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Abstract
The specific objectives of this study were to determine the effects of increasing salinity on
growth, crop quality, and physiological parameters of different lettuce (Lactuca sativa L.) cultivars grown
either in a hydroponic system or in soil and subjected to irrigation water of varying salinity levels. Two
trials were conducted in winter 2016 and summer 2016 in a greenhouse using a hydroponic system for
the cultivation of three lettuce cultivars. ‘Romaine del Sol’, Leaf Lettuce ‘Bergams Green’ and ‘Green
Leaf Lettuce’ were exposed to irrigation water with increasing salinity (2.1, 3.6, 5.1, and 6.6 dS/m) by
supplementing the nutrient solution (2.1 dS/m) with a combination of 2:1 NaCl and CaCl2. Lettuce head
height, diameter, leaf number, shoot and root dry weight were not impacted by increasing salinity.
Similarly, osmotic potential, transpiration and leaf temperature were not affected. However, head fresh
weight and water content were reduced at the higher salinity levels compared to the control in the
second trial. A third greenhouse trial was conducted in winter 2017 with ‘Romaine del Sol' and ‘Green
Leaf Lettuce' cultivars grown in a hydroponics system or in containers with soil to determine tolerance
to increasing salinity in different substrates. Head height, diameter, and shoot dry mass decreased at the
two highest salinity levels at the final harvest. When plants were smaller, salinity had no effect on these
variables. Fresh weight, water content, and leaf number decreased with increasing salinity at final
harvest for both cultivars however, osmotic potential of both cultivars was not affected by salinity or
substrate throughout the study. An informal taste test found that the leaves from the two highest levels
of salinity from both cultivars were inedible because of a salty and bitter taste. Mineral concentration of
sodium and chloride in ‘Romaine’ and ‘Green Leaf Lettuce’ increased as salinity levels increased, and
plants of both cultivars grown in soil had greater concentrations of both elements when compared to
hydroponics. ‘Romaine’ and ‘Green Leaf Lettuce’ are more tolerant to salinity than previously reported
in other lettuce cultivars, and the physiological variables measured showed little changes in response to
increasing salinity. Although lettuce grown at 5.1 dS/m and 6.6 dS/m was marginally acceptable by size
standards, the lack of head formation in ‘Romaine del Sol’, and the unfavorable taste of both cultivars
would render them unmarketable.

Introduction
Salinity is a serious problem for agriculture in many regions around the world, especially in arid
and semi-arid regions. Saline irrigation water and saline impacted soils have caused considerable crop
yield losses and low crop productivity worldwide. Land and water sources are becoming more saline
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because of irrigation with poor quality water, greater demand for irrigation water, poor soil drainage,
and climbing temperatures. Plant responses to increasing salinity and their tolerance before damage
occurs are important to understand in order to meet future demands of plant productivity.
The detrimental effects of salinity on salt sensitive plants can often be observed at the whole
plant level. At the onset of salt exposure, plant root and shoot growth are stunted, transpiration rates
are reduced, and osmotic adjustment may occur for plants to continue sufficient water uptake. After
prolonged exposure, overall fresh and dry weight are reduced and crops can show signs of toxicity with
increased incidence of tip burn or marginal leaf burn. If damage to roots and leaves are progressing,
plants will eventually die. Reduction of overall yield and crop value in response to saline conditions will
impact the monetary value of the crop and may result in food shortages.
Growers have several management strategies to deal with salinity. One option is to identify
sensitive crops and produce them with irrigation water low in salinity. This might require different
production systems such as hydroponics if soils contain high concentrations of salts. If low salinity water
is not available, growers can amend their fields by improving drainage and leaching, which moves
dissolved salts below the plant root zone, thereby lowering salt impacts on the crop. Another option
may be to select and only grow salt tolerant crops. However, production demands for vegetables are
high, and many of them are salt sensitive.
Lettuce production in Arizona is the second largest in the United States, with the majority of
winter vegetables produced in Yuma County. Production from Yuma accounts for 90% of all leafy
vegetables grown in the United States during the months from November through March. The
agriculture industry in Yuma County is responsible for an annual return of $3.2 billion, more than onethird of Arizona's total annual income of $9.2 billion. While previous studies on salinity tolerance in
lettuce have been performed, many experiments investigated iceberg and butterhead lettuce. Recently,
Romaine and leaf lettuce cultivars are increasing in popularity and consumer demand, but their salinity
tolerance has not been studied extensively. Lettuce has previously been defined as a salt sensitive crop,
with EC (electrical conductivity) thresholds of 0.9 dS/m for irrigation water and 1.3 dS/m EC for soil,
beyond which yield reductions are expected. Crops growing in Yuma are irrigated with water from the
Colorado River. Data from 2009 shows that the EC of Colorado River Water is approaching 1.5 dS/m as it
enters Yuma County, raising concern from farmers about how their production of lettuce and other salt
sensitive vegetables will be impacted.
In order to address these concerns, three popular lettuce cultivars ‘Romaine del Sol’, Leaf
Lettuce ‘Bergams Green’, and ‘Green Leaf Lettuce’ were used in this project. Our objectives were to
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study the physiological and morphological impacts of increasing salinity on these cultivars. Lettuce was
grown first in a hydroponic system in a controlled environment greenhouse. Salinity stress was applied
in the root zone through solutions with EC ranging from 2.1 dS/m (control) to 6.6 dS/m. Hydroponic
studies were conducted in winter 2016 and summer 2016. Based on these results, a third study was
conducted in winter 2017 to determine the effect of two substrates, soil in containers and hydroponics,
and increasing salinity on two lettuce cultivars. The results of these studies provide new information
that can be used by growers to assess and manage risks related to salinity and lettuce production.
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Chapter 1: Literature Review
Impacts of Salinity
Accumulation of salt in irrigated soils reduces crop yields and impairs soil structure by inhibiting
water drainage and air exchange. These phenomena are exacerbated in arid and semiarid regions where
high evaporation and low precipitation rates accelerate salt accumulation near the soil surface. Suboptimal irrigation in arid climates often results in salt accumulation in soil layers affecting the root zone
of vegetable crops (Flowers and Colmer, 2008). As a result of increasing soil salinity, crop yields and
produce quality decrease. In more dramatic cases, salt exposure and stress may prevent production of
crops altogether (Lee and Howitt, 1996).
For example, Dactyloctenium aegyptium (L.) Willd., a food crop in Africa, shows a variety of
physiological impacts as salinity levels increase. At a salt water concentration of 30% actual sea water,
the fresh weight of this plant decreased by 10% and the dry weight decreased by 20%. As salt
concentrations increased to 50% actual sea water, the fresh and dry weights both continued to decrease
linearly (Adu et al., 1994).
Many times, high salinity levels will not kill crops however, they will impact the marketability of
the product. For lettuce to be a “fancy quality” grade according to USDA Lettuce Grades and Standards,
heads must have a homogenous appearance, be fresh, green, not soft and not burst. Additionally, leaves
must be free from decay, spotting, tip burn, field freezing and any discoloration. As per the
requirements for Lettuce Grade one and two, a percentage of tip burn, discoloration and damage from
harvesting are allowed. Soil salinity levels above approximately 2.5 dS/m can increase the appearance of
these dissatisfactory qualities (USDA Agriculture Marketing Service).

Management of Salinity
As a result of the increasing land loss due to saline soils and irrigation water, management and
soil reclamation technologies are becoming increasingly important. Soil and land reclamation from
salinity are categorized as either postponement or preventative techniques. Of these, the most common
strategies to prevent saline damage include drainage improvement that postpones soil salinity
accumulation. Additionally, farmers can choose to replace salt sensitive crops with salt tolerant plants
(Datta and Joshi, 1993).
Often times, salinity is not the only management concern. Poor physical and chemical soil
qualities such as low nutrients, compact soil, and inadequate drainage are issues in areas where water
availability is limited. When water accessibility is low, farmers are encouraged to reuse water for
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irrigation purposes. If soil quality and irrigation are not properly managed, the land may become
unsuitable for farming. When there is more than one issue negatively impacting cropland, multiple
management strategies must be adopted for production to be successful. For example, Jordan is an area
where one third of farmers work in areas plagued by water shortages and saline soils. A combination of
improving soil irrigation and altering the use of saline water with treated water allowed farmers to
prevent buildup of toxic ions in the soil while retaining maximum crop productivity (Carr et al., 2010).
Preventing salinity in the Colorado River Basin costs 32 million dollars annually for management.
Preventative measures used in this geographic area include erosion control, regulation of salt outputs
from large dams, and reduction of salt inputs from natural geologic sources. Despite these preventative
efforts, salinity continues to increase over time suggesting additional approaches are yet needed
(Morford, 2014). According to the U.S. Department of the Interior Bureau of Reclamation, proposed
water quality standards are different for each major dam along the Colorado River. Water quality
standards, as determined by the average total dissolved solid concentrations, requires levels to be at or
below 723 mg/L below the Hoover Dam, 747 mg/L below Parker Dam, and 879 mg/L at Imperial Dam;
1.2, 1.3 and 1.37 dS/m respectively. In 2009, these total dissolved solute levels along the Colorado River
already approached quality standard thresholds set by the water quality authorities, with salt
concentrations approaching 800 mg/L (1.25 dS/m) at the Imperial Dam (Fig. 1).
With lettuce considered a salt sensitive plant, the salinity of irrigation water used in lettuce
production must be monitored. Widely accepted thresholds for lettuce salinity tolerance have been
issued by the Food and Agriculture Organization (FAO, 1985). An EC of 0.9 dS/m in irrigation water and
1.3 dS/m in soil paste were determined as threshold levels. Levels were determined at the point at
which EC does not reduce lettuce yield below yield obtained by plants in non-saline conditions. Above
these thresholds, lettuce yield loss begins to occur. Irrigation water of 1.4 dS/m and soil EC of 2.1 dS/m
reduced yield by 10%. Actual lettuce salinity tolerance also depends on abiotic factors including
weather, salt composition and irrigation techniques. At or above threshold levels, growth is stunted,
foliage yellows and lesions start to appear (Hoffman et al., 1979). To ameliorate these symptoms and
prevent produce quality losses, growers either irrigate lettuce with water of lower salt concentrations or
increase irrigation volume. These two strategies move soil salts below the crop root zone. Alternatively,
growers can amend the soil by tilling, which helps move water vertically through the soil, moving the
dissolved salts below the root zone (Butcher, 1979).
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Figure 1.1 Salinity in the Colorado River increases downstream. Source: U.S. Bureau of
Reclamation, 2009.

