartment: root distribution and densities, water 63 

transfers, trees water uptake. Indeed, (i) this compartment is the least understood because of 64 

inherent difficulties in observing underground processes,  (ii) trees growing in mixed stands 65 

can exhibit contrasted soil exploration capacities (Leuschner et al. 2004a; Moreira et al. 2000; 66 

Sanchez-Perez et al. 2008), (iii) root distribution is usually seen as an indicator of competition 67 

for nutrient and water between trees (Holscher et al. 2002; Moreira et al. 2000; Sanchez-Perez 68 

et al. 2008). 69 

Because of obvious difficulties in root water uptake measurements, data mainly results from 70 

modeling or simulation (Leuschner 1998; Musters et al. 2000; Warren et al. 2005). Modeling 71 

of water status and transfer of forests is based upon both water and energy forest balance 72 

(Leuschner 1998; Musters et al. 2000), and on root distribution. Furthermore, in mixed stands, 73 

the mechanistic models use individual tree parameters including tree transpiration rate, water 74 
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absorption and root information (Oltchev et al. 2002). However, it is important to note that 75 

root presence may not be a reliable indicator of either actual water or nutrient uptake 76 

dynamics in either time and space (Ehleringer and  Dawson 1992; Leuschner 1998; Nordén 77 

1990; Plamboeck et al. 1999). Tree water uptake could also be measured directly through 78 

different methods: some studies deal with soil water potentials and soil water content 79 

variation (Bréda et al. 1995; Espeleta et al. 2004; Meinzer et al. 2007; Warren et al. 2005), 80 

whereas others used endoscopic monitoring and minirhizotrons techniques allowing direct 81 

measurement of fine root production and mortality (Hendricks et al., 2006), miniature sap 82 

flow gauges on fine roots (Coners and  Leuschner 2002; Coners and  Leuschner 2005; 83 

Leuschner et al. 2004a) or biogeochemical tracers (deuterium, 18O) in natural abundance 84 

(Dawson 1993a; Dawson 1996b; Querejeta et al. 2003 b) or through labelling experiments 85 

(Bishop and  Dambrine 1995; Moreira et al. 2000; Plamboeck et al. 1999; White et al. 1985). 86 

All these methods present weaknesses: (i) soil water potential yields information on the depth 87 

and amount of water uptake but impossible to distinguish the behavior of the individual trees, 88 

(ii) miniature sap flow gauges yield information on one root, from which the specific area has 89 

to be determined, and involve an estimation of total root area to assess the water uptake by the 90 

whole tree, (iii) using natural abundance of stable isotope of water is not possible in all sites, 91 

especially where the vertical gradient of isotopic signatures in soil water is small. The use of 92 

hydrological tracers is based on the fundamental observation that there is no fractionation of 93 

hydrogen (H, D) nor oxygen (16O, 18O) in water during water uptake by roots (Dawson and  94 

Ehleringer 1991; White et al. 1985) (except for halophytic and xerophytic plant (Ellsworth 95 

and  Williams 2007; Lin and  da Sternberg 1993), nor during water transport between roots 96 

and shoots (Ehleringer and  Dawson 1992). Therefore, in non-xeric or -coastal areas, 97 

hydrogen or oxygen isotope ratio analysis of the xylem sap, which has not been exposed to 98 

evaporative enrichment should reflect the composition of water sources used by the plants 99 
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(Brunel et al. 1995; Dawson and  Ehleringer 1991; White et al. 1985). Nevertheless, using 100 

hydrological tracers in order to measure water uptake provides integrated information on the 101 

overall depth of water uptake, reflecting the various zone(s) and depth(s) from which the plant 102 

is currently extracting soil water (Ehleringer and  Dawson 1992). Furthermore, adding an 103 

isotope-enriched solution on forest floor can give uneven labelling due to soil preferential 104 

pathway and so makes confusing the analysis. To avoid weakness of each method, some 105 

studies have combined them. In this way, Bréda et al. (1995) have determined root 106 

distribution, soil water retention curves and leaf water potential, whereas Sanchez-Perez et al. 107 

(2008) combined tree sap flow measurements, 18O isotopic composition and root distribution 108 

in a mixed stand.109 

To understand the pattern of water uptake of tree species growing in a young naturally 110 

regenerated temperate broadleaved mixed forest, we combined complementary methods: 111 

deuterium labelling, tree sap flow, soil and leaf water potential, volumetric humidity and root 112 

distribution. The objectives of this study were thus to:  113 

(i) characterize root distribution of trees and highlight the capacities of the 114 

different species to face with soil physical constraints;  115 

(ii) assess water uptake patterns and proportion of water up taken above and below 116 

a pedological constraint according to species;  117 

(iii) link this information on water uptake and on drought responses of the 118 

investigated tree species: their reduction in transpiration and drop in predawn 119 

leaf water potential. 120 

121 

122 

123 

124 



�����������	5	

128 

Material and methods 125 

126 

Experimental site 127 

 The study was conducted in a young broad-leaved mixed forest in the state forest of 128 

Hesse (France, Moselle, N 48°40’27”; E 7°03’53”, elevation 305m). The stand was composed 129 

of 15 to 25 years-old naturally regenerated trees, including, from the most to the less abundant 130 

species: European beech (Fagus sylvatica: Fs) , hornbeam (Carpinus betulus: Cb), oaks 131 

(Quercus robur: Qr and Quercus petraea: Qp), goat willow (Salix capreae: Sc) , silver birch 132 

(Betula pendula: Bp), trembling aspen (Populus tremula: Pt) and wild cherry (Prunus avium: 133 

Pa) (Le Goff and Ottorini personal communication). Beech, hornbeam and oaks represented 134 

63%, 26% and 7%, respectively, in 2002. Basal area was 12.6 m2/ha (Le Goff and Ottorini, 135 

personal communication) and stand height ranged from 8 to 10 m. Leaf area index, as 136 

estimated using two intercalibrated LAI-2000 canopy analysers (Li-Cor, Lincoln, Nebraska, 137 

USA) was 7.6 in 2006; 7.5 in 2007 and 9.2  in 2008.  138 

 Labelling experiment was conducted in a simplified lysimeter covered by a solid roof 139 

built under the canopy of the young trees, at ca. 2 m height. The plot was 13×4 m containing 140 

36 trees belonging to different crown status and species (Fs, Cb, Qp, Bp). It was surrounded 141 

by a 0.9 to 1.1m deep trench to avoid lateral water flow and to drain the plot.  142 

The climate is of semi-continental type with a mean annual temperature of 9.2°C and average 143 

annual rainfall of 820mm. 144 

 The soil is a neoluvisol redoxisol mesosaturated, with an enriched clay layer at 145 

approximately 50 cm depth (Fig. 3). A clear shift in soil structure and texture can be noticed 146 

in the transition between the E2 (eluviated) and the BT horizons from clay illuviation. The BT 147 

horizon enriched in clay, with a prismatic structure and less permeable. Periods of low rainfall 148 

during the summer led to substantial water shortage in of the upper soil layers, whereas late 149 
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spring can be characterized by periods of water-logging, as reflected by hydromorphic 150 

features. 151 

152 

Climate and microclimate 153 

The following instruments were installed above the stand, at 12 m height: a pyranometer 154 

(CM6, Kipp & Zonen), a rain-gauge (Model ARG 100, Campbell Scientific, Logan, UT), a 155 

temperature and relative humidity probe (HMP45 model Vaisala, Helsinki, Finland), and an 156 

3D ultrasonic anemometer (Solent R3 Windmaster, Gill Instruments Ltd., Lymington, UK). 157 

Data were acquired every 10 s and 30-min averages were stored (Model CR5000 data logger, 158 

Campbell Scientific, Courtaboeuf, France). 159 

160 

161 

Soil characteristics 162 

Soil water content 163 

The volumetric soil water content was measured with a Trase TDR-system from Soil Moisture 164 

Equipment Corp. The 45 cm-long waveguides were installed vertically in 6 locations in the 165 

2006 plot. In 2007-2008, the plot was equipped with 12 pairs of TDR waveguides over a soil 166 

depth 0-45, and 2 packages of 4 depths: 0-15, 0-30, 0-45, 0-60cm. Weekly and punctual 167 

measurements were made in 2007 and 2008 respectively. 168 

169 

Soil water potential 170 

Soil water potential was measured with ceramic soil micropsychrometers (PCT-55-15-SF 171 

Wescor, Logan, UT) in 2007 and 2008. Measurements were done in the dew point mode 172 

using a Wescor HR-33T dew point micro-voltmeter. Probes were fixed at the end of PVC 173 

tubes vertically inserted into the soil after boring  1.2 cm diameter access holes. Five depths 174 
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were monitored at five locations in the plot: -15, -30, -60, - 90, -120 cm. When it was not 175 

possible to drill holes at 120 cm, an additional 45 cm depth was added. Measurements when 176 

zero offset exceeded 3μV were rejected. Soil water potential measurements were made 177 

weekly from June to October during 2007 and monthly from May to July in 2008. 178 

179 

180 

Soil bulk density 181 

Soil bulk density was measured in 2002 with a gamma radiation depth gauge (CNP 502, 182 

Campbell Pacific Nuclear International, USA). Measurements were performed every 10 cm 183 

till 1 m depth, then every 20 cm with three replicates of counting. Three access tubes were 184 

measured up to 1.4 m depth.  185 

186 

187 

Root density 188 

Several techniques allow the root distribution study (Bengough et al. 2000). We implemented 189 

the 2D root mapping technique observed from trenches, as described by Bréda et al. (1995) 190 

and van Noordwijk et al. (2000) in order to access to the root distribution, both vertically and 191 

horizontally. Trenches of ca. 0.75 m wide, 2.40 m long, and 1.50 m to 1.70 m depth were dug 192 

tangentially from the stems at a distance of approximately 0.25 to 0.65 m, where most of the 193 

roots are usually found (Thomas and  Hartmann 1998) (Table 1).  194 

Dominant and co-dominant trees of the different tree species (except Quercus petraea) were 195 

chosen in clusters of same species in order to circumvent the problem of roots identification. 196 

The studied trees were located in the same stand, nearby trees monitored for ecophysiological 197 

measurements. The choice of trenches location was first made according to soil 198 

characteristics, by auger soil sampling observations (Table 1). 199 
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The observation planes (a vertical area of 3.6 m2 per tree centered on tree collar) were 200 

roughened with a knife just before counting the fine roots (diameter < 3 mm) crossing each 201 

10x10 cm square of a 60x60 cm metal grid placed vertically on the plane. Since our objective 202 

was to assess the vertical root distribution of different species and not to study root 203 

production, we considered all the roots without necrosis. Roots counting were performed from 204 

end of June to July, i.e. after the spring root flushing. 205 

206 

207 

Predawn water potential 208 

Predawn leaf water potential (Ψwp) were measured weekly according to weather conditions in 209 

2007. Some additional measurements were made in 2008. In each tree, 2 to 5 leaves from the 210 

upper part of the tree were collected from a scaffolding tower and predawn leaf water 211 

potential immediately measured with a Scholander-type pressure chamber (PMS instrument, 212 

Corvallis, Oregon, USA) in a nearby field laboratory.  213 

214 

Sap flow density 215 

In 2007, four sessile oaks, four beeches, three birches and three hornbeams were equipped 216 

with Granier’s type sap flow gauges, (Granier 1985; Granier 1987), inserted radially 2 cm in 217 

the sapwood of the trees at breast high. In 2008, only two trees of each species were 218 

investigated. 219 

This technique allows the average measurements of sap flux density (SFD, i.e. the sap flow 220 

per unit of sapwood area) along the 2 cm-long probes. 221 

Sap flux data were sampled at 30 s intervals, averaged every 30 min and stored in a data 222 

logger (models CR 10 and CR 21X, Campbell Scientific, Courtaboeuf, France). 223 
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Data were collected during the growing season, from mid-June (day of year 164) to mid-224 

October (DOY 285) in 2007 and from DOY 156 to 188 in 2008. To perform the analysis, data 225 

were daily averaged. 226 

Data were expressed as the percentage of maximum seasonal SFD (SFDmax) observed for each 227 

investigated tree (SFD%). SFDmax is the mean value of SFD during the beginning of the 228 

season, from DOY 165 to 200, when VPD was higher than 15 hPa; in 2008, we used the 2007 229 

SFDmax as it concerned the same plot.   230 

231 

232 

Isotope labelling experiment 233 

234 

Determination of the composition of the enriched solution 235 

The isotopic composition of the labeled solution was determined following a mass balance 236 

equation (Eq. 1):  237 

238 

V

VAtVAt
At iiff

mix Δ
×−×

=
%%

%    [Eq. 1] 239 

240 

Where  241 

At%mix : atomic percent of the deutered solution spread on the soil. 242 

At%i : atomic percent of the natural soil water , before labelling. As we had no data on 243 

deuterium soil signature before the labelling, we used GNIP data (http://www-244 

naweb.iaea.org/napc/ih/GNIP/IHS_GNIP.html) of 3 characterised area (Thonon (France) 245 

Karlsruhe and Trier (Germany)) quite close to Hesse, to assess the signature of  rain at Hesse, 246 

and hence to estimate the soil water signature. δi was estimated at –30‰ (ie At%i =0.01511 ).  247 
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At%f : atomic percent of soil water, after watering. We fixed At%f  at 0.046703 (δf248 

~+2300‰). 249 

Vi : initial volume of water of the soil layer to be labeled. It was calculated from i) volumetric 250 

humidity (VH); on average, VH was 15% in the 0-45 cm soil layer and ii) the soil volume to 251 

be labeled. Only the 0-30 cm soil layer was expected to be labeled, the corresponding soil 252 

volume (Vsoil) was of 23.1 m3. 253 

Vf : total volume of water after watering (Vf = Vi+ΔV). 254 

ΔΔΔΔV : volume of labeled water added in the experiment. As we simulated 10 mm of rain, ΔV 255 

was 770 L . 256 

257 

258 

Estimates of the proportion of water uptake in the different soil layers 259 

The proportions of water absorption by roots above the BT layer (0-40 cm soil layer) and 260 

below (40-120 cm) were calculated from a mass balance equation: 261 

bbaaxyltot VVV δδδ ×+×=×262 

Where: 263 

Vtot : total volume of water uptake by the tree (100%)   batot VVV +=264 

δδδδxyl : deuterium isotopic composition of absorbed water, i.e. of tree xylem sap 265 

Va: proportion of water uptake by the tree above the BT layer 266 

δδδδa : deuterium signature of soil water above the BT layer. It was determined as the average 267 

signature of the closest soil cores to the studied tree  268 

Vb : proportion of water uptake below the BT layer 269 

δδδδb : deuterium signature of soil water below the BT layer. It was determined as the average 270 

signature of the closest soil cores to the studied tree. 271 
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272 

273 

Labelling experiment 274 

Labelling was performed in the middle of the 2007 summer (DOY 228). A 1x1 m grid was 275 

marked out in order to control the homogeneity of labelling. 10 mm of deutered water (δ = 12 276 

757 ‰ or 0.2138 At%) was spread with watering cans in order to label the 30 first cm of soil 277 

at δ ≈ 2300 ‰. Soil and xylem were sampled when soil water potential profiles exhibited a 278 

decrease under the BT layer, on DOY 261 i.e. 33 days after labelling (table 3). Xylem 279 

samples were taken as described by Brandes et al. 2007), from small branches (0.5 cm 280 

diameter). Sampling was made at predawn time, when no transpiration occurs. Bark tissue 281 

was removed to avoid contamination with phloem sap. In the same time, 120cm soil cores 282 

were made with hand gouge auger, split in 10 cm long samples and stocked at 0°C in sealed 283 

vials until water extraction. 284 

285 

Isotope analyses 286 

The hydrogen isotope ratio of soil water and xylem sap samples was determined on a 287 

Finigan-Mat delta S (GD Instruments, England) coupled with an Euro-Pyr-OH (Eurovector, 288 

Italy) gas isotope ratio mass spectrometer. Prior to analysis, all water was extracted from the 289 

xylem and soil samples through cold trapping, using a cryogenic vacuum distillation, as 290 

described in West et al. (2006). 291 

292 

The isotopic sample value was expressed relative to international standard SMOW (Standard 293 

