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Effects of drought on photosynthesis, chlorophyll fluorescence 
and photoinhibition susceptibility in intact willow leaves 

E. Ogren* and G. Oquist 
Department of Plant Physiology, University of Ume~, S-901 87 UmeS, Sweden 

Abstract .  Plants from clonal cuttings of Salix sp. 
were subjected to a drying cycle of l0 d in a 
controlled environment. Gas exchange and fluore- 
scence emission were measured on attached leaves. 
The light-saturated photosynthetic CO 2 uptake 
became progressively inhibited with decreased leaf 
water potential both at high, and especially, at low 
intercellular CO 2 pressure. The maximal quantum 
yield of CO 2 uptake was more resistant. The 
inhibition of light-saturated CO 2 uptake at leaf 
water potentials around -10 bar, measured at a 
natural ambient CO 2 concentration, was equally 
attributable to stomatal and non-stomatal factors, 
but  the further inhibition below this water-stress 
level was caused solely by non-stomata1 factors. 
The kinetics of fluorescence emission was changed 
at severe water stress; the slow secondary 
oscillations of the induction curve were attenuated, 
and this probably indicates perturbations in the 
carbon reduction cycle. The influence of light level 
during the drought period was also studied. 
Provided the leaves were properly light-acclimated, 
drought at high and low light levels produced 
essentially the same effects on photosynthesis. 
However, low-light-acclimated leaves became more 
susceptible to photoinhibitory treatment under 
severe water stress, as compared with well-watered 
conditions. 

Key words: Chlorophyll fluorescence - Photoin- 
hibition - Photosynthesis (drought effect) - Salix 
- Water stress. 

Introduct ion 

The rate of photosynthesis declines as leaf water 
stress increases. This is a consequence of both 
stomatal closure causing increased constraint on 
CO 2 diffusion, and decreased chloroplast activity 

* To whom correspondence should be addressed 

Abbreviations and symbols : Pi = intercellular partial pressure of 
CO2; PPFD = photosynthetic photon flux density; RuBP = 
ribulose 1,5-bisphosphate; ~uL = leaf water potential 

(for a recent review see Bradford and Hsiao 1982). 
It is still a matter of controversy as to which 
chloroplast processes are most affected. There are 
studies reporting prominent water-stress effects on 
the thylakoid reactions (Fry 1972; Keck and Boyer 
1974), but there are also those of a conflicting view 
that the dark reactions of the stroma are more 
affected (Kaiser et al. 1981; yon Caemmerer and 
Farquhar 1984). The lack of consensus might 
partly be attributed to the use of different 
experimental designs; a wide range of both plant 
material and rate, degree and duration of water 
stress is being investigated. Also, it is possible that 
besides water status other environmental factors 
are allowed to contribute to the photosynthetic 
depression. For instance, if water stress is 
accompanied by an increased susceptibility to 
photoinhibition, as suggested by Bj6rkman and 
Powles (1984), the concomitant light level should 
be taken into account. 

The objectives of the present work were i) to 
quantify the contribution of stomatal and non- 
stomatal factors in the photosynthetic inhibition 
throughout a drying cycle of several days; ii) to 
elucidate the underlying causes of the non-stomatal 
effect; iii) to investigate whether water status and 
light level can interact to induce photoinhibition; 
iv) to evaluate the use of chlorophyll fluorescence 
as a probe for leaf water stress. This study uses a 
willow species with the potential of  becoming a 
biofuel producer, but before it can be fully 
exploited its ability to withstand water stress and 
other unfavourable conditions must be inves- 
tigated. Besides this, the use of a non-domesticated 
plant such as this may be advantageous when 
studying stress because domesticated plants may 
have evolved divergent stress responses. 