Impacts on Arizona
Arizona is affected by saline soils as a result of high evaporation and low precipitation causing
salinity accumulation in the soil surface in this semi-arid region. As the state with the most annual
sunlight in the United States, Arizona produces a large portion of the country’s vegetable crops in the
winter. Per Yuma’s Bureau of Reclamation, Arizona vegetable crop production generates approximately
3.2 billion dollars, and provides the nation with a large amount of its winter vegetables. In Arizona,
Yuma manages the largest vegetable production in the United States during the winter and growers use
the Colorado River as the primary source of irrigation. Over the past ten years, the water quality has
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diminished due to increasing salinity levels. The increase of salinity in the downstream water is a result
of two factors. One, as water is used upstream by other agricultural enterprises, the volume of water
downstream is significantly lower and has a higher concentration of solutes. Second, water from those
farmlands eventually moves through the soil profile, picking up dissolved salts, and feeding back into the
river, causing a rise in water salinity (Vandersande, 2001).
Given that Colorado River Water supplies irrigation water for millions of acres of crop land in
Arizona, it is increasingly important to assess management strategies that ensure delivery of reliable
water quality. Colorado River Basin supplies over 3.2 million acres of crop land with irrigation water,
including Yuma, Arizona, and covers about 640,000 km2 between seven states and Mexico. Because
there is no salt sink along the river, salinity concentration increases as the water moves farther south
(Morford, 2014). Graphs charted by the U.S. Department of the Interior Bureau of Reclamation show the
increase in total dissolved solids as the Colorado River Water flows south. In southern Utah, salt
concentration range from 301-400 mg/L. However, once the river reaches Yuma, Arizona, the water has
a salt concentration of 700-800 mg/L (Fig. 1). Growers are concerned about further increases in salinity
of the Colorado River water and the impact it may have on their crops. Since most vegetable crops are
categorized as salt-sensitive, this increase could result in a significant loss of production yield and quality
and ultimately monetary loss and food shortages. In addition to the 32 million dollars already being
spent on water management, there are also costs associated with soil management that impact net
monetary gain. Further, salt concentration is accumulating faster as a result of environmental issues
such as increased temperatures and reduced precipitation. With these factors exacerbating salt
accumulation, Yuma may be required to use its salt desalinization plant to provide irrigation water,
consequently doubling the money they spend on Arizona’s salt management efforts (Morford, 2014).

Saline and Sodic Conditions
Saline and sodic soils are common conditions that create abiotic stress for plants. Salinity is
defined as a salt mass per volume otherwise called the concentration (Gupta and Huang, 2014). Ions
that contribute to soil salinity are Cl-, SO42-, HCO3-, Na+, Ca2+, and Mg2+ (Bernstein, 1975). Alternatively,
the Food and Agricultural Organization (FAO) defines sodic soils as being characterized by high
concentrations of sodium, greater than 15% within their cation exchange complex.
Salt sensitive crop plants grown in saline environments produce a variety of responses at the
cellular level and morphologically. These responses are broken into three categories; salt toxicity, water
deficit, and nutrient deficiency or imbalance (Munns, 2002). In order to grow in saline soil, a plant must
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be able to germinate and maintain cellular homeostasis in soil of low water potential. Long term growth
and acceptable yield requires that the plant limits salt uptake while simultaneously maintaining uptake
of water and essential nutrients (Jennings, 1968). Plant germination, growth and yield are stunted when
they are grown in soils with pre-existing conditions such as poor nutrients or high saline levels. Failure to
remediate soils results in yield reduction, wilting, and plant death. For example, a yield decrease of 15%
was recorded when lettuce was grown in a clay-loam soil with salt levels increasing from 2.0 dS/m to 6.0
dS/m (De Pascale and Barbieri, 1995).

Salt Management Mechanisms in Plants
Plant tolerance against stresses at the whole plant level can be defined as maintaining the ability
of growth and metabolic process under adverse stress conditions (Munns and Tester 2008). Plants are
categorized as either glycophytes or halophytes depending on how well they tolerate salt conditions. A
halophyte is a naturally evolved salt-tolerant plant that has adapted to grow in saline environments.
Species of halophytes that require saline conditions to survive are called obligatory halophytes (Singh et
al., 2014). Halophytes have various commercial applications including forage for livestock, a source of
oilseed with high nutritional value, a biofuel precursor, food additives, and nutraceuticals (Buhmann et
al., 2015). Halophytes are found naturally in soils with EC ranging from 4 to 55 dS/m (Gorham, 1992). In
comparison, glycophytes are plants that cannot exist in saline soils because of their low tolerance to salt
(Waisel, 1973). Glycophytes are generally negatively impacted at salt concentrations as low as 4.5 dS/m
(Gorham, 1992).
Halophytes and glycophytes differ in how they manage exposure to salt. Halophytes are able to
adjust their internal osmotic potential to overcome the high salinity of the soil. In addition, transpiration
levels must be maintained to prevent toxic levels of salts from accumulating in the plant. Whereas
halophytes have various mechanisms to obtain this balance, glycophytes do not (Gorham, 1992). Such
mechanisms in halophytes include hormonal regulation, maintaining metabolism, stomatal control and
ion storage compartmentalization (Horie et al., 2012).

Sensitivity to Salinity at Different Growth Stages
Salt stress can first be encountered as the seeds are germinating. Germination, seedling
emergence, and establishment will be reduced for species less tolerant to salinity (Stumpf et al., 1986;
Ashraf and Foolad, 2005). However, tolerance of abiotic stress, such as salinity, is necessary throughout
the entire life cycle at the whole plant level (Malcolm et al., 2013). While plant growth and development
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can be affected by salinity stress at any time during the crop life cycle, the extent of the damage and
impact on yield depends on the developmental stage at which a crop encounters the stress. For
instance, cereal crops are most sensitive to salinity during the vegetative and early reproductive stages
and less sensitive during flowering and the grain filling periods (Maas and Poss, 1989). However, plant
genotypes may respond differently to salt stress at different growth stages. Differences in salt tolerance
responses among rice genotypes at different growth stages were observed by Zeng et al. (2002).
Similarly, Kingsbury and Epstein (1984) observed various responses of individual lines from 5,000
accessions of spring wheat to salt stress during their life cycle.

Nutrient Concentrations
Nutrient uptake in plants is a result of complex interactions between plant genetics, nutrient
availability and soil conditions including the soil type and ion concentrations. Within limits, isosmotic
concentrations of different combinations of salts cause nearly equal reductions in growth (Gorham,
1992).
Salts or extreme ion ratios are likely to cause specific ion effects; namely, ion toxicities or
nutritional imbalances. Since saline soils in the field generally consist of a mixture of different salts,
specific ion effects are negligible and osmotic effects prevail. Some exceptions to this generalization
exist. Crops tend to accumulate toxic levels of Cl- or Na+ that cause leaf burn, necrosis, and defoliation.
Some herbaceous crops, such as soybean, are also susceptible to ion toxicities, but most do not exhibit
leaf-injury symptoms even though some woody species accumulate levels of Cl- or Na+ that cause injury
(Maas and Hoffman, 1977). Increased salinity levels are typically paired with potassium shortages and
increased soil pH. Thus plants are forced to combat not only salt stress, but also pH associated impacts
such as oxidative and metabolic stresses (Gorham, 1992).

Physiological Responses
Cultivated land is often located in arid regions. This means the soil experiences moisture
deficiency and salt accumulation. As a result, the plants experience a higher level of osmotic and
moisture related stress. Moisture deficit and salt accumulation often occur together and impact the
crops at the same time. The physiological responses of the plant to these abiotic factors are the same. In
these conditions, the plants will show early signs of wilt due to loss of turgor pressure within the cells,
and a reduction in photosynthetic activity as the stomata close. Plants with more stress tolerant
phenotypes can experience higher levels of salt with minimal impact on the plants success; this includes
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most of the cereal crops. However, leafy green crops are categorized by the Food and Agriculture
Organization as susceptible to salt accumulation, any salinity level over 1.3 dS/m is considered
unfavorable to the overall yield (Shannon and Grieve, 1998).
Previous research on plant responses to salt demonstrated that plant exposure to salinity results
in time dependent changes from seconds to months. Initially, cells lose water and shrink, causing the
plant to lose turgor and wilt. Over the period of a few days with continued exposure to salinity through
irrigation water, cell elongation and division slow, resulting in smaller and fewer leaves. Under
prolonged unfavorable conditions, older leaves show symptoms of salt stress including tip burn, foliar
curling and yellowing. Additional symptoms of salt stress include reduced root length, and stunted shoot
growth (Kaya et al., 2002). Shoots are typically more affected than roots by prolonged salinity. By the
end of several months, plants sensitive to salinity are visually stunted (Shannon and Grieve, 1998).
The level of salt tolerance is determined from rate of growth and biomass production at harvest,
as this is usually the marketable product. Looking at popular horticultural plants, there are dramatic
differences in salinity tolerance between species. An accumulation of data from reviews show that,
while salt tolerant plants such as sugar beets may only show a 20% reduction in dry weight, moderately
tolerant plants such as cotton may have up to 60% dry weight reduction when exposed to 200 mM NaCl.
These same conditions would cause complete death in salt sensitive plants like soybeans (Greenway and
Munns, 1980).
Salt tolerance also varies at the cellular level. For instance, spinach (Spinacia oleracea L.)
exposed to 2 dS/m NaCl had significantly decreased intercellular partial pressure and photosynthetic
rate than their counterparts grown in a control nutrient solution without additional salt. It was
determined that lower photosynthetic rates were most likely a result of the 70% reduction of stomatal
conductance in treatments under salt stress. Additionally, morphological changes were observed in salt
treated plants including thicker leaves, due to a thicker epidermis, and a 27% chlorophyll reduction per
unit area (Downton et al., 1985).
Plant roots are also affected by increases in salinity exposure. When Arabidopsis thaliana (L.)
Heynh. plants were transferred from a control media to one with increasing concentrations of NaCl,
growth rate immediately slowed, and consequently, root length was stunted. The slower growth rate is
a direct result of reduced cell division and expansion. Under normal circumstances, the growth of the
primary root accelerates over time as cells divide faster. However, data showed a 40% reduced growth
rate when comparing control plants to those grown on a media containing 0.5% NaCl (Saleki et al.,
1993).
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Various factors change how a plant will respond to salt stress. The stage of a plants life when it
is first exposed to salt, the concentration of the salts and the rate at which salinity levels increase,
referred to as the exposure gradient, all play a role in overall plant salt tolerance. Dvorak et al. (1994)
showed that wheat is able to tolerate higher salt levels if it is exposed in a gradual, step-wise increase
rather than shocked with high levels of salt. Sorghum responded in a similar way, and has a higher
tolerance if salt is applied slowly, rather than all at once (Amzallag et al., 1990). These studies and others
indicate that plants have the ability to acclimate to salt stress.
Within a species, more variations are often observed when comparing cultivars. This has been
documented when comparing cultivars of lettuce. Lettuce is categorized as a moderately salt sensitive
plant with an EC threshold value of 2.7 dS/m, defined as the level of 20% or greater decrease in
harvestable biomass (Shannon and McCreight, 1984). More recent studies show that ‘Romaine’ lettuce
cultivars are more tolerant to salinity than iceberg cultivars; though no salt specific tolerant cultivars
were seen in either group (Pasternak et al. 1986). Additional studies showed that lettuce cultivar ‘Vera’
was able to grow and maintain marketable qualities, in salinity treatments ranging from 2.0 dS/m to 2.6
dS/m. When exposed to an EC range of 2.8 dS/m to 4.7 dS/m, yield decreased linearly by 16.5% per unit
EC (Andriolo et al., 2005). An outdoor study in Riverside California using culture tanks filled with sand,
similar to hydroponics, applied salinity treatments of 3, 7, 11, 15, 19, or 23 dS/m to lettuce cultivar
‘Vitamin Green.’ The treatments were applied at an early and late stage, the early stage defined as the
appearance of first true leaves, and the late application took place 3 weeks later. Results showed that
both level of salinity and application time had significant impacts on plant yield. The threshold for 50%
yield reduction was determined to be 9.4 dS/m and 14.4 dS/m for early and late application, respectively
(Shannon et al., 2000).
During exposure to saline soils and irrigation water, plants must lower their osmotic potential to
remain lower than the substrate in order to continue water uptake. To do this, plants will adjust ion
concentrations in their cells, primarily Na, K, Ca and Cl. This can result in altered nutrient concentrations
in the leaves. For example, Dactyloctenium aegyptium grown in salt water concentrations ranging from
30% to 50% showed nearly a 100% increase of sodium and potassium in the cell sap after one week of
exposure. After seven days, the sodium concentration in plant dry weight remained elevated by 50%
while the potassium levels declined to 35% (Adu et al., 1994).
An overall review of crop data shows that salt tolerance has been reported for over 130 crop
species, however, there is still a lack of knowledge and inconsistent data for many vegetables (Shannon
and Grieve, 1998).
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Salt Impact on Seed Germination
Seed germination is an important and vulnerable stage in the life cycle of plants and determines
seedling emergence and stand density. Adequate seed germination is essential for the establishment
and overall growth of a crop (Daiya et al., 1980). Exposing seedlings to elevated concentrations of NaCl
inhibits division and expansion of cells, hindering germination and potentially causing seed death
(Neumann, 1997).
Studies of seed germination on A. thaliana, a salt sensitive plant, found that even small amounts
of salt exposure can retard seed germination. At 0.75 dS/m, only 80% of seeds germinated, and at 1.50
dS/m, germination plummeted to 0% (Saleki et al., 1993). In contrast, germination of quinoa seedlings, a
classified salt-tolerant plant, showed greater tolerance. Exposing seedlings to five different
concentrations of NaCl (0, 1.0, 2.0, 3.0 and 4.0 dS/m) resulted in germination percentages of 100, 100,
100, 95 and 80% respectively (Riccardi et al., 2014).
Lettuce, a salt sensitive leafy green, shows adverse effects to being germinated under salt
conditions. Lettuce seedlings germinated under salinity concentrations of 0, 0.5, 1.0 and 1.5 mM had
germination percentages of 95, 67, 27, and 8% respectively (Keshavarzi, 2012). These results indicate
the importance of growing seedlings, especially those of salt sensitive species, in low salt conditions.

