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THE INTERACTIVE EFFECT OF WATER STRESS AND
TEMPERATURE ON THE CO, RESPONSE OF
PHOTOSYNTHESIS IN SALIX
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VEDENVAJAUKSEN JA LAMPOTILAN YHTEISVAIKUTUS VESIPAJUN FOTOSYNTEESIN CO,VASTEESEEN

Saapunut toimitukselle 7. 3. 1984

The interactive effect of water stress and temperature on the CO, response of photosynthesis is examined in the
study on the basis of a restricted material. The measurements were carried out on a Salix sp. cv. aquatica plant using the
closed IRGA system. The photosynthesis of the plant was followed as the CO, content of the air in the assimilation
chamber fell from 720 ppm to the compensation point. A semi-empirical model, consisting of a non-rectangular
hyperbola, was used to describe the CO, response of photosynthesis. The interactive effect of water stress and
temperature was divided using the model into two components: the change in CO, conductance and the change in the
photosynthetic capacity. The CO, conductance was not dependent on temperature when the willow plant was well
watered but during water stress it decreased as the temperature increased. The photosynthetic capacity of the willow
plant increased along with an increase in temperature when well watered, but during water stress temperature had
quite the opposite effect.

INTRODUCTION

Water stress has been found to reduce
photosynthesis by slowing down CO, diffu-
sion. The mesophyll conductance is also re-

Nobel et al. (1978) have also reported that
water stress and temperature have an interac-
tive effect on photosynthesis.

duced, as well as the stomatal conductance.
The photosynthetic capacity, i.e. photosyn-
thesis at saturating CO, concentration and
light intensity, has also been found to fall as a
result of water stress (Mooney et al. 1977).
Hari & Luukkanen (1973, 1974) have
shown that photosynthesis is especially re-
duced at high temperatures during water
stress. Furthermore, Luukkanen (1978)
found that the most important mechanism in
this interactive effect is the reduction in the
mesophyll conductance at high temperatures.

Results which support those of Hari &
Luukkanen (1973, 1974) and Luukkanen
(1978) are presented in this preliminary re-
port. In addition, the interactive effect is
divided into two parts using a semi-empirical
model of photosynthesis. First, the CO, con-
ductance of the leaves becomes sensitive dur-
ing drought to high temperatures, as has
earlier been described (Luukkanen 1978,
Nobel 1978). Secondly, the dependence of the
photosynthetic capacity on temperature
changes significantly during drought.
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MATERIALS AND METHODS

Experimental material

Salix sp. cv. aquatica plants were grown
from cuttings in 4 litre polystyrene pots con-
taining fertilized horticultural peat (ST-400
Satoturve Ltd.). The plants were kept in a
greenhouse where the day temperature was
20°C and night temperature 15°C. The length
of the light period was 18 hours and that of
the dark period was 6 hours. OSRAM HQI
400 W lamps, which had a quantum flux
density of 350 uEm™%~! at the top of the
shoots, were used as the light source. The
plants were given sufficient water during the
growing stage and were fertilized weekly with
a multinutrient solution (Puutarhan Kas-
telulannoite, Kemira Ltd.) containing mic-
ronutrients (Kukkien Y-lannos, Kemira
Ltd.).

One healthy plant was selected and trans-
ferred to the growth chamber for the mea-
surements. The illumination and tempera-
ture conditions in the growth chamber were
the same as those in the greenhouse. Water
stress was induced gradually by stepwise re-
ducing the amount of water given to the plant
each day. The moisture content of the grow-
ing medium was followed by weighing the pot
and plant each day before and after watering.