M a t e r i a l  and methods  

Plant material. Cuttings of Salix sp. (clone No. 075 in the 
Swedish Energy Forestry Project, Swedish University of 
Agricultural Sciences, Uppsala, Sweden) were water-saturated 
after storage at 0~ by keeping the lower ends submerged in 
aerated water for about 24 h at room-temperature. They were 
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then planted in fertilized peat (Hasselfors Garden AB, 
Hasselfors, Sweden), first in small pots and after establishment 
in 5-dm 3 pots. During the growth period the plants were 
trimmed to carry two shoots without side-shoots and watered 
daily; two to three times a week a commercial, complete nutrient 
solution (Blomrika, Weibulls, Landskrona, Sweden) was used 
instead of pure water. The climate-chamber conditions were as 
follows: 17 h photoperiod, 23/15~ light/dark temperature, 
70% relative humidity, and a photosynthetic photon flux 
density (PPFD) of 250 gmol-m -2.s -1 at the tops of the plants was 
provided by metal-halogen lamps (HQI-TS 400 W Osram, 
Berlin, FRG). Before the drought treatment was started under 
the climate-chamber conditions (after approx. 14 d of growth), 
one shoot of the plant was cut off, leaving one shoot of a length 
of approx. 0.5 m. Two fully expanded leaves were selected for 
experimental purposes (the seventh and eighth leaf from the 
upper leaf that had attained a length of approx. 0.1 m), and 
nutrient solution was added to give a plant plus soil weight of 
approx. 2500 g. For the drought treatments, the weight was 
allowed to decrease by 150 g per day during the first 8 d; 
transpiration losses exceeding this figure were replaced by the 
alternate addition of water and nutrient solution. During the 
following 2 d the weight decrease was slower and nothing was 
added. The relationship between leaf water potential and 
duration of treatment is indicated in Fig. 2A. For the controls, 
the plant plus soil weight of 2500 g was maintained by daily 
additions of water or, one to two times a week, with nutrient 
solution. 

The susceptibility of photosynthesis to photoinhibition 
under the drought conditions described above was studied in 
two different experiments. For this purpose a supplementary 
light from a projector (Liesegang Fanti Automat, Diisseldorf, 
FRG;  with a 24 V/150 W Thorn lamp) was focused on the leaf 
samples. In one experiment, the leaves were exposed to a single 
6-h period of a PPFD of 1500 gmol.m-2.s 1, followed by a 30- 
rain period of a PPFD of 100-200 gmol.4-s -1 before the start 
of gas-exchange measurements. The leaf temperature measured 
by copper-constantan thermocouples rose from 22.9 to 24.5~ 
upon the high PPFD exposure irrespectively of water status. 
In the second experiment, the supplementary PPFD exposed 
the leaves in a 13-h photoperiod (preceded and followed by 
2 h of the background illumination) starting during their 
unfolding and gradually increasing over 2 d up to a PPFD of 
1000 pmol.m-2-s -1. This level was maintained, for 4-5 d of 
optimal watering, and during the subsequent period of restricted 
watering. 

Measurements of gas exchange and photosynthetic photon flux 
density. Uptake of CO2 and transpiration in single, attached 
leaves were measured with an open gas-exchange system 
identical to that described by Hfillgren et al. (1982) except for 
the CO2 analyser (Series 225 Mk3 ; Analytical Development Co., 
Hoddeson, Herts., UK) and the assimilation chamber (the leaf 
was held in position by the lid frames instead of screens). 
Calibration of the CO2 analyser was made according to Thorpe 
(1978) at a range of known CO2 concentrations obtained by the 
mixing pumps from CO2-depleted air and CO2-enriched 
cylinder air (analyzed for CO 2 at the Department of Inorganic 
Chemistry, University of Umegt). Rate of CO2 uptake, 
conductances to CO2 and H20, and intercellular partial pressure 
of CO2 (Pi) were calculated according to yon Caemmerer and 
Farquhar (1981; equations B5, 8, 14, 15, 16, and 18). The 
stomatal conductances were separated from the boundary- 
layer conductances but included cuticular conductances. The 
boundary-layer conductance to H20 was estimated at 3.7 tool. 
m 2.s-1 by measuring the evaporation from a soaking-wet 
blotting paper with dimensions and position as for the average 
leaf. The saturation water-vapour pressure, assumed to be 

applicable to the intercellular spaces, was determined from leaf 
temperatures and the empirical formula of Riegel (1974). 
Uptake of CO2 and conductances were expressed in terms of 
projected leaf area. Uptake of CO2 at an external CO2 pressure 
of 32.5 Pa, and contribution of stomatal and non-stomatal 
factors to its depression, were calculated as described in the 
legend of Fig. 1. 

