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Abstract. The carbon-dioxide response of photo-
synthesis of leaves of Quercus suber, a sclerophyl-
lous species of the European Mediterranean re-
_gion, was studied as a function of time of day at
the end of the summer dry season in the natural
habitat. To examine the response experimentally,
a ‘standard” time course for temperature and hu-
-midity, which resembled natural conditions, was
imposed on the leaves, and the CO, pressure exter-
‘nal to the leaves on subsequent days was varied.
he particular temperature and humidity condi-
ons chosen were those which elicited a strong sto-
atal closure at midday and the simultaneous de-
ression of net CO, uptake. Midday depression
fCO, uptake is the result of i) a decrease in CO,-
aturated photosynthetic capacity after light satu-
ation is reached in the early morning, i) a de-
rease in the initial slope of the CO, response curve
rboxylation efficiency), and iii) a substantial in-
ase in the CO, compensation point caused by
increase in leaf temperature and a decrease in
umidity. As a consequence of the changes in pho-
ynthesis, the internal leaf CO, pressure re-
ined essentially constant despite stomatal clo-
€. The effects on capacity, slope, and compensa-
point were reversed by lowering the tempera-
€ and increasing the humidity in the afternoon.
nstant internal CO, may aid in minimizing pho-
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Aations and symbols - ‘CE = carboxylation efficiency;
et photosynthesis rate; PAR = photosynthetically active
on; P, =leaf internal CO, partial pressure; 4W =water
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Changes in photosynthetic capacity, carboxylation efficiency,
and CO, compensation point associated

with midday stomatal closure and midday depression

of net CO, exchange of leaves of Quercus suber*
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toinhibition during stomatal closure at midday.
The results are discussed in terms of possible tem-
perature, humidity, and hormonal effects on pho-
tosynthesis.
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Introduction

The midday depression of leaf CO, gas exchange
in European Mediterranean sclerophylls was ob-
served as early as 1933 in Brioni and Corsica by
Guttenberg and Buhr (1935). A decrease in the
net photosynthesis rate occurred when leaf temper-
atures increased above 30° C. While such a de-
crease might have been caused by direct tempera-
ture effects on photosynthesis, later studies demon-
strated that changes in the net photosynthesis rate
(NP) occur simultaneously with changes in stoma-
tal conductance (Rouschal 1938; Hellmuth 1971;
Schulze et al. 1974, 1975b; Eckhardt et al. 1975;
Lange et al. 1975, 1982; Lange and Meyer 1979;
Tenhunen et al. 1980, 1981). Closing the stomata
may contribute to the decrease in photosynthesis
rate by limiting the CO, supply. However, for
leaves of apricot trees (Prunus armeniaca) growing
in a desert climate at a run-off farm in Avdat,
Negev, it was shown that the internal CO, partial
pressure (P,) of the leal remains extremely constant
during midday despite stomatal closure (Schulze
et al. 1975b). This is remarkable, since the net pho-



194 1.D. Tenhunen et al.: Photosynthetic response during midday depression of CO, exchange

tosynthesis rate can decrease, depending on the
daily conditions and the degree of water stress,
until compensation is reached. Thus, if calculations
of leaf internal CO, pressure are reliable, strong
changes in photosynthesis are indicated for leaves
of species exhibiting midday closure in response
to the midday increase in leaf temperature or to
the decrease in humidity which usually occurs con-
currently. The depression of the photosynthesis
rate in ambient air begins at a relatively low tem-
perature and an initial study of the daily time
courses obtained with Quercus suber indicate that
this occurs by 30° C and in some cases even at
27-28° C. Dunn (1975) reported an optimum tem-
perature of approx. 25° C for net photosynthesis
by leaves of sclerophyll shrubs in California and
Chile. Schulze and Hall (1982) suggested a similar-
ly low optimum temperature from time-course
data obtained with Artemisia herba-alba, which ex-
hibits midday stomatal closure.

