J. AMER. SOC. HORT. SCI. 126(3):297–304. 2001.

Drought-stress Effects on Physiology, Growth and
Biomass Production of Rainfed and Irrigated Bell
Pepper Plants in the Mediterranean Region
Sebastiano Delfine1
Dipartimento di Scienze Animali Vegetali e dell’Ambiente, Università degli Studi del Molise, via De
Sanctis, 86100 Campobasso, Italy
Francesco Loreto
Consiglio Nazionale delle Ricerche – Istituto di Biochimica ed Ecofisiologia Vegetale, 00016 Monterotondo
Scalo (Roma), Italy
Arturo Alvino
Dipartimento di Scienze Animali Vegetali e dell’Ambiente, Università degli Studi del Molise, via De
Sanctis, 86100 Campobasso, Italy
ADDITIONAL INDEX WORDS. Capsicum annuum, fluorescence, gas exchange, photosynthesis, CO2 transfer conductance,
vegetative and fruit biomass, drought stress
ABSTRACT. Physiological characteristics, growth, and biomass production of rainfed and irrigated bell pepper [Capsicum
annuum L. var. anuum (Grossum Group) ‘Quadrato d’Asti’] plants were measured in the semiarid conditions of a
Mediterranean summer to determine if drought stress effects are transient and do not affect plant growth and crop yield
or are persistent and adversely affect plant growth and crop yield. A low midday leaf water potential indicated the
occurrence of transient drought stress episodes in rainfed plants during the first 2 months of the study. Later on, predawn
water potential also increased, indicating a persistent drought stress condition despite the occurrence of some rainfall.
Photosynthesis was reduced when stress conditions developed, but the reduction was transient and limited to the central
part of the day during the first 2 months. As plants aged, however, the impact of drought stress on photosynthesis was
not relieved during the overnight recovery period. Stomatal conductance was reduced both during transient and
permanent stress conditions while CO2 transfer conductance (i.e., conductance to CO2 inside the leaf) was only reduced
when photosynthesis inhibition was unrecoverable. However, chloroplast CO2 concentration was higher in rainfed than
in irrigated leaves indicating that CO2 availability was not limiting photosynthesis. Nonphotochemical quenching of
fluorescence increased significantly in rainfed leaves exposed to permanent stress indicating the likely impairment of
ATP synthesis. Transient inhibition of photosynthesis did not significantly affect leaf area index and biomass production,
but growth was significantly reduced when photosynthesis was permanently inhibited. Fruit dry weight was even higher
in rainfed plants compared to irrigated plants until drought stress and photosynthesis reduction became permanent. It
is suggested that bell pepper growth without supplemental irrigation over the first part of the vegetative cycle does not
impair plant growth and may even be useful to improve yield of early fruit.

Severe drought stress may impair many plant functions but the
main effect is reduction of carbon fixation. This, in turn, may
differentially affect plant growth and production depending on
many variables such as the length of the stress, the vegetative
status of the crop, and the occurrence of other environmental
stress (e.g., high light irradiance and high temperatures). One of
the most well known responses to drought stress is stomatal
closure and the subsequent increase of resistance to CO2 diffusion
in leaves (Kaiser, 1987). The concentration of CO2 at the site of
its fixation (the chloroplast) may be further restricted by resistances inside the leaf mesophyll (Loreto et al., 1992). These
resistances are also likely to increase in water-stressed leaves
(Cornic and Massacci, 1996; Loreto et al., 1997).
The view that resistances to CO2 diffusion are the only factor
responsible for the reduction of carbon fixation in water-stressed
leaves has often been challenged. Many studies have demonstrated that biochemical and photochemical reactions of CO2
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assimilation may also be directly impaired by drought stress and,
therefore, photosynthesis is not simply down-regulated in response to low internal CO2 (Gimenez et al., 1992; Hanson and
Hitz, 1982). A recent report by Tezara et al., (1999) provided
evidence that Rubisco characteristics and some photosynthesis
intermediates are unaffected by mild drought stress, but ATP
synthesis is sensitive to drought stress and may strongly reduce
ribulose 1,5-bisphosphate (RuBP) content in water-stressed leaves.
However, Tezara et al. (1999) also cautioned that this may not
occur under field conditions when the stress develops slowly and
plants may respond to drought by adjusting metabolism and
resistances to water loss through stomata (Faver et al., 1996;
Mojayad and Planchon, 1994; Ortiz-Lopez et al., 1991; Quick et
al., 1992).
Summer crops of the Mediterranean region generally experience recurrent drought stress episodes during their vegetative and
reproductive cycles. Irrigation water is a limited resource and
water-saving practices are highly encouraged. It is therefore
important to determine whether drought stress causes physiological consequences in field-grown plants that are a) transient and
unable to affect plant growth and crop yield, or b) persistent and
limiting plant growth and crop yield.
Bell pepper [Capsicum annuum var. anuum (Grossum group)]

