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ABSTRACT. Production of vegetable crops can be limited by saline irrigation water. The variability of crop salt tolerance under
different environmental conditions requires species-specific and environment-specific field evaluations of salt tolerance.
Data on field performances of vegetable crops grown on soils that have been irrigated with saline water for many years are
lacking. In this study we analyzed the long-term effect of irrigation with saline water on soil properties and on responses of
field-grown pepper (Capsicum annuum L.) plants in these soils. Yield, gas exchanges, water relations, and solute accumula-
tion were measured in plants grown under three different irrigation treatments: a nonsalinized control (ECw = 0.5 dS·m–1)
and two concentrations of commercial sea salt, corresponding to ECw of 4.4 and 8.5 dS·m–1, respectively. In addition, a
nonwatered drought stress treatment was included. Irrigation water with an EC of 4.4 dS·m–1 resulted in 46% reduction in
plant dry weight (leaves plus stem) and 25% reduction in marketable yield. Increasing the electrical conductivity of the
irrigation water to 8.5 dS·m–1 caused a 34% reduction in plant dry weight and a 58% reduction in marketable yield. Leaf and
root cellular turgor and net CO2 assimilation rates of leaves in salt-stressed plants decreased along with a reduction in leaf
area and dry matter accumulation. High concentrations of Na+ and Cl– in the irrigation water did not significantly alter the
level of K+ in leaves and fruit. In contrast, drought stressed plants had higher concentrations of leaf K+ compared to well
watered control plants. These results indicate that Na+ and K+ may play similar roles in maintaining cellular turgor under
salinity and drought stress, respectively. The regulation of ion loading to the shoots was most likely functionally associated
with physiological modifications of the root/shoot ratio that was substantially smaller in salinized vs. drought stressed plants.
From an agronomic perspective, irrigation with moderately saline water (4.4 dS·m–1) it is recommendable, compared to no
irrigation, to obtain an acceptable marketable yield in the specific environment considered.

2002b). Such metabolic responses allow acclimation to osmoti-
cally unfavorable environments but can decrease final crop yield.
Generally, plants grown in saline environments are smaller in
size, have fewer and smaller leaves, have increased root/shoot
ratios, and have smaller fruit (Greenway and Munns, 1980).

Plant response to saline water can vary greatly depending on
meteorological conditions, soil type (Laüchli and Epstein, 1990),
species, cultivar (Rhoades et al., 1992), developmental stage
(Cramer and Bowman, 1991; Yeo et al., 1991), the irrigation
system, time interval between irrigations, amount of water dis-
tributed (Barbieri, 1995), and time of exposure to saline water
(Oster, 1994). Such variability suggests that environment- and
species-specific assessments of plant salt tolerance are both
required to obtain conclusive information regarding the cultiva-
tion of a certain species using saline water of a specific concen-
tration. Pepper (Capsicum annuum), for instance, is very sensi-
tive to drought stress and is moderately sensitive to salt stress
(Ayers and Westcot, 1989; Meiri and Shalhevet, 1973; Rhoades
et al., 1992). However, most of the available data on the effect of
salinity on pepper (and other vegetables crops) are limited to
growth in hydroponic systems or commercial substrates that have
been exposed to salinity for a short period of time (Fernandez et
al., 1977). In contrast, soils that have been irrigated with saline
water for many years will likely have undergone substantial
modifications of their physicochemical properties. Such modifi-
cations, which may significantly affect plant response to saline
irrigation, cannot be easily reproduced in controlled environ-
ments or using substrates other than soil. Based on these consid-
erations, we started a project in 1988 to evaluate long-term effects
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In many coastal areas of the Mediterranean, vegetable crops
are often unavoidably irrigated with saline water, which causes
both yield reduction and damage to the soil’s physicochemical
properties (Biswas, 1993; Flowers, 1999). Salinity-induced re-
ductions in yield are generally caused by ion toxicity (Niu et al.,
1995), hyperosmotic stress (Yancey et al., 1982), and/or nutri-
tional imbalance (Cramer et al. 1987; Liu and Zhu, 1998). The
relative degree of each of these stresses caused by different
salinity levels and their effects on crop production are not clearly
understood. Salinity can cause membrane destabilization
(Hasegawa et al., 2000), inhibition of the photosynthetic machin-
ery (Munns and Termaat, 1986), nutrient imbalance (Munns,
1993), and irreversible damage to plant cells and tissues (Meyer
and Boyer, 1981). After an initial loss of cellular turgor, salt-
stressed plants can osmotically adjust to the decrease in external
water potential by compartmentalizing toxic ions in the vacuole
and by synthesizing compatible solutes in the cytoplasm
(Hasegawa et al., 2000). In addition, activation of the reactive
oxygen scavenging system and regulation of cell growth rate can
occur (Binzel et al., 1985; Long et al., 1994; Maggio et al.,
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of irrigation with saline water on soil properties and yield of
various vegetable crops. Since then (1988), the same experimen-
tal field has been irrigated with saline water (De Pascale and
Barbieri, 1995). In 1997, as part of this project, we evaluated yield
and physiological responses of pepper using irrigation water with
three salinity levels. The underlying hypothesis was that a mod-
erately saline irrigation is better than no irrigation to optimize
yield in the specific environment considered. The main objec-
tives of this study were 1) to evaluate water relations, mineral
nutrition, net gas exchanges, growth and yield as responses to
salinity stress and irrigation; 2) to compare effects of drought
stress with salinity stress on these physiological responses; 3) to
help growers decide if they should use poor quality water for
irrigation.