Regulation of gas exchange during midday, on
days when stomatal closure occurs and depression
of CO, exchange is exhibited, is interesting because
of the possible selective advantage in water-use ef-
ficiency conferred by this mechanism on species
experiencing long-term drought stress. Stocker
(1956) and, later, others (Mooney and Dunn 1970;
Schulze et al. 1975a; Hall et al. 1976) called atten-
tion to the amount of water saved by the plant,
when strong closure of stomata occurs at midday.
Theoretical analyses have suggested that under cer-
tain hot and dry weather conditions a leal may
fix the maximum possible quantity of CO, for the
use of a set but limited amount of water by decreas-
ing conductance at midday and by restricting high
rates of CO, uptake and transpiration to the early
morning and late afternoon (Cowan and Farquhar
1977: Cowan 1982). Moderately stressed sclero-
phylls are, during the dry season, in a natural situa-
tion in which the optimization of CO, exchange
might be useful. A detailed study of the NP versus
P, function during midday depression would help
define the response of NP to light intensity, tem-
perature, and P;, and an accurate description of
the interactive effects of light, temperature, humid-
ity, and P, on net photosynthesis during midday
is required in order to evaluate critically the opti-
mization theory.

If stomata respond to humidity (Schulze et al.
1974) in a feed-forward fashion (Farquhar 1978)
and close at midday, we must explain why, despite
a constant P, and an increasing temperature which
might be expected to increase photosynthetic ca-
pacity, the net photosynthesis rate decreases. (By
photosynthetic capacity, we mean the CO,-satu-

rated rate of net photosynthesis for particular light
and temperature conditions). One possibility is
that photorespiration is strongly activated, thereby
reducing the ambient net photosynthesis rate and
releasing CO, which contributes to maintenance
of constant P;; the leaf may then be protected from
photoinhibition as hypothesized by Osmond and
Bjorkman (1972). Leaf internal CO, partial pres-
sures below 100 pbar may lead to the inhibition
of photosynthetic processes of leaves of sclerophyll
shrubs at high light intensity and high temperature
(Mahall and Schlesinger 1982). Alternatively, the
photosynthesis rate at high temperatures may be
reduced by a mechanism other than photorespira-
tion and stomata might respond in order to main-
tain a constant ratio of leaf internal CO, partial
pressure to leaf surface partial pressure (Ball and
Berry 1982). Finally, photosynthesis rate and con-
ductance may be determined independently during
the midday depression and in response to either
the same or different plant internal factors. This
possibility is made plausible by the observation
that the stress hormone, abscisic acid, which
strongly closes stomata (Raschke 1975), can also
depress photosynthesis in certain cases (Raschke
1982).

The strong changes observed in ambient-air net
photosynthesis rates during the midday depression
may further indicate the following. If P; remains
constant, then the carboxylation efficiency (CE)
and-or the CO, compensation pressure (/) must
be shifted strongly. The carboxylation efficiency
should decrease and the compensation point might
be expected to increase as the leafl experiences a
higher temperature and lower humidity. Previous
studies restricted to crop plants have indicated that
an increase in temperature from 25°C to 35°C
does not lead to a appreciable change in CE
(Badger and Collatz 1977; Ku and Edwards 1977;
Peisker et al. 1979; von Caemmerer and Farquhar
1981: Weis 1981; Farquhar and von Caemmerer
1982). -
Photosynthetic capacity at CO, saturation (Py)
may or may not be decreased at midday. If the '
capacity is decreased beginning at temperatures be-
tween 27 and 30° C, then such an unusual result
could not be explained by presently known mecha-
nisms. If capacity remains high, then a depressio ‘
of photosynthesis at midday would indicate that,
as the temperature increases and the humidity de-
creases, the leaf operates at ever lower points 0B
the NP versus P, response curve. Thus, in contrast.
to other situations which have been reported (von.
Caemmerer and Farquhar 1981; Ball and Farqu ‘
har 1984a, 1984b), the operation point at midday




‘ would be relatively low on the linear portion of
3 the response curve.

| The studies described here were undertaken to
| clarify arguments related to the regulation of gas
: exchange of sclerophyll leaves which exhibit mid-
‘ day depression. In particular, we have attempted
to describe in detail and from observations in the
natural habitat, changes in the NP versus P, re-
sponse curve that take place in Q. suber leaves
,  during days on which midday closure and depres-
i ~ sion of gas exchange occur. We have restricted our
discussion to results obtained with either non-
water-stressed or moderately water-stressed plants,
since in these experiments transpiration rates and
conductance values, even at midday, are relatively
~ high and calculated P; values are most reliable.
In our analysis, we have considered the pattern
~in daily change that is found for 7, CE, and P,,.