is among the most susceptible horticultural plants to drought
stress because of a wide transpiring leaf surface and high stomatal
conductance (Alvino et al., 1994). An adequate water supply is
required during the total growing period to obtain high yield
(Doorenbos and Kassam, 1986). Under soil-water stress, pepper
plants reduce leaf water potential, LAI (leaf area index) and the
amount of light intercepted by the canopy (Alvino et al., 1994).
Drought stress, also has been shown to affect harvested pepper
fruit yield (Lurie et al., 1986), and senescence of leaves of corn
(Zea mays L.) (Alvino et al., 1999) and pepper plants (Yanez et
al., 1992).
In the present investigation we studied physiological and
metabolic processes affected by drought stress in field-grown bell
pepper and quantified the effects of drought stress on physiology,
growth, and productivity of pepper in environmental conditions
typical of the Mediterranean region. The objectives of this study
were to establish if and when water supplements are useful or
necessary to support various physiological processes and avoid
yield reduction of pepper and to provide guidelines for a more
efficient and sustainable use of irrigation water.
Materials and Methods
PLANTS

MATERIAL, EXPERIMENTAL DESIGN, DROUGHT STRESS

MEASUREMENTS, AND GROWTH ANALYSIS. Plants of ‘Quadrato d’Asti’

bell pepper were transplanted on loamy soil at the six-leaf stage,
in rows 0.8 m apart to obtain a crop density of 5 plants/m2. During
the season, plants were regularly fertilized and weeds were
controlled by hand tillage.
Eight plots, each 30 m2, were formed at the beginning of June
1998 in an experimental field of Consiglio Nazionale delle
Ricerche–Istituto di Biochimica ed Ecofisiologia Vegetale (Roma,
Italy, 42° latitude) close to an agrometeorological field station.
Plots were arranged in a randomized complete block design.
Potential evapotranspiration was calculated from micrometeorological data using the Penman-Monteith formula (Doorenbos and
Kassam, 1986). The values were corrected with crop coefficients
depending on the crop development stage (0.4 for the initial
period, 0.7 for crop development period, 1 for midseason, 0.9 for
late season, and 0.85 at harvest) as suggested by Doorenbos and
Kassam (1986) to provide crop evapotranspiration (ETcrop). In
the control plots, ETcrop was fully restored by drip irrigation.
After plant establishment, irrigation was withheld in four plots [0
days after treatment (DAT)].
Midday and the predawn leaf water potentials were used as
stress indices. They were measured on 16 fully expanded leaves
of different plants with a pressure chamber (model 3005;
Soilmoisture Equipment Corp, Santa Barbara, Calif.).
Growth was determined for seven replicates during the crop
cycle. Fruit, leaves, and stems were oven dried at 75 °C for 48 h
and dry weights (DWs) were recorded. Prior to drying leaf area
was measured with a leaf area meter (LI-3100; LI-COR, Inc.,
Lincoln, Nebr).
MEASUREMENTS OF PHOTOSYNTHETIC PARAMETERS. Net photosynthesis (Pn) and stomatal conductance (gs) were measured on
fully expanded leaves during the crop cycle in the field with a
portable gas exchange system (LI-6400) and a system described
by Loreto et al. (1992), except that an infrared gas analyzer (LI6262) and a small leaf cuvette enclosing a leaf area of 4.9 cm2
were used. The leaf was irradiated by an optic fiber ring connected
to a light source (KL1500; Schott, Mainz, Germany). Measurements were recorded on seven fully expanded leaves selected

