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ABSTRACT

Salinity affects food production worldwide. Hence, appropriate management of saline
water is important to reduce negative effects on plants, soils, and ultimately the
groundwater. Peppers (Capsicum annuum L.) are moderately sensitive to salinity, and
required a high water input to maximize yields. This project investigated the effects of
varying levels of salinity (0.2 to 9.0 dS'm™") and the use of drip irrigation and mulching
as water management for peppers. During fruit development, stomatal conductance (gs),
transpiration (E) and photosynthesis (A) decreased as salinity increased. Mulched plants
had higher g;, E and A than the ones grown in bare soil. Growth was reduced by salinity
but increased by mulching. Saline water levels above the control (0.2 or 0.5 dS'm™)
reduced marketable yield whereas mulched plants had higher marketable yields than
plants grown in bare soil. Under limited salt leaching condition, mulched plants required
less water at all levels of salinity than the ones grown in bare soil, resulting in less soil
salinization. Effects of saline water on seedlings showed that final emergence was only
reduced at salinities 3.5 dS'm™'. In general, growth (dry weight) and rates of g, E and A
were reduced at >2.5 dS'm . Applying saline water (2.5 dS'm™) at different growth
stages with limited salt leaching, showed that plants grown in bare soil were slower than
mulched ones to recover normal physiology after periods of saline irrigation. Saline
irrigation applied from fruit set onwards decreased marketable fruit production whereas
mulched plants increased yields regardless of saline irrigation treatments. Under field
conditions, saline water caused slight decreases in g, E and A slightly when applied at

flowering or fruit set rather than during vegetative growth. Mulched plants had higher



rates of g, E and A than plants grown in bare soil. Yield of fully ripened fruits was
higher in mulched plants regardless of saline irrigation treatments. Under limited salt
leaching condition, mulched plants were able to limit the negative effects of saline water

compared with the ones grown in bare soil.
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RESUME

La salinité affecte la production alimentaire partout dans le monde. Il est donc important
de gérer adéquatement 1’eau saline pour réduire les effets négatifs sur les plantes, le sol et
les nappes souterraines. Le poivron (Capsicum annuum L.) est modérément sensible a la
salinité et requiert une forte demande en eau pour maximiser les rendements. Ce projet
visait a étudier les effets de différents niveaux de salinité (0.2 2 9.0 dS'm™ ") et I'utilisation
de l’irrigation goutte-a-goutte et de paillis pour la gestion de 1’eau dans les champs de
poivrons. Pendant la formation des fruits, la conduction des stomates (g;), la transpiration
(E) et la photosynthése (A) ont diminué en fonction de I’augmentation de la salinité. Les
plants sur paillis avaient de plus grandes g, E et A que les plants sans paillis. La
croissance é€tait réduite par la salinité mais augmentait avec le paillis. L.’eau saline (0.2 ou
0.5 dS'm™') a réduit le rendement vendable alors que les plants sur paillis avaient un
meilleur rendement que les plants sans paillis. Sous des conditions limitées de lessivage
des sels, les plants sur paillis ont nécessité moins d’eau a tous les niveaux de salinité que
les plants sans paillis ce qui a réduit la salinisation du sol. Les effets de 1’eau saline sur
les semis ont réduit leur émergence seulement a des salinités de plus de 3.5 dS'm™'. En
général, la croissance (poids sec) et les niveaux de g, E et A étaient réduits a 2.5 dS'm ™.
L’application d’eau saline (2.5 dS'm™) a différents stades de croissance, avec un
lessivage des sels limité, a montré que les plants sans paillis croissaient plus lentement
que les plants sur paillis pour retrouver une physiologie normale aprés une irrigation
saline. L’eau saline appliquée avant la formation des fruits a diminué la production de

fruits vendables alors que les plants sur paillis avait des rendements accrus sans égard au

il



traitement d’eau saline. Sous des conditions de champ, I’eau saline a réduit 1égérement g,
E et A lorsqu’appliquée a la floraison ou a la formation des fruits plutdét qu’au stade
végétatif. Les plants sur paillis avaient une niveau supérieur de gs, E et A que sans paillis.
Le rendement de fruits mirs était plus important dans les plants sur paillis tout traitement
d’eau saline confondu. Sous des conditions de lessivage des sels limités, les plants sur

paillis ont limité les effets négatifs de 1’eau saline comparé aux plants sans paillis.
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Chapter 1

General introduction

The availability of good quality water for agricultural use is becoming scarce (Shannon et
al., 2008). Only 2.5% of the total available water is considered to be fresh (about 35,000
million m?), the remaining 97.5% in the oceans is highly saline (FAO, 2002). As human
population increases so does the need for good quality water. In fact, in addition to
drinking water, other water uses (e.g. recreational) are becoming equal to or more
important than agricultural activities (Bouwer, 2002; Parsons, 2000; Shannon et al.,
2008). Consequently, irrigation water that is available for agricultural use will be limited
even in semihumid or humid areas, but especially in semiarid or arid regions where
available water will be of poor quality and most probably saline in nature (Parsons, 2000;
Shalhevet, 1994; Trout, 2000).

Irrigation has played a key role in terms of food production worldwide by increasing
crop yield and quality. However, excessive irrigation can cause soil degradation primarily
by increasing the soil salinity (Trout, 2000). Indeed, high levels of salinity have been
reported as causing of the loss of 250,000 to 500,000 ha of irrigated land annually. The
problem occurs primarily in arid and semiarid zones where a total of 100 to 110 million
ha are reported as having problems related to salinization which could render them
unusable for agricultural purposes (FAO, 2002). The problem is greatest in these areas
due to the high level of evapotranspiration which concentrates salts, introduced via the
irrigation water (secondary salinization) or as part of the original chemical composition

of the soil (primary salinization), in the root zone (Chhabra, 1996).



Therefore, management of irrigation water must be studied in order to limit losses
both in terms of plant productivity and soil due to salinity. This will be particularly
important in semiarid regions where precipitation is low, evapotranspiration rates high,
and in addition soils are frequently saline (Smedema and Shiati, 2002).

The first item in determining irrigation requirements is knowledge of the crop to be
irrigated, its water requirements and in particular its response to salinity. Pepper
(Capsicum annuum L.) a widely grown high value crop for domestic and export use
(Bosland and Votava, 2000) requires large amounts of water (600-900 mm) in order to
produce high quality fruit (Brouwer and Heibloem, 1986). Pepper is listed as being
moderately sensitive to salinity (Maas, 1990), with high levels being reported to decrease
shoot biomass and marketable yield (Chartzoulakis and Klapaki, 2000; De Pascale et al.,
2003).

Attempts must be made to limit the amount of irrigation water applied without
reducing yields and retaining that water in the soil to minimize the effects of salinity. The
use of microirrigation (Parsons, 2000), in conjunction with plastic mulch, has proved to
be efficient in conserving water (Lamont, 1996), and improving fruit yield in terms of
quantity, quality, and earliness (Lamont, 2005; Tarara, 2000).

Currently, no research has been carried out on the physiological, growth and yield
responses of pepper plants to using saline drip irrigation in a plasticulture system. Hence,
the main objective of this project is to evaluate the effects of saline drip irrigation and

polyethylene mulch on pepper plants as well as on soil salinity.



The following hypotheses have been elaborated for this project:

1.

Saline drip irrigation is more deleterious to pepper plants grown under bare soil
condition than under mulch condition based on physiology, growth and fruit
production.

Use of polyethylene mulch reduces the plants water requirements regardless of
the water quality while maintaining fruit production.

Under condition of minimal salt leaching, use of polyethylene mulch decreases
soil salinization and concentrates salts evenly in the root zone compared with bare
soil.

Bell pepper seedlings can tolerate certain levels of saline water (<2.5 dS'm ™)
without significant changes in physiological parameters and reductions in growth.
The phenological stage of development of bell peppers influences its response to
saline irrigation.

Continual saline irrigation concentrates more salts in the soil than intermittent

saline irrigation.



Chapter 2

Literature review

2.1 Water, a global perspective

In some parts of the world, especially poor countries, there is limited access to safe
drinking water (Shannon et al., 2008). Indeed, the quality of consumed water is so low
that water-transmitted diseases kill 12 million people annually (80% children) and
another billion become ill (Bouwer, 1994; Bouwer, 2002).

As populations increase, less freshwater will be available for agricultural purposes. In
areas with large urban populations, agriculture competes for good quality water not only
for domestic consumption but also with other water uses, such as recreational areas like
parks and golf courses; preserved wetlands, and fish and wildlife habitats (Bouwer, 2002;
Parsons, 2000). FAO (2002) divided annual worldwide freshwater into three sectors
namely agricultural (71%), domestic (9%), and industrial (20%). Currently, agriculture
has the greatest share of the water pie. However, the increasing domestic and industrial
pressure will in turn reduce the amount and the quality of the water available for
agricultural use (Bouwer, 1994; Shannon et al., 2008).

One type of water that is currently available for agricultural use is groundwater.
Groundwater represents about 30% of the total freshwater in the world (FAO, 2002).
However, in dry regions aquifers are being overexploited at dangerous rates (Shannon et
al., 2008; Smedema and Shiati, 2002). The quality of groundwater is often compromised.
Agriculture is one of the major sources of pollution of groundwater mainly through the

use of fertilizers, pesticides and by salts from saline irrigation. In addition, polluted



groundwater if used as an irrigation source can in turn contaminate surface water
(Bouwer, 2002).

Another available source for irrigation is wastewater after it meets the required
quality parameters. Wastewater effluent commonly contains concentrations of N, P, and
K of 50, 10 and 30 mg'L™', respectively, as well as micronutrients and organic matter
(FAO, 2002) and as such can be successfully use for irrigation of non-horticultural crops,
such as sunflowers (Papadopoulos and Stylianou, 1991). Wastewater is recommended for
industrial, municipal and recreational uses rather than potable use and irrigation of
horticultural crops due to the high economic cost to purify the water, public perception as
well as religious concerns (Bouwer, 1994).

The assessment of the quality of the irrigation water in question, including
wastewater, should consider the electrical conductivity (EC), total dissolved solids
(TDS), the sodium adsorption ratio (SAR), pH and the levels of nitrate, and bicarbonate,
as well as those of microelements, such as copper, zinc, manganese, molybdenum,
arsenic, selenium, lead and boron; and chemical products such as fungicides, insecticides
and herbicides, to ensure that they are below risk levels of toxicity for wildlife and will
not pollute surface and groundwater thereby compounding the problem (Ayers and
Westcot, 1985; Martinez Beltran, 1999; Pratt and Suarez, 1990; Trout, 2000).

Regardless of the water source, water salinity should be measured routinely to
determine the quality of the irrigation water. Salinity, the concentration of several
dissolved salts (Na*, Mg”", Ca®", K', CI', SO4*, HCO;, NO;, and COs>), can be
referred to in terms of mass of salts in a unit volume of water (mg-L™"). For agricultural

purposes, it is evaluated in units of EC (dS'm ') (Rhoades et al., 1999). The EC is a



measure of the ability of a soil, water, or solution to conduct electricity, and is
proportional to the salt concentration (Rhoades, 1996).

Rhoades et al. (1992) roughly classified non-saline and saline water. According to
these authors, water with an electrical conductivity (ECy,) of <0.7 dS'm "' or <500 mg-L™
is classified as a drinking water quality because it is non-saline, and therefore is good
quality water for irrigation; whereas water with an EC,, of 0.7-2 dS'm™' or 500-1500
mg L™ is slightly saline for irrigation. Using the same scale of measurement,
groundwater can be classified as moderately saline (ECy of 2-10 dS'm™'; 1500-7000
mg' L"), highly (EC,, of 10-25 dS'm™"; 7000-15000 mg-L™") and very highly saline (EC,,
of 25-45 dS'm™'; 15000-35000 mg-L™"). In comparison, seawater generally has an EC,,
value higher than 45 dS'm™' or more than 45000 mgL™' of salts. However, this
classification of saline water should not be agronomically applicable as indicated by their
classes because crops differ in the tolerance to salinity. For example, two irrigation
waters with EC,, of 2 and 9 dS'm™"' belong to the same moderately saline class but are
expected to cause light and severe yield reductions, respectively, in a moderately
sensitive crop to salinity like pepper. Therefore, the aforementioned classification of
saline water is not used in the present thesis.

There have been proposals to blend the use of drainage or saline water with good
quality water, where two water sources varying in quality are available. Shalhevet (1994)
and Shannon and Grieve (2000) mentioned general suggestions for irrigation
management when using more than one source of water. One is to blend poor quality
water (saline, drainage) with good quality water to achieve a level tolerated by the

selected crop without a reduction in yield (Maas, 1990). Another possibility is alternate



the water source for each irrigation; to irrigate first with good followed by poor quality
water and repeating the sequence through out the growth of the crop. This arrangement
should be followed only if the level of poor quality water is tolerable by the crop. The last
option is to use low quality water only at non-salt sensitive growth stages of the crop to
avoid any decreases in yield. This will only work if the tolerance to salinity at different
growth stages is known for the crop in question. The convenience of reusing water
depends on the crop tolerance to salinity and other ions; agricultural infrastructure and
equipment to blend or alternate irrigation water; chemical, biological and physical
composition of the water sources; the irrigation system and price of the water (Dinar et

al., 1986; Shalhevet, 1994; Shannon and Grieve, 2000).

2.2 Plants growing in a saline environment

Definition of plant tolerance to salinity may change depending on the agronomic or
ecological importance of the plant. Within an agronomic context, plant salt tolerance is
referred to as the capability of a plant to withstand the effects of salt concentration in the
root-zone or within the plant with none or minimum reductions in growth or yield (Maas,
1990; Shannon and Grieve, 1999). From an ecological perspective, plant tolerance to
salinity is the capability of a plant to complete its life cycle in a saline environment
(Parida and Das, 2005).

According to their capacity to grow in a high saline environment, plants are classified
as either halophytes or glycophytes. Halophytes are plants well adapted to high saline
environments (Flowers and Flowers, 2005; Sairam et al., 2006) which, for optimal

growth, require salt concentrations higher (ranging from 20-500 mM NacCl) than those



found in non-saline soils or mediums (Hasegawa et al., 2000). As oppose to halophytes,
glycophytes are plants that do not tolerate salt concentrations to the same extend as
halophytes (Flowers and Flowers, 2005; Sairam et al., 2006). Unfortunately, most crops,
including grain and vegetables, are glycophytes (Borsani et al., 2003; Flowers and
Flowers, 2005; Sairam et al., 2006). For example, the majority of vegetable crops are
classified as sensitive and moderately sensitive to salinity (Ayers and Westcot, 1985;
Shannon and Grieve, 1999; Shannon and Grieve, 2000).