Material and methods

The experiments were conducted during a warm-weather period
after the first autumn rains in the fall of 1982, in a natural
~ macchia of a type related to the Quercetalia ilicis as described
by Braun-Blanquet (1952; see Tenhunen et al. 1980) near
Lisbon, Portugal. The time period was chosen because release
_of the plants from extreme stress conditions opened stomata
and increased photosynthetic rates. Thus, errors in estimating
stomatal conductance and internal leal CO, partial pressure
were reduced. In addition, the plants were still experiencing
relatively high temperatures naturally (daily air temperature
maxima between 25 and 35° C) and could be expected to re-
spond in a natural way to the “standard” temperature time
course (described below) imposed during experimentation. The
shrubs of Quercus suber chosen were approx. 2 m in height
and had crowns approx. 1 m in diameter.

Branch ends with several leaves were enclosed in gas-ex-
change cuvettes (Walz MeB- und Regeltechnik, Effeltrich,
FRG) which were part of a mobile laboratory. The methods
used for measurement of gas exchange were essentially the same
as described by Schulze and Kiippers (1979). The system could
be controlled to either track outside air temperature and-or
humidity or set values for these factors could be imposed. The
Peltier heat exchangers and the air-conditioning parts of the
Cuvetie were plated with nickel to avoid water exchange from
the materials. Plexiglas parts of the cuvette were coated with
sell-adhesive teflon film (Type S-115, du Pont: Newtown,
Conn., USA). Experiments conducted with empty cuvettes indi-
caled a rate of transpiration of zero during entire **standard”
day time courses. Dew point was set at approx. 10° C and
M accordance with prevailing atmospheric conditions. Any in-
crease in humidity from transpiration was compensated for,
with a variable rate of pumping of air through a closed loop
bypass with a cold trap maintained at a temperature approxi-
mately one degree lower than the dew point of the incoming
£as. Metal-jacketed teflon tubing was used to conduct the gases
ffO_m the incoming dew-point cold trap until the outgoing dew-
Pomt mirror of the chamber and in the entire bypass (see
_hulze and Kiippers 1979). Measurement of dew points and
tra Spiration rate was discussed by Tenhunen et al. (1981).

‘ The absolute CO, partial-pressure of air entering the mea-
Surement cuvettes and the CO, partial-pressure difference
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across the measurement cuvettes were measured with BINOS
infra-red gas analyzers (Leybold-Heraeus, Hanau, FRG). Gas
mixtures with varying CO, partial pressures in air were ob-
tained by adding pure CO, to CO,-free air. Flows of each
were determined with mass-flow controllers calibrated with vol-
ume-metering devices. Partial pressures of CO, between 0 and
3000 pbar external to the leaf were used to establish the carbon-
dioxide dependency of net photosynthesis. Photosynthesis rates
were calculated from CO, partial-pressure differences across
the cuvette and the flow rate of air through the cuvette. Correc-
tions were made for water vapor condensation {rom the mea-
surement gas stream in a cold trap before the CO, analyzer
according to the equations of von Caemmerer and Farquhar
(1981). In those cases where twigs were necessarily included
in the cuvette, net photosynthesis rates of the leaves were ob-
tained by correction for the temperature-dependent twig respi-
ration determined after removal of the leaves. Through careful
selection of material, this correction was always very small (less
than 5% of net photosynthesis rate). All rates are expressed
on a projected leaf-area basis. To enable conversion to a dry-
weight or chlorophyll basis, the average dry weight per unit

area was determined as 0.016 g cm ™~ 2 and the average chloro-
= o

phyll content per unit arca as 0.051 mg cm ™ 2.

Leal temperatures were measured with copper-constantan
thermocouples. Leal conductance was calculated from leaf tran-
spiration rate and from the water vapor mole-fraction differ-
ence between leaf and air (4W) assuming water saturation at
leal temperature in the leafl intercellular air spaces. Leaf internal
CO, pressure was estimated {rom leal conductance and net
photosynthesis rates using the equations of von Caemmerer
and Farquhar (1981) and as discussed by Sharkey et al. (1982).
Incident photosynthetically active radiation (PAR) was mea-
sured in the cuvettes with quantum sensors from LiCor, Inc.
(Lincoln, Neb.. USA). Leafl material was illuminated naturally
or experiments were conducted at constant saturating light in-
tensity (described in figure captions). Constant light was pro-
vided with nine quartz-halide projector lamps (EYF 75 W;
General Electric, Frankfrut a. M., FRG). The temperature was
either held constant or was controlled to produce comparable
conditions on consecutive days according 1o a *standard ™ time
course modelled after measured microclimate conditions (see
Tenhunen et al. 1980, 1981). Since the dew point of the incom-
ing gas stream was constant. 4W varied simultancously with
and in a similar pattern to temperature (illustrated in the fig-
ures). To determine the change in leal gas-exchange characteris-
tics with time, different CO, partial pressures in air were sup-
plied to the leaves on consecutive days. Leafl water potentials
were measured with a pressure chamber (Scholander et al.
1965).