randomly on different plants. Simultaneous gas exchange and
fluorescence measurements were made using a variable irradiance when measuring the light response of photosynthesis, and at
a saturating irradiance (1800 µmol·m–2·s–1) for other measurements. In all cases the leaf temperature was maintained at 25 °C
by circulating thermostatically regulated water in the body of the
cuvette. Photosynthetic O2 sensitivity was calculated from the
relation: (Pn2 – Pn20)/Pn2, where assimilation Pn2 and Pn20 are
photosynthesis at low (2 kPa) and ambient (20 kPa) O2 pressure.
Fluorescence was monitored as described by Loreto et al.
(1992), except that the terminal end of the optic fiber used for
fluorescence measurements and for saturating light pulses (10,000
µmol·m–2·s–1) was inserted inside the fiber ring normal to the leaf
plane. This allowed the fluorescence fiber to reach the cuvette
without shading the leaf.
The ratio between variable and maximal fluorescence (Fv/Fm)
was measured on dark-adapted leaves for 30 min to estimate the
effect of drought stress on photochemical efficiency. The fluorescence emission in response to actinic and saturating light was
measured to estimate the rate of electron transport (Jf) according
to the following equation: Jf = DF/Fm × a × 0.5 × photosynthetically active radiation (PAR), where DF/Fm is quantum yield of
electron flow to photosystem II (Genty et al., 1989). The overall
leaf absorptance (a) was measured with an integrating sphere (LI1800-12S) throughout the experiment. The factor 0.5 was chosen
assuming that light is distributed equally between the two photosystems (Loreto et al. 1992). PAR is the incident irradiance.
Nonphotochemical quenching of fluorescence (qNP) was
estimated according to van Kooten and Snel (1990) from maximal and minimal fluorescence in the dark (Fm and Fo) and at an
irradiance of 800 µmol·m–2·s–1 (F’m and F’o): qNP = 1 – (F’m – F’o)/
(Fm – Fo).
Transfer conductance (gw) of CO2 was determined as described by Loreto et al. (1994). Briefly, the electron transport rate
calculated by gas exchange (Jc) and measured by fluorescence (Jf)
are compared at an irradiance of 800 µmol·m–2·s–1. Measurements
at higher irradiance would be imprecise because of the low
fluorescence yield (Loreto et al., 1994). If Jf = Jc under
nonphotorespiratory conditions (2 kPa O2) but Jf > Jc under
photorespiratory (ambient air) conditions, it is assumed that ci
[the intercellular CO2 partial pressure used to calculate Jc according to von Caemmerer and Farquhar, (1981)] is higher than cc (the
CO2 partial pressure in the chloroplasts). The internal resistance
which causes the decrease from ci to cc can be calculated by
assuming that Jf is the actual electron transport rate. Substituting
Jc with Jf: gw = Pn/[(ci – Γ* × (Jf + 8 × (A + Rd)]/Jf – 4 × (A + Rd),
where Pn is the photosynthetic rate, Rd is dark respiration as
measured from gas exchange on the dark adapted leaf, and Γ* is
the CO2 compensation point that would occur in the absence of Rd,
calculated according to Brooks and Farquhar (1985).
The fluorescence gas exchange method has been tested under
a wide range of conditions and on many plant species. Detailed
descriptions of the method, its sources of error, and comparisons
with measurements of gw determined by on-line fractionation of
stable carbon isotopes can be found in previous reports (Harley et
al., 1992; Loreto et al., 1994). Transfer conductance measurements of CO2 were repeated on seven different leaves of different
plants.
RUBISCO ANALYSIS. Leaf samples (3.8 cm2) were frozen in
liquid nitrogen immediately after gas-exchange measurements to
measure Rubisco activity and content. Briefly, frozen leaves were
ground in a chilled mortar with 30 mg polyvinylpolypyrrolidone