Plants have developed three mechanisms to adapt to a saline environment: a)
tolerance to osmotic stress, b) exclusion of Na" and C1°, and c) tolerance to Na" and CI~
accumulated in tissues (Munns and Tester, 2008). Salt tolerance conferred through these
adaptations is a multigenic trait and hence complex (Flowers and Flowers, 2005; Sairam
et al., 2006; Shannon, 1997). Analysis and studies of salt stress at the whole plant level
(Munns and Termaat, 1986; Munns and Tester, 2008; Schleiff, 2008; Shannon, 1997) or
cellular and molecular levels (Binzel and Reuveni, 1994; Borsani et al., 2003; Hasegawa
et al., 2000; Parida and Das, 2005; Sairam and Tyagi, 2004; Sairam et al., 2006; Yeo,
1998; Zhu, 2001) have contributed to understanding salt tolerance.

The responses of plants to salinity over time follow two phases: a) osmotic effects
caused after salts, concentrated outside the roots, surpass a threshold level; and b) ionic
effects caused by accumulation of salts within the plants up to toxic levels (Munns and
Tester, 2008). In the first phase, osmotic stress leads to decreases in soil water potential,
thus reducing the plant water uptake (Munns, 2002); at this phase, cell expansion of roots
and young leaves is reduced and stomatal closure is induced, and hence growth is

negatively affected (Munns and Tester, 2008). The second phase occurs when salts



concentrate at a toxic level in the old leaves because salts cannot longer be
compartmentalized in the vacuole; this phase takes more time to develop relative to the
osmotic phase and negatively affect growth by limiting supply of carbohydrates to the
growing cells (Munns, 2002; Munns and Tester, 2008).

Additionally, increasing salt concentration in saline soils, especially NaCl, may also
cause antagonistic effects with other ions of major importance to plant nutrition (Flowers
and Flowers, 2005; Grattan and Grieve, 1999) by altering important cationic and anionic
ratios such as Na'/K*, Na"/Ca®", CI /NO;~ (Shannon, 1997). When Ca’" is found in low
concentrations in the soil, relative to a high concentration of Na®, uptake of Ca®>" by
plants can negatively be affected (Lauchli, 1990). Similarly, Munns and Termaat (1986)
reported that high levels of Cl in the soil may inhibit uptake of NO; and result in a
nitrogen deficiency.

Exposure of plants to unfavorable environmental conditions may decrease their salt
tolerance. For instance, tolerance is generally higher when a crop grows in a temperate
and humid environment compared with a hot and dry environment (Maas, 1990). Both
factors can be controlled under greenhouse conditions when irrigating with certain levels
of saline water to avoid a loss in yield. Romero-Aranda et al. (2002) found that increasing
the relative humidity in a greenhouse, the negative effects of salinity (50 mM NaCl)
causing yield reduction of tomato plants were alleviated.

Increasing air temperature, especially in low humidity conditions, decreases the salt
tolerance of plants (Shannon et al., 1994), while increasing soil temperature up to a
certain level increases salt tolerance. Dalton et al. (1997) in a hydroponic experiment

compared the effects of root zone temperatures of 18 °C and 25 °C, on shoot biomass



yield of tomato plants growing at 14 levels of salinity (0 to 140 mM Cl ) using a 2:1
NaCl/CaCl, molar ratio of saline solution. Results from this experiment suggested that
plants growing at a higher root zone temperature (25 °C) had significantly greater
biomass and yield than plants grown at 18 °C. Since root zone salinity threshold
increased with soil temperature, it might be plausible to use saline irrigation water of
about 64 mM CI in those areas with high radiation and warm soil condition rather than

in temperate areas with cool soil or during cloudy days (Dalton et al., 2001).

2.3 The pepper crop

Pepper, a member of the Solanaceae, family is an herbaceous warm-season crop sensitive
to frost (Decoteau, 2000; Wien, 1997). Pepper is grown perennially in tropical areas
whereas in temperate climate it is grown as an annual (Decoteau, 2000; Wien, 1997). The
genus Capsicum comprises 25 wild and five domesticated species (Bosland and Votava,
2000). Among the domesticated peppers, Capsicum annuum is the most important
agriculturally and economically (Rubatzky and Yamaguchi, 1997). Peppers are
economically high-value vegetables, prized for their flavour, colour, vitamin C content,
and pungency (McMahon et al., 2002). Fruits of C. annuum are generally classified
according to their features, such as color, shape and pungent; or to their use (dry or fresh
consumption) (Decoteau, 2000). The most important characteristic of pepper fruits is
flavor (Rubatzky and Yamaguchi, 1997), and consequently, the main classification is
pungent (hot) or non-pungent (sweet). Examples of pungent or hot types are jalapefo,
serrano, ancho, mirasol, pasilla, cayenne, piquin and de Arbol, whereas for non-pungent

or sweet comprise bell, pimiento, Cuban and squash (Bosland and Votava, 2000).
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The pepper phenology can be divided into five stages: germination, vegetative
growth, flowering, fruit set, and fruit development and maturation (Wien, 1997).
= Seed germination. Peppers, dicotyledonous plants, demonstrate epigeal
germination. Optimal germination occurs at 25 °C (Bosland and Votava, 2000;
Wien, 1997). The germination periods last 6-10 days at 30 °C but they can be
longer at 15 °C (Rubatzky and Yamaguchi, 1997).
=  Vegetative growth. Depending on the temperature and genotype, Capsicum
annuum usually develops a main stem with eight to fifteen leaves exhibiting
monopodial growth prior appearance of the first flower bud. When the first
flower bud develops on the main stem, two dichotomous branches are
produced. Each branch produces one or two leaves and terminates in a flower,
after which, the pattern is repeated. However, one of the dichotomous
branches is suppressed in further divisions resulting in sympodial growth
(Bosland and Votava, 2000). Day and night temperatures at 25-27 °C and 18-
20 °C, respectively, are optimum for pepper vegetative growth (Wien, 1997).
= Flowering. Flowering in starts with a single or two flowers on the main stem
and continues at each additional node in a geometric progression (Bosland and
Votava, 2000). Pepper flowers are self-pollinated (Wien, 1997). At anthesis,
the flower opens within three hours of sunrise and remains open for less than
24 hours. Between one to ten hours after the flower opens the anthers dehisce
(Bosland and Votava, 2000; Wien, 1997). Maximum number of flowers in
pepper plants were found to be greatest at 24 °C and 21 °C day and night

temperatures, respectively; lower temperatures delays flowering rate (Bakker,
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1989) whereas night temperatures above 24 °C causes flower drop (Bosland
and Votava, 2000).

Fruit set. Fruit growth depends on the ovule growth (Bosland and Votava,
2000; Wien, 1997), and it begins with the ovary formation at flower
differentiation (Wien, 1997). As fruit is set (initial swelling of the ovary) and
starts to develop, it decreases subsequent fruit set and flower production at the
upper nodes of the plant (Bosland and Votava, 2000). Maximum fruit set can
be obtained if day temperature is between 16-20 °C and night temperature is
between 12-15 °C (Bakker, 1989); no fruit set occurs when pepper plants grow
at mean temperatures lower than 16 °C or higher than 32 °C (Bosland and
Votava, 2000).

Fruit development and maturation. The length and weight (fresh and dry) of
fruits follow a sigmoid growth curve (Marcelis and Hofman-Eijer, 1995).
Fruits compete with themselves and with other parts of the plant for
assimilates during this reproductive phase (Ali and Kelly, 1992; Hall, 1977),
and represent about 50% of the plant dry matter (Miller et al., 1979).
Commercially, the fruit green stage is consider ripe but it is immature
physiologically (Bosland and Votava, 2000; Wien, 1997). Day and night
temperature of 28 °C and 23 °C, respectively were found to produce fruits with
the greatest fresh weight (Polowick and Sawhney, 1985). Optimum mean
temperature for fruiting is reported to be between 18-26.5 °C (Decoteau,

2000).

12



2.4 Effect of salinity on the growth and development of peppers

Germination (radicle appearance) of pepper seeds is not affected within a certain range of
salinity. Chartzoulakis and Klapaki (2000) reported that salinity of 7.1 dS'm™' (50 mM
NaCl + half strength Hoagland solution) delayed germination of pepper seeds but not
reduced its final percentage; however, salinity at 12.6 and 17.8 dS'm ™' (100 and 150 mM
NaCl) reduced germination. Pepper seeds imbibed in salt solutions (Na or NaCl:CacCl,
1:1 ratio on a molar basis) of up to 100 mM (~10 dS'm™") were able to germinate (Palma
et al., 1996; Smith and Cobb, 1991). Using a different saline solution (Na/Ca+Mg 2:1
ratio on an equivalent basis), Miyamoto et al. (1985) found that final germination was not
reduced when salinity was <23 dS'm™' but was inhibited at higher salinity (32 dS'm™").
However, the radicle is more sensitive during its development when exposed to a saline
solution of 50 mM NaCl (5.9 dS'm™") at which reductions of about 52% were found by
Chartzoulakis and Klapaki (2000). For this reason, salinity affects seedling emergence
more than germination (Miyamoto et al., 1985; Yildirim and Guvenc, 2006).

The sensitivity to salinity progresses during vegetative growth stage of bell peppers.
Chartzoulakis and Klapaki (2000) found that at the vegetative stage (6 weeks after
planting), leaf area, plant height, and biomass of two bell pepper cultivars (Sonar and
Lamuyo) decreased at salinity levels of 4.1 dS'm™' (25 mM NaCl) or higher. Palma et al.
(1996) reported reductions in dry weight of bell pepper seedlings when treated with
saline water of 5.4 and 10 dS'm ™' (50 and 100 mM NaCl, respectively) during 84 days.
Similar findings we found by Yilmaz et al. (2004) who reported that the relative growth
rate (RGR) for fresh and dry weights of roots and shoots of bell pepper seedlings

(cultivars: Demre, Cetinel 150 and Ilica 256) treated with different levels of salinity (0,
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50, 100 and 150 mM NaCl) for 30 days (following a 30-d period with no salinity) were
reduced at 50 mM NaCl or higher levels. Differences in the response to different levels of
salinity could have been due to genotypic variation. All aforementioned studies involved
a few bell pepper genotypes. When a large number of genotypes are grown under saline
condition, this variation may be more noticeable. Aktas et al. (2006) evaluated 102
pepper genotypes in response to salinity [100 mM NaCl (10.9 dS'm™") added to the
nutrient solution] during 10 days starting at the 6-7 true leaf stage (vegetative; 14 days
after transplanting) in greenhouse conditions. They were able to classify tolerance or
sensitiveness to salinity by using a leaf symptom score. After classifying all genotypes,
the authors selected six tolerant and six sensitive genotypes to salinity to carry out a
second experiment following the same procedure, and increased the salinity to 150 mM
NaCl (15.4 dS'm™") in addition to the nutrient solution. The main finding of this research
is that sensitive genotypes accumulated more Na' in the shoots than tolerant ones; thus
suggesting that a certain level of a Na™ exclusion mechanism was activated in tolerant
genotypes. However, it remains a question whether this trend for tolerant genotypes could
be maintained throughout growth until fruit growth stage.

No study has been conducted to evaluate the response, in terms of fruit production, of
bell peppers to saline irrigation applied at different growth stages. Instead, constant
salinity levels have been applied throughout growth to evaluate their effects on yield.

Agronomically, pepper is listed as moderately sensitive to salinity having a yield
reduction threshold at 1.5 dS'm ™" of electrical conductivity of the soil saturated extract

(EC.) (Maas, 1990) or 1.0 dS'm ™' of EC,, of the irrigation water (Rhoades et al., 1992).
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High levels of salinity have been reported to decrease shoot biomass and marketable
yield under different irrigation systems.

Tadesse et al. (1999) in greenhouse conditions used a nutrient film technique (NFT)
to irrigate pepper plants with various levels of KCI saline solutions (4, 6, 8 and 10
dS'm™") added to the Cooper basic nutrient solution (2 dS'm ). They found that all levels
of saline solutions (>4 dS'm ") decreased yield following a quadratic relationship.

De Pascale et al. (2000) applied five levels of NaCl saline water (0.5, 2.3, 4.4, 8.5 and
157 dS'm™") combined with three drip irrigation levels (100, 75, and 50% of the
evaporation rate) plus a non-irrigated control to pepper plants. These authors indicated
that plant growth and fruit yield were reduced at 8.5 dS'm™" or higher, with an increase in
the number of non-marketable fruit when salinity was more concentrated in the irrigation
water. They reaffirmed a threshold value of 1.4 dS'm™', similar to that reported by Maas
(1990). In addition, the authors mentioned that N, P, K, Mg and S levels in pepper leaves
were similar for saline and non-saline treated plants. In fact, Ca concentration in the
leaves increased significantly when saline water level was between 0.5 and 4.4 dS'm™’
and blossom-end rot (BER) was prevented within this range.

Chartzoulakis and Klapaki (2000) using a hydroponic system evaluated the response
of two pepper hybrids (Sonar and Lamuyo) to several levels of salinity 1.2, 2.4, 4.1, 7.1,
12.6, and 17.8 dS'm™! (0, 10, 25, 50, 100 and 150 mM NaCl, respectively, added to a
half-strength Hoagland solution). At fruiting, salinity greater than 2.4 dS:m'
significantly reduced total fruit yield compared to the control (1.2 dS'm™') treatment.

Significant reductions in the number of fruit and the average fruit weight were obtained at
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7.1 dS'm™" or higher levels of salinity compared to the control and lower levels of
salinity.

Patel et al. (2000) used lysimeters and a subirrigation system to evaluate the
responses of pepper plants and soil salinity buildup to two water table depths (0.4 and 0.8
m), three levels of saline water (1, 5 and 9 dS'm™') and four types of fertilizer rates
(N1PK, N2PK, N1K and KP) applied at planting (35 and 70 kg N-ha™' for N1, and N2,
respectively; plus 200 kg P-ha™' of P, except for N1K; and 230 kg K-ha™' of K) and
flowering (35 and 70 kg N-ha™' for N1 and N2, respectively) stages of peppers grown on
a sandy soil. The lack of nitrogen fertilization significantly decreased fruit yield and a
maximum value was reached when all nutrients were applied (N1PK or N2PK) without
causing salt build-up in the soil. Also, they concluded that salinity did not negatively
affect green pepper yield because soil solution salinity was below 4.0 dS'm ™" in the upper
root zone (30 cm depth).

Navarro et al. (2002) evaluated the yield of sweet peppers hydroponically grown in
greenhouse condition in response to four levels of sulphate (Na,SO4) or chloride (NaCl)
salinity (3, 4, 6 and 8 dS'm ") added to Hoagland solution (2 dS'm™"). All salinity levels
reduced total and marketable yield; however, chloride salinity resulted more deleterious
for marketable fruit yield than sulphate salinity within the 4 to 6 dS'm "' range. Both types
of salts reduced fruit size and number of marketable quality.