The measurements were conducted as follows. The plant 
was removed from the growth chamber 6-8 h after the onset of 
a photoperiod. The leaf midsection (55 mm length, 35-55 mm 
width) was enclosed in the gas-exchange chamber and 
illuminated with the projector specified above. The PPFD was 
measured outside the chamber next to the leaf and was varied 
by altering the length of the light path or attenuating the light 
with white nylon cloth. The rest of the plant was not exposed 
to the actinic light, and was occasionally lightly sprinkled with 
water to offset the decreased atmospheric humidity on the 
removal of the plant from the growth chamber. The leaf-air 
water-vapour pressure difference in the chamber was within 
1.2-1.4 kPa. To measure the CO2 response, a CO2 pressure of 
43.5 Pa was first supplied and the PPFD was gradually increased 
to above the point of saturation, usually to 1200 (stressed) or 
1400 (control) gmol.m 2-s 1 A sequence of readings were then 
made by increasing the CO 2 pressure step-wise, and then 
decreasing it below that first supplied. No photoinhibition of 
photosynthesis was detectable after the completed measure- 
ment. The Pi was 60-100 Pa during measurement of the 
apparent quantum yield of photosynthesis. 

The PPFD was measured with a quantum meter (Li-185A; 
Li-Cor Inc., Lincoln, Neb. USA), unless otherwise stated at the 
plane of the leaf. 

Measurement of fluorescence. This was done on attached leaves 
using a fiber-optic-based system (CIgren and ()quist 1984) to 
excite and collect fluorescence as detailed in the legend of Fig. 6. 
About 5 min prior to excitation the leaf was gently fixed between 
two plastic-foam-coated Perspex bars (approx. 1 cm width) 
across its mid-section so that an attached Perspex rod (8 mm 
diameter), linking to the fiber-optic system, touched the upper 
leaf surface halfway between the midvein and the margin. 

Measurements of leaf water potential (gtL) and relative water 
content. ~L was determined using a pressure chamber 
(Scholander et al. 1964), and using the leaf studied in the gas- 
exchange experiments, unless otherwise stated. (With only a few 
exceptions this ~ti~ value differed less than 1 bar from a ~L value 
measured on an adjacent leaf immediately before the plant was 
transferred to the gas-exchange apparatus. This was done at a 
time of the day when the diurnal variation in ~L had reached 
a plateau minimum.) In the fluorescence experiments, ~L was 
determined on a leaf adjacent to that studied and excised prior 
to the dark pretreatment of the plant. Osmotic potential was 
estimated from the relation between the reciprocal of ~L and the 
relative water content on leaves that had experienced 10 d of 
restricted watering, and on leaves that had experienced 8-9 d of 
adequate watering. For  this purpose four leaves per plant (the 
sixth to ninth leaves as defined in the plant material section) 
were excised under water, and placed with petioles submerged 
in a small container (the interior lined with wet blotting paper) 
that was sealed and kept at 4 ~ C for about 16 h. A leaf was then 
rapidly weighed (at 100% relative water content) followed by 
repeated determinations of fresh weight and ~L; in the periods 
between, the leaf transpired freely outside the pressure chamber. 
Afterwards, the leaf dry weight was determined (after 24 h at 
105 ~ C). In all studies, the leaves were enclosed in plastic bags 
during transport and pressure-chamber measurements to 
minimize water losses. Also, the pressure chamber was 
pressurized, and depressurized, at a rate of about 10 kPa.s -1. 
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Results 