Plants were cultivated in environmental conditions typical of
summer in central Italy. Days were cloudless over most of the
experimental period. The maximum temperature was generally
>30 °C for 2 months after starting the treatment and the minimum
temperature was always >10° C (Fig. 1). The seasonal evapotranspiration demand (Fig. 2) was not met by precipitation which
was scant particularly during the first month of the experiment
(Fig. 1).
Photosynthesis and stomatal conductance under saturating
irradiance (1800 µmol·m–2·s–1) and optimal leaf temperature (25

°C) were similar for the first 2 months in irrigated and rainfed
plants (Fig. 3). Transient and significant reductions of these
parameters were observed in rainfed leaves 22 to 23 DAT and 42
DAT, just before two rainfalls (Fig. 1). After ≈2 months, Pn and
gs of rainfed plants became significantly lower than in irrigated
plants and this difference was observed until the end of the
experiment (Fig. 3).
Three sets of field measurements representative of conditions
when Pn and gs were not affected (14 DAT), transiently affected
(42 DAT) or permanently affected (66 DAT) by drought stress are
presented in Figs. 4 to 6. Predawn and noon water potentials were
not different in irrigated and rainfed plants 14 DAT (Fig. 4A and
B). However, noon water potential of rainfed plants was significantly lower (more negative) than in controls 42 DAT. At 66 DAT
this difference was also evident in the predawn water potential.
Light response of Pn was similar in irrigated and rainfed plants
14 DAT (Fig 5A). At 42 DAT the rainfed leaves showed significantly lower Pn with respect to irrigated leaves at irradiances >500
µmol·m–2·s–1 (Fig. 5B). Finally, at 66 DAT inhibition of Pn in
rainfed leaves was evident at irradiances >200 µmol·m–2·s–1 (Fig.
5C). In all cases there were no differences between irrigated and
rainfed leaves in the (linear) response of Pn at irradiances <100
µmol·m–2·s–1 as also indicated by the Fv/Fm measurements.
The nonphotochemical quenching of fluorescence was also
similar 14 and 42 DAT in irrigated and rainfed leaves. However,
qNP of rainfed leaves was significantly higher than in irrigated
leaves 66 DAT.
Daily trends of Pn and gs revealed no differences between
irrigated and rainfed plants after 14 DAT (Fig. 6A). However, Pn
and gs of rainfed plants were significantly lower than in the
irrigated plants in the central hours of 42 DAT (Fig. 6B) and along
the whole 66 DAT (Fig. 6C).
Despite significant inhibition of Pn, 42 and 66 DAT, Rubisco
activity and content of rainfed leaves were similar to those of
irrigated leaves (Table 1). Stomatal conductance was not different 14 DAT, but was significantly inhibited in rainfed leaves at 42
and 66 DAT (Table 1 and Fig. 3). Transfer conductance of CO2
was not different 14 and 42 DAT, but was significantly inhibited
in rainfed leaves 66 DAT (Table 1). Reduction of stomatal and
CO2 transfer conductance in rainfed leaves 42 and 66 DAT did not

Fig. 1. Maximum (Tmax), and minimum (Tmin) daily temperatures and daily
rainfall as recorded by the meteorological station during the experimental
period (days after treatment, starting from the date on which rainfed and
irrigated plants were treated differently).

Fig. 2. Calculated evapotranspiration (ETcrop) of the control pepper crop during
the experimental period (days after treatment). Calculations were made using
the Penman-Monteith formula as described in Materials and Methods.

