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ABSTRACT
Cape Coast, part of Ghana's coastal region, has a rich diversity of plant

species with various potential uses. These plant species, called halophytes, possess
qualities that enable them to grow and thrive in saline environments. This research
aimed to identify and explore these plants' nutritional, ecological, and medicinal
significance, examining their salt tolerance and desalination abilities. The
halophytes were identified using an image recognition method, where images of
the plants were keyed into Pl@ntNet Identify website

(https://identify.plantnet.org/), an online software for plant identification. Five

halophytes, namely, Ipomoea aquatica, Lactuca taraxacifolia, Paspalum
vaginatum, Sesuvium portulacastrum and Talinum triangulare, were selected from
the identified halophytes for a greenhouse experiment using a Completely
Randomized Design (CRD) to assess their response to varying salt concentrations
(0, 25 and 50 dS/m) and soil types (sea sand and arable soil). Results revealed
significant growth and salt tolerance variations among the studied halophytes, with
P. vaginatum and S. portulacastrum demonstrating remarkable phytoremediation
capabilities. These plants exhibited the ability to mitigate soil salinity and reduce
the accumulation of toxic ions in soils, highlighting their potential for addressing
soil and water salinity issues in affected environments. Another greenhouse
experiment was conducted to assess the desalination abilities of S. portulacastrum
(the most promising halophyte from the initial experiment) to desalinate saline
water in a hydroponic system on a vertical farming structure. The factors for this
experiment were the salt concentrations (0, 25 and 50 dS/m) and planting distances
(15, 20, 30 and 40 cm). Sesuvium portulacastrum exhibited limited desalination
capacity in reducing the EC and TDS of the saline water. However, it contributed
to a reduction in the pH of the saline water. Further research is necessary to discover
this pH-reducing effect's underlying mechanisms and potential applications in
water treatment processes. Overall, this study underscores the significance of
harnessing the ethnobotanical resources in Ghana for sustainable development and

environmental conservation.

il

Digitized by Sam Jonah Library


https://identify.plantnet.org/

University of Cape Coast https://ir.ucc.edu.gh/xmlui

KEYWORDS
Halophytes

Desalination

Bioremediation

Phytoremediation

Phyto-desalination

Diversity

Osmoprotectant

1Y

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

ACKNOWLEDGEMENT
First, I would like to thank God Almighty for His immeasurable grace,

favour, guidance, and protection throughout my study. Special gratitude goes to
my supervisors, Prof. Michael Osei Adu and Dr. Kwadwo Kusi Amoah, whose
discipline, suggestions, encouragement, technical advice and guidance helped me
to organize my thoughts for this project. I would also like to thank Dr. Francis Kumi
for his enormous support and direction towards the good of this project, especially
about the engineering aspect of the work. Also, I would like to thank Prof. Paul Agu
Asare for his encouragement and mentorship towards the good of this project. God
richly bless you. Again, I appreciate Mr. Kwabena Osei Agyemang's assistance with

the laboratory analysis of soil and plant samples.

Additionally, I would like to express my profound gratitude to the ‘Revenue
diversification pathways in Africa through bio-based and circular agricultural

innovations — DIVAGRI’ for funding this research.

Again, I would like to thank my senior colleague, Mr. Vincent Agyemang,
for his great assistance and selfless act towards the good of this work. Also, I wish
to express my sincere gratitude to my colleagues, Mr. Samuel Addo Banafo,
Godswill Hygienus, Solomon Amamu, Godfred Okyere-Pra, as well as all members
of Adu’s Lab for their assistance in the set-up of the work and during the most

difficult parts of the work. God bless you all.

Finally, a genuine appreciation goes to my family, especially my beloved
wife Mrs. Diana Agyeiwaa Sanleri, my guardians, Mr. Peter and Mrs. Rebecca
Issah Seidu and my brother, Mr. Bright Azure Sanleri, for their immense support,

wise counsel and prayers.

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

DEDICATION
I dedicate this work to God Almighty and to my late parents, Mr. Sanleri

and Mrs. Nyapoka Azure Logte. You will forever remain in my heart.

Vi

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

TABLE OF CONTENTS

DECLARATION il
ABSTRACT il
KEYWORDS v
ACKNOWLEDGEMENT v
DEDICATION vi
TABLE OF CONTENTS vii
LIST OF TABLES xii
LIST OF FIGURES Xiii
LIST OF ACRONYMS XV
CHAPTER ONE 1
1.0 INTRODUCTION 1
1.1 Background to Study 1
1.2 Problem Statement 3
1.3 Justification 4
1.4 Objectives of Study 7
1.4.1 General Objective 7
1.4.2 Specific Objectives 7

1.5 Research Hypotheses 7
1.6 Expected Outcomes 8
CHAPTER TWO 9
2.0 LITERATURE REVIEW 9
2.1 Introduction to Halophytes 9
2.2 Classifications and Types of Halophytes 10
2.2.1 Ecology: 10
2.2.2 Tolerance Mechanism: 11
2.2.3 Habitat: 11
2.2.4 Level of Salt Tolerance: 12

2.3 Uses of Halophytes 13
2.3.1 Applications in Crop and Animal Production 13
2.3.2 Bioenergy Production 14
2.3.3 Environmental Conservation 15

vii

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

Ghana

2.3.4 Phytoremediation and Desalination
2.3.5 Medicinal and Pharmaceutical Uses
2.4 Causes of Soil Salinity
2.4.1 Natural Causes
2.4.2 Human Causes
2.5 Methods of Remediating Saline Soils
2.5.1 Phytoremediation
2.5.2 Bioremediation and Microbial Interventions
2.5.3 Soil Amendments
2.5.4 Precision Irrigation Techniques
2.5.5 Flushing and Leaching of Salt
2.5.6 Combined Approaches and Integrative Strategies
2.7 Salinity Effects on Crops
2.7.1 Effects of Salinity on Crop Life Cycle
2.7.2 Effects of Salinity on Growth Parameters
2.7.3 Effects of Salinity on Physiological Parameters
2.8 Salt Tolerance in Halophytes
2.8.1 Mechanisms of Salt Resistance in Halophytes
2.8.2 Mechanisms of Salt Avoidance in Halophytes
2.9 Salinity Concerns in Ghana
2.9.1 Methods of Remediating Salinity in Ghana
2.9.2 Halophyte Research in Ghana
2.9.3 Importance and Potential Uses of the Selected Halophytes in

2.9.3.1 Ipomoea aquatica (Water Spinach)

2.9.3.2 Lactuca taraxacifolia (Wild Lettuce)

2.9.3.3 Paspalum vaginatum (Seashore Paspalum)
2.9.3.4 Sesuvium portulacastrum (Shoreline Purslane)

2.9.3.5 Talinum triangulare (Waterleaf)

CHAPTER THREE
3.0 MATERIALS AND METHODS

3.1 Identification of Indigenous Halophytes
3.1.1 Study Location

viil

16
18
19
20
21
22
22
23
24
25
25
26
27
27
29
33
36
37
41
46
47
48

50
50
52
54
55
57
59
59
59
59

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

3.1.2 Study Procedure

3.1.3 Categorization and Selection of Identified Plants
3.2 Assessing the Desalination Ability of Identified Plants

3.2.1 Study Location

3.3 Study of the Level of Salt Tolerance and Remediation Ability of
Five (5) of the Identified Halophytes

3.3.1 Study Procedure

3.3.2 Experimental Designs and Treatments

3.3.3 Soil Preparation

3.3.4 Analysis of Initial Soil Physical and Chemical Properties
3.3.5 Estimating air-dried soil quantities required to fill pots
3.3.6 Greenhouse Preparation

3.3.7 Planting Material Preparation and Planting

3.3.8 Agronomic practices

3.3.9 Preparation and Application of Salt Treatment

3.3.10 Harvesting

3.3.11 Data Collection

3.3.12 Data Analysis

3.4 Assessing the Ability of Selected Halophyte to Desalinate Saline
Water in a Vertical Hydroponic System

3.4.1 Study Procedure
3.4.2 Experimental Designs and Treatments

3.4.3 Construction of Vertical Farming Structure and Operation of
Hydroponic System

3.4.5 Water Storage and Operation of Pumps
3.4.6 Growth Medium and Planting
3.4.7 Fertilizer Application
3.4.8 Irrigation and Preparation of Saline Solutions
3.4.9 Data Collection
3.4.10 Data Analysis

CHAPTER FOUR

4.0 RESULTS

4.1 Diversity of Halophytes along the shorelines of Cape Coast

1X

59
61
62
62

63
63
63
63
64
65
66
66
67
69
70
71
73

76
76
76

76
78
78
79
80
80
82
84
84
84

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

4.2 Assessing the Desalination Ability of Identified Plants in Soil Media

86
4.2.1 Effects of Salt Concentration and Soil Type on the Plant Growth
86
4.2.2 Effects of Salt Concentration and Soil Type on the Plant
Photosynthetic Parameters Over Time 94
4.2.3 Effects of Salt Concentration and Soil Type on the Soil
Properties 99
4.2 .4 Effects of Salt Concentration and Soil Type on Plant Tissue Na
and CI contents 105
4.2.5 Correlations Between Plant and Soil Parameters 109

4.3 Assessing the Desalination Ability of S. portulacastrum in a

Hydroponic System 111
4.3.1 Weather data 111
4.3.2 Changes in Water Quality Parameters of Salt Treated
Hydroponic Solution 112
4.3.3 Effects of Salt Treatment and Planting Distances on Plant
Parameters 116
4.3.4 Correlations Between Plant Parameters 120
CHAPTER FIVE 122
5.0 DISCUSSIONS 122
5.1 Diversity of Halophytes in Cape Coast, Ghana 122
5.2 Potential Uses or Importance of Identified Halophytes 123
5.3 Assessing the Salt Tolerance Levels and Remediation Abilities of
Selected Halophytes 125
5.3.1 Eftects of Soil Type on Growth and Biomass Accumulation of
Selected Halophytes 125
5.3.2 Physiological Response of Selected Halophytes Under Salt
Stress 129
5.3.3 Response of Soil Salinity Parameters to Selected Halophytes
Under Salt Stress 131
5.3.4 Relationship between measured parameters 133

5.4 Assessing the Desalination Ability of S. portulacastrum in a
Hydroponic System 134

5.4.1 Ambient and Greenhouse Temperatures and Relative Humidities
134

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

5.4.2 Desalination Ability of Sesuvium portulacastrum 135
CHAPTER SIX 138
6.0 CONCLUSIONS AND RECOMMENDATIONS 138

6.1 Conclusions 138
6.2 Recommendations 140
REFERENCES 141
APPENDICES 177

X1

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

LIST OF TABLES
Table 3.1: Table of Factors 63
Table 3.2. Physicochemical properties of the soil 65
Table 4.1. Characteristics of identified halophytes 87

Table 4.2. F and P- values of RHGR (relative height growth rate), SDW (shoot dry
weight), RDW (root dry weight) and R:S ratio (root to shoot ratio) as affected by
salt concentration, soil type and plant species 90

Table 4.3. Effects of salt concentrations and soil type on SDW (shoot dry weight,
g), RDW (root dry weight, g) and R:S Ratio (root to shoot ratio) of selected
halophytes 94

Table 4.4. Effects of salt concentrations and soil type on Leaf temperature (°C)
and fv/fm ratios of selected halophytes 95

Table 4.5. Effects of salt concentrations and soil type on Chlorophyll Content
(SPAD readings) of selected halophytes 97

Table 4.6. Effects of salt concentrations (0, 25 and 50 dS/m) and planting distances
(15, 20, 30 and 40 cm) on shoot fresh and dry weight, root dry weight and root-to-
shoot ratio of Sesuvium portulacastrum 119

Xii

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

LIST OF FIGURES
Figure 3.1. Set-up of experimental pots 67
Figure 3.2. Sprouts and cuttings of halophytes after planting 68
Figure 3.3. Images of plants 40 days after salt treatment imposition 71
Figure 3.4. Vertical farming structure 77

Figure 3.5. Image of the storage tank and hydroponic system — A and submersible
pump (Rio SPW 1100) - B 78

Figure 4.1. Halophytes identified in this study 83

Figure 4.2. Effects of Soil type (UCC, Sea) and Salt concentration (0, 25 and 50
dS/m) on the relative height growth rate of the different Plant types 91

Figure 4.3. Effects of Soil type (UCC, Sea) and Salt concentration (0, 25 and 50
dS/m) on the tissue water content of the different Plant types 92

Figure 4.4. Effects of Soil type (UCC, Sea) and Salt concentration (0, 25 and 50
dS/m) on Performance Index (PI) of the different Plant types 98

Figure 4.5. Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on the Final Soil pH 99

Figure 4.6. Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on the Final Soil Electrical Conductivity (dS/m) 100

Figure 4.7. Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on the Final Soil Total Dissolved Solids (mg/L) 102

Figure 4.8. Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on the Final Soil Sodium Content (mg/g) 103

Figure 4.9. Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on the Final Soil Chlorine Content (mg/g) 104

Figure 4.10. Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on Leaf Sodium Content (mg/g) 105

Xiii

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui
Figure 4.11. Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on Leaf Chlorine Content (mg/g) 106

Figure 4.12. Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on Root Sodium Content (mg/g) 107

Figure 4.13. Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on Root Chlorine Content (mg/g) 108

Figure 4.14. Correlation between plant biomass parameters 110

Figure 4.15. Ambient and greenhouse temperature and relative humidity of the
study area over the 11 weeks of the study 112

Figure 4.16. Water lost from the hydroponic system through evapotranspiration
over eight weeks of monitoring 113

Figure 4.17. Changes in EC (electrical conductivity, dS/m), pH and TDS (total
dissolved solids, ppt) of salt-treated hydropic solution (0, 25 and 50 dS/m) over the
nine weeks of monitoring 115

Figure 4.18. Effects of Salt concentration (0, 25 and 50 dS/m) and planting
distances (15, 20, 30 and 40 cm) height of S. portulacastrum. Values are means of
6 replicates with standard deviation (SD) 116

Figure 4.19. Correlation between plant biomass parameters 121

Xiv

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

LIST OF ACRONYMS
ANOVA Analysis of Variance
CRD Completely Randomized Design
IEA International Energy Agency
RCBD Randomized Complete Block Design
USDA United States Department of Agriculture
LSD Least Significant Difference
UNWWD United Nations World Water Development
UN-DESA United Nations-Department of Economic and
Social Affairs
ROS Reactive Oxygen Species
HKT High-Affinity Potassium Transporter
ICAR-CSSRI Indian Council of Agricultural Research -

Central Soil Salinity Research Institute

XV

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

CHAPTER ONE

1.0 INTRODUCTION
1.1 Background to Study

The rapid growth of the world population and the increase in living
standards have resulted in increased demand for essential resources, such as water,
food, soil, and energy (Turcios et al., 2021). Additionally, the demand for
freshwater is increasing for residential, industrial, and agricultural uses, along with
a decline in the availability of potable water (Karagiannis and Soldatos, 2008). This
accelerated demand for fresh water has led to the overexploitation of natural
resources. Crop production has been hampered due to freshwater shortages caused
by inadequate precipitation and poor water management practices (Turcios et al.,

2021).

Although it is estimated that by 2050, there will be an increase of about 55%
in demand for water worldwide, the agricultural sector is expected to produce 100%
more food in developing countries and 60% in developed countries (United Nations
World Water Development, UNWWD, 2015). There is a need to increase the yields
of various crops by about 50% to meet the 70-100% increase in food demand
(Godfray et al., 2010). In addition, there is a predicted 45% increase in demand for
water in coastal regions, which is likely to result in salinity due to ground water
exploitation (Indian Council of Agricultural Research - Central Soil Salinity
Research Institute, ICAR_CSSRI, 2015). Furthermore, factors like global climate
change, rapid urbanization, diverting agricultural lands for non-agricultural

purposes, and the alarming decline in soil organic carbon contribute to the
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increasing problem of soil salinity resulting in reduced crop productivity (Lal,

2004; Fahad and Wang, 2018).

Nearly 43% of the Earth's land is classified as arid or semi-arid, and as a
result, 98% of water in these areas is saline (Quichimbo et al., 2020). Globally,
salinity affects more than 800 million hectares of land. Also, nearly 20% of prime
irrigated agricultural lands, covering 46 million hectares, have become saline
(Pitman and L&uchli, 2002). This situation has resulted in economic losses reaching
US$ 27.3 billion annually (Qadir et al., 2014). As arable lands and water resources
decrease, salinity issues are escalating, and agricultural inputs are reported to
contribute most to the 80 million ha of land area affected by salt globally

(Wedekind, 2014).

Soil conditions greatly influence water and air movements, making it
challenging for major crops and trees to grow in these soils due to their low salt
tolerance (Glenn et al., 1999). It is essential to explore environmentally-friendly
practices and techniques to prevent further salinization. Practices involving the use
of biological organisms through bioremediation and desalinization hold promise.
Bioremediation involves the detoxification, stabilization, or removal of toxic
contaminants from soil and water through the actions of living organisms, such as
fungi, bacteria, actinomycetes, and plants (Bernardino et al., 2020; Joshi et al.,
2019). Phytoremediation, a subset of bioremediation, employs plants and plant-
associated microorganisms to remove contaminants from soil and water

(Bernardino et al., 2020). Phytodesalination is a plant-based method that effectively

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

eliminates excessive salt from polluted areas, allowing the land to be restored for
cultivation (Srivastava, 2020). This economically viable and environmentally
sustainable approach provides a cost-effective means of remediating salt-affected

regions.

Cultivating salt-tolerant crops becomes crucial to ensure sustainable
agricultural production on saline soils (Rozema and Flowers, 2008; Joshi et al.,
2015). Halophytes, salt-tolerant plants, are vital in producing food, feed,
marketable products, and renewable energy from biomass (Turcios et al., 2021).
Halophytes exhibit significant potential in restoring salt-stressed lands, remediating
contaminated soils and desalinating saline water (Sharma et al., 2016). However,
very little has been done in the Ghanaian context to explore the potential of local

halophytes to remediate salt-affected soils and desalinate saline water.

1.2 Problem Statement
The continuous growth of the global human population is being projected

by the United Nations' to reach 9.7 billion people by 2050, which would lead to
increase in the demand for food and water (United Nations-Department of
Economic and Social Affairs, 2019). Although about 71% of the earth’s surface is
covered with water, the oceans (saline and unsuitable for domestic purposes) hold
approximately 97% of'it. Only about 3% of Earth’s water is freshwater; 69% resides
in ice caps or glaciers, 30% is underground, and less than 1% is located in lakes,
rivers, and swamps (Water Science School, 2019). Therefore, a relatively small

portion of freshwater is available to sustain human, plant and animal life.
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Over 700 million people currently do not have access to potable water, and
by 2025, this figure is estimated to rise to 3 billion (UNWWD, 2015). Also, there
are over 800,000 deaths per year resulting from the insufficient availability of clean
water, mainly among children, and over 80 countries are experiencing serious water
shortages, which may spread throughout the globe shortly (Karagiannis and
Soldatos, 2008). This challenge is further worsened by unpredictable climate
changes, leading to different abiotic stresses, including salinity, drought, heat, and
high temperature. These stresses harm agricultural sustenance and productivity

(Fahad et al., 2017).

The situation is exacerbated in Ghana due to the escalating rate of illegal
mining, known as "Galamsey," which threatens water bodies and arable lands in
Ghana (Darko et al., 2021). Illegal mining activities have caused severe pollution
in Ghana's major rivers, namely Ankobra, Asesree, and Pra, previously relied upon

as primary water sources by neighbouring communities (Mensah ef al., 2015).

Considering the limited options available, producing freshwater from saline
water through desalinization and bringing saline, sodic, and other barren lands into
cultivation is necessary. Additionally, safeguarding the limited water resources is
crucial to meet the growing food demand and address the escalating climatic and

ecological concerns.

1.3 Justification
Climate change has resulted in rising of sea levels and scarcity of drinking

water. Simultaneously, soil salinity concerns, resulting from the accumulation of

4
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soluble salts like sodium and chloride in soils, has become a recognized global issue

(Saddhe et al., 2019; Nikalje et al., 2018; Srivastava, 2020).

There is a growing necessity to explore desalination processes for obtaining
drinking water from seawater and reclaiming saline soils to address these
challenges. However, the current technologies for producing drinking water from
brackish water have drawbacks, including high initial investments, substantial
energy consumption, and a lack of skilled labour (Ardmburo-Miranda and Ruelas-
Ramirez, 2016). Similar limitations are observed in attempts to reclaim saline/sodic
soils where practices such as applying anti-saline substances, leaching of soil and
subsequent drainage and seed priming (Qureshi et al., 2007; Khan et al., 2010), and

the use of salt-tolerant crop varieties have been marginally adopted.

To overcome these problems, several researches, including that of Zhao et
al., 2001, 2005; Tester and Davenport, 2003; Graifenberg et al., 2003; Rabhi et al.,
2009; 2010a; 2010b and Ravindran et al., 2007, have encouraged a more biological
approach that demonstrates the ability of plants in desalinizing soils and removing
noxious organic compounds, leachates from landfills, and heavy metals including
arsenic, mercury, and lead as well as pesticides from polluted sites (Joshi et al.,
2019; Kushwaha et al., 2015). This process is known as bioremediation, or more

precisely, phytoremediation.

Halophytic species, classified by Steiner (1935) as succulent, non-
succulent, and accumulating halophytes, present possibilities for remediating salt-
contaminated areas and desalinating saline or brackish water for bio-saline

agricultural purposes (Manousaki and Kalogerakis, 2011). Succulent halophytes
5
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can withstand elevated chloride levels in their cell sap, non-succulent halophytes
eliminate excess salt through salt glands, and accumulating halophytes store surplus

salt in vacuoles and cell walls, which eventually results in the shedding of leaves.

Unlike glycophytes, halophytes can thrive and develop in salty areas with
salt concentrations of about 200 mM NaCl without affecting their lifecycle
(Flowers and Colmer, 2008). Cultivating halophytes allows for the utilization of
seawater without compromising biomass or seed production and, as a result,
ensures food security in saline-affected regions. Additionally, halophytic biomass
can produce biogas, providing renewable energy sources. As a result, there has been
an increase in the cultivation and valorization of halophytes, especially in arid areas
where brackish water is the only alternative for fresh water due to fresh water
scarcity (Turcios et al., 2021). Halophytes' economic viability and ability to thrive
in saline soils make their cultivation advantageous. Moreover, the sustainable
processing of halophytic biomass offers opportunities for producing high-quality
feed ingredients, food, and bioactive products on a commercial basis through
efficient conversion and valorization methods (International Energy Agency (IEA),

2007).

Despite the advantages of halophytes and Ghana's proximity to the sea, very
little research has been conducted in this area. Consequently, it is crucial to identify
halophytes in Ghana and assess their potential for remediation of salt-affected soils

and desalination of saline water and contaminated water bodies.
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1.4 Objectives of Study
1.4.1 General Objective

The overall objective of this study is to assess the salt tolerance and growth

performance of beneficial local halophytes in Ghana and their potential for

desalination.

1.4.2 Specific Objectives

Specifically, this study seeks to:

Assess the diversity of halophytes along the Atlantic Ocean in Cape Coast,
Ghana.

Evaluate the growth performance of selected beneficial halophytes under
varying salt concentrations and soil types.

Investigate the potential of the most salt-tolerant halophyte in desalinating

saline water and accumulating biomass in a hydroponic system.

1.5 Research Hypotheses

1.

The null hypotheses for the study are:

There is no significant variation in the types of halophytes found along the
Atlantic Ocean coastline in Cape Coast and their respective salt tolerance

levels.

Salinity does not significantly affect the growth, biomass allocation, or ion

accumulation in halophytes grown under controlled conditions.

Halophytes do not significantly reduce the electrical conductivity (EC),

total dissolved solids (TDS), or pH of saline water in hydroponic systems.
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1.6 Expected Outcomes
At the end of the study, I should have:

e determined the morpho-physiological response of selected beneficial
halophytes to salt stress.

¢ identified the beneficial halophyte, which is most tolerant of salt stress.

e assessed the potential of halophytes to desalinate brackish, sodic or saline
water and produce pure water for crop production.

¢ identified halophytes with exceptional salt tolerance traits for breeding salt-

resistant staple crops in Ghana.
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Introduction to Halophytes
The global challenges with freshwater scarcity and increasing salinity in

soils and water sources have increased interest in studying halophytes. Halophytes
are plants adapted to grow in saline environments (Flower and Colmer, 2008). The
term “halophyte” originates from the Greek words; “halo”, which means salt and

“phyton”, meaning plant.

Halophytes have evolved wunique physiological and biochemical
mechanisms that allow them to thrive in saline environments such as near-shore
shallows, estuaries, coastal salt marshes, inland salt lakes, and saline desserts
(Flowers and Colmer, 2008; 2015). They can absorb, tolerate and compartmentalize
salts. These characteristics distinguish them from glycophytes, which are plants
unable to survive in highly saline environments (Flower and Colmer, 2008).
Halophytes possess diverse adaptation mechanisms that allow them to maintain
water balance, regulate osmotic pressure and cope with salt stress. These
adaptations include specialized salt glands, efficient ion transport systems, and
modifications in leaf anatomy. Aside from their ability to survive in saline
environments, halophytes play an essential role in ecological restoration, soil
stabilization and biodiversity conservation. Halophytes play a significant role in
mitigating the effects of climate change as they are employed in soil reclamation

and erosion control practices.

As the literature on halophytes continues to grow, halophytes are seen to be

a valuable resource for mitigating water scarcity challenges and reclaiming saline
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soils. This review explores the current state of knowledge regarding halophytes and

the potential they hold for desalination. As part of this review, various aspects of

halophyte research, including growth performance and salt tolerance mechanisms,

are discussed.