Materials and Methods

CULTURAL CONDITIONS. ‘Laser’ pepper (Capsicum annuum L.)
plants were transplanted when they had two fully expanded
leaves on 12 June 1997 from Styrofoam containers (kept in the
greenhouse) into a field of a clay-loam soil, (42% sand, 27%
loam, 31% clay, and trace amounts of lime) that had been irrigated
for 9 years with saline water, at the University of Naples agronomy
farm (lat. 43°31'N, long. 14°58'E). The chemical and water
content properties of the soil at the beginning of the experiment
are reported in Tables 1 and 2, respectively. On each experimental
plot of 33 m2, 110 seedlings were placed 0.33 m apart within rows
and 0.9 m between rows. Before transplanting, 100 kg·ha–1 of N
[(NH4)2SO4], 51 kg·ha–1 of P (mineral superphosphate), and 82
kg·ha–1 of K (K2SO4) were applied to the soil. Subsequently,
plants were fertilized with two additional applications of 40
kg·ha–1 of N (NH4NO3) on 30 June and on 21 July, respectively.
Rainfall throughout the growing period was 333 m3·ha–1 concen-
trated in the third week of August and mean daily air temperature
was between 21 and 26 °C.

IRRIGATION TREATMENTS. Four irrigation/salinity treatments
were used: a nonsalinized control (NSC; ECw = 0.5 dS·m–1), two
concentrations of commercial sea salt, SW1 and SW2, corre-
sponding to ECw = 4.4 dS·m–1 and ECw = 8.5 dS·m–1, respectively
and a drought stress treatment (DST), which received no irriga-
tion after 12 July. Average osmotic potentials of the irrigation
water were –0.02, –0.22, –0.35 MPa for the NSC, SW1 and SW2
treatments, respectively. Saline water was obtained by adding
commercial sea salt (Na+ 12.3, K+ 3.8, Ca2+ 0.02, Mg2+ 0.04, Cl–

14.4, SO4
2– 0.03 mol·kg–1) to the irrigation water (Na+ 0.53, K+

0.05, Ca2+ 1.55, Mg2+ 0.84, Cl– 0.38, SO4
2– 0.15, HCO3

– 4.73
mol·m–3). Addition of commercial sea salt (instead of pure NaCl)
allowed us to reproduce closely the sea water contamination of
the irrigation water that often occurs in coastal areas of southern
Italy (De Pascale and Barbieri, 1995). To ensure the establish-
ment of the seedlings, four 150 m3·ha–1 irrigations (600 m3·ha–1

total) of nonsalinized water were applied from transplanting to
beginning of the treatments (17 July). Saline irrigation was
initiated on 17 July and continued at 5-d intervals, except in the
drought stress treatment. The amount of water applied at each
irrigation was equal to the net evaporation between two irrigation
events as determined using a Class A pan evaporimeter. A pan
coefficient of one was used for the entire growing season to
include a leaching fraction in the total volume of water applied at
each irrigation event (Hoffman, 1990). The estimated water
consumption was based on a nonstressed crop so all treatments
received the same amount of water. However since crop growth
was reduced under stress, the transpiration (T) was reduced too.
Therefore, salt-treated plants actually received higher leaching
fractions compared to nonstressed plants. Water was distributed
via drip irrigation. The total amount of water applied from the
beginning of the treatments to harvest was 4050 m3·ha–1.