(PVPP), quartz sand, and 2 mL of extraction buffer (100 mM
bicine pH 8, 10 mM MgCl2, 5 mM dithiothreitol (DTT), 1 mM
ethylendiamminetetracetic acid (EDTA), and 0.02 % (w/v) bovine serum albumin (BSA). The solution was centrifuged at
10,000 gn for 10 s. A fraction of the supernatant was used to
determine total carboxylase activity of Rubisco by a spectrophotometric method (Sharkey et al., 1991). Another fraction of the
supernatant was added to a denaturing solution [20 % sodium
dodecyl sulfate (SDS), 20% β-mercaptoethanol, and 200 mM Tris
HCl pH 6.8] at 95 °C for 5 min. Rubisco content was determined
on the denatured solution by SDS-PAGE (Delfine et al., 1998),
using 14% acrylamide gel. Gels were stained with Coomassie
brilliant blue R-250, destained, and scanned at 550 nm using a
dual-wavelength flying spot scanner (CS-9000, Shimadzu, Tokyo, Japan). Measurements were repeated on seven different
leaves of different plants.
STATISTICAL ANALYSIS. The environmental parameters (temperatures, rainfall and ETcrop) are reported as single reading.
Temperatures were measured every 1 min, and the data collected
are averaged every 30 min on the data loggers. Rainfall and
ETcrop were measured daily. Photosynthesis, stomatal conductance, water potential and LAI are reported in figures as averages
+ standard errors (n = 7 for photosynthesis and LAI data, n = 16
for water potential data). The biochemical and physiological data
of Table 1, in addition, are separated statistically by t test (n = 7,
P < 0.05). Statistical separation by t test (n = 7, P < 0.05) was also
performed on the growth data shown in Fig. 8.
Results

result in a reduction of intercellular and chloroplast CO2 concentration. The latter was even significantly higher in rainfed than in
irrigated leaves 66 DAT. Reduction of O2 concentration in the air
inhibited photorespiration and increased photosynthesis. This
stimulation was similar (≈20% with respect to photosynthesis in
ambient air) in rainfed and control plants over the whole experimental period (Table 1).
Leaf area index was reduced by lack of irrigation at ≈60 DAT
(Fig. 7), i.e., when differences in physiological parameters were
observed between rainfed and irrigated plants. A reduction of
stem and leaf DW was observed in rainfed plants compared with
irrigated plants (Fig. 8). Also in this case, the difference was
significant only during the last part of the experiment (from ≈60
DAT). Fruit yield, on the other hand, was higher in rainfed than
in irrigated plants for ≈60 DAT. This effect was reversed during
the last part of the study and the final yield of fruit was significantly higher in irrigated than in rainfed plants.

The environmental conditions of Mediterranean summers
(high evaporative demand and low precipitation) often cause
drought stress in plants. Drought stress is almost unavoidable if
plants are not acclimated to the Mediterranean conditions and if
the water deficit is not supplemented by irrigation. The fast
growth of horticultural plants is sustained by generally high

conductance to gas exchange (CO2 and H2O) and by concomitant
high rates of photosynthesis and transpiration. This characteristic, however, also makes horticultural plants particularly vulnerable to drought stress episodes.
In our experiment, scarce precipitation and recurrent drought
stress episodes (Figs. 1–2), did not visibly affect the physiological
parameters of bell pepper leaves during the first 2 months (Figs.
3–6). Photosynthesis and gs were transiently inhibited in rainfed
plants 22 and 42 DAT but both Pn and gs were fully restored after
2 heavy rainfalls (Fig. 1). This suggests that the photosynthetic
apparatus is resistant to drought stress conditions during the first
phase of growth. Even though temporary water shortages caused
a reduction of stomatal conductance and photosynthesis, they did
not cause permanent damages to the carbon fixation apparatus.
A full set of physiological parameters was monitored during
the second transient inhibition of photosynthesis (42 DAT).
These measurements showed that only the midday water potential decreased in stressed leaves, while the predawn potential was
not affected (Fig. 4). Accordingly, reduction of stomatal conductance in rainfed leaves was limited to the central part of the day
(Fig. 6B). It is suggested that at 42 DAT the capacity of water
uptake by plants was sufficient to restore the water content when
the evapotranspiration demand was reduced (i.e., in the morning
and in the evening). This, in turn, restored Pn similar to that of
irrigated plants. Photosynthesis at low irradiance was not inhibited by the stress (Fig. 5B). This may also explain why inhibition

Fig. 3. (A) Photosynthesis and (B) stomatal conductance of irrigated and rainfed
leaves measured in the field over the experimental period [days after treatment
(DAT)]. Each symbol is based on seven observations and vertical bars represent
SE. Arrows indicate photosynthesis and stomatal conductance at 14, 42, and 66
DAT.

