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Abstract — To study their responses to a moderate drought, seedlings of S@asileus petraefMatt.] Liebl.) and pedunculate oak

(Q. roburL.) were grown in outdoor lysimeters that allowed unrestricted root growth. They were subjected to a moderate drought from
mid-June to the end of August. The stomatal conductance remained almost unaffected by drought. In the drought-stressed seedling
the relative foliar water deficits were significantly higher, and the predawn leaf water potentials were significantlyaiowethé

control plants. The decrease in osmotic pressures at maximum turgor and at the point of turgor loss in the drought-steessed pla
indicated osmotic adjustment. The ratio of leaf to fine-root biomass was significantly diminished in the drought-stressgsl seed|
combination with previous observations, the results indicate that, in the Central-European oak species, a shift in bioanass comp
mentation is the predominant process in acclimation to drought since it also occurs under severe drought stress irosordtist to
adjustment, which was only found under conditions of a moderate drought.

Quercus/ drought / leaf-root biomass ratio / osmotic adjustment / pressure-volume analysis

Résumé— Réponses morphologiques et physiologiques de semis de ch@aercus petraeat Q. robur) face a une sécheresse
modérée.Afin d'étudier leur réaction face a une sécheresse modérée, des plantules de chén@usessile fetraefiMatt.] Liebl.)

et de chéne pédoncul®.(roburL.) ont été cultivées a I'extérieur, dans une cuve lysimétrique permettant un développement illimité
des racines. Le régime de sécheresse modérée leur a été appliqué de mi-juin jusqu’a fin aodt. La conductance foliaeen&omatiqu
guére été affectée par la sécheresse. Le degré du déficit hydrique foliaire relatif des plantules stressées par lasithegpsse a
menté de facgon significative alors que le potentiel hydrique foliaire mesuré avant I'aube fut plus bas que celui desépfenisles

La diminution des pressions osmotiques en pleine turgescence et au point zéro turgor des plantules stressées indigtesrahtin aju
osmotique. Les plantules stressées ont montré un ratio de la biomasse foliaire par rapport a la biomasse des raciresifines qui
baissé de maniére significative. Les résultats complétent ainsi des études antérieures indiquant que pour les chénde européens
changement de la compartimentation de la biomasse serait le processus prédominant dans I'acclimatation a la séchetesse. En effe
phénoméne surgit également lors d’'une sécheresse excessive tandis que I'ajustement osmotique n'a été constaté queHers d'une sé
resse modérée.

Quercus/ ajustement osmotique / analyse pression-volume / rapport des biomasses feuilles-racines / sécheresse
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1. INTRODUCTION a slower rate of soil dehydration. This indicates that the
degree of the stress affects the performance of osmotic

Besides beechF@gus sylvatical.), pedunculate @adjustment [5]. However, in that particular study, the
(Quercus roburl.) and sessile oakQ, petraea[Matt.] osmotic pressure at maximum turgpf Y was measured
Liebl.) are the most common deciduous forest treein sap which had been pressed out of the leaf tissue. Due
species in Central Europe. Within this region, under nat-t0 dilution of the cell sap by apoplasmic water, this
ural conditions, they have a lower competitive power thanMethod generally leads to an overestimatiofigfi.e.,
beech at sites with a moderate to optimum supply ofl€ss negative values [20]). Seedlings of the pedunculate
water and nutrients. Therefore, they tend to gain domi-0ak were shown to osmotically adjust their leaf water
nance over beech mainly at sites with more extreme soilPotential when subjected to consecutive drying cycles
moisture conditions [8]. Although, compared to the ses-[19]. However, these plants were grown under green-
sile oak, the pedunculate oak was found to have a |argehouse conditions, and in containers with restnc_ted rooting
water requirement [17] and to be more sensitive toVolume as was also the case in other studies [9, 28].
drought stress [4, 27], this species also occurs at sites witd herefore, we conducted a study on pedunculate and ses-
low water supply, e.g. on nutrient-poor sandy soils Sile oak seedlings whose roots were allowed to grow
(Betulo-Quercetum roboris[29]), or on plateaus and without restriction outside the greenhouse under con-
exposed slopes of well-drained limestone hills (xerother-{rolled conditions. The objectives of the investigation
mic mixed oak forests; cf. [13]). At those sites, drought Were to examine whether (1) osmotic adjustment would

tolerance is a prerequisite for the establishment ofdevelop under a moderate drought, and (2) morphological
seedlings. alterations as responses to a moderate drought would be