Genetic Responses
Crop plants, especially those grown in the field, are constantly exposed to various biotic and
abiotic stresses. How a plant responds to these factors will determine not just yield, but also survival
rates. Surviving in a specific environment requires plants to respond through various sensing and
signaling pathways in order to mediate their responses at the genetic level. At least four different
signaling pathways have been identified when plants are faced with water shortages induced by drought
or salinity (Blum, 1999).
Various stresses such as drought, cold, salt and heat activate and utilize the same signals and
responses in plants. For instance, many plants utilize jasmonic acid to initiate stress responses from
various abiotic and biotic factors. This means that plants under one form of stress are often more resistant
to an additional stress factor because their defenses have already been activated. For example, tobacco
Nicotiana tabacum (L.), expressing defenses from drought stress, showed enhanced tolerance to salt or
heat shock (Rizhsky et al., 2002).
Plants will respond to abiotic stress by expressing different sets of genes. For instance, Galvez et
al. (1993) reported that mRNA in the shoots of tall wheatgrass (Lophopyrum elongatum L.), a salt-
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sensitive wheat, indicated no early salt induced (ESI) gene expression when grown in 250mM NaCl.
However, data shows that there was an increase of ESI15 mRNA in the roots when grown in the same
conditions. These results indicate that roots and shoots respond differently to salt stress at a genetic
level (Galvez, 1993).
Genetics also play a role in osmotic adjustments in plants. Osmotic adjustment is the lowering of
osmotic potential in the plants system to allow water uptake in response to environmental stress. A
plants ability to effectively adjust their osmotic potential can significantly impact how well they react to
their environmental settings (Blum, 1999).

Outdoor and Controlled Environment Studies
The experimental system used to test salinity tolerance of plants can affect the results of plant
growth. Plants for experimental purposes have been grown in sand culture, container systems with inert
growing substrate, containers with organic substrate or hydroponic systems (Koch and Bonos, 2010).
Thresholds of yield reduction showed different results depending on the type of system used for the
experiment.
A study of turf grass indicated that the method of salinity application and the environment that
plants are grown under affect the salt tolerance of plants. Four cultivars of perennial ryegrass were used
to evaluate three methods of testing salinity tolerance at 1, 5, 10 and 15 dS/m. The first experimental
method used an overhead irrigation system in a greenhouse, applying the saline water from above. The
second experimental method was a hydroponic system in a greenhouse. Plants were growing in peat
moss media in constant contact with a reservoir containing continuously aerated treatment solutions.
The third experimental method used overhead irrigation in the field. This was performed similar to the
first experiment, except the set up was in an outdoor field of sandy loam. Differences in dry weight and
leaf greenness were seen when comparing the field and greenhouse trials, with plants in the
greenhouse performing better than those in the field. Additionally results showed that each turf grass
cultivar showed less stress in the hydroponics system when compared to their overhead irrigated
counterparts (Bonos et al., 2009).
Drip irrigation studies on ‘Romaine’ and iceberg lettuce showed that lettuce tolerated
application of salt water ranging from 1.2 to 10.5 dS/m without impacting yield (Pasternak, 1986).
Another study conducted in a floating system exposed Butterhead lettuce ‘Justine’ to NaCl
concentrations of 0, 1, 2 and 3 dS/m. In this system, lettuce showed a decrease in fresh weight at 1
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dS/m. Dry weights and root length started to decrease at 2 dS/m. Tip burn symptoms were only noticed
at 3 dS/m (Tesi et al., 2003).

Lettuce Response to Salinity
Field plot studies conducted at the U.S. Salinity Laboratory in Riverside, CA, on lettuce ‘Vera’
determined it to be moderately salt sensitive, with a threshold EC from soil extract of 1.3 dS/m and a
reduction of fresh weight of 13% per unit increase of EC (Andriolo et al., 2005). However, results of a
field study in Israel indicated that yield and quality of iceberg lettuce was not affected by sprinkling with
irrigation water salinity at 4.4 dS/m (Pasternak et al., 1986). Furthermore, it was found that ‘Romaine’
types were significantly more salt tolerant than iceberg types and that salt tolerance increased with age
in lettuce. Finally, it was noted that no apparent osmotic adaption occurred as a result of increased
salinity in overhead-applied irrigation water, a finding that differed from the results reported in salinized
solution cultures (Shannon and Grieve, 2000).
As previously stated, salinity concentration significantly impacts germination rates. Additionally,
it impacts dry and fresh weight of the resulting lettuce seedlings. Final dry weights of lettuce seedlings
after eight days were 0.039, 0.011, 0.003 and 0.0006 g when irrigated with water of 0, 0.5, 1.0 and 1.5
dS/m respectively, demonstrating the low tolerance of seedlings (Keshavarzi, 2012). Massey et al. (1984)
states that salinity is reducing growth in a twofold manner: delaying plant growth through retarding cell
division, and reducing photosynthesis due to stomatal closure and decreased water uptake (Massey et
al., 1984).

Breeding for Salt Tolerance
Keeping in mind increasing salinity problems and fresh water shortages globally, it is essential
that we find a way to develop crops with a greater salt tolerance (Ventura and Sagi, 2013). The most
common, current option is to increase salt tolerance through conventional breeding programs and
selective processes for individual plants with increased salt resistance. However, this process is too
slow, and results are not providing significant enough improvement. For example, studies on varieties of
rice have been done in an attempt to increase salt tolerance in less tolerant varieties. Salt tolerant
strains were cross bred with less tolerant strains and the offspring were tested for improved growth
under poor soil conditions. The results showed a success rate of only 0.3% (Maas and Hoffman, 1977).
As a result, there has been a strong drive to improve salt tolerance in plants through other means.
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Better selection processes start with the fundamental understanding of crop development
under salt stress. Plant tolerance is achieved when the plant adapts with multiple physiological
responses and metabolic processes (Flowers, 2008). Salt tolerance initiates common responses in plants
including adjustment of relative water content and osmotic potential (Munns, 2002). As the plant
continues to experience abiotic stresses, photosynthesis rates decrease and plants accumulate absicic
acid (Siddiqui et al., 2014). Cumulative data from various research indicates that for some crops such as
rice, barley, maize, and pearl millet, improvements for salt tolerance have been successful through
visual assessments and selection over time (Ashraf and Wu, 1994). However, the physiological and
biochemical mechanisms causing phenotypic tolerance was not considered as a selection criteria. As a
result, efforts have been made to identify and develop physiological and biochemical parameters for
assessment purposes, effective for a wider range of crop plants (Kwon et al., 2015).
Recently, approaches based on tolerance-related physiology and biochemistry have emerged as
a powerful methodology for screening drought and salt tolerances. The newest approach uses images
taken at various light spectrums including red, green and blue, infra-red, near infra-red, hyper-spectral
spectrum and chlorophyll fluorescence (Lee et al. 2011). Infra-red thermography has allowed for a
successful screening of plants impacted with drought and salt stress (Prashar and Jones, 2014). In
general, as salinity levels increased, plant leaf temperature will rise as a result of stomatal closure and
reduction in transpiration. This temperature change can be seen using a thermal-imaging camera. This
data can then be used to identify the most adapted plants, and significantly decrease the time to breed
plants for stress tolerance. These technologies move users faster towards practical application and
fundamental practices in large crop fields (Kwon et al., 2015). Such improvement could reduce yield loss
in saline conditions, allow farmers to use brackish water for irrigation purposes of some crops, and
decrease the amount of money spent on soil reclamation.