Effect of water stress on the relationship between 
CO: uptake and intercellular CO: pressure (Pi). 
When water stress developed in attached willow 
leaves because of restricted watering, the light- 
saturated photosynthetic CO: uptake became 
progressively inhibited, both at high and low P~. 
Representative photosynthetic CO: response 
curves of a control, a moderately and a severely 
stressed leaf are shown in Fig. 1. Figure 2 summa- 
rizes data of the COs-saturated maximal rate (A) 
and the initial slope (B) of COs-response curves, for 
control leaves (~L within -5 to -6 bar) and leaves 
that had experienced up to 10 d of decreasing soil 
water content. Uptake of CO 2 was unaffected 
above a WL in the interval -9 to -10 bar. Below this 
WL, a marked decrease in both the maximal rate and 
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Fig. 1. Response of CO2 uptake rate to intercellular CO2 
pressure (Pi) in willow leaves with water potentials o f - 5 . 5  
(control), O, -10.8, II, and -14.0 bar, A. Measurements were 
made at saturating PPFDs and constant leaf temperature within 
24.0-26.0 ~ C. Supplementary characters and lines illustrate the 
calculations that yielded data of Figs. 3 mad 4. The extent of 
stomatal and non-stomatal inhibition during a decline in CO2 
uptake at -10.8 bar was calculated as follows: A straight line, 
A = gco2"(Pe-Pi) P (the supply function), was drawn for the 
actual P (total gas pressure), for a Pe (external CO2 pressure) 
of 32.5 Pa and for the value of gco2 (conductance for CO2 
diffusion from turbulent air to intercellulars) measured at a Pe 
value within 29.0-32.0 Pa. The value of gco :  was valid at Pe 
= 32.5 Pa as gco2 was uninfluenced by such Pe variations in all 
leaves (data not shown). Accordingly, the estimated rate of 
CO2 uptake at Pe = 32.5 Pa was Ac (control) and As (-10.8 bar). 
The control supply function was then applied to the stress 
situation to get Ax, i.e. the rate of CO2 uptake that should have 
been observed with unchanged stomatal aperture: Thus, Ac-Ax 
and Ax-As represents the non-stomatal and stomatal inhibition, 
respectively. The control values of A and supply function 
are mean values of seven independent determinations 

the initial slope occurred over the following 3 d. 
The initial slope seems to be most sensitive since 
50% inhibition of the initial slope and of the 
maximal rate was obtained at leaf water potentials 
of about -11 and -14 bar, respectively. 
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Fig. 2A, B. Effect of leaf water potential on the maximal rate 
of CO2 uptake (A) and initial slope (B) of the plot of  CO2 uptake 
against intercellular CO2 pressure in willow leaves. The 
experimental design was the same as in Fig. 1. Calculation of the 
initial slope was based on four to five, occasionally three, data 
points on the apparently linear, initial portion of the plot. 
Maximal rate of CO2 uptake was usually a plateau value, but 
in a few cases of severely stressed leaves it was a near-plateau 
value. The control is given as the mean value with SE for seven 
experiments, and in A also as individual values (open circles). 
The figures in A represent number of days with restricted water 
supply, or, at open circles, corresponding time period for 
controls. The arrows indicate data points obtained from the 
curves of Fig. 1. Each plant gave one or two data points 
(different leaves); if two, at intervals of 1 or 2 d 
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Fig. 3. Effect of leaf water potential on the rate of CO2 uptake 
(0)  and stomatal CO2 conductance (D) in willow leaves at an 
external CO2 pressure of 32.5 Pa. Calculation of CO2 uptake is 
detailed in the legend of Fig. I and was based on the same 
photosynthetic CO2 response curves as used in Fig. 2. Arrows 
indicate data points that are obtained from the curves of 
Fig. 1 
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Fig. 4. Effect of leaf water potential on non-stomatal (�9 and 
stomatal (0)  inhibition of CO2 uptake in willow leaves at an 
external CO2 pressure of 32.5 Pa. The absolute rates of CO2 
uptake are shown in Fig. 3. Calculation were performed 
according to the legend of Fig. 1 with the same data as used in 
Fig. 2. Arrows indicate data points that are obtained from the 
curves of Fig. 1 

Comparison o f  water-stress-induced stomatal and 
non-stomatal inhibition of  CO 2 uptake. We also 
charac ter ized  the influence o f  water  stress on the 
l ight -sa tura ted  CO 2 u p t a k e  at  an ambien t  CO 2 
pressure o f  32.5 Pa  which is close to tha t  occur ing 
in nature .  F igure  3 shows that  decreasing ~L below 
approx .  - 8  bar,  sharp ly  diminishes CO~ up t ake  and  
s tomata l  conduc tance  at  this CO 2 concent ra t ion ,  

E 

I - -  
t~  

L A  

b - .  