) _ ) ) similar to those caused by severe stress. The results are
Morpho-anatomical and physiological mechanisms of giscussed against the background of findings from a pre-

drought tolerance are known. Morpho-anatomical mecha-yjous investigation on the effects of a severe drought on
nisms involve alterations in leaf area, cell wall elasticity, pak seedlings [24].

or biomass compartmentation between shoot and roots

[15]. Physiological mechanisms include an effective stom-

atal control of water loss and osmotic adjustment, i.e. a 2 MATERIALS AND METHODS
change in osmotic pressure larger than the passive change
resulting from the loss of cell water [11]. Qv petraea,
severe drought resulted in an increased production of fine-
root biomass, and in a decrease in the following: the bio- For the experiments. selected reproduction material
mass of leaves and stems, the biomass ratio of leaves tg . . ting f P th ’th G E thiand and hill
fine roots, and the number of buds Qnpubescengyith ongnating from the nor erman nheatiand and ni

regard to biomass parameters, only the average mass (gg untry (sessile oakQuercus petraegMatt] Liebl.)

the individual buds was significantly lowered by drought; Sa%?]d)frg;no';ih?nZﬁ;es';r()srﬁeﬁ]ecﬁmtrear'% ?n%rurﬁl{ai;%\ﬁgr
but, in this species, indications were found for an increase Y), 9 9 y

in tissue elasticity as an acclimation to drought [24]. country of southern Germany (pedunculate @akecus

However, in neither of the two species was osmotic robur L.); obtained from a tree nursery) was used. In

adjustment found as a response to severe drought [24], nol?ebruary 1998, the acoms were sawn into germination

was it detected in most of the drought-resistant shrubsOIISheS filled with quartz sand and cultivated in a green-

includingQ. pubescenshat were investigated at drought- hﬁgfoenvmg getﬁsmpggélg_eoogr;% ::eréd Zocp)r:/(\)/;ogg ?éhSet'C
prone sites in Austria and the Mediterranean region [11].p0 210 umol m? s}/(da - 6.00 — 20.00 hS 10 °C (night)
In contrast, indications for osmotic adjustment as a mean§ H Y: O ¥ ' gnu,

I idi 0, id-
of acclimation to drought was provided by a study carried &ned ghrgcl)?gv\?vgrl:emsItyrgiirsnoa:gl 851/8' I_n Téd c'\r/1|1ayt’a\I/IVh$r?e
out in a mixed stand of. sylvatica, Q. petraeand seedlings were Ian'?epd into fouryl simeters situated ,in the
Q. pyrenaican central Spain [3]. 9 P y

Botanical Garden. These were 5 m long, 1.2 m wide and
Osmotic adjustment may occur during ontogeny, and1l — 2 m deep, and were filled with calcareous sand
not only in response to drought [2]. Therefore, the (pH(H,O) approx. 7). In each lysimeter, 60 seedlings
assumption of osmotic adjustment needs to be corrobo{30 sessile and 30 pedunculate oaks) were arranged in
rated by comparisons between drought-stressed andour rows at a distance of approximately 25 cm from the
adequately watered plants, which are in a comparableadjacent plants or from the side of the lysimeter to pre-
developmental stage. In a recent study conducted orvent shading effects. The oaks were thoroughly watered,
seedlings of sessile oak, osmotic adjustment was less proand the water level in the lysimeters was adjusted to
nounced after a rapid onset of drought than in the case ofi0 cm below the soil surface. During the first two weeks

2.1. Plant material and cultivation
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after planting, the seedlings were protected from inten- To supply the plants with nutrients, 10 | of nutrient
sive solar radiation by shading. solution were added to each lysimeter once at the end of
May and again at the end of July. The solution contained