Chapter 2. Response of three lettuce cultivars in a hydroponic system to salinity

Introduction
Soil salinization is one of the major limitations for growing crops on irrigated land especially in
arid and semi-arid regions of the world where annual rainfall is insufficient to leach accumulated salts
beyond the root zone (Lamsal et al. 1999). Currently, 20% of the world's agricultural land is either
salinized or is potentially affected by irrigation-induced salinity and each year approximately 900 million
ha of land are impacted by increasing salinity levels. Sodium chloride is the primary compound causing
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salinization (Munns and Tester, 2008). As salinity increases in the irrigation water and field soil, plants
develop signs of salt stress. Glycophytes, salt sensitive plants, are especially prone to damage compared
to halophytes, salt tolerant plants. Continuous exposure to salt will cause hyperionic and hyperosmotic
stresses in sensitive plants, and ultimately death. Between initial exposure and death, a series of
physiological symptoms develop because as salinity increases it is more difficult for plants to extract
water from the soil due to increased osmotic potential and ionic stress.
Early symptoms of salt stress include wilting, yellowing, and stunted growth. Vegetable crops
are generally more salt-sensitive than grains or forages (Shannon, 1998). Stress symptoms vary
depending on plant tolerance and species. Specific physiological symptoms in lettuce are reduced leaf
number, shoot fresh weight, and leaf area. Salt stressed ‘Romaine’ lettuce will also show signs of tip
burn in later growth stages (Al-Maskri et al., 2010.)
We investigated the hypothesis that exposing different cultivars of lettuce to an increasing
gradient of salt treatments would result in decreased growth, increased osmotic adjustment, and
increasing damage as salinity rises. The specific objectives were to determine the effects of increasing
salinity on growth, crop quality, and physiological responses.

Materials and Methods
Salinity experiments were conducted in a greenhouse at the University of Arizona in Tucson
(32.2° N, 110.9° W). Three lettuce (Lactuca sativa) cultivars, ‘Green Leaf Lettuce’ Batavia, ‘Romaine’
lettuce Del Sol (L. var. longifolia), and leaf lettuce ‘Bergams Green’ were studied using a hydroponic
system. The experiment was repeated twice, data for the first study (winter trial) was collected from
February 12, 2017 until final harvest on March 14 (Table 2.1). Data for the second experiment (summer
trial) was collected from June 20 until July 6.
The lettuce cultivars were grown from seeds in 12 ml plugs filled with a 1:1 perlite and peat
moss media. When the seedlings reached an approximate height of 2 cm, they were transplanted into
350 ml cups fit with a mesh bottom with a maximum diameter of 8.9 cm. Cups were filled with silica
sand and then placed in the hydroponic system consisting of tubs (42 cm long, 37 cm wide and 12 cm
deep) with fitted lids. Each cup was set into one of 15 holes (9 cm diameter) cut into the lid. The lids for
the hydroponics tubs suspended the cups above the solution, immersing approximately the bottom 2
cm of the cup to allow for uptake of the solution. The tubs were filled with 20 L of water and amended
with 11.7 g of Chem-Gro lettuce formula (8 N-6.5 P-29.9 K), Hydro-Gardens, Colorado Springs, CO) plus
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8.8 g of CaCO3, and 5.9 g of MgSO4. The nutrient solution in each tub was aerated continuously with an
aquaponic stone.
Air and root zone temperature in the greenhouse was collected with a data logger
(Onset HOBO temperature logger, Bourne, Massachusetts) at 15 minute time intervals for the duration
of the experiment. Air temperature ranged from 16.6° C and to 19.4° C in the winter 2016 trial and from
20° C to 28.8° C in the summer 2016 trial. Root zone temperatures in the hydroponics solution ranged
from 18.8° C to 22.2° C in the winter 2016 trial and 22.6° C to 28.9° C in the summer 2016 trial. The
greenhouse was cooled with a fan and pad system. In May 2016, two overhead fans were installed for
continuous air circulation to prevent tip burn.
Salinity of the nutrient solution was increased by adding NaCl and CaCl2 at a 2:1 ratio to the
commercial nutrient solution. EC treatments tested were 2.1 (control nutrient solution), 3.6, 5.1 and 6.6
dS/m. In order to prevent salt shock in plants, salinity was gradually increased by adding consecutive
salinity treatment levels at eight, twelve, and sixteen days after transplanting in the first experiment. In
the second experiment, due to rapid plant growth, treatments were applied earlier at seven, nine and
eleven days after transplanting. Lettuce seedlings for the first experiment were transplanted on January
27, 2016, and salinity treatments were initiated on February 4, and by February 12 all treatment levels
were applied. This date is referred to as 0 days after treatments (DAT 0). Final harvest for the first
experiment was on March 14 (DAT 32). For the second experiment, lettuce seedlings were directly
seeded into the hydroponic system cups on May 25. Salinity treatments were initiated on June 16, final
salinity treatments were applied on June 20, (DAT 0), and final harvest for the second experiment was
on July 6 (DAT 16).
The hydroponic solution was changed weekly to ensure adequate amount of essential plant
nutrients for normal growth and development. Water was added to maintain the 20-liter volume level
as needed between solution changes. During the treatment period, pH and EC of each tub was
measured every four days. Phosphoric acid was added when needed to keep the pH of the tubs between
6.8 and 7.5.
Roots and shoots were harvested five times from the onset of treatments until final harvest
(Table 2.1). Roots and shoots were separated, dried in an oven at 50° C, and dry mass was weighed and
recorded. For the final harvest, root length and shoot height was collected in addition to the shoot and
root dry mass. Tip burn was rated at each harvest based on how many leaves were affected. If no leaves
were affected by tip burn, the plant was rated 0. If one to two leaves were impacted it was rated 1, if
three to four leaves were impacted the rating was 2, and if five or more leaves had tip burn the plant
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was rated 3. Transpiration rate and leaf temperature were measured weekly using a LICOR 1600
porometer (Lincoln, Nebraska). In the second experiment osmotic potential was measured with a
Wescor vapor pressure osmometer (Logan, UT) at each harvest. Shoot fresh weight and water content
were determined at final harvest of the summer trial. Water content was calculated using the formula
WC (g/g) = (fresh weight-dry weight)/fresh weight.
The experiments were set up in a completely randomized design with four salinity treatments
and six blocks. Five plants of the three cultivars were grown in each hydroponic tub and one plant from
each cultivar was harvested at day 0, 7, 10, 17 and 32 for experiment one and at day 0, 3, 6, 11 and 16
for experiment two. Data were analyzed separately for each cultivar. We used analysis of variance to
compare responses salinity treatments and Tukey’s mean separation when p<0.05 (SAS 9.4, 2013).

Results and Discussion
Winter 2016
In the winter 2016 trial, all three cultivars showed no differences in response to increasing
salinity in shoot dry mass, root dry mass, shoot height and diameter, and root length at each of the five
harvests (Table 2.2). Studies of lettuce conducted in California concluded that is a moderately salt
sensitive vegetable where yield loss starts at 2.1 dS/m (Ayers et al., 1951). Results of a study in Israel
showed that yield and quality of iceberg lettuce was not impacted by irrigating plants with an overhead
sprinkler system with an EC of 4.4 dS/m (Pasternak et al., 1986). Other studies found differences in
salinity tolerance of lettuce between cultivars, with ‘Romaine’ cultivars significantly more salt tolerant
than other cultivars (Shannon and Grieve, 1998). Our cultivars were larger by the time salinity
treatments were imposed, which may have been the reason that they were not impacted by salinity
treatments.
Because of the monetary and economic value of vegetable crops, there is an increasing need to
study salinity impacts on these plants. Lettuce was defined as a salt sensitive crop based on the
threshold of 2.1 dS/m where yield reduction started. Marketable quality of lettuce is determined mainly
by plant size. Our results showed that the three lettuce cultivars were able to grow in solutions up to 6.6
dS/m to commercially acceptable size based on head height and diameter without any differences
between treatments (Table 2.2). Root length at final harvest was uniform, ranging from 30.1 cm to 33.5
cm for the three cultivars without differences between salinity treatments at final harvest (Table 2.2).
Tip burn was measured at each harvest and ‘Bergams Green’ and ‘Green Leaf Lettuce’ had no tip
burn, except minimal incidence at the last two harvests (Table 2.3). ‘Romaine’ had higher occurrence of
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tip burn with up to 2.3 in control plants, however, none of the tip burn was severe enough to prevent
marketability. The fact that control plants had the highest incidence of tip burn indicates the condition
was probably a result of poor air circulation (Collier and Tibbitts, 1982) and not salt accumulation.
‘Romaine’ lettuce is known for being susceptible to tip burn among commercial growers (M. Lewis,
personal communication). Salinity treatments had no significant effect on transpiration or leaf
temperature of any cultivar each day when measurements were recorded.

Summer 2016
Shoot and root dry mass for each cultivar averaged over the four salinity treatments throughout
the summer trial is shown in Figure 2.1. In that experiment all three cultivars showed no difference in
response to increasing salinity in shoot mass, root mass, root length, shoot diameter and height, root
length, and osmotic potential (Table 2.4, Fig. 2.2). Greatest gains in dry mass occurred between day 11
and 16 after all treatments were implemented. Root length increased for all three cultivars from 12 cm
to 20 cm between 0 to 6 DAT. From 6 DAT to 16 DAT all three cultivars increased in root length to
approximately 41 cm.
At final harvest, increasing EC from 2.1 to 6.6 dS/m decreased fresh weight by 20% in ‘Green
Leaf Lettuce’ and 40% in ‘Romaine.’ However, increasing salinity did not impact fresh weight in ‘Bergams
Green’ (Figure 2.3). Increasing EC also decreased water content in ‘Bergams Green’ and ‘Romaine’ by
21% and 28% respectively, although ‘Green Leaf Lettuce’ was not impacted (Figure 2.4). A decrease in
fresh weight and water content, though no change in dry weight was observed, is expected as many
types of lettuce show that fresh weight is more sensitive than dry weight to increasing salinity (Xu and
Mou, 2015). Osmotic potential of the three cultivars was not affected by salinity (Fig. 2.2). Osmotic
potential of all three cultivars was approximately -1.2 MPa for the control treatment. Osmotic potential
of the two leaf lettuces but not Romaine decreased to -1.4 MPa. The fluctuating numbers may be a
result of dilution due to the plants increasing size.
An informal taste test by six individuals indicated that the flavor of the product becomes
unpalatable and thus unmarketable due to bitter and salty taste at salinity treatments of 5.1 dS/m and
6.6 dS/m. When salt is added to the hydroponics system, a water potential gradient is established with
the solution having a lower water potential than the cells of the plant. As a result, the plants must
uptake some of the salts to prevent wilt. The unfavorable taste could be a result of greater uptake of
salts, or a response to the salinity stress that caused plants to produce more latex (Ahmad and Rasool,
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2014). Latex is known to affect taste by increasing the bitterness and waxiness of the leaves (Sethi et al.,
2008).