Results

The *“*standard™ temperature and humidity condi-
tions imposed during daily time-course experi-
ments and the leaf response of gas exchange and
stomatal conductance to changes in light, tempera-
ture, and AW, with 350 pbar CO, in the air exter-
nal to the leaf, are shown in Fig. 1. The conditions
closely resemble those occuring naturally in Sep-
tember at the study site, and the behavior in gas
exchange closely reflects natural behavior observed
on other days when actual air temperature and
humidity was followed in tracking mode. Incident
light intensity varied naturally; air temperature
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Fig. 1. A ““standard” daily time course of gas exchange of Quer-
cus suber leaves observed on September 5, 1982. Shown are
the naturally occurring time course for photosynthetically ac-
tive radiation flux (PA4R) incident on leaves in the gas-exchange
cuvette, controlled time course for leaf temperature (7;) and
water vapor mole-fraction difference between leaf air spaces
and external chamber air (4 W), total leaf conductance for water
vapor (G), leaf transpiration rate (Tr), leaf net photosynthesis
rate (NP), leaf xylem water potential (), and internal leaf CO,
pressure (P;)

and leaf temperature were increased in the morning
by approx. 3° C-h™'. A constant temperature (leaf
temperature approx. 38° C) was maintained for3h
around midday when the light intensity was maxi-
mal. During the afternoon, the temperature was
decreased in steps equal to those used during the
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morning period. The decrease in humidity at mid-
day (increase in AW) was directly dependent on
changes in leaf temperature; a maximum AW of
approx. 50 mbar bar™' was reached at noon. The
pattern of temperature and humidity changes was
chosen to produce a similar combination of envi-
ronmental variables in the morning and in the af-
ternoon. Thus, the responses during these two time
periods can be compared and daily time influences
on response may be scrutinized.

When exposed to the ““standard” time course
of environmental variables, transpiration rate,
photosynthesis rate, and leaf conductance reached
maximum values early in the morning and late in
the afternoon. Only slight differences in the peak
values are seen on this day, although conductance
was higher in the morning and transpiration was
higher in the afternoon. Air temperature measured
at other locations in the canopy reached a maxi-
mum of approx. 35° C at 1:00 p.m. Stomatal clo-
sure throughout the plant canopy apparently re-
sulted in strong recovery in leaf water potentials
at this time. Leaf water potentials became more
negative again late in the afternoon when tempera-
tures in general decreased. Stomatal re-opening
and stimulation of net photosynthesis occurred im-
mediately in the case of the experimental leaves
with a decrease in temperature a 2:00 p.m. The
leaf internal CO, partial pressure remained quite
constant despite in 18° C change in leaf tempera-
ture. Only at the highest temperatures at midday
did P, increase slightly. This is probably explained
indirectly by the decrease in net photosynthesis
rate, which leads to a smaller CO, differential ac-
ross the gas-exchange chamber and slightly higher
average CO, pressure external to the leaf in the
cuvette air. The transpiration/NP ratio increased
by a factor of approximately three between early
morning and midday. .

In order to clarify changes in the CO, response
of Q. suber leaves occurring during the day, exper-
ments were conducted in which three different CO,
pressures were provided in the incoming gas stream
on three consecutive days during which light and
leaf temperature were essentially identical (as in
Fig. 1). The results of such an experiment are
shown in Fig. 2. With 350 pbar CO,, the tim:
course shows the natural behavior of the leaves.
By decreasing the external CO, partial pressure
to 105 pbar, information was obtained which,
combined with the 350-pbar response (see below),
allowed determination of the initial slope of the
CO, response curve; by increasing the external
CO, partial pressure to 2000 pbar, the time course
of photosynthetic capacity at CO, saturation was




observed. With an incoming CO, pressure of
2000 pbar, P, was approximately constant at
1100 pbar (not shown). Leaf internal CO, partial
pressure obtained with 350 pbar and 105 pbar CO,
external to the leaf is indicated as a function of
time of day in Fig. 2.