EXPERIMENTAL DESIGN. In 1988, when the long-term salt
tolerance assessment project was originally initiated, the experi-
mental layout was a randomized block design replicated three
times. Each block included four treatments: NSC, SW1, SW2,
and DST. Since the objective of this study was to investigate long-
term effects of salinization, the salinity treatments, which had
been randomly assigned within each block in 1988, had to be
reassigned to the same experimental field plots in each of the
following years. Therefore, since 1988, each experimental plot
has received the same EC irrigation water. Data were analyzed by
ANOVA and means were compared by duncan’s multiple range
test.

WATER RELATIONS, GROWTH, AND YIELD MEASUREMENTS. Plant
water relations were measured at 7-d intervals, beginning at 40 d
after transplanting (DAT). Total water potential (Ψw) was mea-
sured between 1200 and 1300 HR on tissue disks removed from the
first uppermost fully expanded, healthy leaves of nine plants per
treatment (three per block) and also on excised segments (8 cm)
of secondary roots taken from nine plants per treatment (three per
block) in the 0 to 25 cm soil layer using a thermocouple psy-
chrometer type B (Ruggiero et al., 1999; Slavik, 1974), at 29 °C

Table 2. Water content (% in volume) at field capacity determined in situ (FC) and water content at –1.5 MPa determined using a pressure plate (WP)
in 0 to 30 and 0 to 60 cm soil layers as affected by long term irrigation with saline water. NSC = nonsalinized control; DST = drought stress
treatment; SW1 = 4.4 dS m–1; SW2 = 8.5 dS m–1.

Soil layer NSC-DST SW1 SW2

(cm) FC WP FC WP FC WP
0–30 35.5 17.5 34.7 16.8 33.9 16.6
30–60 35.9 17.5 35.3 17.6 34.8 16.6

Table 1. Organic matter (OM, g/100 g soil), total nitrogen (N, g/100 g soil), pH, exchangeable cations (meq/100 g soil), and ESP (exchangeable
sodium percentage) in the 0 to 30 cm soil layer at the beginning of the experiment

Treatment OM N pH Na+ K+ Ca2+ Mg2+ ESP
NSC-DST 1.44 0.104 7.12 0.38 0.75 12.58 3.06 2.27
SW1 1.5 1.48 9.74 2.29 9.99
SW2 1.14 0.085 7.94 45.9 8.14 7.13 1.45 73.30
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(Boyer and Knipling, 1965). For statistical analysis, the mean
value of three plants from each block was considered. After water
potential was measured, leaves and roots were frozen at –20 °C,
while still in the psychrometer chamber, and then thawed for Ψp

measurements. Turgor potential (Ψp) was calculated as the differ-
ence between Ψw and Ψπ (Hsiao, 1973). Leaf osmotic adjustment
(OA) was calculated according to the formula Ψπ

100 V100 – ΨπV,

where Ψπ
100 and V100 are osmotic potential and water content,

respectively, of fully hydrated leaf samples, after floating leaf
disks on distilled water at 20 °C in a dark chamber for 24 h. Ψπ  and
V are osmotic potential and water content, respectively, of
nonhydrated leaf samples. V100 was approximated by the corre-
sponding relative water content (RWC) calculated according to
the equation: RWC = 100 × (FW – DW)/(TW – DW). Turgid
weight (TW) was determined after floating leaf discs on distilled
water at 20 °C in a dark chamber for 24 h, and dry weight (DW)
was determined after oven drying at 75 °C for 48 h. On the
hydrated leaf disks used for turgid weight measurements, Ψπ

100

was measured (Turner, 1981). Root and leaf bulk elastic modulus
(ε) were calculated according to the relationship: dΨp/dΨt = ε/(ε
– Ψπ), where Ψp is the leaf pressure potential, Ψt is the total leaf
water potential and Ψπ is the leaf osmotic potential (Morgan,
1984). Specifically, ε was calculated by rearranging the equation
as follows: ε = Ψπ (dΨp/dΨt)/(dΨp/dΨt – 1). For each treatment
and for each date, the term dΨp/dΨt was calculated as the slope of
the linear relationship between leaf pressure potential and leaf
water potentials measured at midday.

