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ABSTRACT 
 

Increased salinity levels in irrigation water are often attributed to natural 

weathering, as well as runoff from industrial and agricultural production.  As fresh 

water sources rapidly deplete on a global scale, availability of quality irrigation water 

has become an issue in many regions of the United States. Salinity tolerance 

mechanisms in plants are generally sorted into one or more of three established salt 

responses (exclusion, excretion, and accumulation).   Although poorly understood, 

tolerance mechanisms may be enhanced through any number of environmental 

variables including presence of soluble calcium in soil or water. Three species of 

bedding plants, Artemisia schmidtiana ‘Silver Mound’ (Silver Mound Artemisia), 

Eustoma exaltatum ssp. russellianum (Texas Bluebells) and Anisacanthus quadrifidus 

(Hummingbird Bush) were evaluated for their respective salinity tolerance to 

increased levels of sodium (Na) and calcium (Ca). Species were suspended in a 

hydroponic system using a randomized complete block design with a control (~1.5 

dS/m) and three salinity treatments (3 mS/cm, 6 mS/cm and 12 mS/cm) mixed using a 

2:1 ratio of Na to Ca. Nutrients were provided via a half-strength Hoagland’s 

solution.   After 90 days, dry weight and length measurements were taken on root and 

shoot tissue. Tissue was then dried and ground for tissue analysis to determine % Na, 

% Ca and Cl ppm and identify salt mobility into the leaves.  Tissue analysis could 

only be performed on A. schmidtiana ‘Silver Mound’ and A. quadrifidus, as E. 

exaltatum ssp. russellianum had insufficient tissue. Generally, no differences were 

found between treatments with either A. schmidtiana ‘Silver Mound’ or E. exaltatum 



Texas Tech University, Rebecca Grubbs, August 2013  

v 
 

 
 

ssp. russellianum. Linear regression analyses indicate there was a decrease in root and 

shoot lengths in A. quadrifidus with increasing salinity levels. Additional regression 

analysis also indicates shoot dry weights decreased with increasing salinity.  However, 

there was no relationship between root dry weight and salinity level.  As expected, an 

increase in salinity yielded a positive slope with % Na and Cl ppm. There was no 

relationship determined between higher salinity and % Ca suggesting the possibility 

that limited calcium mobility may have been overwhelmed by sodium influx resulting 

in the overall decline in plant health. 
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     INTRODUCTION AND LITERATURE REVIEW

The southern High Plains is a semiarid region of the United States extending 

from North West Texas to eastern New Mexico (Scanlon et al., 2007).  In 

conjunction with drought, salinity is one of the most limiting abiotic factors to plant 

growth and appearance in arid and semiarid regions throughout the world 

(Pessarakli, 2011; Niu et al., 2010; Havlin et al., 2005).  Understanding salinity 

tolerance in bedding plants for the Southern High Plains addresses two independent 

concerns: 1) naturally higher regional salt levels and 2) the quality of reclaimed 

water as an alternative irrigation source. Additionally, cataloging of tolerance 

mechanisms serves to create a broader understanding of halophytic, or salt-loving, 

physiology across all plant species. 

Natural Salt Accumulation 

Salts accumulate in the soil as a result of natural weathering and other 

environmental factors (McMahon et al., 2007; Pessarakli, 2011; Havlin et al., 

2005). Additional input by conventional agriculture and industrial run-off further 

promotes salt build-up (Pessarakli, 2011; Huang and Cox, 1988). An estimated 

10% of the world’s total land mass was  reported as salt-affected for 2010 with 157 

thousand km2 found in North America alone (Pessarakli, 2011). In arid and 

semiarid regions, rapid evaporation from wind and heat results in salt crusts on soil 

surfaces receiving less than 50 cm of annual rainfall (Pessarakli, 2011; Gul and 

Khan, 2006; Havlin et al., 2005). Additionally, salinity in depleting groundwater 

     CHAPTER I
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sources, like those on the Southern High Plains, tends to be greater when compared 

to stable water assets (Chowdhury et al., 2006; Schriver and Hopkins, 1998). 

Secondary Water Sources 

Sustainability of natural resources has been and continues to become a 

widely- studied topic in numerous scientific fields. Competition for fresh water 

resources has provoked the use of municipal reclaimed water for crop production 

and golf course management with growing discussion of use in private landscapes 

(Niu et al., 2010; Carter and Grieve, 2006; TWDB, 2013). Using recycled city 

water for residential landscaping and commercial bedding plant production may be 

more environmentally and economically efficient, as landscapes account for 70% of 

municipal water used during traditional growing seasons (Carter and Grieve, 2006; 

Niu et al., 2010; Lockett, 2000).  Many communities in the Southern High Plains 

currently use reclaimed water for golf courses, landscape irrigation, and cooling 

towers associated with power generation. New water management strategies are 

being implemented in southwestern states such as Texas where the new State Water 

Plan would increase cubic meters of reused water from approximately 1.24×108 m3

in 2010 to 9.15×108 m3 state-wide by the year 2060  (Callahan et al., 2012; TWDB, 

2013). 

Higher concentrations of soluble ions in non-potable water sources give rise 

to extensive discussion regarding the effect of reclaimed water on plant health and 

appearance (Niu et al., 2010; TWDB, 2013; Parsons et al., 2010).  In some cases, 

nutrient-rich reclaimed water sources have been found to be more valuable to 
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ornamental plant production than traditional potable water as small increases in 

salinity allow some ornamental plant species to maintain a more compact, attractive 

appearance without the use of growth regulators (Cabrera and Perdomo, 2003).  In 

order to improve sustainable production possibilities for both private and 

commercial growers, individual plant needs and tolerances must be better 

understood (Niu et al., 2010; Yensen, 2006). 

Establishing Tolerance 

Salinity tolerance is species-specific (Niu et al., 2010; Pessarakli, 2011; 

Carter and Grieve, 2006). Sensitivity tends to be greater in ornamental bedding 

plants, as many tend to fall into the glycophytic, or sugar-loving, category (Carter 

and Grieve, 2006; Yensen, 2006). Plant toxicity can occur when glycophytic plants 

are exposed to excess quantities of salts from soil or water resources (Pessarakli, 

2011).  Symptoms of salt-toxicity are similar to water stress including wilt, stunted 

growth and potential foliage color change (McMahon et al., 2007).  In addition to 

ionic imbalances, excess salts may result in the collapse of soil structure and create 

water stress within the plant. 

Identifying and establishing greater understanding halophytic bedding plants 

is of value both in areas with saline soils, as well as in areas transitioning to reclaimed 

water as a result of limited freshwater resources (Yensen, 2006; Niu et al., 2010).  

The Southern High Plains falls into both of these categories and provides an excellent 

environment in which to conduct salinity research. 
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Salinity Measurement 

Salinity is generally discussed either in units of total dissolved solids or in 

units of electrical conductivity (EC) (Anderson and Cummings, 1999).  Published 

research, generally describes salinity by EC in deciSiemen per meter (dS/m) 

indicating the charge capacity of a given solution.  An EC of 1 dS/m is equivalent to 

approximately 550 ppm (Natural Resource Management Board, 2013). 