Tip burn was measured at each harvest and a rating of 2 was recorded in one head of Romaine
lettuce at the highest salinity treatment at the final harvest. None of the other two cultivars had any
head with tip burn. The installation of two overhead fans that moved the air continuously prevented tip
burn and also confirmed that salinity did not cause this damage in the winter trial. Transpiration and leaf
temperature of all cultivars was not affected by salinity treatments, confirming the results from the
winter trial. Contrastingly, a study done on (Lactuca saliva L.) ‘Bix’ and ‘Ariane R2’, were tested in soil
with drip irrigation water of 2.0 and 6.0 dS/m. Results showed a 13% reduction of transpiration in the
high-salinity treatment at harvest after 52 days (De Pascale and Barbieri, 1995).
Ideal appearances for ‘Romaine’ lettuce requires that the outer frame leaves are removed, and
the mature growth overlap at the center of the plant to form a complete head. When ‘Romaine’
seedlings were exposed to 3.6 dS/m and higher, the internal leaves remained fanned out as in the
juvenile form and did not form a head. Only ‘Romaine’ in the control treatment at 2.1 dS/m obtained
marketable heads based on this criteria at the time of final harvest. Formation of a head does not apply
to leaf lettuce as a quality criteria.
When comparing growing days and harvests between winter 2016 and summer 2016, the
number of days for each cultivar to reach similar head size took only half the time in the summer trial.
For the winter trial, there were about 7 days between harvest days whereas there were only about 3
days between harvest days in the summer (Table 1). Although plants were harvested when plant size,
i.e. plant height and diameter, were approximately the same, day length affected growth rate and
biomass allocation shown by the decrease in shoot mass in all three cultivars. Increasing day length can
affect these variables by increasing growth rate over a reduced time (Stuefer and Huber 1998).
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Figure 2.1. Average shoot dry mass and root dry mass for lettuce cultivars Romaine (ROM), Green Leaf
Lettuce (GLL), and Bergams Green (BG) from the time four salinity treatments (EC 2.1, 3.6, 5.1, and 6.6
dS/m) were applied (0 DAT) until final harvest (16 DAT) (summer trial). Differences between salinity
treatments for each cultivar were not significant at p<0.05 for any harvest date and means of all salinity
treatments were combined per harvest date (n=24).
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Figure 2.2. Osmotic potential of three lettuce cultivars after being treated with four salinity treatments
at final harvest (summer trial). Differences between salinity treatments for each cultivar were not
significant at p<0.05 for final harvest (n=24).
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Fig 2. 3. Fresh weight (g) of Green Leaf Lettuce, Bergams Green and Romaine lettuce grown at
four levels of salinity (2.1, 3.6, 5.1, and 6.6 dS/m) at final harvest (summer trial). Means are
averaged, n=6. Treatments followed by different letters are statistically different at p< 0.05,
means separation by LSD.
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Fig 2. 4. Water content (%) of Green Leaf Lettuce, Bergams Green and Romaine lettuce grown
at four levels of salinity (2.1, 3.6, 5.1, and 6.6 dS/m) at final harvest (summer trial). Means are
averaged, n=6. Treatments followed by different letters are statistically different at p< 0.05,
means separation by LSD.
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Table 2.1. Lettuce harvest dates and days after treatment (DAT) after all salinity treatments (EC 2.1, 3.6,
5.1, and 6.6 dS/m) were applied to lettuce cultivars Romaine (ROM), Green Leaf Lettuce (GLL), and
Bergams Green (BG), comparing winter and summer trials.
February 2016-March 2016

June 2016-July 2016

Harvest Days
12-Feb
19-Feb
22-Feb
29-Feb
14-Mar

Days After Treatment (DAT)
0
7
10
17
32

Harvest Days
20-Jun
23-Jun
26-Jun
1-July
6-July

Days After Treatment (DAT)
0
3
6
11
16

30
Table 2.2. Shoot and root dry mass, head diameter and height, and root length of three lettuce cultivars
at final harvest, 32 days after all four salinity treatments were applied (winter 2016, n=6).
z

No significant differences at p<0.05 were found between EC treatments for each cultivar.

Cultivar

Treatment Shoot Mass Root Mass Diameter
(dS/m)

(g)

(g)

(cm3)

Height Root Length
(cm)

(cm)

Romaine

2.1z

14.8

1.4

30.5

20.1

32.1

Romaine

3.6

12.4

1.1

29.9

20.2

33.4

Romaine

5.1

15.8

1.2

29.6

20.3

33.6

Romaine

6.6

17.9

1.0

29.7

20.2

33.5

Bergams Green

2.1

10.0

1.0

30.4

20.0

31.4

Bergams Green

3.6

8.3

0.9

29.8

20.1

30.1

Bergams Green

5.1

6.4

0.7

29.7

20.2

33.4

Bergams Green

6.6

7.9

0.7

29.5

20.1

33.4

Green Leaf Lettuce

2.1

7.1

0.6

30.4

20.0

32.2

Green Leaf Lettuce

3.6

6.7

0.5

29.8

20.1

33.5

Green Leaf Lettuce

5.1

7.8

0.4

29.7

20.2

33.0

Green Leaf Lettuce

6.6

5.4

0.3

29.5

20.1

33.2

31
Table 2.3. Tip burn of lettuce cultivars at each harvest (DAT), after all four salinity treatments were
applied (winter 2016, n=6).
z

No significant differences at p<0.05 were found between EC treatments for each cultivar.
Cultivar

Day After Treatment

2.1

3.6

5.1

6.6

(DAT)

(dS/M)

(dS/m)

(dS/m)

(dS/m)

Romaine

0z

0.3

0.3

0.0

0.3

Romaine

7

0.3

1.0

0.7

1.3

Romaine

10

2.3

1.0

1.7

1.0

Romaine

17

1.0

1.7

2.0

1.7

Bergams Green

32

1.7

1.7

2.3

1.7

Bergams Green

0

0.0

0.0

0.0

0.0

Bergams Green

7

0.0

0.0

0.0

0.0

Bergams Green

10

0.0

0.0

0.0

0.0

Green Leaf Lettuce

17

0.0

0.3

0.0

0.3

Green Leaf Lettuce

32

0.0

0.0

0.0

0.3

Green Leaf Lettuce

0

0.0

0.0

0.0

0.0

Green Leaf Lettuce

7

0.0

0.0

0.0

0.0

Romaine

10

0.0

0.0

0.0

0.0

Romaine

17

0.3

0.3

0.3

0.0

Romaine

32

0.0

0.3

0.0

0.3

32
Table 2.4. Shoot and root dry mass, head diameter and height, and root length of three lettuce cultivars
at final harvest, 16 days after all four salinity treatments were applied (summer 2016, n=6).
z

No significant differences at p<0.05 were found between EC treatments for each cultivar.
Cultivars

Shoot

Root

Mass

Mass

Diameter

Height

Root Length

(g)

(g)

(cm3)

(cm)

(cm)

Treatment
(dS/m)

Romaine

2.1 z

9.9

1.3

33.2

23.3

32

Romaine

3.6

9.7

1.3

29.7

15

32.9

Romaine

5.1

7.5

1.7

25.7

12.6

33.4

Romaine

6.6

8.4

1.7

23.8

13.8

33.8

Bergams Green

2.1

8.6

1.1

26.7

14.6

31.6

Bergams Green

3.6

8.4

1.6

25.5

15.3

29.8

Bergams Green

5.1

7.8

1.3

25.7

13.8

33.2

Bergams Green

6.6

8.5

1.5

23.

13.5

33.1

Green Leaf Lettuce

2.1

5.7

0.69

21.2

13.7

31.8

Green Leaf Lettuce

3.6

5.2

0.68

20.7

12.2

33.3

Green Leaf Lettuce

5.1

5.8

0.81

21.7

11.8

33.4

Green Leaf Lettuce

6.6

4.9

0.81

18.5

12.3

33.1

33
Chapter 3. Response of three lettuce cultivars in a hydroponic system and a soil substrate to salinity

Introduction
Arizona produces a large portion of the countries’ vegetable crops in the winter. Per Yuma’s
Bureau of Reclamation, this production provides the state with approximately 9.2 billion dollars
annually, and the U.S. with a large amount of its winter vegetables. The largest production area is
managed in Yuma. As a primary source of irrigation water, Yuma growers use the Colorado River.
However, highly managed and altered flows upstream are causing negative changes in the water quality.
Increase of water use, altered land use (i.e. land clearing or selective removal of stream bank
vegetation) and accumulation of salts from the shoreline upstream are causing a rise of salinity in the
water (Vandersande, 2001). The U.S. Department of the Interior Bureau of Reclamation show the
increase in total dissolved solids as the Colorado water flows south. Growers are concerned about
further increases in salinity of the Colorado River water and the impact it may have on their crops.
Lettuce is the most popular vegetable with the highest consumption rate and economic
importance worldwide (Bozkurt and Bozkurt, 2011). Previous studies provided us with information on
how lettuce responds to increased salinity levels. There are several advantages to using a hydroponic
system in a controlled environment for production. These systems save water, and provide growing
options in areas with high temperatures, limited water resources or infertile soils. Therefore, hydroponic
studies are a good system to investigate salinity tolerance of crops without interference of physical and
chemical soil characteristics (Gibeaut et al., 1997).
An investigation conducted in Oman within a glasshouse on lettuce (Lactuca sativa L. cv. Paris
Islands Cos), showed how three levels of salinity, 0 (distilled water), 1 and 2 dS/m impacted lettuce
growth parameters (Al-Maskri, et al., 2010). The plants were germinated in half strength Hoagland
solution one week prior to salt application. The experiment was maintained under closed-recycled
nutrient film technique (NFT). The plants grown in 2 dS/m solution showed decreased growth as well as
stunted root lengths when compared to control. In this experiment, the number of leaves, and root and
shoot dry and fresh weights showed no differences between treatment levels
In another hydroponics study, bean plants Vicia faba (L.) plants grew for 6 weeks in a nutrient
solution before being exposed to five treatment levels of 0.80, 1.93, 2.81, 3.73 and 4.72 dS/m. After 32
days of exposure, plants were harvested and the shoot and root dry mass, shoot fresh weight, leaf area
and number of leaves per plant were determined. Results showed a decrease of shoot fresh mass by
16.5% for the highest EC treatment. The remaining variables were not affected by any of the EC
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treatment levels (Andriolo et al., 2005). In a similar test, lettuce plants were germinated in soil and
supplemented with 3.3 g diammonium phosphate and 2.6 g urea for a week prior to salt applications.
Researchers used 5 treatment levels, 1.5, 2.5, 3.5, 5 and 7.0 dS/m and all treatments greater than 1.5
dS/m resulted in decreased yield. The concentration of Ca, Na and Fe in lettuce leaves was also
increased 15%, 11% and 16% respectively (Ünlükara et al., 2008).
The current study examined the response of two lettuce (Lactuca sativa L.) cultivars to
increasing salinity levels of irrigation water. The specific objectives were to determine the effects of
increasing salinity on growth, crop quality, and to assess the impact of salinity on physiological
parameters.