De Pascale et al. (2003) applied four irrigation treatments [non-saline control (0.5
dS'mfl), and saline water of 4.4 dS'‘m ' and 8.5 dS~m71, and a drought stress treatment] to
drip-irrigated pepper plants grown under field conditions. Water salinity reduced total

and marketable yields as well as the mean fruit weight but not the number of fruits per
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plant. The negative effect of the drought treatment was equivalent (total yield) to or
higher (marketable yield) than that of the high water salinity (8.5 dS'm™").

Pepper fruits are an important source of antioxidants (Howard et al., 2000; Marin et
al., 2004), which are compounds (e.g. phenolics, ascorbic acid, and carotenoids) that,
when consumed in adequate amounts, have protective effects in the body against human
diseases including cancer, diabetes and cardiovascular diseases (Kaur and Kapoor, 2001).
Navarro et al. (2006) studied the effects of three different concentrations of NaCl (0, 15
and 30 mM added to a basic nutrient solution) on pepper fruits harvested at three
different ripening stages (green, turning red and red) from plants grown hydroponically
under greenhouse conditions. They found that the antioxidant activity was highest in red
fruits compared to the other two ripening stages; and that the general effects of salinity on
antioxidant compounds in fruits were ripening state-dependent with salinity at 15 mM
NaCl being favorable when fruits were harvested in the red state. In average, salinity
decreased ascorbic acid but increased antioxidant activity in the lipophilic fraction (LAA)
and lycopene. No salinity effects were detected on antioxidant activity in the hydrophilic
fraction (HAA), B-carotene, sugars or total phenolics.

Some strategies have been followed to ameliorate the effects of salinity in pepper
fruit production. For example, Colla et al. (2006) studied the effects of using Salsola
soda, a halophyte, as a desalinating companion plant to peppers drip-irrigated with two
levels of saline water (4.0 and 7.8 dS'm ', NaCl added to a Hoagland solution) under
greenhouse conditions. They found that the highest total and marketable pepper yield was
significantly obtained in treatments with pepper + S. soda irrigated with 4.0 dS'm™’

compared to treatments of pepper grown alone at any salinity level or pepper + S. soda at
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7.8 dS'm™". The use of S. soda as a companion plant at 7.8 dS'm ' did not improve yield
compared with pepper grown alone.

Another approach to cope with the negative effects of NaCl salinity on pepper yield
has been focused towards fertilization with N, P, and K to inhibit Na uptake by plants.
Kaya and Higgs (2003) found that pepper yield was only reduced by 16% when the saline
soil (NaCl 3.5 g'kg ™' soil, 7.2 dS'm™") contained supplementary urea at 0.4 g'kg™' soil;
compared to the non-saline control. Greater yield reductions were found when
supplementary urea was at 0.2 gkg ' of saline soil (41%) or none urea in saline soil
(52%). Regular fertilization rates were of 300, 200 and 250 mgkg ™' for N (ammonium
sulphate), P and K (mono-potassium phosphate) for all treatments. A similar experiment
was carried out by Kaya et al. (2003) to evaluate the effect of supplementary potassium
phosphate added at the rates of 136 and 272 mg-kg ' to the saline soil, in addition to the
regular fertilization rates [300, 100 and 250 mg-kg ' for N (ammonium sulphate), P and
K (mono-potassium phosphate), respectively] for all treatments. The plants grown in
saline soil treated with the high rate of supplementary potassium phosphate had similar
marketable and total yield to that of the non-saline control and greater yield than plants
grown in saline soil without or with the low supplementary potassium phosphate. The
previous approach, however, should avoid excessive fertilization that increases soil
salinity. Villa-Castorena et al. (2003) found that a high nitrogen fertilization rate (200
kg-ha™') in saline soils (sandy loam, EC. >4 dS'm') increased soil salinity and
consequently decreased pepper yield.

A different strategy to alleviate negative effects of salinity on plants involves the

management of the saline water for irrigation to leach salts in the soil solution out of the
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root zone by adding an excess of water. Using a flat-roof screenhouse (30% black
shading) in field condition, Assouline et al. (2006) found that pepper plants, irrigated
with saline water (4.2 dS'm™") by using drip irrigation (1.6 L-h™") on a daily (once a day)
or high frequency (10 times or pulses per day) basis, had greater yield reductions (17 and
14%, respectively) when the amount of water applied was equivalent to the rate of the
crop evapotranspiration (ET,) rather than using 25% more water of the ET, rate at either
frequency (average of 8.6% yield reduction); relative to the yield obtained by plants
irrigated with non-saline water via drip irrigation (daily or high frequency) at the ET,
rate.

It is important to point out that the amount of water required for salt leaching and thus
to maintain relatively high yields depends on water salinity; the higher the level of water
salinity the greater the amount of irrigation water required, consequently it may become
eventually an unsustainable practice (Ben-Gal et al., 2008).

Frequency of irrigation plays an important role in root zone salt accumulation. When
a low irrigation frequency (initiated at 32% drainage remaining) was employed to irrigate
pepper plants, grown in greenhouse conditions, with water containing 6 mM-L™" NaCl
(plus a nutrient solution of 1.9 dS'm™"), a higher and progressive salt accumulation in the
recycle drainage of a closed-cycle hydroponic system was observed compared to
employing a high irrigation frequency (initiated at 65% drainage remaining);
consequently, pepper yield was ameliorated under high frequency irrigation (Savvas et
al., 2007).

The general responses of peppers to a saline environment have shown that growth

(plant biomass, leaf area), measured at fruit harvest, decreased with increasing salinity
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(De Pascale et al., 2003; Navarro et al., 2003; Tadesse et al., 1999). Similarly, some
physiological parameters like leaf water potential (‘¥'y), turgor potential (‘t;), and osmotic
potential (W¥;) (Bethke and Drew, 1992; De Pascale et al., 2003; Navarro et al., 2003;
Tadesse et al., 1999) or stomatal conductance (gs), transpiration (E) and photosynthesis
(A) (Bethke and Drew, 1992; Chartzoulakis and Klapaki, 2000; De Pascale et al., 2003;
Navarro et al., 2003) decreased with increasing levels of salinity. A decrease in g; may
subsequently reduce E and A primarily by osmotic effects in the root zone (Munns, 2002)
or by increasing accumulations of Na" and CI™ in the leaves causing chloroplast damages

(Bethke and Drew, 1992; Chartzoulakis and Klapaki, 2000).

2.5 Plasticulture as a management system for horticultural crops

Plasticulture is a system used to grow plants by creating or modifying the
microenvironment of the crop growing area by means of plastic polymer materials to
shorten or extend the growing season (Lamont, 2005; Lamont, 1996). Included under the
plasticulture umbrella are the uses of agricultural plastics for windbreaks, soil
sterilization, as well as for pest and weed management. Two major components of
plasticulture in horticulture that have become popular are drip irrigation, which often

includes a fertigation system, and polyethylene mulch (Lamont, 2005).

2.5.1 Drip irrigation

Increases in crop yield associated with the use of drip irrigation could be attributed to: 1)

localized application of water to the crop root zone which results in the reduction of
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water loss by evaporation, runoff, and deep percolation, which in turn increases water use
efficiency and controls weed; 2) control of irrigation frequency, which reduces
fluctuation in soil moisture and limits water stress and; 3) the possibility of applying
fertilizers in solution (fertigation) along with the irrigation water (Dasberg and Or, 1999;
Mmolawa and Or, 2000).

Among irrigation methods, drip irrigation is best suited when saline or marginal water
is the available source because less amount of water with frequent application are
delivered to the root zone (Mmolawa and Or, 2000), and not directly on the plant, thus
avoiding foliage burning (Shannon et al., 1997). The amount of the saline water that
should be applied via the drip system depends on the water quality, soil properties and

crop tolerance to salinity (Dasberg and Or, 1999).

2.5.2 Responses of pepper plants to drip irrigation

The benefits of using a drip irrigation system to supply water to the pepper crop have
been recognized since almost three decades (Beese et al., 1982; Horton et al., 1982).
Currently, commercial pepper production is routinely drip irrigated (Bosland and Votava,
2000). It is known that the pepper crop require large amount of water to produce high
quality yield (Brouwer and Heibloem, 1986); therefore, using less water than the crop
demands may confer a certain degree of water stress in plants. For example, Beese et al.
(1982) found that applying 20% less that the control (100% of the crop
evapotranspiration, ET,), pepper plants produced less biomass and had lower yields than
plants receiving more water (20 or 40% more of the ET.) because water was limited

during their vegetative growth.
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Wierenga and Hendrickx (1985) using drip irrigation found that applying 20% more
water than that of the ET, maximized fruit yields. However, yields decreased when plants
were either over (40% more than ET.) or under irrigated (60-80% less than ET.). They
concluded that an appropriate water supply was needed to reach maximum fruit yields.
Also, these authors reported that drought stressing the plants at any growth stage did not
improve the fruit yield per unit of water applied, and therefore, did not contribute to
saving irrigation water.

Madramootoo et al. (1993) evaluated the effect of four drip irrigation rates (50, 100,
150 and 200 mm in 1987; and 70, 120, 170 and 220 mm in 1988; in addition to 405 and
301 mm of rainfall in 1987 and 1988, respectively) on pepper yield for a period of June to
September. Results indicated that highest yields were for plants receiving 200 or 220 mm
of irrigation water in addition to rainfall as these values met full evapotranspiration
requirements. As the amount of irrigation decreased so did the yield.

Drip irrigation increases water use efficiency as less water could be used to maintain
high yields. Kang et al. (2001) in a greenhouse experiment, separated the roots of potted
hot pepper plants into two and applied drip irrigation by: 1) alternating irrigation between
the two sets of roots, 2) irrigating one set, and 3) irrigating both set of roots at the same
time. Using the alternating irrigation system saved water without reducing either yield or
biomass. This treatment increased water use efficiency when soil moisture was
maintained at 65% field capacity (0f) compared to 55% of 6.

Sezen et al. (2006) examined the effects of various irrigation regimes consisting of
three irrigation intervals [cumulative pan evaporation of 18-22 mm (3-6 days), 38-42 mm

(6-11 days), and 58-62 mm (9-15 days)] and three crop coefficients, K. (0.50, 0.75 and
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1.00) on bell pepper yield. These authors found that the shorter the irrigation interval (3-6

days) and the larger the K, (1.00), the higher the fruit yield with improved quality.

2.5.3 Mulch

The increase in quantitative and qualitative yield of crops grown using polyethylene
mulch has been associated with increases in soil temperature and soil moisture
conservation.

The increase in soil temperature under a mulch is a reflection of the climatic
conditions and type of mulch used. Black polyethylene mulch absorbs radiation and
provides limited soil warming and controls weed growth while clear polyethylene
transmits the radiation which results in greater soil warming but does not control weeds.
Infrared-transmitting (IRT) mulch heats the soil like a clear mulch and controls weeds
like a black polyethylene (Lamont, 1996). Regardless of the type of mulch used it is
critical that there is direct contact between the mulch and the soil in order to enhance heat
transmission (Lamont, 1996; Tarara, 2000).

Aziz (1994) working in South-western Quebec reported higher mean soil
temperatures under IRT polyethylene mulch compared with silver or black mulch as well
as bare soil. He also mentioned that the polyethylene-mulched soil conserved more
moisture than did the bare soil. Allen et al. (1998) suggested that mulched plants use less
water since evaporation from the soil is reduced by the use of a polyethylene mulch.
Therefore, the depletion of soil water under such conditions may be caused mainly by

plant transpiration (Kirnak et al., 2003). Soil moisture is expected to decrease gradually
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and be more homogeneous in the root zone under mulching condition compared with

bare soil.

2.5.4 Response of pepper plants to polyethylene mulch

It is well recognized that the use of polyethylene mulch, particularly black, enhance
growth and development of peppers (Brown and Channell-Butcher, 2001; Decoteau et al.,
1990; Gough, 2001; Locher et al., 2005; Siwek et al., 1994).

A similar trend has been observed for total, marketable and early marketable yields
and fruit quality of peppers grown under mulch condition compared to the ones grown in
bare soil (Aziz, 1994; Brown and Channell-Butcher, 2001; Locher et al., 2005; Monette
and Stewart, 1987; Porter and Etzel, 1982; Siwek et al., 1994). Enhancements of pepper
growth and yield have been primarily due to improved soil temperature and retention of
soil moisture. These two conditions are also favorable for nutrient uptake by plants grown
on mulch. For example, yield resulted improved when nitrogen fertilization was applied
to pepper plants grown on mulch, relative to the yield of those grown in bare soil
condition both under optimal soil moisture condition (Locascio et al., 1985) or even when
a certain water stress was imposed (Kirnak et al., 2003).

Salts in solution move downward when over-irrigation occurs and, subsequently,
salinize soils, groundwater or other body waters downstream (Trout, 2000). Although no
information is available on the effects of polyethylene mulch on the dynamics of salt
leaching, mulching the soil could help to minimize the effects of salinization of soils and
water. Mulching the soil surface can limit the leaching of nitrate toward deeper layers of

the soil profile; and therefore, decrease groundwater pollution. Romic et al. (2003)
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conducted a two-year field experiment with drip-irrigated bell pepper to test the effect of
two types of mulch (black polyethylene and biodegradable cellulose) and bare soil on
nitrate leaching. The use of the black polyethylene mulch significantly reduced nitrate
leaching followed by the biodegradable cellulose mulch compared to nitrate leaching
occurred in bare soil. However, the decreased efficacy of the cellulose mulch in
preventing nitrate leaching, especially when rainfall rate was high (768 mm), was due to

its characteristics to decompose and disintegrate being a paper material.

2.6 Final remarks

If saline water is to be used to irrigate peppers, a high value crop moderately sensitive to
salinity, water management strategies must be developed to minimize both plant stress
and salinization of the soil environment, thus preventing significant yield reduction. For
these reasons, this project focused on the use of saline water applied via drip irrigation
alone or in combination with polyethylene mulch to evaluate its effects on sweet pepper
plant growth, development and yield, as well as on the plant physiology, water use

efficiency and soil salinization.
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Preface to Chapter 3

It is well recognized that availability of good quality water for agriculture, particularly for
irrigation, will become scarce as a consequence of increasing demands by other water
users such as for human consumption, industry and recreation. Therefore, water of low
quality, e.g. saline, will likely be left for crop irrigation. Since bell peppers are sensitive
to salinity, it is important to carry out studies to evaluate the effects of saline water on
these plants while optimizing water use regardless of the water quality. In Chapter 3, the
use of saline water, applied through drip irrigation to bell pepper plants growing on
mulch or bare soil, was evaluated in terms of its effects on plant physiology, growth and
yield, as well as soil salinity.