A/// B 

// 
S 

0 do 20 g0 
INCIDENT PPFD, )Jmot.m'2.g I 

Fig. 5 A, B. Uptake of CO2 at limiting incident PPFDs in willow 
leaves of water potentials of about -6 (�9 and -18 bar (O). 
Before measurements the leaves had been exposed to: A the 
generally used PPFD of 100-200 ~tmol.m-2.s 1 ; or B a 6-h period 
of a PPFD of 1500 pmol.m4-s I that ended 30 rain prior to 
measurements. Measurements were made at high CO2 
concentrations to eliminate photorespiration and at a leaf 
temperature of 22.0 • 0.5~ 

with the lat ter  effect developing somewha t  faster.  
The extent  o f  s tomata l  and  n o n - s t o m a t a l  inhibi t ion 
o f  CO 2 up t ake  appea red  to be similar  at m o d e r a t e  
stress levels ( a round  -10  bar ;  Fig. 4), but  as the 
stress p roceeded  the n o n - s t o m a t a l  inhibi t ion 
increased and  became  by  far  p redominan t ,  whereas  
the s toma ta l  inhibi t ion tended to decrease. 

Effect o f  water stress' on the maximum quantum yieM 
of  CO 2 uptake. A p p a r e n t  m a x i m u m  q u a n t u m  yields 
o f  photosynthes i s  were calculated f rom da ta  of  
CO 2 up t ake  by willow leaves at  three l imiting 
P P F D s .  The  results are exemplified in Fig. 5 A for  
a cont ro l  and  a severely stressed leaf, and  
summar ized  in Table  1 (under  A). As judged  by 
measu remen t s  o f  leaf  t r ansmi t t ance  (with a 
measur ing  light b e a m  o f  a perpendicu la r  angle o f  
incidence) and  o f  leaf  abso rp t ance  (with diffuse 
light in a l ight- integrat ing sphere),  there were no 
significant differences in abso rp t ance  between the 
three classes o f  leaves in Tab le  ! (data  no t  shown).  
Therefore ,  the changes  in appa ren t  q u a n t u m  yield 
ob ta ined  can be ascribed to changes  in the true 
q u a n t u m  yield. The  results o f  Tab le  1 indicate tha t  
a ~L below -12 bar  is required if  the q u a n t u m  yield 
o f  CO 2 up t ake  is to be affected to any  significant 
extent. 

Photosynthetic responses of  high-light- and low- 
light-acclimated leaves to water stress at a high 
PPFD. The  quest ion o f  whether  stress caused by 
low ~L is influenced by the c o n c o m i t a n t  light 
regime was first considered in shor t - t e rm experi- 
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Table 1. Apparent quantum yield of CO2 uptake in willow leaves of three classes of q~L, before (A) and after (B) a 6-h exposure to 
1500 gmol.m -2.-1. For further details see legend of Fig. 5 

-1. ~I~ (bar) Apparent Number Inhibi- Photo- 
quantum of obser- tion b inhibition 

Range Mean yield a vations (%) (%) 

A. Normal procedures 
Well-watered 5.3- 8.1 6.1 0.089 i 0.002 6 0 
Water-stressed 11.2-12.9 12.1 0.085 + 0.002 3 4 
Water-stressed 15.8-19.0 l 6.8 0.063 + 0.003 5 29 

B. Normal procedures+ 
1500 gmol'm -2- I for 6 h 

Well-watered 6.2- 8.1 6.8 0.069+0.003 6 22 22 
Water-stressed 11.6-13.7 12.4 0.068 • 0.003 3 23 20 
Water-stressed 15.9-18.3 16.8 0.034 & 0.004 5 61 45 

a Mean+ SE 
b Compared with "well-watered" in "normal procedures" 

ments. Leaves of various ~i~ were produced by the 
normal routines (PPFD = 100-200 gmol'm 2"s-l) 
and then exposed to a PPFD of 1500 gmol'm 2's 1 
for 6 h. Typical results for leaves of a high (-6 bar) 
and a very low (-18 bar) ~L are shown in Fig. 5B. 
Fig. 5A shows the corresponding results for 
normally exposed leaves. The changes in apparent 
quantum yield that occurred upon the high PPFD 
exposure, shown in Table 1 (under B), reflected 
changes in the true quantum yield, since the leaf 
absorptance was invariable. The high PPFD 
exposure caused a decrease in the quantum yield 
(photoinhibition), of the same magnitude in well- 
watered and mildly stressed leaves (about 20%), 
and of considerably greater extent in leaves of the 
lowest ~L (45%). It therefore appears that severe 
water stress is accompanied by increased suscep- 
tibility to photoinhibition. 