To ensure that longer-term treatment with high
CO, was not responsible for the decrease in the
photosynthetic capacity observed at midday, the
leaves were subjected to an immediate temperature
step when the light was turned on in the morning
~ (Fig. 3). Thereafter, constant conditions were
maintained. The external CO, partial pressure was
2500 pbar and the light intensity was saturating
(1600 pmol m~? s~ ! PAR). With the change from
19° C to 29° C (attained at 7:00 a.m.), the net pho-
tosynthesis rate increased rapidly to approx.
23 umol m~* s~ ! and then remained constant at
least until 12:30 p.m. (which on a “standard” day
would be the middle of the period with constant
maximum leal temperature). With a temperature
step to 37° C (attained at 7:40 a.m.), the net pho-
tosynthesis rate initially increased rapidly to ap-
prox. 12.0 pmol m~2s™'; at this point, the leaf
temperature was approx. 34° C. Then the stomata
_closed and NP decreased sharply despite increasing
P, to a minimum at 8:00 a.m. after which NP in-
_creased (simultaneously with renewed stomatal
~opening) to a stable value of approx.
15.5 pmol m~2 s~ ! which again was maintained
into the midday period. A decrease in CO, pres-
sure external to the leaf to 2000 pbar (P, changing
from 1350 pbar to 1080 pbar) decreased net photo-
~synthesis only slightly (arrow in Fig. 3). The “*stan-
~dard” day-temperature time-course data obtained
with the same leaves at 1600 pmol m ™2 s~ ! PAR
and 2500 pbar external CO, provided a peak value
or CO, uptake at 29°C in the morning of
4 pmol m~2 s !, and a value at midday during
onstant conditions (37° C) of 16 pmolm ™ ? s~ 1.
us, the values obtained in time courses of the
pe described, even at high CO, pressure, seem
0 be close to steady-state values and the accumu-
ttion of photosynthates does not cause the large
ecrease observed in photosynthetic capacity at
midday. The absolute rates are higher than shown
Fig. 2 because of greater recovery in plant water
otential. Day-to-day changes in water status can-
Ot be eliminated from these experiments under
atural conditions.

While a decrease in leaf temperature in the af-
l0on resulted in an increase in photosynthetic
acity in our experiments, the afternoon peak
ften not as high as the morning peak (Fig. 2).
other words, in some experiments overall photo-

1
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Fig. 2. Time course of rate of net CO, uptake of Quercus suber
leaves exposed to ““standard” day conditions of PAR, leal tem-
perature, and AW as shown in Fig. 1 and supplied with either
2000 pbar, 350 pbar, or 105 pbar CO, in the incoming air
stream to the cuvette. Lower portion of the figure shows calcu-
lated leafl P; at different times with 350 ubar and 105 pbar sup-
plied in the incoming air stream
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Fig. 3. Time course of net CO, uptake of Quercus suber leaves
with increase in light intensity (PAR) from zero to 1600 pmol
m~?s”! at 6:30 A.M. and rapid increase in leal temperature
from 19°C to 29° C (attained at 7:00 a.m.) after which leaf
temperature was held constant; and similarly with rapid in-
crease in leaf temperature to 37° C (attained at 7:40 a.m.). Pres-
sure of CO, in air supplied to the leaves was 2500 pbar. Arrow
indicates change in the CO, pressure supplied to the leaves
to 2000 pbar
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Fig. 4. Dependency of net photosynthesis rate on external air
CO, pressure (P,) and on internal air-space CO, pressure P
under midday conditions. Leaf temperature 37° C, AW approx.
50 mbar bar~ !, and light intensity 1600 pmol m~2s7* PAR