The manuscript is co-authored with Katrine A. Stewart, and Chandra Madramootoo.
Participation of each author is described in the “Contributions of Authors” section.
Tables and figures are presented at the end of this chapter, and references are listed in
Chapter 10. Information from this manuscript will be submitted to the International
Journal of Vegetable Science for peer review. Copyright transfers from co-authors are

shown in Appendix B.
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3.1 ABSTRACT
Experiments were carried out under greenhouse conditions to evaluate the effects of
saline irrigation (ranging from 0.2 up to 9.0 dS'm™', and from 0.5 to 4.5 dS'm”’,
respectively) and polyethylene mulch [black or green infrared-transmitting (IRT)] on the
physiology, growth and yield of sweet peppers (Capsicum annuum L.). Mulched plants
required less water at all levels of salinity than plants grown in bare soil; consequently,
the soil in which they were grown had a decreased salinity. Stomatal conductance,
transpiration and photosynthesis significantly decreased with increasing levels of salinity
at the time of fruit development. Mulched plants had significantly higher rates of stomatal
conductance, transpiration and photosynthesis than plants grown in bare soil. Generally,
growth (fresh and dry weights, leaf area and number) was reduced by higher levels of
saline water but increased by mulching. Salinity levels above the control (0.2 and 0.5
dS'm™") significantly reduced total and marketable yield, agronomic water use efficiency
(WUE,), and harvest index. Mulched plants had greater WUE, and significantly higher
marketable yields than plants grown in bare soil. Fruit size and pericarp thickness were
significantly reduced with increasing salinity, whereas fruit total soluble solids (TSS)

increased.

Keywords: salinity, plastic mulch, Capsicum annuum L., stomatal conductance,

transpiration, photosynthesis, WUE, electrical conductivity
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3.2 INTRODUCTION
Worldwide, salinity affects 20% of the 230 million ha of irrigated land (FAO-AGL,
2000). Occurrence of soil degradation by salinity is primarily located in arid and semiarid
regions (FAO, 2002), where, additionally, water is not only of poor quality but also
scarce (Martinez Beltran, 1999). Problems in quality and availability of irrigation water
extend into humid areas, due to increasing competition among water users (Parsons,
2000; Shalhevet, 1994). Globally, agriculture accounts for 71% of the total water use
(FAO, 2000). Therefore, improvement in the management of agriculture to maximize
water use is required. Among irrigation systems, drip irrigation is one of the most
efficient systems for water delivery and especially suitable for high cash value crops
(Locascio, 2005). This system offers the advantage of reducing the surface area exposed
to evaporation, thus diminishing water consumption (Dasberg and Or, 1999; Skaggs,
2001). Drip irrigation, also allows for the use of saline water (Dasberg and Or, 1999)
and/or the inclusion of soluble fertilizers in the irrigating solution, e.g. fertigation (Bar-
Yosef, 1999). In order to reduce the amount of water required, drip irrigation is often
used in combination with mulch (Lamont, 1996). Mulching the soil with polyethylene
films reduces crop water consumption by minimizing evaporation (Kirnak et al., 2003).
Soil moisture is retained longer under mulch and hence less water is required to maintain
soil moisture at a given level (VanDerwerken and Wilcox-Lee, 1988). In addition to
reducing the amount of water used, there is the possibility of using poorer quality water
(2 to 10 dS'm™") (Rhoades et al., 1992), which must be studied. This is becoming more
critical as the supply of high quality water is limited and expensive in semiarid and arid

areas. However, before this option is considered feasible, the tolerance of each crop to
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salinity must be determined. Peppers (Capsicum annuum L.) require large amounts of
water (600-900 mm) in order to produce high quality fruit yield (Brouwer and Heibloem,
1986) and are moderately sensitive to salinity. Rhoades et al. (1992) reported a yield
reduction threshold of 1.0 dS'm™" of the irrigation water for furrow irrigated peppers.
Beyond this threshold, each dS'm™" increase caused a 14% yield decrease (Ayers and
Westcot, 1985). Plant response to salt has also been reported to be influenced by soil
temperatures; for example, tomatoes grown at higher root zone temperature had a higher
salt tolerance than their cooler counterparts (Dalton et al., 1997). Locher et al. (2005)
attributed the significant improvement in growth and yield of mulched pepper plants,
relative to plants grown in bare soil, to increases in soil temperature.

The general response of crops to surface (Dehghanisanij et al., 2006) and subsurface
(Ayars et al., 1999) drip irrigation has been investigated, resulting in enhancement of
saline water use (Dehghanisanij et al., 2006; Oron et al., 1999) and reduction of soil
salinity (Hanson and May, 2004). However, the effects of a plasticulture system using
saline water delivered via surface drip irrigation in combination with polyethylene mulch
on pepper have, as yet, not been determined. Therefore, the objective of these
experiments was to examine the effects of saline drip irrigation and polyethylene mulch

on the physiology, growth, yield, and water use of bell pepper.

3.3 MATERIALS AND METHODS

3.3.1 Plant material

Pepper seeds (Capsicum annuum L. var. Red Knight X3R) (Petoseed, Oxnard, CA,

USA) were sown 1 February 2003 (Experiment 1) and 13 October 2003 (Experiment 2)
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in 72-cell trays (semi-pyramidal cells of 4 cm x 2 cm x 6 cm, volume 60 cm®) containing
a peat-based substrate (Promix Bx, Premier Horticulture, Riviére-du-Loup, QC, Canada).
This cultivar was chosen as it has a large blocky bell, early maturity and a bright red
uniform colour, and it is well adapted to southeast and northeast of North America
(Wehner, 2002). After the appearance of the first true leaves, plants were watered as
required, and fertilized weekly for 3 weeks with 15 mL/plant of a nutrient solution
including (in mg-L™") 200 N, 88 P, and 166 K, 0.2 B, 0.5 Cu, 1.0 Fe, 0.5 Mn, 0.005 Mo,
and 0.5 Zn; and then for approximately another 2 weeks with 20 mL/plant including (in
mg-L_l) 400 N, 176 P, 332 K, 0.4 B, 1.0 Cu, 2.0 Fe, 1.0 Mn, 0.01 Mo, and 1.0 Zn (Plant
Products, Brampton, ON, Canada). Seedlings, 18 cm tall with six true leaves, were
transplanted into pots on 1 April 2003 (Experiment 1) and 18 December 2003

(Experiment 2) to initiate the experiment.

3.3.2 Experimental design and treatments

The 5 x 3 factorial experiments in a completely randomized design consisted of five
levels of the saline irrigation and three levels of mulch, resulting in 15 treatment
combinations replicated eight times. Each plant served as an experimental unit.

The levels of the irrigation water salinity were: 0.2 (control), 1.5, 4.0, 6.5 and 9.0
dS'm™' (Experiment 1); and 0.5 (control), 1.5, 2.5, 3.5 and 4.5 dS'm™ (Experiment 2).
Concentrations of calcium (Ca*"), sodium (Na") and chloride (CI") for each salinity level
are presented in Table 3.1. Stock saline solutions (100 L) were made up based on a
NaCl:CaCl, 2:1 ratio on a molar basis (Dalton et al., 1997). The saline solutions had a

value of 0.7 as the ratio of Na'/(Na" + Ca®"), which is within the range (0.1-0.7) found
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for most saline waters used to irrigate major horticultural crops around the world (Grattan
and Grieve, 1999). The salts NaCl (Fisher Scientific, Whitby, ON, Canada) and CaCl,
(Anco Chemicals, Maple, ON, Canada) were added to tap water with an electrical
conductivity (ECy) of 0.2 dS'm ' and adjusted using a portable conductivity-meter
(Model TDSTestr4dTM, Oakton, Singapore) with automatic temperature compensation
until the appropriate level was reached.

The mulch levels were bare soil, black polyethylene mulch (Climagro, Plastitech, St-
Remi, QC, Canada), and green infrared-transmitting (IRT) polyethylene mulch (Polyon-

Barkai, Polywest, Encinatas, CA, USA).

3.3.3 Experimental set up and plant management

Experiments were carried out in a greenhouse with air temperature of 25-27 °C day and
18°C night; relative humidity 65-75%; photoperiod 13 h with a light intensity of 700
umoles'm >s™'; and 365 pL-L™" carbon dioxide.

The sandy loam soil (70% sand, 18% silt and 12% clay) used was mixed with a peat-
based growing media (Promix Bx, Premier Horticulture, Riviére-du-Loup, QC, Canada)
at a ratio of 1:1 (Experiment 1) and 2:1 v/v (Experiment 2). The soil-mix (henceforth
referred to as soil) was placed into 120 10-L black plastic pots (24 cm inside diameter x
22.5 cm height, Nursery Supplies, Orange, CA, USA). Mulches were placed directly on
the soil surface, stretched and taped to the rim of the pots and holes (16 cm?) cut in the
centre of the mulch for the transplant. Pots were spaced 55 cm between and 45 cm within

rows.
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A drip irrigation system was used to deliver water to all plants. Each treatment (eight
plants) had an independent irrigation line consisting of rigid polyethylene pipe (1.24 cm
inside diameter) with eight on-line pressure compensating snout drippers with an emitter
discharge rate of 1.1 L-h! (Netafim, Fresno, CA, USA). To deliver water to each plant, a
spaghetti tube (3 mm inside diameter) was connected to each dripper, and secured with
an angled stake into soil. Each level of saline solutions or non-saline water was stored in
a plastic container (120-L capacity) and pumped (operating pressure of 50 kPa) using a
submergible pump (Model PE-2H-PW, Little Giant Pump, Oklahoma City, OK, USA) to
three irrigation lines (for each mulch level) which had independent valves each. Each
saline water level was gradually increased within the first week following transplanting
until the corresponding saline irrigation level was reached.

The time to irrigate was based on soil moisture. Time domain reflectometry (TDR), a
non-destructive method to measure soil water content, was used to monitor soil moisture.
Three-rod (stainless steel, 21 cm length, 3 mm thickness, and separated 4 cm apart)
probes were horizontally installed at depths of 5, 10 and 15 cm, respectively, into three
randomly selected pots per treatment, giving a total of 45 pots. The three-rod probes were
connected to a TDR Tektronix Cable Tester (Model 1502B, Tektronix, OR, USA) using a
coaxial cable for measurements of the apparent length (m) of probes embedded in the

soil, X,, as graphically indicated on the TDR screen. The X,, values were then used to
calculate the dielectric constant (electric transmissivity), &, of a soil matrix by the

following formula (Topp et al., 1980):

&y = (—Wj (Eq. 3.1)
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where L is the actual length of the probes (m) embedded in the soil. Soil moisture was
calculated by the following equation (Topp et al., 1980):

0, =—53x107+29x107%¢g, —5.5x10"g,” + 4.3x10°¢,’ (Eq. 3.2)
where 6, is the volumetric soil water content (m*-m>).

Irrigation was applied when 40% (Experiment 1) and 30% (Experiment 2) of the
plant available water (PAW, 0.26 and 0.24 m*m > for Experiments 1 and 2, respectively)
had been depleted. The amount of water applied at irrigation was calculated by the
following formula:

1=(0,-6,)7, (Eq. 3.3)

where [ is the irrigation requirement (L/plant), 6, is the soil moisture at field capacity
(0.42 and 0.35 m>m> at —30 kPa of soil matric potential, for Experiments 1 and 2,
respectively), 6y is the instantaneous soil moisture at the irrigation time (m>m™), V, is the
volume of soil to be wetted (L/pot). To calculate the irrigation requirement, 7, in this
experiment, the previous formula was modified from that used for calculating the total
available water in the root zone by Allen et al. (1998):

TAW =1000 (6, —9,,) Z, (Eq. 3.4)

wp
where TAW is the total available water in the root zone (mm), 6y is the soil moisture at
field capacity (m*m™), O, 1s the soil moisture at wilting point (m*m™), and Z, is the
zone root depth (m).

An organic insecticide (Safer’s Trounce®, Charlottetown, PE, Canada) and insect
predators [Gall midge (Aphidoletes aphidimyza), parasitic wasps (Aphidius colemani),
ladybugs (Adalia bipunctata) and predatory mites (Amblyseius cucumeris, Amblyseius

degenerans) (Biobest Biological Systems, Leamington, ON, Canada)] were used to
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control infestation of aphids and mites (Experiment 1). No insect problems occurred
during Experiment 2; however, all the predator species were also introduced as a
preventive measure.

Nitrogen was applied at pre-plant (NH4NO;, NH4H,PO4, KNO;) and five weekly
(NH4NO;) applications to give a total of 100 kg-ha ' (Table 3.2) starting 30 DAT.
Phosphorus (NH4H,PO,) and potassium (KNO3) were applied at preplant (40 kg-ha ™).
The fertilization rate was based on a population density of 24,700 plants/ha. At fruit set,

plants were staked and tied.

3.3.4 Data collection

Two copper-constantan thermocouples (Scott, 2000) installed in three pots per treatment
at soil depths of 5 and 15 cm, respectively, were used to measure soil temperature. The
thermocouples were connected to a datalogger (CR10, Campbell Scientific, Logan, UT,
USA) to store data averaged on an hourly basis.

Measurements of net CO, assimilation (photosynthesis), leaf transpiration, and
stomatal conductance were taken biweekly from transplanting until the first harvest for
Experiment 1 or at fruiting stage [141days after transplanting (DAT)] in Experiment 2 by
using a portable photosynthesis meter (Model LI-6400, LI-COR Biosciences, Lincoln,
NE, USA). Based on previous reports (Chartzoulakis and Klapaki, 2000; De Pascale et
al., 2003), the fourth fully expanded leaf of three plants per treatment was selected for
these physiological measurements carried out between 1100 and 1400 h.

Water use efficiency was calculated according to Gregory (2004):
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WUE, =§ (Eq. 3.5)

where WUE, is the agronomic water use efficiency (gL "), Y is the fruit yield (g/plant)
and / is the amount of water applied by irrigation (L/plant).

Mature red fruit were harvested weekly, counted, weighed (g/plant) and graded based
on the following market classifications:

* Marketable grade 1. Fruit weight > 100 g (Aziz, 1994; Rigby, 1988) with
uniform shape and less than 3 small scratches (Aziz, 1994)

= Marketable grade 2. Fruit weight > 80 g (Jolliffe and Gaye, 1995) but < 100 g
with uniform shape and less than 3 small scratches (Aziz, 1994)

= Non-marketable or culls. Fruit weight < 80 g or any fruit weight with damage
(= 3 small scratches; blossom end rot, scratching, sunscald) and/or anomalous
shape (Aziz, 1994; Rigby, 1988).

Fruit length (cm) and width (cm) were measured by a caliper. Fruit total soluble
solids (TSS) were determined at ambient temperature in mature fruit juice (3-5 mL) using
a hand refractometer with a capacity from 0 to 32% Brix grade (ATC-1E, Atago, Japan).

At final harvest (~180 DAT), the number of leaves and immature fruit were counted
and leaf area calculated using a leaf area meter (Delta-T devices, Cambridge, England).
Fresh weights of roots (four plants per treatment), stems, leaves and both mature and
immature fruits were taken and a fresh root to shoot ratio calculated by the formula:

_ FWR

RJS =
FWS

(Eq. 3.6)
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where R/S is the fresh root to shoot ratio, FWR is the fresh weight of roots (g/plant) and
FWS is the fresh weight of shoot (stems + leaves + fruits) (g/plant). Then the plant parts
were oven-dried at 70°C for 72 h and dry weights taken.