High-light-adapted leaves which were water 
stressed in high light (PPFD = 1000 gmol.m 2.s-1) 
showed a decline in the rate of CO 2 uptake 
(Table 2). This decrease was largest in saturating 
light but limiting CO 2, followed by saturating light 
and CO2, and, limiting light. This pattern was also 
observed for leaves illuminated by a PPFD of 
100-200 gmol.m 2.sq during growth and drought 
(Fig. 2, Table 1). Thus, provided the leaves were 
appropriately light acclimated, water stress affected 
photosynthetic properties in a manner that 
essentially was not modified by the long-term 
PPFD level between 100 and 1000 pmol'm-2s -~. 

Effect o f  water stress on room-temperature 
chlorophyll fluorescence kinetics. Illumination of 
dark pre-treated leaves at room-temperature 

�9 produces an induction of chlorophyll fluorescence 
emission which manifests the operation of key 

reactions in photosynthesis. Using the nomen- 
clature of Papageorgiou (1975), the fluorescence 
rises from an initial level (O) to a peak (P) within 
a few seconds, reflecting the photoreduction of the 
primary stable electron acceptors Q in photosystem 
II (Duysens and Sweers 1963; Bradbury and Baker 
1983). The fluorescence then decreases, largely as 
a consequence of electron-transport-mediated 
reoxidation of Q and build-up of transthylakoid 
ApH (Krause et al. 1982; Quick and Horton 1984). 
Before the low steady-state level (T) is attained, a 
fluorescence oscillation with the minimum S and 
the maximum M occurs (Fig. 6; solid line 
representing a control willow leaf). It has been 
proposed that the S ~ M ~ T  oscillation marks the 
onset of carbon assimilation (Walker 1981). This 
may result from the influence of regulatory 
reactions of carbon metabolism on electron 
transport via the levels of ATP and NADPH, 
accompanied by changes in the redox state of Q 
and the transthylakoid ~pH,  and thereby also 
changes in the fluorescence intensity (Walker et al. 
1983; Quick and Horton 1984; Cerovic et al. 1984). 

Severe water stress caused altered kinetics of the 
fluorescence oscillation S ~ M ~  T, most apparently 
seen as an increased half-rise time for the S to M 
phase as shown by the examples of Fig. 6 and by 
Fig. 7. In the light of the theory previously referred 
to, this result appears to indicate that water stress 
most seriously affected carbon metabolism and 
possibly also photophosphorylation. Primary 
events in electron transport appeared to be less 
affected, as judged from an analysis of the early 
phases of fluorescence kinetics: the variation in the 
values of O and P levels, time for appearance of P, 
and initial rate of the P to S transient did not 
correlate with ~L (data not shown). 
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Table 2. Apparent quantum yield of CO2 uptake, and maximal rate and initial slope of photosynthetic CO2 response curves in willows 
leaves, grown and drought-stressed at a PPFD of 1000 gmol-m 2.-]. The 7th and 8th leaf, as defined in Material and methods, was 
specifically illuminated on duplicate plants (plant 1 and 2) that otherwise followed the normal procedures. Maximal rate and initial 
slope was determined as in Fig. 2 

Leaf Duration of ~t'L a Apparent Inhibi- Maximal Inhibi- Initial Inhibi- 
position restricted (bar) quantum tion b CO2 uptake tion b slope tion b 

watering yield (%) (gmol. (%) (btmol.m 2 (%) 
(d) m-2-s -1) -s h p a l )  

Plant 1 
7 2 - 0.072 - 63 1.7 - 
8 5 - 0.079 0 61 - 1.5 0 
8 8 9.7 0.073 8 63 0 1.2 18 
8 9 -10.0 0.063 20 45 30 0.6 60 
8 10 -12.3 0.053 33 31 51 0.4 75 

Plant 2 
7 2 0.062 57 - 1.8 
8 2 - 0.060 - 52 - 1.6 - 
7 6 - 0.067 0 64 0 2.1 0 
8 6 - - - 64 0 1.7 0 
7 8 11.2 0.060 10 54 15 1.4 35 
8 8 -11.2 0.061 - 53 17 1.1 35 

a A leaf adjacent to the 7th and 8th leaf was measured before transfer of the plant to the gas-exchange apparatus 
b Compared with the highest value observed for the given leaf 
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Fig. 7. Half-rise time of the S to M fluorescence transient in 
willow leaves as a function of leaf water potential. The 
experimental conditions are described in Fig. 6. The arrows 
indicate data points obtained from the curves in Fig. 6 