At about 7-d intervals, net CO2 assimilation rate (A), stomatal
conductance (gs), and transpiration (E) were measured between
1200 and 1300 HR on the first uppermost expanded leaves of nine
plants per treatment using a portable photosynthesis system (LI-
6200; LI-COR Inc., Lincoln, Nebr.) with a 275 cm3 leaf chamber.
Water use efficiency (WUE) was calculated as the ratio A/E. During
the measurements, mean leaf temperature was 34.9 ± 2 °C [ranging
between 30.9 °C (NSC) and 38.2 (DST and SW2)], mean VPD was
2.6 ± 0.8 kPa, and mean PPFD was 1641 ± 227 mmol·m–2·s–1. Leaf
area was measured using an area meter (LI-3000). Fresh weight
and dry weight (after drying at 60 °C until steady weight) were
measured separately for leaves, stems, and fruit. The lengths of
root systems were estimated according to Newman (1966). Soil

and root samples (from the same nine plants used for gas ex-
change analysis) were taken at 30-cm intervals in the 0 to 90 cm
soil layer. Roots were separated from soil particles by treating
each sample with a 10% (w/v) Calgon wetting solution (85%
sodium hexametaphosphate, 15% sodium carbonate; Carlo Erba
OTC-Pharmacia, Milan, Italy) and subsequently passing roots
through a 0.2 mm metal screen. Before each irrigation event, soil
water content was measured at 15, 45, 75, and 90 cm depth using
the gravimetric method after drying the soil samples at 105 °C
until steady weight. Electrical conductivity of saturated soil
extracts (at 25 °C) was measured monthly at 15, 45, 75, and 90 cm
depth. Fruit harvest was begun on 18 Aug. 1997 and ended on 19
Sept. 1997; fruit were counted, weighed and judged for their
marketability (the nonmarketable yield included fruit having
blossom-end rot, injuries or weight <50 g).

ION ANALYSIS. At the end of harvest, concentrations of N, P, K+,
Ca2+, Mg2+, Na+, Cl– and S were measured in dried and ground
tissue from fully expanded nonsenesced leaves and ripe fruit of
nine plants per treatment (three plants per block) by atomic
absorption spectrophotometry or by a colorimetric assay (Walinga
et al., 1995). Total N was determined using the Kjeldhal method.
Sulfur was analyzed by inductively coupled plasma atomic emis-
sion (ICP–ES) (ELAN 9000; Perkin Elmer–Sciex, Wellesley,
Mass.).

Results

SOIL WATER CONTENT. The soil water content before each
irrigation event decreased during the growing season from an
average of 26% in the irrigated plots and 23% in the DST at 33
DAT to 25% in the irrigated plots and 18% in the DST (Fig. 1).
The mean electrical conductivity of the saturated soil extracts
(ECe) along the soil profile (0 to 90 cm) during the entire growing
season were about 2, 2.6, 3.5, and 6 dS·m–1 for the NSC, DST,
SW1, and SW2, respectively. Therefore they remained relatively
constant.

PLANT-WATER RELATIONS. Leaf and root Ψw, Ψp, Ψπ, and OA
were higher in NSC and SW1 plants compared to DST and SW2
plants (Table 3). In contrast, ε was lower in NSC and SW1 plants
compared to DST and SW2 plants (Table 3). For all these
parameters, reductions were proportional to the salt concentra-
tion in the irrigation water. Over the entire growth season,
irrigating with an ECw of 8.5 dS·m–1 (SW2) and not irrigating
(DST) affected plant water relations similarly (Table 3).