Harvest index was determined on a fresh basis according to the following formula:

1=Y_’”
FWS

(Eq. 3.7)
where HI is the harvest index (dimensionless), and Ym is the marketable yield (g/plant).
Soil samples were collected from three pots per treatment (45 pots) at the end of the
experiment for soil salinity determinations. Six subsamples were obtained with a
cylindrical auger from each of three predetermined layers (0-7, 7-14 and 14-21 cm) of the
soil profile in the pot, and then mixed and further divided into three parts. Two-thirds
were kept for measurements of the electrical conductivity of the soil/water extracts 1:5
ratio (EC;.5) and the last third was used to make a composite sample from three soil
layers of three pots per treatment (15 composite samples) for electrical conductivity of
the saturation soil paste extract (ECe). Then the soil samples were air-dried for laboratory
determinations of EC;.s and EC. following the procedures of Rhoades (1996). Initial soil
salinity levels were 0.84 and 0.73 dS'm™" of EC, for Experiments 1 and 2, respectively.
Based on the results of the first experiment a number of modifications to the original
design were incorporated. These included a change in determining when to irrigate. In
order to avoid water stress in the high salinity treatments under conditions of high
evapotranspiration (Allen et al., 1998), plants were irrigated at 70% of the PAW

remaining in the soil instead of 60%. The levels of salinity were changed to 0.5 dS'm™"'

(control), 1.5, 2.5, 3.5, and 4.5 dS'm ™' (Table 3.1).
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3.3.5 Statistical analysis

Data from each experiment were analysed separately due to the differences in salinity
levels and the established threshold of the PAW depletion. Analyses of variance
(ANOVA) were carried out using the statistical analysis system (SAS) software (SAS
Institute, Cary, NC, USA) for each variable. When the F ratio from the ANOVA was
significant, a Tukey’s multiple mean comparison test (P=0.05) was performed.
Information is presented on the main factors: saline irrigation and mulching; interactions

between the two are only presented when significant.

3.4 RESULTS

3.4.1 Soil conditions

Soil temperature was slight but significantly and consistently higher with IRT mulch
compared to black mulch or bare soil throughout the growing period (Figures 3.1 and
3.2). During vegetative growth, soil temperature was higher under a black mulch than in
bare soil (Figure 3.1). However, the temperature gap narrowed after flowering, fruit set
and fruiting growth stages likely because the canopy covered the mulch so the sun did not
hit it directly (Figure 3.1). When averaged over the entire season, it was found that soil
temperatures under a black mulch were higher in the night and morning but lower
between 12 h and 20 h relative to bare soil (Figure 3.2).

Soil moisture was depleted faster in the control (bare soil) than mulched treatments.
Therefore, plants grown in bare soil were irrigated more frequently. Mulched plants used
approximately 30 and 15% less water than the ones grown in bare soil treatment in

Experiments 1 and 2, respectively (Table 3.3). As the salinity of the irrigation water
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increased, the amount of water used by the plant decreased. Irrigation requirements were
reduced by 11, 20, 38, and 52% at salinity levels of 1.5, 4.0, 6.5 and 9.0 dS'm™’,
respectively in Experiment 1; and by 10, 17, 25, and 30% at salinity levels of 1.5, 2.5, 3.5
and 4.5 dS'm "', respectively in Experiment 2 (Table 3.3).

Overall, soil salinity, measured as the electrical conductivity of soil/water 1:5 ratio
(w/w) extracts (EC,:s), significantly increased with the use of saline water (Table 3.4).
Mulching the soil resulted in a less saline soil than that without mulch (bare soil). Soil
salinization was greatest in the top layer of soil profile (0-7 cm) compared to the middle
and bottom layers (Figure 3.3). Within the top layer, soil salinity values were similar for
4.0, 6.5 and 9.0 dS'm™' treatments and significantly higher than the 1.5 dS'm ™' treatment,
which in turn was significantly higher than the control. Similarly, soil salinity in the
middle and bottom layers (7-14 and 14-21 cm, respectively) increased with increasing
saline water, but values were comparable in both layers for each salinity level. The use of
either polyethylene mulch decreased soil salinization significantly in the top layer of soil
(0-7 cm, Experiment 1) (data not shown) or in the soil profile (0-21 cm, Experiment 2)

relative to bare soil (Figure 3.4).

3.4.2 Experiment 1

3.4.2.1 Stomatal conductance, transpiration and photosynthesis

Stomatal conductance increased until flowering (< 6.5 dS'm™") or fruit initiation (9.0
dS'm™") then decreased (Figure 3.5). As the level of salinity increased the stomatal
conductance decreased. No significant difference was noted in stomatal conductance

between plants receiving either 0.2 dS'm' (control) or 1.5 dS'm™"' throughout growth.
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After fruit initiation (29 DAT), plants irrigated with 4.0 dS'm™" had significantly lower
rates of stomatal conductance than the controls. Higher rates of salinity, 6.5 and 9.0
dS'm™! decreased stomatal conductance by 23, 55, 59, and 46% at 29, 44, 59 and 73
DAT, respectively, compared with the control.

Transpiration rates followed a similar, but time delayed, trend to that of stomatal
conductance rates with rates increasing from transplantation until initial fruit set then
declining (Figure 3.6). Plants irrigated with 0.2 and 1.5 dS'm™" were similar throughout
the experiment. Plants receiving either 1.5 or 4.0 dS'm™' had similar transpiration rates
until the start of harvesting (73 DAT) at which plants treated with 4.0 dS'm™" had
significant lower transpiration activity. The transpiration rates of plants receiving 6.5 and
9.0 dS'm ™' were approximately half those of the control during fruiting.

Photosynthesis peaked at start of flowering and then declined over time (Figure 3.7).
No significant differences were found among plants receiving 0.2, 1.5 or 4.0 dS'm™'
during the first 59 DAT. Later, plants irrigated with 4.0 dS'm™' had significantly less
photosynthetic activity. By 44 DAT, the photosynthetic rate of plants treated with either
6.0 or 9.0 dS'm™" was significantly lower than those of all other treatments.

The stomatal conductance of mulched plants was slightly but not significantly higher
than that of plants grown in bare soil from transplanting until flowering. At the start of
the fruiting stage (29 DAT), plants grown in bare soil or on IRT mulch had significantly
higher rates of stomatal conductance than plants with black mulch (Figure 3.8). However,
at 44 DAT plants grown in bare soil had significantly lower rates of stomatal conductance

than black mulched plants. These effects were, however, short lived and no significant
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differences among treatments were noted until final harvest (73 DAT) when the IRT
mulched plants had higher stomatal conductance than black mulched plants.

There were no significant differences in transpiration rates between plants grown on
IRT or bare soil throughout the growing season (Figure 3.9). However IRT plants showed
significantly higher transpiration rates at fruit set and harvest than plants on black mulch.

Photosynthetic rates were similar among mulch treatments with only two exceptions
(Figure 3.10). At fruit set (29 DAT) the photosynthetic rate of plants grown on black
mulch was significantly lower than those on IRT mulch or bare soil, and mid way
through the fruiting period (59 DAT) plants grown in bare soil had significantly higher

rates than the ones from the other two treatments.

3.4.2.2 Plant growth

At salinities greater than 1.5 dS'm ™' fresh weights of root and shoots significantly
decreased with each increase in salinity (Table 3.5). Root weights decreased by 57, 77,
and 85% at salinity levels of 4.0, 6.5 and 9.0 dS'm’, respectively, compared with the
control. Of the shoot components, fruits were the most susceptible followed by leaves
and then stems. The fresh R/S ratio initially reached the lowest value at a salinity of 4.0
dS'm™' then increased. The harvest index decreased with each increase in salinity but the
decreases were only significant at levels of 4.0 dS'm™" or greater.

There were no significant differences in root, leaf and fruit weight between plants
grown on mulch or bare soil. Mulched plants had stems that were significantly heavier
than those of the plants grown in bare soil (Table 3.5). There was no significant

difference in fresh root to shoot (R/S) ratio between plants grown under mulch or bare
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soil condition. Harvest index was higher for plants grown in bare soil than for mulched
plants.

Increasing the salinity to 1.5 dS'm ™' did not decrease leaf area, number of leaves per
plant and leaf size (Table 3.6). As the level of salinity level increased beyond this point
leaf area, leaf number and leaf size decreased significantly compared to maximum values.
Mulched plants had significantly greater leaf areas than plants grown in bare soil (Table
3.6). There was no significant difference in leaf number and size between plants grown
under mulch or bare soil condition (Table 3.6).

Plants irrigated with salinity levels >4.0 dS'm ™' had significantly lower dry weights
than plants receiving either 0.2 or 1.5 dS'‘m™' (Table 3.6). The reductions increased with
increasing salinity. Plants receiving 4.0 dS'm ™' had reductions of 53, 28, 41 and 40% for
roots, stems, leaves and immature fruits, respectively, compared to 0.2 S'm'. At the
highest level of salinity (9.0 dS'm ") dry weights were decreased by 82, 61, 85 and 99%
for roots, stems, leaves and immature fruits, respectively.

Mulched plants had lower root dry weights than the plants grown in bare soil.
However, only plants mulched with black polyethylene were significantly lighter (31%)
than those grown in bare soil (Table 3.6). In contrast, the dry weight of the aerial portion
of mulched plants was higher than that of plants grown in bare soil but values were only
significant for the IRT mulch.

There was a significant interaction between salinity and mulch for root dry weights at
the two lowest levels of salinity (Figure 3.11). Roots of mulched plants were, in average,
43% significantly lighter than roots of plants grown in bare soil. At 1.5 dS'm™", root dry

weight of plants grown in bare soil decreased but was significantly heavier than that of
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plants mulched with black polyethylene. No significant differences were found between
the mulched plants over the range of salinity studied. At salinity levels of 4.0 dS'm™" or

higher, all root dry weights were similar.

3.4.2.3 Yield quantity and quality

Salinity both delayed early marketable yield and decreased marketable yield (Figure
3.12). Only plants receiving salinity levels <4.0 dS'm' produced any marketable yield
during the first 30 days of harvest. Plants irrigated either with 0.2 dS'm™" or 1.5 dS'm™
were similar in terms of marketable fruit production during the first 58 days of harvest
(137 DAT). Then, plants irrigated with 1.5 dS'm' had significantly slower rates of
production than the controls (Table 3.7). Plants irrigated with 4.0 dS'm™" produced most
of their yield during the first 4 weeks of harvest (107 DAT) but production was
significantly lower than those of 0.2 dS'm ™" or 1.5 dS'm™" (Figure 3.12). Plants receiving
either 6.5 or 9.0 dS'm ™" saline irrigation water produced minimal marketable yield.

No clear differences were observed in the production of cumulative marketable yield
between mulched plants and the ones grown in bare soil (Figure 3.13). Total yield,
number of fruit and quality, were negatively affected by increased salinity (Tables 3.7,
3.8 and 3.9). There was no significant difference in total yield between plants receiving
either 0.2 dS'm ™" or 1.5 dS'm™". The latter had 21% less marketable yield than the control
but a similar proportion of Grade 1. Plants receiving 4.0, 6.5 or 9.0 dS'm ™' had decreases
in total yield of 37, 72 and 89%; and marketable yield of 63, 94 and 97% compared with

plants receiving 0.2 dS'm ™", respectively. The percentage Grade 1 fruit was significantly
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lower for plants receiving >4.0 dS'm™'. Mean fruit weight was only significantly reduced
at 6.5 and 9.0 dS'm™".

Mulching the soil did not significantly affect total and marketable yield, percentage of
Grade 1 fruits and mean fruit weight, relative to bare soil (Table 3.7). However, mulched
plants had a significantly greater proportion of grade 1 fruit and number of immature
fruits compared with the plants grown in bare soil (Table 3.8).

Among the fruit characteristics evaluated, only length, pericarp thickness and total
soluble solids (TSS) were affected by increasing levels of salinity (Table 3.9). As the
salinity increased the fruit became shorter and had a thinner pericarp however this was
only significant at the highest level of salinity. Interestingly, TSS increased with
increasing salinity. The greater the salinity, the sweeter the fruits with plants receiving
4.0 dS'm™" and above having significant higher amounts of TSS that the controls.

Fruit of mulched plants had a thicker pericarp compared with plants grown in bare
soil but values were only significant for plants with black mulch (Table 3.9). No other
fruit characteristics were affected by the use of mulch. At a salinity level of 4.0 dS'm ™',

fruit of plants mulched with green IRT had significantly greater values of TSS compared

with the other two treatments (Figure 3.14).

3.4.2.4 Agronomic water use efficiency

Agronomic water use efficiency, WUE, (yield produced per litre of water) was similar
for the control and 1.5 dS'm™"' treatments with each producing 10 g of fruit per litre of
water (Table 3.10). However, at higher salinity levels there were significant reductions

(25, 61 and 80%) in WUE, for 4.0, 6.5 and 9.0 dS'm™', respectively, compared to the
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control. When marketable yield was considered, the WUE, was similar between the
control and plants receiving 1.5 dS'm™'. However, increasing the salinity to 4.0 dS'm™’
reduced WUE, by 54% (3.7 g'L ") and a greater than 90% reduction was recorded at
higher levels.

The use of polyethylene mulch significantly increased WUE, for total yield (45 and
55%) and marketable yield (17 and 34%) with IRT and black mulch, respectively,

compared with bare soil (Table 3.10). No significant differences were found between

mulches.

3.4.3 Experiment 2

3.4.3.1 Stomatal conductance, transpiration and photosynthesis

There were no significant differences in the rates of stomatal conductance, transpiration
and photosynthesis among plants irrigated with 0.5, 1.5 or 2.5 dS'm™' (Figure 3.15) when
sampled 141 DAT. However, the stomatal conductance rates of plant with higher levels
of salinity (3.5 and 4.5 dS'm™") decreased by 42 and 49%, respectively, compared with
the control (Figure 3.15A). Similarly, saline water of 3.5 and 4.5 dS'm™" significantly
lowered both rates of transpiration (31 and 41%, respectively) and photosynthesis (20 and
30%, respectively) relative to the control (Figure 3.15B, C).

Mulched plants had rates of stomatal conductance, transpiration and photosynthesis
49, 34, and 20% higher, respectively compared with plants grown in bare soil (Figure
3.16). The rate of stomatal conductance was affected by a significant interaction between
salinity and mulch (data not shown). Under conditions of no salinity (control), mulched

plants had higher stomatal conductance rates than the ones grown in bare soil. At a low
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level of salinity (1.5 dS'm "), plants grown on black polyethylene mulch had significantly
rates of higher stomatal conductance than plants grown on IRT or bare soil. At higher
salinity levels, IRT mulched plants slightly increased stomatal conductance compared to
the ones grown on black mulch or bare soil being significant at a salinity level of 3.5

dS'm L.