2.2 Classifications and Types of Halophytes

Halophytes may be classified based on several characteristics. They are:

2.2.1 Ecology:

Sengbusch, in 2003, classified halophytes based on their ecological traits.

He categorized them as either obligate, facultative or habitat-indifferent halophytes.

The characteristics of these types of halophytes are described below;

(@

(i)

(iii)

Obligate halophytes: These are halophytes that exclusively thrive in
saline environments. They can exhibit vigorous growth under high
saline conditions. They are primarily plants from the Chenopodiceae
family. An example of such halophytes is Salicornia bigelovii
Facultative halophytes: Facultative halophytes can grow under both
salty and salt-free soils. They, however, grow satisfactorily under salt-
free soil conditions. They include species of the Brassicaceae, Poaceae
and Cyperaceae families.

Habitat-indifferent halophytes: This category comprises plants that
are indifferent to habitat specificity. They typically inhabit salt-free soils
yet can thrive in saline soils when necessary. Examples are Potentilla

anserina, Myosurus minimus and Chenopodium glaucum.
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2.2.2 Tolerance Mechanism:
Halophytes may also be classified based on their tolerance mechanism.

According to Walter (1961), halophytes can be classified as salt excluders, excreters

or accumulators.

(i) Salt accumulators: This cluster of halophytes accumulates substantial salt
concentrations in their cells and tissues, storing salt far from actively
growing cells. Examples of these halophytes are, Sesuvium portulacastrum,
Suaeda nudiflora, Sonneratia spp., Excoecaria agallocha, Limnitzera
racemosa, and Salvadora persica.

(ii) Salt excreters: This halophyte group regulates internal salt concentrations
by excreting salts through specialized salt glands. They include; Acanthus
ilicifolius, Aegiceras corniculatum and Avicennia spp.

(iii)Salt excluders: These halophytes employ an ultrafiltration mechanism
within their root systems to prevent excessive salt intake. Mangrove
vegetation such as Kandelia candel. Rhizophora mucronate, Bruguiera

gymnorrhiza and Ceriops candolleana are examples of such halophytes.

2.2.3 Habitat:
Halophytes can be categorized based on their habitat preference. They

are categorized as either hydrohalophytes or xerohalophytes (Youssef, 2009).

(i) Hydrohalophytes: Hydrohalophytes are halophytic plants that flourish in
aquatic environments. Coastal salt marsh species and mangroves are

examples of such plants.
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(ii) Xerohalophytes: On the other hand, this group is made up of halophytes
that grow in arid conditions with low soil moisture content and saline soils.

They are mostly made up of plant species in desert regions.

2.2.4 Level of Salt Tolerance:
The classification of halophytes based on their tolerance to salt levels, as

described by Chapman (1942), provides a basis for understanding their response to
varying saline environments. He categorized halophytes as either miohalophytes or

euhalophytes.

(i) Miohalophytes: These halophytes grow in low salinity levels, where the
salt concentration remains lower than 0.5% NaCl.

(ii) Euhalophytes: Euhalophytes are halophytes that grow in environments
with high salinity levels. They are further classified into subgroups based
on their capacity to endure specific salt concentrations:

a) Mesohalophytes- These plants can tolerate salinity levels ranging from
0.5 to 1%. They are adaptable to moderately saline conditions.

b) Eneuhalophytes - These plants have evolved mechanisms that enable
them to thrive in salinity levels beyond 1%. They cannot only survive but
thrive in such extreme salt concentrations.

¢) Mesoeuhalophytes- These halophytes can grow in a relatively higher

salt environment with salt concentrations of 5% and above.
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2.3 Uses of Halophytes
Halophytes have garnered increasing attention for their diverse applications

in various fields. They present various benefits ranging from environmental
sustainability to serving as a source of nutrition and medicine. These diverse uses

of halophytes are discussed below.

2.3.1 Applications in Crop and Animal Production
Edible halophytes may be used as food in salt-affected areas and have

shown promise in addressing global food security challenges. Munns and Tester
(2008) highlighted the potential of halophytes, including quinoa (Chenopodium
quinoa) and sea barley (Hordeum marinum), as alternative crops for saline soils.
According to Suarna and Wijaya (2021) and Morris (2023), Clitoria ternatea, a
perennial vine which belongs to the Fabaceae family, has edible flowers which
possess nutritional values and can be used as tea and for food colouring. Also,
Malakar et al. (2015) also reported on using I[pomoea aquatica leaves for culinary
dishes. Adebisi (2004) and Adinortey et al. (2012) also reported on using Lactuca
taraxacifolia for salad and its nutritional significance in the human diet. Different
species of Physalis spp. have also been reported by Daunay et al. (2007) to be edible
fruits with significant nutrients. Reports by He ef al. (2022) have highlighted the
significant nutritional qualities possessed by Sesuvium portulacastrum. The widely
used Cocos nucifera has gained great attention due to its diverse qualities,
especially its edible fruits and oils, as Pham (2016) reported. Another research study
by Pavithra et al. (2017) emphasized the culinary uses of Talinum triangulare,

especially in Western Africa.
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Some halophytes are used as fodder and forage in arid and semiarid regions.
They offer a critical solution for providing sustenance in dryland ecosystems.
Halophytic forages and fodder comprise grasses such as Sporobolus, Hedysarum,
Paspalum, Spartina, Thinopyrum and Puccinellia; trees including Acacia,
Salvadora, Prosopis and Leucaena leucocephala; and shrubs including Salsola,
Suaeda and Atriplex. A study by Morris (2023) reported on the use of Clitoria
ternatea for forage. Also, Indigofera spicata was reported by Heuzé et al. (2016)
as an essential source of nutrition for livestock. Apart from its edible fruits, Opuntia
spp. has been used as forage for livestock, as Fabbri ef al. (2016) and Parker (2022)

emphasised.

These halophytes offer various nutritional benefits, making them suitable
for sustainable agriculture. However, only a few of these halophytes have been
extensively studied and successfully implemented on a large scale. Therefore,
further research is needed on optimizing cultivation practices and addressing

potential challenges.

2.3.2 Bioenergy Production
Some halophytes have been reported to produce biomass for biofuel.

Hulkko ef al. (2022) investigated the potential of Salicornia europaea, Tripolium
pannonicum and Crithmum maritimum in bioenergy production. They reported that
Salicornia europaea can accumulate biomass under saline conditions, which can be
used to produce bioethanol. Christiansen et al. (2021) studied Salicornia bigelovii
under saline aquaculture effluents and stated that the plant can produce about 2500

L/ha of bioethanol as it contains highly digestible carbohydrates. Research by
14

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

Abideen et al. (2011; 2014) also revealed that Euphorbia tirucalli, Ricinus
communis, Suaeda aralocaspica, Descurainaia sophia and Salicornia bigelovii can
store up to over 20% of their total tissue dry weight as oils. Also, Ricinus communis
has been reported by Zhou ef al. (2010) to accumulate as high as 40% of its seed

dry biomass as oils.

The use of halophytes for bioenergy production has not been much
exploited due to their low biomass yields and energy-intensive processing methods.
It is important to address these limitations to maximise halophytes' bioenergy

potential.

2.3.3 Environmental Conservation
Halophytes play a vital role in environmental conservation, restoring

degraded ecosystems and controlling soil erosion. Mendoza-Gonzalez et al. (2014)
reported on the application of Canavalia rosea in preventing soil erosion and
enhancing the geomorphology of beaches and dunes. Lin et al. (2021) also detailed
the ability of the plant to adapt to extreme environments such as drought conditions.
Also, a report by Zou et al. (2022) highlighted the ability of Canavalia rosea to
tolerate extreme environments, especially that of tropical islands, due to its
thermotolerance ability resulting from the metallothionein in the plant’s tissues. The
study again emphasized the role of metallothionein in conferring tolerance to soil
heavy metals on Canavalia rosea. Another report by Casierra-Martinez et al. (2017)
and Fontalvo et al. (2011) revealed the erosion control and phyto-depuration
abilities of Cyperus ligularis, a perennial halophyte belonging to the Cyperaceae

family, under wetland habitat. Indigofera spicata has also been reported by Heuzé
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et al. (2016) to possess soil improvement qualities and is usually planted as green

manure and used as a cover crop in rubber, tea and coffee plantations.

Similarly, Burkill (2004) highlighted using Ipomoea asarifolia as ground
cover and its role in binding dunes. Another study by Fabbri et al. (2016) found that
Paspalum vaginatum played a significant role in controlling soil erosion and has
been widely used as a turfgrass. Pupalia lappacea, a herbaceous annual plant
belonging to the Asteraceae family, was identified by Barkhadle et al. (1994) for its
role in controlling soil erosion on heavily degraded vegetation in Southern Somalia.
Furthermore, a review by Lokhande et al. (2013) on Sesuvium portulacastrum
emphasized the significant role of the plant in ensuring soil stabilization, especially
in salt-affected areas. Canavalia rosea has also been reported by Lin et al. (2021)
to possess the ability to fix atmospheric nitrogen in the soil, thereby enhancing soil

productivity.

Although several research studies have approached the significant role of
halophytes in maintaining environmental conservation, the success of the
application of these halophytes has been very minimal, leaving much to be
expected. Further investigations are required to complement existing findings and

identify the most effective halophyte species for specific restoration purposes.

2.3.4 Phytoremediation and Desalination
Halophytes show great promise for restoring salt-damaged soils and

cleaning up contaminated ones. Since they absorb salts from the soil and store them

in their tissues, salt-accumulating halophytes play a significant part in
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phytoremediation and soil salinity mitigation. Shabala and Pottosin (2014) shed
light on halophytes' mechanisms to tolerate and exclude salts. Research by Flowers
et al. (2010) emphasizes the importance of halophytes for soil remediation, as they
can actively remove salts and contribute to rehabilitating salt-affected soils without
negatively affecting the environment. Ipomoea aquatica was found by Rai and
Sinha (2001) to accumulate increased amounts of metals in their tissues when
irrigated with water containing high amounts of metals, revealing their potential in

remediating degraded soils.

Also, Islam et al. (2019) tested the desalination abilities of Ipomoea
aquatica, Alternanthera philoxeroides and Ludwigia adscendens. They found that
vacuole sequestration and cells in the xylem vessels and leaves of these plants were
probably responsible for the desalination ability of these halophytes as they
accumulated Na in their stems. Findings by Tripathi et al. (2021) revealed that
Pedalium murex, along with Sesbania bispinosa and Momordica doica can
accumulate increased concentrations of Mn, Fe, and Ni in their roots, making them
suitable for phytoaccumulation of heavy metals at degraded sites. Investigations on
Sesuvium portulacastrum by Ayyappan et al. (2016) discovered that the plant could
remove heavy metals such as Cr, Cd, Cu and Zn as well as Na and Cl from highly
contaminated soils, demonstrating its phytoremediation potency. Other halophytes,
including Suaeda salsa, Portulaca oleracea, Parkinsonia aculeata and Juncus

rigidus have been reported to possess very strong remediations abilities.
A major setback to this avenue is the energy efficiency of desalination

processes and the identification of suitable halophytes with remediation qualities.
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These challenges need to be addressed to realise halophytes full potential in

sustainable remediation and desalination practices.

2.3.5 Medicinal and Pharmaceutical Uses
Many halophytes possess bioactive compounds with significant

pharmaceutical potential, making them valuable in traditional medicine,
pharmacology, cosmetology, and agricultural pesticide production. Ksouri et al.
(2012) reviewed some nutraceutical and biological properties of halophytes. They
stated that some halophytes possess increased amounts of bioactive compounds
such as glycosides, polysaccharides, essential oils, sterols, fatty acids, vitamins,
phenolic compounds, and carotenoids. As a result, these halophytes have
antimicrobial, antioxidant, anti-tumoral, and anti-inflammatory qualities, making
them suitable for preventing and treating diseases such as chronic inflammation,

cancer, and cardiovascular disorders.

Aderibigbe et al. (2022) studied the properties of Amaranthus spp. and
revealed that the plant possesses rich nutrients and bioactive compounds which
improve human and animal health. Another research study by Jimoh et al. (2019)
emphasized the medicinal qualities of Amaranthus caudatus and its use in the
treatment of diseases such as cancer, diabetes, malaria inflammations, and other
bacterial infections. Also, studies by Vasconcellos et al. (2005) and Duke (2008)
revealed that Capraria biflora is medicinal and used to treat hypertension,
menstrual pain, fever, and diarrhoea. The antioxidant properties of Clitoria ternatea
have been exploited, and the flowers are usually used to make herbal tea, as Suarna

and Wijaya (2021) reported. Euphorbia albomarginata has also been identified by
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Rojas et al. (2010) as a medicinal plant useful in traditional medicine for treating
various ailments. Mouafon et al. (2021) recognized the medicinal qualities of
Indigofera spicata and stated that the plant contains secondary metabolites, such as

flavonoids and saponins, which aid in treating bacterial infections.

Navarrete et al. (2021) also investigated the potential of Kalanchoe
daigremontiana, a succulent halophyte of the Crassulaceae family, in the treatment
of diabetes and found that crude leaf extracts from the plant were effective in
reducing liver damage under increased sucrose conditions. Another research by
Sahayaraj and Sathyamoorthi (2010) revealed that the root extracts of Pedalium
murex effectively controlled the larvae of tobacco cutworms and can therefore be
used as an alternative to synthetic insecticides. Also, Tripathi et al. (2021)
discovered that the plant is effective in curing illnesses such as reproductive

disorders and urinary and gastrointestinal tract disorders.

It is necessary to note that although most of these halophytes possess
medicinal qualities, their use has only been exploited locally, with very little
research being conducted to confirm the presence of pharmaceutical compounds in
them. The identification of novel compounds and further investigations to explore
the therapeutic properties of other halophytes are necessary to harness the full

potential of halophytes for medicinal purposes.

2.4 Causes of Soil Salinity
Salinity, a prominent form of abiotic stress alongside irradiation, drought,

and heavy metal toxicity, exerts profound and detrimental effects on crop
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production. The impact of salt stress is particularly pronounced in arid, semi-arid,
and coastal regions, where it easily proliferates in irrigated fields (Munns and
Tester, 2008). Soil salinity poses significant challenges to agricultural productivity

and ecosystem health. The causes of soil salinity are reviewed in this section.

2.4.1 Natural Causes
Natural processes, such as the weathering of parent material, topographical

features, and the quality of the water table, account for the basic salinization and
sodification of soils. Weathering of primary minerals involves the production of
soluble cations like Mg?*, Na*, Ca?*, and K™ as well as prevalent anions such as
SO4%, HCO®*™ and CI (Stavi et al., 2021). Rocks and minerals exhibit differential
susceptibility to chemical weathering, facilitating the release of cations and anions
(Sverdrup and Warfvinge, 1988). Studies by Rhoades (1996) and Qadir et al. (2014)
emphasize the role of geological and climatic factors in determining the baseline
salinity levels of soils. Litalien and Zeeb (2020) and Forkutsa et al. (2009) highlight
the role of agricultural activities such as irrigation and chemical fertilizers in
accelerating the natural processes of soil salinization. Other research studies by
Ivushkin ef al. (2019) and Shrivastava and Rajesh (2015) report on the significant
impact of the progress of salinization of arable lands on agricultural production and
ecological sustainability and highlight the process of natural salinization in soils.
Also, according to Cuevas et al. (2019), climate change results in increased
frequency and intensity of drought occurrences, which contribute significantly to

the rate of soil salinization in both arid and humid regions. Rodriguez-Rodriguez et
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al. (1993) also found that volcanic activities, such as ashes blown from sodium-rich

minerals during volcanic eruptions, contribute to the salinization of soils.

2.4.2 Human Causes
Another form of soil salinization arises predominantly from inadequate

leaching and drainage during water logging or irrigation practices. These
circumstances lead to the retention of soluble salts within the soil profile or at the
surface. Ayers and Westcot (1985) reported that unless adequately washed away,
these salts, over time, accumulate to levels that hinder optimal plant growth. A
review by Tedeschi et al. (2023) underscores the impact of improper irrigation
management on soil salinity. The constant use of saline water for irrigation, and

inadequate drainage systems lead to salt accumulation in the soil.

Also, deforestation and land use changes contribute to soil salinity through
altered hydrological cycles and increased erosion. Studies by Thiam ef al. (2021)
and Nosetto et al. (2013) highlight the links between land-use changes and soil
salinization and demonstrate that the destruction of vegetation plays a significant
role in creating soil salinity. Thiam et al. (2021) found that vegetated areas had
significantly lower salt content than non-vegetated areas. They concluded the need
to regenerate salt-resistant tree species such as Acacia sp. and Eucalyptus sp. to
restore such non-vegetated areas. Again, industrial activities and urbanization
contribute to soil salinity by discharging saline effluents and de-icing salts.
Furthermore, Sial et al. (2006) study the effects of effluents from chemical,

pharmaceutical, and textile industries on the environment and emphasize proper
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treatment before they are used for irrigation as they are toxic to soil, plants, and

animals.

Soil salinity is seen here to be affected by both natural processes and human
activities. While there is a considerable body of knowledge on the causes of soil
salinity, gaps persist in understanding the interactions between various factors and

the potential of specific halophytes in mitigating salinity.

2.5 Methods of Remediating Saline Soils

2.5.1 Phytoremediation
Using salt-tolerant plants has emerged as a promising approach for

remediating saline soils and has received some attention. Flowers and Colmer
(2008) and Rozema et al. (2015) highlight the potential of halophytes, including
Salicornia spp., Atriplex spp. and Beta spp., in accumulating and excluding salts
from the soil. These plants can remove salt from the soil, thereby reducing the salt
in the soil. Kushiev et al. (2005) studied the remediation ability of the perennial
shrub licorice (Glycyrrhiza glabra), on a salt-affected field. The plant was
cultivated for five years, after which the same field was cultivated with wheat and
cotton, resulting in a staggering 278% and 609% increase in yield, respectively. The
increase in yield was attributed to increased soil organic carbon content and
leaching of salts, demonstrating the dynamic ability of plants to restore degraded

soils, making them suitable for crop production.

Notably, phytoremediation represents an economically viable means of soil

remediation. Moreover, it aligns with environmentally sustainable practices by
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circumventing the use of synthetic chemicals and simultaneously enhancing carbon

sequestration (Paz et al., 2020).

2.5.2 Bioremediation and Microbial Interventions
Bioremediation, which involves using microorganisms to break down

environmental pollutants, such as salts, has gained attention in recent years.
Research by Sun ef al. (2022) demonstrated that freezing saline water irrigation,
which is an economical technique for saline soil amelioration, can reshape the soil
microbiome in coastal saline soils, potentially contributing to soil desalination.
Another investigation revealed the potential of microbial-derived compounds,
including volatile organic compounds, thuricinl7, phytohormones and
lipochitooligosaccharides in mitigating the effects of salinity stress in crops,
thereby indicating the ability of these compounds to address the problems of soil
salinity (Naamala and Smith, 2021). Also, Kumawat et al. (2022) reviewed the
significance of bioremediation in addressing soil salinity. They concluded that
microbial products which contain beneficial halophiles can maintain and improve
soil health while enhancing crop yield in saline soils. Mokrani et al. (2022)
discussed recent trends in microbial approaches for soil desalination. They
emphasized the impact of global climate change on soil salinization and the
potential of bio-phytoremediation by microorganisms in addressing the issue.
Microbes, including Actinobacteria, Bacteroidetes, Proteobacteria, Spirochaetes,
Firmicutes, and Euryarchaeota have been identified to possess salt-resistant
qualities (Grover et al., 2011). Overall, these studies support the potential of
microbial interventions in remediating saline soils. However, gabs exist to
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understand the long-term effects of microbial interventions on soil health and

biodiversity.

2.5.3 Soil Amendments
Adding amendments, such as gypsum, organic matter and calcium-based

compounds, has been widely explored to improve soil structure and reduce salinity.
Hoque et al. (2022) reviewed the role of soil amendments, including vermiwash,
biochar, plant growth-promoting rhizobacteria, vermicompost and biofertilizers in
mitigating the effects of soil salinity on plant growth. They concluded that these
soil amendments significantly reduced the negative effects of soil salinity on crops
and promoted plant growth and yield through several mechanisms, such as
improving the activities of antioxidant enzymes, maintaining ionic homeostasis,
regulating gene expression and reducing osmotic and oxidative stresses. Research
by Wang et al. (2023) emphasized the effectiveness of humic acid, amino acids and
carboxymethyl cellulose as soil amendments in the management of degraded soils
and reported on the ability of these amendments to enhance yields and enrich the
infiltration characteristics of saline soils. Other amendments, including gypsum,
have reportedly been used in the reduction of soil pH and sodium adsorption ratio
(SAR), thereby improving soil permeability, nutrient cycling, water holding
capacity and enzymatic activities and mitigating effects of soil salinity on soils
(Bello et al., 2021). However, these amendments' effects are usually short-lived,
requiring continuous and repeated applications, which could have negative

environmental effects.
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2.5.4 Precision Irrigation Techniques
Innovative irrigation techniques, such as controlled deficit and drip

irrigations, have been investigated to manage soil salinity. Plaut ez al. (2013) found
that combining controlled deficit irrigation with other strategies, such as leaching,
is effective for overcoming salinity in highly saline soils. Research has also shown
that drip irrigation can help control soil salinity under various crops, such as
tomatoes, cauliflower, onion and strawberries, by effectively distributing water and
leaching salts from the root zone (Burt and Isbell, 2005; Karaca et al., 2022). Also,
research by Wang et al. (2023) demonstrated that drip irrigation treatments can lead
to significant reductions in soil salinity, with desalination rates ranging from
18.46% to 22.94%. When combined with proper water management practices, drip
irrigation effectively prevents salt accumulation in the root zone (Plaut ef al., 2013).
Drip and controlled deficit irrigations, therefore, are valuable tools for managing
soil salinity and ensuring the healthy growth of crops in salt-affected areas.
However, criticisms revolve around the applicability of these techniques to different

crops and regions.

2.5.5 Flushing and Leaching of Salt
Flushing involves washing away the surface accumulated salts by flushing

water over the surface, while leaching is the most effective method for removing
salts from the root zone of soils. Research by Shaygan and Baumgartl (2022)
emphasized the significant role of rainfall and irrigation water in leaching soluble
salts from the soil profile. Again, research by Cuevas ef al. (2019) highlighted the

need for improved drainage, less fertilizer application, reduced evaporation,

25

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

irrigation with low EC water and high-frequency localized irrigation as
mechanisms for reducing salt accumulation is soils and improving soil structure.
Another investigation stressed the need to direct the salts flushed from the soil
surface into drainage systems to effectively eliminate them from the marked land
(Shahid et al., 2018). However, the issue with this method is that the process is
often very laborious and expensive and tends to yield short-lived results in reducing

soil salinity.

2.5.6 Combined Approaches and Integrative Strategies
Several studies advocate for a holistic approach that combines different

remediation methods to address the complex nature of saline soils. This approach
recognizes the importance of considering the soil's physical, chemical, and
biological properties when designing remediation strategies. Combining biological,
chemical, and physical processes is a comprehensive method to mitigate soil
salinity (Jakhar et al., 2024). Rezapour et al. (2023) found that combining chemical
and organic treatments can enhance remediation performance and soil health in
saline-sodic soils. Freezing saline water irrigation and plastic mulching techniques
were found to reshape the soil microbiome in coastal saline soils and enhance soil
desalination (Sun ef al., 2022). Another research by Aparicio et al. (2022) reported
that integrating biological and physicochemical strategies effectively addresses soil
salinity problems. Cuevas et al. (2019) found that soil salinity can be significantly
reduced while crop yields increase by combining soil amendments, residue
management and soil conditioners. Integrating halophytes, amendments, and
innovative agricultural practices could enhance the overall effectiveness of soil
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remediation efforts. However, critical assessments are needed to identify potential

conflicts and synergies between different approaches.

2.7 Salinity Effects on Crops
Salinity stress exerts a wide range of effects on crops, including reducing

crop productivity and altering soil physicochemical properties. This ultimately
disrupts the ecological equilibrium of the region (Hu and Schmidhalter, 2002). Soil
salinity results in decreased crop yields, reduced economic returns, and the
emergence of soil erosion concerns. The consequences of salinity stress arise from
multifaceted interactions, including biochemical, physiological, morphological and
molecular processes (Singh and Chatrath, 2001; Akbarimoghaddam et al., 2011;
Tester and Davenport, 2003). The effects of soil salinity on crop life cycle and

growth have been reviewed in this section.

2.7.1 Effects of Salinity on Crop Life Cycle
Salinity stress extends its influence across various aspects of plant

development, leaving no phase untouched, from germination to vegetative growth
and reproductive maturation. Soil salinity introduces complex challenges, including
ion toxicity, oxidative and osmotic stresses, and deficiencies in crucial nutrients

such as nitrogen, calcium, potassium, phosphorus, iron, and zinc (Ashraf, 2004).

Soil salinity has been shown to affect seed germination and early seedling
growth adversely. Research has demonstrated that temperature and salinity
significantly affect plant species' seed germination percentage and germination rate

(Liu et al., 2021). Also, Almansouri ef al. (2001) and Kranner et al. (2010) reported
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that exposure to high soil salinity inhibits seed germination due to the low osmotic
potential created around the seed, which prevents water uptake and the high
concentration of sodium and chloride ions in the soil may be toxic to seeds. Another
study stressed the role of salinity in lowering the water potential of the germination
medium compared to the seed interior, creating an osmotic stress resulting in
decreased germination rate and extended germination time (Reguera et al., 2020).
High soil salinity can, therefore, have detrimental effects on the germination and
early seedling growth of various plant species, resulting in decreased plant

performance.