Fig. 4. (A) Predawn and (B) midday water potential (Y) of irrigated and rainfed
leaves at 14, 42, and 66 d after treatment. Each value is based on 16 observations
and includes SE.

Discussion

was only observed during the central part of the 42 DAT.
Response of photosynthesis to low irradiance is an indication of
the functionality of the photochemical reactions (Björkman,
1987). Our measurements indicated that the photochemistry of
photosynthesis was not impaired by drought stress. This is also
confirmed by the fluorescence measurements of the photochemical efficiency of photosystem II (Fv/Fm) illustrated in Fig. 5.
However, photosynthesis was significantly reduced at higher
irradiance in rainfed leaves. This possibly indicates an impairment of biochemical reactions involved in carbon fixation
(Farquhar and Sharkey, 1994) but we did not observe such an
impairment in the characteristics of Rubisco 42 DAT (Table 1).
To conclude that the transient reduction of photosynthesis
observed during the first phase of growth is only attributable to
transient stomatal closure, one should observe a consequent
transient reduction of chloroplast CO2 concentration. An addi-

Fig. 5. Photosynthesis response to irradiance, photochemistry efficiency estimated
by the variable to maximum fluorescence ratio in the dark (Fv/Fm), and
nonphotochemical quenching of fluorescence measured at 800 µmol·m–2·s–1
(qNP) in irrigated and rainfed leaves at (A) 14, (B) 42, and (C) 66 d after
treatment (DAT). Each symbol is based on seven observations and vertical bars
= SE. For fluorescence measurements, differences between treatment means on
the same DAT were separated by paired t test. *Significantly different at P <
0.05.

tional resistance to CO2 diffusion toward the chloroplasts is
generally caused by the mesophyll components (Loreto et al.,
1992). This additional resistance may increase under stress conditions (Loreto et al., 1997). However, mesophyll resistance is
likely to be controlled by mesophyll structure and particularly by
the chloroplast surfaces exposed to gas exchanges (Evans et al.,
1994). Therefore, these anatomical features should not undergo
rapid changes but rather be the result of ontogenetic or developmental processes. Mesophyll resistance was similar in irrigated
and rainfed leaves 42 DAT (Table 1). Thus, it did not contribute
to increasing resistance to CO2 diffusion in rainfed leaves. Chloroplast CO2 concentration was not different in rainfed and irrigated leaves 42 DAT (Table 1) thus indicating that resistances to
CO2 diffusion did not directly affect photosynthesis.
From 57 DAT until the end of the experiment, Pn and gs of
rainfed plants were lower than in irrigated plants (Fig. 3) and did
not respond positively to two heavy rainfalls occurring during this
period (Fig. 1). This indicates that some irreversible impairment
of the photosynthetic machinery occurred in rainfed leaves. A

Fig. 6. Diurnal course of photosynthesis in irrigated and rainfed leaves in the field
at (A) 14, (B) 42, and (C) 66 d after treatment (DAT). Each symbol is based on
seven observations and vertical bars = SE.

Table 1. Rubisco activity (Rub A), Rubisco content (Rub C), stomatal conductance (gs), CO2 transfer conductance (gw), intercellular CO2
concentration (ci), chloroplast CO2 concentration (cc), and photosynthetic O2 sensitivity in irrigated and rainfed pepper leaves 14, 42, and 66 d
after treatment (DAT). Values are means (n = 7) ± SE. Differences between treatment means on the same DAT were separated by paired t test.