LEAF GAS EXCHANGES AND WATER USE EFFICIENCY. In line with
the water relation results, net CO2 assimilation (A) and transpira-
tion (E) rates were significantly lower in DST, SW1 and SW2
plants relative to NSC plants (Table 4). The net CO2 assimilation
rate decreased at increasing salinity, whereas no differences in
terms of transpiration rates and stomatal conductance were de-
tected between salinized and drought stressed plants. Conse-
quently, the instantaneous water use efficiency (WUE), esti-
mated as the ratio between net CO2 assimilation and transpiration
rates, was significantly higher in NSC and SW1 compared to
SW2 and DST plants.

ROOT GROWTH. Root density proportionally decreased at in-
creasing salt concentration in the irrigation water (Fig. 2).
Nonsalinized control plants had the greatest average root density,
while DST plants had the least. Differences among treatments
were not significant at the 60 to 90 cm depth, possibly due to low
root densities, smaller EC differences among treatments, and
reduced soil aeration. Regardless of the salt treatment, root

Fig. 1. Soil water content of samples taken before each irrigation event (solid bars
at the bottom = applied water; dotted line = rain). Data points are means ± SE of
nine soil samples per treatment (NSC = nonsalinized control; SW1 = 4.4 dS·m–

1; SW2 = 8.5 dS·m–1; DST = drought stress treatment).
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densities reached their maximum values at the end of August (at
day 60 after transplanting, during the fruit enlargement) and
decreased ≈50% at each depth considered along the soil profile.
Compared to NSC plants, the leaf surface area/root length ratios
of SW1 and SW2 plants were 10% and 25% smaller, respectively,
and 22% smaller for the DST plants (data not shown). Root
density was correlated with root cellular turgor (r = 0.787**) and
leaf surface area (r = 0.877**).

PLANT GROWTH AND FRUIT YIELD. Salt treatment decreased leaf
growth (Table 5). The smallest plant leaf areas were measured in
SW1 and SW2 plants, where it was ≈55% of NSC plants. The
decrease in leaf area of SW2 plants was attributable mainly to a
decrease in leaf number as opposed to a reduction in leaf size. The
specific leaf weights (SLW), which were similar in irrigated
plants, were significantly lower than in drought plants. The root/
shoot ratio (expressed as root length per leaf area unit) signifi-
cantly increased with salinity whereas it was remarkably higher
in drought plants compared to both NSC and salinized plants,
suggesting that stress acclimation may involve different parti-
tioning of photosynthates in water and drought stressed plants.
We observed a strong correlation between leaf surface area and
turgor pressure (r = 0.927**). Dry matter accumulation and net
CO2 assimilation rate were also positively correlated (r = 0.877**).
Salinity reduced more than drought the fruit dry weight/plant
(Table 5). In contrast, the average fruit weight, which was also
reduced under drought or saline treatments, was smaller in DST
relative to salinized plants (Table 6). The number of fruit per plant
was not affected by salt treatments or the absence of irrigation.
Decreases in average fruit weight significantly decreased the
marketable yield. The marketable yield per plant was correlated
with the leaf surface area (r = 0.959**).

Table 4. Net CO2 assimilation rate (A), transpiration rate (E), stomatal conductance (gs), and water use efficiency (WUE) of pepper plants in response
to irrigation treatments (NSC = nonsalinized control; SW1 = 4.4 dS·m–1; SW2 = 8.5 dS·m–1; DST = drought stress treatment). Values are means
of nine samples (each sample was the mean value of three plants per block).

A E gs WUE
Treatment (µmol CO2/m

2/s) (mmol H2O/m2/s) (mol·m–2·s–1) (A/E)
DST 5.3 c z 8.2 b 0.40 b 0.64 c
NSC 14.0 a 11.2 a 0.75 a 1.25 a
SW1 11.2 b 9.5 b 0.41 b 1.18 a
SW2 6.5 c 8.2 b 0.40 b 0.79 b
zMean separation in columns by duncan’s multiple range test at P ≤ 0.05.