Also, salinity adversely affects vegetative growth, reducing leaf area,
stunted growth and altered morphology. Soil salinity has been reported by Kumar
et al. (2021) to lead to reduced plant height, root length, stem length, number of
branches and leaves, affecting the overall growth and biomass of Dropwort

(Oenanthe javanica) cultivars.

The effects of salinity on reproductive development and crop yield have
been extensively studied. According to Uchiyama et al. (2023), salinity hinders
microsporogenesis, impedes the elongation of stamen filament, triggers ovule
abortion, prompts the senescence of fertilized embryos and induces programmed
cell death in select tissues. Also, high soil salinity has been found to reduce crop
yields and yield components, resulting in yield loss in various crop species,
including beans, tomatoes and cabbage (Atta et al., 2023). Salinity has been
reported by Shrivastava and Kumar (2015) to adversely affect reproductive

development by inhibiting microsporogenesis and stamen, enhancing programmed
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cell death in some tissue types, ovule abortion and senescence of fertilized embryos.
In vitro, pollen viability and germination tests from petunia, maize and carrot plants
grown under saline conditions have demonstrated that high soil salinity inhibits
plant growth and reduces pollen viability (Mattioli et al., 2020). Also, Pushpavalli
et al. (2016) reported that salinity stress can lead to delayed flowering and lower
crop yield. Therefore, high salt concentrations can harm pollen viability and flower

development and crop yield.

It is important to note that most of these studies focus on major crops, such
as wheat and maize, with less attention to other important crops. More research is

needed to explore the adaptability of various crops to varying salinity levels.

2.7.2 Effects of Salinity on Growth Parameters

2.7.2.1 Plant Height
Salinity stress significantly threatens plant growth and development,

affecting various physiological and morphological aspects, including plant height.
The impact of salinity stress on plant height has been extensively studied, and the
degree of growth reduction varies among plant species. Research has demonstrated
that high soil salinity can significantly reduce plant height, root length, stem length
and the number of branches and leaves in various plant species (Kumar et al., 2021;
Balasubramaniam et al., 2023). Another investigation by Shrivastava and Kumar
(2015) highlighted the effect of salinity on all aspects of plant development,
imposing osmotic stress, oxidative stress, ion toxicity and nutrient imbalance on
plants, which can lead to reduced plant height and overall growth. Saline soils were

shown to negatively influence plant height in asparagus and tomato (Jumberi et al.,
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2002). Similarly, another study on the effect of salinity stress on rice crops by
Hasanuzzaman et al. (2009) showed that rice crops exposed to rising salinity levels
in the soil demonstrated a reduction in plant height. This trend extends to pepper
plants, where increased soil salt content resulted in a noticeable decrease in plant

height (Hussein et al., 2012; Sakr et al., 2015).

While significant progress has been made in the study of the impact of soil
salinity on plant height, the diversity of plants studied remains a major constraint.
Future research should prioritize a broader range of plants and environments to

address these gaps.

2.7.2.2 Root Parameters
Salinity stress significantly influences plant root morphology and

physiology. The structure of roots, including root diameter and length, influences
both water uptake and nutrient uptake within saline soils (Schleiff, 2008; Acosta-
Motos et al., 2017). Robin et al. (2016) studied the effects of soil salinity on wheat
plants. They found that salinity stress reduces root surface area, root hair density,
and root hair length, leading to changes in major root and shoot traits at the
phytomer level. Another research by Arif ef al. (2019) demonstrated that salinity
affects root system architecture and expansion of Brassica napus, and root
processes are affected differently by excess salinity. Khan ef al. (2003), Nizam
(2011), and Dolatabadian et al. (2011) reported reduced root length in maize,
ryegrass and soybean, respectively. It has also been reported that salt stress

significantly limited root density in pepper (De Pascale et al., 2003).
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2.7.2.3 Leaf Parameters
Several studies have explored the effect of soil salinity on leaf parameters.

Research has shown that salinity stress can modify tomato plants' leaf anatomy and
gene expression patterns (Hoffmann et al., 2021). Salinity stress has been found to
reduce leaf area, chlorophyll content and stomatal conductance (Negrao et al.,
2017; Balasubramaniam et al., 2023). Negrao ef al. (2017) again found that salinity
stress affects cell expansion in young leaves, generally causing a decrease in leaf
area. Srivastava (2022) reviewed the adaptations of plants to salinity and concluded
that elevated levels of soil salinity result in increased leaf area and stomata and
trichomes numbers and sizes considered adaptive traits against salinity stress. Also,
in mustard plants, leaf area was significantly reduced at vegetative and reproductive
stages due to salt stress (Garg et al., 2006). Similar occurrences were observed in
tomatoes, sugar beet, cabbage and bitter almonds (Romero-Aranda et al., 2001;
Jamil et al., 2007; Najafian et al, 2008). Hasanuzzaman et al. (2013) also
highlighted the decrease in the number of leaves. They attributed this to osmotic
influence, which, in extreme cases, can lead to leaf death, ultimately compromising

the plant's photosynthetic capacity and consequent yield.

2.7.2.4 Biomass Accumulation
Biomass accumulation is a key determinant of plant productivity, and

understanding how salinity stress influences this parameter is crucial for sustainable
agriculture. Studies have investigated the impact of salinity stress on shoot and root

biomass accumulation. It has been reported that overall crop yield is affected under
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salt stress due to reduced leaf area, which eventually results in reduced dry matter
accumulation (Amirjani, 2011). For instance, it was observed that shoot dry
biomass was significantly reduced in mustard plants where saline water at varying
concentrations was used for irrigation (Garg et al., 2006). In pepper, using irrigation
water with electrical conductivities of 4.4 dS/m and 8.5 dS/m resulted in reduced

leaf and stem weights (De Pascal et al., 2003).

Similarly, Yildirim and Giiveng (2006) reported declining shoot and root
biomass in pepper under increasing saline treatments. These reductions in biomass
accumulation have often been attributed to hindered water and nutrient uptake,
oxidative stress and metabolic disturbances (Munns and Gilliham, 2015; Flowers
and Colmer, 2008). However, another study found a 10 — 20% increase in seedling
growth (both root and shoot biomass) of Brassica napus when treated with
moderately saline solutions (between 25 and 50 mmol L™! NaCl) (Chen et al.,
2023). Salinity was reported to reduce common beans' shoot and root weights
(Gama et al., 2007). On the other hand, research by Maggio et al. (2007) and Tejera
et al. (2006) found that salinity significantly increased root biomass in tomatoes
and chickpeas, suggesting a faster root growth to adjust to water deficit. Another
investigation showed that, although salinity stress reduced biomass production and
productivity in soybeans, adding biochar decreases these negative effects of salinity

on the plant (Zhang et al., 2020).

Furthermore, Alam et al. (2015) studied the effect of salinity on the biomass
yield of purslane accessions. They found that high salt treatments resulted in a

significant decrease in both fresh and dry weights of the accessions. Likewise, the
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biomass of sugar beet cultivars decreased significantly with increasing salinity
stress (Dadkhah and Grrifiths, 2006). Contrary to this, according to Mane et al.
(2011), 100mM salinity led to a significant increase in fresh mass of Pennisetum

alopecuroides.

Overall, the study of the effects of salinity on plant growth parameters has
received some attention. However, more remains to be done to study the growth of
beneficial halophytes under salt stress conditions. Halophytes remain a viable

source of mitigating salinity's effects on glycophytes' growth.

2.7.3 Effects of Salinity on Physiological Parameters
To assess the tolerance of plants under salinity stress, researchers commonly

evaluate either the growth or survival of the plant, as these metrics summarize the
relationship of numerous physiological mechanisms within the plant. Salinity has
been reported to impact the process of photosynthesis, primarily by reducing
chlorophyll content, leaf area and stomatal conductance. Research has found that,
although minimally, salinity decreases photosystem II's efficiency, reducing the
overall photosynthesis efficiency in plants (Netondo et al.,, 2004). The effects of
salinity stress on various physiological processes in plants are discussed in this

section.

2.7.3.1 Chlorophyll content
Salt stress is known to have a profound impact on plant physiology,

particularly on chlorophyll content. Under salt stress, the chlorophyll pigment,

pivotal in photosynthesis, encounters significant inhibition. Salinity stress has been
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found to reduce chlorophyll content in maize plants' leaves, leading to decreased
pigment synthesis or a high rate of chlorophyll degradation (Ashrafuzzaman et al.,
2000). Hnilickova et al. (2021) investigated the effects of salinity on Portulaca
oleracea. They found that salinity stress affected photosynthesis, mainly through a
reduction in leaf area, stomatal conductance and chlorophyll content, which

ultimately impacts the overall growth and biomass of the plants.

Furthermore, the chlorophyll a and b content in paddy rice under saline
treatment has been studied, indicating that salinity stress reduces the chlorophyll a
and b content in rice varieties, eventually reducing plant biomass (Taratima et al.,
2022). Another study by Heidari (2012) found that high salinity levels greatly
reduced photosynthetic pigments, particularly chlorophylls a and b and carotenoid
contents of basil genotypes. Also, according to Jaleel et al. (2008), total chlorophyll
and chlorophylls a and b contents were slightly decreased at low salinity
concentrations. However, these pigments were significantly reduced in
Catharanthus roseus plants at high salt concentrations. Another study on salt-
tolerant and sensitive pepper varieties revealed that salt treatments reduced leaf
chlorophyll content of the salt-sensitive variety at low salt concentrations (50 mM
NaCl). The salt-tolerant variety had reduced leaf chlorophyll content at a relatively
higher salt concentration (200 mM NaCl) (Hand et al., 2017). Furthermore, the
application of sodium chloride correlated with a decrease in chlorophyll levels in
maize (Sepehr and Ghorbanli, 2006), rice (Lutts et al., 1996) and pearl millet

(Albassam, 2001). These results indicate that salinity stress harms chlorophyll
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content in plants, which can affect their photosynthetic efficiency and overall

growth.

2.7.3.2 Fv/Fm Ratio
The fv/fm ratio measures the maximum efficiency of photosystem II

photochemistry. The effects of salinity on the fv/fm ratio have been studied in
various plant species. For instance, a study on wheat under saline conditions
demonstrated a marked reduction in the fv/fm ratio due to reduced photochemical
efficiency (Saddiq ef al.,, 2021). Salt-stressed tomato plants also displayed lowered
fv/fm values, signifying compromised photosynthetic activity and potential damage
to PSII (Nabati et al., 2021). Also, a study on Portulaca oleracea by Hnilickova et
al. (2021) found that salt stress significantly reduced the fv/fm ratio after 12 days
of exposure to 300 mM NaCl. Similarly, research on grafted watermelon seedlings
demonstrated decreased fv/fm values under salinity stress, especially at higher
salinity levels (Shin e al., 2021). Furthermore, a study on lettuce exposed to salinity
stress reported a reduction in the fv/fm ratio, indicating the negative impact of
salinity stress on photosystem II photochemistry (Adhikari et al., 2019). Again,
salinity stress has been found to affect chloroplast structure and function, reducing
CO2 assimilation rates and overreduction photosystem II (Hameed et al., 2021).
Studies on salt-stressed Arabidopsis thaliana emphasized that the fv/fm ratio can
indicate stress-induced damage to the photosynthetic apparatus (Othman et al.,
2017). The fv/fm ratio is very sensitive to salt stress and is, therefore, usually used

to assess the response of various plants to salt stress.
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2.7.3.3 Performance Index (PI)
The performance index combines several chlorophyll fluorescence

measurements such as Fv/Fm and Fv'/Fm' to assess the overall photosynthetic
efficiency of plants under stress. The effects of salinity on the Performance Index
have been studied in various plant species. For example, a study on rice subjected
to salt stress revealed reduced PI values due to compromised photosystem
functionality and electron transport rates (Giorio and Sellami, 2021). Similarly,
investigations on wheat highlighted the negative impact of salt stress on the PI,
indicating hampered photosynthetic performance and potential cellular damage
(Saddiq et al., 2021). Another study on safflower showed that salt stress caused a
significant decrease in maximum fluorescence (Fm) and Pltotal. At the same time,
the energy necessary for the closure of all reaction centres (Sm) increased
(Ghassemi-Golezani et al., 2020). Furthermore, the exogenous application of
melatonin induced tolerance to salt stress by improving the photosynthetic

efficiency and antioxidant defence system of maize seedlings (Ahmad et al., 2020).

2.8 Salt Tolerance in Halophytes
In light of the adverse effects of salinity on crops, understanding the

tolerance mechanism of halophytes becomes crucial for enhancing crop plants'
stress resilience. Several studies have investigated various aspects of salt tolerance
in halophytes, including their ability to complete their lifecycle in saline conditions,
the mechanisms underlying their salt tolerance, and their potential as valuable
genetic resources for developing salt-tolerant crops. These studies have provided
valuable insights into the unique anatomical, physiological and morphological
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strategies that halophytes have evolved to survive and thrive in saline
environments. This review delves into various aspects of halophytes, focusing on

their tolerance mechanisms to salinity.

While some halophytes have developed resistance mechanisms, others
employ strategies to avoid salt uptake actively, thereby maintaining a lower internal
sodium concentration. These mechanisms collectively enable them to maintain
cellular functions, sustain growth, and thrive in saline conditions (Flowers and

Colmer, 2008).

2.8.1 Mechanisms of Salt Resistance in Halophytes
Salt resistance is the ability of plants to tolerate high salt concentrations in

their environment. This salt tolerance mechanism usually involves maintaining
protoplasmic viability through biochemical and physiological adaptations
(Sabovljevic and Sabovljevic, 2007). Halophytes have evolved various
mechanisms to cope with salinity stress, allowing them to complete their life cycles
in soils with high salt concentrations (Meng et al., 2018). The mechanisms of salt

resistance are reviewed below.

2.8.1.1 Osmotic Adjustment
Some salt-resistant halophytes accumulate organic and inorganic

osmoprotectants as well as compatible solutes, such as proline, glycine betaine, and
sugars, in their cells to maintain turgor pressure and water uptake in their cells and
stabilize essential cellular structures to counter the osmotic stress induced by high

external salinity (Kefu and Hai, 2000; Flowers and Colmer, 2008). For instance,
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Stewart and Lee (1974) highlighted the positive correlation between proline
accumulation and salt tolerance in Armeria maritima. Also, another investigation
found that the accumulation of proline served as a source of solute for intracellular

osmotic adjustments in halophytes (Hmidi ez al., 2018).

Studies on the role of proline in salt stress tolerance revealed that exogenous
application of proline significantly enhanced salt tolerance in different plants,
including A. thaliana, Z. mays, and Triticum aestivum (Székely et al., 2008; de
Freitas et al., 2018; Rady et al., 2019; El Moukhtari et al., 2020). Again, research
on Urochondra setulose and M. crystallinum demonstrated that the increased
proline accumulation and expression of genes responsible for proline synthesis
enhanced salt tolerance under stress conditions (Tran et al., 2019; Mann et al.,
2021). Also, studies by Slama et al. (2015) emphasized the roles of solutes such as
glycine betaine and sugars in maintaining cellular osmotic balance in plants such
as Limonium latifolium, Atriplex halimus, Kochia sieversiana, Suaeda fruticose,
Salicornia europaea, C. quinoa and Noaea mucronate as well as other plants
belonging to the Amaranthaceae family. Glycine betaine has again been identified
to enhance salt tolerance in Sesuvium portulacastrum (Muchate ef al., 2016) and

triplex halimus (Hamdani et al., 2017).

2.8.1.2 Antioxidant Defense
Certain halophytes also possess robust antioxidant defence systems to

counteract the oxidative stress of salt-induced reactive oxygen species (ROS) (Bose
et al., 2014). This includes the upregulation of enzymes like superoxide dismutase

(SOD), catalase (CAT), and peroxidase (POD) to detoxify ROS and protect cellular
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components from oxidative damage. A study on the halophyte Salvadora persica
demonstrated that the constitutive levels of all the antioxidative enzymes (that is,
SOD, CAT, ascorbate peroxidase (APX) and peroxidase (POX)) in the halophyte
were much higher than those reported in glycophytes, indicating the importance of
these enzymes in salt tolerance (Rangani et al., 2016). Also, the role of ROS
detoxification as an important biochemical mechanism has been identified in H.
salicornicum where under salinity stress, AsA/dehydroascorbate (DHA) and
glutathione (GSH)/oxidized glutathione (GSSG) ratios increased, the activity of
SOD increased and the levels of glutathione (GSH) increased (Panda et al., 2019).
Enhanced abscisic acid (ABA) levels have also been reported to enhance salt
tolerance in S. persica, A. tripolium and Lycium humile, through the reduction of
oxidative stresses in these plants (Kumari and Parida, 2018; Wiszniewska et al.,

2021; Palchett et al., 2021).

2.8.1.3 Ion Homeostasis
Another key strategy employed by salt-resistant halophytes is ion

homeostasis. These plants have evolved specialized transporters and ion channels
in their root systems to selectively exclude sodium ions (Na") from entering the
plant's vascular system (Munns, 2005; Levitt, 1980). For example, the Suaeda salsa
halophyte employs a high-affinity potassium transporter (HKT1) that allows it to
preferentially take up potassium (K*) over sodium (Na"), thus maintaining a low
Na'/K" ratio within its cells (Shao et al., 2014). Also, it was observed that, under
salinity stress, Nitraria sibirica plants sequestered Na' in their vacuoles, thereby

keeping an ideal balance of K'/Na" at the cell-specific and tissue-specific levels
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(Tang et al., 2020). Again, the Nitraria sibirica plants were found to promote the
efflux of K™ from their vacuoles to their cytoplasm through the enhanced expression
of two-pore K (NsTPK) (Tang ef al., 2020). Also, salt overly sensitive (SOS) has
been reported to aid salt tolerance in Lobularia maritima (Ben et al., 2020),
Karelinia caspia (Guo et al., 2020), Cakile maritima (Arbelet-Bonnin et al., 2018)
and Pongamia pinnata (Marriboina et al., 2017) through Na® exclusion, Ca*"

signaling, and sequestration of excess Na', resulting in increased ion homeostasis.

2.8.1.4 Stomatal Conductance
Stomata conductance plays a role in salt resistance by regulating water loss

and gas exchange in halophytes, resulting in a low COz: Oz ratio. Halophytes can
control stomata aperture and optimize water use efficiency by reducing stomatal
density (Suriani and Talanca, 2019; Shabala, 2013). In an investigation, decreased
stomatal conductance and density were observed when plants were exposed to salt
stress (Gururani et al., 2015). Studies on Gossypium hirsutum L. and Phaseolus
vulgaris L. revealed that both plants exhibited reduced Oz evolution and CO>
uptake as a stomatal mechanism of response to salt stress (Brugnoli and Lauteri,
1991). The study also concluded that the reduced stomatal conductance was
responsible for the decreased assimilation rate in these plants (Brugnoli and Lauteri,
1991). Also, it has been revealed that abscisic acid (ABA) accumulation was
responsible for reducing stomatal conductance in plants (Sharipova et al., 2022). A
study on Barley demonstrated that salinity stress induced ABA production,
resulting in reduced plant stomatal conductance (Sharipova ef al., 2022). Reduced

stomatal conductivity has been observed in Arabidopsis thaliana (Orzechowska et
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al.,2021), tomato (Song et al., 2023) and Atriplex portulacoides (Redondo-Gomez
et al., 2007). Also, studies have shown that some halophytes, including Suaeda
maritima (Flowers, 1985), Lasiurus scindicus (Naz et al., 2010), Distichlis spicata
(Kemp and Cunningham, 1981), Aeloropus lagopodies (Naz et al., 2010), and
Chenopodium quinoa (Orsini et al., 2011) exhibit reduced stomatal density in

response to salt stress.

2.8.2 Mechanisms of Salt Avoidance in Halophytes
Salt avoidance involves keeping sensitive parts of the plant free from salt

ions. This mechanism is more common in glycophytes and minimises the plant's

salt uptake.

2.8.2.1 Salt Compartmentalization
Salt compartmentalization is one of the salt tolerance mechanisms that

halophytes use to tolerate high salt concentrations. These halophytes avoid salt
stress by reducing the salt concentration in their cytoplasm by compartmentalizing
the salt in their vacuoles (Munns, 2002; Larcher, 2003). A study on the salinity
tolerance of upland cotton (Gossypium hirsutum) identified the secretion of salt
from glandular trichomes (GTs) as a mechanism of Na" compartmentalization in
the plants after short-term salt stress was applied (Peng et al., 2016). According to
Sulian et al. (2012), who studied the mechanism of salt tolerance in Salicornia
europaea, the plants could tolerate salt stress through multiple
compartmentalization of Na in the vacuoles. Also, Lv et al. (2017) researched salt

tolerance in Salicornia europaea. They found that the plant tolerates salinity stress
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by Na" compartmentalization in their vacuole and concluded that this mechanism
is aided by V-ATPase subunit-A. Another study reported that when B. gymnorhiza
plants were exposed to increasing concentrations of NaCl, their leaves could avoid
the excess production of reactive oxygen species (ROS) due to effective salt
compartmentalization in their vacuoles (Li et al., 2018). These mechanisms of salt
compartmentalization in halophytes are crucial for their ability to thrive in salt-

affected soils.

2.8.2.1 Exclusion
Another primary strategy employed by salt-avoiding halophytes is the

exclusion of salt ions. These plants have evolved root membranes with reduced
sodium ions (Na+) permeability. This permeability reduction limits salt uptake from
the surrounding soil, thereby minimizing the entry of toxic ions into the plant's
vascular system (Larcher, 2003). Reed plants were found to accumulate increased
concentrations of Na” and CI” in their roots compared to their shoots when exposed
to salt treatment, indicating the exclusion of salts from their roots (Matsushita and
Matoh, 1991). Also, Husain ef al. (2004) studied salt transport in plants and found
that most salt-exclusion plants exclude about 98% of salt absorbed by their roots
back into the soil solution and only transport 2% to the shoots. The phloem, root
cortex and, xylem and pericycle parenchyma cells have been reported as the key
sites for salt exclusion in plants that avoid salt stress by salt exclusion (Munns e?
al., 2006). Research by Chen et al. (2018) found that salt-excluders are mostly
monocotyledonous plants and emphasized the need to understand this mechanism

of salt avoidance in the improvement of monocotyledonous crops including rice,
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sorghum, wheat and maize. Another investigation by Li et al. (2018) concluded that
to reduce ROS production in the roots and leaves, K. obovate efficiently excludes

salt from the roots.

2.8.2.2 Salt Gland Secretion
Certain halophytes have developed specialized salt glands or salt bladders

on their leaves or stems, which actively secrete excess salt ions, primarily sodium
and chloride (Yuan ef al.,, 2016). These halophytes are called recretohalophytes.
Yuan et al., (2016) reviewed the salt secretion mechanism in recretohalophytes.
They emphasized the process of salt gland development, highlighting the role of
ion transporters in the secretion of ions from the salt bladders of halophytes.
Another study on salt tolerance in Avicennia marina focused on the plant's salt
gland-mediated leaf sodium homeostasis and its role in conferring salt tolerance on
the plant (Guo et al., 2023). Tamarix aphylla and Bienertia sinuspersici have also
been reported to possess salt glands which aid them in the secretion of excess salt

from their tissues (Akhani ef al., 2005).

Studies have shown that the mechanism of salt secretion in
recretohalophytes depends on their salt glands' structure. Dassanayake and Larkin
(2017) reported that, Porteresia coarctata, a wild rice species, possessed unicellular
secretory hairs, which seemed to be wholly occupied with vacuoles and no
specialized organelles. Also, bicellular salt glands (cap and basal cells) were found
in Chloridoid grasses (Amarasinghe and Watson, 1988). Again, a study on

Limonium bicolor also demonstrated that the plant possessed multiple-celled salt
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glands and accumulated salt crystals around pores found in their secretory cells,
indicating the mechanism of salt excretion from the plant (Feng et al., 2014).
Amaranthaceae (including Suaeda aralocaspica and Bienertia sinuspersici) and
Aizoaceae (such as M. crystallinum) have also been reported to sequester salt in
their bladder cell vacuoles, making them salt bladders (Park et al., 2009; Agarie et
al., 2007). Therefore, four (4) mechanisms of salt secretion have been identified

based on the structure of salt glands.

2.8.2.3 Succulence
Succulence is a salt tolerance mechanism that has been studied in various

halophytes. Succulence refers to the thickening of leaves and stems, which help
these plants store water and ions and cope with salinity stress. Succulent halophytes
have been shown to store water in their leaves, stems, and roots, which dilutes the
salt concentration in their tissues (Flowers and Colmer, 2008; Mann et al., 2018).
For example, a study by Vyas et al. (2023) found that the succulent halophytes,
Suaeda nudiflora, Suaeda fruticose and Salicornia brachiate have thick and fleshy
leaves, which enable them to store water and ions and exhibit salt avoidance
mechanism while non-succulent ones, Urochondra setulosa and Aeluropus
lagopoides exhibit a salt tolerance mechanism. The research emphasized on the
ability of the succulent halophytes to accumulate increased Na*, Mg and CI™ in
their leaves than their roots and stems (Vyas et al., 2023). Another study revealed
that Suaeda fruticose can withstand salt concentrations of 500 and 1000 mM NaCl

at germination and maturity due to its succulence (Khan and Ungar, 1998; 2000).
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Furthermore, research on succulent halophytes in Egypt revealed that
increasing salt concentrations increased succulence in Zygophyllum aegyptium and
Halocnemum strobilaceum. In contrast, Inula crithmoides and Arthrocnemum
macrostachyum exhibited a reduction in succulence at high salinity levels (Serag,
1999). Also, according to Weber, (2009), succulent halophytes usually have higher
moisture content per unit area, increased cell size and reduced growth, which help

them thrive under saline conditions.