Mean Ocean Water): 294 

δD=(Rs-Rb)/Rb .1000 295 

where Rs and Rb refer to the D/H ratio in the sample and in the SMOW standard, respectively. 296 
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However, for the calculations data were expressed in atomic percentage (At%) 297 

At%= D/(D+H) . 100 298 

Where D and H refer to the number of atoms of D and H, respectively. 299 

300 

Data analysis 301 

Statistical analyses were performed with STATISTICA software Version 7.1 (StatSoft, Inc. 302 

2005). Fine root mapping was made using Microsoft Excel area graphics (Microsoft). 303 

304 
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305 

Results 306 

307 

Seasonal variation of sap flux densities and leaf water potentials  308 

309 

During the 2007 summer, volumetric soil water content in the simplified lysimeter 310 

continuously decreased from 18% to less than 14%, although rain events (Fig.1). This 311 

decrease was due to tree water uptake and transpiration. During the same time, soil water 312 

potential profiles highlighted a shift toward more negative values, indicating water depletion. 313 

This water depletion, first observed in the shallower soils layers, reached deeper soil horizon 314 

as the drought became important (Fig.2) 315 

During the winter 2007-2008, groundwater raise induced an increased in volumetric soil water 316 

content measured on 45 cm depth, then, at the beginning of the summer, soil water content 317 

decrease until 13% approximately. SFD% exhibited contrasted patterns among tree species, 318 

and varied in accordance with global radiation (Rg) (Fig. 1): Qp showed higher SFD% than 319 

other species, particularly in 2008. This higher SFD% was related to higher Ψwp (ie less 320 

negative values).  321 

322 

Soil characteristics and root distribution 323 

324 

The soil forest presents a texture discontinuity at approximately 50 cm, corresponding to the 325 

top of the BT horizon (Fig. 3). This clay accumulation level corresponds also to an increase in 326 

soil bulk density (Fig.3). During winter and spring, this horizon enriched in clay exhibited a 327 

prismatic structure and was less permeable so that a water table can develop near the soil 328 

surface (from 20 to 40 cm to the soil surface) and leading to periods of soil water logging, 329 

especially in spring. This is confirmed by the presence of hydromorphic features.  330 



�����������	5	

137 

Soil bulk density largely influenced the root distribution (RD) calculated as the number of 331 

roots counted per m2 down to 150 cm depth (Fig. 4; Table 2). Hence, we highlighted great 332 

relationships between these two variables (r2 from 0.87 for Bp to 0.99 for Cb). 333 

RD highlighted large differences among species. From the higher to the lower RD, species 334 

were classified as follow: Cb>Bp>Qr>Fs, with more than 30% more roots in Cb as compared 335 

to Fs). The rooting pattern differences between species were mainly due to the capacity of tree 336 

root species to cross the BT layers. Bp and Qr exhibited the largest fine root densities below 337 

the clay-enriched layer (40 and 33% respectively (Table 2)), unlike Fs and Cb (respectively 338 

23 and 15%). It is noteworthy that the species exhibiting the largest RD had not the deepest 339 

rooting (Table 2, Fig. 5).  340 

341 

Root water uptake 342 

343 

 Soil water isotopic composition (δD, ‰) displayed large spatial variability before 344 

labelling (Fig. 6 a). Three of the five cores highlighted an almost similar signature whatever 345 

the depth, whereas the last one presented an enrichment of approximately 50‰ in the 346 

shallower soil layers. This spatial variability was also observed in 2007 after labelling (Fig. 347 

6b) and in 2008 even if less important (Fig. 6c). As we expected, labelling was efficient until 348 

30-40 cm depth. Deep soil layers were not enriched, even if the black-triangular core showed 349 

an unexpected deeper labelling than the others (Fig. 6b), probably link to local micro 350 

topography or soil properties (thinner or deeper clay enriched horizon, soil cracks due to clay 351 

shrinkage) involving preferential pathways allowing deep and fast drainage.  352 

Temporal evolution of the labelling involved a loss of enrichment and a modification of the 353 

isotopic composition of the soil profile between 2007 and 2008 (Fig. 6 b and c). 354 

355 
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 Deuterium composition of xylem sap (δD, ‰) varies between species. Before the 356 

labelling, species differences are not statistically significant, even if we can note a tendency of 357 

Qp to have more negative values and Fs less negative isotopic signature (Fig. 7a). 33 days 358 

(Fig. 7b) and one year (Fig. 7c) after labelling, species showed strong significant differences 359 

in their isotopic composition, confirming the tendencies showed before labelling. Qp clearly 360 

highlighted less enriched xylem sap than the other species, indicating deeper water 361 

absorption. Cb showed intermediated isotopic composition and Fs and Bp presented the most 362 

enriched xylem sap, conferring a shallower soil water absorption (Fig. 7). Remarkably, the 363 

dispersion between trees within a species is very small (fig 7a, b and c). 364 

Using both the soil and xylem isotopic composition, we can estimate the proportion of water 365 

uptake above and below the clay accumulation layer  (ie BT layer at 40-50 cm depth) 33 days 366 

after labelling. Unfortunately, the 2008 soil profiles did not allow the estimation of the 367 

proportion of water uptake in deep soil layers. Results are synthesized in Table 3. Large 368 

discrepancies in the species water uptake patterns are observed, with Bp and Fs, species with 369 

the most enriched xylem sap, that uptake in the shallower soil layers represent more than 370 

75%, above the BT layer, whereas water uptake the shallower layers for Cb is limited to 371 

approximately 35% and to less than 10% for Qp. Note that these kind of behavior occurred in 372 

non extreme drought conditions as �wp did not reach critical values, and even suggested well 373 

watered conditions for Qp. 374 

375 

376 

377 

378 

379 

380 
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Discussion 381 

382 

Seasonal drought progression 383 

This study highlighted species drought response differences in terms of predawn leaf water 384 

potential (�wp) and sap flow or transpiration regulation, with stomatal regulation and more 385 

negative �wp in Bp, Cb and Fs than in Qp. This kind of behavior had already been highlighted 386 

at this site during the most severe drought that occurred in West Europe since 50 years (2003 387 

summer Granier et al. 2007) and therefore in a regular summer drought in 2006 (Zapater et 388 

al., submitted) with a strong SFD regulation for Bp, Cb and Fs and almost no regulation in Qp 389 

or Qr species. Furthermore, Leuzinger et al. (2005) highlighted similar behavior for the 390 

Quercus species at comparable predawn water potential levels, in 80-100 years mixed 391 

broadleaved stand, during the 2003 summer drought in Germany.  392 

As it is measured at predawn time, when there is no transpiration, the predawn leaf water 393 

potential (�wp) is expected to be in equilibrium with the “wettest” soil water potential 394 

accessed by roots (Aussenac et al. 1984). �wp measurement yields indirect data on root 395 

system: the more negative the �wp is, the shallower the root system is, and the more the tree is 396 

stressed. Transposing these measurements on the soil water potential profiles, Qp root system 397 

appeared to reach deep soil layers, at least 110-120 cm, whereas Bp, Cb and Fs root system 398 

seemed only colonized shallow soil layers (60 cm depth ie the BT layer in 2007 and a little 399 

deeper in 2008 for Fs and Cb).  400 

Hence, the discrepancy between species behaviour to drought seems to be link to root system 401 

depth. In this way, some authors expected possible causes to drought tolerance or avoidance 402 

to be linked to deep root systems (Bréda et al. 1995; Kramer 1983c; Levitt 1980; �ermak et 403 

al. 1980), that allowed different patterns of access and utilization of water.  404 
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In this experiment, we tried to confirm this assumption via root counting and localization of 405 

water uptake in a young broad leaved naturally regenerated mixed stand. Test this hypothesis 406 

at field and moreover in a naturally regenerated forest is very important as rooting distribution 407 

is strongly affected by soil physical constraints (texture, structure) (Bréda et al. 1995; Kramer 408 

1983a; Kramer 1983b) that influence the localization and distribution of available water 409 

(Jackson et al. 2000; Sanchez-Perez et al. 2008) ; furthermore, root distribution is also 410 

dependant on between-tree competition (Plamboeck et al. 1999). 411 

412 

Soil isotopic natural abundance and label movement in the soil 413 

Determination of root water uptake is possible using natural isotopic composition of soil 414 

water, if the soil isotopic composition differ between shallow and deep horizons (Dawson and  415 

Ehleringer 1991 ;  Ehleringer and  Dawson 1992 ; Ellsworth and  Williams 2007 , Sanchez-416 

Perez et al. 2008; White et al. 1985). Here, natural isotopic soil profiles showed strong spatial 417 

heterogeneity, with an approximately 50‰ differences between the shallower layer soil cores. 418 

In all the cores except one, there were no natural soil isotopic gradient; the shallow 419 

enrichment observed in one core may be due to local soil properties and evaporation. Hence, 420 

natural isotopic abundance was not suitable for identification of depth of water absorption by 421 

plants. In Such case, Bishop and  Dambrine (1995) and Moreira et al. (2000) suggested to 422 

introduce a deviation in the isotopic composition of the soil, for better defining water sources 423 

through hydrological tracers. Soil labelling did not erase the spatial heterogeneity already 424 

observed in natural conditions, as shallow soil isotopic composition varied between 500‰ to 425 

2700‰. This kind of variability in soil was also observed in a preliminary experiment 426 

conducted in the same stand, the previous summer. However, we can note a clear contrast 427 

between shallow silty and deep clayed soil layers, with a rupture in the enrichment in the top 428 

BT layer, less permeable, at approximately 40-50 cm depth in four of the five sampled core. 429 

Nonetheless, note that one core, (the black-triangular one Fig. 6b) showed an unexpected 430 
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deeper labelling than the others, probably link to local soil properties (thinner or deeper clay 431 

enriched horizon that induced preferential pathways). 432 

The temporal evolution of soil labelling was achieved between 2007 and 2008. First a lower 433 

enrichment remained in 2008 than in 2007 (maximum values of 1200‰ against 2700‰). The 434 

decrease of the soil labelling can be attributed to evaporation and the trees water uptake 435 

during one year, as it has already been observed on different temporal scale (Moreira et al. 436 

2000; Plamboeck et al. 1999). Furthermore, although the presence of the roof that avoided 437 

rain dilution or label flowing in depth, we note that the “belly” of the profile was not as well 438 

defined as in 2007 and went down under 40 cm. We can relate these break up profiles to 439 

groundwater raise during 2007-2008 winter (although the surrounded trench), that get back to 440 

approximately 20 to 50 cm depth (data not shown) and then went back when tree transpiration 441 

occurred. In this way, labelling isotopic profile are not suitable for more than one year in this 442 

kind of soil and climate, as it is difficult to avoid groundwater raise under field conditions. 443 

444 

Roots system and water uptake pattern 445 

 This study highlighted clear differences in rooting pattern, in terms of root density as 446 

well as root system depth. Clearly, Bp and Qr showed deeper root system than Cb and Fs, 447 

although Cb presented the most important root densities and Fs had the least. In literature, Fs 448 

was reported as a superficial root system species, that intensively colonize the shallower soil 449 

layers (Curt and  Prévosto 2003 a) furthermore, earlier roots counting in Fs in the plot yielded 450 

similar results (Peiffer, personal communication) ; while Qp and Qr have a deeper one (Bréda 451 

et al. 1993; Leuschner et al. 2001; Thomas and  Hartmann 1998), able to prospect within and 452 

to pass through clay-enriched soil layers (Bréda et al. 1995). Betula species were 453 

characterized by dense rooting in the superficial soil layers (first 30 cm) and few ones deeper 454 

(Curt and  Prévosto 2003 a; Curt and  Prévosto 2003 b; Kramer 1983b; Mathieu 1897). 455 

However, Barigah et al. (2006) showed a greater capacity of birch to explore a given soil 456 
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volume and to extract water thanks a higher ramified root system than other species such as 457 

Qp, Qr or Fs. Furthermore, we made others measurements on another birch tree, but less deep 458 

(100 cm depth against 140 cm depth) that yielded closed root densities and distribution, 459 

particularly under the BT layer (data not shown). To our knowledge, Cb rooting was poorly 460 

studied, and the only reference we found is a more than 100 years old forest flora that 461 

described it as a poorly and shallow-rooted tree (Mathieu 1897). 462 

463 

 In spite of the soil isotopic profile local variability, we can note a remarkable slight 464 

heterogeneity in species xylem sap isotopic composition, in natural conditions (before 465 

labelling) as well as during the two years of labelling experiments. Furthermore, our 466 

preliminary study highlighted similar local variability in a nearby plot. This suggests that flow 467 

preferential pathways could also be preferential area to roots development and/or water 468 

uptake, and that depth of water uptake in moderate drought conditions is a strong species 469 

characteristic. Some authors found differences between species water depth absorption  in dry 470 

conditions but not in wet conditions (Drake and  Franks 2003 in a seasonally dry tropical 471 

rainforest) or on dry conditions (Moreira et al. 2000 in a primary forest savannah-type) 472 

whereas others showed differences between species in well watered conditions when 473 

comparing two neighboring stands of Scots pine and Norway spruce (Bishop and  Dambrine 474 

1995).  Furthermore, several studies highlighted a more and more deep water uptake when 475 

soil was drying out (Bréda et al. 1995; Bréda et al., 2001, Meinzer et al. 2007), assuming a 476 

deep enough efficient root system. In this way, it has been showed that tree size was an 477 

important factor in water uptake depth studies, as big trees have deeper root system allowing 478 

them to uptake water and nutrients more in depth  (Bishop and  Dambrine 1995; Bréda et al. 479 

1995;  Ehleringer and  Dawson 1992 ; Dawson 1996b; Warren et al. 2005). 480 
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However, no general correlation was found between fine root density and water uptake. This 481 

lack of relationship between structural and functional traits is particularly important in Bp, 482 

characterized by a deep root system and a shallow water absorption area.  First, it is important 483 

to note that deep and shallow roots of several species (co-occurring beech, spruce and sessile 484 

oak trees) have been characterized by different rate of water uptake, superficial roots of all 485 

species typically having about five times higher rates than deep roots of the same species 486 

(Leuschner et al. 2004a). Second, as Bp is a quite vulnerable species to cavitation (potential 487 

that induces 50% loss of conductivity (�50) = -1.9 MPa in sun branches, Zapater et al. in 488 

submitted), and as roots are known to be more vulnerable than branches (Hacke et al. 2000; 489 

Hukin et al. 2005; Pockman and  Sperry 2000 ; Sperry and  Saliendra 1994; Sperry et al. 490 

2003); such discrepancy between root densities and water uptake due to cavitated deep roots, 491 

that were present but non functional as the soil water potential became more negative. We can 492 

suppose an active role of these deep roots in early spring, when water table reached the roots 493 

colonized soil layers. The pioneer status of this species as well as the earlier budbreak date 494 

(data not shown) and the quite great tolerance of this species to flooding (Ranney and Bir 495 

1994), strengthen this assumption. Furthermore, several studies highlighted this discrepancy 496 

structural vs. functional traits (Ehleringer and  Dawson 1992; Nordén 1990;  Plamboeck et al. 497 

1999); some explanation would be differences in water uptake capacities between roots and/or 498 

between species. In this way, Leuschner et al. (2003) compare tap root water absorption of 499 

three species (beech, spruce and sessile oak trees) in a mature mixed forest. They highlighted 500 

differences in amount of water uptake between the species, and compare these rates with 501 

periderm chemistry. They conclude that the relationship with water absorption is only weak in 502 

the three species. However, in a later study, they revealed differences in fine root anatomy 503 

between these species and they proposed factors like root radial conductivity and/or hydraulic 504 
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conductivity of the root-soil contact zone, that could explain species differences in root water 505 

uptake (Leuschner et al. 2004a).  506 

Nonetheless, for the other investigated species (Cb, Fs, Qp), relationships between root 507 

densities and water uptake were better, Qp presented the deeper root system and water 508 

absorption whereas Fs were characterized by shallow root system and water uptake, and Cb 509 

was intermediate.  510 

 We can note significant (p<0.005) linear relationship between isotopic sap flow 511 

composition and previous day relative sap flow densities (r2= 0.74 and 0.83, 33 days and one 512 

year after the labelling respectively) indicating that the species that regulated their fluxes were 513 

those exhibiting the shallower water uptake. The differences between the two years can be 514 

attributed to the climatic condition characterizing the measurement days: measurement were 515 

made a sunnier day in 2008 than in 2007, inducing higher transpiration rate.  516 