A scale released in 1954 demonstrates various ranges of electrical 

conductivity and their proposed degree of salinity (Richards, 1954; Pessarakli, 

2011).  While this scale indicates soils with an EC of less than 2 dS/m are 

considered “nonsaline,” additional research indicates some bedding plant species 

prefer an EC of less than 0.6 dS/m (Huang and Cox, 1988).  Random testing of local 

tap-water maintained an average electrical conductivity (EC) of between 1.3 and 1.7 

dS/m. Many researchers result to testing a broad range of EC’s to determine the 

overall degree of tolerance beyond the needs of one environment (Huang and Cox, 

1988; Niu et al., 2010). 

Specific response to salinity is highly dependent on species, climate, and 

other contributing factors (Hajiboland et al., 2010; Niu et al., 2010). Some families 

of floral crops, such as Asteraceae and Gentianaceae, have been found to exhibit 

halophytic, or salt tolerant, qualities (Carter and Grieve, 2006).  However, the 

species-specific tolerances of Artemisia schmidtiana ‘Silver Mound’ Maxim 

(Asteraceae), Anisacanthus quadrifidus var. wrightii (Torr.) Henrickson 

(Acanthaceae) and Eustoma exaltatum ssp. russellianum (Hook.) Kartesz 

(Gentianaceae) remain poorly understood. 
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Plant Materials and Related Species 
 

A. quadrifidus var. wrightii, or Hummingbird Bush, is a perennial shrub 

from the Acanthaceae family native to Texas and grown for its bright red or orange 

tubular flowers (Ladybird Johnson Wildflower Center, 2010).  Hardy to zone 7, it 

is used extensively on the Southern High Plains for its adaptability to various soil 

types and heat tolerance.  Salinity tolerance of A. quadrifidus and related species is 

poorly understood. 

A. schmidtiana ‘Silver Mound’ is a smaller herbaceous perennial grown 

primarily for its softer, silver foliage and mounding, compact growth habit (Rhodus, 

2013). Although native to Japan, it is hardy from zones 3 to 7 and fairly drought 

tolerant, prompting its frequent landscape use on the Southern High Plains. Related 

species, A. stelleriana and A. fukudo, were analyzed in a comparative study of salt 

tolerance and found to have varying tolerances indicative of their respective native 

environments (Ishikawa and Kachi, 2000). A. annua L. demonstrated increases in 

fresh and dry weight with increasing salinity treatment until treatments exceeded 6 

dS m-1, and weights began to decline (Prasad et al., 1997).  A. annua L. may have a 

threshold of salinity tolerance before succumbing to sodium toxicity (Prasad et al., 

1997). 

E. exaltatum ssp. russellianum (Texas Bluebells) is a deciduous 

herbaceous plant with large, purple or blue flowers native to the Southwestern 

United States (Ladybird Johnson Wildflower Center, 2009).  Floral quality of E. 

grandiflorum (Lisianthus) seemed to improve without visible negative 
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consequences through a salinity level of 6.0 dS m-1, suggesting a moderate 

threshold for sodium tolerance (Shillo et al., 2002). 

Comprehensive Ion Involvement 

Water and soil composition vary greatly geographically, but most water 

sources are dominated by Na+, Ca2+, Mg2+, Cl-, SO4
2-, and HCO3

- (Grattan and 

Grieve, 1999).   Texas soils commonly contain sulfate, magnesium and potassium 

ions in addition to sodium and chloride (Gaylord and Egan, 2006). Additionally, 

soils in the southwestern United States  tend to be more calcareous with thick 

horizons of calcium carbonate (Beckwith and Hansen, 1982). 

A balance of several nutrients, including magnesium, calcium and sulfur, 

has been found to play a critical role in plant response to stress (Carvajal et al., 

1999, Liu and Zhu, 1998, Nazar et al., 2011). Many salt ions serve a physiological 

purpose within the plant when present in limited quantities. Chloride, for example, 

is a common anion found in salts that may be used by the plant for cation and 

osmotic neutralization (Havlin et al., 2005).  Chloride toxicity can cause leaf 

thickening and curling, decreased carbohydrate storage and a decrease in water 

uptake as a result of high osmotic pressure.  Most salinity concerns, however, tend 

to center on excess sodium in a plant’s immediate environment (Pessarakli, 2011; 

Gaylord and Egan, 2006; Carter and Grieve, 2006). 

Sodium is a cation associated with turgor pressure in halophytic plants.  In 

high quantities, sodium is known to be toxic (Havlin et al., 2005). Although 

researchers disagree as to whether sodium should be labeled as a true plant 
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micronutrient, it has been noted as beneficial to many halophytic and C4 plant 

species by improving water relations, offsetting potassium deficiency, and 

increasing leaf area 

or succulence (Havlin et al., 2005; Prasad et al., 1997).   In soils where sodium ions 

accumulate heavily, soil structure may be compromised and water permeability is 

reduced with the formation of sodium-dominated salt crusts (Havlin et al., 2005; 

McMahon et al., 2007).   Furthermore, the relationship of sodium to other ions such 

as potassium and calcium shifts in favor of the sodium resulting in disruptive ion 

imbalances under conditions of high salinity (Hajiboland et al., 2010).  In Nitellopsis 

obtuse, with a rapid influx of sodium, compartmentalization responses are 

overwhelmed and potassium efflux occurs (Katsuhara and Tazawa, 1990).  Cellular 

homeostasis is lost resulting in acidification of the cytoplasm and tissue necrosis. 

Potential for sodium uptake and mobility varies by species (Pessarakli, 2011). 

Calcium has been found to alleviate symptoms of sodium sensitivity in many 

species of both halophytic and non-halophytic plants (Gul and Khan, 2006; Liu and 

Zhu, 1998).  In the absence of calcium, NaCl treatments provoke an almost 

immediate membrane depolarization and a reduction in the amount of membrane 

resistance to ion imbalance (Katsuhara and Tazawa, 1990).  Soluble calcium in the 

root zone has been shown to slow membrane response to sodium toxicity in select 

species.  Addition of calcium to media may assist in maintaining potassium levels 

within the cell critical to cell function (Liu and Zhu, 1998). However, if plants are 

exposed to higher levels of calcium for extended periods, other negative effects may 
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be seen (Parida and Das, 2005). True salinity tolerance may only be determined 

using a comprehensive approach in which real-world conditions are simulated to 

account for a wide variety of contributing factors (Carter and Grieve, 2006; Liu and 

Zhu, 1998).  As a result of imbalanced treatment solutions, calcium deficiency may 

have been mistaken for salt-sensitivity in some species (Carter and Grieve, 2006).  

Maintaining a Na+/ (Na+ + Ca2+) ratio of between 0.1 and 0.7 is critical. 