2.8.2.4 Salt Retranslocation and Shedding of Leaves
Another interesting mechanism observed in some salt-avoiding halophytes

involves the retranslocation of salt and subsequent shedding of leaves. Such
halophytes have been reported to retranslocate Na™ and CI™ from active leaves and
meristems to older leaves, which they shed off to reduce the salt concentration in
their tissues (Flowers and Colmer, 2008, Greenway et al., 1966). Aslam et al.
(2011) review the significant role of leaf shedding as a mechanism to eliminate
excess salts in some halophytes under salt stress. Also, a study by Sdenz-Mata et
al. (2016) highlighted leaf drop as a mechanism of salt tolerance in some
halophytes. Another study on the salt tolerance of Acacia fortilis demonstrated that
the plant responded to salinity stress by shedding its old leaves (Alhaddad et al.,
2021). Furthermore, a study by Mehari et al., (2005) on Acacia nilotica and Acacia
tortilis showed that the plants shed their leaves in the presence of salt stress of 150

and 300 mM to survive the stress conditions.
These salt avoidance and resistance mechanisms in halophytes can be

harnessed to develop salt-tolerant crop varieties by transferring these mechanisms
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to non-halophytic plants such as rice, wheat, and maize. Although salt tolerance
mechanisms in plants have received some attention in terms of research, only a few
plants have been studied. Future research should focus on other halophytes that

have received little attention, especially those in the tropics.

2.9 Salinity Concerns in Ghana
Ghana faces significant challenges related to salinity, with most saline soils

concentrated within the country's coastal areas. Specifically, the Accra-Ho-Keta
Plains in the Greater Accra and Volta Regions are composed of hydromorphic,
highly salty and nutrient-poor soils. Some areas, such as the Agawtaw, even feature
impenetrable sodium-saturated pans, which aggravates the unfavourable conditions
for crop cultivation (Asamoabh et al., 2013). The Plains experience an annual rainfall
of about 760 mm, which is unreliable and is further worsened by a high
evapotranspiration probability, resulting in a significant water-salt imbalance in

these areas (FAO, 2000).

In Ghana, the salinity of soils originates primarily from artesian waters, the
seas, or natural rocks. Evaporation along the coast transports saline groundwater to
the surface through capillary action, leading to soil salinization. The harsh climate
further enhances this phenomenon to which the Plains are subjected (Asamoah et
al., 2013). Soil salinization occurs due to seawater sprays, invasion, and flooding
of plains and low-lying areas. Additionally, soluble sodium salts of silicates,
bicarbonates, carbonates, chlorides and sulfates are produced during the weathering
of rocks which contain sodium minerals, and these contribute to the elevated

amounts of salts in the soils (Pearson and Bauder, 2006; FAO, 2000).
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Ghana has considerable areas of Solonchaks (200,000 ha) and Alkaline
(118,000 ha) soils, along with Arenosols (70,000 ha) and Solonetzs (600,000 ha)
(Szabolcs, 1989; FAO, 2000). The salinity of solonchaks, which originates from
marine sources, decreases with depth and spreads from the ocean. They may have
a region of sand-like patches composed of a mass of clay, saline-alkali in nature or
a weakly formed salt-crust on their surfaces and contain calcium-magnesium

complex or sodium cations, together with Chlorine or Sulphur anions (Li et al.,

2021).

2.9.1 Methods of Remediating Salinity in Ghana
In Ghana, saline soil management primarily relies on applying organic

matter, a general practice (Asamoah et al., 2013). However, the availability of
organic residues on saline soils is limited due to competing uses, such as roofing,
fuel, livestock feed, and handicrafts, depending on the source (Fosu ef al., 2004).
Despite its popularity, the application of organic matter has not been entirely
successful in curbing the rising salinization of soils in the country. The technique
most likely to be adopted must align with the needs of the country’s developing

economy, where agriculture plays a central role.

Considering the broad needs of Ghanaian industries, such as fuel, forage,
fodder, landscaping, ornamentals, mulch, pulp, resins, gums, essential oils, fibre
and timber, the use of halophytes appears to be a feasible and beneficial technique
for managing saline soils in the country (Le Houérou, 1979; 1985, and 1986;
Aronson, 1989; Malcolm and Pol, 1986; O'Leary, 1988; Choukr-Allah, 1997).

Halophytes have demonstrated their ability to thrive under highly saline conditions
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and offer numerous advantages, including carbon sequestration. Halophytes are a
cost-effective, environmentally friendly, and feasible approach. However, careful
consideration should be given to selecting halophyte species, whether native or
exotic, based on extensive species, site, and farmer-specific research. Endangered
halophyte species should be introduced cautiously to avoid potential competition
with native species, as the continued existence of native species is crucial for

maintaining agro-biodiversity.

While organic matter application remains a widely-used technique,
adopting halophytes seems promising for effectively managing Ghanaian saline
soils, provided thorough research guides the choice of suitable halophyte species.
With the proper implementation of this technique, Ghana can address its salinity

concerns and support the growth of its vital agricultural sector.

2.9.2 Halophyte Research in Ghana
In the dynamic landscape of agricultural and environmental research, there

is a growing recognition of the significance of halophytes, salt-tolerant plants
uniquely adapted to thrive in saline conditions. These plants have emerged as a
critical avenue for sustainable land management. However, it is noteworthy that a
substantial research gap concerning halophytes exists within the Ghanaian context.
To my knowledge, Swaine et al. (1979) remains the only article discussing
halophyte diversity in Ghana. This illustrates the dearth of research done on
halophytes in Ghana. As agriculture continues to be the cornerstone of the nation's

economy, addressing the escalating issue of saline soils becomes paramount.
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This situation makes investigating halophyte research more than just a
scientific endeavour. It also makes it a deliberate effort to use nature-based
solutions to improve agricultural resilience and ecological restoration. This
research seeks to explore the pivotal role that local halophytes can play in the
context of Ghana's agricultural landscape. By highlighting the potential advantages
such research could have for Ghana's agricultural industry and environment, it

sheds light on the urgent need for fresh research and innovation.

The research work titled "Zonation of a Coastal Grassland in Ghana, West
Africa," authored by Swaine ef al. in 1979, provides an account of the zonation
patterns observed in a coastal grassland behind a lagoon in Ghana. The study
investigates the relationship between these zonation patterns and the seasonal
fluctuations in the ecosystem's moisture content, chlorinity, and aeration. The
specific study area is situated in Botianor, located just west of Accra, and covers an
area of approximately 0.68 hectares. This site is situated within the transitional zone
where the sandy soils gradually reduce, giving way to the emergence of alluvial
clays at the surface, making it a particularly interesting area for ecological

investigation.

In this research, an inventory of plant species was identified in 1973, which
included Avicennia germinans, Sesuvium portulacastrum, Paspalum vaginatum,
Sporobolus robustus, Cyperus articulatus, Panicum repens, Imperata cylindrica,
Pycreus polystachyos, Andropogon gayanus, Vernonia cinerea, Fimbristylis
hispidula, Cassia mimosoides, Phyllanthus amarus, Commelina erecta,

Oldenlandia corymbose, Vigna ambacensis.
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Similarly, in 1974, the survey resulted in the identification of an array of
plant species. These included Andropogon gayanus, Hyperthelia dissoluta,
Fimbristylis hispidula, Merremia tridentata, Aspilia ciliata, Brachiaria falcifera,
Casia mimosoides, Commelina erecta, Crotalaria goreensis, Galactia tenuiflora,
Indigofera sp., Pennisetum polystachion, Phyllanthus amarus, Schwenckia
americana, Sporobolus pyramidalis, Tephrosia linearis, Urginea indica, Vigna
ambacensis, Vernonia cinerea, Pycreus polystachyos, Imperata cylindrica,
Panicum repens, Cyperus articulatus, Croton lobatus, Exacum quinquenervium,
Fimbristylis pilosa, Oldenlandia corymbosa, Paspalum vaginatum, Sporobolus

robustus, Sesuvium portulacastrum, and Avicennia germinans.

2.9.3 Importance and Potential Uses of the Selected Halophytes in Ghana
Halophytic plants have gained increasing attention due to their adaptability

to saline environments and potential contributions to various sectors, including
agriculture, nutrition, and environmental management. In this section, we study the
importance and salinity response of five local halophytes: Ipomoea aquatica,
Lactuca taraxacifolia, Paspalum vaginatum, Sesuvium portulacastrum, and

Talinum triangulare.

2.9.3.1 Ipomoea aquatica (Water Spinach)
Ipomoea aquatica Forsk., commonly known as water spinach, is an aquatic

plant distinguished by its elongated and hollow stems, with numerous air passages
and usually having root formations at the nodes. The plant's leaves exhibit an

elliptical morphology, with white or pale purple funnel- or cone-shaped flowers
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(Edie and Ho 1969; Gamble 1921). Its fruit is capsule-like in structure (Payne,

1956; Synder et al., 1981).

Ipomoea aquatica has a rich nutritional profile and is valued particularly in
Southeast Asia (Chen et al., 1991; Candlish et al., 1987). It is a natural source of
essential minerals, including vitamins such as A and B (Igwenyi et al., 2011).
Additionally, it contains S-methylmethionine, which has been recognized for its
potential therapeutic usefulness in gastrointestinal tract (GIT) disorders (Roi,
1955). The plant synthesizes several secondary metabolites, including amino acids,
B-carotene, flavonoids, lipids, alkaloids, saponins, steroids, phenols, essential

minerals and reducing sugars (Pandjaitan ef al., 2005; Bergman et al., 2001).

Traditionally, /. aquatica has been applied in the treatment of several
ailments, including migraines, constipation, and sleep-related conditions (Burkill
1966); gastrointestinal disorders, diabetes, and mental health issues (Samuelsson e?
al., 1992) and liver-related ailments (Badruzzaman and Husain, 1992). It has also
been reported that it works as a remedy for hypertension and nosebleeds (Perry and
Metzger 1980; Duke and Ayensu 1985) and possesses anthelmintic antiepileptic
and hypolipidemic properties (Nadkarni 1954; Dhanasekaran and Muralidaran
2010). Moreover, I. aquatica has been found to display antimicrobial and anti-
inflammatory attributes (Dhanasekaran and Muralidaran 2010) and is believed to
inhibit prostaglandin generation (Tseng et al., 1992). In cases of arsenic poisoning,
the plant extract is reported to be effective, and poultices derived from it are

employed to alleviate itching (Khare 2007).
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Ipomoea aquatica typically thrives in moist soils adjacent to stagnant or
freshwater bodies or marshy fields, although specific studies on its salt tolerance
mechanism are limited. Generally, salinity hinders the germination process and the
overall growth and development of plants. A study demonstrated that increasing
salinity stress resulted in a gradual decrease in growth and reductions in the osmotic
and leaf water potentials and transpiration and photosynthesis rates of /. aquatica
(Yousifet al.,2010). However, according to Ibrahim et al. (2019), although the total
flavonoids and phenolic contents, radicle and hypocotyl length, water uptake
efficiency and seed vigour of 1. aquatica were significantly reduced when treated
with increasing concentrations of NaCl., the plants exhibited an enhanced salt
tolerance response to increasing salinity levels. Another study by Islam ez al. (2019)
found that /. aquatica could desalinate saline water at salt concentrations between
1-7 dS/m, improving its quality and making it suitable for irrigation. These novel
observations reveal the potential of cultivating /. aquatica in saline-prone

ecosystems, making it essential in bringing saline soils into cultivation.

2.9.3.2 Lactuca taraxacifolia (Wild Lettuce)
Lactuca taraxacifolia, commonly known as Wild Lettuce, is predominantly

found in tropical regions and belongs to the Asteraceae family. This upright
perennial plant forms a characteristic rosette of leaves at the stem's base. The upper
leaves are toothed and exhibit auriculate characteristics, while the lower leaves
taper towards their bases (Sakpere and Aremu, 2008). In Ghana, the leaves have a
rich history of traditional culinary use and medicinal applications (Adinortey ef al.,
2012). It is used in various food preparations, including salads, sauces and soups.
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Additionally, it serves as fodder for livestock, such as cows, to enhance milk
production. When combined with natron (an antibacterial spice), it is fed to sheep

and goats to stimulate multiple parturitions (Burkill, 1985).

Several scientific investigations have unveiled the outstanding properties of
Lactuca taraxacifolia leaves. These leaves have been shown to act as antioxidants
(Adinortey et al., 2018) and protect DNA and kidneys from disorders (Adejuwon
et al, 2014). Furthermore, they possess antiarthritic and antimicrobial
characteristics (Ololade ef al., 2017) and are associated with hypolipidaemic effects

(Koukoui et al., 2015; Obi et al., 2006).

While specific information regarding the response of Lactuca taraxacifolia
to salinity stress is limited, studies on related lettuce species, such as Lactuca sativa
L., are available to provide information that may be similar to that of L.
taraxacifolia. Salinity stress has been observed to adversely affect the growth,
yield, and physiological processes of L. sativa L. The osmotic and ionic impacts of
salinity influence seed germination, fresh and dry shoot weight, as well as root
weight of lettuce (Barassi et al., 2006). Ahmed et al. (2019) reported similar
findings for Lactuca sativa, noting gradual morphological and physiological
properties reductions with increasing salt concentrations. Similarly, biochemical
properties like proline and protein content significantly increased, while total
phenol content gradually decreased as salt stress intensified. Additionally, rising

salt stress levels showed a marked reduction in yield.
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2.9.3.3 Paspalum vaginatum (Seashore Paspalum)
Paspalum vaginatum O. Swartz, commonly referred to as seashore

paspalum, is a warm-season perennial grass classified as a halophyte which is noted
to be distributed in tropical and subtropical areas (Riefner and Columbus, 2008). It
plays a key role in soil erosion control and environmental restoration (due to its
extensive root system), saline and wetland remediation, and feed for livestock
(Fontenot, 2007; Barrett-Lennard et al., 2003). It is primarily cultivated on athletic

turfs, landscape regions and golf courses (Beard 2002).

The plant is adapted to saline-rich sites due to its efficient ion regulation
mechanisms, which show its potential to flourish under adverse environmental
stresses (Pessarakli, 2018). Seashore paspalum has the potential to enhance forage
productivity even on saline lands significantly. Apart from salinity stress, the plant
has endured several stresses, including water stresses, acidic soils, and conditions
such as limited shade and radiation exposure (Karimi ef al., 2018; Pompeiano et

al.,, 2016).

Comparative assessments of salt tolerance among various grass species
consistently reveal seashore paspalum as the most tolerant (Marcum and Murdoch,
1994). Seashore paspalum has been reported to excel in maintaining increased
shoot K* concentrations while restricting the translocation of Na* ions in their roots
to the shoots (Wu et al., 2018; Schiavon et al., 2012). This results in a favourable
K*/Na" ratio that reduces ion-specific damages from salt-induced stress conditions
(Wu et al., 2018; Schiavon ef al., 2012). Furthermore, an investigation of the plant

found that, in conditions of increased accumulation of Na®, seashore paspalum
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evolves an enhanced Ca?" signalling transduction pathway, which contributes to the
preservation of optimal activity levels in critical antioxidant enzymes (Wu et al.,
2020). Also, Shahba et al. (2012) studied the effects of salinity on seashore
paspalum at different mowing heights and found that salinity stress caused
increased root mass, leading to reduced plant height. The study concluded that turf
quality, canopy photosynthesis, K*/Na" ratio, and total nonstructural carbohydrates
were reduced with increasing salt concentrations. In contrast, increased salt

concentrations increased shoot proline and total reducing sugars.

2.9.3.4 Sesuvium portulacastrum (Shoreline Purslane)
Sesuvium portulacastrum, a member of the Aizoaceae family, is a perennial

herb and a facultative halophyte adaptable to saline environments (Lokhande et al.
2009; Lonard and Judd 1997). Although it has a taproot system, S. portulacastrum
also possesses nodal adventitious roots due to its creeping nature. It has greenish-
pink or red succulent, sub-terete or trailing smooth herbaceous shoots. These shoots
spread out widely and bear succulent simple leaves, which are oppositely arranged,
with paracytic stomata (Joshi and Bhosale 1981). It flowers across all seasons. The

flowers are vibrant pink to purple, though it occasionally produces white flowers,

Sesuvium portulacastrum flourishes in moisture-laden sandy habitats,
including marshes, mangroves, coastal beaches, salt flats and dunes. Sesuvium has
several response mechanisms when exposed to environmental stressors such as salt,
heavy metals and drought. Root and shoot fresh and dry weights, root length, root-
to-shoot ratio, leaf area and leaf count significantly reduced when Sesuvium were

exposed to high amounts of single or combined stress factors (Slama et al. 2007a,
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2008; Moseki and Buru 2010; Nouairi et al. 2006; Messedi et al. 2004; Ghnaya et
al. 2005, 2007a, b; Ramani et al. 2004a, b, c; Lokhande et al. 2010a, b, 2011a, b).
However, the plant is reported to exhibit increased growth when subjected to lower
salt concentrations, either alone or when combined with drought and optimal levels
of heavy metals. This growth enhancement coincided with balanced mineral ion
accumulation, controlled water potential, increased succulence and various
physiological and biochemical adjustments, including osmolyte synthesis and

antioxidant enzyme activity (Slama et al. 2006, 2007a, b, 2008).

Furthermore, upon removing short- or long-term unfavourable conditions,
diverse parameters linked to nutrition, hydric status, growth, and development were
shown to recover significantly (Slama et al. 2006). It appears that Sesuvium
conserves its nutrient acquisition and growth potentials during stress conditions and
is aided by a reduction in water potential and a rise in water-use efficiency (Slama

et al. 20006).

As a facultative halophyte classified as a 'salt accumulator', S.
portulacastrum has been reported to flourish under salinity conditions between
100400 mM NaCl and nutrient-deprived settings (Lokhande ef al., 2013). It
accumulates higher concentrations of sodium ions (Na*) within its vacuoles than its
cytoplasm, a distinctive characteristic of succulent halophytes (Yeo and Flowers
1986). Sesuvium portulacastrum has been found to adeptly sequester saline ions
and heavy metals into vacuoles, thereby keeping an osmotic equilibrium between

the cytoplasm and the vacuole (Moseki and Buru 2010; Ramani et al., 2004a, b, c,
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2006; Messedi et al., 2004; Ghnaya et al. 2005, 2007a, b; Slama et al., 2007a, b,

2008; Lokhande et al., 2010a, b, 2011a, b).

2.9.3.5 Talinum triangulare (Waterleaf)
Talinum triangulare (Jacq.), commonly referred to as waterleaf, is a

succulent, perennial herb that is extensively cultivated in tropical regions of high
humidity as a leafy vegetable (Swarna and Ravindhran, 2013; Swarna ef al., 2015).
Originating from Central Africa, this plant has become known for its antioxidant
properties. It has been associated with the management of various health conditions
such as jaundice, stroke, diabetes, cancer, measles, and obesity (Fontem and
Schippers, 2004). Its medical relevance extends to cardiovascular health
management, attributed to the presence of compounds such as antioxidants and
flavonoids (Tiamiyu et al., 2023). Talinum triangulare is composed of an array of
bioactive constituents, including alkaloids, cardiac glycosides, steroids, phenols,
saponins, terpenes, tannins and anthraquinones each possessing reported nutritional
and therapeutic significance (Andarwulan et al., 2015; Tiamiyu ef al., 2023). Aside
from its medicinal qualities, the plant is applied in agricultural and dietary fields.
In local contexts, this herb is cultivated in domestic gardens and fields to enhance
family nutrition and serve as an income source for farmers (Andarwulan et al.,
2015; Fru et al., 2017). The nutritional profile of 7 triangulare is particularly rich,
including essential minerals like magnesium, calcium and potassium, as well as
vitamins, pectin and proteins (Andarwulan ef al., 2015; Abdulrasheed-Adeleke et

al., 2021).
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Waterleaf exhibits resilience to diverse soil types, temperature ranges, and
moisture levels, growing even in shaded environments. The plant has significant
tolerance to saline conditions, with some studies reporting its tolerance to salt
concentrations as high as 560 mM NaCl (Bamidele et al., 2007). Under salinity
stress, reductions in the leaf, stem, and root fresh biomass by 87% and dry biomass
by 82% were observed. In contrast, leaf succulence was unaltered at salinity levels
of up to 280 mM NaCl (Bamidele et al., 2007). Additionally, the molar ratio of
K/Na declined from 2 to 0.4 with increasing NaCl concentration (Montero et al.,
2018). Furthermore, investigations suggest that Talinum triangulare can be
classified as a halo-tolerant plant due to its reduced K/Na molar ratio when exposed
to saline conditions and its relatively minor decrease in growth, mainly evident at

very high NaCl concentrations (Chinedum and Kate, 2013).

In summary, Ipomoea aquatica, Lactuca taraxacifolia, Paspalum
vaginatum, Sesuvium portulacastrum, and Talinum triangulare exhibit diverse
potentials ranging from nutrition and medicinal properties to soil erosion control
and phytoremediation. Their resilience in saline environments presents great
opportunities for their use in sustainable agriculture and environmental

management.
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 Identification of Indigenous Halophytes

3.1.1 Study Location
This investigation was conducted on halophytes found along the shore of

the Atlantic Ocean close to the South Campus of the University of Cape Coast,
Ghana. It took place between 18" and 24 July, 2022. The study site lies between
latitude 5° 6° N and longitude 1° 15° W, covering a shoreline distance of

approximately 4 km.

3.1.2 Study Procedure
A systematic approach was adopted to identify the halophytes for this study,

using the image recognition method developed by Joly et al. (2014). This method
leverages the Pl@ntNet Identify website, an advanced web service that integrates
images of various plant organs—including fruits, flowers, leaves, bark, and overall
habit—to enhance identification accuracy. The Pl@ntNet platform employs
sophisticated, machine-learning-based image recognition algorithms, making it
highly effective for identifying a wide range of plant species based on their

morphological features.

The Pl@ntNet method was selected for its unique ability to handle large-
scale image databases and accurately identify plant species across diverse
environments and plant morphologies. Its robustness has been demonstrated in
multiple studies such as Gaudin (2023), where it achieved reliable identification
rates, particularly in ecologically diverse regions similar to our study area. In
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addition, Pl@ntNet’s interactive platform allows for iterative verification,
supporting the accuracy of our identification process (Goé€au et al., 2014; van Der
Velde, 2023). While other plant identification methods exist, such as molecular
techniques (e.g., DNA barcoding) and traditional taxonomic approaches, Pl@ntNet
was chosen for this study due to its accessibility, cost-effectiveness, and efficiency.
Molecular techniques, while accurate, require specialized laboratory equipment and
are expensive. Traditional taxonomic keys, on the other hand, can be time-
consuming and require expert knowledge for accurate identification, which may

limit reproducibility in field-based studies.

Given these considerations, the Pl@ntNet method provided an optimal
balance of reliability, accessibility, and efficiency for identifying halophytes in our

study, making it a suitable choice to meet the objectives of this research.

Plants within a range of 0-50 meters from the seashore were considered, as
this area is known to harbour plant species with high salt tolerance. Clear and
detailed images of plants were captured using a high-resolution digital camera
(NIKON D5600 Model 20062, SKU 5580110). The captured images were then

processed using the Pl@ntNet Identify website (https://identify.plantnet.org/),

leveraging its image recognition capabilities. The first four matches were selected
for further investigation. Each matched plant was used as search terms in plant

repositories including Useful Tropical Plants (https://tropical.theferns.info), World

Flora Online (https://worldfloraonline.org), Global Biodiversity Information

Facility (https://gbif.org) and JSTOR Global Plants (https://plant.jstor.org) to verify

characteristics pertinent to halophytes and examine their individual properties.
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Each matched plant was examined based on its growth patterns, particularly
focusing on its growth behaviour (whether a shrub, vine, herb, or tree) compared to
that observed in the images. In addition, their ecological preferences were assessed
to determine whether they could survive and flourish in saline environments such
as seashores. Furthermore, their distribution was evaluated to ascertain whether
they are found in the tropics and, more specifically, in Ghana. The gathered
information was organized in an Excel file, and the best matches for the set
characteristics, which included their growth patterns, ecology and distribution,

were 1dentified and named.

3.1.3 Categorization and Selection of Identified Plants
For this research, the identified halophytes were subsequently categorized

based on their specific attributes, such as their growth patterns, propagation
methods, life cycles, and botanical properties. Growth patterns refer to the way
plants develop and expand, including upright, trailing, or sprawling habits, which
influence their ecological roles. Propagation methods describe how plants
reproduce and spread, either sexually through seeds or asexually through structures
like stolons, rhizomes, or cuttings. Life cycles pertain to the duration of a plant's
life, whether annual, biennial, or perennial, which determines their adaptability to
environmental conditions. Botanical properties include distinctive structural
features such as leaf thickness, stem type, or root system, which contribute to their
classification. Moreover, their practical applications and significance in food, feed,
medicine, and ornamental uses were carefully assessed. Criteria for selecting
halophytes for subsequent experiments included a combination of desirable
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attributes, such as simple propagation methods, high survival rates, short lifecycle,
and proven beneficial uses. This systematic approach of identifying and
characterising the halophytes ensured a comprehensive selection of the halophytes

that possess these desired attributes to aid in the study.

Ipomoea aquatica, Lactuca taraxacifolia, Paspalum vaginatum, Sesuvium
portulacastrum were selected from this process for this study due to their multiple
beneficial significance, simple propagation methods, high survival rates and short
lifecycles. Talinum triangulare, a locally beneficial miohalophyte, was used as a

control crop.