The drought experiment started in mid-June. In two of ’ .
g b 4 mM NH,NO,; and the following concentrations of

the four lysimeters (the drought lysimeters), the water . : ;
level was lowered to 80 cm below the soil surface. A Mmacro- and micronutrients, which had been proven to be

complete drainage was avoided to allow the plants to usétPPropriate for the growth of oak seedlings in previous
the higher water contents of deeper soil layers by pro-nvestigations: K, 6.0 mM; Mg, 2.1 mM; Ca, 0.9 mM; P,
gressive root growth. By lowering the water table, the 9-> MM; S, 7.3 mM; Fe, 0.14 mM; B, 13.5 uM; Mn,
volumetric water contenSWC;measured by TDR: type /- MM: Zn, 6.0 uM; Mo, 3.6 M.
6050X1, Trase System I, Soil Moisture Equipment Co.,
Santa Barbara, CA, USA) of the uppermost 15 cm of the
soil decreased from 19% to 7% within 10 days. In this 2 5 \water relations and biomass
soil layer, it was kept at 7% by controlled superficial
watering until the end of the experiment. After finishing
the experimentSWCwas 10% in 35 — 50 cm of soil At the beginning of the drought and on three consecu-
depth, and almost 15% in 50 — 65 cm of soil depth in thetive dates at the end of July and in August, the stomatal
drought lysimeters. In the uppermost 15 cm of conductance of the leaveg, (mmol HO m? s7?),
the remaining two lysimeters (the control lysimeters), the predawn leaf water potentiaW’f), parameters derived
SWC was adjusted to 15 — 20% during that time from pressure-volume curveg\( curves), relative water
(figure 1). The soil moisture relations were uniform in deficits of the leavesRWD), biomass of leaves and fine
both lysimeters of a given treatment. All lysimeters were roots (diameteg 2 mm), leaf mass per unit arelaMA)
protected from uncontrolled watering by an automatical- and rooting depths were determined. The seedlings
ly operated roof which was moved over the plants in theselected from the control and the drought lysimeters were
event of precipitation. However, to document the weath-similar with respect to their developmental stage.
er conditions during the experimental period, the daily On sunny days between 12.00 and 14.00 h
precipitation is shown together with the daily maximum (PPFD> 1 mmol nt?s), g was measured in each three
air temperature ifigure 1 June, July and August were leaves from three seedlings per species and lysimeter
drier than the long-term average. May was warmer, andwith a steady-state porometer (LI-1600, LI-COR,
July and August were cooler, than normal. However, Lincoln, NE, USA). In the upper shoot sections of three
warm, dry periods occurred during the second half of Julyseedlings per species and treatmifjwas determined
and the first half of Augusfi¢ure 1). with the aid of a pressure chamber [22]. In those
seedlings,RWD was also obtained from one combined
sample per plant, consisting of ten leaf discs, by weighing
before and after 3 h of rehydration, and after drying at
105 °C [23, 25]. In three seedlings per species and treat-

1% ment,pV curves were established with shoots, which had
S v g been rehydrated overnight, by the expressior) of xylem
& g sap at several pressure steps that were applied within a
® g {1 2 pressure chamber [20]. From the plots of the cumulative
5 = 1 2 amount of expressed xylem sap-akis) against the
g A inverse value of the applied pressuraxis), the follow-
5 o ‘et e, 0 3 1s ing parameters were calculated [2[]; (MPa), osmotic
" | II | | | | | 1] pressure at maximum turgan, (M_Pa), osmotic pressure
op Wb ThAL.[wlll, L Wk o Jo (or leaf water potential, respectively) at the turgor loss
May June July August point; Al (MPa), difference betweeff, and[],, RWG,
Date relative water content of the leaf tissue at the turgor loss

point; RWQym, relative water content of the saturated
Figure 1. Daily maximum air temperature (solid line), daily symplaste . (MPa), maximum bulk modulus of tissue
amounts of precipitation (vertical bars), and volumetric water eIasticity.RWQ was computed as the ratio of thaxis