synthetic capacity showed a tendency to decline
slightly in the afternoon. This response is not al-
ways pre'dictablé and could still involve long-term
changes in the ability to remove photosynthetic
products from the leaves or might result from the
longer-term effects of midday stress conditions.
- To demonstrate conclusively that CO, satura-
tion is achieved at midday with the external CO,
pressure between 2000 and 2500 pbar and despite
strong stomatal closure,: the dependency of net
‘photosynthesis rate on external air CO, pressure
and on internal leaf air-space’ CO, pressure was
determined as shown in Fig. 4 for midday condi-
tions (37°C and 1600 pmol m~2s™! PAR). At
2000 pbar external CO,, an internal CO, pressure
of approx. 1200 pbar is obtained and net photo-
synthesis is very close to CO, saturation. It is inter-
esting that the rate of net photosynthesis at normal
atmospheric air CO, partial pressure (Pysq— A BOr-
mal air partial pressure for CO, of 350 pbar was
determined in Sobreda) is only 27% of the maxi-
mum rate and that NP continues to increase with
increase in P, between 500 and 1000 pbar. The op-
erating point with respect. to maximum, estimated
as Psso/Peauration from data like those in Fig. 2,
is shown as a function of time of day for two exper-
imental series in Fig. 5. Similar low values of AR
P, ,curation indicate again that a relatively high pho-
tosynthetic capacity is present and the operating
point is situated low on the linear portion of the
NP versus P, response curve. 2
An estimate of the initial slope of the CO, re-

P350/ Psaturation

10 12

- Time [h]
Fig. 5. Time course under “standard” day conditions of P/
leaf temperature, and AW*as shown in Fig. 1, for the r
of net photosynthesis rate with ambient gas concentration
the net photosynthesis rate at CO, saturation (P3so/Psatuca
Data are shown for two expe;i;t_;lental series; circles corres
to plants with water status as'shown in Fig. 1; triangles
spond to plants which have more fully recovered from
stress (pre-dawn water potential of —5 bar)

sponse curve at different times of the. day,
was obtained from :the: “standard” -daily
courses obtained with 350 pbar and 105 pbar
external to the leaf. The average rates of CO;,
take over half-hour intervals were plotted ver
average internal air-space CO; pressure as sh
in Fig. 6. The estimated slope of the CO, respe
curve decreased as temperature increased and
midity decreased during the morning and incre:
again as temperature decreased and humidity
creased in the afternoon. Little change occ 1
during midday ‘when temperature and AW
constant. ‘An estimate of the CO; compen
point, I, was also obtained from the data sh
in Fig. 6 by extrapolation. While a certain
racy may be expected as a consequence of
mining I" from only two measurement'pdin
shift with time of day is qualitatively corre
cause with 105 pbar external CO,, net CO, upi
occurs during the morning and late aftern
while CO, evolution is observed at midday.
carboxylation efficiency and CO, compens
point are related to measured leaf tempera

to AW in Fig. 7. e
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Fig. 6. Initial slope of the CO, response curve (carboxylation
efficiency — CE) obtained at different times of the day with
“standard” day conditions of PAR, leaf temperature, and AW
as shown in Fig. 1. Data correspond to those shown in Fig. 2
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Fig. 8. Daily time course found for leaf photosynthetic capacity
(Py) measured at 2000 pbar external CO, pressure, for carbox-
ylation efficiency (CE), and for leaf CO, compensation point
(I) on a “standard” day as shown in Fig. 1

The change in photosynthetic capacity at €O,
saturation, CE, and 7" on a “standard” day is de-
picted -in Fig. 8. Photosynthesis at midday de-
creases and the carbon-dioxide partial pressure of
the internal air space remains at a relatively con-
stant level (Fig. 1) as™a result of the depression

“of photosynthetic capacity, the decrease in carbox-

ylation efficiency, and the increase in the compen-
sation point. Carboxylation efficiency and com-
pensation point begin to change before photosyn-
thetic capacity is reduced. On “standard” days,
the increase in natural light intensity increases pho-
tosynthetic capacity until light saturation is
reached at  approx. 1000 pmolm~2s~! PAR.
Thus, light saturation is reached between 9:00 and
10:00 a.m., just when the maximum in photosyn-
thetic capacity is observed during the daily time
course. Thereafter, temperature and humidity
changes depress photosynthetic capacity.