3.4.3.2 Plant growth

Plant fresh weights were reduced by the application of saline water (Table 3.11). Any
increase in salinity above the control (0.5 dS'm™") significantly reduced the weights of
roots, fruits and shoots by 20-60% depending on the level of salinity. Stems and leaves
were more resistant to an increase in salinity with decreases in weight becoming
significant only at salinity levels >3.5 dS'm'. Fresh R/S ratio was not significantly
affected by salinity. Harvest index decreased significantly in plants treated with 2.5
dS'm™" and greater, compare with the control.

The type of mulch had no effect on fresh weight (Table 3.11). Mulching reduced root
weight but values were only significant for the black (18%) as opposed to the green
mulch (8%). There was an interaction between mulching and level of salinity for root
fresh weight (data not shown). While all root weights declined with increasing salinity,
under non-saline condition (0.2 dS'm™") roots of plants grown on IRT or bare soil were
significantly heavier than roots of black mulched plants.

Mulching increased the weight of all aerial parts of the plant (Table 3.11). Increases
were significant for stems and shoots. Plants grown in bare soil had greater R/S ratio than

either mulched plants. Similar HI was found in plants grown on mulch and bare soil.
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Leaf area and number of leaves per plant did not decrease at saline levels of <2.5
dS'm™', but significant reductions were found at higher salinities relative to the maximum
values (Table 3.12). Leaf size was smaller in plants irrigated with saline water ranging
from 0.5 to 3.5 dS'm™' compared with the leaf size of plants irrigated with 4.5 dS'm™'
(Table 3.12).

Mulched plants had greater leaf area and individual leaf size than plants grown in
bare soil (Table 3.12). There was no difference in leaf number between the mulch and
bare soil treatments (Table 3.12).

Increases in salinity consistently decreased plant dry weight (Table 3.12). Roots were
most significantly affected by salinity decreasing by 29 to 75% with increasing salinity.
On the other hand, dry weights of stems and leaves were only significantly decreased at
salinity levels of greater than or equal to 3.5 dS'm'. The dry weight of immature fruit
was significantly lower (23%) for plants receiving 4.5 dS'm' compared with the control.

Root dry weights of mulched plants were 18% lower than those of plants grown in

bare soil (Table 3.12). Conversely, stem and leaves were 25-30% higher, and immature

fruits were similar.

3.4.3.3 Yield quantity and quality

Marketable yield was delayed and reduced by salinity during early fruit production
(Figure 3.17); the greater the salinity the lower the production (236 and 206 g/plant for
plants treated with 3.5 and 4.5 dS'm”', respectively). Overall, mulched plants had
significantly earlier cumulative and higher cumulative yields over time than plants grown

in bare soil (Figure 3.18). During the first four harvests, mulched plants receiving 0.5
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dS'm™" produced significantly earlier and higher marketable yield than plants grown in
bare soil (Figure 3.19). When salinity was increased to 1.5 dS'm™', cumulative early
marketable yield of the IRT mulched plants was significantly greater at 83, 93 and 105
DAT compared with the plants grown on black mulch or bare soil. Plants mulched with
black polyethylene had in turn, higher cumulative marketable yield than plants grown in
bare soil at 93 and 105 DAT, although this effect was short-lived (83 and 93 DAT) at 2.5
dS'm". No significant differences were found between plants grown under mulch and
bare soil conditions at 3.5 or 4.5 dS'm™".

As the level of salinity increased there were significant decreases in total as well as
marketable yields (Table 3.13). Compared with the control, each increase in salinity
meant that less fruit were Grade 1; however, the decease was only significant (34%) at
4.5 dS'm'. Mean fruit weight was similar in plants receiving 0.5 to 2.5 dS'm~' but
significantly lower 18 and 22% at 3.5 and 4.5 dS'm ™",

Saline water significantly reduced the number of fruits/plant (Table 3.14). Plants
treated with 1.5, 2.5, 3.5 and 4.5 dS'm™! produced 3-5 fewer fruits/plant either total or
marketable than the controls (0.5 dS'm™"). The number of fruits/plant of Grade 1 quality
decreased significantly (24%) at 4.5 dS'm~' compared with the control.

While mulching did not significantly increase total yield or the number of fruit per
plant, it did significantly increase marketable yield by more than 30% (Table 3.13).
Significantly more fruit on the mulched plants were Grade 1 (Table 3.14) and individual
fruits were heavier (Table 3.13).

Although marketable yield decreased with increasingly salinity, using mulch

produced higher yields when irrigation water was non-saline (control) or had 1.5 dS'm '
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(Figure 3.20). Under conditions of high salinity (4.5 dS'm '), IRT mulched plants
produced more marketable yield than with black mulched or plants grown in bare soil.

No significant differences were found in fruit length and number of locules (Table
3.15). Fruit width and pericarp thickness significantly decreased, whereas TSS
significantly increased with increasing salinity. Marketable fruit of plants irrigated with
4.5 dS'm™" were narrower with a 30% thinner pericarp, but with 26% higher TSS than the
fruit of control plants. Fruits from plants mulched with black polyethylene were similar to
those of plants grown in bare soil. However, using an IRT mulch, plants produced
significantly wider fruit (5%) with 13% more TSS compared with plants grown in bare

soil (Table 3.15).

3.4.3.4 Agronomic water use efficiency

Agronomic water use efficiency decreased with increasing salinity (Table 3.16).
Agronomic water use efficiency for marketable yield was more reduced by salinity than
WUE, for total yield. Salinities of 1.5 and 2.5 dS'm! resulted in significant WUE,
decreases of 23 and 28%, respectively, for total, and of 32 and 46%, respectively, for
marketable yield. Maximum reductions in WUE, were measured at salinities >3.5 dS'm ™'
with average decreases of 45.5 % and 65.5% for total; and marketable yields,
respectively.

Regardless of the level of salinity, mulched plants had generally higher WUE,’s than
plants grown in bare soil (data not shown). A linear relationship was found to exist

between WUE, and marketable yield indicating that, despite less water was applied to
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mulched plants relative to plants grown in bare soil, yield was not negatively affected

(data not shown).

3.5 DISCUSSION

3.5.1 Soil conditions

The warmest soil temperatures were recorded under the green IRT polyethylene (Figures
3.1 and 3.2), which transmits infrared radiation into the soil (Lamont, 1993; Lamont,
2005). The black polyethylene mulch also warms the soil via shortwave absorptance and
conduction (Ham et al., 1993) but to a lesser extent than the IRT. Similar results had been
reported by Aziz (1994). The effect of the black mulch on soil warming was slight
compared with bare soil in these trials (Figures 3.1 and 3.2). This may be due to the fact
that the experiment were carried out in a greenhouse in which radiation could have been
limited by the greenhouse structure and shading. In contrast, under field conditions for
pepper production with various coloured polyethylene mulches, a slight increased (1.4
°C) of the average soil temperature for the whole growing season with the use of black
plastic mulch relative to bare soil was reported (Locher et al., 2005).

Less water was required to maintain soil moisture at a given level under the mulches
compared with the bare soil (Table 3.3). Similar improvement in water conservation
using polyethylene mulch has been reported for pepper production in a humid area
(VanDerwerken and Wilcox-Lee, 1988) and corn in a semiarid area (Fisher, 1995).

As expected, the level of salinity in the water increased soil salinization accordingly,
whereas using polyethylene mulch led to a decreased salt concentration in the soil

relative to bare soil (Table 3.4). Soil salinity accumulated in the top 7 cm layer more than
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in deeper layers (Figure 3.3) possibly because soil water in the former layer is most
exposed to the evaporation; thus concentrating salts as pure water evaporates (Dasberg
and Or, 1999). Since the irrigation was on the soil surface it could be possible that salts
had more lateral than vertical displacement. Salts have been shown to move towards the
periphery of the wetted area under surface drip irrigation (Hoffman and Shannon, 2007).
Mulched soils had a lower salt load since less salt was applied as the amount of irrigation
water was reduced. Bare soils accumulated more salts in the top layer of soil as a
consequence of the driven effect of evaporation (Wagenet, 1984). Conversely, when
evaporation was reduced with mulching, soil salinity was more evenly distributed within
the soil profile (Figure 3.4). Regardless of the mulch treatment, salt accumulation in the
deeper layers was similar to those of the bare soil control when saline water ranged from
0.2 to 9.0 dS'm ™' (data not shown). However, in the second experiment, mulched soils
accumulated less salts in the middle and bottom layers of the soil when saline water
ranged from 0.5 to 4.5 dS'm™' (Figure 3.4) possibly because of a decreased salt loading

by irrigation.

3.5.2 Stomatal conductance, transpiration and photosynthesis

Stomatal conductance, transpiration and photosynthesis were all negatively affected by
saline irrigation. Stomatal conductance and transpiration were reduced sooner than
photosynthesis (Figures 3.3, 3.6 and 3.7). Salinity affected the stomatal conductance in
the first instance, by reducing the size of the stomatal opening, hence limiting gas
exchange. This in turn leads to reductions in transpiration and then photosynthesis. Our

results are in agreement with those of Chartzoulakis and Klapaki (2000) and De Pascale
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et al. (2003) working with salinity levels of 12.6 and 17.8 dS'm”', and 4.4 and 8.5
dS'm ', respectively. Stomatal conductance in bell pepper plants have been reported to be
more sensitive to salinity than photosynthesis. Chartzoulakis and Klapaki (2000) reported
decreases of 47 and 61% in stomatal conductance, and 34 and 51% in photosynthesis
after five weeks of salinity levels of 12.6 and 17.8 dS'm™', respectively, compared to
plants with no salinity. Applying salinity over the growing season, De Pascale et al.
(2003) found overall decreases of 45 and 47% in stomatal conductance, 20 and 54% in
photosynthesis, and 15 and 27% in transpiration of plants irrigated with saline water of
4.4 and 8.5 dS'm ™, respectively, compared to a non-saline control.

Since no significant differences in photosynthesis were found between the control
(0.2 dS'm™") and 1.5 dS'm ™" throughout the growing period (Figure 3.7) or between the
control (0.5 dS'm ") and 2.5 dS'm™" until the fruit growth stage (Figure 3.15), it could be
possible to use saline water with or less of 2.5 dS'm™" to irrigate plants with only limited
negative effects in terms of yield.

The reductions noted at higher levels of salinity indicate that the built up of salts in
the root zone had reached a critical level. Salt accumulation in the soil is influenced both
by salinity (salt concentration) and irrigation volume (salt load) (Assouline et al., 2006).
Because salinity in the root zone lowers osmotic potential (Munns, 2002), water uptake
decreased (Table 3.3). Consequently, plants irrigated with salinities greater than 3.5
dS'm™' might have partially closed their stomata as an adaptive response to water loss
(Taiz and Zeiger, 2002); thus decreasing transpiration, and later photosynthesis.
Martinez-Ballesta et al. (2004) reported that the reductions in photosynthesis of peppers

grown hydroponically for 10 days in saline solution was due to partial stomatal closure.
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Additionally, photosynthetic rates might have decreased due to accumulation of sodium
and/or chloride in the chloroplasts (Taiz and Zeiger, 2002). A strong negative relationship
(R*= 0.93) was reported between the chloride concentration in leaves and the inhibition
of photosynthesis of bell pepper seedlings receiving saline irrigation (Bethke and Drew,
1992). A similar result was found by Chartzoulakis and Klapaki (2000).

The sharp decreases in stomatal conductance, transpiration and photosynthesis for all
treatments after reaching a maximum peak could have been worsened by the increasing
aphid infestation during those periods which added additional external stress to the
plants.

In the first experiment the use of mulch did not affect stomatal conductance,
transpiration and photosynthesis due in part to variations in soil moisture during
measurements (Figures 3.8, 3.9 and 3.10). At uniform moisture levels, mulched plants
had higher rates of stomatal conductance, transpiration and photosynthesis than plants
grown in bare soil (Figure 3.16); thus suggesting that the latter were negatively affected
by the rate of moisture depletion (Taiz and Zeiger, 2002). Maintaining a constant level of
available water by frequent irrigation to minimize abrupt changes in soil moisture was
found to stimulate higher rates of transpiration in bell peppers (Bar-Tal et al., 2000).
Similarly, a deficit in soil moisture significantly decreased photosynthesis in peppers
(Alvino et al., 1994). Another factor that might have contributed to increasing
photosynthesis in mulched plants (Experiment 2) is the higher carbon dioxide levels
around the planting holes in the mulch (Hopen and Oebker, 1975; Soltani et al., 1995)
which would be available to the lower leaves of the crop and to the underside of the

leaves where the majority of the stomata are located.
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3.5.3 Plant growth

Munns et al. (1995) and Munns and Tester (2008) suggested that salinity inhibits plant
growth in two related phases. Firstly, salts at the root zone lower the osmotic potential,
reducing the plant’s ability to uptake water that eventually leads to water stress and to
growth inhibition (Munns, 2002). In our experiment water uptake was limited by salinity
and decreased as the level of salinity increased (Table 3.3). Secondly, growth is reduced
due to an accumulation of toxic ions (Na", CI") within the plant over time (Munns and
Tester, 2008; Munns et al., 1995). Peppers which have a limited ability to exclude salts,
are expected to accumulate (Na', CI") in their roots and shoots under saline conditions
(Bethke and Drew, 1992).

Either or both phases negatively affected plants irrigated with saline water of greater
than or equal to 2.5 dS'm ™' (Tables 3.5, 3.6, 3.11 and 3.12). De Pascale et al. (2003)
found a significant decrease in root density of field-grown bell peppers irrigated with
saline water. Dry weights of pepper roots decreased significantly at levels of 7.2 dS'm™’
(Kaya and Higgs, 2003; Kaya et al., 2003). Blom-Zandstra et al. (1998) found that roots
accumulated more Na' than did shoots. Chartzoulakis and Klapaki (2000) reported
similar concentrations of Na" and Cl in roots; these concentrations were higher in the
roots than in the leaves of bell pepper plants and rose proportionally with increasing
salinity.

The roots of mulched plants weighed less than those of plants grown in bare soil
(Tables 3.6, 3.11 and 3.12). No correlation between root growth and root zone

temperature was observed in this experiment. A similar response was observed in root
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development of pepper grown under bare soil and mulch conditions (Gough, 2001). The
enhanced dry weight of roots of plants grown in bare soil may be a response to drastic
changes of soil moisture as affected by evaporation occurring under bare soil condition.
When water uptake is limited by a deficit in soil moisture, roots tend to explore other
zones within the soil profile (Hulugalle and Willatt, 1987).