tcr?“te”ts (.SW$ lc"C'QS()j O&the uppfegn\;\?ét 15 cm of StOi('jde”’gﬁ intercept (which is considered to be the total amount of
e experimental period. Means o are presented for the :
control (open circles) and drought lysimeters (solid circles). The symplasmic water [20]) to the total water content of the

arrow indicates the start of the drought treatment. The climatetiSSu€ (which is the difference between the fresh mass

data are derived from Deutscher Wetterdienst ([6], meteorolog-after rehydration and the dry mass),, was calculated
ical station of Géttingen). from the slope of the linear portion of the plot of turgor
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(P) againstRWC (relative water content of the tissue) and control seedlings of the two species. In contrast, after

according to the onset of drought, the leaf biomass of the stressed
_ . seedlings was slightly lower than in the control ones. In

Emax = AP/ARWC" (RWG o5~ chépf)’ two instances (early August, pedunculate oak; mid-

whereRWG, .= averageRWCof the considered portion ~ August, sessile oak), the differences were significant
of the plot, andRWC __ = relative water content of the (table I). Those alterations resulted in significantly

G
apoplasm (cf. [14]). P decreased ratios of leaves to fine roots on a dry-mass

The rooting depths of the seedlings that had been use@asis.m the drought-stressed plarﬁgu(re 29. TheLMA
for pV analyses were assessed. Leaf and root biomass dgXhibited a slight tendency to increase from June to late
those seedlings were determined after drying for 24 h at:\Ugust, but none of the species exhibited significant dif-
105 °C. In three plants per species and treatment, the ledfences between treatmentable ). In the drought-
area of three freshly harvested leaves was measured witit'essed seedlings, a smaller fraction of plants developed
a leaf-area meter (LI-305 CA/4 and LI-3000, LI-COR). & second flush, and the number of buds decreased slight-
After drying at 105 °C and weighingMA (g,,, M) was ly, compared to the control plants. However, the differ-
calculated. During the entire experiment, the plants were€NCes between treatments were insignificetii¢ 11). As
monitored for the development of a second flush. At the@ consequence of root growth, the rooting depths

end of September, the number of buds was counted of’creased from early June to the end of Augtasil¢ |).
nine seedlings per species and treatment. Within the species, differences between treatments were

not detected. Within a given treatment, the oak species
did not exhibit distinct differences with regard to the
2.3. Chemical analyses determined growth parameters (leaf and root biomass,
LMA, rooting depth, generation of a second flush, number
In mid-September, three to five leaves per seedlingof buds;tables I, ).
were harvested from 13 pedunculate and 16 sessile oaks ) ) )
per treatment. After drying at 105 °C and pulverizing, one At the end of July and in mid-Augus¥, in the
sample, each comprisings0- 1 mg, were analyzed for N cantly lower than in the control plantdigtre 23.
(to determine the nutrient status) and &%C, i.e. the ~ Accordingly, leafRWD was higher in those seedlings,
deviation of the'3C fraction of the leaf from a standard €Xcept for the pedunculate oak in late Jdigufe 2b.
cy [10]), with an isotope mass spectrometer (Défta the stomatal_c_:onductangeof the drought-stressed oaks
(NA 1500, Carlo Erba, Rodano/Milan, Italy). The stan- e€xcept for the sessile oak in late Jurigufe 29.

dards were acetanilide (for N) and Peedee BelemniteNeverthelessg of the droughted seedlings remained
(for C). below the controls during the entire drought treatment. In