Measurement of CO; exhange

Net photosynthesis was measured using
the closed IRGA system. About 20 of the
uppermost leaves (about 500 cm? leaf area)
were enclosed in the measuring cuvette which
was kept at constant temperature by means of
a water jacket. Two OSRAM HQI 400 W
lamps were used as the light source, one of
the lamps being placed above the cuvette and
the other at the side. The quantum flux densi-
ty from the lamp above the cuvette was 970
REm™%~" in the upper part of the cuvette,
and from the lamp at the side of the cuvette
correspondingly 420 uEm™2%~",

The measurement sequence was as follows:
the CO, concentration of the air in the cuvet-
te was initially raised to a level of about 1000
ppm by injecting COy-enriched air into the
cuvette. The fall in the CO, concentration
down to the compensation point was then

134

followed by means of a gas analyzer (URAS
2T). The reading of the gas analyzer and the
temperature of the cuvette were recorded on
punch tape at 100-second intervals using a
data-logger (NOKIA Ltd.). The experimen-
tal set-up was approximately the same as that
described by Luukkanen (1978). The volume
of the measuring system was 6060 cm® and
the flow rate 1000 cm® min~'. Depending on
the photosynthetic activity of the plant, it
took between 20 and 120 minutes for the CO,
concentration to fall from 1000 ppm to the
compensation point. In cases where photo-
synthesis was very slow, the measurements
were speeded up by periodically removing
CO, from the system by means of a KOH
solution.

The CO; concentrations and the corres-
ponding values for net photosynthesis were
calculated from CQO, concentration in the
middle of each measurement interval and the
reduction in the CO, concentration during
the measurement interval. When doing this it
was assumed that the CO, concentration falls
so slowly that the photosynthetic system re-
mains in a steady state throughout the course
of the measuring period. Only those measure-
ments which were within the linear region
(0 — 720 ppm) of the URAS have been used
in the calculations.
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Figure 1. Development of soil moisture content (expre-
ssed as volume percentage) during the course of the
experiment. The times when the results presented in
Fig. 3 were obtained are indicated with arrows.

The CO, response of photosynthesis was
measured once at four different temperatures
(10, 16, 24 and 32°C) when the plant had
been well watered (soil moisture 43 %), twice
when the plant was subjected to water stress
(soil moisture 18 and 17 %) and once again
three days after rewatering (soil moisture 35
% ). The development of the moisture content
of the peat substrate during the measurement
period 15. 12. 1977 — 6. 1. 1978 is depicted in
Fig. 1.

gI’he length and width of the leaves in the
cuvette were measured to an accuracy of 1
mm after each series of measurements. The
surface area of the leaves was calculated by
multiplying the product of the width and the
length by a constant, 0.68, which was deter-
mined separately from the same material.

Photosynthetic model

It is characteristic of the CO, response of
net photosynthesis that it initially increases
linearily, and then becomes saturated fairly
rapidly. A large number of theoretical models
(models derived from physiological theory,
e.g. Gaastra 1959, Laisk 1970, Farquhar et al
1980), semi-empirical models (descriptive
models where the parameters have a phy-
siolocigal interpretation, e.g. Thornley 1976)
and empirical models (purely descriptive
models, e.g. Enoch & Sacks 1978) have been
presented for this response. Thornley’s
(1976) non-rectangular hyperbola, NRH, is a
simple semi-empirical model which can be
used to describe the CO, responses of net
photosynthesis:

eP(Z:,_PG(ﬂc + Pmax) + BCPmu = 0
(1)
Po =Py +R

where Py is the net photosynthesis, Pg the
gross photosynthesis, C the CO, concentra-
tion, R, B, Ph. and © are the following
parameters:

B = theslope of the initial linear part of the model,
conductance term

R = the intercept term for the linear part of the
model, the respiration term

© = a parameter which determines the saturation

rate. When © = 1, the model is the Black-

man curve and when © = 0, the model is the
Michaelis-Menten curve.

P,.. = the saturation level, photosynthetic capacity.