3.2 Assessing the Desalination Ability of Identified Plants

3.2.1 Study Location
The A. G. Carson Technology Centre of the School of Agriculture at the

University of Cape Coast, Ghana, served as the site for the research study. The
Centre lies between longitude 1° 15 W and latitude 5° 07 N at an altitude of 1.1
meters above sea level in the Cape Coast municipality in the Coastal Savanna Agro-
ecological zone of Ghana (Ampofo, 2006). The area experiences a distinct bi-modal
rainfall pattern, characterized by rainfall occurrences during April-July and August-
November, contributing to an annual precipitation range of 750-1000 mm (Asare-
Bediako et al., 2014). The prevailing weather conditions at the experimental site,
described by Adu et al. in 2017, have a temperature range of 24°C to 32°C, relative
humidity levels ranging from 60% to 80%, solar radiation exposure varying
between 3151 kJ cm?day™! and 3804 kJ cm™day’!, and day lengths spanning from

11.30-12.40 hours.
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3.3 Study of the Level of Salt Tolerance and Remediation Ability of Five (5)
of the Identified Halophytes

3.3.1 Study Procedure
Pots, measuring 0.013 m®, were used in a controlled experiment to assess

the salt tolerance and desalination ability of the selected halophytes under different
salt stress levels. This enabled the evaluation of their responses to salt stress and
identifying the most promising halophytes in terms of tolerance and desalination

ability.

3.3.2 Experimental Designs and Treatments
A5 x 3 x 2 factorial design laid in Completely Randomized Design (CRD)

was used in this experiment. The factors were five halophyte species, three (3)
levels of salt treatment and two (2) soil types (Table 3.1). Each treatment was

replicated four times, resulting in a total of 120 treatment units (5 x 2 x 3 x 4).

Table 3.1: Table of Factors

FACTORS
Halophyte Species Salt Treatment (dS/m) Soil Types
Ipomoea aquatica 0 Arable soil (UCC)
Lactuca taraxacifolia 25 Sea sand
Paspalum vaginatum 50

Sesuvium portulacastrum
Talinum triangulare

3.3.3 Soil Preparation
The arable soil used in the experiment was obtained from an area adjacent

to the Teaching and Research Farm, UCC. It was collected at a 0-15 cm depth,
considering the topsoil layer where significant plant-root interactions occur. The

soil belonged to the Benya series, classified as a sandy clay loam, specifically
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identified as a member of the Edina-Benya association and also classified as a

Haplic Acrisol (Asamoah, 1973).

Soil samples were collected from the arable field, processed and analyzed
for their physical and chemical properties. The concentrations of exchangeable
potassium, magnesium, and calcium, as well as the pH, bulk density, total nitrogen,
and accessible phosphorus, were all measured. Similarly, sea sand was gathered
from the seashore, meticulously washed to eliminate impurities, and air-dried.

Samples were then taken and analyzed for their physical and chemical properties.

3.3.4 Analysis of Initial Soil Physical and Chemical Properties
Soil samples were collected and analyzed to ensure proper characterization

and suitability for the study. The methods used in the determination of the soil
properties have been described by Kumi ez al. (2023). The field capacities of the
two soil types were determined as described by Cassel and Nielsen, 1986 and
Akhter et al., 2004 for arable soil (UCC) and sea sand, respectively. Table 3.2 shows

the basic physicochemical characteristics of the soils.
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Table 3.2: Physicochemical properties of the soils

Soil type
Parameter Unit SEA UCC
Clay - 33
Silt - 5

Sand % 100 63
ocC 0.42 1.40
N 0.02 0.06
P 0.65 2.25
K 0.97 1.46
Ca mgkg! 2.17 4.68
Mg 1.04 2.46
BD gem>  1.80 1.35
pH - 6.41 5.71

3.3.5 Estimating air-dried soil quantities required to fill pots
A pot was filled with water about 15 cm from the top to determine the air-

dried soil required to fill each pot. The volume was then determined by transferring
the water into a measuring cylinder, and the volume was recorded. The mass of soil
required to attain the same volume of air-dried soil was determined based on the

bulk density of the soil type and using the formula below:

Mass of soil (M)
Volume of polybag (V)

Bulk Density (p) = Equation (1)

Mass of Soil = Volume of the bag x Bulk Density (p) Equation (2)
Volume of pot (V) =13, 077 cm?

For arable soil,
Mass of Soil = 13, 077 cm® x 1.3 g/cm?

=17,000 g =17 kg
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For sea sand,
Mass of Soil = 13, 077 cm® x 1.7 g/cm?
=22,230g=22.23kg
A total of one hundred and twenty (120) pots were filled with the two soil types

(Figure 3.1). Sixty (60) each for sea sand or arable soil to a volume of 13 077 cm?

(22.2 kg of sea sand and 17 kg of arable soil relative to their bulk densities).

Figure 3.1: Set-up of experimental pots

3.3.6 Greenhouse Preparation
The greenhouse used for this experiment was cleared of weeds and

fumigated to eliminate pathogens that might have been present in the greenhouse.

The pots were then lined in the greenhouse.

3.3.7 Planting Material Preparation and Planting
Due to its low survival rate, the rhizomes of Lactuca taraxacifolia and stem

cuttings of Ipomoea aquatica were initially nursed on beds to encourage shoot

sprouting. After two weeks, the resulting shoots were carefully transplanted into the
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pots. On the other hand, Paspalum vaginatum, Sesuvium portulacastrum, and
Talinum triangulare were directly planted into the pots using stem cuttings (Figure
3.2). Cuttings measuring approximately 15 cm long were planted into the pots on
the same day. A pot was dedicated to a single halophyte cutting or sprout. Each
halophyte species was planted in 24 pots, 12 each in arable soil and sea sand,

ensuring adequate representation for the subsequent experimental procedures.

3.3.8 Agronomic practices

3.3.8.1 Irrigation
Before the imposition of the salt treatment, the established plants were

irrigated thrice weekly at 100% FC (Appendix 3) to ensure proper plant
establishment, growth and development. However, after the imposition of the salt
treatment on potted plants, the amount of irrigation water required was determined
using moisture probes and was maintained at 60% field capacity for good plant

grwth and avoidance of leaching of salt treatments.
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Figure 3.2: Sprouts and cuttings of halophytes after planting. A- L. taraxacifoliar,
B- I aquatica, C- T. triangulare, D- P. vaginatum and E- S. portulacastrum

Estimating Irrigation Water Required
A gravimetric field capacity method, as illustrated by Topp et al., (2008),

was used to determine the quantity of water required to irrigate the plants

(Appendix 3). Below is a full breakdown of the estimating process.

Percentage moisture at field capacity
The equation below was used for the estimation of field capacity for each

soil type:

_Wtof wet soil-Wt of oven dry soil

Moisture Percent at Field Capacity x 100

Wt of ovendried soil

Equation (3)
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An average of 4 replicates was used in the estimation of the field capacity

3.3.8.2 Pest control
Pests such as caterpillars, grasshoppers and beetles were controlled by

hand-picking.

3.3.8.3 Weed control
Weeds were controlled mostly by hand pulling from pots to reduce

competition between the plants and the weeds for space, air, water and nutrients.
The greenhouse was manually weeded using a hoe. The weeding was done twice a

month.

3.3.9 Preparation and Application of Salt Treatment
Local salt crystals were sourced from the Elmina Market. To achieve

experimental salinity levels of 25 and 50 dS/m, salt crystals were added to the
irrigation water at approximately 17.5 g/l and 35 g/l respectively, and stirred using
a rod, to prepare saline solutions, simulating seawater conditions. The irrigation
water without added salt was considered the 0 dS/m (0% added salt) control
treatment. A Yinnik Multifunction Meter (BLE-C600) was used to observe the salt
concentrations in the saline solutions to ensure that they met the required
concentrations of 0, 25 and 50 dS/m concentrations. These salinity levels were
selected based on seawater's half and full strength (electrical conductivity). Sea

water contains approximately 3.5% NaCl (Doe, 1994).

Drums, measuring 30 L, were used to prepare the salt treatments, ensuring

consistent concentrations for application. Each pot, containing 17 kg of arable soil
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(UCC) and 22 kg of sea sand, received 350 ml of the prepared salt solution once.
The experiment was carefully designed to maintain soil moisture at 60% field
capacity (FC), and the salt solution volume was adjusted as part of the overall water

balance to ensure that the applied salt concentration remained stable.

Salt treatments were imposed one month after planting to ensure that all
plant species, regardless of their inherent growth rates, had sufficient time to
establish in their new growing environment. Baseline data on plant growth and
health parameters (e.g. Plant height, chlorophyll content etc.) were recorded before

salt imposition.

3.3.10 Harvesting

Harvesting was conducted ten (10) weeks after the imposition of the salt
treatments to standardize the data collection process and facilitate direct
comparisons among the selected halophytes. Although the selected plants had
different natural maturity times, the focus of this study was not on their maturity or
yield at their natural harvest stage but rather on their growth responses and salt
tolerance under controlled conditions. The shoots were carefully cut at the soil
surface and immediately bagged to prevent moisture loss. They were then sent to
the lab for further analysis. The roots were excavated and washed under high-
pressure water to remove the soil and debris. They were then sent to the laboratory

for further analysis.
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3.3.11 Data Collection

3.3.11.1 Morphological and Physiological Parameters
Data on plant height and stem girth was taken. Plant height was measured

from the soil's surface to the plant's tip using tape, while the stem circumference
was measured using a digital vernier caliper. Also, chlorophyll content, chlorophyll
fluorescence (Fv/Fm ratio) and performance index were also observed using a
SPAD (Soil Plant Analysis Development) index chlorophyll meter and Hansatech
Pocket PEA chlorophyll fluorimeter. Growth data were collected before salt
treatment and biweekly afterwards to monitor plant responses and assess the effects

of salinity over time. Figure 3.3 shows images of the plants 40 days after salt

treatment imposition.

Figure 3.3: Images of plants 40 days after salt treatment imposition. A- T
triangulare, B- L. taraxacifoliar, C- P. vaginatum, D- I. aquatica, E- S.
portulacastrum and F- data collection on plants.
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Relative Plant Height Growth Rate
Due to the selected halophytes' different plant types and growth patterns,

growth parameters are best represented in relative terms. Plant height Relative

Growth Rate (RGR) was calculated for each plant using the following formula:

(InW2 —1nW1)
t2-t1

RGR = , where Equation (4)

W2 = the final plant height

W1 = the initial plant height before salt treatment application

T2 = the final week of data taking (i.e., ten weeks after salt imposition)

T1 = the first week of data taking (before salt treatment application)

(Simpson et al., 2018)

3.3.11.2 Measurement of EC, Salt content and pH of the salt-imposed soil
sample

Soil samples were taken from the pots for soil analysis before harvest. The
soil samples were air-dried, pulverized with a wooden mallet and passed through a
2 mm mesh sieve. The <2 mm sieved air-dried soil samples were kept for analysis.

The EC, TDS and pH were estimated according to Adu ef al. (2017)) using a Yinnik

Multifunction Meter (BLE-C600).

3.3.11.3 Measurement of Shoot and Root Biomass
After harvest, the fresh shoots of halophytes were weighed to obtain their

fresh weights, which were recorded. They were then oven-dried to obtain their dry

weights. The difference between the shoot fresh and shoot dry weights was
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recorded as the tissue moisture content. Samples of both shoots and roots were

taken for Na and CI analysis.

Measurement of Root: Shoot Ratio
To understand the plant's growth strategy and how it invests its resources in

different parts of the plant, that is, either to its root or shoot, root to shoot ratio was

determined using the following formula:

Weight of root (g)

Root: Shoot Ratio = Weight of shoot (g)

Equation (5)

A root: shoot ratio greater than 1 suggests that the plant invests more
biomass in the belowground part (root) than the aboveground part (shoot). This is
common in plants adapted to resource-limited environments, where efficient

resource uptake and storage are essential for survival.

3.3.11.4 Measurement of sodium and chlorine contents in soil and plant
samples

Dry shoot and root biomass were taken to analyze shoot and root Na and ClI
content. This was to help identify the plant part of the highest salt accumulation.
Na was determined using a flame photometer as described by Thomas and Saunders

(1974). Chlorine (CI) was also determined using the thiocyanate colorimetric

method as described by Taras et al., (1975).

3.3.12 Data Analysis
The data was prepared using Microsoft Excel. Statistical analyses were

performed using the R software programme version 4.2.1 (R. Core Team, 2022).
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Shapiro Wilk’s test was conducted to determine normality of the data set. The data
was normally distributed. Summary statistics were conducted to give a general idea

of the data structure and a fair idea of the descriptive statistics of the data.

Analysis of variances (ANOVA) was performed to determine whether the
growth of halophytes was significantly affected by the soil type, salinity treatment,
days after salt treatment imposition (DATI) and their interactions. It was also
carried out to determine if there were significant differences in salt tolerance,
growth parameters, and biomass accumulation among the different halophytes or
treatment levels. Again, ANOVA was conducted to determine the differences in the
NaCl uptake and accumulation in the shoots and roots of halophytes. This gives an
understanding of the level of salt tolerance of the halophytes and the method of salt
tolerance or avoidance it exhibits. The factors for the ANOVA were plant species,
soil type, salinity level and days after treatment imposition (DATI). The equation

below represents the ANOVA model used:

Yijk=u + ai + pj + vk+ ol + afij + ayik + adil + pyjk + pojl + yokl + ofyijk +

Pydjkl + afydijkl +eijkl Equation (6)
Where:

o Yijkl represents the observed response variable for the i plant type,

j™level of salt concentration, the k" soil type and the /" DATI,

. u s the overall mean of the response variable,

J ai represents the effect of the i plant type,

. Bj represents the effect of the j” level of salt concentration,

o vk represents the effect of the k” soil,

. 31 represents the effect of the /" soil,

J afij represents the interactions between the i plant type and the ;"

level of salt concentration,
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. ayik represents the interactions between the i” plant type and the k™
soil type,

. adil represents the interactions between the i plant type and the [
DATI,

o Pyjk represents the interactions between the ;" level of salt
concentration and the k& soil type,

o B8jl represents the interactions between the ;7 level of salt
concentration and the /" DATI,

o Pydjkl represents the interactions between the ;% level of salt
concentration, the k" soil type, and the / DATI,

. v8kl represents the interactions between the " soil type and the /®
DATI,

. ofyijk represents the interactions between the i plant type, the j*
level of salt concentration, and the A’ soil type,

. ofydijkl represents the interactions between the i plant type, the ;j*
level of salt concentration, the k” soil type and the 1" DATI,

o eijk represents the experimental error.

Where ANOVA detected a significant difference among group means, the
Least Significant Difference (LSD) was performed at a 95% confidence level to
find the significantly different means. Graphs were created using the ggplot2, dplyr,
ggh4x and extrafont packages and libraries in R-studio (R. Core Team, 2022 version

4.2.1).

A correlation analysis was conducted to explore the relationship between
salt concentration and growth of the halophytes, as well as the correlation between

the various variables.
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3.4 Assessing the Ability of Selected Halophyte to Desalinate Saline Water in
a Vertical Hydroponic System

3.4.1 Study Procedure
A second controlled experiment was conducted using vertical farming units

in a hydroponic system within the same greenhouse. This experiment aimed to
further investigate the desalination ability of Sesuvium portulacastrum, identified
in the pot experiment as the most promising halophyte for salt tolerance and
potential water purification. The vertical hydroponic system consisted of a tiered
arrangement of planting units, designed to maximize space efficiency and enable
continuous water circulation. Vertical farming provides an innovative and resource-

efficient approach to cultivation.

3.4.2 Experimental Designs and Treatments
This experiment was a 3 x 4 factorial design laid in RCBD with two blocks,

represented by each side of the two-sided vertical farming unit. The two factors
were three levels of salt treatment (0, 25 and 50 dS/m) and four planting distances
(15, 20, 30 and 40 cm). Only one halophyte was used in this experiment, the most

potent from the previous experiment.

3.4.3 Construction of Vertical Farming Structure and Operation of
Hydroponic System

The vertical farming unit was constructed using A-shaped wooden frames
and PVC pipes (d = 3 inches), while gravel was used as the growth medium. The
structure consisted of two A-shaped frameworks positioned 230 cm apart and

standing at a height of 170 cm. Parallel racks were affixed to the frameworks (40

cm apart from each other, resulting in 4 racks on each side of the structure), serving

76

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

both as support for the structure and as platforms on which the PVC pipes (230 cm

long) were positioned (Figure 3.4).

The PVC pipes were partially cut along their length, creating an opening
approximately one-fourth the diameter of the pipe to facilitate gravel filling and
planting. The pipes were interconnected at their ends to enable water flow from the
source at the structure's apex to the pipes at the bottom. This connection was
achieved using Equal Tee PVC pipe fittings and 90-degree elbow bend fittings,

which joined the pipes at both sides of the structure at the apex (Figure 3.4).

To establish a water circulation system, a submersible pump was connected
through a pipe to the fitting at the apex, drawing water from a tank (of volume
200L) and pumping it into the PVC pipes. A bent PVC fitting was used at the base
of each end of the structure to redirect the water back into the tank. This design
ensured the water would circulate through the pipes, allowing for a continuous
water supply cycle and return to the tank. Three vertical farming units were created,

each with two sides serving us blocks (Figure 3.4).
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Figure 3.4: Vertical farming structure

3.4.5 Water Storage and Operation of Pumps
Water was stored in tanks (200 L) ready for irrigation (Figure 3.5A). There

were three tanks, one each of the three vertical farms. Submersible pumps were
used to pump the water into the system, one each for the vertical farming units. The
RIO SPW1100 (Taam Engineering Company, Iraq) pump brand was used. It had a
head pressure of 1.1 KW, power of 1.5 HP, voltage and alternating current of
220V/50Hz, maximum flow rate of 250 L/min, and a size of 1"-1 1/2" (Figure
3.5B). The pumps were regulated to a flow rate of 6 m*/hour so that the pressure
was enough to cause water circulation in the system slowly without causing an

overflow or spillage of the water.

3.4.6 Growth Medium and Planting
Gravels were used as the growth medium to securely hold the plants in

position and provide temporary water retention. Granite chippings of
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approximately 3 cm in diameter were carefully washed with water to clean them of
impurities and then filled into the PVC pipes, occupying approximately three-
fourths of the pipe's volume. Sprouts of Sesuvium portulacastrum, aged two weeks,
were transplanted into the pipes of the vertical farm with a cushion wrapped around
the sprouts' neck to protect them from bruises. Four planting distances, namely, 15,
20, 30, and 40 cm, were randomly maintained, one for each pipe. This process was

replicated on the other side of the unit to form distinct blocks for comparison. The

sprouts were trimmed to a height of 10 cm to ensure uniformity.

Figure 3.5: Image of storage tank and hydroponic system — A and submersible
pump (Rio SPW 1100) — B.

3.4.7 Fertilizer Application
Since normal tap water was used for the hydropic system, nutrients were

supplied to the plants at 2 weeks after planting via foliar application. Polyfeed,
commercial foliar fertilizer, was used. It contained 30% Total N, 10% P and K, 500
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ppm Fe, 250 mm Mn, 75 ppm Zn, 55 ppm Cu and 35 ppm Mo. The fertilizer was
applied in the evening to minimize evaporation and enhance nutrient absorption,

with three sprays per plant ensuring uniform coverage of the foliage.

3.4.8 Irrigation and Preparation of Saline Solutions
During the initial period after transplanting, irrigation was conducted using

normal tap water to acclimate the plants to their new environment. After two weeks,
salt treatment was imposed to assess the plant's response to saline conditions in the

hydroponic system.

The saline solutions, with salt concentration (%) levels of 0, 1.75, and 3.5%,
representing 0, 25 and 50 dS/m, respectively, were prepared like in Objective 2.
Each vertical farming unit was assigned to one of the salt treatments, and the
corresponding saline solution was stored in a 200 L storage tank at the 150 L mark
to save space for the pumps and the delivery pipes. For the 3.5% treatment, 5.25 kg
of salt was used, while for the 1.75% treatment, 2.625 kg of salt was used to achieve
the desired electrical conductivity level. The irrigation water without added salt

served as the 0% control treatment.

3.4.9 Data Collection

3.4.9.1 Weather Data
Temperature and relative humidity readings outside and inside the

greenhouse were monitored and recorded daily with a Denver weather data logger

WS-520 (Denver A/S, Denmark).
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3.4.9.2 Morphological and Physiological Parameters
Data on plant height and stem girth was taken. Plant height was measured

from the gravel's surface to the plant's tip using tape, while stem circumference was
measured with a digital vernier caliper. Also, chlorophyll content and leaf
temperature were observed using a SPAD metre and thermometer gun, and
measurements were taken for all the plants biweekly before the imposition of salt

treatment.

3.4.9.3 Measurement of Shoot and Root Biomass and ratio
After harvest, the shoots and roots were weighed to obtain their fresh

weights, which were recorded. They were then oven-dried to obtain their dry
biomass weights. Samples of both shoots and roots were taken for Na and Cl

analysis. The root-to-shoot ratio was determined as explained earlier.

3.4.9.4 Measurement of sodium and chlorine in soil and plant
Dry shoot and root biomass were taken to analyze shoot and root Na and Cl

content. Na was determined using a flame photometer, while Cl was also
determined using the thiocyanate colorimetric method as described by Taras et al.,

(1975).

3.4.9.5 Measurement of EC, Salt content and pH of irrigation solution
To closely monitor the progress of the plant's ability in reducing the salt

concentration of the irrigation solution, the electrical conductivity (EC), salt
content, and pH of the solution were measured frequently using a Yinnik
Multifunction Meter (BLE-C600) before starting the hydroponic system. This

process helped prepare additional salt solutions to replenish the tanks when water
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loss occurred due to evapotranspiration. Concentrated solutions were not added to
the tanks once water levels were significantly reduced to observe the desalination
progress accurately. Instead, the instant EC of the water was measured, and in
situations where it was lower than the initial EC (0, 25 and 50 dS/m), a solution
with a similar EC was prepared and added to the tanks. Otherwise, a solution with
a similar EC as the initial solution was prepared and added. The daily water loss
due to evapotranspiration was measured by monitoring the tank's water volume

changes over time.

3.4.10 Data Analysis
The data was prepared using Microsoft Excel. Statistical analyses were

performed using the R software programme version 4.2.1 (R. Core Team, 2022).
Summary statistics were conducted to give a general idea of the data structure and

a fair idea of the descriptive statistics of the data.

Analysis of variances (ANOVA) was performed to determine if the growth
of S. portulacastrum was significantly affected by the planting distances and salt
concentrations of the hydroponic water. It was also carried out to determine if there
were significant differences in growth parameters, water use efficiency, and
biomass accumulation among the different treatment factors and levels. The factors
for the ANOVA were salinity level and planting distance. The equation below

represents the ANOVA model used;

Yij=u+oi+fj+ ofij + cij Equation (7)
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Where:

e Yij represents the observed response variable for the i level of salt
concentration and the j level of planting distance,

e . is the overall mean of the response variable,

e i represents the effect of the i level of salt concentration,

e fj represents the effect of the j level of planting distance,

e afij represents the interactions between the i’ level of salt concentration
and the j” level of planting distance and

e ¢ij represents the experimental error.

Where ANOVA detected a significant difference among group means, the
Least Significant Difference (LSD) was performed at a 95% confidence level to
find the significantly different means. Graphs were created using the ggplot2, dplyr,
ggh4x and extrafont packages and libraries in R (R. Core Team, 2022 version 4.2.1)

and Microsoft Excel (2022 version).

A correlation analysis was conducted to explore the relationship between
salt concentration and growth of the halophyte, as well as the correlation between

water use efficiency and biomass accumulation.
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CHAPTER FOUR

4.0 RESULTS

4.1 Diversity of Halophytes along the shorelines of Cape Coast
In this study, 20 halophytes were identified from the identification process

carried out (Figure 4.1). Talinum triangulare, a common vegetable in Ghanaian
communities, was added to the identified halophytes. This addition is based on its
classification as a miohalophyte by Bamidele et al. (2007). Including 7. triangulare
among the identified halophytes enhances the study’s relevance and relatability to

the local environment.

Nearly half (48%) of the identified halophytes were herbaceous plants.
Shrubs and succulent plants each constituted 14% of the identified plants (Table
4.1). Also, two-thirds of the halophytes were perennials, while the remaining third

were annuals (Table 4.1).
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Figure 4.1: Halophytes identified in this study. A. Amaranthus spp. B. Canavalia
rosea C. Capraria biflora D. Cyperus ligularis E. Euphorbia albomarginata F.
Clitoria ternatea G. Furcarear cabuya H. Indogofera spicata 1. Sansevieria
masoniana J. Ipomoea aquatica K. Ipomoea asarifolia L. Kalanchoe
daigremontiana M. Lactuca taraxacifoliar N. Opuntia spp. O. Paspalum
vaginatum P. Pedalium murex Q. Physalis spp R. Pupalia lappacea S. Sesuvium
portulacastrum T. Cocos nusifera U. Talinum triangulare
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Regarding growth habits, most (71%) of the halophytes are upright plants,
14% are vines, and the remaining are palm or prostrate. All the identified halophytes

had potential uses ranging from food to medicine and environmental sustenance

(Table 4.1).

4.2 Assessing the Desalination Ability of Identified Plants in Soil Media
4.2.1 Effects of Salt Concentration and Soil Type on the Plant Growth

4.2.1.1 Relative Height Growth Rate (RHGR)
The plant species and two soil types had a highly significant (p < 0.001)

impact on the relative height growth rate of the halophytes. Similarly, salt
concentrations significantly (p < 0.01) influenced RHGR. The three-way
interaction of plant, soil type and salt concentration also had a highly significant (p

< 0.001) effect on the relative height growth rate (Table 4.2).