Table 3. Water potential (Ψw), osmotic potential (Ψπ), and turgor potential (Ψp), relative water content (RWC), osmotic adjustment (OA), and
modulus of elasticity (ε) in pepper leaves and roots in response to irrigation treatments (NSC = nonsalinized control; SW1 = 4.4 dS·m–1; SW2
= 8.5 dS·m–1; DST = drought stress treatment). Values are means of 24 samples (each sample was the mean value of three plants per block).

Ψw Ψπ Ψp RWC OA ε
Treatment (MPa) (MPa) (MPa) (%) (MPa) (MPa)
Leaves

DST –1.46 cz –1.63 c 0.17 c 96.0 b 0.30 a 3.62 a
NSC –0.95 a –1.38 a 0.43 a 96.8 a 0.20 b 3.09 b
SW1 –1.21 b –1.49 ab 0.28 b 96.9 a 0.24 b 3.33 ab
SW2 –1.41 c –1.60 c 0.19 c 96.5 ab 0.29 a 3.57 a

Roots
DST –0.69 c –0.88 c 0.19 c NM y NM 0.51 a
NSC –0.43 a –0.71 a 0.28 a 0.44 a
SW1 –0.54 b –0.76 ab 0.22 b 0.48 a
SW2 –0.67 c –0.84 bc 0.17 c 0.53 a

zMean separation in columns by duncan’s multiple range test at P ≤ 0.05.
yNot measured.

Fig. 2. Root density in pepper plants (root length per volume of soil) in response to
irrigation treatments (NSC = nonsalinized control; SW1 = 4.4 dS·m–1; SW2 = 8.5
dS·m–1; DST = drought stress treatment) at soil depths of 0–30, 30–60, 60–90 cm.
Values are means ± SE of nine plants per treatment (three plants per block).
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LEAF AND FRUIT ION CONTENT. A significant increase in foliar
concentration of K+ and S was observed in drought stressed plants
on both dry weight and leaf area bases, whereas an increase in N
concentration was observed only on a leaf area basis. In contrast,
salinity did not affect the concentration of N and S (Table 7). High
salinity was associated with an increase in the concentration of
Ca2+ in leaves and with a decrease in fruit. The concentrations of
Na+ and Cl– significantly increased in SW2 leaves and fruit.

Discussion

In areas where saline water is the only water available for
irrigation, it is expected that a recurrent salinization of the soil will

eventually modify its physicochemical properties, and consequently
affect plant growth. Irrigation with an ECw of 4.4 dS·m–1, which
caused 46% and 25% reductions in plant dry weight (leaves plus
stem) and marketable yield, respectively, may still be considered
economically acceptable in certain Mediterranean areas (Barbieri,
1995). Doubling the EC of the irrigation water (8.5 dS·m–1)
resulted in a 34% reduction in plant dry weight and a 58%
reduction in marketable yield, which is not considered to be
economically acceptable.

To compare our results with available salt tolerance data for
pepper (Rhoades et al., 1992), we expressed the relative yield in
kilograms per plant. A yield reduction of ≈50% at an ECe of 6
dS·m–1 (corresponding to ECw of 8.5 dS·m–1) was consistent with
the one calculated using the Maas and Hoffman (1977) relationship
(ECe = 5.9 dS·m–1) based on the pepper threshold (1.7 dS·m–1) and
slope [12% × dS·m–1)–1] developed by Rhoades et al. (1992). In
spite of the general use of the Maas-Hoffmann model to assess
plant salt tolerance, the simple relationship between yield and
root-zone salinity does not allow us to identify the critical
physiological mechanisms underlying stress acclimation. Envi-
ronmental and cultural variables may affect plant response to
salinity (Hoffman, 1990; Rhoades et al., 1992). Soil aeration and
efficient drainage, for instance, are factors that may substantially
contribute to the maintenance of tolerable salinity levels in soil
for pepper plants (Emerman and Dawson, 1996; Hachicha et al.,
2000). Dalton et al. (1997 and 2000) recently discussed in detail
the complexity of salt stress acclimation on a whole-plant basis

Table 7. Leaf element and ion content on dry weight (DW) basis (g 100 g–1), on leaf area (LA) basis (mg·dm–2), and fruit ion content on dry weight
basis (g/100 g) of pepper plants in response to irrigation treatments (NSC = nonsalinized control; SW1 = 4.4 dS·m–1; SW2 = 8.5 dS·m–1; DST
= drought). Values are means of nine plants (three plants per block).