Relationship between relative water content and 
water potential. Because of the considerable 
variation among the leaf samples (Fig. 8), it was 
not possible to determine numerically the osmotic 
potentials. However, the lower position of the 
curve for leaves that had undergone the 10-d period 
of limited water supply, clearly shows that these 
had adjusted the osmotic potential a number of 
bars, which resulted in a corresponding downward 

shift in the turgor loss point, as compared with the 
control. Figure 8 also reveals that the stressed 
leaves suffered rather marginal dehydration. For 
example, at -11 bar (associated with about 50% 
inhibition of the initial slope of the photosynthetic 
CO2-response curve) and a t -15  bar, the relative 
water content was decreased to about 0.92 and 
0.87, respectively, from the control value of 0.97 (at 
-5.5 bar; data not shown). 
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watered conditions ([])  or 10 d of decreasing soil water 
availability (O). The data were gathered from four plants of 
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D i s c u s s i o n  

The drought-induced decline in CO 2 uptake, 
measured at saturating PPFD and natural ambient 
CO 2 concentration, was at an early stage equally 
attributable to stomatal and non-stomatal factors, 
but the further decline as drought continued was 
solely due to non-stomatal factors (Fig. 4). This 
conforms with earlier observations that non- 
stomatal factors are responsible for the photosyn- 
thetic depression to a considerable extent during 
water stress that is slowly applied through soil 
drought (Bradford and Hsiao 1982). The increased 
non-stomatal constraint on CO 2 uptake, at 
conditions of saturating PPFD and natural 
ambient CO 2 concentration, was mainly a 
consequence of decreased initial slope of the plot of 
CO 2 uptake versus Pi. This effect indicates that the 
activity of ribulose-l,5-bisphosphate (RuBP) 
carboxylase was decreased (Farquhar and Sharkey 
1982). There are previous results derived from 
biochemical (Jones 1973; Johnson etal. 1974; 
O'Toole etal. 1976) and gas-exchange studies 
(Jones 1973; Jones and Fanjul 1983; Ehleringer 
and Cook 1984) that this enzymatic activity is 
decreased upon water stress induced by soil 
drought, but there are also results showing small or 
no changes (Huffaker et al. 1970; Beadle and Jarvis 
1977; von Caemmerer and Farquhar 1984). The 
reason for this discrepancy is not clear but may 
involve incommensurable experimental designs, 
and errors inherent to the in-vitro assay of RuBP 
carboxylase. For instance, rehydration during the 
preparation procedure may result in recovery of the 
enzymatic activity (Plaut 1971). Besides drought 

stress, osmotic dehydration can cause a decrease in 
the initial slope of the photosynthetic CO2-response 
curve of leaf slices (Kaiser 1984). 

Next to the initial slope, the maximal rate of the 
same photosynthetic CO 2 response curves was most 
affected. According to the model (Farquhar and 
Sharkey 1982) the latter effect implicates a 
suppressed capacity for regeneration of the CO 2 
acceptor (RuBP). From theoretical considerations, 
this may reflect effects on the electron-transport 
chain, on the associated phosphorylation process, 
or on the carbon-reduction cycle. The major effect 
is likely to be sought for in the carbon-reduction 
cycle, since the thylakoid reactions are less likely 
candidates as judged by the finding that the 
quantum yield of CO 2 uptake was rather stable. 
With important exceptions, for instance for 
sunflower (Keck and Boyer 1974), cotton (Fry 
1972) and Neriurn oleander (Bj6rkman and Powles 
1984), inhibition of photosynthetic electron 
transport is not prominent under mild and 
moderate water stress (Beadle and Jarvis 1977; 
Kaiser et al. 1981 ; Sharkey and Badger 1982; yon 
Caemmerer and Farquhar 1984). In this context it 
is interesting to note that severe water stress caused 
an attenuation of the secondary oscillation of the 
chlorophyll fluorescence kinetics, which also may 
be explained in terms of changes in the carbon- 
reduction cycle (Walker 1981). This conformity 
with the gas-exchange measurements may open the 
possibility of using fluorescence kinetics as a rapid, 
non-intrusive method for monitoring photosyn- 
thetic responses to water stress. In contrast to the 
situation in willow plants, drought stress in plants 
of Nerium oleander (Govindjee etal. 1981; 
Bj6rkman and Powles 1984) and maize (Havaux 
and Lannoye 1983) led to a decrease in the ratio of 
the maximum (P) to the minimum (O) fluorescence, 
indicating a decreased efficiency of photochemistry. 
However, the experimental conditions employed in 
those works differed from ours since high PPFDs 
were administered during the treatments and, in the 
maize leaves, the dehydration was greater. 
Photoinhibition could very well have been a 
contributing factor in their experiments. 