Paspalum vaginatum (averaging 0.12 cm/week) and S. portulacastrum
(averaging 0.11 cm/week) had the highest RHGR at increased salt concentrations
among the halophytes, followed by L. taraxacifoliar (0.09 cm/week) and 1.
aquatica (0.08 cm/week), with 7. triangulare (0.04 cm/week) having the least
(Figure 4.2). UCC soil generally impacted RHGR (ranging from 0.03 to 0.13
cm/week) on plants than sea soil (ranging from 0.02 to 0.13 cm/week) (Figure 4.2).
Also, the RHGR for the halophytes decreased with increasing salt concentrations
except for P. vaginatum and S. portulacastrum, which exhibited increased RHGR

with increasing salt concentrations.
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4.2.1.2 Biomass Accumulation
Both shoot and root dry weights were significantly (p < 0.001) affected by

both soil types and salt concentrations as well as their interactive effects (Table 4.3).
Generally, UCC soil (197 g, 41.68, 19.35, 32.44) significantly increased both shoot
dry weight (SDW) and root dry weight (RDW) by 373% and 68% respectively,
compared to sea sand in all plant species (Table 4.3). The increase in salt
concentration reduced SDW and RDW in I aquatica, L. taraxacifoliar and T.
triangulare. However, the SDW of S. portulacastrum increased with increasing salt
concentration. In contrast, salt concentration had no significant effect on the SDW
of P. vaginatum but had significant effects on the RDW, with increasing salt
concentration leading to increased RDW. Also, increased salt concentration
significantly reduced the RDW of S. portulacastrum. Paspalum vaginatum had the
highest biomass accumulation (SDW = 29.99 g, RDW = 4.03 g), followed by S.
portulacastrum, which also had a significantly higher biomass accumulation (SDW
=23.2 g, RDW = 1.4 g) as compared to the other three halophytes (Table 4.4). I.
aquatica also had an appreciable biomass accumulation (SDW = 10.61 g, RDW =
1.8 g) as compared to L. taraxacifoliar and T. triangulare which had very low SDW
but relatively higher RDW (SDW for L. taraxacifoliar = 5.59 g, RDW for L.
taraxacifoliar = 3.5 g; SDW for T. triangulare = 5.27 g, RDW for T. triangulare =

3.1 g) (Table 4.3).
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Botanical

Plant Type Family Growth Habit Lifecycle Potential Uses or References
Name Importance
Amaranth spp. Herbaceous Amaranthaceae  Upright, bushy Annual = Medicinal and ornamental Aderibigbe et al.,
plant plant (2022) and Baraniak &
Kania-Dobrowolska
(2022)
Canavalia Herbaceous Fabaceae Vine Perennial ~ Erosion control, nitrogen Lin et al. (2021) and
rosea plant fixation, ornamental plant Huang et al. (2019)
Capraria Shrub Scrophulariaceae Upright Perennial ~ Medicinal plants used in Vasconcellos et al.,
biflora traditional medicine (2005) and Duke
(2008)
Clitoria Climbing vine Fabaceae Vine Perennial Edible flowers, herbal tea, Suarna and Wijaya
ternatea natural food colouring, (2021) and Morris
forage (2023)
Cyperus Herbaceous Cyperaceae Upright Perennial Wetland habitat Casierra-Martinez et
ligularis plant (Phytodepuration), erosion al., (2017) and
control, ornamental plant ~ Fontalvo et al., (2011)
Euphorbia Shrub Euphorbiaceae Upright Perennial ~ Medicinal plants used in Rojas et al. (2010)
albomarginata traditional medicine for
various ailments
Furcarea Herbaceous Asparagaceae Upright Annual Traditional medicinal PFAF (2024)
cabuya plant plants, used for various
ailments in herbal
medicine and leaves are
used for making
handicrafts.
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Perennial

Perennial

Annual

Perennial

Annual

Perennial

Perennial

Annual

Annual

&9

Soil improvement, forage
for livestock, traditional
dye plant and medicine

Edible leaves, aquatic
plants used in culinary
dishes and
phytoremediation

Ground cover, medicine

Ornamental plants, used in
traditional medicine for
various purposes

Edible leaves, salad green

Edible fruits, forage for
livestock, soil erosion
control

Turfgrass, erosion control,
forage for livestock

Medicinal plants used in

traditional medicine for

various ailments and for
rhizoremediation

Edible fruits and medicinal
plants used in traditional
medicine

Mouafon et al., (2021)
and Heuzé et al.,
(2016)

Malakar et al., (2015)
and Rai and Sinha
(2001)

Albuquerque et al.,
(2007), Burkill, (2004)
Navarrete et al., (2021)

Adebisi (2004) and
Adinortey et al., (2012)

Diaz et al., (2017) and
Ciriminna ef al., (2019)

Fabbri et al., (2016)
and Parker (2022).

Shekhar et al., (2021),
Sahayaraj and
Sathyamoorthi (2010)
and Tripathi et al.,
(2021)
Daunay et al., (2007)
and Popova et al.,
(2020)

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

Pupalia Herbaceous Asteraceae Upright Annual Erosion control, a Naidu and Rajesh
lappacea plant medicinal plant used in (2014) and Barkhadle
traditional medicine et al. (1994)
Sansevieria Succulent plant ~ Asparagaceae Upright Perennial Ornamental plant, air Chahinian, (2000) and
masoniana purifier Boraphech et al., 2016
Sesuvium Succulent plant Aizoaceae Prostrate Perennial ~ Soil stabilization, edible =~ Lokhande et al., (2013)
portulacastrum leaves, phytoremediation and He et al., (2022)
Cocos nucifera Palm tree Arecaceae Palm Perennial  Edible coconut fruit, oil, Pham, (2016) and
fibre, water, various Siriphanich et al.
industrial and culinary uses (2011)
Talinum Herbaceous Talinaceae Upright Perennial  Edible leaves, a medicinal ~ Pavithra et al., (2017)
triangulare plant plant used in traditional and Aja et al., (2010)
medicine
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Table 4.2: F and P- values of RHGR (relative height growth rate), SDW (shoot dry weight), RDW (root dry weight) and R:S ratio
(root to shoot ratio) as affected by salt concentration, soil type and plant species.

RHGR SDW RDW R:S Ratio
Source of Variance Df F-value P- value F-value P- value F-value P- value F-value P- value
Plant 4  3262.85 1.83x10% 1637.39 4.00x10%  699.61 725x10°% 512.84 5.06x 109
Soil 1 44.18 2.25% 107 5616.37 6.7 x 103 1226.10 325x 10> 1051.13 2.00 x 103!
Salt 2 1026.19 1.12x 10°%  18.12  244x10%  93.53 1.06 x 1022 12.06 230 x 10
Plant * Soil 4 10.01 052 x10%7 72531 150x10°%  222.143 968 x 104 111.60 499 x 1034
Plant * Salt 8 34281 6.17 x 10°%  38.42 775 x 1026 153.58 483 x 104 2.44 0.019
Soil * Salt 2 6.39 0.0025 3.29 0.042 12.85 1.24x10% 1.5 0.22
Plant * Soil * Salt 8 5.10 298 x 109 11.11 8.58 x 107! 10.22 471 x 1010 2 0.056
Rep. 3 1.08 0.36 0.47 0.70 1.32 0.27 1.21 0.31
Residuals 90 NA NA NA NA NA NA NA NA

91

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

Also, root to shoot ratio was significantly affected by the soil and salt
treatments (p < 0.001). However, the interactions of these three factors had no
significant effect on the R:S ratio (p = 0.06). UCC soil (0.06 to 0.63 g) resulted in
a significantly lower R:S ratio than sea sand (0.11 to 1.66 g), which recorded values
more than two-fold that of the UCC soil. The effect of salt concentration varied, but
generally, higher salt concentrations led to a lower R:S ratio in all plant types except
for P. vaginatum (from 0.42 at 0 dS/m to 0.46 at 50 dS/m), which recorded a higher
R:S ratio at increased salt concentrations. Lactuca taraxacifoliar and T. triangulare
had the highest R:S ratio (1.66 g and 1.53 g respectively) while S. portulacastrum

had the lowest (0.06 g) (Table 4.3).
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Figure 4.2: Effects of Soil type (UCC, Sea) and Salt concentration (0, 25 and 50
dS/m) on the Relative Height Growth rate of the different Plant types (IA- L
aquatica, LT- L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT-
T triangulare). The salt concentrations applied were 0, 25 and 50 dS/m. Values are
means of 4 replicates with standard deviation (SD).
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4.2.1.3 Tissue Water Content (TWC)
Tissue water content of the various plant types was significantly affected by

both salt concentrations (p < 0.001) and soil types (p < 0.001). The plant types also
exhibited significantly high (p < 0.001) differences in the % of moisture
accumulated in their tissues. The interactive effects of the three main factors, plant
type, salt concentrations and soil type, were also highly significant (p <0.001). The
tissue water content ranged from as low as 61.28% for P. vaginatum at 50 dS/m in
UCC soil to as high as 92.81% for S. portulacastrum at 25 dS/m. Paspalum
vaginatum generally had the lowest TWC (61.28% to 69.15%) while S.
portulacastrum had the highest (76.66% to 92.81%). Talinum triangulare, L.
taraxacifoliar and I. aquatica also had fairly high TWC values ranging from
69.45% to 92.62% (Figure 4.3). The TWC generally decreased with increasing salt

concentrations.
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Figure 4.3: Effects of Soil type (UCC, Sea) and Salt concentration (0, 25 and 50
dS/m) on the Tissue Water Content of the different Plant types (IA- 1. aquatica, LT-
L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT- T. triangulare).
The salt concentrations applied were 0, 25 and 50 dS/m. Values are means of 4
replicates with standard deviation (SD).
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4.2.2 Effects of Salt Concentration and Soil Type on the Plant Photosynthetic
Parameters Over Time

4.2.2.1 Leaf Temperature
Leaf temperature was significantly affected by the plant type (p < 0.001),

salt concentrations (p < 0.001), soil types (p < 0.001) and days after salt treatment
imposition (DATI) (p <0.001) (Table. 4.4). The different interactions among these
factors also had significant influence on the leaf temperature with the interactions
among plant, soil type, salt concentration and days of treatment imposition (DATT)

being very significant (p < 0.001).

Across the various treatment factors, leaf temperature ranged from 28.25 °C
to 41.6 °C, with a calculated average least significant difference (LSD) of 1.29 ata
95% confidence level (Table 4.4). Generally, leaf temperature was higher at 80
DATI (average 34 °C) than at 40 DATTI (average 30 °C). The salt treatments resulted
in higher leaf temperatures across all plant and soil types, with 50 dS/m recording
the highest leaf temperatures within the range of 30.98 to 39.53 °C. On the other
hand, at 0 dS/m, the plants had very similar leaf temperatures ranging from 28.25

t0 34.93 °C (Table 4.4).

4.2.2.2 Fv/Fm Ratio
There were highly significant differences (p < 0.001) in the fv/fm ratio

among the plant species, salt concentrations and soil types. The fv/fm ratio ranged
between 0.61 and 0.84, with UCC soil (between 0.69 and 0.84) having relatively
higher ratios than sea sand (between 0.61 and 0.84). Generally, the fv/fm ratio
decreased with increasing salt levels 40 and 80 days after treatment imposition

(DATI).
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Table 4.3: Effects of salt concentrations and soil type on SDW (shoot dry weight, g), RDW (root dry weight, g) and R:S Ratio (root to
shoot ratio) of selected halophytes.

SDW (G) RDW (G) R:S RATIO

PLANT | SALT Sea UCC Sea ucCcC Sea UCC
0 1.70 £0.15 10.61 £0.43 1.17 £ 0.05 1.80 £ 0.05 0.69 + 0.06 0.17+£0.00
1A 25 1.19+£0.04 8.95+0.54 0.70 £ 0.04 1.28 £ 0.07 0.59 +£0.03 0.14 +0.00
50 0.97 £0.09 7.96 £ 0.29 0.43 +£0.03 1.05+£0.06 0.45+0.05 0.14+0.01

LSDo.os 0.18 0.56 0.08 0.12 0.1 0.01
0 0.59+0.03 5.59+0.21 0.97 £0.08 3.50+0.16 1.66 £0.11 0.63 +£0.04
LT 25 0.38 £0.03 4.65+0.30 0.57+0.03 2.90+0.15 1.50+0.14 0.63 +0.05
50 0.28 £0.02 3.81+£0.20 0.39+£0.02 2.00+£0.11 1.39+0.10 0.53 +£0.05

LSDo.os 0.04 0.04 0.1 0.19 0.21 0.08
0 3.47+0.27 25.45+2.42 1.44+£0.20 2.38+0.15 0.42+0.07 0.09 £ 0.01
PV 25 5.32+0.25 28.93+1.72 2.61+£0.20 3.50+0.17 0.49 £ 0.04 0.12+0.01
50 5.69+0.12 29.99 +£2.15 2.62+0.14 4.03+0.23 0.46 £ 0.01 0.13+0.01

LSDo.os 0.46 3.92 0.33 0.35 0.08 0.02
0 4.46 +0.32 14.62 £0.25 0.61 +£0.04 1.40+0.10 0.14+0.01 0.10+0.01
SpP 25 6.57+0.28 20.23 +0.37 0.79 £ 0.03 1.27+£0.14 0.12+0.00 0.06 £ 0.01
50 6.58 +£0.31 2320+ 1.41 0.68 +=0.03 1.22 £ 0.04 0.11 £0.01 0.06 + 0.01

LSDo.os 0.39 1.61 0.06 0.19 0.02 0.01
0 1.93+0.19 5.27+0.30 2.73+0.15 3.10+£0.20 1.43+£0.18 0.59 £ 0.06
TT 25 1.47 £0.23 446 +0.37 2.21+0.21 1.85+0.22 1.53+£0.33 0.42+0.07
50 1.08 £0.06 3.28+0.23 1.43 £0.27 1.16 £ 0.08 1.32+0.20 0.35+0.01

LSDo.os 0.30 0.56 0.38 0.27 0.45 0.09

The plant types were 1A- I. aquatica, LT- L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT- T. triangulare. The salt
concentrations applied were 0, 25 and 50 dS/m. Values are means of 4 replicates with standard deviation (SD)
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Table 4.4: Effects of salt concentrations and soil type on Leaf temperature (°C) and Fv/fm ratios of selected halophytes.

Leaf Temperature (°C) Fv/fm Ratio
PLANT | SALT Sea UCC Sea UCC
40 80 40 80 40 80 40 80

0 31.05+1.18 31.05+1.18 31.65+0.87 32.40+0.98 0.81+0.02 0.83+0.02 0.83+0.01 0.84 +0.01
IA 25 31.93+0.59 3540+045 3255+1.07 35.10+£1.10 0.71+0.01 0.69+0.01 0.81+0.01 0.79 +£0.01
50 32.53+0.88 37.53+0.88 33.55+144 3898+1.19 0.72+0.01 0.69+0.01 0.77+0.01 0.72 +£0.01

LSDo.os 1.48 1.5 1.43 2.28 0.02 0.02 0.01 0.01
0 30.23+033 30.23+033 31.40+1.63 31.65+£040 0.82+0.02 0.84+0.01 0.84+0.01 0.84 £0.02
LT 25 3298+ 1.50 35.18+097 30.58+1.80 30.58+1.80 0.72+0.02 0.69+0.01 0.78+0.01 0.76 £ 0.01
50 32.28+£0.57 34.78+1.05 30.98+0.39 35.10+£0.71 0.72+0.01 0.71+0.01 0.81£0.01 0.76 = 0.03

LSDo.os 1.54 1.62 2.45 1.87 0.02 0.02 0.02 0.04
0 3493+0.36 31.98+1.20 31.85+0.52 31.13+£048 0.77+0.01 0.79+0.01 0.83+0.01 0.83 +£0.01
PV 25 3890+ 0.35 41.60+0.82 37.20+1.00 37.20+0.27 0.76+0.01 0.74+0.01 0.76+0.03 0.77 £ 0.01
50 38.65+0.44 39.53+0.41 3148+0.82 3148+0.82 0.77+0.02 0.74+0.02 0.79+0.02 0.76 +£0.02

LSDo.os 0.69 1.62 1.31 1.04 0.02 0.02 0.03 0.03
0 3093+0.71 30.50+0.81 30.68+0.59 2895+1.10 0.82+0.01 0.83+0.01 0.82+0.01 0.80 +0.01
Nl 25 3235+0.81 30.68+0.50 32.83+2.60 32.83+2.60 0.80+0.01 0.81+£0.01 0.82+0.01 0.80+0.01
50 36.88+0.45 37.05+0.21 3520+032 36.50+0.41 0.80+0.03 0.80+0.01 0.82+0.01 0.79 +£0.01

LSDo.os 0.97 0.61 2.41 2.45 0.02 0.01 0.02 0.02
0 31.15+0.71  30.38+0.48 29.10+0.27 2825+0.50 0.80+0.01 0.81+0.01 0.80=+0.01 0.84 +0.01
TT 25 36.25+0.41 36.98+0.17 32.60+0.16 34.55+0.41 0.78+0.05 0.81+£0.02 0.72+0.01 0.69 +0.01
50 3643+ 035 37.60+043 32.83+0.24 3438+0.10 0.66+0.02 0.61+0.01 0.72+0.01 0.69 +0.01

LSDo.os 0.71 0.56 0.41 0.5 0.05 0.02 0.01 0.01
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The fv/fm ratio ranged from 0.77 to 0.84 at 0 dS/m while it ranged between
0.61 and 0.82 at 25 and 50 dS/m. At 40 DATI, fv/fm ratios averaged 0.78, while it

averaged 0.77 at 80 DATI (Table 4.4).

4.2.2.3 Chlorophyll Content
Plant type (p <0.001), salt concentrations (p < 0.001), soil types (p <0.001)

and days after salt treatment imposition (DATI) (p < 0.001) all had significant
effects on the chlorophyll content. All the interactions among the factors
significantly (p < 0.001) affected the chlorophyll content. The chlorophyll content
values ranged from 101.78 SPAD to 60.1 SPAD. Sesuvium portulacastrum (with a
mean of 86.2 SPAD) had relatively higher chlorophyll content than all the other
plant types while L. taraxacifoliar (34.3 SPAD) and T. triangulare (33.38 SPAD)

had the lowest readings.

Generally, chlorophyll content decreased with increasing salt
concentrations across the plant types except for P. vaginatum in UCC soil and S.
portulacastrum 1in sea sand, where slight variations were observed. Salt
concentrations at 50 dS/m recorded the lowest chlorophyll content between 17.55
and 80.3 SPAD. Also, chlorophyll content was generally higher in UCC soil
(averaging 59.44 SPAD) than in sea sand (43.12 SPAD). Averagely, chlorophyll
content was very similar at 40 and 80 DATI, that is, 51.45 SPAD and 51.11 SPAD,

respectively (Table. 4.5).
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Table 4.5: Effects of salt concentrations and soil type on Chlorophyll Content
(SPAD readings) of selected halophytes.

Sea sand UCC soil
PLANT | SALT 40 80 40 80

days days days days
0 53.48 £2.02 60.63 +£2.20 71.60 £ 1.89 78.45+0.73
IA 25 37.55+£3.27 33.23£1.60 63.50+0.91 57.10+1.11
50 30.03£2.19 33.15+£2.12 53.48 £2.75 46.38 +2.38

LSDo.05 5.02 3.32 3.27 2.86
0 3345+1.32  40.00+4.03 56.65+1.17 64.35 +£0.83
LT 25 21.48 +1.63 18.48 +£0.89 44.85 +2.38 34.13 £2.46
50 18.80 +£0.88 1530+ 1.02 38.70 £ 1.85 25.35+1.45

LSDo.o0s 1.76 4.31 2.67 2.44
0 41.93+0.52  45.38+£0.56 56.60 £2.23 60.00 £ 1.33
PV 25 37.58+1.49  43.20+0.77 58.25+1.51 63.30 £0.75
50 36.68 £1.28  40.08 £1.17 57.83 £1.15 61.73 +1.12

LSDo.05 1.61 1.27 3.08 1.86
0 79.08 £1.48 82.05+1.14 101.78 £3.48 98.70 £ 2.84
SP 25 93.40+£2.17 99.15+1.32 95.28 +£1.40 98.10+1.22
50 68.70£1.59  60.10+1.57 80.30 £3.02 77.80 £4.33

LSDo.05 3.57 2.69 5.1 4.2

0 3463 +£0.49 3943+0.79 53.05 £0.54 60.93 £ 1.35
TT 25 26.35+0.64  21.95+0.59 33.80 £9.88 33.80 £9.88
50 21.80+ 1.06 17.55+0.87 33.90 £1.58 23.40 £ 0.65

LSDo.o0s 1.47 1.46 10.43 10.66

The plant types were IA- . aquatica, LT- L. taraxacifoliar, PV- P. vaginatum, SV-
S. portulacastrum and TT- T. triangulare. The salt concentrations applied were 0,
25 and 50 dS/m. Values are means of 4 replicates with standard deviation (SD).

4.2.2.4 Performance Index (PI)
The performance index of the plants varied greatly among the salt

treatments and soil types (p < 0.001). The interactions between the three factors
were also significant (p < 0.001). The PI ranged from 1.2 to 11.89, with a mean of
5.84. Generally, the performance index tended to reduce with increasing salt
concentrations, recording values between 4.24 and 11.88 at 0 dS/m and 1.12 and

11.88 at 25 and 50 dS/m. Sesusium portulacastrum had the highest mean PI of
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10.25, which is almost twice that of the second highest, P vaginatum (5.83)
followed by I aquatica (5.17), T. triangulare (4.07) and with L. taraxacifoliar
having the lowest readings of 3.89. UCC soil recorded higher PI values ranging
from 2.47 to 11.89 for the soil types, while sea sand had values between 1.2 and

11.83 (Figure 4.4).
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Figure 4.4: Effects of Soil type (UCC, Sea) and Salt concentration (0, 25 and 50
dS/m) on Performance Index (PI) of the different Plant types (IA- I. aquatica, LT-
L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT- T. triangulare).
The salt concentrations applied were 0, 25 and 50 dS/m. Values are means of 4
replicates with standard deviation (SD).

4.2.3 Effects of Salt Concentration and Soil Type on the Soil Properties

4.2.3.1 Soil pH
Soil pH was significantly affected by all salt concentrations, soil types and

plant types as well as their interactions (p < 0.001). Sea sand (8.31 to 9.73) had a
significantly higher soil pH than UCC soil (6 to 7.49). In Sea sand, L. taraxacifoliar

(9.3) and T triangulare (9.18) had the highest mean pH values followed by P.
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vaginatum (8.95) and S. portulacastrum (8.82) while 1. aquatica (8.7) had lowest
soil pH values whereas in UCC soil, a similar trend was observed with L.
taraxacifoliar, T. triangulare, P. vaginatum and I. aquatica (7.03, 6.79, 6.51 and
6.5 respectively) recording higher. In contrast, S. portulacastrum (6.2) recorded the
least soil pH value. Increasing salt concentrations resulted in increasing soil pH as
the lowest soil pH value (6) was recorded at 0 dS/m while the highest (9.74) was

recorded at 50 dS/m (Figure 4.5).
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Figure 4.5: Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on the Final Soil pH. Plant types (IA- I aquatica, LT- L.
taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT- T. triangulare).
The salt concentrations applied were 0, 25 and 50 dS/m. Values are means of 4
replicates with standard deviation (SD).

4.2.3.2 Soil Electrical Conductivity (EC)
Like soil pH, soil EC was also significantly affected by salt concentrations,

soil types and plant types as well as their interactions (p < 0.001). The effects of the
salt concentration were very obvious as no salt treatment (that is, 0 dS/m) had EC

values between 0.04 and 0.48 dS/m, while salt treatment (25 and 50 dS/m) recorded
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values between 1.05 and 6.21 dS/m. Notably, increasing salt concentration resulted
in increased soil EC values as 50 dS/m salt treatment recorded the highest EC

values ranging between 2.24 and 6.21 dS/m and averaging 4.51 dS/m.

In terms of the plant species, 7. triangulare (3.12 dS/m), 1. aquatica (2.96
dS/m) and L. taraxacifoliar (2.9 dS/m) had higher mean soil EC values as compared
to P. vaginatum (1.34 dS/m) and S. portulacastrum (1.18 dS/m). Also, sea sand
(averaging 2.34 dS/m) generally resulted in higher EC values compared to UCC

soil (2.25 dS/m) (Figure 4.6).

‘|;|l |
..| 0 -| i _IIDH _IIDH -I oL

[0][s]s0] [0] [25] 50| o] [25] 0] [ 0] 25| [s0] o] [25] 0] [ 0] [es| [s0] [ o] [25] 50 [0 | 25| [s0] [ ] [25] 5o [ | 25| [sq

»

Soil EC (dS/m)

N

Figure 4.6: Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on the Final Soil Electrical Conductivity (dS/m). Plant types (IA-
1. aquatica, LT- L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT-
T’ triangulare). The salt concentrations applied were 0, 25 and 50 dS/m. Values are
means of 4 replicates with standard deviation (SD).