Treatment N P K+ Ca2+ Mg2+ S Na+ Cl–

Leaves (g/100 g DW)
DST 3.67 a z 0.24 a 3.87 a 3.26 b 0.67 a 0.41 a 0.07 b 0.11 c
NSC 3.63 a 0.33 a 3.42 b 3.40 b 0.72 a 0.31 b 0.08 b 0.10 c
SW1 3.36 a 0.20 a 3.33 b 4.08 a 0.68 a 0.29 b 0.11 b 0.19 b
SW2 3.20 a 0.25 a 2.99 b 4.06 a 0.72 a 0.29 b 0.29 a 0.36 a

Leaves (mg dm–2 LA)
DST 36.7 a 2.4 a 38.7 a 32.6 a 6.7 a 4.1 a 0.7 b 1.0 b
NSC 23.7 b 2.2 ab 24.4 b 23.1 b 4.8 b 2.2 b 0.5 b 0.7 b
SW1 26.8 b 1.7 b 26.6 b 31.0 a 5.3 b 2.3 b 0.7 b 1.2 b
SW2 26.3 b 2.2 ab 23.4 b 31.1 a 5.8 ab 2.4 b 2.1 a 2.6 a

Fruit (g 100 g–1 DW)
DST 2.20 b 0.38 a 1.26 a 0.12 ab 0.12 a 0.09 bc 0.03 b 0.04 b
NSC 2.45 ab 0.38 a 1.13 a 0.18 a 0.13 a 0.12 ab 0.03 b 0.05 b
SW1 2.70 a 0.39 a 1.13 a 0.16 a 0.13 a 0.14 a 0.08 b 0.11 b
SW2 2.54 a 0.34 b 1.27 a 0.07 b 0.13 a 0.07 c 0.31 a 0.49 a

zMean separation in columns by duncan’s multiple range test at P ≤ 0.05.

Table 6. Yield parameters in pepper plants in response to irrigation
treatments (NSC = nonsalinized control; SW1 = 4.4 dS·m–1; SW2 =
8.5 dS·m–1; DST = drought stress treatment). Values are means of
nine plants (three plants per block).

Total Avg Marketable
yield fruit wt Fruit/ yield

Treatment (kg fresh wt/plant) (g fresh wt) plant (kg/plant)
DST 0.63 cz 51.5 d 12.5 a 0.32 d
NSC 1.42 a 112.4 a 12.5 a 1.24 a
SW1 1.16 b 99.7 b 12.5 a 0.94 b
SW2 0.72 c 65.2 c 11.8 a 0.52 c
zMean separation in columns by duncan’s multiple range test at P ≤ 0.05.

Table 5. Leaf area, number of leaves, dry weights, and specific leaf weight (SLW) in pepper plants at harvest in response to irrigation treatments (NSC
= nonsalinized control; SW1 = 4.4 dS·m–1; SW2 = 8.5 dS·m–1; DST = drought stress treatment). Values are means of nine plants (three plants per block).

Total Avg Leaf Stem Fruit Root to
leaf leaf dry dry dry shoot
area area Leaves/ wt wt wt SLW ratio

Treatment (m2/plant) (cm2/leaf) plant (g/plant–1) (g/plant–1) (g/plant) (mg·cm–2) (cm·cm–2)
DST 0.425 b z 264b 16.1 a 27.6 b 29.0 b 104.4 b 10.0 a 228 a
NSC 0.581 a 320 a 18.2 a 40.8 a 41.8 a 117.4 a 6.9 b 163 c
SW1 0.329 c 192c 17.1 a 21.6 c 22.8 b 86.9 c 7.7 b 199 b
SW2 0.321 c 292ab 11.0 b 29.4 b 24.2 b 91.5 c 7.8 b 195 b
zMean separation in columns by duncan’s multiple range test at P ≤ 0.05.
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and proposed an alternative index to evaluate plant salt tolerance,
which does not correlate yield with root zone salinity, but rather
with a measure of the dynamic process of salt accumulation in the
shoot (Dalton et al., 2001; Maggio et al., 2002a).