Quantifying and Enhancing Salt Tolerance 

Salinity tolerance is not absolute and is expressed in varying degrees based 

on environment, nutrition, and salt composition (Pessarakli, 2011).  Research 

performed on a native Texas saltbush, Artemisia prostrata, indicated greater growth 

inhibition with potassium salts than with sodium salts, a phenomenon very possible 

in other species (Gaylord and Egan, 2006).  Comparative studies of NaCl and KCl 

tolerance may provide a clearer picture of halophytic response across species. 

The University of Florida released a tolerance scale to gauge relative salinity 

tolerances of various plants (Haman, 1997). Plants may be divided into four general 

categories: sensitive (1.4 dS/m), moderately sensitive (3.0 dS/m), moderately 

tolerant (6 dS/m) and tolerant (10 dS/m). Plants that thrive in saline conditions may 

be further classified as halophytes or, if there is a limited tolerance threshold, 

miohalophytes (Yensen, 2006; Pessarakli, 2011).  There are approximately 2600 

confirmed halophytes globally (Pessarakli, 2011). Halophytes tend to utilize one or 

more of three primary mechanisms: exclusion, excretion, and accumulation.  All 

categories of tolerant or halophytic plants are equally challenged with the task of 
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osmotic adjustment to address the disruption in water potential between roots and 

rhizosphere (Flowers and Colmer, 2008). 

Exclusionary halophytes are not considered truly tolerant, but rather exclude 

salts from uptake at the root level so that they are never present in the tissue 

(Flowers and Colmer, 2008; Yensen, 2006). Species that exclude salts such as 

Hordeum ssp. or Melilotus ssp, tend to be glycophytes that exhaust extensive 

energy to prevent salts from entering the vascular system, a process most efficient 

with reduced salt pressure (Yensen, 2006).  Salt-accumulating plants including 

Atriplex ssp., sequester and compartmentalize sodium and similar ions in the 

vacuole to reduce toxic effects. Finally, some species such as Avicennia ssp. will 

excrete toxic salts from designated glands maintaining low levels of salt in the root 

and leaf tissue. The degree to which plants will exercise these forms of salt stress 

response varies greatly and is still poorly understood, blurring the line between 

halophytic and glycophytic species (Pessarakli, 2011). 

Enhancing tolerance thresholds in various plant species is invaluable to 

sustainable landscaping and crop production (Yensen, 2006; Nazar et al., 2011). 

Efficient fertilizer practices are one critical way of achieving this as many plants 

decline from salinity as a result of nutrient deficiency (Munns and Tester, 2008; 

Nazar et al., 2011). The addition of soluble calcium to media or water may prevent 

membrane depolarization and slow the negative effects of sodium toxicity 

(Katsuhara and Tazawa, 1990; Gul and Khan, 2006).  Furthermore, the additional 

uptake of sulfur, a constituent of glutathione, may aid in enhancing stress response 
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caused by radical oxygen (Nazar et al., 2011). 

The use of some microbial organisms such as arbuscular mycorrhizal fungi 

(AMF), found commonly in saline soils, has also been shown to enhance salinity 

tolerance to a small degree  (Hajiboland et al., 2010).  It is well-known mycorrhizal 

fungi can help with phosphorous assimilation into the root system. AMF are also 

associated with proline uptake, a protective solute frequently contributing to osmotic 

adjustment required by cells experiencing oxidative stress caused by abiotic 

conditions such as salinity (Hajiboland et al., 2010).  Remediation of oxidative stress 

by AMF is highly dependent on physiological compositions of specific cultivars and 

cannot always been confidently predicted. The use of plant-promoting bacteria such 

as Azosporillum brasilense have also been found to remediate salt toxicity in plants 

such as sweet pepper by off-setting negative impacts of salt stress and maintaining 

healthy K/Na ratios (del Amor and Cuadra-Crespo, 2012). 

Benefits of Haloculture 

Critical to determining and establishing salt tolerance in any plant, is a clear 

and concise understanding of the species’ environment and physiological needs 

relative to other species (Pessarakli, 2011).  More commercial horticulture producers 

are using hydroponic systems as an efficient and precise means of nutrient 

application and environmental control during production (Carvajal et al., 1999).  

Similar reasons can render such a system valuable to the study of ionic interactions 

like those affecting salinity tolerance. 

The value of salinity research lies in the ability of halophytic and 
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miohalophytic plants to offer a sustainable alternative to traditional glycophytic 

plants in both coastal and inland environments (Pessarakli, 2011; Yensen, 2006). 

Growth and production of halophytic or salt-tolerant plants is referred to as 

haloculture (Yensen, 2006). In an exploration of halophyte uses, Yensen discusses 

the viability of haloculture given the wide range of halophytic crops used for food, 

shelter, fuel and 

aesthetics. Cataloging any additional insight as to the mechanisms of salinity 

tolerance is critical to creating a broadened vision of a sustainable future. 

This research serves as the first step in establishing a larger database of 

plants suitable to unique environments comparable to the Southern High Plains. 

Educated recommendations by local producers and retailers could create 

opportunities for low- impact landscapes capable of transitioning to reclaimed-water 

irrigation without a loss in appearance for the consumer. 

Additionally, improved understanding of halophyte physiology creates 

opportunities to discover new species capable of bio-remediation through salt 

conduction, as well as, breeding opportunities for the introduction of salt-tolerant 

staple crops used to feed and clothe the world (Yensen, 2006). 
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DETERMINING THE SALINITY TOLERANCES OF THREE HIGH PLAINS 
BEDDING PLANT SPECIES IN A HYDROPONICS SETTING 

Introduction 

Salts are soluble ion compounds that build up naturally in soil and water 

resources as a result of mineral weathering and other environmental factors (Havlin et 

al., 2005; McMahon et al., 2007).  Although many common salt ions such as chloride, 

potassium and phosphorous serve as valuable nutrients in plant physiology, toxic 

quantities may lead to species stress and overall plant decline. Although some 

research indicates halophytic plants use measurable amounts of sodium to maintain 

turgor pressure in the cell, sodium requirements in plant function are not fully 

understood (Havlin et al., 2005). 

Salinity concerns are particularly common on the southern High Plains of the 

United States, a semiarid region extending from northwest Texas to eastern New 

Mexico (Scanlon et al., 2007).  Arid and semiarid regions throughout the world are 

more susceptible to salt accumulation due to insufficient precipitation and high 

evaporation rates (Havlin et al., 2005; Gul and Khan, 2006).  Water resource concerns 

on the High Plains are compounded by limitations in water quantity and extensive 

agricultural activity that may further disrupt salinity levels of municipal groundwater 

resources and regional soils (Huang and Cox, 1988; Scanlon et al., 2007). 

Water quality and quantity concerns extend to private residences, particularly 

given that urban landscapes account for 70% of total water used (Lockett, 2000). 