The model initially increases linearily with
respect to the CO, concentration, and it
reaches saturation sufficiently rapidly. The
saturation is not reached fast enough if the
following Michaelis-Menten curve (rectangu-
lar hyperbola, RH) is used (Fig 2):

Pe P... + BC
(2)
Po =Py + R

Marshal & Biscoe (1980) and Leverenz
(1980) observed the same features as regards
the light curves of photosynthesis. The para-
meter depicting the saturation level of RH is
thus much larger than the real maximum
value. For instance, the value of P,,, for RH
in the case shown in Fig. 2 is 51 ng CO,
cm~%7!, although the points in the figure
indicate that the saturation level is reached at
only half this value. Thus the value given by
NRH for P, of 31 ng CO; cm™%~" is much
more realistic.

The main advantage of the non-rectangu-
lar hyperbola model in comparison to other
semi-empirical and empirical models is the
clear interpretation of the parameters. In ad-
dition, the estimates of the parameters are
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Figure 2. The measured CO, response (T, = 10°C, W, =
35 %) and the NRH (Eq. 1) and RH (Eq. 2) fitted to
the CO, response.

135



NET PHOTOSYNTHESIS ,ng CO ¢ mi” é'

NET PHOTOSYNTHESIS, ng CO,cni’s'

usually only slightly intercorrelated, which
makes the estimation easier and improves the
reliability of the estimates. The parameters
have to be estimated iteratively, but the para-
meters which determine the linear part of the
model, i.e. the initial slope (B) and the inter-
cept (R), can initially be estimated using
linear regression analysis. The maximum val-
ue observed for photosynthesis is a good ini-
tial estimate for the parameter P,,,, and the

parameter (©) which determines the satura-
tion rate can be preliminarily estimated by
eye. Parameter © was found to vary so little
in this study that it can be considered to
remain constant in different experimental
conditions (© = 0.95). When photosynthesis
is almost completely inhibited, the estimates
for parameters f and R are inaccurate and, in
addition, strongly intercorrelated.

RESULTS

As expected, both the saturation concent-
ration and saturation level of photosynthesis
increased as the temperature increased when
the plant was watered normally (Fig. 3A). At
the highest temperatures (24 and 32°C), the
CO; curve saturated only slightly below 720

ppm. When the plant was subjected to
drought, the saturation level fell as the temp-
erature increased (Figs. 3B and 3C). The
CO;, responses after rewatering are very simi-
lar to what they were before drought condi-
tions were imposed (Fig. 3D). The CO, com-
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Figure 3. The measured CO, responses and the NRH:s
A: Well-watered, Ws = 43 %

B: Water stressed, Ws=18%

C: Water stressed, Ws = 17 %

D: Rewaterd, Ws = 35 %
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fitted to CO, responses at different temperatures.

pensation points are presented in Fig. 4 as a
function of temperature.

The parameters of the CO, curves are pre-
sented in Fig. 5 as a function of temperature.
The initial slope, B, which is considered to be
the total CO, conductance, was almost com-
pletely independent of temperature when the
plant was well watered. At low temperatures
the values of fell slightly as a result of water
stress, and especially strongly at high temper-
atures.

The intercept term, R, of the linear part of
the model, which is considered to represent
photorespiration (by the extrapolation
method, e.g. Ludlow & Jarvis 1971), in-
creased almost linearily with respect to temp-
erature when the plant was well watered,
being about 4 ng CO, cm™ %! at a tempera-
ture of 10°C and about 10 ng CO; cm™%s™! at
32°C. When the plant was subjected to water
stress, the values of parameter R were almost
independent of temgerature, ranging between
1 — 2ng CO; cm™%7".
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Figure 4. The observed CO, compensation points as a
function of temperature.
O = Well-watered, Ws = 43 %
A = Water stressed, Ws = 18 %
V = Water stressed, Ws = 17 %
[ = Rewatered, Ws = 35 %

The saturation level, P,,,, which is consi-
dered to represent the photosynthetic capaci-
ty, increased when the plant received plenty
of water from 30 ng CO; cm™%™' to 60 ng
CO, cm™%7! as the temperature was in-
creased from 10°C to 24°C. The value of P,
at a temperature of 32°C was only slightly
greater than that at 24°C. Water stress had a
similar effect on the saturation level as on the
CO, conductance, since the value of P, at
10°C is of the same order of magnitude as
when the plant received plenty of water.
However, when the temperature increased,
P,..x decreased very sharzply and was already
less than 10 ng CO, cm™%s~! at a temperature
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Figure 5. The parameters of NRH as a function of
temperature. See Fig. 4 for key to symbols.
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of 32°C. The temperature response of the
photosynthetic capacity of the well-watered
plant was thus an increasing function with
respect to temperature and when the plant

was subjected to water stress the response
was a decreasing function with respect to
temperature.