early and mid-Augusf{], and[], in the drought-stressed
o seedlings of both species were significantly lower than in
2.4. Statistics the control plantsfigures 3a, §. At the end of August,
however, no significant differences in water relation para-
In the presentation of the results, the means and stanmeters between treatments were fogfiglires 2, 3) At
dard errors are given. Within the species, the differenceshat time, the roots of the drought-stressed seedlings had
between control and drought-stressed seedlings on eached soil layers with a water content of at least 10%
given date were tested with the Mann-Whitney Ranked (cf. 2.1 andable |). In none of the species did1 signif-
Sum Test  test). The significance of the correlation jcantly differ between treatments (data not shown).
coefficients resulting from linear regressions was tested
using the distribution of values. Differences between  After the onset of droughRWG, was significantly
treatments in the fraction of plants that had generated digher (early August), anRWG . was lower (mid-
second shoot were tested with tktest. The signifi-  August) in the stressed pedunculate odigsie 3b. In
cance level was 5%°(< 0.05) in each case. the sessile oak, no significant differences occurred
between treatmentdigure 39. From theRWG, values,
the relative water deficit at the turgor loss poRWD,)
3. RESULTS can be calculatedRWD, = 1 —RWG,). In August, on a
per cent basis, these values generally were lower than the
On the sampling dates, no significant differences wererespective foliaRWDvalues (cffigures 2b, 3b, 3d This
found between the fine root biomass of drought-stressedvould mean that, in August, the foliar water content was
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Table I. Leaf and fine-root biomass, leaf mass per unit drb&\j, and rooting depth of seedlings@fiercus robuandQ. petraea,
which were adequately supplied with water (“Control”) or subjected to a moderate droad)t ¢, significant difference within the

species on a given date.

Date and parameter

Quercus robur

Quercus petraea

Control Drought Control Drought
Leaf biomassdp,,,)
June 12 0.61 £0.05 0.57 £ 0.05 0.59 £0.10 0.51 +£0.09
August 8 0.76 £ 0.05 0.60 £ 0.02* 0.72 £0.09 0.62 +£0.04
August 20 0.71 +£0.05 0.66 £+ 0.03 0.80 £ 0.03 0.52 £+ 0.04*
August 30 0.86 £ 0.14 0.65 £+ 0.07 0.95+0.22 0.55 £ 0.07
LMA (gpy, M?)
June 12 62+1 61+3 58 +2 50+1
August 8 61+1 632 61+1 602
August 20 61+1 61+2 62+1 64 +2
August 30 63 +2 65+ 2 61 +2 62 +2
Fine-root biomassg,,)
June 12 0.39 +£0.04 0.42 £0.04 0.37 £0.06 0.43 £0.08
August 8 0.51 +£0.03 0.52 £0.04 0.56 + 0.05 0.52 £ 0.07
August 20 0.62 +£0.06 0.52 £0.03 0.52 £ 0.04 0.55+0.01
August 30 0.60 £ 0.05 0.63+0.11 0.56 +0.06 0.66 +£0.13
Rooting depth (cm)
June 12 15+2 18+2 16+2 17+2
August 8 343 32+5 34+5 37+3
August 20 39+3 43 +3 44 + 2 41+3
August 30 46 +5 43 +6 50+6 45+ 3
— 300
~~ (\“E I
n;_ a, 200 -
2 2 |
N~ 5
E LI SN
\; C * T T T
June July l August I " June July August
N * T} 15
14 * s |
2
o - = 13- *
2+ * 2 r * *x
= | S wuf
> *
> L
L \/
° b % ool d x ¥
" June July I August T " June July I August I
Date Date

Figure 2. Water and biomass relations in seedlingQuoércus petraeériangles) and). robur(squares) which were adequately sup-
plied with water (open symbols) or subjected to a moderate drought (solid symbols). a) Predawn leaf water #gtebjilg]ative
water deficit of the leaveRWD). c) Stomatal conductancg)(d) Biomass ratio of leaves to fine roots. The arrow indicates the onset
of the drought. *, significant difference between treatments within the species on a given date.
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Table Il. Portion of plants with a second flugih= 60), number of buds per plamt£ 9), and the deviation of the foli&fC fraction
from a standardd3C; n= 13 inQ. robur, n= 16 inQ. petraedin seedlings oQuercus robuandQ. petraeawhich were adequately
supplied with water (“Control”) or subjected to a moderate drought.