4.2.3.3 Total Dissolved Solids (TDS)
The soil’s total dissolved solids (TDS) was significantly (p <0.001) affected

by all treatment factors, that is, plant type, salt concentration and soil type, as well
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as the interactions between and among these factors. The final soil TDS had a
similar trend as the final soil pH. The values ranged between 21.75 mg/L recorded
on S. portulacastrum in sea sand at 0 dS/m salt treatment, and 2980.75 mg/L,
recorded on 7. triangulare in UCC soil at 50 dS/m salt treatment. For the soil types,
UCC soil (averaging 1125.12 mg/L) had very high TDS values compared to Sea

sand (686.18 mg/L) (Figure 4.7)

Total dissolved solids increased greatly with increasing salt concentrations,
with 50 dS/m recording the highest TDS values across all plant and soil types.
Talinum triangulare, L. taraxacifoliar and I. aquatica had higher TDS values at 50
dS/m (2980.75, 2761.75 and 2766.5 mg/L respectively) as compared to P
vaginatum and S. portulacastrum (1457.75 and 1247 mg/L respectively. Very low
TDS values were recorded across all plant and soil types at 0 dS/m salt treatment,

ranging from as low as 21.75 mg/L to 207 mg/L (Figure 4.7).
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Figure 4.7: Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on the Final Soil Total Dissolved Solids (mg/L). Plant types (IA-
L aquatica, LT- L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT-
T triangulare).
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4.2.3.4 Soil Sodium (Na) and Chlorine (CI) Contents
The treatment factors and interactions significantly affected the final soil

Na and ClI content (p < 0.001). Soil Na ranged from 0.33 to 3.41 mg/g, while Cl
ranged from 0.13 to 1.98 mg/g. Increasing salt concentrations increased both soil
Na and Cl contents. The 0 dS/m salt treatment resulted in soil Na content values
between 0.22 and 0.46 mg/g, while the 25 and 50 dS/m treatments ranged from 0.47
to 3.41 mg/g (Figure 4.8). Also, Cl content values ranged between 0.13 and 0.45
mg/g at 0 dS/m salt treatment and between 0.20 and 1.98 mg/g at 25 and 50 dS/m

salt treatments (Figure 4.9).
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Figure 4.8: Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on the Final Soil Sodium Content (mg/g). Plant types (IA- I
aquatica, LT- L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT-
T’ triangulare). The salt concentrations applied were 0, 25 and 50 dS/m. Values are
means of 4 replicates with standard deviation (SD).
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Final soil Na content was very low in S. portulacastrum (0.22 to 1.41 mg/g)
and P. vaginatum (0.29 to 1.8 mg/g), while higher values were recorded for L.
taraxacifoliar (0.34 to 3.34 mg/g) (Figure 4.8). Similarly, L. taraxacifoliar (0.15 to
1.2 mg/g) and S. portulacastrum (0.13 to 1.35 mg/g) recorded the lowest final soil
ClI content while /. aquatica (0.26 to 1.76 mg/g) and T. triangulare (0.14 to 1.98
mg/g) recorded the highest (Figure 4.9). For the soil types, UCC soil (with a mean
of 1.38 mg/g) had higher soil Na content compared to sea sand (0.92 mg/g).
Likewise, soil Cl content in UCC soil averaged 0.96 mg/g, while it averaged 0.56

mg/g in sea sand.
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Figure 4.9: Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on the Final Soil Chlorine Content (mg/g). Plant types (IA- L
aquatica, LT- L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT-
T triangulare). The salt concentrations applied were 0, 25 and 50 dS/m. Values are
means of 4 replicates with standard deviation (SD).
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4.2.4 Effects of Salt Concentration and Soil Type on Plant Tissue Na and Cl
contents

4.2.4.1 Leaf Sodium (Na) and Chlorine (Cl) Content
The plant type (p < 0.001), soil type (p < 0.01 for Na and p < 0.05 for CI)

and salt concentration (p < 0.001) significantly affected the Na and Cl contents of
the plant leaves. The interactions among these factors were also highly significant
(p<0.001). The mean leaf Na content was lower in sea sand (13.91 mg/g) compared
to UCC soil (14.4 mg/g) (Figure 4.10). Similarly, for Cl content, sea sand (40.55

mg/g) recorded a lower average Cl content than UCC soil (41.7 mg/g) (Figure 4.11)
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Figure 4.10: Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on Leaf Sodium Content (mg/g). Plant types (IA- I. aquatica, LT-
L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT- T. triangulare).
The salt concentrations applied were 0, 25 and 50 dS/m. Values are means of 4
replicates with standard deviation (SD).

For the plant types, S. portulacastrum (25.03 mg/g) recorded the highest

mean leaf Na content, followed by P. vaginatum, I. aquatica, L. taraxacifoliar and

105

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

T. triangulare (15.35, 11.99, 10.87 and 7.53 mg/g respectively) (Figure 4.10). Also,
the highest mean leaf Cl content was recorded by L. taraxacifoliar (48.36 mg/g)
and S. portulacastrum (45.04 mg/g). In comparison, 7. triangulare (28.41 mg/g), P.
vaginatum (27.72 mg/g) and I. aquatica (26.71 mg/g) recorded lower values
(Figure 4.11). Leaf Na and CI content significantly increased with increasing salt
concentrations, and the highest values (31.47 and 70.81 mg/g for Na and CI

contents, respectively) were recorded at 50 dS/m salt treatment.
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Figure 4.11: Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on Leaf Chlorine Content (mg/g). Plant types (IA- I. aquatica, LT-
L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT- T. triangulare).
The salt concentrations applied were 0, 25 and 50 dS/m. Values are means of 4
replicates with standard deviation (SD).

4.2.4.2 Root Sodium (Na) and Chlorine (Cl) Content
Root Na and Cl content varied significantly among different plant types,

soil types and salt concentrations and their various interactions (p < 0.001). The

maximum root Na content recorded was 26.37 mg/g, and the minimum was 1.87
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mg/g with a mean of 10.1 mg/g (Figure 4.12). Also, root CI content averaged 29.38

mg/g, ranging from 55.98 mg/g to 5.29 mg/g (Figure 4.13).

Sesuvum portulacastrum (17.25 mg/g) recorded the highest average root Na
content while L. taraxacifoliar (7.69 mg/g), T. triangular (7.43 mg/g) and P.
vaginatum (7.38 mg/g) recorded very low root Na contents (Figure 4.12).
Meanwhile, for root Cl content, S. portulacastrum (37.42 mg/g) and 1. aquatica
(34.51 mg/g) had higher root CI content compared to 7. triangulare (17.98 mg/g),
which had the least root Cl content (Figure 4.13). Generally, sea sand (11.55 and
33.4 mg/g for root Na and Cl contents) resulted in higher root Cl contents than UCC
soil (8.66 and 25.36 mg/g for root Na and Cl contents, respectively). The increase
in salt concentrations led to significant increases in both root Na and CI contents.
Root Na content recorded over 200% increase due to increased salt concentration
(from an average of 5.44 mg/g at 0 dS/m to 12.44 mg/g at 25 and 50 dS/m).
Likewise, root CI content also increased from 17.58 mg/g at 0 dS/m to 35.28 mg/g

at 25 and 50 dS/m.
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Figure 4.12: Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on Root Sodium Content (mg/g). Plant types (IA- I. aquatica, LT-
L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT- T. triangulare).
The salt concentrations applied were 0, 25 and 50 dS/m. Values are means of 4
replicates with standard deviation (SD).
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Figure 4.13: Effects of Plant type, Soil type (UCC, Sea) and Salt concentration (0,
25 and 50 dS/m) on Root Chlorine Content (mg/g). Plant types (IA- 1. aquatica, LT-
L. taraxacifoliar, PV- P. vaginatum, SV- S. portulacastrum and TT- T. triangulare).
The salt concentrations applied were 0, 25 and 50 dS/m. Values are means of 4
replicates with standard deviation (SD).
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4.2.5 Correlations Between Plant and Soil Parameters
The correlation analysis revealed significant associations between plant and

soil parameters (Figure 4.14). There was a significantly strong and positive
correlation between STDS and SEC (r = 0.96, p < 0.001) and strongly positive
correlation between SPAD and PI (r=0.89, p <0.001); SCl and SNa (r=0.79, p <
0.001); STDS and SNa (r = 0.78, p < 0.001); SEC and SNa (r = 0.73, p < 0.001);
STDS and SCI (r = 0.7, p < 0.001). Also, significant and moderately positive
correlations were observed between LCI and LNa (r = 0.64, p < 0.001); LCl and
SNa (r = 0.54, p < 0.001); RCI and LNa (r = 0.65, p < 0.001); RCl and LCI (r =
0.53,p <0.001), SEC and SCI (r = 0.64, p <0.001); SpH and R:S ratio (r =0.61, p
<0.001); Ltem and SCI (r = 0.57, p <0.001); Ltem and SEC (r = 0.56, p < 0.001);
Ltem and STDS (r = 0.52, p <0.001); Fv.Fm and RHGR (r = 0.58, p < 0.001); PI
and RHGR (r = 0.58, p < 0.001), PI and Fv.Fm ratio (r = 0.66, p < 0.001); SPAD
and SDW (r = 0.55, p < 0.001); SPAD and RHGR (r = 0.63, p < 0.001) and SPAD

and Fv.Fm ratio (r = 0.62, p <0.001) (Figure 4.14).

On the other hand, some significant but negative relationships were also
observed. The Fv/Fm ratio had a strongly negative correlation with SEC (r=0.8, p
<0.001) and STDS (r = 0.79, p < 0.001). Also, a moderately negative correlation
existed between R:S ratio and SDW (r = 0.6, p <0.001), RCl and RDW (r = 0.6, p
< 0.001), SEC and RHGR (r = 0.67, p < 0.001), STDS and RHGR (r = 0.6, p <
0.001), SpH and SDW (r = 0.66, p < 0.001). Again, Fv/Fm ratio recorded fairly
negative correlations with SNa (r = 0.54, p <0.001), SCI1 (r = 0.56, p <0.001) and
Ltem (r =0.56, p <0.001) while PI had similar correlations with R:S ratio (r=0.53,
p <0.001), SEC (r = 0.62, p < 0.001), STDS (r = 0.59, p < 0.001) and SpH (r =
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0.55, p < 0.001). Similarly, SPAD had moderate correlations with R:S ratio (r =
0.66, p <0.001), SEC (r=0.64, p <0.001), STDS (r=0.61, p<0.001) and SpH (r

=0.52, p < 0.001) (Figure 4.14).
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Figure 4.14: Correlation between plant biomass parameters (SDW- shoot dry
weight, RDW- root dry weight, R.S- root to shoot ratio, RHGR- relative height
growth rate), soil and tissue Na and Cl contents (SNa- soil Na content, SCI- soil Cl
content, LNa- leaf Na content, LCI- leaf CI content, RNa- root Na content, RCI-
root Cl content), final soil chemical properties (SEC- soil electrical conductivity,
STDS soil total dissolved solids, SpH- soil pH) and plant photosynthetic properties
(Ltemp- leaf temperature, Fv. Fm- fv/fm ratio, PI- performance index, SPAD-
SPAD readings). ***, **_ * Correlation is significant at 0.001, 0.01 and 0.05
confidence levels, respectively.
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4.3 Assessing the Desalination Ability of S. portulacastrum in a Hydroponic
System

4.3.1 Weather data
The weather data was taken over 11 weeks, from when the S.

portulacastrum cuttings were nursed to the harvesting period, as shown in Figure
4.14. Generally, the ambient temperature ranged between 27.3°C and 29.9°C while
that of the greenhouse was slightly higher, ranging from 28.7°C to 30.6°C. The
mean ambient temperature was 28.52°C, while that of the greenhouse was 29.5°C.
For the ambient temperature, slight fluctuations were observed over the weeks, with
the highest temperature recorded in Week 2 (29.9°C) and the lowest in Week 7
(27.3°C). On the other hand, the highest greenhouse temperature was recorded in

Week 4 (30.6°C), while the lowest was in Week 6 (29°C) (Figure 4.14).

The relative humidity also ranged from 67.9% to 74.4%. The greenhouse
recorded slightly lower relative humidity levels, with a mean of 69.95%, whereas
the mean ambient relative humidity was 72.39%. Ambient relative humidity varied
between 70.3% (recorded in Week 7) and 74.4% (Week 4), whereas that of the

greenhouse ranged from 67.9% (Week 6) to 72.9% (Week 2) (Figure 4.14).
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Figure 4.15: Ambient and greenhouse temperature and relative humidity of the
study area over the 11 weeks of the study.

4.3.2 Changes in Water Quality Parameters of Salt Treated Hydroponic
Solution

4.3.2.1 Water Quantity Lost
Generally, less water was lost from systems with higher salt concentrations.

The water lost in 0 ds/m (totalling 164 L) treatment was the highest, followed by
25 dS/m (94 L) treatment and the lowest observed in the 50 dS/m (79 L) treatment

(Figure 4.15).

For 0 dS/m salt treatment, the water loss increased gradually over the weeks,
starting from 30 L in week 2 to 57 L by week 8. For the 25 dS/m salt treatment, an
upward trend in water use was seen but at a lower rate than the 0 dS/m treatment.
It ranged from 15 L in week 2 to 29 L in week 8. Similarly, the water used in the 50
dS/m salt treatment increased over the weeks but at a much lower rate than the 0

dS/m and 25 dS/m salt treatments. The values ranged from 10 L to 26 L from week
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2 to week 8. The most significant increase in water loss occurred between weeks 6
and 8 for 0 dS/m (35.7% increase) and between weeks 2 and 4 for 25 (53%) and

50 (80%) dS/m salt treatments (Figure 4.15).
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Figure 4.16: Water lost from the hydroponic system through evapotranspiration
over eight weeks of monitoring.

4.3.2.2 Electrical Conductivity (EC)
The electrical conductivity values directly correlated with the salt

concentration, with higher salt concentrations resulting in significantly higher EC
values. The EC values for the 0 dS/m treatment remained relatively stable over the
weeks, starting at 0.17 dS/m in week one and reaching 0.3 dS/m in week nine while
averaging 0.23 dS/m. For 25 dS/m, the EC values consistently increased, from 7.42
dS/m to 38.7 dS/m from week 1 to week 9, averaging 27.13 dS/m. The EC for the
50 dS/m treatment also increased consistently from 12.07 dS/m in week 1 to 67.1

dS/m in week nine and averaged 54.17 (Figure 4.16 A).
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4.3.2.3 Total Dissolved Solids (TDS)
The TDS trend was very similar to that of the EC. The TDS values increased

with increasing salt concentrations, with 50 dS/m (average of 27.1 ppt) salt
treatment having the highest TDS, followed by 25 dS/m (13.55 ppt). The TDS
values for 0 dS/m (0.09 to 0.15 ppt) treatment were the lowest and had an average
of 0.12 ppt. Also, TDS values ranged from 12.07 ppt in week 1 to 67.1 ppt in week
9 for 50 dS/m treatment and 7.42 ppt to 38.9 ppt for 25 dS/m treatment (Figure 4.16

B).

4.3.2.4 pH
The pH values ranged between 6.66 and 8.16 and averaged 7.72, 7.2 and

7.14 for 0, 25 and 50 dS/m salt treatments, respectively. Generally, the 0 (from 7.33
to 7.24) and 50 (7.14 to 7.05) dS/m treatment showed a trend toward a decrease in
pH, while the 25 (7.17 to 7.33) dS/m salt treatment exhibited the opposite. The pH
values for 0 dS/m treatment showed variations over the weeks. It started from 7.33
in week one and went as high as 8.16 in week five before levelling at 7.24 in week
9. For 25 dS/m treatment, the pH values again exhibited some fluctuations, starting
from 7.17 in week one and reaching as low as 6.66 in week seven before rising to
7.33 in week 9. The 50 dS/m treatment generally had lower values with minor
fluctuations, starting from 7.14 in week 1, dropping to 6.77 in week seven and rising

to 7.05 in week 9 (Figure 4.16 C).
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Figure 4.17: Changes in EC (electrical conductivity, dS/m), pH and TDS (total dissolved solids, ppt) of salt-treated
hydropic solution (0, 25 and 50 dS/m) over the nine weeks of monitoring.
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4.3.3 Effects of Salt Treatment and Planting Distances on Plant Parameters

4.3.3.1 Plant Height
The salt concentrations, planting distances, and interactions significantly (p

< 0.001) affected the plant height. The highest plant height was 30.6 cm, recorded
for a salt concentration of 25 dS/m at a planting distance of 30 cm, while the lowest
was 21 cm, recorded for a salt concentration of 0 dS/m and at 20 cm planting
distance. Generally, the 25 dS/m salt treatment recorded higher plant heights (with
a mean of 28.54 cm), ranging between 25.4 cm and 30.6 cm, whereas the 0 dS/m
treatment, on the other hand, recorded the lowest plant heights (22.43 cm) between
21 cm to 24.1 cm. There were no significant differences in plant plant height for
planting distances 15 and 20 cm (which averaged 24.42 and 24.44 cm, respectively)
and for planting distnaces 30 and 40 cm, which averaged 26.36 and 26.42 cm,

respectively (Figure 4.17).
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Figure 4.18: Effects of Salt concentration (0, 25 and 50 dS/m) and planting
distances (15, 20, 30 and 40 cm) height of S. portulacastrum. Values are means of
6 replicates with standard deviation (SD).
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4.3.3.2 Shoot Fresh Weight
The main effects salt concentrations and planting distances, as well as their

interactions, had highly significant (p < 0.001) effects on the shoot fresh weight of
the plants. However, the effect of the block was slightly insignificant (p = 0.052),
while the interaction among salt concentration, planting distances (PD) and the
block was also insignificant (p = 0.98). The SFW ranged between 7.09 and 11.41 g
and averaged 8.96 g. The highest SFW values (between 7.59 and 11.41 g with a
mean of 9.86 g) were observed with the 25 dS/m treatment, followed by 50 dS/m
treatment (7.09 and 9.87 g, mean = 8.75 g) and 0 dS/m treatment (7.58 and 8.83 g,
mean = 8.26 g) recording the lowest SFW values. Also, SFW increased with
increasing planting distances from a mean of 7.42 g recorded at 15 cm PD to 10.04

g at 40 cm PD (Table 4.6).

4.3.3.3 Shoot Dry Weight
Shoot dry weights varied significantly (p < 0.001) among the salt

concentrations and planting distances, including their interaction. However, the
block (p =0.055) and the interactions among salt concentrations, planting distances
and block (p = 0.99) were insignificant. The SDW varied between 1.37 and 2.12 g
across all treatments and had a mean of 1.71 g. At 25 dS/m, higher SDW values
between 1.39 and 212 g (mean = 1.82 g) were recorded, while lower values from
1.37 t0 1.9 g (mean = 1.69 g) and 1.49 to 1.73 g (mean = 1.62 g) were recorded at
50 and 0 dS/m salt concentrations respectively. Also, increasing planting distances
from 15 cm to 40 cm resulted in steady increases in SDW from 1.42 to 1.92 g (Table

4.6).
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4.3.3.4 Root Dry Weight
The main factors, salt concentrations and planting distances, significantly

(p < 0.001) influenced the root dry weight. Their interaction was also highly
significant (p < 0.001). Again, the effects of the block were significant (p = 0.005),
while the three-way interaction among the three factors, salt, planting distances and
block, was not significant (p = 0.69). The highest RDW (between 0.16 and 0.23 g,
mean = (0.2 g) was observed at 50 dS/m, while the lowest ranged between 0.13 and
0.15 g (mean = 0.14 g) and was observed at 0 dS/m. Also, RDW tended to increase
with increasing planting distances, starting from a mean of 0.15 gat 15 cm PD, 0.18

g at 20 cm PD, and ending at 0.2 g at 30 and 40 cm PD (Table 4.6).

4.3.3.5 Root-to-Shoot Ratio

The root-to-shoot ratio was significantly affected by the main effects of salt
concentration (p < 0.001) and planting distances (p <0.001). Their interactions also
significantly affected the root-to-shoot ratio (p < 0.001). The blocking effect was
also significant (p = 0.005), while the interactions among salt, planting distances
and block were insignificant (p = 0.69). The root-to-shoot ratio averaged 0.11 g and

ranged between 0.09 and 0.12 g.
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Table 4.6: Effects of salt concentrations (0, 25 and 50 dS/m) and planting distances (15, 20, 30 and 40 cm) on shoot fresh and dry weight,

University of Cape Coast

root dry weight and root to shoot ratio of Sesuvium portulacastrum

https://ir.ucc.edu.gh/xmlui

Shoot Fresh Weight (g) Shoot Dry Weight (g)

PD 0 25 50 0 25 50

15 7.58 £0.21 7.59 £0.29 7.09+0.17 1.49 +£0.04 1.39+£0.06 1.37+£0.03

20 7.93 £0.09 9.33+0.42 8.59 +0.30 1.56 £0.02 1.72 £0.08 1.66 +0.06

30 8.68 £0.34 11.12 +£0.31 9.45+0.23 1.70 £0.06 2.06 £0.06 1.82+£0.04

40 8.83+0.22 11.41+0.38 9.87+0.12 1.73 £0.04 2.12+£0.07 1.90 £0.02

Root Dry Weight (g) Root: Shoot Ratio

PD 0 25 50 0 25 50

15 0.13£0.01 0.15+0.01 0.16 £0.01 0.09 £0.001 0.11 +0.001 0.12 £ 0.000
20 0.14 £0.01 0.19+£0.01 0.20 £ 0.01 0.09 +0.001 0.11 £0.001 0.12 +£0.001
30 0.15+0.01 0.22 £0.01 0.22 £0.01 0.09 £0.001 0.11 +£0.001 0.12 £0.002
40 0.15+0.01 0.23+£0.01 0.23£0.01 0.09 +0.001 0.11 £0.001 0.12 +£0.001

Values are means of 6 replicates with standard deviation (SD). PD — Planting distances.
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Within each of the three salt treatments, the effects of the planting distances
remained insignificant while it increased slightly with increasing salt
concentrations (0.09 for 0 dS/m, 0.11 for 25 dS/m and 0.12 for 50 dS/m). The 50
dS/m salt treatment had the highest root-to-shoot ratio (0.12), while the 0 dS/m had
the lowest (0.09). However, there was no significant difference between the 25

(0.11 g) and 50 (0.12 g) dS/m treatment (Table 4.6).

4.3.4 Correlations Between Plant Parameters
Significant correlations were observed between the measured plant biomass

parameters (Figure 4.14). A perfectly positive correlation was observed between
SFW and SDW (r = 0.99, p < 0.001). RDW had a positive and strong correlation
with SFW (r=0.82, p <0.001), SDW (r = 0.82, p < 0.001) and root-to-shoot ratio
(r=0.75,p<0.001). A moderately positive correlation existed between plant height
and SFW, SDW and RDW (r = 0.61, 0.53 and 0.61 respectively, p < 0.001) as well
as between stem girth and R.S. ratio (r = 0.55, p <0.001). Also, a weak but positive
correlation was observed between stem girth and RDW (r = 0.46, p < 0.001) and

between height and R.S. ratio (r=0.42, p <0.001) (Figure 4.18).
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Figure 4.19: Correlation between plant biomass parameters (SDW- shoot dry
weight, RDW- root dry weight, R.S- root to shoot ratio, plant height, stem girth),
and SPAD readings. ***, ** * Correlation is significant at 0.001, 0.01 and 0.05
confidence levels respectively.
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CHAPTER FIVE

5.0 DISCUSSIONS

5.1 Diversity of Halophytes in Cape Coast, Ghana
The diversity of plant types and growth habits among the identified

halophytes in Ghana showcases the remarkable adaptability of halophytes to saline
environments. This diversity is crucial for these areas' overall resilience and
ecological stability. The various herbaceous plants, shrubs, succulents, climbers and

trees highlight the richness of plant life in Ghana’s saline habitats.

Among the halophytes identified in this study, Sesuvium portulacastrum,
Paspalum vaginatum, Indigofera spicata and Cyperus ligularis share similarities
with those documented by Swaine et al. (1979) who studied the zonation of
halophytes along the coast in Ghana. It is important to note that Swaine et al.’s
research focused on the coastal region west of Accra, precisely Bortiano, while the
current research was conducted in Cape Coast. This signifies the resilience and
adaptability of these halophyte species across diverse coastal environments and
periods, as indicated by Wungrampha et al. (2021), who found that halophytes
evolve several anatomical, physiological, molecular and structural changes to
undergo their usual molecular and physiological processes even under increased
salt environments. It also confirms the works of Flowers and Colmer (2008) and
Grigore (2021), who reported that halophytes employ different adaptations,
including biochemical, physiological, molecular and anatomical changes that help

them cope with salt stress conditions.
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The halophytes identified belong to various families, including
Amaranthaceae, Convolvulaceae, Solanaceae, Fabaceae, Scrophulariaceae,
Cyperaceae, Asteraceae, Euphorbiaceae and Crassulaceae. They exhibit a range of
growth habits, from herbaceous plants like Amaranth spp. and Cyperus ligularis to
shrubs like Capraria biflora and succulents like Sesuvium portulacastrum and
Sansevieria masoniana. Also, in terms of lifecycles, annuals such as Ipomoea
asarifolia, Lactuca taraxacifolia, and perennials, including Paspalum vaginatum
and Cocos nucifera were identified. These growth habits and lifecycles reflect the
various ecological strategies employed by these plants in adapting to their
environments and confirm the works of Jefferies et al. (1979), who studied and
observed varied growth habits and lifecycles in halophytes and stressed their role

in conferring salt stress tolerance in halophytes.

5.2 Potential Uses or Importance of Identified Halophytes
The identified halophytes hold significant economic, ecological, and

cultural importance. Several species, such as Amaranth spp. (Aderibigbe et al.,
2022), Capraria biflora (Vasconcellos et al., 2005) and Euphorbia albomarginata
(Rojas et al., 2010) have documented uses in traditional medicine, while others
serve culinary purposes, like the edible leaves of Sesuvium portulacastrum
(Lokhande et al., 2013) and Talinum triangulare (Pavithra et al., 2017) as well as
the fruits of Physalis spp. (Daunay et al., 2007) and Cocos nucifera (Pham, 2016).
Ornamental value is evident in plants like Sansevieria masoniana (Chahinian 2000)

and Kalanchoe daigremontiana (Navarrete et al., 2021).
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The diversity of growth habits and lifecycles observed in the identified
halophytes contributes to the ecological resilience of coastal ecosystems. Plants like
Opuntia spp. (Ciriminna et al., 2019), Ipomoea asarifolia (Albuquerque et al,
2007), Sesuvium portulacastrum (He et al., 2022) Cyperus ligularis (Casierra-
Martinez et al., 2017) and Canavalia rosea (Lin et al., 2021) play crucial roles in
ground cover, erosion control and soil stabilization, while others including Ipomoea
aquatica (Rai and Sinha, 2001), Pedalium murex (Tripathi et al., 2021) and
Sesuvium portulacastrum (He et al., 2022) are valuable for phytoremediation and
restoration of degraded soils. Also, the adaptation of certain species, like Paspalum
vaginatum (Fabbri et al., 2016), for turfgrass and forage for livestock and
Indigofera spicata (Mouafon et al., 2021), for soil improvement and forage for
livestock, highlight the diverse potentials these halophytes possess in sustainable

land management and ecological restoration.