Competition for freshwater in arid and semiarid regions have prompted growing 

     CHAPTER II
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discussion regarding the use of reclaimed, or recycled, water sources as an alternative 

means of irrigation in residential landscapes (Niu et al., 2010).  The state of Texas 

currently uses 1.24×108 m3 of reclaimed water and plans to increase this nine-fold by 

the year 2060 (Callahan et al., 2012, TWDB, 2013). Several cities on the southern 

High Plains already use reclaimed water for golf courses, limited landscape irrigation, 

and cooling towers associated with power generation.   While reclaimed water is 

generally thought to have greater nutrient availability, salts may also be more 

prevalent than in potable water sources (Niu et al., 2010; Parsons et al., 2010). 

Hesitation to use recycled water primarily revolves around concerns that 

additional salts may prove detrimental to the health and appearance of landscapes and 

commercial bedding plants. Understanding and establishing salinity tolerance in 

bedding plant species is critical both to combating environmental obstacles, as well as 

creating opportunities to expand use of secondary water sources with improved plant 

selection awareness for producers and consumers (Yensen, 2006). Additionally, 

increased understanding of general salt-tolerance mechanisms can help create 

possibilities for sustainable production systems by offering greater insight into related 

horticultural and agronomic crops. 

While salinity stress is a comprehensive problem involving numerous ions, salt 

toxicity is typically associated with sodium ion accumulation exceeding a specific 

plant’s natural ability to maintain cellular homeostasis (Havlin et al., 2005; Katsuhara 

and Tazawa, 1990).  Excess sodium also reduces water permeability through the soil 

and disrupts osmotic potential critical to water uptake.  Symptoms of salt toxicity are 

further exacerbated by toxic chloride levels. Controlled environment research has 
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demonstrated partial amelioration of membrane depolarization and other consequences 

of sodium toxicity through the introduction of soluble calcium to the root zone 

(Katsuhara and Tazawa, 1990; Gul and Khan, 2006). 

Given the level of concern regarding water quality and quantity, studies to 

determine water application methods, remediation, and plant selection are ongoing. 

Controlled environments, such as hydroponic systems, tend to offer more efficient 

research conditions and reduce superfluous variables related to nutrient availability 

and climate (Carvajal et al., 1999).  To more accurately gauge salinity tolerance, 

treatments should represent real-world conditions including the maintenance of a Na+/ 

(Na+ + Ca2+) ratio of between 0.1 and 0.7 (Carter and Grieve, 2006).  Utilization of 

sodium as the singular salt in a salinity treatment may yield inaccurate results poorly 

representing a plant’s probable performance in a natural setting. 

Plants are often divided into two categories with regard to their salt tolerance: 

halophytic (salt-loving) and glycophytic (sweet-loving) (Yensen, 2006; Pessarakli, 

2011).  However, most species tend to fall between the two categories depending on 

the concentration and composition of salts, nutrient availability, water permeability, 

and species physiology.  Some glycophytic plants may express a threshold for salt 

tolerance as a result of osmotic adjustment or exclusion. Unlike halophytes, 

glycophytes will not thrive or flourish in saline environments (Yensen, 2006; Flowers 

and Colmer, 2008).  There are three primary mechanisms for salinity tolerance: 

exclusion of salts from root uptake, excretion of salts through salt glands, and 

accumulation of salts into storage organelles like the vacuole. 
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Salinity tolerance of bedding plants is species-specific (Carter and Grieve, 

2006; Niu et al., 2010).  Although some species of Asteraceae and Gentianaceae crops 

have been found to be salt tolerant, specific tolerances of Artemisia schmidtiana 

‘Silver Mound’ (Asteraceae), Anisacanthus quadrifidus (Acanthaceae) and Eustoma 

exaltatum ssp. russellianum (Gentianaceae) remain poorly understood.  Previous 

research indicates some species may be miohalophytes, or plants that benefit from 

only mild or moderate levels of salinity (Yensen, 2006; Prasad et al., 1997).  Selection 

and utilization of this type of species would provide a partial solution to plant 

selection and utilization in saline environments. 

The immediate objective of this study was two-fold. The primary intention 

was to determine the salinity tolerance of three bedding plant species in a hydroponic 

setting: A. schmidtiana ‘Silver Mound’, A. quadrifidus (Hummingbird Bush), and E. 

exaltatum ssp. russellianum (Texas Bluebells). The secondary intention was to begin 

cataloging plant species more suitable to regional conditions in the hopes of building a 

larger commercial list of resource-use efficient landscape crops for the Southern High 

Plains. 

The overarching goal of this research was to contribute to the identification 

and understanding of halophyte physiology in order to accommodate global 

limitations in plant growth relative to resource quality and availability. 

Materials and Methods 

A hydroponics system was designed to determine relative salinity tolerances 

for three species of drought tolerant bedding plants common to the Southern High 

Plains: Artemisia schmidtiana ‘Silver Mound’ (Artemisia), Anisacanthus quadrifidus 
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(Hummingbird Bush) and Eustoma exaltatum ssp. russellianum (Texas Bluebells). 

Species were selected based on local availability and a presumed degree of salt 

tolerance gleamed from previous research and known regional conditions (Ishikawa 

and Kachi, 2000; Shillo et al., 2002). The hydroponics system was inspired by Dr. 

Mohammad Pessarakli at the University of Arizona and modified to accommodate the 

specific needs of this experiment (Pessarakli and Kopec, 2009). 

System Construction and Experimental Design 

Each species was propagated by a professional grower and initially potted in a 

square container approximately 8 cm × 8 cm × 8 cm. Upon arrival, plants were 

allowed to equilibrate under standard greenhouse conditions at the Texas Tech 

Greenhouse facility in Lubbock, TX for two weeks prior to transplant into the 

hydroponics system.  Greenhouse maintained an average daytime temperature of 

approximately 32° C and an average nighttime temperature of approximately 24° C. 

However, temperatures fluctuated daily in response to outdoor conditions.  Light 

quantity and quality were also reflective of outdoor conditions for late-July through 

mid-October of 2012. 

Root systems were washed thoroughly and transplanted into modified plastic 

containers customized with 40 mesh bottoms.  New, rounded containers were 

comparable in dimension and volume to initial square containers with approximately 

an 8 cm diameter and 9 cm depth.  This container design allowed for optimum root 

expansion and ease of determination of root growth.  Containers were backfilled with 
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a fine pea gravel to encourage maximum drainage and aeration while providing 

support for the plant. 

Plants were arranged using a randomized complete block design consisting of 

4 treatments, 3 blocks per treatment, and 9 repetitions per block for a total of 108 

specimens per repetition in time. Both experimental replications were housed side-by- 

side in the greenhouse with a 5 week separation in start time.   Prior to initiation of 

treatments, all species were suspended in a half-strength Hoagland’s solution, and 

allowed to sit for 4 weeks to reduce effects of transplant shock (Pessarakli and Kopec, 

2009). 

Hydroponics system was constructed using 12 plastic tubs for each 

experimental replication.  Each tub held approximately 20L of municipal Lubbock tap 

water. Matching plastic lids were cut to suspend 3 plants of each species randomly 

assigned and spaced at equal distances for a total of 9 plants per tub. Aeration was 

maintained with the addition of a ~10 cm aquarium air stone connected to an 

electronic air pump through a network of plastic 6.4 mm tubing. Each replication had 

its own air pump which ran continuously until experiment termination. 