Parameter Quercus robur Quercus petraea
Control Drought Control Drought
Portion of plants with a second flush (%) 18.3 13.3 23.3 18.3
Number of buds per plant 10.3+0.6 9.3+0.8 11.2+0.9 94+1.0
B13C (%o) —28.46 +0.28 -28.42 £0.24 -28.33£0.20 -28.16 £0.17
Quercus robur Quercus pelraea
[
2
=
r * ok
—32F a . *x C
June | July ' August I June July I August I
1.0
*
L *i __’—_8;&@ L M
0.8 - RWCp - RWCe
(8]
g - -
['4
0.6 -
| RWCqym | RWCsym
sl Y * b \ d
’ June ' July I August l June k July I August I

Date

Figure 3. Water relation parameters of adequately watered (open circles) and drought-stressed (solid circles) se@dingssof
robur andQ. petraeaas derived from pressure-volume analyses. a) and ¢) Osmotic prd$satarfaximum turgorr(]%) and at the
turgor-loss point[(],). b) and d) Relative water conteRWQ of the leaf tissue at the turgor-loss poRWG), and of the symplasm

at water saturatiorF{WQyn). The arrow indicates the onset of the drought. *, significant difference between treatments within the
species on a given date.

below the threshold of turgor loss. This is rather improb- ~ The mean values @&f,, were between 13 and 23 MPa
able. Probably, the discrepancy between the f&lID in the sessile oak, and between 13 and 20 MPa in the
and theRWD, values results from the differences in the pedunculate oak, and did not exhibit a distinct tendency
methodical approach. The rehydration procedure of theto decrease or increase with time (data not shown). In
leaf discs may have resulted in an oversaturation due t@nly few instances (sessile oak, early June and late
an infiltration of intercellular space at the margin of the August; pedunculate oak, early August) was dfs, of
discs, although such an infiltration was not detected bythe drought-stressed seedlings significantly higher than in
visual inspection. An oversaturation of the tissue resultsthe control plants.

in an underestimation of the relative water content and,

thus, in an overestimation BWD. Therefore, the results In figure 4 the osmotic pressure of the seedlings com-
of the different methods are not immediately compatible. puted from theV curves is plotted against the respective
However, the foliaRWD data can be used for a rough W, values that were measured at maximum four days
assessment of effects exerted by the drought treatment. after the determination ofl. In the drought-stressed
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-15 during leaf ontogeny may result in an alteratiot\A.
m, An elevation in LMA is sometimes associated with
T r=0957 (P<0O)b=062 increased water-use efficiency [1]. Normally, in mid-
- June, when the drought treatment of the present study was
started, oak leaves are fully expanded, but the leaf thick-
ness generally increases until late summer. This was
observed, at least in tendency, in the present study
(table I) and was also found, to an even more pronounced
e extent, in previous investigations. Thus, an alteration in
0.954 (P < 0.01); b = 0.52 LMA had to be taken into account as a possible morpho-
-3.0 bt B anatomical response to drought. A higher tissue elasticity
-1.0 -0.8 -0.6 -0.4 0.2 0.0
allows the plant to maintain turgor at lower leaf water
Ye (MPa) potentials [15]. HoweverLMA and €__ were neither

Figure 4. Osmotic pressure) at maximum turgor[{.; above Qecreased by a moderate drought (this investigation) nor,
the broken line) and at the point of turgor loBk,;(bélow the in the case of sessile oak, by severe drought stress [24].

broken line) plotted against the predawn leaf water potential NOr was a uniform response ef .. to drought stress
(Wp). The data are derived from seedlingsQufercus petraea  found in North American oak species [1]. The long-term
(triangles) and. robur (squares) which were adequately sup- water-use efficiency of pedunculate and sessile oaks also
plied with water (open symbols) or subjected to a moderateremained unchanged by a moderate drought as was indi-
Slopes ) were compLibd from combined data of both species’ Caled bY the lack of significant differences in BiéC
drought-stressed seedlings. ratios between treatmentslfle 1l). The same rgsult was
obtained after youn@uercus petraeavere subjected to
severe drought stress; whereas in drought-stressed
Q. pubescendpng-term water-use efficiency was even
decreased, as was obvious through |M&C ratios [24].