In the same way, we obtained a significant relationships (p<0.05) between sap isotopic 517 

signature and �wp (r
2=0.41 and 0.61 in 2007 and 2008 respectively) : species that experienced 518 

the most the drought (more negative �wp) were characterized by stronger sap flow regulation 519 

and shallower water absorption.  520 

521 

In conclusion, we highlighted complementary strategies of water use in moderate soil water 522 

deficit in a young broad leaved mixed forest. This water shortage was more or less 523 

experienced by the trees, as indicated by �wp measurements and sap flow regulation, 524 

depending on the depth of water uptake. Such complementarities in water strategies have 525 

already been highlighted in several studies (Leuschner et al. 2004a ; Moreira et al. 2000 ; 526 

Sanchez-Perez et al. 2008) and is very interesting in term of ecosystem functioning as it 527 

allows a greater use of soil resources that can postpone of soil drying out and so the 528 

maintenance of tree growth.  529 



�����������	5	

145 

530 

Such functional complementarities in water strategies can be (i) enhanced by facilitation 531 

between species, through hydraulic lift mechanisms, as already mentioned in different 532 

ecosystems (Jackson et al. 2000) and (ii) supplemented with others function, like carbon 533 

allocation (storage, respiration, growth). Taking together, all these functions involve more 534 

stable and secure ecosystems, particularly in regard to climatic change (Angelstam 1998; 535 

Bengtsson et al. 2000, Zapater et al., in prep.). 536 

Furthermore, as rooting pattern evolves with tree age and forest development stage, involving 537 

complex patterns of root system overlap (Leuschner et al. 2009), it would be very interesting 538 

to conduct this kind of experiment in a more advanced stage in forest succession. 539 
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Figure Captions  726 

727 

Figure 1: 728 

Seasonal evolution of soil volumetric water content (%) measured on 0-45 cm depth, Global 729 

radiation (Rg, MJ.m-2) relative sap flow density (SFD%), predawn water potential (�wp, MPa) 730 

and isotopic signature of the xylem sap. (Betula pendula (�), Quercus robur (�), Quercus 731 

petraea (�), Carpinus betulus (�), Fagus sylvatica (�). Dashed, bold and grey arrows 732 

represent respectively the date of the xylem reference sampling core, the watering (10 mm of 733 

Deutered enriched solution) and the dates of xylem core sampling in 2007 and 2008. 734 

735 

Figure 2 736 

Temporal evolution of mean vertical profile of soil water potential (�soil, MPa) measured 737 

during each sampling campaign (before labelling (white), 33 days  (grey) and one year (black) 738 

after labelling) at five locations in the studied plot (horizontal bars represent standard error).  739 

740 

Figure 3:  741 

Particle size analysis (5 fractions: clay, fine silt, coarse silt, coarse sand, find sand) of a 742 

vertical sequence of systematic soil layers. Threshold of pedological horizons are indicated 743 

and horizons named according to Hodgson et al., (1998). Bulk density (cm3/g) for each soil 744 

layer from gamma radiation depth gauge measurements is also indicated. 745 

746 

Figure 4: 747 

Representation of vertical root densities profiles (number of roots counted per m2) for four 748 

species (Bp, Cb, Fs, Qr) and soil bulk density profile (on bold grey) 749 

750 
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Figure 5: 751 

2D fine root (3 mm) distribution of investigated species. In black; 20 to 40 roots for beech; 20 752 

to 45 roots oak trees; 20 to 50 for hornbeam tree; 20 to 60 for birch. The deep of the trench 753 

wall varies between 140 and 160cm. The red line represents the upper limit of the BT layer, 754 

characterised by an increase in the clay fraction. 755 

756 

Figure 6 757 

Soil deuterium isotopic composition in the simplified lysimeter before (a on the left), 33 days 758 

(b on the middle) and 1 year after labelling (c on the right). On b and c graphs, we also 759 

represent in grey the natural isotopic abundance. Several soil cores were sampled before and 760 

after labelling (one core corresponds to one symbol). 761 

762 

Figure 7 763 

Xylem deuterimum isotopic composition of the different tree species in the simplifed 764 

lysimeter before (a, in white), 33 days (b, in black) and one year (c, in grey) after labelling. 765 

Note the different Y-scale for the three graphs. Species not sharing a common letter in each 766 

graph are significantly different (p<0.0001; tuckey HSD range test). 767 

768 
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Table 1: 794 

Characteristics of the investigated trees for root distribution analysis. Circumference at breast 795 

height (C, cm), height (H, m), distance tree-trench wall (T, cm), depth of the trench wall 796 

(Depth, cm) 797 

Species abbreviation C (cm) H (m) T (cm) Depth (cm)

Betula pendula Silver birch Bp 57.3 12 20 150 

Quercus robur Pedunculate oak Qr 22.7 7.2 30 150 

Carpinus betulus Hornbeam Cb 21.1 7.3 27 170 

Fagus sylvatica Europeen beech Fs 30.8 9.3 52 150 

798 

Table 2: 799 

Total root density (RDt); root density under the BT layer (RDu) and proportion of the fine 800 

roots (Root%) under the BT top limit, on the 4 studied species. Root density is calculated as 801 

the number of roots counted per m2 on 150cm trench wall depth.  802 

Species   abbreviation  RDt RDu   Roots (%) 

Betula pendula  Silver birch Bp 14988 5949 40 

Quercus robur  Pedunculate oak Qr 12871 4194 33 

Carpinus betulus  Hornbeam Cb 16363 3786 23 

Fagus sylvatica  European beech Fs 10046 1533 15 

803 

804 

Table 3: 805 

Summary of evapotranspiration (PET (mm/d)), volumetric soil water content (%, average on 806 

0-45 cm depth), predawn leaf water potential (�wp), relative sap flow density (SFD%) and 807 
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proportion of water uptake above the BT layer 33 days after labelling (WU%). (mean ± std 808 

deviation) 809 

Species 
PET        

(mm/d) 
SWC % �wp (MPa) SFD% WU (%) 

Bp 

1.5 13.6 ± 3 

 -0.75 ± 0.2 14.5 ± 4.5 75.9 
Qp  -0.16 ± 0.1 37.8   8.9 
Cb  -0.83 ± 0.4 18.6 ± 7.4 34.4 
Fs  -0.86 ± 0.3 14.6 ± 5.9 77.0 

810 

811 
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18
O soil water labelling experiment in a young 1 

temperate broad-leaved European forest: evidence of 2 

hydraulic lift in oaks trees  3 
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1. Hydraulic lift (HL) by tree roots in a young mixed temperate European 25 

deciduous forest was investigated by implementing isotopic-enriched soil water 26 

labelling. Injection of a H2
18O was applied at 70-90 cm depth in a simplified 27 

lysimeter, under dry condition. Four campaigns of isotopic measurement in soil 28 

and tree organs were performed before and after labelling. Two tree species 29 

were compared, Fagus sylvatica and Quercus petraea, in which sap flow and 30 

leaf predawn leaf water potential were measured. 2-D root distribution was also 31 

documented.  32 

2. Ecophysiological measurement showed that unlike Quercus, Fagus experienced 33 

drought, assessed by a strong sap flow reduction and much lower predawn leaf 34 

water potential. This behavior was in agreement with a shallower root system in 35 

beech than in oak.  36 

3. The three measurement campaigns after labelling clearly showed isotopic 37 

enrichment in the shallower soil layers due to the hydraulic lift, in the absence of 38 

capillarity rises. 39 

4.  The enriched zones were located near the Quercus tree species. Moreover, 40 

isotopic signature of xylem sap confirmed these observations.  41 

5. These results are discussed in term of advantages in regard to climatic change 42 

and between-tree interactions. 43 

44 

B	�
C����0
45 

Deciduous mixed forest, drought, Fagus sylvatica, Isotopic labelling, Quercus petraea, 46 

tree roots. 47 
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Existence of the hydraulic lift phenomenon (HL) was first proposed by Breazeale and 50 

colleagues in 1930 (Magistad & Breazeale 1929, Breazeale 1930), but the first strong 51 

evidence that HL occurred in the field was assessed by Richards and Calwell in 1987 52 

(Caldwell & Richards 1989; Caldwell et al. 1998). It is a passive transfer of water 53 

through roots from the wetter and deeper soil layers to the drier and shallower layers 54 

following the soil water potential gradient. It basically occurs at night, when 55 

atmospheric demand is low or null and therefore transpiration ceases. Under these 56 

condition, xylem water potential within the root system equilibrates (Caldwell & 57 

Richards 1989;  Dawson 1993a;  Caldwell, Dawson & Richards 1998; Jackson, Sperry 58 

& Dawson 2000; Querejeta, Egerton-Warburton & Allen 2003b;  Snyder et al. 2008).  59 

Nowadays, more than 50 species are known to exhibit HL (Jackson et al. 2000). Most of 60 

these tree species are from arid or Mediterranean habitats (Espeleta, West & Donovan 61 

2004; Jackson et al. 1999;  Peñuelas & Fillela 2003). However, some other come from 62 

cool temperate regions, seasonally dry tropical or subtropical habitats (see Jackson et al. 63 

2000) and even mesic habitats (Dawson 1993a), where dry periods, even if rather short, 64 

can occur. All these species are characterized by a dimorphic or at least a deep root 65 

system extending in the deep wet soil layers. HL activity was reported to be more 66 

intense following a sunny day, with high evapotranspiration rate (Caldwell et al. 1998). 67 

Water is supposed to be mainly released through young unsuberised roots, where the 68 

Casparian strips are not yet formed, and water redistribution would involve aquaporines 69 

that are linked to the symplasmic hydraulic conductivity (see Caldwell et al. 1998 for 70 

more details). However, Bauerle et al. 2008 did not evidence any water release, but only 71 

shallower roots and mycorhizae rehydration. 72 
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During the growing season, HL can be more or less active, depending on water 73 

absorption rate and on suberisation, mortality or cavitation of fine roots (Caldwell et al. 74 

1998; Domec et al. 2004).  75 

76 

Several techniques allow the study of hydraulic lift, under laboratory or field conditions. 77 

In the later case, the day/night soil water potential (Milikin-Ishikawa & Bledsoe 2000; 78 

Domec et al. 2004;  Bauerle et al. 2008) or volumetric humidity (Warren et al. 2005 ; 79 

Meinzer, Warren & Brooks 2007) fluctuations have often been used, even if these 80 

methods may be subjected to problems of interpretation. Measurements of soil humidity 81 

using TDR or neutron probe may not be satisfactorily sensitive to detect daily soil 82 

moisture variations, while psychrometers, for measuring soil water potential,  sense only 83 

few cubic centimeters of soil, so chances to evidence HL are very low (Caldwell et al. 84 

1998;  Espeleta et al. 2004). The use of stable isotope, either in natural abundance 85 

(Dawson 1993a;  Dawson 1996b) or using isotopic-enriched water (Caldwell & 86 

Richards 1989; Moreira et al. 2003; Peñuelas & Fillela 2003) provides interesting 87 

results in terms of water flows in soil and use of the lifted water. Nonetheless, note that 88 

deep labelling was performed through below ground caves (Peñuelas & Fillela 2003) or 89 

by excavating and feeding the tap roots (Moreira et al. 2003). 90 

91 

 HL involves several advantages (i) for the “lifter” tree, as it allows  roots and 92 

mycorhizae rehydration and also that of the shallower soil layers with water that can be 93 

used during the days (Domec et al. 2004;  Espeleta et al. 2004;  Kurz-Besson et al. 94 

2006); (ii) for superficially rooted neighbor trees, as they can use this additional water 95 

(Dawson 1993a). This phenomenon would therefore affect the ecosystem water balance 96 

and influence community plant structure (Dawson 1993a;  Espeleta et al. 2004).  97 
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98 

Here we tested the hypothesis of hydraulic lift in a young deciduous European mixed 99 

forest, that would be, in regard to climatic change, more and more frequently submitted 100 

to severe drought events (Saxe et al. 2001;  Schär et al. 2004;  Tebaldi et al. 2006 ; 101 

GIEC  2007). We determined the possible HL activity through a deep labelling 102 

experiment conducted in a simplified lysimeter, combined with root distribution 103 

observations and soil and plant measurements. 104 

105 



�����������	?	

170 


106 

:��	����
���
�	�����
107 

,$���	 ��
����	
��108 

The study was conducted in a young broad-leaved mixed forest in the state forest of 109 

Hesse (France, Moselle, N 48°40’27”; E 7°03’53”, elevation 305m). The stand was 110 

composed of 15 to 25 years-old naturally regenerated trees, including, from the most to 111 

the less abundant species: European beech (Fagus sylvatica), hornbeam (Carpinus 112 

betulus), oaks (Quercus robur and Quercus petraea), goat willow (Salix Capreae), 113 

silver birch (Betula pendula), trembling aspen (Populus tremula) and wild cherry 114 

(Prunus avium) (Le Goff and Ottorini personal communication). In 2002, beech, 115 

hornbeam and oaks represented 63%, 26% and 7% of the stand basal area, respectively. 116 

Basal area was 12.6 m2/ha (Le Goff and Ottorini, personal communication). Leaf area 117 

index, as estimated using a Li-2000 leaf area meter (Li-Cor, Lincoln, Nebraska, USA) 118 

was 7.6 in 2006; 7.55 ± 0.12 in 2007 and 9.17 ± 0.06 in 2008.  119 

The soil is a neoluvisol redoxisol mesosaturated, with an enriched clay layer at 120 

approximately 50 cm depth (fig. 1). A clear shift in soil structure and texture can be 121 

noticed in the transition between the E2 (eluviated) and the BT (clay enriched) layers. 122 

Periods of low rainfall during summer led to substantial water shortage in this soil type. 123 

124 

During the winter 2006-2007, a simplified lysimeter covered by a solid roof was built 125 

below the canopy of the young trees, at ca. 2 m height. The plot, 13×4 m size, contained 126 

36 trees of 4 species (Beech, sessile oak, hornbeam and birch) of different crown status. 127 

It was surrounded by a 0.9 to 1.1 m deep trench.  128 

129 
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The present study was conducted on 2 species, beech and sessile oak. 130 
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Soil water potential was measured with ceramic soil micropsychrometers 132 

(PCT-55-15-SF Wescor, Logan, UT) in 2007 and 2008. Measurements were done in the 133 

dew point mode using a Wescor HR-33T dew point micro-voltmeter. Probes were fixed 134 

at the end of PVC tubes vertically inserted into the soil after boring 1.2 cm diameter 135 

access holes. Five depths were monitored at 5 locations in the plot: -15, -30, -60, - 90, -136 

120 cm. When it was not possible to drill holes at 120 cm, an additional 45 cm depth 137 

was added. Measurements when zero offset exceeded 3μV were rejected. Soil water 138 

potential measurements were made weekly from June to October during 2007 and 139 

monthly from May to July in 2008. 140 

141 
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Trees predawn water potential (Ψwp) was measured on 3 leaves per tree using a 143 

Scholander-type pressure chamber (PMS instrument, Corvallis, Oregon, USA) just 144 

before each sapling campaign. 145 

146 
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The two-dimensional root distribution of the different tree species was assessed from 148 

trenches vertical planes observations, as described in Bréda et al. 1995) and van 149 

Noordwijk et al. 2000). Trenches of ca. 0.75 m wide, 2.40 m long, and 1.50 m to 1.70 m 150 

depth were dug tangentially from the stems at a distance of approximately 0.25 to 151 

0.65m, where most of the roots are usually found (Thomas & Hartmann 1998).  152 
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Dominant and co-dominant trees of beech and oak were chosen in clusters of same 153 

species in order to circumvent the problem of roots identification. The studied trees 154 

were located in the same stand, nearby the experimental plot, under comparable soil 155 

condition as assessed by auger soil sampling observations. 156 

The observation planes (a vertical area of 3.6 m2 per tree) were roughened with a knife 157 

just prior counting all the fine roots (diameter < 3 mm) crossing each 10x10 cm square 158 

of a 60x60 cm metal grid placed vertically on the plane. Since our objective was to 159 

assess the vertical active root distribution we did not inventory necrosed fine roots. 160 