Treatments and Maintenance 

Treatments were selected based on a salinity tolerance threshold scale 

published by the University of Florida in 1997 (Haman, 1997).  Using this scale, plant 

species may be divided into four categories: sensitive (1.4 dS/m), moderately sensitive 

(3.0 dS/m), moderately tolerant (6 dS/m) and tolerant (10 dS/m). 



Texas Tech University, Rebecca Grubbs, August 2013 

22 

 

 

 
 

Municipal Lubbock tap water was used as the control treatment.  Sampling of 

municipal tap during the summer of 2012 revealed an electrical conductivity (EC) 

between 1.3 and 1.7 ds/m. Subsequent treatments of 3 dS/m, 6 dS/m and 12 dS/m 

were used to establish a thorough and complete understanding of tolerance for each 

species. Each treatment was mixed into municipal water using a 2:1 NaCl:CaCl2 salt 

solution to simulate realistic water composition (Carter and Grieve, 2006). 

Additionally, all tub solutions were remixed on a biweekly basis with the half-strength 

Hoagland’s solution to maintain accurate EC levels and to reduce the risk of microbial 

contamination and nutrient deficiency (Pessarakli and Kopec, 2009). 

 
Data Collection and Tissue Analysis 

 

Prior to treatment, length (cm) measurements for shoot and new root growth 

were taken from each specimen and tracked with subsequent data collection on a 

biweekly basis. Additional observations were made to monitor flowering, 

discoloration, or pests.  Ninety days after treatment initiation, experiments were 

terminated. Data collection included shoot and root growth, visual appearance and dry 

weight of each plant.  Visual appearance rated using a criterion reference scale 

modified from the National Turf Evaluation Program visual ratings scale in which “0” 

indicated plant death and “9” indicated optimum plant appearance relative to 

presumed commercial value (Morris and Shearman, 2000).  For plant species A. 

quadrifidus and E. exaltatum ssp. russellianum, ratings of “6” or above were reserved 

for flowering plants. 
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Tissue samples for each plant were placed in a paper sack and dried 10-14 days 

in a drying facility.  Dry weights (g) were collected for each root and shoot sample 

before being ground to a fine 40 mesh and subjected to tissue analysis for % calcium 

(Ca), % sodium (Na), and chloride (Cl) ppm at a local lab facility. Due to limitations 

in shoot dry mass, tissue was consolidated by block and species with 3 shoot samples 

per envelope for analysis. Additionally, only shoot samples for A. quadrifidus and A. 

schmidtiana had sufficient mass for a complete tissue analysis. Shoot tissue analysis 

was performed with the intention of understanding solute movement through the plant 

tissue and sequestration into plant structures.  Dry weight data was also used to 

calculate root/shoot ratios. 

Data were exposed to a homogeneity of variance (HOV) test using SAS 

software version 9.1.3 (SAS Institute Inc., Cary NC) to determine whether individual 

replications could be pooled for a larger sample size, and more a concise approach to 

statistical analysis.  While all data could be pooled for A. schmidtiana ‘Silver Mound’ 

and A. quadrifidus, respectively, root and shoot data for E.exaltatum ssp. russellianum 

was analyzed separately by replication. 

Data (appearance, tissue content, dry weight, and growth relative to specific 

EC level) were exposed to analysis of variance (ANOVA) appropriate for a 

randomized complete block design. If differences were found, means were separated 

by Fisher’s least significance difference procedure (LSD p < 0.05) using SAS software 

version 9.1.3 (SAS Institute Inc., Cary NC). When differences were found between 

treatment means for a given variable, additional linear and quadratic regression 
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analyses were performed in SigmaPlot Version 12.5 (Systat Software, San Jose CA) 

based on data trend and best-fit. 

 
Results and Discussion 

 

Hummingbird Bush (A. quadrifidus) 
 

Pooled shoot and root data for A. quadrifidus exhibited a number of differences 

between treatments. Shoot height data indicated differences between all treatments 

(Fig. 2.1), and an inverted relationship was revealed between height (cm) and salinity 

level with a strong negative slope (Fig. 2.2).  Similarly, shoot dry weight means 

demonstrated differences between all treatments (Fig. 2.3).  Linear regression analysis 

for shoot dry weight resulted in a weak negative slope, or inverted relationship 

between dry weight and salinity level (Fig. 2.4).  Although root length did present 

differences between treatments (Fig. 2.5) with a weak negative slope (Fig. 2.6), no 

differences were found between treatments for average root dry weights (Fig. 2.7). 

Root-to-shoot ratio differed by treatment (Fig. 2.8) with a strong positive slope 

indicating a clear linear relationship between root:shoot and EC (Fig. 2.9). 

Table 2.1 summarizes calcium (%), sodium (%), and chloride (ppm) analysis 

results for A. quadrifidus shoot tissue.  Differences were found between treatments for 

all three ions.  Regression analyses for % Ca and % Na revealed that while a strong 

linear relationship exists between electrical conductivity (EC) and % Na, the 

relationship between EC and % Ca was quadratic (Fig. 2.10).  Linear regression 

analysis for chloride resulted in a strong positive slope indicating a definitive linear 

relationship between Cl (ppm) and EC (Fig. 2.11). 



Texas Tech University, Rebecca Grubbs, August 2013 

25 

Salinity level had a clear impact on visual appearance (Fig. 2.12).  Despite 

greater shoot heights and dry weights, control plants exposed to salinity levels of ~1.5 

dS/m had a less appealing growth habit with an average visual rating of 3.9 and a 

reduced flowering rate of 11.1% at termination.  Low to moderate salinity levels of 3 

dS/m and 6 dS/m produced more compact plants with greater visual ratings at 5.3 and 

6.6, respectively.  Flowering rates were also greater at 61.1% for 3 dS/m and 83.3% 

for 6 dS/m.  Salinity levels of 12 dS/m resulted in stunted growth and plant decline 

with a reduced average rating of 4.3 and flowering rate of 44.4%. Despite control 

attempts, Psuedococcidae pests (mealybugs) were noted on several specimens around 

apical meristem and flowers (Fig. 2.13A). Additionally, several plants at the ~1.5 

dS/m and 3 dS/m levels exhibited moderate to severe intraveinal chlorosis (Fig. 

2.13B) and tip burn (Fig. 2.13C). 