DISCUSSION

The non-rectangular hyperbola model
used here was well suited for depicting the
observed CO; responses. However, this is
partly due to serial autocorrelation of obser-
vations; the measurement procedure which
was used automatically gives continuous CO,
responses. The values of the parameters of
the curves measured at high temperatures
and during water stress are, however, not
accurate. Setting the same value for the para-
meter defining the saturation rate in all the
curves (© = 0.95) resulted in some cases in a
rather poor compatability with the observed
values (see Fig. 3B, T = 16°C). If this para-
meter had been estimated separately for each
condition, the estimates of the parameters
would have been more intercorrelated and
less easy to interpret.

It was possible using the model to distin-
guish two parallel effects from the changes in
the net photosynthesis: both the CO, con-
ductance, B, and the photosynthetic capacity,
Poax, fell sharply as the temperature was in-
creased during water stress. In the case of the
CO, conductance, the results support earlier
observations (e.g. Mooney et al 1977, Luuk-
kanen 1978, Nobel et al. 1978) that the CO,
conductance, especially the mesophyll con-

ductance, decreases during water stress espe-
cially at high temperatures. It is not possible
to distinguish between stomatal conductance
and mesophyll conductance because no
simultaneous measurements of transpiration
were available. A marked increase in the CO,
compensation point at high temperatures
during water stress, without any increase in
photorespiration support results reported by
Luukkanen (1978) for Picea abies.

Changes in the relationship between CO,
conductance and its different components,
and between photosynthesis and photorespi-
ration, have been studied intensively in ear-
lier investigations (e.g. Hsiao 1973, Boyer
1976), but no observations have been re-
ported concerning the sensitization of the
photosynthetic capacity, P, to high temp-
eratures during water stress. A reduction in
the photosynthetic capacity has, however,
been reported (e.g. Mooney et al. 1977). As
the measuring method used here was in some
respects deficient, e.g. the steady-state as-
sumption and lack of transpiration and leaf
temperature observations, it would be advis-
able to test these results, especially those
concerning the photosynthetic capacity, us-
ing further refined methods.
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SELOSTE

VEDENVAJAUKSEN JA LAMPOTILAN YHTEISVAIKUTUS VESIPAJUN FOTOSYNTEESIN CO,VASTEESEEN

Tutkimuksessa tarkastellaan suppean aineiston perus-
teella vedenvajauksen ja lampétilan yhteisvaikutusta fo-
tosynteesin CO,-vasteen muotoon. Mittaukset tehtiin ve-
sipajun taimesta suljetulla IRGA-systeemilla siten, etta
seurattiin yhteytyskammion ilman CO,-pitoisuuden las-
kua 720 ppm:sta kompensaatiopisteeseen. Fotosynteesin
CO,-vasteen kuvaamiseen kéytettiin semiempiirista mal-
lia, nonrectangulaarista hyperbelia. Mallin avulla veden-

vajauksen ja lampétilan yhteisvaikutus voitiin jakaa kah-
teen komponenttiin: CO,-konduktanssissa ja fotosyntee-
sikapasiteetissa tapahtuviin muutoksiin. Hyvin kastellun
pajun CO;-konduktanssi oli lampétilasta riippumaton ja
vedenvajauksen aikana se pieneni lampétilan kasvaessa.
Hyvin kastellun pajun fotosynteesikapasiteetti kasvoi
limpétilan noustessa, mutta kuivuuden aikana lampéti-
lan vaikutus oli painvastainen.
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