M (MPa)

r=
1

seedlings[], as well as[], decreased with decreasing
W.. The slopeb indicates the degree of osmotic adjust-
ment (cf. [5]). Calculated from the combined data of both  The decrease dfl in the drought-stressed seedlings
species’ drought-stressed seedlings, osmotic adjustmentigures 3a, §can be interpreted as osmotic adjustment in
was 0.62 MPd() (MPa(¥))™ with regard to[1, and  the sense of Hinckley et al. (1980) [11]. This is justified
0.52 MPa(l) (MPa(W))* with regard to],. since theRWCof the drought-stressed seedlings as deter-

The meard'3C ratios did not reveal significant differ- mined bypV analysis did not decrease in most instances
ences between species or treatmetsié Il). The mean  of the reduction i1 (figures 3b, gl An exception is the
foliar N concentrations were 20 — 22 rglgM—l, and Sig- significant reduction in th&Wngm of drought-stressed
nificant differences did not occur between treatments.Pedunculate oak seedlings in mid-Augudgure 3. In
They were within the “normal range” given for seedlings this case, a calculation of the expected changg]jn
of the investigated species [26]. based on the reduction iRW(;ym showed that the

decrease in symplasmic water content at saturation can
account for the decrease in osmotic pressure.

4. DISCUSSION The change i], with respect to the change ¥,
) _ _ ~ (0.62 MPa MP4d figure 4 was larger than in the sessile
~ The drought applied during the experiment was suffi- pak seedlings investigated in an earlier study
ciently intense to reduc&’, and to increaseRWD (0.32 — 0.45 MPa MPZ; [5]). This probably is due to the
However,g was only weakly affected as were growth and different method of the determination [df, which was
biomass of the separate plant compartments. In contrastot derived fronpV analysis, but measured in sap pressed
young sessile oaks, which had been subjected to a seveigyt of the leaves. In this process, the solute concentration
drought, reacted with a significant decrease not only in  of the cytoplasm is diluted by apoplasmic water [e.g. 20].
but also in the biomass of leaves and shoot axes, in th&ince the volume of apoplasmic water within the tissue is
number of buds, and in the fraction of plants which pro- regarded to be constant over the entire range of positive
duced a second flush [24]. Thus, in accordance with thewyrgor (e.g. [20]), its fraction in total leaf water must
intention of the experiment, the drought applied in the jncrease with decreasing leaf water content and, thus,
present study can be assessed as moderate. Other MQfecreasingt. Therefore, the overestimation[df, (due to
pho-anatomical features that could provide acclimation tomeasuring less negative values) increases with decreasing
drought stress are an increaséMiA, and in tissue elas- W, resulting in a smaller value of the slope wihgpis
ticity, detectable by a decreasegj,,. Drought imposed plotted agains¥.
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The degree of osmotic adjustment — calculated as thdeaves. The observation that osmotic adjustment in the
difference between the osmotic pressure of control andeaves of drought-stressed pedunculate oaks only occurs
drought-stressed seedlings — was similar in both speciest increased, but not at ambient ncentrations [28],
and was, on average, 0.30 — 0.38 MPa [ff;, and is in accordance with the hypothesized mechanism.

0.24 - 0.61 MPa fof],. These values are very similar to
those obtained from mesic to xeric North American oak
species (0.25 — 0.60 MPa fQuercus alba, Q. macro-
carpaandQ. stellata[21]), and fit into the usual range of

In conclusion, alterations in biomass compartmenta-
tion, resulting in a decreased leaf/fine-root ratio, seem to
be the most important processes of acclimation to drought

stress in both Central-European oak species. At the leaf

tEe delg(r)e(:/lgf OSEO“? atlj\jlustrrrtznt, which is g|](enerally leSSevel, osmotic adjustment occurs as a physiological accli-
than 1. a [15]. In North American 0aks, 0SMOUC ation process to achieve dehydration tolerance.

adjustment is greater in species in the more arid regiong, vever, it only occurs under a moderate drought, but
[1]; whereas it seems to be marginal or even lacking in o+ inder severe drought stress

the less drought-resista@. rubra [1, 12]. Within the
range of its occurrence, osmotic adjustment can provide
an effective physiological means of dehydration tolerance
by maintaining turgor. This allows the continuation of

root extension, leaf expansion and photosynthesis [18]. [1] Abrams M.D., Adaptations and responses to drought in

Acco_rdingly, in the present study, leaf con(_jucta_nce Quercusspecies of North America, Tree Physiol. 7 (1990) 227-
remained largely unaffected. Generally, osmotic adjust-3g

ment persists only for a few days after the cessation of the

drought stress [16]. In our investigation, osmotic adjust- tissue water parameters of mature foliage from well-watered

ment ceased at the end of August, whieof the drought-  4nq periodically droughted tree seedlings, J. Exp. Bot. 45

stressed seedlings raised to the level of the control plantg1994) 171-177.