When salinity increased above 1.5 dS'm™" fresh and dry weights of the aerial portion
of the plant tended to decrease (Tables 3.5, 3.6, 3.11 and 3.12). However, the decrease
was only significant at salinities greater than 2.5 dS'm~' (Tables 3.11 and 3.12).
Therefore, it may be speculated that up to 2.5 dS'm ', the effects of the root zone osmotic
potential and accumulation of toxic ions (Na", CI") in aboveground parts of the plant did
not reach a concentration critical enough to reduce growth. At the lower salinities, cell
expansion may have been sufficient to diluted the ion concentration within the plant; thus
avoiding toxic accumulation (Munns, 2002). Plants irrigated with salinities of 3.5 dS'm™
and greater may have had a limited water uptake due to high osmotic potential in the root
zone. Salt-stressed plants tend to intrinsically save water; thus restricting growth as an
adaptation to low water availability (Binzel and Reuveni, 1994). Plants may have higher
concentrations of Na™ and Cl™ in the leaves. Both Bethke and Drew (1992) and
Chartzoulakis and Klapaki (2000) reported higher CI” content than Na' in the leaves of
peppers at high salinities, whereas Blom-Zandstra et al. (1998) reported the reverse. Both
processes which ultimately limit nutrient uptake, causing nutrient imbalances (Grattan
and Grieve, 1999). Based on our results, it could be speculated that CI concentration in
the leaves might have been more harmful than Na' based on the fact that peppers are

incapable of Cl exclusion (Chartzoulakis and Klapaki, 2000) and that chloride was the
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most abundant ion in our saline irrigation water (Table 3.1). Our results showing
decreases in pepper growth with increasing salinity are consistent with other reports; e.g.
leaf area and stem, leaf and shoot dry weights (Chartzoulakis and Klapaki, 2000; De
Pascale et al., 2003; Gunes et al., 1996; Kaya and Higgs, 2003; Kaya et al., 2003).
Increases in fresh weight of stems and shoots (Tables 3.5 and 3.11) as well as
increases in dry weight of the aerial parts of mulched plants (Tables 3.6 and 3.12) may be
due to slower soil water depletion (Table 3.3). Kirnak et al. (2003) found that mulched
plants under water stress had significantly greater water content in leaves, shoot dry
weight and stem diameters than plants grown in bare soil. Locascio et al. (1985) reported
that mulching improved N use efficiency of both applied N and soil N, and shoot dry
weight. Under non-saline conditions mulches have been found to significantly increase
plant height and stem diameter (Locher et al., 2005), shoot fresh weight (Aziz, 1994) and

number of leaves (Siwek et al., 1994).

3.5.4 Yield quantity and quality

Fruit fresh weight was more sensitive to salinity than stem and leaf fresh weights,
reflecting in part the distribution of assimilate (Tables 3.5 and 3.11). Approximately 50%
of the total dry matter of a pepper plant (Miller et al., 1979) and more than 90% of the
daily plant dry weight increase occurred in the fruits during the reproductive phase (Hall,
1977). Water consumption in the salinized plants was reduced, and likely, less water
might have been transported to the fruits. Tadesse et al. (1999) found lower water

contents in pepper fruit under conditions of high salinity.
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Generally, in greenhouse and hydroponics conditions, bell pepper yield is reduced
when saline nutrient solutions are above 2.0 dS'm ™' with KCl (Tadesse et al., 1999),
NaCl (Chartzoulakis and Klapaki, 2000) and/or Na,SO4 (Navarro et al., 2002). In field
conditions, pepper yield was reported to decreased 14% for each increase of dS'm™'
above a threshold of 1.5 dS'm™" of saturated soil paste electrical conductivity, EC. (Maas,
1990). Soil salinity measured at final harvest (Figure 3.21) confirmed that levels
exceeded the threshold in salinity treatments other than the control (0.2 or 0.5 dS'm ™" of
EC,). Soil salinity correlated well with marketable yield (Figure 3.22). Mulched soils
were less saline (closer to the threshold limit) than bare soil regardless of the level of
salinity in the irrigation water, which enhanced early and final marketable yields (Figures
3.19 and 3.20). Yield reductions noted in our experiment were greater than those of De
Pascale et al. (2003), reflecting cultivar and climatic differences.

Interestingly, salinity reduced fruit number and weight rather than fruit size
suggesting that, under saline conditions, carbohydrate production was used for fruit
maintenance (cell expansion) rather than fruit development (cell division) (Binzel and
Reuveni, 1994). In contrast, TSS content of the fruit increased with increasing salinity
(Tables 3.9 and 3.15). This trend was contrary to those reported by Tadesse et al. (1999)
and Navarro et al. (2002) and reflects the differences in composition of the saline
solutions CaCl, + NaCl versus KCl or NaCl or Na,;SOy, respectively. Rubio et al. (2003)
noted that calcium could mitigate the toxic effects of sodium in the fruit. Cabafiero et al.
(2004) suggested that increasing root zone temperature might enhance water and Ca
uptakes in saline conditions, which could explain the positive effect of the IRT mulch

which had soil temperatures in the optimal range 24-30 °C for maximum fruit weight
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(Gosselin and Trudel, 1986). The IRT increased temperature by 1-2 °C relative to the
black mulch or bare soil. Similar results have been reported by Lamont (1993). A further
study is needed to find out if the composition of the saline solution and root zone
temperature can cause an increase in total soluble solids in the fruit.

The improvement in early and final yields as well as better quality of fruits, e.g. TSS,
using polyethylene mulch (Table 3.15) might be due to less drastic changes in the soil
moisture (Kirnak et al., 2003; VanDerwerken and Wilcox-Lee, 1988) and to a lesser
extend to an increase in soil temperature (Locher et al., 2005). VanDerwerken and
Wilcox-Lee (1988) found that pepper yield was slightly higher in black mulched plants
without irrigation in a humid area than plants grown in bare soil with irrigation, because
under mulch soil moisture was preserved with no drastic variations for about 55 DAT in a
relatively dry season. In fact, the use of plastic mulch has been found to mitigate the
effect of water stress and improve bell pepper yields (Kirnak et al., 2003). Our better
yields with plastic mulches (average across salinity levels) relative to the yield with bare
soil are in agreement with the findings reported by several authors (Brown and Channell-
Butcher, 2001; Monette and Stewart, 1987; Siwek et al., 1994) for mulched plants grown

without salinity stress.

3.5.5 Agronomic water use efficiency

The efficiency of pepper plants to produce yields per unit of water irrigated (WUE,)
decreased with increasing salinity but increased with the use of polyethylene mulches
(Tables 3.10 and 3.16). In saline conditions, WUE, depends on the sensitivity of the crop

to salt concentrations in the growth medium (Letey, 1993). Therefore, the higher WUE,
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found for mulched treatments was likely due to lower salt accumulation in mulched soil
compare to the bare soil (Figure 3.21). Improvements in the WUE, by mulching have
both agronomic and economic implications. In the case of the former, fruit quality is
maintained or enhanced. In the latter case water costs are reduced due both to a reduction
in the quantity of water applied and in the quality of that water, although this must be

compared with the extra costs associated with mulch purchase, application and removal.

3.6 CONCLUSION
Pepper plants growing on polyethylene mulch can be irrigated with saline water up to 2.5
dS'm™' and produce early marketable yield superior to plants growing in bare soil and

l'is to be

irrigated with non-saline water (0.5 dS'm™"). If saline water of 3.5 or 4.5 dS'm™
used, the harvest could be terminated after 30 days (105 DAT) as the majority of the

marketable yield would have been obtained by this time. Use of mulch decreased the

water consumption while maintaining marketable yield, and produced a less saline soil.
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Table 3.1 Concentrations of salts or ions calculated by titration for each level of salinity.

Saline water Salt concentrations Ion concentrations
(dS'm™)
(mM) (mmol-L™)

NaCl CaCl, Na” Ca*’ Cl-
Experiment 1
0.2 - - 0.04 0.02 0.07
1.5 7.83 3.92 7.83 3.92 15.65
4.0 22.80 11.42 22.80 11.42 45.61
6.5 37.78 18.93 37.78 18.93 75.57
9.0 52.75 26.43 52.75 26.43 105.53
Experiment 2
0.5 1.84 0.92 1.84 0.92 3.66
1.5 7.83 3.92 7.83 3.92 15.65
2.5 13.82 2.92 13.82 2.92 27.63
3.5 19.81 9.92 19.81 9.92 39.62
4.5 25.80 12.92 25.80 12.92 51.60
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Table 3.2 Fertilization scheduled at different days after transplanting (DAT).

(DAT) kg-ha ' g/plant ) kgha ' g/plant kgha ' g/plant
Preplant 50 2.0 40 1.6 40 1.6
30 10 0.4 - - - -
37 (38) ™ 10 0.4 - - - -

45 10 0.4 - - - -

53 (55) 10 0.4 - - - -
63 10 0.4 - - - -
Total 100 4.0 40 1.6 40 1.6

@N = Ammonium nitrate (NH4;NO3, 34-0-0), monoammonium phosphate (NH4H,PO,,
11-48-0), and potassium nitrate (KNO3, 13.5-0-45)

W P,0s = Monoammonium phosphate (NHsH,POy, 11-48-0)

®) K,0 = Potassium nitrate (KNOs, 13.5-0-45).

™ Values in parenthesis correspond to Experiment 2; otherwise the same as Experiment
1.

™ Based on a population density of 24700 plants/ha
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Table 3.3 Effect of varying levels of saline water (dS'm ') and polyethylene mulch on

the total irrigation requirement (I) ® and irrigation interval (Ijp) ©.

Experiment 1 Experiment 2
Salinity Mulch 1 Lint Salinity  Mulch I Line
(dS'm™) (L/plant) (day)  (dS'm)) (L/plant) (day)
0.2 Black 80.4 2.4 0.5 Black 104.7 1.2
0.2 IRT 85.9 2.2 0.5 IRT 102.3 1.3
0.2 Bare soil 117.6 1.6 0.5 Bare soil 124.9 1.0
1.5 Black 73.3 2.6 1.5 Black 93.5 1.4
1.5 IRT 76.3 2.5 1.5 IRT 96.3 1.3
1.5 Bare soil 103.4 1.8 1.5 Bare soil 110.0 1.2
4.0 Black 65.0 2.9 2.5 Black 86.2 1.5
4.0 IRT 67.6 2.8 2.5 IRT 89.0 1.5
4.0 Bare soil 94.6 2.0 2.5 Bare soil 100.1 1.3
6.5 Black 50.1 3.8 3.5 Black 78.1 1.7
6.5 IRT 49.6 3.8 3.5 IRT 81.1 1.6
6.5 Bare soil 76.7 2.5 3.5 Bare soil 91.1 1.4
9.0 Black 38.1 5.0 4.5 Black 71.0 1.8
9.0 IRT 39.8 4.8 4.5 IRT 73.2 1.8
9.0 Bare soil 57.8 3.3 4.5 Bare soil 87.8 1.5
A) Salinity
0.2 94.6 2.0 0.5 110.6 1.2
1.5 84.3 2.3 1.5 100.0 1.3
4.0 75.7 2.5 2.5 91.8 1.4
6.5 58.8 3.2 3.5 83.4 1.6
9.0 45.3 4.2 4.5 77.3 1.7
B) Mulch
Black 61.4 3.1 Black 86.7 1.5
IRT 63.8 3.0 IRT 88.4 1.5
Bare soil 90.0 2.1 Bare soil 102.8 1.3

@ For a period of 183 days (Experiment 1) or 180 days (Experiment 2). The volume of
water needed to increased volumetric water content up to field capacity from 40%
depletion of the plant available water was 1.04 L/plant (Experiment 1) or from 30%
depletion of the plant available water was 0.72 L/plant (Experiment 2).

¥ Calculated as [183 days/(I/1.04)] (Experiment 1), or [180 days/(1/0.72)] (Experiment 2)
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Table 3.4 Effect of varying levels of saline water (dS'm ") and polyethylene mulch on

soil salinity.

Treatment Experiment 1 EC,s @ Experiment 2 EC; 5
(dS'm™) (dS'm™)
A) Salinity *k *ok
0.2 0.77 0.5 0.96d
1.5 2.57d 1.5 2.26¢
4.0 3.89¢ 2.5 233 ¢
6.5 5.07b 3.5 2.75b
9.0 6.05 a 4.5 3.56a
B) Mulch ** **
Black 3.16 ¢ Black 142 Db
IRT 357b IRT 1410b
Bare soil 428 a Bare soil 429 a
C) Depth (cm) ok ok
0-7 498 a 0-7 2.69 a
7-14 297b 7-14 2.27b
14-21 3.06b 14-21 2.140
A X B skok ksk
AxC ** NS
B X C skok ksk
AxBxC *x *

@ Electrical conductivity of soil/water extracts 1:5 ratio
*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.
Means not associated with the same letter are significantly different (Tukey P=0.05).
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Table 3.5 Effect of varying levels of saline water (dS'm ') and polyethylene mulch on the fresh weights of roots, stems, leaves, fruits

and shoots; fresh root to shoot (R/S) ratio; and harvest index (HI) of bell pepper (Capsicum annuum L. var. Red Knight X3R).

Fresh weight (g/plant)
Treatment R/S ratio @ HI
Roots Shoots Stems Leaves Fruits @
0.2 133.7 a 1183.0 a 85.7 ab 111.5a 985.8 a 0.11 ab 0.53 a
1.5 105.6 a 1080.1 a 99.7 a 121.1a 859.2 b 0.10 ab 0.46 ab
4.0 574b 732.0b 79.5 ab 71.8b 5809 ¢ 0.08b 0.31b
6.5 31.1 be 381.0c¢ 72.9 be 44.1 ¢ 264.0d 0.11 ab 0.10 ¢
9.0 203 ¢ 174.4d 582c¢ 21.0d 952¢ 0.14 a 0.11c¢
B) Mulch NS NS * NS NS NS ok
Black 62.1 775.3 86.3a 89.0 600.0 0.09 0.36b
IRT 70.5 772.1 91.2a 94.5 586.4 0.10 0.33b
Bare soil 76.3 729.8 7540 86.7 567.7 0.11 041 a
AxB NS NS NS NS NS NS NS

@ Mature and immature fruits are included
¥ Calculations were made only with the four plants per treatment sampled for root measurements

*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.
Means not associated with the same letter are significantly different (Tukey P=0.05).
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Table 3.6 Effect of varying levels of saline water (dS'm™") and polyethylene mulch on leaf characteristics and dry weight of bell

pepper (Capsicum annuum L. var. Red Knight X3R) plants.