Discussion

The decrease in leaf conductance and concurrently
in the rate of leaf net photosynthesis during mid-
day depression of gas exchange is a complex, regu-
lated response of leaf metabolism to the imposition
of “short-term” stress conditions. The results de-
scribed here obtained with leaves of Q. suber indi-
cate that the gradual midday stomatal closure is
accompanied by a continuous decrease in photo-
synthetic activity. Except when an extremely rapid
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increase in temperature and decrease in humidity
may transiently disrupt photosynthetic CO, up-
take, as seen in Fig. 3, approximate steady-state
relationships are maintained during the course of
a day. Considered in terms of the response of pho-
tosynthesis to the CO, partial pressure of the leaf
internal air space, the basic characteristics of the
response curve change continuously with environ-
mental conditions during the course of a “stan-
dard” day typical for mediterranean climate condi-

tions. At saturating light intensity with Q. suber,

increasing leaf temperature and the consequent in-
creasing AW result in a decrease in photosynthetic
capacity (the CO,-saturated rate of net photosyn-
thesis was measured here with 2000 pbar CO, ex-
ternal to the leaf), a decrease in the carboxylation
efficiency (initial slope of the CO, response), and
an increase in leaf CO, compensation point. As
a result of these changes, the leaf internal CO,
pressure remains constant or increases only slightly
despite stomatal closure. Thus, the observations
agree with the hypothesis of Osmond and Bjork-
man (1972; Osmond et al. 1980) that stomatal clo-
sure during periods of high-temperature and high
light intensity should be accompanied by metabolic
changes which maintain high internal CO, ‘pres-
sure and thereby hinder photoinhibition (Powles
and Critchley 1980). The role played by photore-
spiration in changing the shape of the photosyn-
thetic CO, response curve must still be investi-
gated. Since water stress has been shown' to-in-"
crease susceptibility to photoinhibition (Bjorkman
et al. 1981), it may be that the processes which
change to produce these observed shifts in carbox-
ylation characteristics, change even more strongly
in leaves of Q. suber and perhaps in other mediter-
ranean sclerophylls as water stress increases -and
as stomata close tightly for longer periods of the
day during the summer dry period (Tenhunen et al.
1982).

If the photosynthetic capacity observed in these
experiments 18 considered only as a function of
temperature, an optimum temperature is found be-
tween 30 and 35° C. This in itself is not remark-
able, although in other cases where photosynthetic
capacities have been measured for plants adapted
to high temperature and high light conditions,
higher optimum temperatures have been found
(Bjorkman et al. 1978; Mooney et al. 1978). The
degree to which photosynthetic capacity suddenly
decreases at high temperature is striking. At 372C
the capacity is only 65% of that at 29° C (Fig. 3).
Ball and Farquhar (1984a, b) have reported chan-
ges in the photosynthetic capacities of leaves of
mangrove species exposed to salinity stress condi-

tions. In contrast, the changes in capacity observed
in Q. suber leaves occur over a much shorter time
period and are rapidly reversed when the tempera-
ture decreases and the humidity increases. Changes
in photosynthetic capacity in response to changes
in humidity have been reported recently for several
species by Sharkey (1984). In that study, a subse-
quent increase in humidity allowed a recovery in
photosynthetic capacity of approx. 50%. It is pos-
sible that the lowered afternoon peak in photosyn-
thetic capacity of Q. suber is the result of a longer-
term effect of exposure to conditions of high evap-
oration. »
On a day with a “standard” temperature time
course and at light saturation, changes in the car-
boxylation efficiency and the compensation point
parallel changes in the photosynthetic capacity of
0. suber leaves and determine the rate of net pho-
tosynthesis at ambient CO, pressure (P350)-, The
shift in compensation point is considerable;iI” i
creasing at midday to approx. 180 pbar. Becau
stomatal closure occurs simultaneously, P; remai
constant. Ball and Farquhar (1984a, b) report
a very different situation in response to salini
stress with mangrove species. In mangrove leav
CE remains constant when the photosynthetic
pacity decreases and stomatal closure is accom
nied by decreasing P;. The carboxylation efficien
of Q. suber at 38° C (4W =50 mbar bar 1) is onl:
30-40% of that found at 25°C (AW =25 mba
bar~1). This result is not compatible with the con
clusion that the temperature dependence of CE
determined by the kinetic constants of ribulose-1
bisphosphate carboxylase (RuBPCase)-oxygen
and their respective temperature dependen
(Farquhar et al. 1980; Farquhar and von Ca:
merer 1982), if we are to believe, that the tempe:
ture dependencies of the kinetic constants are
same for RuBPCase from all plant leaves. Deta
investigation is required to explain why CE
creases with temperature in this species, in cont
to those studies reported previously (Ku and Ec
wards 1977; Peisker et al. 1979). Since the es
mates of CE reported in this paper were de
mined using time courses with continuous chang
in light intensity, temperature, and humidity, t
suggestion might be made that time effects or ina
curate determinations of water exchange contri
ute to the shift found in CE. Steady-state deter r
nations of NP and CE in the laboratory using si
gle leaves of potted Q. suber plants, in which e
treme care was taken to determinine accurate
transpiration rate and CO, pressure external:
the leaf and in which the bypass trapping syste
was removed, have indicated a similar responl
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of CE and leaf CO, compensation point to increas-
ing temperature and 4W to that shown in Fig. 7.
Von Caemmerer and Farquhar have empha-
sized that leaf photosynthesis is regulated to bal-
ance RuBPCase activity and RuBP regeneration
capacity (von Caemmerer and Farquhar 1981).
With Phaseolus vulgaris, they found that P; was
regulated in such a manner that an operating pomt
was established relatively high on the COps1e-
sponse curve in the curvature region: They have