161 
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Two sessile oaks and two beeches were equipped with 2 cm-long Granier’s type sap 163 

flow gauges, (Granier 1985;  Granier 1987), radially inserted in the sapwood of the trees 164 

at breast height. This technique allows the average measurement of sap flux density 165 

(SFD, i.e. the sap flow per unit of sapwood area) in the 0-2 cm outer xylem annulus. 166 

Sap flux data were sampled at 30 s intervals, averaged every 30 min and stored in a 167 

datalogger (model CR 10, Campbell Scientific, Courtaboeuf, France). 168 

Data were collected during the growing season, from mid-June (day of year 164) to 169 

mid-August (DOY 225). 170 
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We added a 18O-enriched solution in the soil, below the surface horizons. The isotope 172 

concentration injected was high because water diffusion in this clayed soil layer was 173 

known to be very low and therefore the volume of solution injected was small. We 174 

mixed 500 g of a H2
18O enriched solution (10 Atom%; �18O = 54 411 ‰) and 500 g of 175 

tap water (0.1985 Atom%; �18O = -8‰). The final solution contained 5.1 Atom% ( i.e. 176 

�18O = 25 800‰).  177 
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Deep soil labelling was performed at the vicinity of the studied trees (two beeches and 180 

two oaks), within a small area (7.5 m2) in the 80 m² rainfall exclusion plot. These trees 181 

were selected because they were located close to the trench limiting the dry plot (see 182 

below). Water was injected in 45 PVC pipes inserted in the soil after drilling 12 mm 183 

diameter holes. A first set of 24 vertical tubes was installed close to the studied trees 184 

(from 20 cm to 120 cm). The holes were 90 cm-long, but the tubes were buried to 65 cm 185 

only, in order to leave a 25 cm-long space below (i.e. a 25 cm3 volume) that will receive 186 

the solution. The remaining 21 tubes were diagonally installed from the trench to ca. 75 187 

to 90 cm depth, also leaving a 25 cm-long free air space. 188 

We injected 20 cm3 of the labelling solution in each pipe on DOY 178 at nightfall, when 189 

tree transpiration was stopped as assessed by sap flow measurements. Volume of the 190 

injected solution was slightly lower than the free space in the soil in order to avoid a 18O 191 

contamination of the upper soil layers by capillary rise along the tube.  192 

The remnant solution was diluted with tap water and added if necessary before each 193 

campaign, after estimating in each tube the free volume with a metal stick. 194 

195 

(	������
������ ��	���196 

Four sampling campaigns were performed, at predawn. The first one, for reference 197 

sample collection was done just before the labelling (reference samples; DOY 179), the 198 

second was performed few hours after the labelling  (DOY 179), the third and the fourth 199 

6 days and one month after labelling (DOY 184 and 206).  200 

At each campaign, soil and xylem were sampled. Four soil cores from 0 to 50 cm depth 201 

were extracted, plus two from 0 to 90 cm with an auger gauge. Location of soil 202 
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sampling was chosen near (from 20 to 120 cm) the investigated trees. Each core was 203 

split in 10 cm long sample slices, from which roots were manually removed in order to 204 

avoid soil contamination by roots exudates. Soil samples were then stored at 2°C until 205 

water extraction. At each campaign, small wood cores (0.5 to 0.8 cm long) were 206 

extracted at the tree collar height with a 5mm diameter bark auger. Bark tissues were 207 

immediately removed in order to avoid any contamination with phloem sap. Wood 208 

samples were also taken at predawn, then put in 2 mL glass vials, kept in an icebox with 209 

freeze-packs and rapidly carried to the laboratory, where they were kept at –20 °C till 210 

water extraction. 211 

212 
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Prior to isotopic analysis, all water was extracted from the xylem and soil samples 214 

through cold trapping, using a cryogenic vacuum distillation system, as described in 215 

West, Patrickson & Ehleringer 2006). The oxygen isotope ratio of soil water and xylem 216 

sap samples was determined using a Finigan-Mat delta S (GD Instruments, UK) coupled 217 

to a Euro-Pyr-OH (Eurovector, Italy) gas isotope ratio mass spectrometer.  218 

219 

The isotopic ratios were expressed relative to the international standard SMOW 220 

(Standard Mean Ocean Water) as: 221 

δ18O = 1000.(Rs-Rb)/Rb222 

where Rs and Rb refer to the 18O/16O ratios in the sample and in the SMOW standard, 223 

respectively. 224 

Data were also expressed in atomic percentage (Atom%) 225 

Atom%= 18O/(18O +16O) . 100 226 

227 
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In the rain exclusion plot, the upper soil layers were dry, soil water potential during the 230 

investigated period being lower than -1.2 MPa and reached -2 MPa at the end of July. 231 

The deeper, clay-enriched soil layer (85 to 95 cm depth) was less dry, soil water 232 

potential decreasing from -0.4 MPa to -1.2 MPa during the growing season (fig. 2). 233 

Under these conditions, a strong reduction in SFD in beech (almost 70%) but not in oak 234 

(fig. 3) was observed. In beech trees, SFD dropped in parallel with predawn leaf water 235 

potential that decreased from -0.35 to -1.15 MPa during the experiment (fig.4), 236 

revealing that this species experienced medium to severe drought stress in July. A 237 

contrasted pattern was observed in oaks:  both transpiration and predawn water potential 238 

stayed constant during the observation period. This strong species difference in drought 239 

response was previously reported in 2003 and 2006 in the same stand (Zapater et al. 240 

unpublished data) and in 2003 in Switzerland (Leuzinger et al. 2005). 241 

These contrasted behaviors are explained by differences in root distribution, oak 242 

developing a deeper root system allowing a deeper soil water absorption than beech 243 

(table 1). 244 

245 

The first soil sampling, before enrichment, gave the natural profile of isotopic 246 

composition in soil: water was more 18O enriched in surface (-3‰��than in depth (-8‰)�247 

������ 	
���On day 179, at predawn, i.e. after only a few hours, we observed a slight 248 

enrichment at -75 cm depth, in the labelling injection area, indicating a limited diffusion 249 

of the enriched water at this depth. The second and the third campaigns (i.e. 6 and 28 250 

days after labelling) confirmed this enrichment, that became more and more important 251 

(10 to 130 ‰). More interestingly, we observed a clear enrichment in surface, at ca. -25 252 
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cm. In this soil layer, δ18O reached 2 and 8 ‰ in two of the soil cores, only few hours 253 

after labelling (fig. 5b). As observed in depth, the second and the third campaigns 254 

showed larger and larger peak enrichment in the superficial soil layers, reaching 15 ‰ 255 

to 25 ‰. It is important to note that none of the cores showed any enrichment in the 256 

intermediate soil depth extending from the upper limit of the BT layer, 40 cm, to the 257 

upper limit of injections, 70cm, signifying an absence of capillarity rises. The presence 258 

of isotope-enriched soil water in the superficial soil can be therefore interpreted as 259 

transported deep roots towards the superficial ones.  260 

Spatial variability in soil water isotopic signature observed during the three 261 

measurements campaigns after labelling was related to distance of soil cores to the trees. 262 

All cores exhibiting a superficial enrichment were located close to oaks, especially 263 

Qp33, the biggest one (table 2). Furthermore, measurements of the isotopic composition 264 

of xylem sap indicated that, at least during the second and third campaigns (fig. 6), 265 

Qp33 absorbed the deep and enriched soil water, in contrast to beech. Unfortunately, 266 

some xylem samples did not give a sufficient amount of water to permit isotopic 267 

analysis (less than 100µL): Qp33 in the first campaign and Qp26 in the second one. As 268 

expected, the beech xylem isotopic signature did not show clear enrichment. We 269 

attributed the slight enrichment (ns; p>0.05) observed on DOY 184 (2nd campaign) to 270 

some absorption by beech of water lifted by oaks tree roots, as already observed in a 271 

mesic USA site (Dawson 1993a ; Brooks et al. 2006), in a Mediterranean ecosystem 272 

(Peñuelas & Fillela 2003) or in a neotropical savanna (Moreira et al. 2003). 273 

Nevertheless, a direct feeding of beech by oak roots through fungi mycelia can also be 274 

hypothetized because different tree species can be compatible with a same 275 

ectomycohizal fungi species and furthermore both trees can be interconnected by a same 276 

mycelium (Kramer 1983a;  Simard et al. 1997 ; Allen 2007). 277 
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278 

Both a local and superficial soil water enrichment near oaks and their xylem sap 279 

isotopic composition allow to conclude in a HL activity driven by oak in this mixed 280 

forest. Conversely to oak, our experiment did not show any evidence for HL in beech as 281 

no enrichment either in their xylem sap or in the neighbour soil was observed (fig 5 and 282 

6). This is explained by the superficial rooting pattern of this species (table 1). 283 

While some Quercus species were reported to exhibit HL in other ecosystem types 284 

(Milikin-Ishikawa & Bledsoe 2000;  Querejeta et al. 2003 b;  Espeleta et al. 2004;  285 

Querejeta, Egerton-Warburton & Allen 2007; Nadezhdina et al. 2008), to our 286 

knowledge, HL activity had not yet been evidenced in temperate forests, even if 287 

Barataud et al. (1995) hypothesized such phenomenon through soil water potential and 288 

water fluxes modelling in a temperate oak stand.  289 

Here we proposed an new and efficient in situ labelling methodology, that can be 290 

implemented in non-rocky sites, that does not need natural caves (unlike Peñuelas & 291 

Fillela 2003) and that avoids root damages (in contrast to Moreira et al. 2003). We 292 

evidenced here oak HL activity:  293 

(i) under a soil water potential gradient of ca. 0.8 MPa (fig.2), resulting from a 294 

water potential comprised between -1.2 to -2 MPa in the upper soil layers 295 

and -0.8 to -1.2 in the deep ones. Milikin-Ishikawa & Bledsoe 2000 296 

summarized the range of soil water potential gradients when HL 297 

phenomenon was observed. They found a minimum value of 0.8 MPa;  298 

(ii) oaks did not experience water stress: no regulation of their sap flow, while �wp299 

was around -0.2 MPa. In californian oaks, Querejeta et al. (2007) found a HL 300 

activity at �wp = -0.4 ± 0.1 MPa, i.e. also under non-stressed condition. 301 



�����������	?	

178 

Furthermore, Burgess et al. (2000) concluded that very dry soil limits HL 302 

activity. 303 

(iii) above the clay-enriched soil layer, in the upper 35 cm soil  (fig 5 a,b,c and 304 

d). The depth where water is released seemed to depend here on soil the 305 

physical soil constraint: Dawson 1993a also reported a water enrichment in 306 

the first 35 cm in a soil characterized by a frangipan horizon at 50 cm. 307 

308 

In some studies, it was stated that a nighttime transpiration was needed create the HL 309 

mechanism (Bauerle et al. 2008). However, in our study, we checked at the absence of 310 

sap flow during the nights (fig.3). It seems that both the existence of a quite high soil 311 

water potential gradient (fig 2), the dimorphic root system of oaks (table 1) and 312 

probably the properties of root allowing reversal flow (see Caldwell et al. 1998 for more 313 

details) were sufficient to permit HL.  314 

315 

In forests, competition for water and nutrients occurs between trees as much in 316 

monospecific as in mixed stand. However, the two situations can be different. While 317 

intraspecific competition involve similar physiological and morphological (root 318 

architecture, absorption pattern…) traits, interspecific competition results from different 319 

and, as in our site, often contrasted patterns of functions, such as the rooting depth 320 

(Table 2), or the rate of water absorption (Leuschner 1998;  Leuschner, Coners  & Icke 321 

2004a; Coners & Leuschner 2005). In this situation, interspecific competition due to 322 

biodiversity provides a better use of the soil resources (Moreira, Sternberg & Nepstad 323 

2000; Leuschner et al. 2004a;  Sanchez-Perez et al. 2008) likewise the radiation capture 324 

by aerial parts. Furthermore, from root competition measurements between oak and 325 

beech, Leuschner et al. 2001 concluded that (i) growth rate of shallower beech roots was 326 
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significantly higher than that of oak and (ii) fine beech roots grew faster, when mixed to 327 

oak roots. Thus, they demonstrated that inter-specific competition may imply 328 

facilitation. Similarly, we showed in our study a complementarity in the resources use, 329 

through differing rooting patterns and facilitation through the hydraulic lift phenomenon 330 

that refills dry shallower soil layers. Even if we could not estimate here the quantity of 331 

water involved, some studies showed that it could be quite important, from 14% to 33% 332 

of the daily evapotranspiration, depending the species (Caldwell et al. 1998). Dawson 333 

1996b;  Jackson et al. 2000 estimated water refilling of the upper soil layers by HL as 334 

40%. Lifted water would account for 17 to 81 % of the water transpired during the 335 

following day at the peak of the drought season in a Mediterranean ecosystem (Kurz-336 

Besson et al. 2006).  337 

Therefore, ability of oaks to generate HL in mixed temperate European forest is an 338 

advantage in regard to the possible increase in drought events. Moreover, as 339 

complementarity of resource use may be more pronounced in mature forests with a 340 

heterogeneous age structure than in a young stands in the thinning phase (like our site) 341 

(Leuschner, Jungkunst & Fleck 2009), more investigation is needed to estimate the 342 

impact of HL on temperate European water balance forest in the climatic change 343 

perspective.  344 

345 

346 
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494 

Table 1 495 

Average fine root density (RDt), calculated as number of root per m2, fine root density 496 

below the BT layer (RDu) and the proportion of fine roots above the BT layer (RDb%) 497 
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501 
Table 2 502 

Characteristics of the investigated trees: height (m) circumference at breast height 503 

(CBH, cm) and crown class of the tree in the canopy (D: dominant tree, CD: 504 

codominant tree, s: suppressed tree). Two tree species were investigated: Quercus 505 

petreae (Qp) and Fagus sylvatica (Fs). 506 

trees code height (m) CBH (cm) crown class 

Qp33 8.3 20.8 D 

Qp26 7.2 15.45 CD 

Fs23 7.8 21.12 D 

Fs29 7.5 14.6 s 

507 

508 
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510 

511 

Figure 1 : 512 

Soil granulometry and bulk density for each soil layer. Letters refer to different 513 

pedological horizons. 514 

515 

Figure 2 516 

Mean vertical profiles of soil water potential (�soil, MPa) measured during each 517 

sampling campaign (reference and 1st campaign: white, 2nd campaign: grey, 3rd518 

campaign: black) at two locations in the studied plot (horizontal bars represent standard 519 

error). 520 

521 

Figure 3 522 

Diurnal course of sap flow density (SFD, dm3.dm-2.h-1) in four trees (black symbols: 523 

beech trees, in white symbols: oaks) during each campaign (R: reference samples; C1, 2,3524 

1st, 2nd and 3rd campaigns respectively) on the 2008 growing season. The vertical arrow 525 

represents the water-labelled injection. Note that the weather conditions were very 526 

similar for all the studied days. 527 

528 

Figure 4 529 

Seasonal variation of predawn leaf water potential (�wp, MPa) in Qp (white) and Fs 530 

(black). 531 

532 

533 



�����������	?	