Leaf area Number of Leaf size Dry weight (g/plant)
Treatment (cm’/plant)  leaves/plant (cm?)
Roots Stems Leaves Immature Fruits ®
0.2 3160 a 138 a 23.5 ab 18.5a 20.7 a 21.8a 12.8 a
1.5 3969 a 142 a 28.8 a 16.2 a 22.5a 22.6 a 119a
4.0 2130 b 110b 19.6 b 8.6b 15.0b 129b 7.7b
6.5 796 c 99 b 8.1c 4.5 bc 98¢ 6.2¢ 1.9¢
9.0 586 ¢ 37¢ 17.8 b 33¢ 82¢c 33¢ 0.1c
B) Mulch * NS NS * ok ok *
Black 2827 a 126 23.0 84b 155a 13.2 ab 7.6 ab
IRT 3047 a 124 24.2 10.0 ab 16.9 a 15.1a 7.8 a
Bare soil 2135b 111 21.2 12.2 a 13.3b 11.8b 54b
AxB NS NS NS * NS NS NS

@ Immature fruits at final harvest

*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.

Means not associated with the same letter are significantly different (Tukey P=0.05).
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Table 3.7 Effect of varying levels of saline water (dS'm ") and polyethylene mulch on

total and marketable yield of bell pepper (Capsicum annuum L. var. Red Knight X3R).

Total yield Marketable )
Treatment Mature Immature Yield % Grade 1  Mean fruit
fruits fruits (g/plant) (g/plant) yield weight (g)
(g/plant)
0.2 776.8 a 209.0 a 622.5a 67 a 1155a
1.5 717.4 a 141.8b 492.8b 74 a 115.7 a
4.0 490.6 b 90.3 b 2289 ¢ 62 a 101.1 a
6.5 219.8 ¢ 442 ¢ 38.1d 17b 341D
9.0 87.6d 7.6d 19.7d 0b 19.6 b
B) Mulch NS * NS NS NS
Black 465.0 134.6 a 283.7 33 81.7
IRT 445.8 140.6 a 256.2 28 77.0
Bare soil 464.9 102.8b 301.3 25 72.9
AxB NS NS NS NS NS

@) Marketable fruit = grades 1 and 2.

*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.

Means not associated with the same letter are significantly different (Tukey P=0.05).
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Table 3.8 Effect of varying levels of saline water (dS'm ") and polyethylene mulch on

the number of total and marketable fruit of bell pepper (Capsicum annuum L. var. Red

Knight X3R).
Total number of fruit/plant Marketable ® number of fruit/plant
Treatment
Mature Immature Total % grade 1
0.2 9.0a 6.0a 55a 6l a
1.5 8.8a 5.0 ab 43b 68 a
4.0 7.8 a 40D 2.1c 57a
6.5 55b 1.0c 0.4d 17b
9.0 22¢ 02c¢ 0.2d Oc
B) Mulch NS * NS *
Black 6.6 4.0a 24 45a
IRT 6.8 4.0a 2.3 45 a
Bare soil 6.5 20b 2.8 32b
AxB NS NS NS NS

@ Marketable fruit = grades 1 and 2.
*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.
Means not associated with the same letter are significantly different (Tukey P=0.05).
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Table 3.9 Effects of varying levels of saline water (dS'm ") and polyethylene mulch on characteristics of marketable ©® fruit of bell

pepper (Capsicum annuum L. var. Red Knight X3R).

Length Width Equatorial Locule Pericarp Total soluble
(cm) (cm) perimeter number/fruit thickness solids (Brix %)
(cm) (mm)
A) Salinity ok NS NS NS * *ok
0.2 6.22 a 6.81 23.43 3.6 5.7 a 7.54d
1.5 6.49 a 6.73 23.21 3.7 5.4 ab 8.36 cd
4.0 5.79 a 6.55 26.83 3.7 5.3 ab 8.88 bc
6.5 5.88 a 6.39 22.55 3.7 46b 9.58 ab
9.0 5.04b 6.50 22.26 4.0 5.1b 10.36 a
B) Mulch NS NS NS NS * NS
Black 6.15 6.74 23.06 3.7 5.6a 8.43
IRT 6.07 6.69 23.24 3.7 5.5ab 8.64
Bare soil 6.02 6.53 26.11 3.6 5.1b 8.34
AxB NS NS NS NS NS *

@ Marketable fruit = grades 1 and 2.
*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.
Means not associated with the same letter are significantly different (Tukey P=0.05).
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Table 3.10 Effect of varying levels of saline water (dS'm ") and polyethylene mulch on
the agronomic water use efficiency (WUE,) to produce total and marketable yield of bell

pepper (Capsicum annuum L. var. Red Knight X3R).

Treatment WUE, (g-L_l)
Total yield ® Marketable yield
A) Salinity *x *x
0.2 10.7 a 6.8a
1.5 10.5a 59a
4.0 80b 3.1b
6.5 42c¢ 0.7c
9.0 2.1d 0.5¢
B) Mulch ok *
Black 82a 39a
IRT 7.7 a 3.4 ab
Bare soil 53b 29D
AxB NS NS

@ Mature and immature fruits are included.
*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.
Means not associated with the same letter are significantly different (Tukey P=0.05).
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Table 3.11 Effect of varying levels of saline water (dS'm ') and polyethylene mulch on the fresh weight of roots, stems leaves, fruits

and shoots; fresh root to shoot (R/S) ratio; and harvest index (HI) of bell pepper (Capsicum annuum L. var. Red Knight X3R).

Fresh weight (g/plant)
Treatment R/S ratio @ HI
Roots Shoots Stems Leaves Fruits @
0.5 172.6 a 1478.6 a 1273 a 1355 a 1215.8 a 0.12 0.60 a
1.5 120.8 b 1099.1b 121.7 a 123.5a 8539Db 0.12 0.50 ab
2.5 85.0¢c 957.7b 113.1 ab 108.3 ab 7363 b 0.11 0.41 be
35 73.4 cd 650.1 ¢ 97.9 be 77.8 be 4744 ¢ 0.15 0.36 cd
4.5 55.7d 6419 ¢ 86.1 ¢ 63.2¢c 492.6 ¢ 0.10 0.32d
B) Mulch * * **® NS NS % NS
Black 91.1b 1000.1 a 116.2 a 96.8 787.1 0.10b 0.48
IRT 102.0 ab 1028.4 a 126.0 a 112.1 790.3 0.11b 0.50
Bare soil 1114 a 867.9Db 85.5b 96.0 686.4 0.15a 0.43
AxB * NS NS NS NS NS NS

@ Mature and immature fruits are included

¥ Calculations were made only with the four plants per treatment sampled for root measurements
*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.

Means not associated with the same letter are significantly different (Tukey P=0.05).
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Table 3.12 Effect of varying levels of saline water (dS'm™") and polyethylene mulch on leaf characteristics and dry weight of bell

pepper (Capsicum annuum L. var. Red Knight X3R) plants.

Leaf area Number of Leaf size Dry weight (g/plant)
Treatment (cm’/plant)  leaves/plant (cm?)
Roots Stems Leaves Immature Fruits ®

0.5 4574 ab 166 a 2790 26.77 a 26.42 a 30.81 a 4.78 a

1.5 5290 a 171 a 31.8b 19.05b 26.50 a 3194 a 471 a

2.5 4983 ab 157 a 3220 13.46 ¢ 24.35 ab 28.14 ab 4.06 ab

3.5 4193 be 126 b 33.1b 11.51¢ 20.08 be 23.05 be 391 ab

4.5 3108 ¢ 65 ¢ 49.6 a 6.79d 19.53 ¢ 18.34 ¢ 3.66 b
B) Mulch sk % sksk % sksk sksk NS
Black 5194 a 142 a 39.6a 14.27 b 24.57 a 28.43 a 4.23
IRT 4880 a 141 a 372 a 14.66 b 2591 a 28.65 a 4.26
Bare soil 3215D 129 b 28.1b 17.61 a 19.64 b 22.28b 4.17
AxB NS NS NS NS NS NS NS

@ Immature fruits attached to plants at final harvest of plants

*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.
Means not associated with the same letter are significantly different (Tukey P=0.05).
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Table 3.13 Effect of varying levels of saline water (dS'm ") and polyethylene mulch on

total and marketable yield of bell pepper (Capsicum annuum L. var. Red Knight X3R).

Total yield Marketable
Treatment Mature fruits ~ Immature Yield % Grade 1  Mean fruit
(g/plant) fruits (g/plant) yield weight (g)
(g/plant)
0.5 1139.0 a 76.8 a 892.8 a 80 a 1203 a
1.5 791.0b 62.9b 549.0b 78 a 1169 a
2.5 692.1b 442 ¢ 3954 ¢ 71 ab 1152 a
3.5 433.1¢ 413 ¢ 236.3d 61 ab 98.5b
4.5 4592 ¢ 334c¢ 206.3d 53b 93.7b
B) Mulch NS NS *x *x *x
Black 736.3 50.8 483.6 a 75a 113.6 a
IRT 737.1 53.2 5143 a 72 a 1149 a
Bare soil 635.3 51.1 36990 59b 98.2b
AxB NS NS * NS NS

@ Marketable fruit = grades 1 and 2.
*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.
Means not associated with the same letter are significantly different (Tukey P=0.05).
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Table 3.14 Effect of varying levels of saline water (dS'm™') and polyethylene mulch on

total and marketable ® number of bell pepper (Capsicum annuum L. var. Red Knight

X3R).
Total number of fruits/plant Marketable number of fruits/plant
Treatment
Mature Immature Total % Grade 1
A) Salinity *x *x *x *
0.5 12.0a 1.9 ab 7.5a 74 a
1.5 9.0b 20a 4.7b 71 a
2.5 8.8b 1.4 be 35¢ 65 ab
3.5 58¢ 1.4 be 23d 58 ab
4.5 6.6 c 1.3¢ 2.0d 50b
B) Mulch NS NS ok *
Black 8.7 1.5 42a 69 a
IRT 8.6 1.7 44 a 67 a
Bare soil 8.0 1.6 350 55b
AxB NS NS NS NS

@ Marketable fruit = grades 1 and 2.
*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.
Means not associated with the same letter are significantly different (Tukey P=0.05).
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Table 3.15 Effects of varying levels of saline water (dS'm ") and polyethylene mulch on

characteristics of marketable ® fruit of bell pepper (Capsicum annuum L. var. Red

Knight X3R).
Length Width Locule Pericarp Total soluble
(cm) (cm) number/fruit thickness solids (Brix %)
(mm)
A) Salinity NS * NS wx wx
0.5 6.62 6.38 a 3.7 54a 8.92b
1.5 6.78 6.10 ab 3.7 4.9 ab 10.47 ab
2.5 6.33 6.29 a 3.6 4.7 ab 10.82 a
3.5 6.24 6.12 ab 4.0 4.5 ab 10.58 ab
4.5 6.31 593b 3.8 3.8b 11.20 a
B) Mulch NS * NS NS *
Black 6.45 6.13 ab 3.8 4.9 10.36 ab
IRT 6.52 6.33a 3.8 4.8 10.85 a
Bare soil 6.42 6.04 b 3.8 5.0 9.62b
AxB NS NS NS NS NS

@ Marketable fruit = grades 1 and 2.

*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.

Means not associated with the same letter are significantly different (Tukey P=0.05).

74



Table 3.16 Effect of varying levels of saline water (dS'm™") and polyethylene mulch on
the agronomic water use efficiency (WUE,) to produce total and marketable yield of bell

pepper (Capsicum annuum L. var. Red Knight X3R).

Treatment WUE, (gL ™)
Total yield ® Marketable yield

A) Salinity *x *x
0.5 11.2a 82a
1.5 8.6Db 5.6b
2.5 8.1b 44b
35 5.7c¢ 29c¢c
4.5 65¢c 2.8¢

B) Mulch ok *
Black 8.7 a 52a
IRT 8.7a 56a
Bare soil 6.5b 34b

AxB NS *

@ Mature and immature fruits are included.
*, ** Significant at P<0.05 and P<0.01, respectively; NS, not significant.
Means not associated with the same letter are significantly different (Tukey P=0.05).
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Figure 3.1 Soil temperature as affected by black or green infrared-transmitting (IRT)
polyethylene mulch and bare soil at different bell pepper growth stages . Means +SEM

(n=30) were averaged across salinity levels and depths.

@ A) 7 days after transplanting (DAT) (vegetative growth stage), B) 25 DAT (flowering),

C) 45 DAT (fruit development), and D) 105 DAT (fruit harvest).
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Figure 3.2 Soil temperature as affected by black or green infrared-transmitting (IRT)
polyethylene mulch and bare soil. Means £SEM (n=30) were averaged across salinity

levels and depths throughout the season.
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Figure 3.3 Soil salinity (electrical conductivity of soil/water extracts 1:5 ratio, EC.s5) as
affected by varying levels of saline water (dS'm ') at different soil depths. Means +SEM

(n=9) were averaged across mulch levels.
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Figure 3.4 Soil salinity (electrical conductivity of soil/water extracts 1:5 ratio, EC.s5) as
affected by black or green infrared-transmitting (IRT) polyethylene mulch and bare soil

at different soil depths. Means £SEM (n=15) were averaged across saline water levels

(0.5-4.5 dS'm ™).
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Figure 3.5 Stomatal conductance of bell pepper (Capsicum annuum L. var. Red Knight
X3R) as affected by varying levels of saline water (dS'm™'). Means +SEM (n=9) were

averaged across mulch levels.
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Figure 3.6 Transpiration of bell pepper (Capsicum annuum L. var. Red Knight X3R) as
affected by varying levels of saline water (dS'm™"). Means £SEM (n=9) were averaged

across mulch levels.
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Figure 3.7 Photosynthesis of bell pepper (Capsicum annuum L. var. Red Knight X3R) as

affected by varying levels of saline water (dS'm™"). Means £SEM (n=9) were averaged

across mulch levels.
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Figure 3.8 Stomatal conductance of bell pepper (Capsicum annuum L. var. Red Knight
X3R) as affected by black or green infrared-transmitting (IRT) polyethylene mulch and

bare soil. Means 2SEM (n=15) were averaged across saline water levels.
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Figure 3.9 Transpiration of bell pepper (Capsicum annuum L. var. Red Knight X3R) as
affected by black or green infrared-transmitting (IRT) polyethylene mulch and bare soil.

Means +SEM (n=15) were averaged across saline water levels.
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Figure 3.10 Photosynthesis of bell pepper (Capsicum annuum L. var. Red Knight X3R)
as affected by black or green infrared-transmitting (IRT) polyethylene mulch and bare

soil. Means £SEM (n=15) were averaged across saline water levels.
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Figure 3.11 Root dry weight of bell pepper (Capsicum annuum L. var. Red Knight X3R)
plants as affected by black or green infrared-transmitting (IRT) polyethylene mulch and

bare soil over varying levels of saline water. Means +SEM (n=4).
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Figure 3.12 Cumulative early marketable yield of bell pepper (Capsicum annuum L.
var. Red Knight X3R) as affected by varying levels of saline water (dS'm'). Means

+SEM (n=24) were averaged across mulch levels.
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Figure 3.13 Cumulative early marketable yield of bell pepper (Capsicum annuum L. var.
Red Knight X3R) as affected by black or green infrared-transmitting (IRT) polyethylene

mulch and bare soil. Means £+SEM (n=40) were averaged across saline water levels.
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