tion region between limitation caused by carboxyl-
ation capacity and one caused by RuBP regenera-
tion capacity. We have attempted to define the op-
erating point on the CO, response curve quantita-
tively by using the ratio of the photosynthesis rates

. obtained in normal air (P;,,) and in air with high -
CO, partial pressure (P_,,, ai00)- In contrast to the:

- results reported by von Caemmerer and Farquhar,
. data obtained with Q. suber leaves indicate an op-
& erating point low on the CO, response curve. Max-
¢  imum values of P350/PSaturamn were approx. 0.45
- and were obtained on a “standard” day at times
. of maximal ambient photosynthesis rates in the
morning and in the afternoon. It is also at this
time that the CO,-saturated photosynthesis rate
becomes light saturated. Values of Pj5o/Pauration
at midday were as low as 0.15 (Fig. 5) due to a
proportionally greater decrease in P;5, compared
with P, ai0n- The steady-state CO, response ob-
tained for midday conditions also provided a low
value of 0.27 (Fig. 4). We surveyed results obtained
by other investigators by searching the literature
~ for response curves based on internal CO,, mea-
sured to CO, saturation, and for which the ambi-
ent net photosynthesis rate was given. From. 33
B such response curves, the average P, .o:../Peatucaiion
- was 0.69 and values ranged from 0.42 to 0.99. Most
- of these response curves were obtained at relatively
low temperatures.
b Sharkey (1984) found that a decrease in hurmd-
ity can depress photosynthesis of leaves but that
the total evaporation from the plant had no effect
. on individual leaves. Sharkey concluded that local-
1zed changes in water deficit must develop over
small areas within the leaf and regulate the re-
se. Resemann and Raschke have recently
found with Arbutus unedo a similar strong humidi-
induced depresswn of photosynthes1s which ap-
rs to play a major role in midday depression
ersonal communication; Pflanzenphysiologi-
es Institut der Universitdt, Gottingen, FRG).
ur own experiments with twigs of sclerophylls
ised under water and the leaves of which were
osed to “standard” day conditions, indicated

interpreted this response-curve portion as a transi- |

that leaf gas exchange behaves the same as when
measured with intact branches. It seems, therefore,
probable that the changes in photosynthetic capac-
ity at CO, saturation, CE, and I” described here
occur in response to the immediate leaf environ-
ment and are controlled independently in individ-
ual leaves. Raschke (1982) has reported that in
certain situations, application of the stress hor-
mone abscisic acid to leaves of both monocotyle-
denous and dicotyledenous plants can lead to de-
pression of photosynthetic capacity, decrease in
CE, simultaneous stomatal closure, and a constant
or slightly elevated P,. It is possible that a hor-
monal regulation of this type, which affects photo-
synthetic characteristics as well as stomatal move-
ment in sequence or in parallel may occur during
midday depression. If so, the mechanism by which
high temperature and low humidity are sensed is
an extremely rapid one which leads to complex,
well-coordinated, reversible metabolic changes.
Many aspects of the changes in photosynthesis de-
scribed remain to be examined in further detail.
Experiments are planned to separate the influences
of temperature and humidity on photosynthesis-
during midday depression of CO, exchange.
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