Optimum salinity range for commercial production and maintenance of A. 

quadrifidus using a 2:1 NaCl-CaCl saline solution appears to be 3 dS/m-6 dS/m 

implying a miohalophytic plant status.  Miohalophytes are plants classified as limited 

“salt-lovers” with a specific threshold for optimized growth and tolerance in a saline 

environment (Yensen, 2006).  Extreme vegetative growth and intraveinal chlorosis at 

the ~1.5 dS/m level indicates possible nutrient imbalances that may have been off-set 

by ion composition of 3 dS/m and 6 dS/m treatments (Niu et al., 2010; Havlin et al., 

2005). Previous research has indicated saline secondary water sources may optimize 

visual appearance in ornamental plant species by maintaining compact growth habits 

and richer leaf color without the use of growth regulators or supplementary fertilizers 

(Niu et al., 2010). 
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Stunted growth and species decline at 12 dS/m EC may have been an 

indication of insufficient calcium mobility to successfully offset sodium toxicity 

(Katsuhara and Tazawa, 1990). At approximately 8 dS/m, calcium uptake into leaf 

tissue appears to decline while sodium uptake continues to increase (Fig. 2.10). 

Soluble calcium is believed to remedy the effects of sodium toxicity by delaying 

membrane depolarization and maintaining homeostasis in the cytoplasm (Katsuhara 

and Tazawa, 1990).  Because plant decline appears at the same time that calcium and 

sodium uptake is no longer proportionate, it is reasonable to assume a potential 

relationship.  Without additional research using alternative saline solutions, it is 

difficult to recommend use of A. quadrifidus for moderate saline environments in 

which soluble calcium is limited. Because the southern High Plains have calcareous 

soils and calcium-rich water sources, it is reasonable to suggest Hummingbird bush as 

a viable bedding plant species for landscapes and commercial nurseries using 

reclaimed water sources.  Analysis of potassium ion content in future research may 

provide additional insight as potassium efflux through depolarized membranes is often 

what results in cytoplasm acidification and cell decline. 

 
Silver Mound Artemisia (A. schmidtiana ‘Silver Mound’) 

 

No differences were found between treatments for shoot height (Fig. 2.14) or 

dry weight (2.15) data in A. schmidtiana ‘Silver Mound.’ Additionally, no differences 

were found between treatments for root length (Fig. 2.16).  However, average dry 

weight for treatments 6 dS/m and 12 dS/m was greater when compared to the control 

and 3 dS/m salinity levels (Fig. 2.17).  Linear regression analysis displayed a weak 
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positive slope indicating a possible linear relationship between root dry weight and EC 

(Fig. 2.18). Differences in root dry rate prompted differences in root-to-shoot ratio 

between treatments (Fig. 2.19). A strong positive slope indicated a linear relationship 

between root-to-shoot ratio and salinity level (Fig. 2.20). 

Differences were found between treatments for % Ca, % Na, and Cl ppm 

(Table 2.2).  Linear analysis for calcium and sodium revealed positive slopes for both 

salts suggesting a positive linear relationship (greater uptake as salinity level 

increased) between ion concentration (%) and salinity level (Fig. 2.21).  Chloride also 

exhibited a strong positive slope with a clear linear relationship between ppm and EC 

(Fig. 2.22). 

Growth and appearance of Silver Mound Artemisia appeared to decline 

following transplantation into the hydroponic system.  Very few plants maintained 

commercial appeal regardless of treatment (Fig. 2.23).  Visual ratings data displayed 

no differences between treatments with an average species rating of 2.4.  However, a 

slight trend was observed indicating a potential inverted relationship between 

appearance and salinity level.  Any additional stress may have prompted further 

investment in root growth leading to differences between treatments for root dry 

weight and root-to-shoot ratio. Flowering was not monitored for this species, as A. 

schmidtiana ‘Silver Mound’ is a foliar bedding plant. 

Similar hydroponic set-ups have previously been used primarily for grass crops 

with finer, more fibrous root systems (Pessarakli and Kopec, 2009). Because A. 

schmidtiana ‘Silver Mound’ is a drought-tolerant perennial, humid and potentially 

anaerobic conditions of a crowded hydroponic system may not have been 
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accommodating to species physiology and root composition (Rhodus, 2013). 

Unsuitable environmental conditions may be responsible for lack of differences 

between treatments and general decline of total species. Additionally, apparent root 

rot lead to new root growth sloughing off prior to termination, and root measurements 

were affected.  Stem rot at the base of many plants was observed upon termination of 

species (Fig. 2.24A), as well as irregular tissue necrosis in select sections of shoot 

tissue (Fig. 2.24B) suggesting possible nutrient deficiencies and limitations in nutrient 

mobility that may have been the result of stem and root rot.   Stem and foliage rots are 

common with Silver Mound Artemisia under particularly wet or humid conditions 

(Rhodus, 2013). Additionally, several specimens exhibited severe mealybug 

infestation (Fig. 2.24C) indicating a decline in overall plant health as A. schmidtiana 

‘Silver Mound’ is not known to be particularly susceptible to insect pressure (Rhodus, 

2013). 

General species decline in hydroponic system indicates an alternative system 

may yield different results in future research endeavors.  Related species A. 

stelleriana, A. fukido, and A. annua L. all exhibited a threshold for salinity tolerance 

contingent upon demands of their immediate environments (Ishikawa and Kachi, 

2000; Prasad et. al, 1997).  It is reasonable to speculate that in a different 

environmental setting with less moisture, a salinity tolerance threshold for A. 

schmidtiana ‘Silver Mound’ could be better established. 
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Texas Bluebells (E. exaltatum ssp. russellianum) 

Physical root and shoot data could not be pooled due to mean variation 

between replications.  In replications 1 and 2, no differences were found between 

treatments for either shoot height data (Fig. 2.25) or shoot dry weight (Fig. 2.26). 

Data points for shoot data in both replications exhibited a wide range of variability. 

Root length data similarly expressed no differences between treatments (Fig. 2.27). 

However, root dry weight did yield some differences in experimental replication 2 

(Fig. 2.28). Average root dry weight data for 3 dS/m was greater when compared to 

~1.5 dS/m, 6 dS/m or 12 dS/m levels.  Root-to-shoot ratio for 3 and 6 dS/m levels was 

greater than ~1.5 and 12 dS/m (Fig. 2.29). 

Tissue analysis data could not be performed for E. exaltatum ssp. russellianum 

as total shoot mass was insufficient. 

Visual ratings data was pooled with no differences between treatments and an 

average species rating of 4.6. However, extensive variability could be seen within and 

across treatments suggesting potential sensitivity to the environmental variables, or 

cultivar segregation (Fig. 2.30). 

Inconsistencies between replications may have been the result of differing 

growth times in the original containers and media prior to transplantation into the 

hydroponic system.  E. exaltatum ssp. russellianum is a small herbaceous crop with 

limited branching.  Competition and shading from denser branching crops A. 

quadrifidus and A. schmidtiana ‘Silver Mound’ may have directly affected overall 

growth and appearance. Shading effects for replication 2 could have been exacerbated 
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by increased maturity of A. quadrifidus and A. schmidtiana ‘Silver Mound’ prior to 

transplantation. 

Lack of differences in shoot data could be attributed to insufficient sample size 

and additional biotic factors that interfered with plant health.  Despite use of Safer 

Insecticidal Soap (Woodstream Corporation, Lititz PA) and application of a 6 oz. 