_(flgures 3?’ g. The increase if was accqmpanled by an [3] Aranda I., Gil L., Pardos J., Seasonal water relations of

increase in¥;, and a decrease RWD (figures 2a, b, three broadleaved specidagus sylvaticd.., Quercus petraea

indicating a recovery from drought. This was obviously (Mattuschka) Liebl. anuercus pyrenaicavilld.) in a mixed

due to the uninterrupted growth of the drought-stressedstand in the centre of the Iberian Peninsula, For. Ecol. Manage.

plants’ roots which had, at the end of August, extended to84 (1996) 219-229.

40 — 50 cm of soil depth, whe@WCwas as high as [4] Cochard H., Bréda N., Granier A., Aussenac G.,

10 - 15%. Vulnerability to air embolism and hydraulic architecture of
Although the biomass of leaves and fine roots only three European oak specig@uercus petraegMatt.] Liebl.,

was moderately influenced, the dry matter-related ratio ofQ: PubescensVilld., Q. roburL.), Ann. Sci. For. 49 (1992)

leaves to roots was significantly diminished in the 225-233.

drought-stressed seedlings. In addition to other morpho- [5] Collet C., Guehl J.M., Osmotic adjustment in sessile oak

logical responses, a significant decrease in the leaf-roof€€dlings in response to drought, Ann. Sci. For. 54 (1997) 389-

ratio also was found in young sessile oaks subjected to :

severe drought stress, due to an even |arger impact of [6] Deutscher Wetterdienst, Monatlicher Witterungsbericht,

drought on leaf and fine root biomass; whereas physio-Deutscher Wetterdienst, Offenbach, 1998.

logical reactions such as osmotic adjustment were lacking [7] Dickson R.E., Tomlinson P.T., Oak growth, development

[24]. Thus, in the Central-European oak species, morpho-2and carbon metabolism in response to water stress, Ann. Sci.

logical reactions seem to gain importance with increasingFor- 53 (1996) 181-196.

degree of the drought stress — at the expense of physio- [8] Ellenberg H., Vegetation Mitteleuropas mit den Alpen,

logical responses. This can be explained by the demand" ed., Ulmer, Stuttgart, 1996.

of carbon for performing the acclimation to the stress. In  [9] Epron D., Dreyer E., Starch and soluble carbohydrates in

oaks, the increase in the concentration of solutes needebkaves of water-stressed oak saplings, Ann. Sci. For. 53 (1996)

for osmotic adjustment obviously is achieved by a shift in 263-268.

carbohydrate formation from starch and sucrose to solu- [10] Farquhar G.D., Ehleringer J.R., Hubick K.T., Carbon

ble glucose and fructose [9]. With increasing drought isotope discrimination and photosynthesis, Ann. Rev. Plant

stress, the carbon gain is lowered by the reductiap in  Physiol. Plant Mol. Biol. 40 (1989) 503-537.

Carbon is then preferentially channelled into the forma-  [11] Hinckley T.M., Duhme F., Hinckley A.R., Richter H.,

tion of roots. In the genuQuercus,a deep root system Water relations of drought hardy shrubs: osmotic potential and

helps to avoid dehydration and to tolerate a decreasegtomatal reactivity, Plant Cell Environ. 3 (1980) 131-140.

water supply [7]. Root growth is sustained at the expense [12] Kleiner K.W., Abrams M.D., Schultz J.C., The impact

of shoot growth and physiological acclimation of the of water and nutrient deficiencies on the growth, gas exchange
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