191 

Figure 5 534 

Vertical profiles of δ18O at each sampling campaign: (a) prior labelling (i.e.; natural 535 

abundance), 9 hours, 6 and 28 days after labelling (respectively b, c and d). The grey 536 

area in graphs b, c and d represent the “natural isotopic abundance range”, below -3‰, 537 

shown in a. Therefore, samples distributed in the right-hand of this zone present an 538 

isotopic enrichment, as compared to the natural abundance. Each data point is the mean 539 

of 2 to 4 samples. The horizontal bars represent standard error. Note that the X-axis 540 

have different scales. 541 

542 

Figure 6 543 

Seasonal variation of the δ18O of xylem sap, collected at the collar of four trees 544 

belonging to two species: in black are the beech trees and in white the oak trees. Bars 545 

represent the standard error (two samples par tree, two to four measurements for each 546 

sample). Unfortunately, a too smaller amount of sap was extracted from some xylem 547 

cores: Qp33 on the 1st campaign, Qp 26 prior labelling and on the 2nd campaign and 548 

Fs29 and Fs23 prior labelling. 549 

550 
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Abstract 21 

In regard to the various functions of forests (production, carbon sequestration, social, 22 

recreation, preservation) and considering the general idea that mixed stands would be more 23 

resistant and resilient to disturbances (storms, drought, flooding, pests attacks…), those stands 24 

are more and more promoted than pure stands. Furthermore, as drought events are expected to 25 

be more severe and frequent, it appears necessary to characterize mixed stands functioning 26 

and behavior of co-occurring tree species. In this study, we propose to analyze the 27 

ecophysiology of five temperate forest tree species (Quercus robur, Salix capreae, Betula 28 

pendula, Carpinus betulus, Fagus sylvatica) belonging to the entire range of forest 29 

succession, through sap flow and leaf water potential measurements, vulnerability to 30 

cavitation, rooting distribution and leaf phenology. This study was performed over an 31 

complete vegetation season presenting a period of water stress. The data acquired allowed to 32 

classify these species in 3 functional types according to their strategy to cope with drought, 33 

from tolerant species to non tolerant ones.  34 

35 

36 

Key words:  37 

broad leaved forest, drought, leaf water potential, mixed stand, phenology, root distribution, 38 

sap flow regulation, vulnerability to cavitation 39 

40 
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Introduction 41 

42 

In the context of changing world, with increasing climatic and biotic hazards, new prospects 43 

about the forest stand composition are needed to anticipate forest management for the future. 44 

The general idea that mixed stands, through biodiversity, would be more resistant and resilient 45 

to disturbances (storms, drought, flooding, pests attacks…) emerges (Hooper et al. 2005, 46 

Bodin and  Wiman 2007). Coping with increasing climate uncertainties  involve adaptation of 47 

sylvicultural practices and leads the forest managers to maintain natural dynamics and promote 48 

mixed stands at pure stand expense (Lacaze 2000). In the expected modified climate, where 49 

disturbance and extreme events are thought to be more frequent and intense (Saxe et al. 2001,  50 

Schär et al. 2004,  Tebaldi et al. 2006, GIEC  2007), it appears necessary to characterize 51 

mixed stand and functioning and co-occuring species behaviour. Indeed, most of field studies 52 

are focused on productive and economically important species such as Fagus or Quercus for 53 

broad leaved species (e.g. Bréda et al. 1993a, �ermak et al. 1993, Bréda et al. 1995, Coners 54 

and  Leuschner 2002, Leuschner et al. 2004a Leuschner et al. 2004b, Coners and  Leuschner 55 

2005, Granier et al. 2007). Few studies dealt with mixed stands with several accompanying 56 

species. Nevertheless, some works of on European mature mixed stands are recently 57 

developed (Pataki et al. 2000, Holscher et al. 2005, Leuzinger et al. 2005, Kocher et al. 2009, 58 

Zweifel et al. 2009). 59 

  60 

That context of climatic change and mixed forest preference pointed out the lack of 61 

knowledge of ecophysiological drought responses of the different tree species of such 62 

ecosystems under natural conditions. There has not yet been a comprehensive study 63 

comparing the water use, uptake and transport of co-occurring, competing species at the same 64 
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site during summer drought progression, and a study of this type is required to look for 65 

possible trade-off between water uptake, transport and regulation.  66 

Several strategies to drought tolerance or resistance have been highlighted since a long time 67 

for xeric species and arid habitats (Parker 1968, Kramer and  Kozlowski 1979, Levitt 1980, 68 

Jones et al. 1981, Kramer 1983c,). In this study, we followed Kramer (1983c) terminology 69 

that describes three strategies : (i) avoidance, for species that postpone their growing season to 70 

avoid the drought periods, (ii) tolerance by dehydration postponement, called drought 71 

tolerance strategy in this study, with species able, through different mechanisms, to postpone 72 

(more or less efficiently) drought impact and (iii) the dehydration tolerance strategy, 73 

involving osmotic adjustments. There is a continuum between these strategies that they were 74 

defined for a wide set of species growing from extreme dry site conditions to humid sites. In 75 

this way, further works are needed to refine the knowledge on seasonal drought response of 76 

co-occurring temperate forest trees growing in mesic site conditions. This leads to look for 77 

functional types in temperate forest drought response. These types will, in part, overlap tree 78 

species functional diversity and should help to clarify the complexity of these mixed 79 

ecosystems. 80 

81 

In this study, we propose to: (i) describe the ecophysiological behavior of five investigated 82 

tree species through leaf water potential, sap flow and phenological measurements, rooting 83 

pattern and xylem vulnerability to cavitation; (ii) characterize the trade-off between these 84 

different functional traits and (iii) highlight drought response strategies among the different 85 

species ranging over a wide successional forest gradient, from pioneers to late successional 86 

species: Betula pendula, Salix capreae, Quercus robur, Carpinus betulus, and Fagus sylvatica87 

of a naturally regenerated young mixed broad leaved temperate forest. 88 

89 
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Materials and methods 91 

Study site 92 

The study was carried out in a young mixed broad-leaved stand in the state forest of Hesse 93 

(France, Moselle, N 48°40’27”; E 7°03’53”, elevation 305 m). The stand is composed of 15 to 94 

25-year-old naturally regenerated trees, including, from the most to the least abundant tree 95 

species: European beech (Fagus sylvatica: Fs), hornbeam (Carpinus betulus: Cb), oaks 96 

(Quercus robur: Qr and Quercus petraea: Qp), goat willow (Salix capreae: Sc), silver birch 97 

(Betula pendula: Bp), aspen (Populus tremula: Pt) and wild cherry (Prunus avium: Pa). In 98 

2002, stand basal area consisted of 63% beech, 26% hornbeam and 7% oaks. Basal area was 99 

12.6 m2/ha (Le Goff and Ottorini, personal communication). Leaf area index (LAI), estimated 100 

using a Li-2000 leaf area meter (Li-Cor, Lincoln, Nebraska, USA) was 7.6 ± 0.08) in 2006 101 

and 7.55 ± 0.12 in 2007. 102 

The stand was equipped with three 10 to 14 m high scaffolding towers, allowing access to the 103 

sun branches of each studied species. 104 

The climate is semi-continental with a mean annual temperature of 9.2°C and mean annual 105 

precipitation of 820 mm. 106 

The soil is a neoluvisol redoxisol mesosaturated. A clear shift in soil structure and texture can 107 

be noticed in the transition between the E2 (eluviated) and the BT horizons from clay 108 

illuviation (at approximately 50 cm depth). The BT horizon is enriched in clay (clay content 109 

up to 31%), then less permeable, and presents a prismatic structure. Periods of low rainfall 110 

during the summer led to substantial water shortage in of the upper soil layers, whereas late 111 

spring can be characterized by periods of water-logging, as reflected by hydromorphic 112 

features (from 20 to 40 cm to the soil surface). 113 

114 
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Climate and micro-climate 115 

The following instruments were installed above the stand, at a height of 14 m: a pyranometer 116 

(CM6, Kipp & Zonen), a rain gauge (Model ARG 100, Campbell Scientific, Courtaboeuf, 117 

France), a temperature and relative humidity probe (HMP45 model Vaisala, Helsinki, 118 

Finland), and an ultrasonic 3D anemometer (Solent R3 Windmaster, Gill Instruments Ltd., 119 

Lymington, UK). 120 

Data were acquired every 10 seconds and 30-min averages were stored (Model CR5000 data 121 

logger, Campbell Scientific, Courtaboeuf, France). PET (Penman Evapo Transpiration) was 122 

calculated using the Penman formula. 123 

124 

Soil water content 125 

Available soil water at the stand scale was estimated daily, using the water balance model 126 

BILJOU. This model (Granier et al. 1999) uses daily climatic data, as measured above the 127 

stand, and site parameters: mainly LAI, leaf unfolding and leaf fall dates, maximum 128 

extractable soil water, vertical root distribution and soil macro- and micro-porosity. 129 

Previously, this model had been successfully applied in a neighbouring pure beech stand 130 

(Granier et al. 2000,  Granier et al. 2007). From the simulated daily soil water content in the 131 

rooting zone, we calculated the relative extractable soil water (REW) daily as follows: 132 

REW= EW/EW0133 

where EW is the actual extractable soil water in the rooting zone and EW0 is the maximum 134 

available water, i.e. the difference in soil water content between field capacity and the 135 

minimum water content. EW was equal to 175 mm up to 1,4 m depth. REW varies between 1 136 

(field capacity) and 0 (permanent wilting point). 137 

138 
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Sap flow measurements 139 

The monitored trees were equipped with 20 mm long thermal dissipation sensors (Granier 140 

1985,  Granier 1987), inserted radially in the xylem, at breast height. This technique allows 141 

the measurement of the average sap flux density (SFD, i.e. the sap flow per unit of sapwood 142 

area) along the 20 mm radial axis. 143 

Sensor signals were sampled at 10 s intervals, averaged every 30 min and stored in two data 144 

loggers (Campbell Scientific, models CR 10 and CR 21X Courtaboeuf, France). 145 

SFD was measured in 22 trees of the five tree species (4 trees per species except F. sylvatica146 

for which 6 trees were studied). Data were collected during the growing season, from mid 147 

June (day of year, DOY 164) to mid September (DOY 258) 2006. Relative sap flux density 148 

(SFD%) was calculated for each tree as the ratio of SFD to the maximum observed SFD 149 

(SFDmax). SFDmax is the mean value of SFD at the beginning of the season, from DOY 165 to 150 

200, for days when evaporative demand was high (VPD > 1.5 kPa).   151 

152 

Transpiration 153 

Tree transpiration (dm3.d-1) was calculated as the product of SFD (dm3.dm-2.d-1) by sapwood 154 

area (dm2), which was estimated from diameter at breast high at the end of the growing 155 

season. Depending on the species, the depth of active xylem varies. We considered that, in the 156 

diffuse porous species (F. sylvatica, C. betulus, B. pendula), the sensor were installed in the 157 

most active xylem zone, assuming the active xylem to decrease linearly to the pith. For the 158 

(semi-) ring porous species (Quercus and Salix) we assumed that the active xylem was only 159 

located within the 2 cm below the cambium.  160 

161 
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Vulnerability to cavitation curves 162 

Xylem vulnerability to cavitation curves were established by dehydrating excised branches 163 

submitted to a progressive decrease in xylem water potential. The air injection method was 164 

used to induce cavitation and embolism. The degree of embolism was assessed, as described 165 

in Cochard et al. (1992 a), by measuring the loss of hydraulic conductance caused by air 166 

blockage in the xylem conduits of short branch internodes. We established vulnerability 167 

curves for current-year shoot internodes of sun-exposed branches of 5 species: S. capreae, B. 168 

pendula, Q. robur, C. betulus and F. sylvatica. We collected sun branches from 3 trees of 169 

each species in August and September, 2007 for S. capreae, B. pendula and C. betulus and 170 

between mid-July to the end of August, 2008 for the other species. Before cutting branches, 171 

water was sprayed onto the leaves in order to stop transpiration. The branches were cut 172 

rapidly and then re-cut under water and enclosed in airtight black plastic bags, with the basal 173 

ends in water. Then, they were transported to the laboratory as quickly as possible for 174 

measurements. 15 to 30 cm long branches were dehydrated by pressurisation using step-wise 175 

pressure increments in a pressure chamber (PMS instrument, Corvallis, Oregon, USA) until 176 

sap exudation ceased. Branches were then enclosed in a black airtight bag for at least 5 hours 177 

to remove water potential gradients between leaves and xylem tissues. 5 to 10 shoot 178 

internodes (0.8 to 1.5 cm long) of each branch were excised under water and the initial 179 

hydraulic conductivity (Ki; mmol.s-1.MPa-1) was measured by perfusing a solution (KCl 10 180 

mM; CaCl2 1mM) at 3.5 kPa pressure. The solution rate flowing through each sample was 181 

measured (mmol.s-1) with a Xyl’EM device (Xylem Embolism Meter, Instrutec, Montigny les 182 

Cormeilles, France). The maximum hydraulic conductivity (Kmax) was obtained after 183 

embolism removal by flushing with the solution at a higher pressure (0.1 MPa) until the 184 

hydraulic conductivity no longer increased. The percentage loss of conductivity (PLC) was 185 

calculated as follows: 186 
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The following sigmoid-type function was fitted to each data set:  188 

)(
25 50

exp1

100
Ψ−Ψ

+
= SVPLC      [eq. 1] 189 

where Ψ50 is pressure inducing 50% loss of conductivity, SV is a slope parameter, Ψ is the 190 

actual xylem water potential. 191 

Leaf water potential 192 

Predawn (Ψwp) and midday (Ψwm) leaf water potentials were measured during the 2006 193 

summer drought on 2 to 5 leaves for each tree (4 trees per species except F. sylvatica for 194 

which we studied 6 trees) using a Scholander-type pressure chamber (PMS instrument, 195 

Corvallis, Oregon, USA). Ψwm measurements were performed between 10 to 14 h UT.  196 

197 

Phenological observations 198 

Leaf unfolding and leaf fall observations were made twice to three times a week from mid-199 

March to the end of May and October to end of November, respectively, on 9 to 22 trees per 200 

species in 2006. Bud development was described on a 6 to 8 stages scale, depending on the 201 

species (dormant winter buds, swollen buds, broken buds, just unfolding leaves, unfolded 202 

leaves, developed leaves with elongation twigs, and intermediate stages for some species 203 

(Bréda and Granier, 1996). Leaf fall was described through four steps according to leaf 204 

yellowing and fall. Leaf unfolding and leaf fall index ranged from 0 to 100. Stem tree sap 205 

flow was depicted by sap flow meter when the leaf unfolding index reached 80% and leaves 206 

were supposed to be efficient until they reached 80% of the leaf fall index. 207 

  208 
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Root distribution 209 

Several techniques allow to study root distribution (Bengough et al. 2000). We used the 2D 210 

root mapping technique from soil trenches, described by Bréda et al. (1995) and van 211 

Noordwijk et al. (2000) in order to access root distribution, both vertically and tangentially to 212 

the tree stems. Trenches of about 0.75m wide, 2.40m long, and 1.50m to 1.70m depth were 213 

dug tangentially to the stems at a distance of approximately 0.25 to 0.65 m, where most of the 214 

fine roots are usually found (Thomas and  Hartmann 1998).  215 

Dominant and co-dominant trees of the different species were chosen in clusters of the same 216 

species in order to circumvent the problem of root identification. The trees studied were 217 

located in the same stand and near to the trees monitored for ecophysiological measurements.  218 

The observation plane (a vertical area of ca. 3.6 m2 per tree) was cleaned with a knife just 219 

before counting the number of fine roots (diameter < 3mm) crossing each 10x10 cm square of 220 

a 60*60cm metal grid. Since our objective was to assess the vertical root distribution of 221 

different species and not to study root production, we considered only the roots which were 222 

not necrosed. Number of root counted in each 10x10 cm square were averaged for each 10 cm 223 

soil trench thickness on the entire profile (ie for 2.40m*0.1m=0.24m2), and then converted in 224 

root density, up scaling this number of root from 0.24m2 to 1m2. 225 

At the same time, the different soil layers were carefully described. The depth of the clay 226 

enriched BT layer was slightly variable around 50 cm; as it was the main soil constraint in this 227 

site, we calculated the proportion of roots above and below this layer. 228 

229 

230 

Statistical analyses 231 

Between-species differences were tested with one way ANOVA (HSD Tuckey range test) 232 

using Statistica 7.1 (Statsoft inc., Maison Alfort, France). 233 
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Fitted parameters of the vulnerability curves were obtained using Statgraphics Plus for 234 

Windows 4.1 (Statistical graphics Corp., Herndon, VA, USA). 235 

A principal component analysis was carried out to explore simultaneously species variation in 236 

multiple variables related to sap flux, phenology, hydraulic parameters and structural 237 

parameters (Statistica 7.1, Statsoft inc., Maison Alfort, France). 238 

239 

240 
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Results  241 

Phenology 242 

The timing of leaf unfolding and leaf fall was assessed during the 2006 growing season. Their 243 

time-courses highlighted differences among species for leaf unfolding (up to 12 days) as well 244 

as for leaf fall (up to 18 days) (Figure 1), but the length of growing season was close for the 245 

studied species, 175 days in average ( ± 5 days) (Table 1). Nevertheless, the shorter growing 246 

season was observed for birch. The growing season began earlier for the birch and hornbeam, 247 

as compared to oak and beech.  248 

249 

Leaf water potential and sap flow measurements 250 

In north-eastern France, the summer 2006 was characterised by a moderate drought in July 251 