ProControl Fogger (Whitmire Micro-Gen Research Laboratories, Inc., St. Louis MO), 

whitefly and aphid pressure persisted on several Texas Bluebell specimens (Fig. 

2.31A).  Additionally, leaf spot was noted at the base of some plants and may have 

been an indication of excessive moisture and anaerobic conditions at the shoot level 

from crowding (Fig. 2.31B). Extreme variability within treatments and previous 

identification of miohalophytic qualities in related species E. grandiflorum suggest 

that future research with a larger sample size may establish a clearer threshold for 

salinity tolerance. 

 
Conclusions and Lasting Impact 

 
Hydroponically grown, A. quadrifidus demonstrates optimum growth and 

appearance in a salinities ranging from 3 dS/m to 6 dS/m with declining appearance 

and growth at the 12 dS/m level.  These results indicate a potential miohalophytic 

physiology (Yensen, 2006).  Future research using native soils and municipal 

reclaimed water could provide further insight as to the comprehensive viability of 

Hummingbird Bush as a perennial landscape shrub under moderately saline conditions 

on the Southern High Plains. Greater understanding of salinity tolerance in plant 

species could allow local businesses to make improved landscape recommendations 
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based on species adaptability to fluctuating salinity levels (soil and water) in a given 

region. 

More adaptive species, including halophytes or salt-tolerant glycophytes, could 

allow consumers to develop low-impact landscapes capable of receiving secondary 

water sources for irrigation (Yensen, 2006). Use of municipal reclaimed water allows 

for preservation of freshwater resources, expanding and prolonging availability for 

human consumption.   Additionally, use of secondary water sources with select 

species may reduce the need for growth regulators and supplementary fertilizers in 

commercial production and residential use (Niu et al., 2010). 

Identification of a single salt-tolerant or salt-loving species on the Southern 

High Plains is the first step in developing a larger catalog of plants with similar 

qualities for landscape use.   Additionally, identification of salt-tolerant physiology 

brings awareness to the potential for tolerance in related species.  Specifically, salinity 

tolerance research for species related to A. quadrifidus in the Acanthaceae family is 

scarce.  Given the discovery of miohalophytic qualities in A. quadrifidus, it is 

reasonable to assume other species in the Acanthaceae family may exhibit salt-loving 

qualities. 

Results for A. schmidtiana ‘Silver Mound’ and E. exaltatum ssp. russellianum 

remain inconclusive.  With changes in experimental design and set-up, tolerance may 

be established as related species from each genius have been found to exhibit tolerance 

in previous research (Shillo et al., 2002; Ishikawa and Kachi, 2000; Prasad et al., 

1997). 
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Understanding salt-tolerance and halophytic physiology is critical to not only 

selecting low-impact ornamental crops, but food and fiber crops as well.   Trillions of 

dollars are estimated to be lost annually due to crop decline in saline environments 

(Yensen, 2006).  Alternatively, if crops were selected to meet the demands of an 

individual environment based on predetermined salt response, resources could be 

saved and production could be nearly twice as high. 

Determining halophytic qualities within a given species broadens the scope of 

germplasm available for breeding of more salt-tolerant staple crops critical to 

sustainable agriculture (Yensen, 2006).  Crops bred to be salt tolerant could be 

introduced internationally as low-impact alternative to current cropping systems that 

require abundant freshwater resources to feed and clothe a growing population. 

The apparent relationship between calcium and sodium content in the leaves of 

A. quadrifidus relative to plant appearance supports a potential tolerance mechanism 

in the presence of soluble calcium (Katsuhara and Tazawa; 1990, Liu and Zhu, 1998). 

Future research examining this mechanism in related species may create new 

opportunities to enhance tolerance of plant species in environments were calcium is 

prevalent. 

Finally, research for new halophyte species may create opportunities to find 

species capable of bioremediation in the form of removing salts from the rhizosphere 

of a highly saline area (Yensen, 2006). Halophytes capable of this form of 

remediation are referred to as “salt conductors” (Yensen, 2006).  Salt conductors 

remain poorly understood. However, any additional research in the field of halophyte 
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physiology may contribute to a better understand of how to utilize select species to 

improve soil quality for valuable crop production. 
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Table 2.1 Tissue analysis (pooled data for replications 1 and 2) for A. 

quadrifidus shoot tissue. Treatment means for % calcium (Ca), % 

sodium (Na), and chloride (Cl) ppm each represent data from 6 blocks. 

Different letters indicate significant effect of salinity (p < 0.05, 

Fischer’s Least Significant Difference Procedure). 

Tissue Analysis for A. quadrifidus 

Treatment % Ca % Na Cl ppm  

Control (~1.5 dS/m) 2.68 b 0.08 b 9,333 c 

3 dS/m 3.47 a 0.36 b 26,000 b 

6 dS/m 4.01 a 1.00 b 44,800 a 

12 dS/m 3.51 a 3.22 a 59,500 a 
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Table 2.2. Tissue analysis (pooled data for replications 1 and 2) for 

A. schmidtiana ‘Silver Mound’ shoot tissue.  Treatment means for % 

calcium (Ca), % sodium (Na), and chloride (Cl) ppm each represent 

data from 6 blocks. Different letters indicate significant effect of 

salinity (p < 0.05, Fischer’s Least Significant Difference Procedure). 

Tissue Analysis for A. schmidtiana ‘Silver Mound’ 

Analysis for A. quadrifidus

Tissue Analysis for A. quadrifidus
Treatment % Ca % Na Cl ppm  

Control (~1.5 dS/m) 1.60 b 0.31 b 13,167 c 

3 dS/m 1.97 b 1.00 ab 36,200 bc 

6 dS/m 2.12 b 1.57 ab 52,833 bc 

12 dS/m 3.19 a 3.57 a 127,600 a 
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Fig 2.2. Actual and predicted values for the effect of salinity (dS/m) on 

shoot height (cm) of hydroponically grown A. quadrifidus grown 

under greenhouse conditions. 
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Fig 2.1. Effects of salinity (dS/m) on shoot height (cm) for 
hydroponically grown A. quadrifidus under greenhouse conditions.  

Each bar is the mean of 18 measurements (replications 1 and 2 

pooled).  Different letters indicate significant effect of salinity (p < 

0.05, Fischer’s Least Significant Difference Procedure). 
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Fig 2.3. Effects of salinity (dS/m) on shoot dry weight (g) for 

hydroponically grown A. quadrifidus under greenhouse conditions.  Each 

bar is the mean of 18 measurements (replications 1 and 2 pooled).  