Understanding and conserving this diversity is essential for sustainable land
use and biodiversity conservation efforts. The different growth habits reflect the
evolutionary strategies of these plants and provide opportunities for various
applications. These findings reveal the diverse and underexploited nature of
halophytes in Ghana. Harnessing the potential of these halophytes can contribute
significantly to Ghana's local economies and environmental conservation
initiatives. Further research and conservation efforts should be aimed at preserving
and exploiting this rich diversity of halophytic plant types and their various

qualities.
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5.3 Assessing the Salt Tolerance Levels and Remediation Abilities of Selected
Halophytes
Based on their importance in human and animal nutrition, short lifecycle

and simple propagation methods, 7. triangulare, I. aquatica, L. taraxacifolia, S.
portulacastrum and P. vaginatum, were selected for a greenhouse experiment to

study their salt tolerance and remediation abilities.

5.3.1 Effects of Soil Type on Growth and Biomass Accumulation of Selected
Halophytes
From the results obtained in this study, the soil type played a crucial role in

most of the measured parameters. Arable soil generally promoted the growth and
resilience of the halophytes compared to sea sand. However, general knowledge
suggests that halophytes thrive in sea sand due to their inherent salt tolerance. This
result may be attributed to soil composition, drainage, or nutrient availability
variations. As highlighted by Morgan, (2013), variations in soil properties such as
texture, organic matter content and nutrient levels can profoundly impact plant
performance and productivity. Arable soil, characterized by its likely superior
drainage, nutrient retention, and soil structure, may have provided a more
conducive growth environment and nutrition for halophytes than sea sand, which
contains relatively lower quantities of soil nutrients and very poor structure.
However, arable soil resulted in a significantly lower R:S ratio than sea sand. This
result could be attributed to the poor nutrient composition of the sea sand,
compelling plants to allocate more resources to the roots to scavenge for water and
nutrients. This phenomenon aligns with the findings of Wang et al. (2023) and

Hermans et al. (2021), who highlighted that under conditions of below-ground
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resource deficit, plants tend to allocate greater portions of biomass to their roots in

search of essential resources.

The study's results also indicate the significant influence of soil types and
salt concentrations on the relative height growth rates of the various halophytes.
Paspalum vaginatum and Sesuvium portulacastrum demonstrated the highest
relative plant height growth rate at increased salt concentrations, suggesting a
certain level of tolerance or even potential benefits for these species under elevated
salinity conditions. This finding confirms Slama et al.'s (2006, 2007a, 2008) works,
who reported increased growth rates in Sesuvium portulacastrum when subjected
to low salt concentrations. However, it contradicts the work of Shahba ez al. (2012),
whose research indicated a reduced plant height in Paspalum vaginatum under

salinity stress attributed to increased root mass.

On the contrary, Talinum triangulare, Ipomoea aquatica and Lactuca
taraxacifolia exhibited lower RHGR at increasing salt concentrations, indicating
lower tolerance to high salt concentrations. This observation suggests that these
species may have reached their threshold for salt tolerance at the 25 and 50 dS/m
salt treatments, beyond which their growth is significantly inhibited. It is plausible
that the excessively high salt concentrations in the soil surpassed the tolerance
mechanisms of these halophytes, leading to compromised growth rates. These
results confirm the findings of Shrivastava and Kumar (2015), Jumberi et al.
(2002), Hasanuzzaman et al. (2009) and Sakr et al. (2015), who have reported
similar trends in various plants and attributed these changes to ion toxicity, osmotic

stress and nutrient imbalances.
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The results revealed significant salt concentrations and soil types effects on
all plant species' shoot dry weight (SDW) and root dry weight (RDW). The increase
in salt concentration generally led to a reduction in both SDW and RDW in T.
triangulare, I. aquatica and L. taraxacifolia, revealing the negative impact of
increased salinity on biomass accumulation for these species. This finding aligns
with previous research indicating the detrimental effects of salt stress on plant

growth and productivity (Amirjani, 2011; Garg et al., 2006; De Pascal et al., 2003).

However, P. vaginatum and S. portulacastrum's response to increasing salt
concentrations was interesting. These halophytes exhibited an increase in SDW
with higher salt concentrations, challenging the notion of salt stress generally
limiting biomass accumulation in plants. This finding is consistent with the work
of Lokhande et al. (2013), who reported increased biomass accumulation in S.
portulacastrum at salinity conditions between 100400 mM NaCl and nutrient-
deprived settings, indicating the plant’s capacity to adapt to and even benefit from
elevated salinity levels. Contrastingly, while the RDW of S. portulacastrum
decreased with higher salt concentrations, indicating the negative effects of salinity
stress on roots growth, P. vaginatum demonstrated increased RDW, suggesting a
potential strategy for adjusting to water deficit under saline conditions. These
findings are consistent with previous works reporting similar responses in other
plant species subjected to high salt treatments (Slama et al., 2006, 2007a, 2008;
Yildirim and Giveng, 2006; Shahba et al., 2012). The discrepancies observed in
the biomass responses of different plant species to salt stress may be attributed to

various factors, including the frequency and duration of salt treatment applications.
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Unlike previous studies involving periodic salt treatments, the salt treatment in this
experiment was applied only once, potentially influencing the plant’s physiological

responses.

The root-to-shoot (R:S) ratio was also significantly influenced by soil types
and salt concentrations, stressing the plasticity of halophyte root-shoot allocation
strategies in response to environmental conditions. Talinum triangulare and L.
taraxacifolia displayed very high R:S ratios, suggesting a preference for allocating
biomass towards root development. In contrast, S. portulacastrum had the lowest
R:S ratio, indicating the allocation of more biomass to shoots than roots. This could
be attributed to the fact that 7. triangulare and L. taraxacifolia possess taproot
systems, which weigh higher than the fibrous roots of S. portulacastrum. This
finding contradicts the finding of Akman (2020), who worked on tap-rooted plants
including Pisum sativum, Carthamus tinctorius and Vicia pannonica and fibrous-
rooted plants including Secale cereale, Hordeum vulgare and Avena sativa. They
found that, the fibrous-rooted plants have higher root-to-shoot ratios than the tap-

rooted plants.

The observed variability in biomass accumulation among these halophyte
species under different soil and salinity conditions holds significance for selecting
suitable candidates for cultivation in saline environments. The biomass
accumulation of Paspalum vaginatum and S. portulacastrum may be exploited as
options for sustainable land management strategies, including soil improvement

and ecological restoration.
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5.3.2 Physiological Response of Selected Halophytes Under Salt Stress
The study's results revealed a consistent trend where tissue water content

(TWC) generally decreased with increasing salt concentrations. This aligns with
expectations, as higher salinity typically leads to reduced water uptake by plants
(Lu and Fricke, 2023). However, S. portulacastrum exhibited a contrasting trend,
particularly at 25 dS/m salt concentration, where TWC was higher than 0 and 50
dS/m salt treatments. This observation suggests that the tolerance of S.
portulacastrum to salt stress could be attributed to the succulence of its leaves. The
succulent nature of its leaves allows S. portulacastrum to retain and accumulate
water, potentially enabling it to counteract the effects of increased salt
concentrations in its tissues. This finding is consistent with the findings of VVyas et
al. (2023) and Khan et al. (2000), who highlighted succulence as a salt tolerance
mechanism in other halophytes, including Suaeda nudiflora, Suaeda fruticose and
Salicornia brachiate. Although T. triangulare also possesses succulent leaves, it
was observed that the salt concentrations at 25 and 50 dS/m reduced its TWC. This
finding may be attributed to the limited salt tolerance of 7. triangulare, as the plant
has been reported to tolerate salt concentrations lower than 0.5% NaCl as a

miohalophyte (Bamidele ef al., 2007; Chapman, 1942).

The study observed a trend where leaf temperature increased with
increasing salt concentrations across all the plant species, revealing the salinity
stress's detrimental effects on the halophytes' leaves. The increased leaf temperature
suggests a potential disruption in regulating leaf temperature homeostasis in

response to salt stress. This result confirms the previous work of Orzechowska et
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al. (2021), who noted that salt-stressed plants typically exhibit increased leaf

temperature due to stomatal closure to reduce water loss under such conditions.

Also, the study found variations in the fv/fm ratios among plant species and
salt concentrations, with increasing salt concentrations leading to decreased fv/fm
ratios. The decrease in fv/fm ratios suggests a reduction in the photochemical
efficiency of plants under salt stress conditions. This finding is consistent with the
discoveries of Saddiq et al. (2021), Hnilickova et al. (2021), Nabati et al. (2021)
and Shin et al. (2021), who reported decreased fv/fm ratios resulting in decreased
photochemical efficiency in various plants species under salt stress. The reduction
in fv/fm ratios indicates impairment in the ability of plants to efficiently use light
energy for photosynthesis, potentially leading to decreased growth and
productivity. While halophytes are typically associated with salt tolerance, the
observed negative responses of the halophytes to the salt stress suggest that
halophytes exhibit varied levels of salt tolerance depending on factors such as the
type of halophyte, the severity and duration of the salt stress, and conditions of the

growth environment.

Furthermore, the study observed a consistent trend where SPAD values
decreased with increasing salt concentrations across the plant types, which is in line
with previous research by Sepehr and Ghorbanli (2006), Albassam (2001) and
Hnilickova et al. (2021), who reported similar decreases in SPAD readings in
various plants under salt stress conditions. The decline in SPAD values reflects a
reduced chlorophyll content, indicating potential impairment in photosynthetic

efficiency due to salinity stress. Despite the adverse salt conditions, S.
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portulacastrum consistently exhibited higher SPAD values than other plant types.
This suggests that S. portulacastrum possesses inherently high chlorophyll content,
which may contribute to its ability to maintain photosynthetic activity under saline

conditions.

In addition to SPAD values, the plants' performance index (PI) varied
significantly among the salt treatments. Generally, the PI decreased with increasing
salt concentrations, which is consistent with the findings by Giorio and Sellami
(2021) and Saddiq et al. (2021) in rice and wheat plants under salt stress. The
reduction in PI reflects compromised photosynthetic performance and overall plant
health in response to salinity stress. However, it is noteworthy that S.
portulacastrum and P. vaginatum had increased SPAD values at 25 dS/m salt
treatment, indicating a potential enhancement in photosynthetic efficiency under

moderate salt stress conditions.

5.3.3 Response of Soil Salinity Parameters to Selected Halophytes Under Salt
Stress
Soil pH varied significantly among the plant types and showed an increasing

trend with increasing salt concentrations. Soil electrical conductivity (EC) and total
dissolved solids (TDS) also varied among the plant species but increased
exponentially with increasing salt concentrations. This observation reinforces that
soil EC and TDS are reliable proxies for soil salt content, as highlighted by Visconti
and Paz (2016). For all the measured parameters, P. vaginatum and S.

portulacastrum showed great potential for use in desalination schemes. Paspalum
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vaginatum and S. portulacastrum exhibited an interesting phenomenon where soil

EC and TDS levels were relatively lower despite increasing salt concentrations.

Also, these halophytes displayed very low soil Na and CI levels even at
increasing salt concentrations, signifying their extraordinary ability to reduce the
accumulation of toxic Na and Cl ions in salt-affected soils. Furthermore, P,
vaginatum and S. portulacastrum showed phenomenal Na uptake into their leaves,
suggesting an increased tolerance to salt stress, probably through mechanisms such
as ion sequestration, antioxidant defence mechanisms, ion homeostasis and
stomatal conductance (Bose et al., 2014; Munns, 2005; Suriani et al., 2019;
Gururani et al., 2015). The significant accumulation of Na and Cl ions in the roots
of S. portulacastrum further highlights its salt exclusion mechanism, reducing
permeability to sodium ions at their root surface content. This finding is consistent
with Matsushita and Matoh (1991), who demonstrated increased Na* and CI

concentrations in the roots of salt-tolerant reed plants.

These results validate the exceptional desalination potential of these
halophytic plants, rendering them suitable for desalination programmes aimed at
reclaiming saline soils and water. These findings are coherent with the works of
Hue et al. (2002), Wang et al. (2022) and Lokhande et al. (2013), which
demonstrated the remediation abilities of P. vaginatum and S. portulacastrum,
especially in salt-affected environments. The special qualities of these halophytes
may be attributed to enhanced Ca?* signalling, osmotic adjustments, salt

compartmentalization, as well as other salt tolerance mechanisms, as highlighted
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by previous studies (Wu et al., 2020; Feng et al., 2014; Peng et al., 2016; Flowers

and Colmer, 2008).

5.3.4 Relationship between measured parameters
Correlation analysis showed several significant relationships between

various soil properties and plant parameters. Specifically, there was a significantly
positive correlation between total dissolved solids (TDS) and EC, soil Cl and Na
content, SPAD values and PI, soil Cl and Na content, and EC and soil Na content.
This suggests that as one parameter increases, the other has a corresponding
increase, and vice versa. These results support previous findings emphasising the
positive relationships between soil properties and plant parameters. For instance, a
positive correlation has been reported between soil EC and TDS (Rusydi, 2018),
EC and Na content (Singh et al., 2010), and Na content and CI content (Obiefuna
and Orazulike, 2011). On the other hand, a significant negative relationship was
observed between fv/fm and EC and between fv/fm and TDS, indicating an inverse
relationship between this plant parameter and the soil properties. This implies that
as soil EC and TDS increase, the fv/fm of the plants tend to reduce, indicating a

decrease in photosynthetic efficiency under high soil EC and TDS contents.

Based on the findings of this study, both P. vaginatum and S. portulacastrum
demonstrated significant tolerance and remediation abilities, specifically at the 25
dS/m salt treatment. However, S. portulacastrum was chosen for further study and
application in the context of desalination efforts. Sesuvium portulacastrum
demonstrated exceptional capabilities in salt uptake from the soil, a critical

characteristic for the desalination objective of the study. This plant species
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exhibited remarkable efficiency in absorbing Na and Cl ions from the soil,
substantially reducing soil Na and CI contents. Furthermore, S. portulacastrum
demonstrated robust biomass accumulation under the salt stress conditions
evaluated in the study. This attribute enhances its suitability for desalination, as it
can effectively provide biomass harvested for food due to its wide use as a vegetable

plant.

5.4 Assessing the Desalination Ability of S. portulacastrum in a Hydroponic
System

5.4.1 Ambient and Greenhouse Temperatures and Relative Humidities
Generally, the greenhouse temperature was slightly above that of the

ambient, which could likely be attributed to the greenhouse’s design and
environmental factors within the enclosed space. Greenhouses are typically
designed to trap heat from sunlight, creating a warmer environment conducive to
plant growth (Moore 2024). Conversely, the lower relative humidity observed
within the greenhouse compared to ambient conditions may be due to the
transpiration process of plants within the greenhouse, coupled with the heating
effects of sunlight (Katsoulas and Stanghellini 2019). These processes may
contribute to the lower relative humidity by promoting evaporation and moisture

loss from plant surfaces and the surrounding environment.
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5.4.2 Desalination Ability of Sesuvium portulacastrum
Generally, higher salt concentrations corresponded to reduced water loss

from the hydroponic system, which aligns with expectations and suggests a
decreased transpiration rate in salt-stressed environments. The water loss of 164 L,
94 L and 79 L through evapotranspiration at salt concentrations of 0 dS/m, 25 dS/m
and 50 dS/m, respectively, indicate a reduced trend in water loss with increasing
salt concentrations. This phenomenon can be attributed to the physiological
response of plants to high salt concentrations, which often results in reduced water
uptake and transpiration rates. Salt stress interferes with the plant’s ability to
regulate water uptake, leading to a decrease in hydraulic conductivity and
subsequent reduction in transpiration rates (Lu and Fricke, 2023). As a result, plants
under salt stress tend to exhibit lower water loss rates than those in non-saline
environments. Further investigation into the mechanisms underlying reduced
transpiration under salt stress can provide valuable insights for improving crop

resilience and water use efficiency in saline environments.

Also, the EC and TDS values directly correlated with the salt
concentrations, with higher salt concentrations resulting in signifcantly higher EC
and TDS values. Unexpectedly, S. portulacastrum was unable to desalinate the
saline water treatments but rather resulted in increased salinity of the saline water.
One possible explanation for this outcome could be the increased greenhouse
evaporation rate resulting from the exposed water surfaces in the hydroponic pipes.
This leads to water loss through evaporation, while the salts remain dissolved and
accumulated in the hydroponic system. Additionally, it is possible that S.

portulacastrum plants, under these stress and hydroponic conditions, employed a
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salt exclusion mechanism of salt tolerance rather than actively taking up and
sequestering the salts into vacuoles or old leaves (Munns, 2005). This mechanism
involves preventing salt uptake by roots or minimizing its transport to the shoots,

thus avoiding salt accumulation in the plant tissues (Munns, 2005).

The ability of S. portulacastrum to maintain relatively lower pH values in
the 25 and 50 dS/m salt treatments, compared to the higher pH readings observed
in the 0 dS/m treatment, is interesting. This phenomenon could be attributed to the
plant’s physiological response to salt stress. It is possible that under saline
conditions, S. portulacastrum plants modify their root exudates or rhizosphere
environment, leading to acidification of the surrounding hydroponic solution
(McNear, 2013). This acidification process may involve the release of organic acids
or other compounds by the roots, which lower the pH and help alleviate the effects
of salt stress on the plants (Jones and Darrah, 1994). Moreover, S. portulacastrum
may also possess mechanisms to regulate pH levels within its tissues or root zone
in response to salt stress. These mechanisms could involve ion transporters or
channels that facilitate the uptake or exclusion of specific ions, thereby influencing

the overall pH of the surrounding environment.

Regarding planting distances, it is notable that higher planting distances
consistently maintained higher biomass accumulation across all salt treatments.
This observation may be attributed to reduced competition for resources, including
water and sunlight, among plants grown at greater distances from each other
(Alberio et al., 2015). Also, increased planting distances may mitigate the effects

of allelopathy or competition-induced stress, allowing each plant to optimize
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resource allocation and minimize resource limitations (Ibrahim and Kandil, 2007;
Shan et al., 2023). Spacing plants farther apart reduces negative interactions

between neighbouring plants, promoting overall growth and productivity.
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CHAPTER SIX

6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions
Based on the results, the null hypothesis that " There is no significant variation in

the types of halophytes found along the Atlantic Ocean coastline in Cape Coast and
their respective salt tolerance levels™ was rejected. The coastal region of Cape Coast
boasts a diverse array of plant species with multifaceted potentials. These plants
offer promising opportunities for various purposes, including human and animal
nutrition, ecological restoration, and medicinal and therapeutic applications. For
instance, edible species like Ipomoea aquatica and Lactuca taraxacifolia provide
nutrients for humans, while species such as Sesuvium portulacastrum and P.
vaginatum contribute to the stabilization of coastal ecosystems, preventing soil
erosion and remediating degraded lands. Additionally, medicinal plants like
Capraria biflora and Furcarear cabuya hold traditional healing significance for
various illnesses and health conditions. Conservation efforts and interdisciplinary
research are essential to unlock the full potential of these botanical resources while
ensuring their sustainable use and preservation. Talinum triangulare, I. aquatica, L.
taraxacifolia, S. portulacastrum and P. vaginatum, were selected based on their
importance in human and animal nutrition, short lifecycle and simple propagation
methods for a greenhouse experiment to study their salt tolerance and remediation
abilities.

The null hypothesis that "Salinity does not significantly affect the growth,
biomass allocation, or ion accumulation in halophytes grown under controlled
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conditions™ was rejected. The five (5) selected halophytes were subjected to three
salt treatments (0, 25 and 50 dS/m) and two soil types (sea sand and arable soil) to
assess their level of salt tolerance and remediation abilities. The arable soil
generally resulted in increased growth of the halophytes, revealing the significant
role of soil conditions such as soil structure, chemical and nutrient compositions in
enhancing plant growth and development. The growth of Talinum triangulare, 1.
aquatica and L. taraxacifolia were hindered at 25 and 50 dS/m salt treatments,
revealing their inability to tolerate and desalinate the soils at these salt

concentrations.

On the other hand, Sesuvium portulacastrum and P vaginatum
demonstrated remarkable phytoremediation capabilities, particularly in mitigating
soil salinity and reducing the accumulation of toxic ions such as Na and Cl in the
soil. Their effectiveness in reclaiming saline soils, particularly at 25 dS/m salt
treatment, highlights their potential for phytoremediation applications, offering
sustainable solutions for addressing soil and water salinity issues in affected
environments. Among these two halophytes, S. portulacastrum showed superior
performance by reducing soil salinity and accumulating increased amounts of Na
and Cl ions in their tissues at 25 and 50 dS/m salt treatment and was therefore
selected for further study of its desalination abilities in a saline hydroponic system

on a vertical farm.

The null hypothesis that "Halophytes do not significantly reduce the
electrical conductivity (EC), total dissolved solids (TDS), or pH of saline water in
hydroponic  systems” was partially accepted. Despite its promising
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phytoremediation capabilities, S. portulacastrum exhibited limited desalination
capacity in the saline hydroponic system. It rather resulted in an increased electrical
conductivity and total dissolved solids of the saline hydroponic water. However, it
contributed significantly to the reduction in saline water pH. Further research is
needed to explore the mechanisms underlying this pH-reducing effect and its

potential applications in water treatment.

6.2 Recommendations

1. Itis recommended that the scope of the research be expanded by identifying
and studying additional local halophytes with potential desalination
capabilities.

2. Conducting molecular studies on the selected halophytes by analyzing the
genetic and biochemical pathways involved in salt tolerance is crucial to
identifying their salt tolerance mechanisms.

3. Implementing a closed hydroponic system can help reduce water
evaporation, contributing to reduced salt concentrations in the hydroponic
system.

4. Using smaller gravels, which provide better support and aeration, as a
growth medium in the hydroponic system can reduce physical stress on

plant roots, thereby contributing to the overall growth of the plants.
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APPENDICES
Appendix 1: Analysis of variance for Relative Plant Height Growth Rate (RHGR)
(Sample ANOVA Table for Experiment 1)

Variate: Plant height growth rate

Source of variation Df Sum Sq Mean F value Pr(>F)
Sq

Plant 0.111698 0.027925 3272.007 6.39E-94
Soil 0.000378 0.000378 44.30019 2.41E-09
Salt 0.017565 0.008782 1029.064 2.82E-61

4
1
2
Rep 3 2.78E-05 9.25E-06 1.084176 0.360164
Plant * Soil 4 0.000343 8.57E-05 10.03929 9.97E-07
Plant * Salt 8 0.023471 0.002934 343.7705 2.11E-62
Soil * Salt 2 0.000109 5.47E-05 6.409365 0.002531
Plant * Soil * Salt 8 0.000349 4.37E-05 5.11802 3.08E-05
Residuals 87 0.000742 8.53E-06 NA NA

Appendix 2: Analysis of variance for Shoot Dry Weight (SDW) (Sample ANOVA
Table for experiment 2)

Variate: Shoot dry weight

Source of Df Sum Sq Mean Fvalue Pr(>F)

variation Sq

Salt 2 0.520703 0.260351 86.02708 1.35E-16
PD 3 2.769178 0.923059 305.0035 3.03E-31
Block 1 0.011756 0.011756 3.884351 0.054519
Salt * PD 6 0.476164 0.079361 26.22289 1.39E-13
PD * Block 3 0.005111 0.001704 0.562949 0.64208
Residuals 48 0.145267 0.003026 NA NA
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Appendix 3: Gravimetric Field Capacity Determination

The determination of field capacity for both sea sand and arable soil (UCC) was

carried out using the following parameters:

1. Percentage (%) moisture content at field capacity

ii. Percentage (%) moisture content of air-dry soil

1il. Weight of oven dry soil in nursery bags

v. Amount of water in each nursery bag at field capacity

V. Amount of water to add to each soil poly bag to reach field capacity

Percentage moisture at field capacity

Estimation was carried out using four (4) replications with the formula

Wt of wet soil-Wt of oven dried soil X 100
Weight of oven dried soil

Field capacity per centage moisture =

The mean of the three replicates was used to estimate the field capacity

Per centage moisture in air dried soil

Wt of air—dried soil-Wt of oven dried soil x 100

Percentage moisture of air-dried soil = - - .
Weight of oven dried soil

Weight of oven dried soil in pot

wt of air—dried soil to fill nursery bag x100

Weight of oven dried soil to fill polybag =

100+air—dried soil % moisture

Water content of nursery bags at field capacity

Amount of water that would be present in each bag at field capacity was also

determined as,

178

Digitized by Sam Jonah Library



University of Cape Coast https://ir.ucc.edu.gh/xmlui

The weight of soil and water at field capacity =

[100+%moisture at field capacity] xWt of oven—dried soil
100

Water to add to each soil filled polybag to reach field capacity

Weight of water to add per polybag = Wt. of soil + Water at field capacity — Wt.

of air-dried soil.

Water to add to each soil filled polybag to reach 60% field capacity

Weight of water to add per polybag = (Wt. of soil + Water at field capacity — Wt.
of air-dried soil) X 0.6
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