Materials and Methods
Two lettuce cultivars, Green Leaf Lettuce ‘Batavia’ (Lactuca sativa L.) and ‘Romaine’ lettuce ‘Del
Sol’ (L. var. longifolia) were grown in a greenhouse at the University of Arizona in Tucson, Arizona, USA
(32.2° N, 110.9° W) in a hydroponic system, described below, or in #2 containers (6.75 L) with soil and
were maintained with four levels of salinity. On January 9, 2017, lettuce seeds were sown directly into
350 ml cups fit with a mesh bottom and a maximum diameter of 8.9 cm. Cups were filled with silica
sand and placed in the hydroponic system consisting of tubs (42 cm long, 37 cm wide and 12 cm deep)
with fitted lids. Four replicate plants of each cultivar were grown in each tub. The lids for the
hydroponics tubs suspended the cups above the solution, immersing approximately the bottom 2 cm of
the cup into the solution. The tubs were filled with 20 L of water and commercial lettuce fertilizer
(Chem-Gro lettuce formula, Hydro-Gardens, Colorado Springs, CO) (8 N-6.5 P-29.8 K) plus CaCO3, and
MgSO4). After germination, half strength nutrient solution was used (1.05 dS/m) until plants reached
approximately 2 cm in height and salinity treatments were applied. Phosphoric acid was added when
needed to keep the pH of the nutrient solution between 6.8 and 7.5. The nutrient solution in each tub
was aerated continuously with an aquaponic stone. On January 9, 2017 four seeds were directly sown in
#2 (6.75 L) plastic containers (22.8 cm long, 18.3 cm wide and 21.6 cm deep) filled with a clay loam soil
(pH 7.9, EC 2.3 dS/m). Nutrient analysis of the soil confirmed that soil chemical properties of the top soil
collected from the West Agriculture Center was very similar to lettuce production soil in Yuma. As
seedlings grew, they were selected for uniformity until one plant remained in each pot. Plants were
irrigated every other day with 500 mL of solution for 16 days, and thereafter with 1000 mL until final
harvest.
A data logger recorded (Onset HOBO temperature logger, Bourne, Massachusetts) air
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temperature in the canopy, nutrient solution, and in the soil at 15 min time intervals for the duration of
the experiment. Air temperature ranged from 13.3° C to 22.8° C. Root zone temperatures ranged from
13.3° C to 21.5 ° C in the hydroponics and 14.1° C to 18.4° C in the soil. The greenhouse was cooled with
a fan and pad system and equipped with two overhead fans for continuous air circulation to prevent tip
burn.
Salinity of the nutrient solution was increased by adding NaCl and CaCl at a 2:1 ratio. Electrical
conductivity treatments tested were 2.1 (control nutrient solution), 3.6, 5.1 and 6.6 dS/m. For the
hydroponics system, salinity treatments were initiated on January 15, 7 days after seeding. Plant
responses when all four treatments were implemented were first recorded on January 27 (DAT 0). Final
harvest for the hydroponic plants was on March 2 (DAT 35). In the soil, salinity treatments were
initiated on January 30, 21 days after seeding, due to slower seedling growth, and all salinity treatments
were applied and plant responses recorded on February 13 (DAT 0). Final harvest of plants growing in
soil was on March 9 (DAT 23).
The hydroponic solution was completely replaced with fresh nutrient and salt treatments once a
week to ensure adequate amount of essential plant nutrients for growth and development and the
maintenance of the EC treatment solutions. Water was added to maintain the amount of solution in
each tub at 20 liter volume between solution changes. During the treatment period, pH and EC of each
tub was measured every four days.
Shoots were harvested at day 0, 13, 24 and 35 for the hydroponics system and on day 0, 3, 14
and 23 for the soil based on the rate of growth and comparable plant size in the two substrates. Shoots
were dried in an oven at 50°C and dry mass was weighed and recorded. Tip burn was rated at each
harvest based on the number of leaves that showed necrosis at the tip. If no leaves were affected by tip
burn, the plant was rated 0. If one to two leaves were impacted it was rated 1, if three to five leaves
were impacted the rating was 2, and if five or more leaves had tip burn the plant was rated 3.
Transpiration rate and leaf temperature were measured weekly using a LICOR 1600 porometer (Lincoln,
Nebraska). Osmotic potential was measured with a Wescor vapor pressure osmometer (Logan, UT) and
water content was calculated using the formula WC (g/g) = (fresh weight-dry weight)/fresh weight. BRIX
of the leaf tissue was measured using an ATAGO Refractometer Pal-1 (Itabashi, Tokyo).
The experiment was arranged in a split plot design with substrate as the main plot and salinity
as the subplot. Each salinity treatment was replicated with six blocks and each block had four replicate
plants. Data were analyzed separately for each cultivar. We used analysis of variance to evaluate
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responses to substrate and salinity and LSD means separation (LSD) when p<0.05 (SAS 9.4, 2013, Cary,
NC).

Results and Discussion
EC of hydroponic and soil substrate in response to salinity treatments
The EC of the soil used as substrate for this study had an EC of 2.3 dS/m when collected from the
field. After pots were filled with the soil they were watered 21 times to leach excessive salts and when
seeds were sown initial EC of the soil was 0.7 dS/m. Although irrigation solutions had an EC of 2.1, 3.6,
5.1 and 6.6 dS/m salinity in the soil substrate increased, it never reached an EC of the applied solutions
(Table 3.1). The soil profile was wet throughout the root ball after each irrigation. The high clay
component of the soil likely adsorbed the cations acting as a buffer and lowering the exchangeable
percentage of Na (Mengel, 1914).
Between irrigations, EC increased in the hydroponics system, resulting in environments with a
higher salt concentration than the initial treatment. For harvests one, two and four, EC, substrate and
the interaction of the two variables affected EC for both cultivars (Table 3.1). At harvest three, only
substrate had an effect on EC. In all cases, the actual EC of the soil was lower than the applied
treatment, whereas in hydroponics, the EC was always higher than the applied treatment except in
control at harvests two and four in both cultivars (Table 3.1). This is caused by a preferential uptake of
water which leaves more nutrients in the hydroponic system, resulting in a higher concentration of
solutes (Bugbee, 2003).

Shoot dry mass
Increasing salinity treatments had no impact on shoot dry mass when plants were small at
harvest one and two, while lowering shoot dry mass at harvest three and four (Table 3.2). At harvest
four, shoot dry mass of ‘Green Leaf Lettuce’ plants grown in soil was reduced by 55% for the highest EC
level compared to the control and by 41% in hydroponics. Contrary, ‘Romaine’ lettuce shoot dry mass at
final harvest was reduced by 44% in hydroponics and 28% in soil. At harvest 3, salinity reduced shoot dry
mass for both cultivars grown in hydroponics, but only for ‘Green Leaf Lettuce’ lettuce in soil. The
significant interaction between EC and substrate in ‘Romaine’ at harvest 3 was due to variable shoot
mass under increasing salinity levels. Substrate affected shoot dry mass at harvest one and three in both
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cultivars, and by harvest 3 plants in hydroponics had a greater shoot dry mass than those in soil (Table
3.2).
The lack of young plants being affected by increasing salinity was unexpected as salinity is more
detrimental to plants in their early growth stages (Houle, 2001). In the annual plant Aster laurentianus a
33% decrease was found when 5-day-old plants were exposed to salinity ranging from 0 to 6 dS/m
(Houle, 2001). Likewise, a study on ‘Romaine’ cv. Dark Green showed 11% dry weight reduction when
plants were grown in rockwool cells with an EC of 8.4 dS/m compared to the control at 2.5 dS/m (Xu and
Mou, 2015). The similar shoot dry mass of hydroponic and soil-cultivated lettuce at final harvest was
surprising since previous studies found plants in hydroponic culture to grow to a larger size than those in
organic or mineral substrate (Gonnella 2002).

Height and Diameter
In ‘Green Leaf Lettuce’ and ‘Romaine’, EC affected both height and diameter at harvests three
and four, but when plants were smaller only influenced height of ‘Romaine’ in harvest 2. Substrate had a
variable and transient effect on height and diameter of each cultivar, with hydroponic ‘Green Leaf
Lettuce’ taller than soil-grown plants at harvest 2, and hydroponic ‘Romaine’ taller at harvest 4 (Table
3.3). It is possible that increasing salinity did not affect plants at harvest one and two for either cultivar,
because plants were larger by the time all salinity treatments were applied as a result of the three day
lag time between each increment in salinity treatment to allow gradual acclimation to the rising salt
concentrations. Contrary to this, Xu and Mou (2015) induced increased salinity every two days, raising
EC from 2.5 to 8.4 dS/m. Their results indicated decreasing fresh mass and head size, in response to
salinity treatments in 20 out of the 25 lettuce genotypes tested (Xu and Mou, 2015).
Similar results were found for diameter of lettuce grown in the two substrates. Comparing
control to the highest EC treatment level, ‘Green Leaf Lettuce’ had 22% height and 23% diameter
reduction while ‘Romaine’ showed a 23% height reduction but only a 13% diameter reduction.
Commercially acceptable characteristics of ‘Romaine’ lettuce cultivars are a head height of 10 to 12
inches (Harrill, 1998), and ‘Romaine’ plants in our experiment treated with 2.1 dS/m or the average
height of hydroponically grown plants were above this threshold at final harvest (Table 3.3). In a study
on Leaf Lettuce ‘Crispa’, height was reduced in plant heads when exposed to increasing salinity levels up
to 7 dS/m by 33% (Ünlükara et al., 2008).
Root growth was visually examined in the hydroponic solution and in the soil. Roots in the
hydroponic solution were healthy and appeared similar to the previous experiments where no

38
differences in root dry mass and root length were found in response to increasing salinity (Chapter 2). In
the soil, roots started to grow into the soil to a depth of about 15 cm or three quarters of the depths of
the container, and started to circle the bottom and the outside of the root balls of plants from all
treatments, suggesting that root growth was not a limiting factor for plants growing in the soil.

Leaf Number
Increasing salinity decreased leaf number in both ‘Romaine’ and ‘Green Leaf Lettuce’. At final
harvest, ‘Romaine’ had more leaves per head than ‘Green Leaf Lettuce’ at each of the treatment levels,
and a 16% reduction from control compared to the highest EC level which had 18 leaves (Table 3.4).
‘Green Leaf Lettuce’ lettuce had an average of 17 leaves under the control conditions, but only 12 leaves
or a 29% reduction at 6.6 dS/m at final harvest. ‘Green Leaf Lettuce’ lettuce grew more leaves in
hydroponics than in soil, 17 versus 13, while ‘Romaine’ grew the same number of leaves in each
substrate. Similarly, 10-day-old bean plants Vicia faba (L.) had fewer leaves when exposed to an
increasing EC from 0 to 6 dS/m (Quados et al., 2011). In strawberry Fragaria ananassa (L.) plants cv.
Rapella, increasing salinity from 2.5 to 8.5 dS/m, reduced leaf number by up to 36% (Awang et al., 1993)
and in a study on Leaf Lettuce ‘Crispa’, leaf number was reduced in plant heads when irrigated with
salinity levels of 7 dS/m (Ali Ünlükara et al., 2008).