Treatment
Irrigated
Rainfed
Irrigated
Rainfed
Irrigated
Rainfed
*Significantly

DAT
14
42
66

Rub A
(µmol·m–2·s–1)
113.2 ± 4.6
115.6 ± 4.8
111.7 ± 6.6
111.5 ± 7.6
105.1 ± 5.5
104.9 ± 4.1

Rub C
(g·m–2)
4.05 ± 0.35
4.01 ± 0.29
3.99 ± 0.39
4.05 ± 0.61
3.88 ± 0.45
3.84 ± 0.44

gs
(mol·m–2·s–1)
0.35 ± 0.05
0.33 ± 0.06
0.33 ± 0.03
0.24* ± 0.03
0.33 ± 0.04
0.15* ± 0.02

gw
(mol·m–2·s–1)
0.22 ± 0.014
0.21 ± 0.011
0.23 ± 0.02
0.21 ± 0.016
0.20 ± 0.011
0.12* ± 0.015

ci
(mg·L–1)
271 ± 11
267 ± 10
267 ± 13
264 ± 14
267 ± 11
276 ± 15

cc
(mg·L–1)
155 ± 7
148 ± 5
160 ± 12
175 ± 15
144 ± 8
195* ± 17

O2
sensitivity
(%)
25 ± 3
24 ± 4
24 ± 5
26 ± 6
27 ± 4
26 ± 3

different at P < 0.05.

complete set of physiological and biochemical parameters was
collected on 66 DAT. At this stage, rainfed plants had a significantly lower water potential than irrigated plants. The difference
was not limited to the midday water potential but was also evident
for the predawn water potential (Fig. 4). The water potentials of
rainfed plants were also lower than those measured 14 and 42
DAT. This may indicate that the capacity of rainfed plant to
extract water was diminished at this stage. Consequently, stomatal closure occurred and Pn was depressed during the entire day
in rainfed leaves (Fig. 6C).
Photosynthesis was inhibited at irradiances >200 µmol·m–2·s–1
and saturated at 600 µmol·m–2·s–1 (≈1/3 of the maximum solar
irradiance) in rainfed leaves but the linear response of photosynthesis to light (i.e., the response at irradiances <100
µmol·m–2·s–1) was still comparable to that of irrigated leaves
(Fig. 5C). The yield of dark fluorescence was also unchanged.
Therefore, there was no evidence of photochemical injury in
rainfed leaves at 66 DAT. Only a significant increase of qNP,
indicating a high amount of dissipated energy was observed
in rainfed leaves (Fig. 5C).
We examined if Rubisco characteristics could be responsible
for reduced photosynthesis at moderate and high irradiances but,
as at 42 DAT, Rubisco activity and content were still high and
comparable in rainfed and irrigated leaves at 66 DAT (Table 1).
Since no evidence of photochemical and biochemical impairment
was found in rainfed leaves, we examined if photosynthesis
reduction at 66 DAT was caused by restrictions to CO2 diffusion.

Fig. 7. Leaf area index of irrigated and rainfed plants during the experimental
period. Each symbol is based on seven observations and vertical bars = SE.

Stomatal conductance was significantly lower in rainfed than in
irrigated leaves. Moreover, contrary to what was found at 42
DAT, we observed that, at 66 DAT, the CO2 transfer conductance
of rainfed leaves was significantly lower than that of irrigated
leaves. Thus, mesophyll resistance contributed to the total resistance to CO2 diffusion at 66 DAT. The reduction of CO2 transfer

Fig. 8. Aboveground DW accumulation in irrigated and rainfed plants partitioned
among (A) leaves, (B) stems, and (C) fruit, during the experimental period.
Within the same day after treatment, means were separated by paired t test.
*
Significantly different at P < 0.05.