Different letters indicate significant effect of salinity (p < 0.05, Fischer’s 

Least Significant Difference Procedure). 
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Fig 2.4.  Actual and predicted values for the effect of salinity (dS/m) on 

shoot dry weight (g) of hydroponically grown A. quadrifidus grown under 

greenhouse conditions. 
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Fig 2.5. Effects of salinity (dS/m) on root length (cm) for hydroponically 

grown A. quadrifidus under greenhouse conditions.  Each bar is the mean of 

18 measurements (replications 1 and 2 pooled).  Different letters indicate 

significant effect of salinity (p < 0.05, Fischer’s Least Significant Difference 

Procedure). 
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Fig 2.6. Actual and predicted values for the effect of salinity (dS/m) on root 

length (cm) of hydroponically grown A. quadrifidus grown under greenhouse 

conditions. 
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Fig 2.7. Effects of salinity (dS/m) on root dry weight (g) for hydroponically 
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effect of salinity (p < 0.05, Fischer’s Least Significant Difference Procedure). 
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0.05, Fischer’s Least Significant Difference Procedure). 
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Fig 2.9. Actual and predicted values for the effect of salinity (dS/m) on 

root-to- shoot ratio of hydroponically grown A. quadrifidus grown under 

greenhouse conditions. 
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Fig 2.10. Actual and predicted values for the effect of salinity (dS/m) on 

% calcium (Ca) and % sodium (Na) of hydroponically grown A. 

quadrifidus grown under greenhouse conditions. 
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Fig 2.11. Actual and predicted values for the effect of salinity (dS/m) on 

chloride (Cl) ppm of hydroponically grown A. quadrifidus grown under 

greenhouse conditions. 
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~ 1.5 dS/m 3 dS/m 6 dS/m 12 dS/m 

Fig 2.12. A. quadrifidus.  Photo was taken at 90 days just prior to experiment 

termination.  One specimen from each treatment group is represented. 
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Fig 2.13. A. quadrifidus stress indicators. (A) Mealybugs near meristem and 

flowering tissue. (B) Intraveinal chlorosis in A. quadrifidus leaves. (C) Tip 

burn on A. quadrifidus control leaves. 
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Fig 2.14. Effects of salinity (dS/m) on shoot height (cm) for hydroponically 

grown A. schmidtiana ‘Silver Mound’ under greenhouse conditions.  Each bar is 

the mean of 18 measurements (replications 1 and 2 pooled).  Different letters 

indicate significant effect of salinity (p < 0.05, Fischer’s Least Significant 

Difference Procedure). 
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Fig 2.15. Effects of salinity (dS/m) on shoot dry weight (g) for hydroponically 
grown A. schmidtiana ‘Silver Mound’ under greenhouse conditions.  Each bar 

is the mean of 18 measurements (replications 1 and 2 pooled).  Different letters 

indicate significant effect of salinity (p < 0.05, Fischer’s Least Significant 

Difference Procedure). 
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Fig 2.16. Effects of salinity (dS/m) on root length (cm) for hydroponically 

grown A. schmidtiana ‘Silver Mound’ under greenhouse conditions.  Each bar 

is the mean of 18 measurements (replications 1 and 2 pooled).  Different letters 

indicate significant effect of salinity (p < 0.05, Fischer’s Least Significant 

Difference Procedure). 
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Fig 2.17. Effects of salinity (dS/m) on root dry weight (g) for 
hydroponically grown A. schmidtiana ‘Silver Mound’ under greenhouse 

conditions.  Each bar is the mean of 18 measurements (replications 1 and 2 

pooled).  Different letters indicate significant effect of salinity (p < 0.05, 

Fischer’s Least Significant Difference Procedure). 
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Fig 2.18. Actual and predicted values for the effect of salinity (dS/m) on 

root dry weight (g) of hydroponically grown A. schmidtiana ‘Silver Mound’ 

grown under greenhouse conditions 
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Fig 2.19. A. schmidtiana ‘Silver Mound’ root-to-shoot ratio.  Root-to-shoot 
ratios determined using independent root and shoot dry weights.  Individual 

treatment bars represent means from 18 individual calculations (replications 1 

and 2 pooled). When mean differences were found, Fischer’s LSD procedure 

was used for means separation (p<0.05).  Letters featured indicate differences. 
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Fig 2.20. Actual and predicted values for the effect of salinity (dS/m) on 

root- to-shoot ratio of hydroponically grown A. schmidtiana ‘Silver 

Mound’ grown under greenhouse conditions 
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Fig 2.21. Actual and predicted values for the effect of salinity (dS/m) 

on % calcium (Ca) and % sodium (Na) of hydroponically grown A. 

schmidtiana ‘Silver Mound’ grown under greenhouse conditions. 
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Fig 2.22. Actual and predicted values for the effect of salinity (dS/m) 

on chloride (Cl) ppm of hydroponically grown A. schmidtiana ‘Silver 

Mound’ grown under greenhouse conditions. 
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Fig 2.23. A. schmidtiana ‘Silver Mound’. Photo was taken at 90 days 
just prior to experiment termination. One specimen from each treatment 

group is represented. 
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Fig 2.24. A. schmidtiana ‘Silver Mound’ stress indicators. (A) Stem rot 

symptoms at base of plant where shoot tissue meets root tissue (B) Leaf 

necrosis at shoot bottoms (C) Mealybug prescence on shoot tissue. 
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Fig. 2.25. Effects of salinity (dS/m) on shoot height (cm) for hydroponically 

grown E. exaltatum ssp. russellianum under greenhouse conditions.  Each bar is 

the mean of 9 measurements.  Different letters indicate significant effect of 

salinity (p < 0.05, Fischer’s Least Significant Difference Procedure). 
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Fig. 2.26. Effects of salinity (dS/m) on shoot dry weight (g) for hydroponically 
grown E. exaltatum ssp. russellianum under greenhouse conditions.  Each bar is 

the mean of 9 measurements.  Different letters indicate significant effect of 

salinity (p < 0.05, Fischer’s Least Significant Difference Procedure). 
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Fig. 2.27. Effects of salinity (dS/m) on root length (cm) for hydroponically 

grown E. exaltatum ssp. russellianum under greenhouse conditions.  Each bar is 

the mean of 9 measurements.  Different letters indicate significant effect of 

salinity (p < 0.05, Fischer’s Least Significant Difference Procedure). 
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Fig. 2.28. Effects of salinity (dS/m) on root dry weight (g) for hydroponically 
grown E. exaltatum ssp. russellianum under greenhouse conditions.  Each bar is 

the mean of 9 measurements.  Different letters indicate significant effect of 

salinity (p < 0.05, Fischer’s Least Significant Difference Procedure). 
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Fig. 2.29. Effects of salinity (dS/m) on root-to-shoot ratio for hydroponically 

grown E. exaltatum ssp. russellianum under greenhouse conditions.  Each bar is 

the mean of 9 calculations.  Different letters indicate significant effect of salinity (p 

< 0.05, Fischer’s Least Significant Difference Procedure). 
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~ 1.5 dS/m 3 dS/m 6 dS/m 12 dS/m 

Fig. 2.30. E. exaltatum ssp. russellianum.  Photo was taken at 90 days just 

prior to experiment termination. One specimen from each treatment group is 

represented. 
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Fig. 2.31. E. exaltatum ssp. russellianum stress indicators.  (A) Aphid and 

whitefly pressure on leaves. (B) Potential fungal leaf spot. 