(Figure 2). During this period, the modelled relative extractable soil water (REW) dropped up 252 

to 0.1, i.e. below the threshold of 0.4 (reached around day 200, mid July) inducing stomatal 253 

closure and a decrease in canopy conductance (Black 1979, Granier et al. 1999,  Granier et al. 254 

2000b, Bréda et al. 2004). In July, PET increased to about 5 mm.d-1. During this dry period, 255 

the investigated tree species displayed contrasting transpiration and leaf water potential 256 

responses (Figure 2). Some tree species (birch, hornbeam and beech) experienced severe 257 

water stress with a strong reduction in both SFD%, T/PET and Ψwp, while others (oak and to a 258 

lesser extent willow) did not (Figure 2). In all species, midday leaf water potential showed a 259 

slight decrease during the establishment of the drought and differed among species (p<0.05). 260 

At the end of the dry period Ψmd ranged from –1.2 MPa for B. pendula to –2.2 MPa for C. 261 

betulus and F. sylvatica (Figure 2). 262 

263 
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Root system 264 

All species exhibited a sharp root density decrease from soil surface to a depth of ca. 50-60 265 

cm and a much slower decrease below. Bulk soil density clearly influenced the root density 266 

(RD) calculated as the number of roots per m2 of total vertical soil area down to 150 cm depth 267 

(Figure 3, Table 2). We found strong relationships between these two variables (r2 ranging 268 

from 0.87 for B. pendula to 0.99 for C. betulus) (Table 2). 269 

RD highlighted large differences among species. From the higher to the lower RD, species 270 

can be classified as follows: C. betulus > B. pendula > Q. robur > S. capreae > F. sylvatica.271 

On the other hand, C. betulus exhibited 30% more roots than in F. sylvatica. Differences 272 

among spieces rooting pattern seem mainly due to the ability of roots to cross the BT layer. B. 273 

pendula and Q. robur exhibited the largest fine root densities below the clay-enriched layer 274 

(40 and 33% respectively (Table 2)), unlike F. sylvatica and C. betulus (respectively 23 and 275 

15%). It is noteworthy that there is no relationship between total RD and deep root proportion 276 

(Table 2, Figure 3).  277 

278 

279 

Vulnerability to cavitation 280 

The vulnerability curves of the different species had a typical sigmoïdal shape and were well-281 

fitted to the function [1]. They yielded two important parameters: the xylem pressure inducing 282 

a 50% loss of xylem conductivity (�50) and the slope at the inflection point (Slope). These 283 

two parameters are presented in Figure 4. �50 ranged from –1.6 MPa in the most vulnerable 284 

species (Salix capreae) to –3.6 MPa in the least vulnerable species (Carpinus betulus). 285 

Significant differences (p<0.05) in Ψ50 were found between species from contrasting 286 

successional groups: pioneer species (birch, willow) were more vulnerable to cavitation than 287 

the late successional ones (e.g. beech). Species also displayed large differences in the slope of 288 
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the fitted relationships at the Ψ50 value, from 30 to 130 % MPa-1. No significant relationship 289 

between this slope and Ψ50 was found.  290 

291 

Towards functional groups for drought response 292 

A principal component analysis was performed on the following variables, characterizing or 293 

involved in the strategy of drought response: (1) variables related to the drought intensity, as 294 

experienced by trees (Ψwp, Ψwm, SFD%, depth of root system), (2) variables characterizing 295 

the vulnerability to cavitation (�50, Slope) and (3) advance of the growing season (earlier leaf 296 

unfolding date) (Figure 5). 297 

The first two axis explain more than 85 % of the observed variability (Figure 5). The first 298 

principal axis (53%) involved the leaf unfolding date, the control of embolism (slope), the 299 

midday leaf water potential and the depth of root system. The second axis (35%) 300 

corresponded to the drought intensity experienced by trees (Ψwp) and the stomatal control of 301 

transpiration (SFD%). The vulnerability to xylem cavitation (Ψ50) weakly contributed to the 302 

definition of the two axis.  303 

The distribution of the 5 species in the first factorial space yielded 3 clear clusters:  304 

(i) the first cluster, containing S. capreae and Q. robur, species which are characterised by 305 

deep root systems and higher (less negative) Ψwp under moderate water stress than the others 306 

species, and the absence, or only limited, decrease in SFD% under water stress;  307 

(ii) on the contrary, in the second cluster, C. Betulus and F. sylvatica presented a shallow root 308 

system causing negative Ψwp and a strong stomatal control (sharp decrease in SFD%). These 309 

species are also the most resistant to drought-induced cavitation, unlike S. capreae and Q. 310 

robur. 311 



�����������	L	

213 

(iii) B. pendula showed characteristics of the second cluster in terms of Ψwp and SFD% but 312 

can be separated from those species by a deeper root system, an earlier growing season, and a 313 

more vulnerable xylem to drought induced cavitation.  314 

315 
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316 

Discussion 317 

The summer drought of 2006 induced contrasting responses among the investigated co-318 

occurring species: some of them (B. pendula, C. betulus, F. sylvatica) experienced severe 319 

water stress and showed a strong decrease in both their transpiration and predawn water 320 

potential (Figure 2). Conversely, other species (Q. robur and to a lesser extent S. capreae) did 321 

not experience water stress, maintaining high transpiration rates. These contrasted behaviours 322 

were already mentioned in mixed forests during 2003 (Leuzinger et al. 2005, Zapater et al. in 323 

prep), the most severe drought in Europe for more than 50 years (Granier et al. 2007). The 324 

absence of regulation of some species can be explained by the root system depth (Figure 3, 325 

Table 2): the deeper the root system and the less species experienced drought and decreased 326 

their water flux; deep rooting allowing water uptake when superficial soil layers dried out is 327 

an efficient way to postpone drought, as already showed by Bréda et al. (1995) in a Quercus 328 

robur and Q. petraea stand. Deep rooting allow to prospect where competition for water is 329 

less intense. 330 

331 

The importance of avoiding hydraulic failure in the soil-plant-atmosphere continuum in plant 332 

drought survival has long been reported (Sperry et al. 2002, Tyree and Zimmermann 2002, 333 

McDowell et al. 2008…). Hydraulic failure occurs when reduced soil water availability 334 

coupled with high evaporative demand cause xylem conduit to cavitate. Drought resistance to 335 

cavitation is estimated through vulnerability curves, that gives access to the potential inducing 336 

a loss of xylem conductivity of 50% (�50) and the slope of the vulnerability curve, 337 

quantifying trees ability to control runaway embolism level (Sperry 2000).  338 
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We highlighted strong differences among tree species in both �50 and slope, that are supposed 339 

to be linked to the structure of the vessels. �50 depends on the porosity of the pits of the cell 340 

wall (Cochard et al. 1992 a,  Tyree et al. 1994, Tyree and  Zimmermann 2002) while the 341 

slope, less investigated, seems to be linked to xylem heterogeneity, i.e. collection of pipes 342 

with different vulnerability to cavitation (Pammenter and Vander Willigen 1998).  343 

Our estimates of �50 confirmed those of previous study (e.g. Bréda et al. 1993b, Tyree and  344 

Cochard 1996, Cochard et al. 1999, Lemoine et al. 2002, Cochard et al. 2005, Barigah et al. 345 

2006) and it appeared therefore to be species characteristic with a low intraspecific variability. 346 

Nevertheless, resistance to drought induced cavitation is not the only parameter that allow 347 

avoiding failure: an efficient stomatal control limiting the drop in leaf water potential (and so 348 

on the increase of the tension difference between soil and leaves) as well as an efficient root 349 

system (high root density and/or hydraulic conductivity and/or deep root system) giving 350 

access to water during drought also are keys components in drought impact and survival. 351 

We can note correlations between these two parameters and several variables (Figure 5) :  352 

- the slope was linked to the midday leaf water potential and to SFD% reached during 353 

the driest 2006 summer period (r2=0.52 and 0.27 respectively). These relationships 354 

mean that species with the steeper the slope are also characterised by less negative 355 

�wm and higher stomatal control. Therefore, species with steep slope prevent the 356 

cavitation phenomenon and the drop in �wm through an efficient stomatal control. 357 

Note that these species (C. betulus and B. pendula) did not exhibit any loss of xylem 358 

conductivity during the 2006 summer drought (data not shown) 359 

- �50 was linked to depth of root system (Figure 5). Furthermore, it can be related to 360 

wood density (data not shown, Hacke et al. 2001 a) and hence, we can suggest some 361 

trade-off in the carbon allocation: when carbon is invested in denser xylem branch 362 

tissues to support xylem conduits against cavitation (Hacke et al. 2001 a), less carbon 363 
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is invested in the root system. This trade-off has already been mentioned in xeric 364 

habitat (Sperry and  Hacke 2002, Hukin et al. 2005), underlying the importance of 365 

rooting depth to postpone drought. Similarly, we can note that the resistance to 366 

cavitation levels seem to be in agreement with the successional group of these species 367 

(Figure 4): pioneer species and light demanding (B. pendula, S. capreae) are more 368 

vulnerable to cavitation than the late successional ones more tolerant to shade (C. 369 

betulus, F. sylvatica), as already reported by Sobrado (2003) and Barigah et al. (2006). 370 

Therefore, this trade-off between growth and resistance to cavitation could be 371 

interpreted as a tree growth strategy in relation to forest evolution, pioneer species 372 

being known to grow faster than late successional ones. 373 

374 

The principal component analysis (Figure 5) was used to define drought strategy responses (in 375 

the sense of Ludlow, 1989), i.e. combination or grouping of mechanistically linked responses 376 

and characteristics that illustrate a particular type of behaviour during a period of soil water 377 

deficit. We focused on the above-described functional traits: water absorption, transport and 378 

regulation, leaf phenology. The first axis is interpreted as “avoiding drought strategy” as 379 

described in several studies, mainly through the precocity of the growing season, but also 380 

involves the ability to control runaway embolism. The second axis describes the “drought 381 

tolerance strategy” through drought intensity experienced by trees plus the stomatal regulation 382 

efficiency. 383 

In this way, we propose here three drought responses in the young broad leaved mesic mixed 384 

stand we studied:  385 

(i) tolerant species (Q. robur and S. capreae) that did not experience drought and did not 386 

reduce their SFD%, thanks to a deep root system, and that are characterised by 387 

intermediate growing season length and xylem tissues quite vulnerable to 388 
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cavitation. This vulnerability to cavitation and the absence of water regulation 389 

induced large cavitation rate in S. capreae (close to 60%, data not shown). This 390 

behaviour is similar to observed in Populus euphratica, a species growing in arid 391 

regions of Central Asia, its distribution being restricted to river-banks. This species 392 

is characterized by a higher vulnerability to drought-induced cavitation than the 393 

others species of Populus genus inducing high cavitation levels (Hukin et al. 394 

2005),  395 

(ii) the non-tolerant species (C. betulus and F. sylvatica) that showed xylem resistant to 396 

drought induced cavitation and longer growing season, both species being shade 397 

tolerant climax species, 398 

(iii) the B. pendula species, a non-tolerant drought species was characterized by an earlier 399 

and shorter growing season and therefore avoiding drought by temporal advance of 400 

water consumption thanks to leaf phenology. Such a phenology as compared to 401 

oak and beech was consistent with Kramer (1995) observations. Furthermore, this 402 

species presented a deep root system, another way to postpone drought; this 403 

singular behaviour, mixing both temporal drought escape and drought postponing 404 

through deep root systems,  may be partly explained by the fact that this species 405 

supports a wide range of site condition from dry to wet soils (Rameau et al. 1994) 406 

and is not sensitive to water logging (Ranney and Bir 1994). B. pendula is 407 

therefore able to absorb excess water in spring and reduce the water table. 408 

Furthermore, we showed a high vulnerability to cavitation of birch twig (Figure 4). 409 

Several studies have shown a higher vulnerability in roots than in twigs (Sperry and  410 

Saliendra 1994 , Hacke et al. 2000, Pockman and  Sperry 2000, Sperry et al. 2003, 411 

Hukin et al. 2005). The lack of consistency between root profile observations and 412 

�wp experienced by birches can be explained by cavitation in its fine roots.  413 
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414 
Our study highlights drought response strategies in mesic environment submitted to seasonal 415 

summer drought of co-occurring, competing species at the same site at different times of the 416 

year. We showed some trade off between leaf phenology, resistance to xylem cavitation and 417 

depth of root system, as it had already been mentioned in xeric habitat. In mesic environment, 418 

it seems that a deep root system, allowing access to water when shallower soil layers dry out, 419 

and therefore no stomatal regulation, is a key component in drought response allowing 420 

sustained carbon assimilation. Indeed, the non tolerant strategy describes in this study 421 

(C.betulus and F.sylvatica species), through strong stomatal closure, could involve carbon 422 

starvation (McDowell et al. 2008) and a cascade of down-stream effects such as reduced 423 

growth, reduced resistance to biotic agent and dieback (Bréda et al. 2006). Therefore, it seems 424 

that the tolerant species (Q. robur and S. capreae) are more able to develop under drought 425 

condition. Nevertheless, we have to take these results with caution, as they only described the 426 

“short term effects” of water stress, and not the postpone effects. Hence, longer and drier 427 

conditions are needed to observe possible mortality or resilience in our stand site.  428 

429 
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Figure Captions  630 

631 

Figure 1: 632 

Time-course of budburst and leaf fall during 2006 of the five investigated tree species. (Mean 633 

± standard error). 634 

635 

Figure 2: 636 

Seasonal course of potential evapotranspiration (PET, mm.d-1), relative extractable soil water 637 

(REW), relative sap flux density (SFD%, ± standard errors), ratio of transpiration to potential 638 

evapotranspiration (T/PET), estimated predawn leaf water potential (in black, Ψwp, MPa) and 639 

measured midday leaf water potential (in gray,Ψwm, MPa), from days 165 to 215 of the year in 640 

2006. Betula pendula (�), Salix capreae (�), Quercus robur (�), , Carpinus betulus (�), 641 

Fagus sylvatica (�). Vertical bars represent standard errors. 642 

643 

Figure 3 644 

Soil bulk density (in grey) and fine root density profiles of the investigated species (roots 645 

diameter < 3mm) over 160 cm depth. 646 

647 

648 

Figure 4: 649 

Xylem water potential inducing a 50% loss in xylem conductivity (left) and the slope of the 650 

vulnerability curve (tangential to the Ψ50 value) (right) for 5 temperate broadleaved tree 651 

species. Error bars represent standard error (n=15: 3 tree per species and 5 replicates).  652 

653 

Figure 5: 654 

Principal component analysis for 5 species studied, according to 7 variables, characterizing or 655 

involved in the strategies of drought response: (1) variables related to drought intensity 656 
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experienced by the trees (Ψwp, Ψwm, SFD%, depth of root system), (2) variables 657 

characterizing vulnerability to cavitation (�50, Slope)  and (3) precocity of the species 658 

growing season (budburst date). Sap flow data are tree means when REW was comprised 659 

between 0.2 and 0.3 and global radiation between 17 and 21 MJ.m-2; Ψwp and Ψwm were 660 

measured at the driest period of 2006 summer (DOY 213 and 206 respectively). Left: 661 

projection of the variables on the first factorial space, right: projection of the species on the 662 

same plane. 663 

664 
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Table 1: 665 

Leaf unfolding and leaf fall dates (day of year) and length of the growing season (in days) in 666 

2006 for each of the investigated tree species. 667 

668 
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Table 2: 676 

Total root density and root density below the depth of change in soil structure and texture (50 677 

cm) (number of fine root per m2, RD), proportion of roots below this limit and parameters of 678 

the relationships between soil bulk density (SBD; g.cm-3) and RD (RD = a - b . SBD) where a 679 

and b are the fitted parameters and R2 the correlation coefficient). 680 
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UNE POMPE BIOLOGIQUE PERFORMANTE: CONTRIBUTION DES RACINES
FINES D'ARBRES FORESTIERS DANS LE DESSÈCHEMENT DES COUCHES
ARGILEUSES DE SOL LORS D'ÉPISODES DE SÉCHERESSE

AN EFFICIENT PUMP :CONTRIBUTION OF FINE ROOTS OF FOREST TREES IN CLA y
LA YER DRYING OUT DURING DROUGHT EVENTS

Marion ZAPATER, Cédric BARLET, Yves LEFÈVRE, André GRANIER, NathalleBHÉDA
UMH 1137 Ecologie et Ecophysfologie Forestière, INRA Nancy, Champenoux, France

RÉSUMÉ - Le comporte ent de sept espèces d'arbres forestiers a été étudié en condition de
sécheresse, dont la distribution racinaire sur un sol qui présente une accumulation d'argile à 50
cm de profondeur, Les espèces les moins affectées pa la sécheresse sont celles, comme le
chêne, capables de coloniser les horizons enrichis en argile, et d'en extraire une partie de l'eau
en période de déficit hydrique estival.