The potential variability in plant response to salt stress is also
evident in terms of plant water relations. Leaf and root water
potentials, turgor potentials, osmotic potentials, and leaf gas
exchange rates were negatively affected by salinity or drought.
These results are consistent with those reported by Gunes et al.
(1996), who found an increased stomatal resistance in salt-treated
pepper plants and with those of Bethke and Drew (1992), who
reported nonstomatal reduction of photosynthetic rates in salt-
stressed pepper plants. However, despite their use of higher
salinity treatments (50, 100, and 150 mol·m–3 NaCl in their
experiments compared to ≈30 and 60 mol·m–3 NaCl in our
experiment), Bethke and Drew (1992) did not observe any
reduction in leaf cellular turgor. This result may be explained by
the more severe stress experienced by plants grown in the field
(our experiment) compared to plants grown in the greenhouse
(their experiment).

The concentration of Ca2+ increased in leaves of salt treated
plants on both a dry weight and a leaf area basis, whereas it
increased only on a leaf area basis in drought stressed plants.
Considering that the level of Ca2+ was significantly lower in
salinized soils (Tables 1 and 2), possibly due to a greater leaching
(Maas and Grattan, 1999), these results suggest that, in our
experimental conditions, salt treated plants had an enhanced
ability to take up Ca2+. The implication of Ca2+ and relative
mechanisms mediating Ca2+ transport in salt stress acclimation
has been well documented (Hasegawa et al., 2000; Liu and Zhu,
1998). In addition, the increased Ca2+ uptake might have pre-
vented the appearance of blossom-end rot in pepper at moderate
salinity (SW1) (Adams and Ho, 1995). However, at higher levels
of stress (SW2 and DST plants), a reduced translocation of Ca2+

from leaves to fruit may have been one of the reasons for
increased blossom-end rot in fruit (data not shown), (Maas and
Grattan, 1999).

In contrast to other reports (Gomez et al., 1996; Gunes et al.,
1996), the presence of Na+ and Cl– in the solution in contact with
the roots did not affect fruit concentrations of K+, the uptake of
which is typically hindered by high concentrations of Na+

(Hasegawa et al., 2000), and it moderately inhibited the foliar
concentration only at high salinity. Interestingly, analysis of
salinized soil extracts revealed a significant increase in exchange-
able K+ compared to the nonsalinized control soil (Tables 1 and
2), which may have been sufficient to counteract partially the
competition between Na+ and K+ uptake. The increases in K+ and
Na+ concentrations, suggests that these ions may play similar
roles in facilitating high turgor maintenance under drought and
salt stress, respectively. The accumulation of K+ and Na+ ions was
likely to be functionally associated with different root/shoot
ratios observed in salinized vs. drought stressed plants. Droughted
plants had the most expanded root system which most likely
optimized water uptake by exploring a larger volume of soil. In
this case, partitioning of photosynthates to favor the root system
was detrimental to normal fruit growth (65% of the fruit were
classified as nonmarketable), yet it enhanced K+ uptake resulting
in leaf osmotic adjustment. The increase in leaf nitrogen content
on leaf area basis observed in drought stressed plants is consistent
with this hypothesis and with the assumption that water deficit
may directly inhibit leaf expansion more than nutrient uptake
(Chapin III, 1991). In contrast, the smaller root/shoot ratio

observed in salinized vs. droughted plants may have been func-
tionally associated with the need of salt stressed plants to restrict
the uptake of toxic ions to the shoot while still maintaining high
turgor and a positive growth rate (Dalton et al., 1997; Maggio et
al., 2001). This may be accomplished by simultaneously reducing
root vs. shoot development and activating specific metabolic
pathways (i.e., osmolytes biosynthesis), both of which occur in
saline environments (Gunes et al., 1996; Handa et al., 1986;
Hayashi et al., 1997; Kavi Kishor et al., 1995; Maggio et al., 2001;
Shen et al., 1997; Tarczynski et al., 1993; Yancey, 1994). The
agronomic implication of these responses is that, at moderate
water salinity, pepper plants are able to acclimate without exces-
sively impairing marketable yields, relative to the nonsalinized
control.
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