At present, the link between water status and 
photosynthetic properties in leaves is poorly 
understood. It appears unlikely that the decrease in 
cell volumes in the stressed willow leaves of at most 
approx. 10% (VL =-18  bar) would result in solute 
effects on enzymes as demonstrated with chloro- 
plasts (Kaiser and Heber 1981) and leaf slices 
(Kaiser et al. 1983) under osmotic stress. Neither is 
the small relative decrease in the activity of water, 
i.e. VL, a plausible triggering factor. However, one 
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of its components, the turgor pressure, underwent 
substantial relative changes. Cell growth and 
stomatal aperture are sensitive to changes in turgor 
pressure but the intrinsic photosynthetic processes 
are not known to be directly influenced. However, 
from a theoretical point of view, there are 
possibilities that the turgor-controlled processes in 
turn could affect the photosynthetic machinery, for 
example through feed-back inhibition upon 
decreased demand for carbohydrates for growth 
(Edwards and Walker 1983), or through an 
increased level of the hormone abscisic acid upon 
stomatal closure. There are reports of effects of 
abscisic acid on intrinsic photosynthesis (Tillberg 
etal.  1981; Cornic and Miginiac 1983) and on 
RuBP-carboxylase activity (Sankhla and Huber 
1974). 

In our drought regime, in conformity with the 
majority of studies, fertilizer was restricted in 
addition to water. It has been reported that 
nitrogen deficiency accelerates the photosynthetic 
decline during drought (Radin and Ackerson 
1981). Also, in Encel iafarinosa plants subjected to 
drought, decreased photosynthesis correlated well 
with decreased leaf nitrogen content (Ehleringer 
and Cook 1984). In our study, however, the change 
in the initial slope of the photosynthetic CO 2- 
response curve appears to be too rapid to be 
explained by a decreased availability of nutrients 
with a following net degradation of RuBP 
carboxylase; the slope was more than halved over 
2 d. Moreover, no visible chlorosis occurred 
indicating that senescence was not markedly 
accelerated. 

This study indicates that there are specific 
effects of  water stress that are independent of 
photoinhibitory effects, since the relative sensitivity 
of  certain component processes of photosynthesis 
to drought was the same at a low and a high long- 
term PPFD. However, no data are available for 
high PPFD at leaf water potentials below -12.3 
bar, so the possibility of co-operative effects of 
illumination at severely depressed water potentials 
cannot be rejected. Our results are similar to those 
of  Downton (1983) who used the loss of variable 
fluorescence as an indicator of photoinhibition; 
photoinhibition did not occur in slowly water- 
stressed grapevine leaves until they wilted. 
However, Bj6rkman and Powles (1984) found that 
Nerium oleander plants water-stressed under full 
daylight showed effects similar to those obtained in 
photoinhibitory treatments. The reason for this 
apparent discrepancy is unknown. However, when 
the willow leaves were exposed to a PPFD 
considerably above the one they were adapted to, 

an inhibition of the quantum yield of CO 2 uptake 
also resulted. This situation is well known during 
photoinhibition (Bj6rkman 1981). As photoinhibi- 
tion was markedly greater at very low than at high 
~L, we suggest that although photoinhibition is not 
a determining factor in water stress, it may occur 
under conditions of drought that are combined 
with widely fluctuating PPFDs. Its occurrence may 
also be triggered by other conditions that inhibit 
photosynthesis, for instance depletions of CO 2 and 
0 2 (Powles etal.  1984), and suboptimal tem- 
peratures above 0~ (Ogren and Oquist 1984; 
Ogren etal. 1984) or below (Oquist 1983). The 
primary cause is a decreased rate of photosynthesis 
and, possibly, of other processes involved in the 
orderly deactivation of excited chlorophylls. In 
general, the tendency towards excess excitation 
energy during stress results in an increased 
susceptibility to photoinhibition. 
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