ABSTRACT - Seven forast tree species were studied under drought condi ions (water loss
reglliation and root distribution). Sail was characterized by an enriched clay-layer al 50 cm
deplh. The species Ihe less affecled by Ihe droughl, Iike oak Irees, we e able 10 develup inlo the
day layer and uptake water in lhis horizon during summer soil water deficit.

1. Introduction

Les scénarios de changements climatiques prévoient une augme tation de la fréquence et de
l'intensité des épisodes de sécheresse en E rope (Schar et al., 2004 ; Alcamo et aL, 20 7). On
considère qu'une sécheresse débute lorsque la quantité d'eau da s le sol disponible pour les
arbres n'est plus suffisante pour assurer des échanges gazeux optimums, ce qui implique une
fermeture stomatique, provoquant une diminution de la transpiration des arbres, et par là·
même, ne réduction de leur croissance (Hinkley el aL, 1981).

Les différentes espèces d'arbres répondent de manière contraslée à la sécheresse. Cela se
traduit par différentes stratégies d'utilisation de l'eau: oertaines espèces réduisent
drastiquement leur arte en eau en fermant précocement leurs stomates, alo s que d'aulres
maintiennent de fans niveaux de lranspiralion et consewent une croissance significative, Ces
différences de régulations son1 elles-mêmes étroitement liées à la capacité de la plante à
extraire l'cau du sol, via son système racinairc (Lcvitt, 1980; Bréda ct al., 2006), prolongé sous
forêt par un résea mycélien associé (mycorhizes) augmentant la surface d'absorption.

La distribution verticale de l'enracinement est principalement contrainte par les
caractéristiques physiques du sol (leneur en argile, caillo x, densilé des horizons ...) et le rs
conséquences sur la dynamique de l'eau (nappe temporaire) I:Kramer, 1983; Bréda et al.,
1995 ; Bengough, 003; Bréda et al., 2006). Ainsi, la capacité de ce aines espèces d'arbres fi.
coloniser es horizons plus ou moins denses leur permet d'absorber de l'eau en profo deur en
cas de sécheresse.

Les objectifs de ce travail sont:
(0 déterminer la distribution racinaire de sept e!;pèces d'arbres forestiers en fonction des

contraintes du sol (racines fines el racines de plus gros diamètre) ;
(ii) relier cet enracinement à la physiologie de l'arbre notamment en période de déficit

hydriquê;
(lii) mettre en évidence le lien entre comportement des différentes espèces e condition

de sécheresse et dessèchement des couches de sol argileuses.
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2. Matériel et méthodes

2. 1. Site expérimental

Cette étude a été menée dans un jeune peuplement forestier du Nord st de la France (Hesse,
57, N 48" 40' 27"; E r 03' 53", altitude 295 rn, Parcelle 215), iS::lu de régénération nl:l.turelle.
L'âge des arbres varie entre 15 et 25 ans. Le peuplement est constitué de différen'es espèces à
feuilles caduques, à savoir de la plus représentée à la moins représentée : hêtre (Fagu$
sylvatica, noté Fs), charme (Carpinus betu/us, noté Cb), chênes (Quercus pe!raea noté Qp et
Quercus IObur, noté Or), saule (Safix capraea, noté Sc), bouleau (Balula pendula, noté Bp),
tremble (Populus tremula, noté Pt) et merisier (Prunus avium, noté Pa). La hauteur moyenne
des arbres est de 9 • Le tableau 1 présente les caractéristiques dendrométriques des arbres
étudiés.

Tab ea.u . Caracteristiques des arbres etudies

Circonférence Hau:eur Distance ProfondeurSpecies Abréviation (cm) (m) tree-trenC1 (cm)
wall (cm)

Belula (Jendula Silver birch 80 57.3 12 20 100
Populus tremula Aspen Pt 55,2 16,7 45 170

Saux caoraea Goat willolV Sc 433 87 44 160
Prunus ewium Wild cherr( Pa 56 12,4 65 150
Ouercus robur Pedunculate oak Or 22..7 7,2 30 150

CarDinus betu/us Hornbeam Cb 21.1 7,3 27 170
Faaus sv/varica Eurooee'l beech Fs 308 93 tl2 1i)0

e climat se caractérise par des précipitations moyennes annuelles de 820 mm et une
température annuelle moyenne de 9.2'C.

e substratum géologique est ne altérite sur grès et silts de la zone moyenne argileuse du
Muschelkalk inférieur (carte géologique de Sarrebourg, 1/50000, BRG ,1968). Le sol est un
néoluvisol mésosaturé à caractère rédmdque. La situation topographique est un haut de
versant. faiblement incliné vers le Nord Ouest. Le sol présente un horizon d'accum jlation
d'argile (horizon BT) à structure polyédrique moyennement développée, avec des enrobements
brun rouille, 10% de tacnes de décolora1ion peu contrastées et 7% de concrétions ferro
manganiques. L'ensemble du profil est décarbonaté et présente un pH(ea } compris entre 4,5
et 4,9. La figure 1 présente les caractéristiques de densité du sol mesurée par gammamétrie et
la gréinulornét "e de la terre fine analysée en cinq tractions. Un changement te ural et s ructural
net apparait à la transition avec l'horizon 8T, avec de plus la présence de traces
d'hydromorphie (taches de décoloration et d'oxydatfon) liée à la nappe tem oraire.

2.2. Distribution des racines sur front de fosse

Des fosses (2,4J m de long, 0,75 m de large, 1,50 à 1,70 m de profondeur) ont été ouvertes à
l'aide d'une mini-pelle mécanique e juillet 2006, à une distance variant selon l'accessibilité de
25 à 65 cm du tronc de l'arbre étudié. À cette distance de l'arbre, la fosse se situe dans la zone
qui contient le maximum de racinos (Thomas ot Hartmann, 1998). Une prospection préalable a
vérifié l'homogénéité du sol afin de choisir les arbres étudiés dans des zones présentant des
caractéristIques pédologlques semblables. Les descriptions d'e raclnement ont été réalisées
entre juillet et septembre 2006 par cartographie d'impacts en deux dimesions sur front de·
fosses. La surface ve ica.1e d'observation (3,6 m:2 par arbre) a été préalablement décompactée
à l'aide d'un couteau afin de mettre en évide ce les impacts racinaires; puis, chaque impact a
été reoensé sebn une grille de maille de 100 cm!2 (Figure 2). Cinq classes de diamètre de
racines ont été distinguées: fines (diamètre <: 3 mm) ; moyennes (3-5 mm et 5-10 mm de
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diamè ra) et grosses raci èS (> 20 mm de diamètre). Toutes les racines de diamètre supérieur
à 3 mm ont été mesurées individuellement au pied à coulisse.
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Figure 2. Comptage des impacts racinaires su front de fosse
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2.3. Dynamique saisonnière de teneur en eau du sol

La teneur en eau du sol a été mesurée périodiquemont de 2000 à 2002 à l'aide de comptages
neutroniques réalisés dans trois tubes d'accès de 1,60 m de profondeur au centre d dispositif.
Une mesure complémentaire a été réalisée à la fin de l'été 2003. L'humidimètre utilisé est une
sonde à neut ons (Nordisk Elektrisk Apparatfabrik, Da emark). les mesures 50 t réalisées tous
les 0 cm jusqu'à 1 m de profondeur, puis tous les 20 cm. Les résul1ats sont exprimés en
teneur en eau volumique grâce à un étalonnage par horizon et mesures de densité à l'aide d'un
gammadensimètre (Pacifie Nuclear Corp,TM, CPN T'vpe 502).

2.4. Estimation de la sécheresse subie par les arbres

En fin de nuit, alors Que la eonducta ce stomatique foliaire es· faible à nulle et que l'humidité de
l'air est roche de la saturation, il y a équilibre des potentiels hydriques dans le système
interface soVracin9s·arbm. Ainsi, mesurGr les potgntiels hydriques des f9uill9s 9n fin de nuit,
appelé potentiel hydique de base. revient à estimer indirectement les potentiels hydriq es du
sol dans la zone la pl s humide colon isée par le système racinaire (Aussenac et al., 1984). Plus
le potentiel de base est négatif, plls la contrainte hydrique subie par l'arbre est importante. Les
mesures de potentiels de base ont été réalisées au cours de la saison 2006 avec une chambre
à pression de type Scholander (PMS instrument, Corviallis, Oregon, USA) sur des écha tillons
de feuilles prélevées en fin de nuit sur les arbres.

2.5. Densité de flux de sève

La densité de flux de sève brutal (sève ascendante) est une variable propor1iollnelle à la
transpiration des arbres (Granier, 19B5). Les flux de sève ont été en cgistrés automatiquement
à l'aide de fluxmètres radiaux à chauffage continu (Granier, 1987) reliés à une centrale
d'acquisition. L'enregistrement a été poursuivi en continu au cou s de la saison de végétation
2006 sur cinq des huit espèces présentes dans le peuplement ( ouleau, saule, charme, chêne
pédonc lé, hêtre).

3. Résultats

3.1. Distribution des racines fines, lien avec le comportement des arbres en condition de
sécheresse

es cartographies racinaires (racines firtes) des sept espèces forestières mettent en évidence
des distrib tio s con rastées. Certaines espèces (bouleau. saule et chêne) ont un enracinement
plus profond et sont capables de coloniser les horizons riches en argile; à l'opposé,
l'enracinement d'autres espèces comme charme, hêtre, tremble et merisier (Figure 3) est
bloqué au iveau de l'horizon argileux, La contrainte à "enracinement est non seulement
physique mais également liée à la contrainte hydrique par excès d'eau: le hêtre par exemple
est connu pour ne pas supporter les conditions anox.iques ici présentent périodiquement sile à
la formation d'une nappe temporaire au-dessus de l'horizon BT.

La capacité ou non à coloniser les horizons profonds, denses et argileux, peut être reliée au
loneUo nemenl de l'arbre en condition de sécheresse, en particulier la réduction de la
transpiration et le niveau de contrainte subie par les arbres (tableau Il).

1 La densité de flux de sève eslle flux de sève par unité de suriace conduct ice
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Tableau Il. Diminutio relative de la densité de flul< de sève (DF) exp imée par apport à son
maxim m mesuré avant déficil hydrique du sol) el des potentiels hydr'iques de base au cours

d'une sécheresse es1ivale (Jour 213, 31 juillet 2006).

Espèces
Bouleau

Saule
Chêne p.
Charme

Hêtre

Diminution ca la DF (%) Potentiels de base (MPa)
80 -1.0
2D -1.4
1 -as

65 -~o

76 ·2.0

On peut ainsi dasser les espèoes en trois catégories:
(i) les espéces qUI ont un systeme racinaire superficiel et qUI diminuent fortement leur

t élnspiralion (ctlamle et hêt e) el qui malgré cette régulation atteignenl un polenliel
hydrique de base très négatif ;

(i!) les espèces qui ne réduisent pas leur flux 9 âce à un système racinaire p ofond
(chêne pédonculé, saule) qui leur permet d'accéder àn plus grand réservoir en eau
du sol e en conséquence de conserver des potentiels hydriques de base peu négalirs
(faible contrainte hydriq e);

(iii) le bouleau qui, malgré un système racinaire profond éduit fortement sa transpiration,
Cet1e espèce privilégie probablement le maintien de l'intégrité de son système
vasculaire (évitement de la cavitation) aux dépens de la transpiration et donc de sa
croissance; une autre hypothèse pour expliq er ce componement pourrait reposer
sur des racines fines peu résista tes à la sécheresse, rapidement embolisées, ce qui
emratneralt un taux élevé de mortalité et pénaliserait donc la transpiration.

3.2. Distribution des racines de plus gros diamètre

L'absorption de l'eau et des éléments minéraux se fait par les racines fines, souvent associées
en forêt à des champignons mycorhizie s et leurs filaments. Les racines de plus gros dia être,
quant à eles, ass rant une fonction d'ancrage de l'arbre dans le sol. Elles servent également
de support à la régénération de racines de dimension moyenne, et sont de ce fait moins
susceptibles de dessécher les couches de sol argileuses que les racines fines. Les grosses
racines (> 1 cm), hormis chez le merisier, ne pénètrent pas ou très peu ces horizons argileux
(Figure 4). Elles ne cont -buent donc pas non plus à la structuration du sol e- à la décompaclion
des horizons argile x denses,

Les mesures d'humidité du sol, réalisées à diffé entes dates au cours d'un cycle de
dessèchement saisonnier, montrent des variations importantes de la teneur en eau volumique
entre la capacité au camp et la te eur en eau minimale observée sur ce site fin août 2003
(Figure 5). Les limites des horizons pédologiques onl été reportées sur ces profils de
dessèc ement du sol. Une lenaur en eau plus élevée est observée an débui de saison au
niveau de l'ho izon BT. Jusqu'au 15 ju in. les prélèvements d'eau par les racines s'effectuent
presque exclusivement jusqu'à 80 cm de profondeur, le niveau le plus argileux. Lorsque l'été
progresse, les prélèvements sont répartis sur tout le profil jusqujà 1 m de profondeur. Lors de la
sécheresse de 200G, un rès important prélèvemenl est décelé dans l'argile (horizon Cl
jusqu'a fond du proiil (couche A). Ce dessèchement a été attribué a x chênes, les autres
espèces ayan! à cette date arrêté leur transpiration (par réglua-Ion slomatique ou par chute
anticipée des feuilles mesurées sur ce site (Bréda et al., 2006 ;, Zapater et al., in prep.).
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Figure 4. Profils racinai es ( omors de racines comptées pa m2 de sol en fonction de la
profondeur) pour les dlf1êrentes espèces et les différentes classes de diamètres. La ligne

horiwntale représe te la lirnile supérieure de l'horiLon BT. La dent)ité apparente du sol esl
figurée dans le graphique en haut à gauche. Les espèoes sont idemifiées par leurs initiales

(Tableau 1). On note que les axes des densités racinaires sont différents entre les classes de
racines. et très rapidement décroissants pour les racines> 3 mm.
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Figure 5. Profls de teneur en eau du sol (exprimée en humidité volumique) mesurés à
di érentes dates a cours d'un cycle de dessèchement saisonnier sur le site expérimental

(année 2001). Le profil du 12 Janvier correspond à la capacité au champ, tandis qua le profil de
teneur en eau du sol le 13 août 2003 est le pl s sec jamais observé sur le site.