Core and ‘Romaine’ Head Formation
‘Romaine’ core length decreased with increasing salinity from 2.1 to 6.6 dS/m (Fig. 3.2).
Substrate had no effect on core length. Core length was not measured in the ‘Green Leaf Lettuce’
Lettuce cultivar because it is not a trait found in leaf lettuces. A commercially accepted core length for
‘Romaine’ cultivars is anything less than 8.9 cm (3.5 inches), measured from the base of the core to the
apex of the growth point. Leaf lettuces do not form cores, they are constructed of loosely packed leaves
joined at a stem (Innocenti et al., 2015).
Core length in our study was measured from the cut base of the stem to the apex of the growing
point, but no small leaves were included. For marketability purposes, a smaller core is preferable.
Although ‘Romaine’ grown in 5.1 and 6.6 dS/m had the smallest core length, the heads would not be
marketable as a result of their stunted height and unfavorable taste (Gonnella et al., 2002).
It was observed throughout our trials that when ‘Romaine’ was exposed to 3.1 to 6.6 dS/m
treatments, they had a different formation than those grown in 2.1 dS/m (control). The ‘Romaine’ grown
in the control treatment resulted in mature head formation indicated by a firm center and a height of 12
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inches or greater. However, when plants were irrigated with 3.1 to 6.6 dS/m, the ‘Romaine’ head
retained a juvenile rosette formation at final harvest which is not commercially acceptable.

Fresh Weight, Water Content, Osmotic Potential, BRIX, Taste and Tip Burn
In both lettuce cultivars, fresh weight decreased at final harvest with increasing salinity levels.
‘Green Leaf Lettuce’ fresh weight was reduced by 57% at 6.6 dS/m compared to the control at 2.1 dS/m,
whereas fresh weight for ‘Romaine’ decreased 50% (Fig. 3.1). These results concur with other studies
where head lettuce cv. Coolguard and cv. Fame both produced a greater fresh weight at 1.6 dS/m
compared to 3.5 dS/m in a hydroponic environment (Huett, 1994). Under fresh conditions, common
grass Panicum hemitomon Schult. total biomass production was significantly higher when compared to
plants grown in a 9.3 dS/m saline environment (Spalding and Hester, 2007). Correspondingly, a study on
‘Romaine’ cv. Dark Green Romaine showed a 16% fresh weight reduction when plants were grown
irrigated with an EC of 8.4 dS/m versus the nutrient solution 2.5 dS/m (Xu and Mou, 2015). As with fresh
weight, water content decreased in response to increasing salinity. ‘Green Leaf Lettuce’ showed a 15%
decrease versus 12% in ‘Romaine’. These similar trends for fresh weight and water content are
expected.
No tip burn was seen in ‘Green Leaf Lettuce’ at any time. In ‘Romaine’, tip burn with a rating of
one was observed in one to three plants at harvest three, across all salinity or substrate treatments. Tip
burn symptoms include necrotic (brown) spots on the tips and edges (margins) of developing lettuce
leaves. Once symptoms have become apparent, there is no treatment which can reverse the symptoms.
Therefore management of inner leaf tipburn of lettuce relies on prevention. While some tipburn is
acceptable, lettuce is more marketable when fewer leaves show necrosis (Huett, 1994).
Informal taste test consisting of 6 individuals showed a correlation between taste and salinity of
irrigation water. While plants grown in 2.1 and 3.6 dS/m were found acceptable in flavor, lettuce grown
at 5.1 and 6.6 dS/m in both substrates were too salty or bitter in taste to be enjoyable or marketable.
Osmotic potential ranged from -0.8 MPa to -1.3 MPa throughout the experiment and was not
affected by salinity or substrate in either ‘Romaine’ or ‘Green Leaf Lettuce’. This indicates that the plants
were not under osmotic stress. This result is supported by the consistent Ca levels found in plants with
increasing salinity as plants under osmotic stress often have increased levels of intracellular Ca as a
means to maintain homeostasis (Thastrup et al., 1990) The ability of the plant to maintain osmotic
potential is a mechanism to cope with salt stress (Gupta and Huang, 2014). The lack of osmotic
adjustment in the cultivars we tested indicates a higher level of salinity tolerance than previously stated.
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BRIX analysis, which measured overall solute concentration from lettuce sap, found substrate
effects at harvests one, two and four for both cultivars. Alternatively, salinity affected BRIX at harvests
one and four in ‘Green Leaf Lettuce’ only, with a distinct increase at 6.6 dS/m compared to all other EC
treatments. Overall, ‘Romaine’ had greater BRIX values than ‘Green Leaf Lettuce’. A trend seen in both
cultivars shows a decrease in BRIX from harvest one to harvest four when plants grew in the
hydroponics. In contrast, BRIX increased from harvest one to four in the plants grown in soil. These
results directly relate to the changes in total mineral content (Table 3.5). Pre-determined commercial
industry standards rank lettuce as poor, average, good and excellent with BRIX levels of 4, 6, 8 and 10
respectively (Harrill, 1998).This qualifies our ‘Green Leaf Lettuce’ as poor in hydroponics and average in
soil at final harvest. In contrasting, at final harvests in both substrates, Romaine would be on the high
end of average, close to excellent. However, BRIX cannot differentiate between types of solutes and
measures the total solute concentration. The high levels of BRIX in lettuce is not always a sign of quality,
but rather an accumulation of latex in response to salt stress, giving ‘Romaine’ a very bitter flavor
(Ahmad and Rasool, 2014).

Mineral Content
Mineral concentration of Na and Cl in ‘Romaine’ and ‘Green Leaf Lettuce’ increased over 50% as
salinity levels increased in both substrates. In both cultivars Cl concentrations were higher than Na at
each salinity level. Plants of both cultivars grown in soil had greater concentrations of both elements
when compared to hydroponics. The interaction of substrate and EC was significant for Cl only in the
‘Green Leaf Lettuce’ cultivar where Cl uptake resulted in higher concentrations in plants growing in soil
compared to hydroponics. A similar trend was found for Na uptake in ‘Green Leaf Lettuce’. These
results are comparable to Leaf Lettuce var. Crispa that showed a 44% increase in Na leaf concentration
when grown in sandy loam soil with an irrigation solution of 7 dS/m compared to the control of 0.75
dS/m (Ünlükara et al., 2008). For the same cultivar, Na and Cl concentrations in leaves increased
approximately 70% and 47%, respectively when NaCl amended water with an EC of 4.9 dS/m compared
to distilled water was used for irrigation (Ekinci et al., 2012). Although the concentration of salt
increased with increasing salinity, the overall concentration of Na in both cultivars in both substrates
was <1% of total mineral composition and Ca was <2%. This indicates that ‘Romaine’ and ‘Green Leaf
Lettuce’ are attempting to exclude salts (Table 3.6).
Increasing salinity lowered potassium concentration in both cultivars, however, all values
remained in the sufficient range for all treatments (Dutkiewicz et al., 1997). Substrate had no effect on
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potassium leaf concentrations which was unexpected. Sodium and potassium compete for uptake in
plants, and sodium is taken up more readily than potassium. As a result, plants will experience
potassium deficiencies in saline conditions (Pardo and Quintero, 2002).However, this was not the case in
our plants, and no signs of deficiency were observed. For both ‘Green Leaf Lettuce’ and ‘Romaine’, the
concentrations of nitrogen and boron remained the same under increasing salinity in both substrates
(Table 3.6). Nitrogen, the most important nutrient promoting growth, was unaffected by salinity in this
study, and confirmed results of Leaf lettuce var. Crispa irrigated with solutions of 0, 0.75, 4.5 or 7.0 dS/m
(Ekinci et al., 2012; Ünlükara et al., 2008). The range of leaf nitrogen concentrations found in both
cultivars were within the commercially recommend sufficiency range (Dutkiewicz et al., 1997) and
suggest that nitrogen deficiency was not the reason for reduced plant growth under increasing salinity.
However, phosphorous, iron and copper were all impacted by substrate. Greater amounts of
copper and iron were taken up when plants were grown in soil, however phosphorous levels were
lower. With increasing salinity in soil, iron levels decreased by 8% in ‘Green Leaf Lettuce’ and 34% in
‘Romaine’ (Table 3.6). This is consistent with results in Leaf Lettuce that experienced a 37% iron
reduction when EC was raised from 0.75 to 7 dS/m (Ünlükara et al., 2008). Both ‘Green Leaf Lettuce’
and ‘Romaine’ unexpectedly showed a reduction of potassium with increasing EC levels in both soil and
hydroponics. In Leaf Lettuce, potassium was not affected by EC levels ranging from 0.75 to 7 dS/m
(Ünlükara et al., 2008). Nitrogen, phosphorous and potassium leaf concentrations, while on the low end
for all plants, were still in the lettuce nutrient sufficiency ranges. This is also true for magnesium and
sulfur.

Porometer
Average day length in Tucson in January is 11.5 hours a day, and 12 hours a day in February.
Quantum measurements were taken at various times throughout the experiment for both cultivars in
both substrates. Photosynthetic active radiation (PAR) averages ranged from 362 to 245 µmol/m2/s for
the different measurement times. Leaf temperature and transpiration rate were not affected by
increasing salinity levels. Transpiration rates for both cultivars ranged from 0.184 to 0.087 µg/cm2/s
when grown in either substrate. This was unexpected as reduction in transpiration is a known response
of plants to stress in association with a reduction of photosynthesis. This opposes prior data that show
salinity changes transpiration rate and leaf temperature. Salt stress is a complex trait that involves
cellular changes throughout the entire plant. Plants exposed to salt can respond by decreasing
transpiration, subsequently increasing leaf temperature. In contrast to our results, Leaf Lettuce

42
experienced a 50% reduction of stomatal conductance at EC levels of 9.8 dS/m compared to distilled
water (Ekinci et al., 2012).The relationship between stress and reduced transpiration was also seen in
four lettuce cultivars Salakis, Estony, Lollo Rossa and Nika under temperature stress. Salakis, Estony and
Nika had much lower transpiration rates when grown at 20°C compared to 12 °C (Shaban et al., 2016).
Other results on Sorghum bicolor show that transpiration rate decreased after 18 days of irrigation with
10 dS/m, compared to the control (Baum et al., 1999).