conductance is presumably associated to changes of mesophyll
structure and is therefore not fully reversible as also demonstrated
for salt stress by Delfine et al. (1998, 1999). Despite the further
increase of diffusion resistances, the chloroplast CO2 concentration in rainfed leaves was even higher than in irrigated leaves
(Table 1). Thus, photosynthesis was inhibited by factors other
than substrate (CO2 concentration) availability. Patchy stomatal
closure may occur in drought stressed leaves (Downton et al.,
1988; Sharkey and Seemann, 1989). This would overestimate the
intercellular and chloroplast CO2 concentrations (Terashima,
1992). To verify if this was the reason why we observed a high
chloroplast CO2 concentration in rainfed leaves, we measured
sensitivity of photosynthesis to low O2 exposure. Under these
nonphotorespiratory conditions photosynthesis is normally stimulated by ≈20% to 30%. A higher stimulation likely indicates the
occurrence of stomatal patchiness (Bongi and Loreto, 1989;
Terashima, 1992). We found similar O2 sensitivity in rainfed and
irrigated leaves all over the experimental period (Table 1).
Therefore, the occurrence of stomatal patchiness should not have
caused an overestimation of the chloroplast CO2 concentration.
It has been found that ATP content often decreases in drought
stressed leaves (Kaiser, 1987). This reduction has been attributed
to the loss of ATP synthase coupling factor 1 which, in turn, builds
up the transthylakoidal ∆pH (Tezara et al., 1999). It has also been
observed that ∆pH is associated with nonphotochemical quenching of fluorescence (Krause and Weis, 1991). Therefore, the
observed increase of qNP in rainfed leaves 66 DAT may indicate
the occurrence of reduced ATP synthesis which limits carbon
metabolism. It is noteworthy that qNP values of irrigated and
rainfed leaves were consistent with those reported by Tezara et al.
(1999) for plants with progressively increasing water potentials.
If our hypothesis is correct, then ATP synthesis may limit
photosynthesis not only when drought stress is rapidly achieved
but also when the stress slowly develops as in field conditions.
In rainfed and irrigated plants, leaf area index and DW of
leaves and stems were similar until ≈50 to 60 DAT, then started
to become significantly lower in rainfed plants than in irrigated
plants. When photosynthesis and growth parameters are compared in rainfed and irrigated plants, it appears that carbon
fixation effectively controlled plant growth and vegetative biomass. Passioura (1994) noted that drought stress often affects
growth characteristics earlier than photosynthesis and suggested
that photosynthesis may eventually be limited by end-product
accumulation. However, drought stress episodes which transiently impair Pn (20 to 50 DAT) did not affect plant growth. Late
in the season, when drought stress was not relieved, plant growth
was also affected. At this stage heavy rainfalls occurred and the
ETcrop was even lower than early in the season. Plants should not
have suffered drought stress under these conditions. There is a
close association between biomass accumulation and transpiration in plant stands (Sinclair, 1994). It is possible that the
physiological changes occurring in aging plants (mainly reduced
stomatal conductance) are responsible for the reduced capacity of
water uptake from the soil and for subsequent reduction of
growth. This, in turn, may cause accumulation of photosynthetic
products per area unit, which eventually inhibits photosynthesis
(Sharkey, 1990).
Interestingly, DW of fruit was stimulated in rainfed plants
during the first part of the experiment and irrigated plants produced fruit DWs higher than rainfed plants only after 60 DAT.
Thus, moderate drought stress episodes, provided plants are able
to recover from them, may influence the strength of carbon sinks,

redirecting carbon toward the reproductive organs. Subsequent
early fruiting may even be a desirable commercial characteristic.
In conclusion, our research indicates that under field conditions, typical of summers in the Mediterranean, the photosynthetic apparatus of bell pepper plants is resistant to drought stress
episodes at least during the first phase of growth when photosynthesis inhibition is overcome. In older plants, photosynthesis
limitations become permanent. These limitations are not caused
by the observed increase of resistances to CO2 diffusion in
drought stress conditions, but perhaps by reduced ATP synthesis.
Photosynthesis limitations may reduce plant growth but may not
necessarily decrease fruit yield if the stress is transient. This
finding may have important implications for agricultural practices aimed at saving water in arid and semiarid growing regions.
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