4. COnclusions

Les différentes espèces d'arbres forestiers se caractérisent par des comportements contrastés
en conclition de sécheresse: certaines espèces, à enracinement peu profond, stoppenl leur
transpiratiDn et leur croissance, alors que d'au1res, ui présement des roponions de racines
fines non négligeables dans les horizons argileux, maintien ne t leur transpiration, Da s celte
étude, c'es1 le cas de deux espèces de ché es et du saule. Lorsq e l'eau devient diffioile à
extraire dans les horizons supérieurs de sol. ces arbres sont capables d'assécher des horizons
argileux de plus en plus profonds. La présence de ces espèces d'arbre s r un sol argileux est
cIonc un facteur à prendre en compte dans l'analyse des risques de propagation de
sécheresses géotechniques. À l'inverse, les grosses racines, plus liées à l'a orage des arbres
dans le sol qU'à l'absorplion d'eau et de minéraux, sont généralement bloquées par les horizons
argileux et n'Interviennent donc pas dans leur dessèchement.
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1 01-janv 65 06-mars 129 09-mai 193 12-juil 257 14-sept 321 17-nov
2 02-janv 66 07-mars 130 10-mai 194 13-juil 258 15-sept 322 18-nov
3 03-janv 67 08-mars 131 11-mai 195 14-juil 259 16-sept 323 19-nov
4 04-janv 68 09-mars 132 12-mai 196 15-juil 260 17-sept 324 20-nov
5 05-janv 69 10-mars 133 13-mai 197 16-juil 261 18-sept 325 21-nov
6 06-janv 70 11-mars 134 14-mai 198 17-juil 262 19-sept 326 22-nov
7 07-janv 71 12-mars 135 15-mai 199 18-juil 263 20-sept 327 23-nov
8 08-janv 72 13-mars 136 16-mai 200 19-juil 264 21-sept 328 24-nov
9 09-janv 73 14-mars 137 17-mai 201 20-juil 265 22-sept 329 25-nov

10 10-janv 74 15-mars 138 18-mai 202 21-juil 266 23-sept 330 26-nov
11 11-janv 75 16-mars 139 19-mai 203 22-juil 267 24-sept 331 27-nov
12 12-janv 76 17-mars 140 20-mai 204 23-juil 268 25-sept 332 28-nov
13 13-janv 77 18-mars 141 21-mai 205 24-juil 269 26-sept 333 29-nov
14 14-janv 78 19-mars 142 22-mai 206 25-juil 270 27-sept 334 30-nov
15 15-janv 79 20-mars 143 23-mai 207 26-juil 271 28-sept 335 01-déc
16 16-janv 80 21-mars 144 24-mai 208 27-juil 272 29-sept 336 02-déc
17 17-janv 81 22-mars 145 25-mai 209 28-juil 273 30-sept 337 03-déc
18 18-janv 82 23-mars 146 26-mai 210 29-juil 274 01-oct 338 04-déc
19 19-janv 83 24-mars 147 27-mai 211 30-juil 275 02-oct 339 05-déc
20 20-janv 84 25-mars 148 28-mai 212 31-juil 276 03-oct 340 06-déc
21 21-janv 85 26-mars 149 29-mai 213 01-août 277 04-oct 341 07-déc
22 22-janv 86 27-mars 150 30-mai 214 02-août 278 05-oct 342 08-déc
23 23-janv 87 28-mars 151 31-mai 215 03-août 279 06-oct 343 09-déc
24 24-janv 88 29-mars 152 01-juin 216 04-août 280 07-oct 344 10-déc
25 25-janv 89 30-mars 153 02-juin 217 05-août 281 08-oct 345 11-déc
26 26-janv 90 31-mars 154 03-juin 218 06-août 282 09-oct 346 12-déc
27 27-janv 91 01-avr 155 04-juin 219 07-août 283 10-oct 347 13-déc
28 28-janv 92 02-avr 156 05-juin 220 08-août 284 11-oct 348 14-déc
29 29-janv 93 03-avr 157 06-juin 221 09-août 285 12-oct 349 15-déc
30 30-janv 94 04-avr 158 07-juin 222 10-août 286 13-oct 350 16-déc
31 31-janv 95 05-avr 159 08-juin 223 11-août 287 14-oct 351 17-déc
32 01-févr 96 06-avr 160 09-juin 224 12-août 288 15-oct 352 18-déc
33 02-févr 97 07-avr 161 10-juin 225 13-août 289 16-oct 353 19-déc
34 03-févr 98 08-avr 162 11-juin 226 14-août 290 17-oct 354 20-déc
35 04-févr 99 09-avr 163 12-juin 227 15-août 291 18-oct 355 21-déc
36 05-févr 100 10-avr 164 13-juin 228 16-août 292 19-oct 356 22-déc
37 06-févr 101 11-avr 165 14-juin 229 17-août 293 20-oct 357 23-déc
38 07-févr 102 12-avr 166 15-juin 230 18-août 294 21-oct 358 24-déc
39 08-févr 103 13-avr 167 16-juin 231 19-août 295 22-oct 359 25-déc
40 09-févr 104 14-avr 168 17-juin 232 20-août 296 23-oct 360 26-déc
41 10-févr 105 15-avr 169 18-juin 233 21-août 297 24-oct 361 27-déc
42 11-févr 106 16-avr 170 19-juin 234 22-août 298 25-oct 362 28-déc
43 12-févr 107 17-avr 171 20-juin 235 23-août 299 26-oct 363 29-déc
44 13-févr 108 18-avr 172 21-juin 236 24-août 300 27-oct 364 30-déc
45 14-févr 109 19-avr 173 22-juin 237 25-août 301 28-oct 365 31-déc
46 15-févr 110 20-avr 174 23-juin 238 26-août 302 29-oct
47 16-févr 111 21-avr 175 24-juin 239 27-août 303 30-oct
48 17-févr 112 22-avr 176 25-juin 240 28-août 304 31-oct
49 18-févr 113 23-avr 177 26-juin 241 29-août 305 01-nov
50 19-févr 114 24-avr 178 27-juin 242 30-août 306 02-nov
51 20-févr 115 25-avr 179 28-juin 243 31-août 307 03-nov
52 21-févr 116 26-avr 180 29-juin 244 01-sept 308 04-nov
53 22-févr 117 27-avr 181 30-juin 245 02-sept 309 05-nov
54 23-févr 118 28-avr 182 01-juil 246 03-sept 310 06-nov
55 24-févr 119 29-avr 183 02-juil 247 04-sept 311 07-nov
56 25-févr 120 30-avr 184 03-juil 248 05-sept 312 08-nov
57 26-févr 121 01-mai 185 04-juil 249 06-sept 313 09-nov
58 27-févr 122 02-mai 186 05-juil 250 07-sept 314 10-nov
59 28-févr 123 03-mai 187 06-juil 251 08-sept 315 11-nov
60 01-mars 124 04-mai 188 07-juil 252 09-sept 316 12-nov
61 02-mars 125 05-mai 189 08-juil 253 10-sept 317 13-nov
62 03-mars 126 06-mai 190 09-juil 254 11-sept 318 14-nov
63 04-mars 127 07-mai 191 10-juil 255 12-sept 319 15-nov
64 05-mars 128 08-mai 192 11-juil 256 13-sept 320 16-nov
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03-janv 67 07-mars 131 10-mai 195 13-juil 259 15-sept 323 18-nov
04-janv 68 08-mars 132 11-mai 196 14-juil 260 16-sept 324 19-nov
05-janv 69 09-mars 133 12-mai 197 15-juil 261 17-sept 325 20-nov
06-janv 70 10-mars 134 13-mai 198 16-juil 262 18-sept 326 21-nov
07-janv 71 11-mars 135 14-mai 199 17-juil 263 19-sept 327 22-nov
08-janv 72 12-mars 136 15-mai 200 18-juil 264 20-sept 328 23-nov
09-janv 73 13-mars 137 16-mai 201 19-juil 265 21-sept 329 24-nov
10-janv 74 14-mars 138 17-mai 202 20-juil 266 22-sept 330 25-nov
11-janv 75 15-mars 139 18-mai 203 21-juil 267 23-sept 331 26-nov
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16-janv 80 20-mars 144 23-mai 208 26-juil 272 28-sept 336 01-déc
17-janv 81 21-mars 145 24-mai 209 27-juil 273 29-sept 337 02-déc
18-janv 82 22-mars 146 25-mai 210 28-juil 274 30-sept 338 03-déc
19-janv 83 23-mars 147 26-mai 211 29-juil 275 01-oct 339 04-déc
20-janv 84 24-mars 148 27-mai 212 30-juil 276 02-oct 340 05-déc
21-janv 85 25-mars 149 28-mai 213 31-juil 277 03-oct 341 06-déc
22-janv 86 26-mars 150 29-mai 214 01-août 278 04-oct 342 07-déc
23-janv 87 27-mars 151 30-mai 215 02-août 279 05-oct 343 08-déc
24-janv 88 28-mars 152 31-mai 216 03-août 280 06-oct 344 09-déc
25-janv 89 29-mars 153 01-juin 217 04-août 281 07-oct 345 10-déc
26-janv 90 30-mars 154 02-juin 218 05-août 282 08-oct 346 11-déc
27-janv 91 31-mars 155 03-juin 219 06-août 283 09-oct 347 12-déc
28-janv 92 01-avr 156 04-juin 220 07-août 284 10-oct 348 13-déc
29-janv 93 02-avr 157 05-juin 221 08-août 285 11-oct 349 14-déc
30-janv 94 03-avr 158 06-juin 222 09-août 286 12-oct 350 15-déc
31-janv 95 04-avr 159 07-juin 223 10-août 287 13-oct 351 16-déc
01-févr 96 05-avr 160 08-juin 224 11-août 288 14-oct 352 17-déc
02-févr 97 06-avr 161 09-juin 225 12-août 289 15-oct 353 18-déc
03-févr 98 07-avr 162 10-juin 226 13-août 290 16-oct 354 19-déc
04-févr 99 08-avr 163 11-juin 227 14-août 291 17-oct 355 20-déc
05-févr 100 09-avr 164 12-juin 228 15-août 292 18-oct 356 21-déc
06-févr 101 10-avr 165 13-juin 229 16-août 293 19-oct 357 22-déc
07-févr 102 11-avr 166 14-juin 230 17-août 294 20-oct 358 23-déc
08-févr 103 12-avr 167 15-juin 231 18-août 295 21-oct 359 24-déc
09-févr 104 13-avr 168 16-juin 232 19-août 296 22-oct 360 25-déc
10-févr 105 14-avr 169 17-juin 233 20-août 297 23-oct 361 26-déc
11-févr 106 15-avr 170 18-juin 234 21-août 298 24-oct 362 27-déc
12-févr 107 16-avr 171 19-juin 235 22-août 299 25-oct 363 28-déc
13-févr 108 17-avr 172 20-juin 236 23-août 300 26-oct 364 29-déc
14-févr 109 18-avr 173 21-juin 237 24-août 301 27-oct 365 30-déc
15-févr 110 19-avr 174 22-juin 238 25-août 302 28-oct 366 31-déc
16-févr 111 20-avr 175 23-juin 239 26-août 303 29-oct
17-févr 112 21-avr 176 24-juin 240 27-août 304 30-oct
18-févr 113 22-avr 177 25-juin 241 28-août 305 31-oct
19-févr 114 23-avr 178 26-juin 242 29-août 306 01-nov
20-févr 115 24-avr 179 27-juin 243 30-août 307 02-nov
21-févr 116 25-avr 180 28-juin 244 31-août 308 03-nov
22-févr 117 26-avr 181 29-juin 245 01-sept 309 04-nov
23-févr 118 27-avr 182 30-juin 246 02-sept 310 05-nov
24-févr 119 28-avr 183 01-juil 247 03-sept 311 06-nov
25-févr 120 29-avr 184 02-juil 248 04-sept 312 07-nov
26-févr 121 30-avr 185 03-juil 249 05-sept 313 08-nov
27-févr 122 01-mai 186 04-juil 250 06-sept 314 09-nov
28-févr 123 02-mai 187 05-juil 251 07-sept 315 10-nov
29-févr 124 03-mai 188 06-juil 252 08-sept 316 11-nov

01-mars 125 04-mai 189 07-juil 253 09-sept 317 12-nov
02-mars 126 05-mai 190 08-juil 254 10-sept 318 13-nov
03-mars 127 06-mai 191 09-juil 255 11-sept 319 14-nov
04-mars 128 07-mai 192 10-juil 256 12-sept 320 15-nov

�



Diversité fonctionnelle de la réponse à la sécheresse édaphique d’espèces feuillues en 
peuplement mélangé

 
 : approche écophysiologique et isotopique 

 
Résumé : Les peuplements mélangés font l’objet d’un intérêt croissant de la part des gestionnaires 
forestiers. Cet intérêt résulte de la diversité des fonctions, marchandes (production et à terme stockage de 
carbone) ou non marchandes (biodiversité, loisirs) des forêts depuis quelques années ainsi que de l’idée 
générale selon laquelle les forêts mélangées seraient plus résistantes et résilientes aux événements extrêmes 
(tempêtes, sécheresses, excès d’eau, attaques de pathogènes). Dans ce contexte, il est nécessaire de 
caractériser le fonctionnement des différentes espèces présentes au sein d’un peuplement forestier et de 
définir leurs possibles interactions.  
Ce travail a pour principal objectif la caractérisation de la diversité fonctionnelle de la gestion de l’eau d’un 
jeune peuplement mélangé (stage gaulis), notamment en condition de sécheresse. L’étude s’est orientée sur 
(i) la description de la réponse des arbres à la sécheresse à l’aide de mesures de flux de sève et potentiels 
hydriques de base s’étalant sur 4 années de mesures, dont l’année exceptionnellement sèche 2003, (ii) la 
caractérisation de l’absorption de l’eau au travers d’études de morphologie  racinaire et d’expérimentations 
de marquages isotopiques (deutérium et 18O) et (iii) la vulnérabilité à la cavitation des différentes espèces 
et son contrôle par les stomates. L’étude de la croissance radiale des arbres, de leur phénologie ainsi que 
celle  de l’efficience d’utilisation de l’eau (au niveau foliaire, �13

A l’échelle du peuplement, cette diversité fonctionnelle se traduit par une complémentarité de l’utilisation 
des ressources hydriques du sol et par des mécanismes de facilitation (« ascenseur hydraulique ») avec un 
avantage certain pour les peuplements mixtes par rapport aux peuplements monospécifiques. 

C et de l’arbre, rapport accroissement en surface 
terrière/transpiration saisonnière) ont également été abordées. L’ensemble de ces mesures a permis, grâce à une 
analyse en composantes principales, de mettre en évidence des groupes fonctionnels d’espèces et de 
définir des stratégies de fonctionnement en réponse à la sécheresse. Nous séparons ainsi les espèces qui 
apparaissent comme tolérantes à la sécheresse (chênes sessile et pédonculé, saule marsault) de celles qui ne 
le sont pas (charme, hêtre et bouleau) ; un deuxième axe permet de séparer les espèces selon leur stratégie 
d’évitement de la sécheresse, principalement liées à une saison de végétation plus précoce et décalée dans 
le temps (notamment pour le bouleau et de façon moindre pour le charme et le saule). 
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O, mécanisme d’ascenseur hydraulique, vulnérabilité à la 
cavitation, complémentarité de gestion des ressources 

 
 

Functional diversity in drought responses in a young broad-leaved mixed forest : 
ecophysiological and isotopical approaches  

 
 
Abstract: In regard to the various functions of forests (production, carbon sequestration, social, 
recreation, cultural) and considering the general idea that mixed stands would be more resistant and 
resilient to disturbances (storms, drought, flooding, pests attacks…), those stands are more and more 
promoted than pure stands. In such a context, characterize co-occurring species behaviour and define the 
possible interaction between them appeared to be necessary. The main objective of this work was to 
characterize the functional diversity in water uptake and regulation in a young broad leaved mixed forest, 
particularly under drought conditions. The study was focused on (i) drought response of the species from 
sap flow and predawn leaf water potential measurements, (ii) water absorption through two-dimensional 
root distribution and labeling experiments (using deuterium and 18O) and (iii) vulnerability to cavitation of 
the different species and its protection through stomatal regulation. Radial growth, phenology and water 
use efficiency were also taken into account in this analysis (at leaf, i.e. �13

At stand level, this functional diversity results in complementarity soil water use and facilitation 
mechanism (hydraulic lift) that benefits to mixed in comparison to pure forest stands. 

C and tree,  basal area increment 
/seasonal transpiration ratio levels). A principal component analysis highlights functional groups that allow to 
define different strategies in drought response. We could separate tolerant species (sessile and pedunculate 
oak, goat willow) to non-tolerant ones (hornbeam, beech and birch); a second axis separated species with 
regards to drought-avoiding strategy, mainly linked to an earlier growing season. This is particularly true 
for birch and, to a lesser extent, for hornbeam and goat willow). 

 
Keywords: mixed forest, functional diversity, drought, phenology, sap flow, water potential, root mapping, labeling 
experiment, D, �18O, hydraulic lift, vulnerability to cavitation, complementarity of water resources use. 
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