Conclusions
In conclusion, results from our three trials suggest that lettuce cultivars ‘Romaine del Sol’, Leaf
Lettuce ‘Bergams Green’, and ‘Green Leaf Lettuce’ can be irrigated with water that has an EC of up to
3.6 dS/m after plants reach a height of 2 to 3 cm and produce heads of acceptable weight, height, and
quality. This proposes to Yuma lettuce growers that using water from the Colorado River with an EC of
1.5 dS/m should not be an immediate concern. Before proceeding with large-scale field production
however, field studies using irrigation water with this EC should be completed during the regular lettuce
production period in Yuma to ensure that the harsher field conditions compared to the greenhouse
conditions will yield acceptable lettuce yield and quality. In a field setting, plants are exposed to a
variety of abiotic and biotic stress that they did not encounter in the controlled environment such as
heat, pests, wind, and pathogens. Plants will be transpiring at a greater rate when grown outdoors,
which may increase salinity uptake. As a result, plants may have a greater osmotic adjustment,
something not seen in our trials. These factors might change how lettuce responds to salinity.
Additionally, in the field, it takes 82 days from sowing to harvest, which means plants would be exposed
to these factors, including salinity, for a longer period of time.
Although lettuce plants can grow in saline conditions with an EC of 5.1 dS/m up to 6.6 dS/m and
produce acceptable quality heads, plants acquired an unfavorable taste and are therefore would not
marketable. In addition to being unpleasantly salty in flavor at the highest two EC treatments, Romaine
also acquired a bitter flavor most likely as a result of higher latex production in response to salt stress.
While leaf mineral concentrations of Na and Cl increased with increasing salinity, they
accounted for a very small percentage of overall mineral concentrations, indicating that plants
attempted to exclude salts in both the hydroponic and the soil system. Higher EC concentrations in the
hydroponic solution demonstrated a preferential uptake of water and exclusion of salts with increasing
salinity. Leaf mineral concentrations in both growing substrates showed that all nutrients were within
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their sufficiency range, implying that nutrient deficiency nor toxicity impacted lettuce growth in saline
environments.
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Figure 3.1. Fresh weight and water content of Green Leaf Lettuce and Romaine lettuce grown at
four levels of salinity (2.1, 3.6, 5.1, and 6.6 dS/m) at final harvest. Means are averaged over
hydroponic and soil substrate, n=12. Treatments followed by different letters are statistically
different at p< 0.05, means separation by LSD.

Core length (cm)
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Fig 3.2. Core lengths of Romaine lettuce grown at four levels of salinity at final harvest. Means
are averaged over hydroponic and soil substrate, n=12. Treatments followed by different letters
are statistically different at p< 0.05, means separation by LSD.
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Table 3.1. Root zone salinity in soil substrate and in a hydroponic system (immediately before
changing nutrient solutions) with Green Leaf Lettuce and Romaine lettuce grown with four
levels of salinity in the irrigation solution. Root zone salinity was measured at harvest 1 to 4
which was 0, 13, 24, and 35 days after all salinity treatments were applied in hydroponics, and
0, 3, 14, and 23 days after all salinity treatments were applied in the soil. Harvest dates were
determined based on height and average diameter. (n=6)
Green Leaf Lettuce
Harvest

EC (dS/m)
Substrate
Soil

Hydroponics

Significance

Substrate
Soil

Hydroponics

Significance

Applied EC
(dS/m)
2.1
3.6
5.1
6.6
2.1
3.6
5.1
6.6
S
EC
S*EC
Applied EC
(dS/m)
2.1
3.6
5.1
6.6
2.1
3.6
5.1
6.6
S
EC
S*EC

1
0.7
1.5
1.4
1.6
2.2
4.4
6.5
9.0
<.0001
<.0001
<.0001

2
1.4
1.6
2.3
2.6
1.8
4.7
5.5
7.6
<.0001
<.0001
<.0001

3
1.4
1.8
2.4
3.0
3.8
4.9
3.8
5.1
0.0029
NS
NS

4
1.3
1.8
2.4
2.7
1.5
4.2
5.4
7.0
<.0001
<.0001
<.0001

1.2
2.2
2.6
3.4
3.3
4.2
3.1
4.4
0.0218
NS
NS

1.0
2.0
2.4
3.3
1.8
4.5
5.9
7.2
<.0001
<.0001
<.0001

Romaine
0.6
1.4
1.5
1.7
2.3
4.7
6.9
9.5
<.0001
<.0001
<.0001

1.4
1.6
2.2
2.4
1.8
4.7
5.5
7.6
<.0001
<.0001
<.0001
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Table 3.2. Shoot dry mass of Green Leaf Lettuce and Romaine lettuce at harvest 1 to 4 collected
0, 13, 24, and 35 days after all salinity treatments were applied in hydroponics, and 0, 3, 14, and
23 days after all salinity treatments were applied in the soil. Harvest dates were determined
based on height and average diameter. (n=6)
Shoot dry mass (g)

Substrate
Hydroponic

Soil

Significance

Substrate
Hydroponic

Soil

Significance

EC (dS/m)
2.1
3.6
5.1
6.6
2.1
3.6
5.1
6.6
S
EC
S*EC

1
0.3
0.2
0.3
0.2
0.1
0.1
0.1
0.1
0.0098
NS
NS

EC (dS/m)
2.1
3.6
5.1
6.6
2.1
3.6
5.1
6.6
S
EC
S*EC

1
0.2
0.2
0.2
0.1
0.4
0.4
0.5
0.5
0.001
NS
NS

Green Leaf Lettuce
Harvest
2
0.6
0.7
0.5
0.5
0.4
0.4
0.5
0.4
NS
NS
NS
Romaine
2
1.2
1.2
0.9
0.7
0.7
0.6
0.9
0.7
NS
NS
NS

3
3.5
3.7
3.3
2.6
3.2
2.7
1.8
2.2
0.0309
0.0372
NS

4
14.0
11.7
8.0
8.2
14.4
9.5
8.1
6.4
NS
0.0002
NS

3
7.2
5.9
4.2
3.8
5.9
5.2
6.6
5.1
0.0471
0.0479
0.0467

4
24.8
19.8
15.2
13.8
21.5
17.5
18.4
15.3
NS
0.0002
NS
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Table 3.3. Height and diameter of Green Leaf Lettuce and Romaine lettuce heads at harvest 1 to 4 collected 0, 13,
24, and 35 days after all salinity treatments were applied in hydroponics, and 0, 3, 14, and 23 days after all salinity
treatments were applied in the soil. Harvest dates were determined based on height and average diameter.
Substrate means n=24, EC means n=12. Treatments followed by different letters are statistically different at p<
0.05, LSD mean separation.
Green Leaf
Lettuce
Harvest

Diameter (cm)

Substrate

EC

Significance

Substrate

EC

Significance

1

2

3

4

Hydroponics

7.0a

12.9a

19.6a

29.4a

Soil

9.8b

10.9b

20.4a

26.8a

2.1

8.88a

13.0a

22.0a

32.3a

3.6

8.21a

12.5a

21.5a

29.4a

5.1

8.33a

11.3a

18.6b

25.8b

6.6

8.13a

10.8a

17.9b

24.9b

S

0.0033

0.0355

NS

NS

EC

NS

NS

0.0007

<.0001

S*EC

NS

NS
Romaine
Harvest

NS

NS

1

2

3

4

Hydroponics

8.0a

14.8a

25.8a

37.7a

Soil

13.0b

15.5a

32.8b

36.9a

2.1

8.9a

15.6a

32.2a

40.4a

3.6

9.3a

15.9a

30.0ab

37.4b

5.1

9.8a

15.6a

28.6bc

36.2b

6.6

10.0a

13.5a

26.4c

35.3b

S

0.0002

NS

0.0005

NS

EC

NS

NS

0.0008

0.0086

S*EC

NS

0.022

NS

NS
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Green Leaf
Lettuce
Harvest

Height (cm)
Substrate

EC

Significance

1

2

3

4

Hydroponics

5.0a

7.8a

12.0a

21.0a

Soil

5.9a

5.3b

11.9a

15.5b

2.1

5.7a

7.6a

13.3a

20.8a

3.6

5.4a

6.5a

13.0a

18.7ab

5.1

5.2a

6.1a

10.8b

17.1bc

6.6

5.6a

6.2a

10.9b

16.3c

S

NS

0.0036

NS

NS

EC

NS

NS

0.0183

0.0013

S*EC

NS

NS

NS

NS

Romaine
Harvest

Substrate

EC

Significance

1

2

3

4

Hydroponics

13.0a

13.4a

18.3a

25.2a

Soil

9.0a

11.5a

16.3a

19.7b

2.1

9.6a

13.9a

20.7a

27.3a

3.6

10.4a

12.9a

17.7b

23.1b

5.1

10.6a

12.6ab

16.9b

20.3bc

6.6

9.8a

10.3b

13.9c

19.2b

S

NS

NS

NS

0.0114

EC

NS

0.0246

<.0001

<.0001

S*EC

NS

NS

NS

NS
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Table 3.4. Leaf number of Green Leaf Lettuce and Romaine at levels 2.1, 3.6, 5.1 and 6.6 dS/m
at harvest four. Substrate means n=24, EC means n=12. Treatments followed by different
letters are statistically different at p< 0.05.
Leaf Number
Substrate

EC

Significance

Green Leaf Lettuce

Romaine

Hydroponics

16.8a

18.7a

Soil

13.2b

18.9a

2.1

17.0a

21.2a

3.6

14.8a

19.6a

5.1

12.5b

16.8b

6.6

12.1b

17.7b

S

0.003

NS

EC

<.0001

0.0068

S*EC

NS

NS
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Table 3.5. Substrate main effects on BRIX in ‘Green Leaf Lettuce’ and ‘Romaine’ lettuce at
harvest 1 to 4 collected 0, 13, 24, and 35 days after all salinity treatments were applied in
hydroponics, and 0, 3, 14, and 23 days after all salinity treatments were applied in the soil. EC
main effect on ‘Green Leaf Lettuce’ at levels 2.1, 3.6, 5.1 and 6.6 dS/m. Harvest dates were
determined based on size. (Substrate means n=24, EC means n=12)

BRIX (%)
Substrate
EC

Significance

Substrate
Significance

Hydroponics
Soil
2.1
3.6
5.1
6.6
S
EC
S*EC

1
5.8
2.9
4.5
3.6
4.3
5.0
0.0003
0.0178
NS

Hydroponics
Soil
S
EC
S*EC

1
6.3
3.5
0.0002
NS
NS

Green Leaf Lettuce
Harvest
2
3
3.8
3.7
2.9
4.5
3.5
3.8
3.2
4.0
3.4
4.3
3.2
4.2
0.0027
NS
NS
NS
NS
NS
Romaine
Harvest
2
3
4.4
4.6
3.5
5.1
0.0201
NS
NS
NS
NS
NS

4
4.4
5.9
4.8
4.9
4.7
6.2
0.0098
0.0282
NS

4
7.6
7.1
0.0054
NS
NS

Table 3.6. Mineral content analysis (% for N through S and ppm for B through Cu) in Romaine and Green Leaf Lettuce at final
harvest. Means are averaged over hydroponic and soil substrate, n=12.
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